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I. INTRODUCTION 

The main a.im of the present oontribution, 'tComparative gene analysis 

of common-wheat and its ancestral species lf
, was to eluoidate the origin of 

common wheat and its later differentiation under cultivation. 

There are, in £aot, several different approaches for attempting this 

aim, which can be olassified as follows I 

1. Aroheological approach 

2. Linguistio and bibliographioal approach 

3. Geobotanioa.l a.pproach 

4. Genetio approach 

a. Comparative genetios 

i. Comparative karyotype analysis 

ii. Genome analysis 

i1i. Comparative gene analysis 

b. Population dynamios 

The first two belong to the History of Human Culture and the last two 

to Botany. These different approaches should be used in coordination. 

Several extensive excavations, espeoially those made in recent years 

provided important informations on the origin of wheat (Schiemann 1951), 

Helbaek 1952, 1959, 1961). These results have been already summarized by 

Nishikawa (1963). Andrews (1964) is one of those who followed the second. 

approaoh, providing a new clue on the origin of spelt wheat. 

The present interest, however, is concerned with the investigations 

carried out along the last two approaches. The first, geobotanica.l approach, 
-

oonsists of oollecting variations from a wide range of habitats, invasti-

gating them b.Y taxonomic and morphological analyses, and finally, describ-

ing the geographical attributes of the observed variations. This approach 

was established by de Candolla and applied for a long time as a standard 

method for the study of origin of cultivated plants. Vavilov (1921) 
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attempted to mark a further step toward the seoond, genetic approach and 

hie theory on the origin of cultivated plants is known as the theory of 

gene centers, in which the gene center is considered to be the birthplace 

- of a c~ltivated plant •. However, his investigations relating, at least,to 

the origin of wheat and other cereals were mainly dealing with morphological 

and taxonomic studies of collected materials from the standpOint of geo-

bot~, and very little work was done on their gene analysis. In this 

respect, the real contributions of Vavilov are of gecbotanioal nature. 

The genetic approach deals primarily with variations of genetic 

material at different levels, suoh as genomes, chromosomes or genes. In 

this case, the primary object of investigation is the genetic material 

that determines the hereditary specificity of organisms, while its pheno-

typic expression, such as morphological, anatomical or physiologioal 

properties, which are subjected to selection, is considered in its importance 

to be secondary. 

Apparently two distinct trends exist in this kind of work, one dealing 

with the factual data on the presently existing variations, while the 

other is conoerned with forces and mechanisms by whioh a crop species was 

established in its present variation. In this oase, prooesses rather than 

the present status are more stressed. 
, 

After the terminology of Nachtsheim (1959), the former field of genetic 

approach will be defined here as "Comparative genetios". In this particular 

field, three branohes have been established, those being comparative karyo-

type analysiS, genome analysis and comparative gene analysis. 

Comparative karyotype analysis was carried out in wheat and its re-

latives by Kagawa (1929), C§mara (1944) and, espeoially extensively b,y 

Senjaninova-Korczagina (1932) and Chennaveeraiah (1960). The object of 

their investigations was the morphology of chromosomes or chromosome sets, 

but not their gene contents. Therefore, this field can be more properly 
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placed in the first approach, i.e., botanical. 

The second field, namely, genome analysis was established b,y Kihara 

(1930) and successfully applied to many polyploid orops b.r later investi­

gators, In this case, genetic homology between two given@.enomee is esti­

mated b.r the number of bivalents formed between those two geno~es at meiotic 

metaphase ofF1 hybrids. Genomes homologous to those of a given orop sp:!­

oies are investigated among its relatives, 'thus determining the origl.n of 

individual genomes involved in that species. Three genomes of common wheat, 

namely, A, B and D, are now considered to have been derived from einkorn 

wheat, Aegilops speltoides and Ae.sguarr6sa, respectively (Kihara 1930. 

1944, Riley, Unrau and Chapman 1958). 

The third field was named as "Comparative gene analysis" by the pre­

sent author. This terminology was supported by Kihara (1962). In this 

case, gene analysis is in parallel oarried out between a given crop species 

and its relatives on the same genetic basis. Thus the origin of individual 

genes in the crop species can be elucidated. Comparative gene analysis on 

several important characters is expected to give a. clear pi.cture of the 

origin of the given speoies. In fact, this approach was already successfully 

used in barley (Takahashi 1955). In wheat, Vavilov is the pioneer in this 

field, thOU~l the methodological development was apparently immature at 

his time to realize his idea. Until the aneuploid series of common wheat, 

especially of monosomics, were developed b,y Sears (1954), critioal, detailed 

gene analysis could not be easily oarried out in ccmmon wheat, because of 

the presence of many duplicated loci (Tsunewski 1962b). Comparative gene 

analysis thus facilita.ted has been given more critical meanings by the 

establishment of seven homoeologous groupe of chromosomes (Sears 1954) and 

classification of all 21 chromosomes to A, B and D genomes (Sears 1954, 

Okamoto 1962). Nullisomic analysis (Sea.rs 1953), monosomic analysis 

(Unrau 1950 and many others), chromosome substitution method (Kuspira and 
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Unrau 1958) and radiological study of monosomies (Tsunewaki and Heyne 1959a, 

b) provided useful tools for comparative gene analysis, while collection of 

wide variations of wheat and its relatives and production of a large number 

of synthesized wheats by artificial amphidiploidization (McFadden and Sears 

1946, Kihara at a1. 1950, Tanaka 1961) supplied it wit}, Lldi..~nsable materials. 

Sears (1954) and Kuckuck (1964) carried out comparative gene analysis 

for species-specific characters of common wheat, clarifying the origin of 

species-specific een~8, such as ~, Q and ~I in common wheat. Mutational 

studies of these genes tn regard to the oricin of common wheat, such as 

those carried out by Rao and SW3roinathan (1963) and Kuckuck and P~te18 

(1964), can be placed in this category. Tanaka (1961) and Nishikawa (1963), 

also undertook this line of work on dwarfness and necrosis, respectively, 

proposinG some phylogenetic relationships among various species of wheat. 

All those works are forerunners of the present investigation, in which 

distributions of individual genes controlling five important characters 

of wheat have been systematically studied on a much larger scale with cri­

tical methpds for analysis. The results will be described hereafter and 

discussed in regard to the origin of i.ndi vidual genes found in comIDon 

wheat and its implication in the origin of common wheat and its later 

differentiation. 

A few words must be added about the second trend ~f genetic approach. 

In this ca?e, as deseri bed above t factors and mechanisms, which caused or 

resulted in the present fOl~ of a crop species, are mainly concerned. 

This kind of work is expected to lead to elucidation of the process of 

eyolution of a crop species. It is the field of popula.tion dynamics under 

cultivation. Works in this field were fruitful in the study of the origin 

of rice (Horishima et a1. 1961, 1963). In \"heat very little work has been 

done along thi$ line, except those recently carried out by Zohary and 

Feldman(1962). At this moment, extensive researches in this field are 

needed for elucidating the processes involved in the evolution of wheat. 
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II. MATERIALS AND GENERAL MEl'HODS 

A. Materials 

Three groups of wheat, namely, common wheat, emmer wheat and einkorn 

wheat were the objeot of this investigation. In common wheat, 381 varie-

ties of Tritic~ aestivum L., 45 of !. compactum Host, t~o of 1. maoha Dek. 

et Men., five of !. spelta L. and six of 1. sphaerooocoum Perc. were em-

ployed. Among them 183 represent Japanese looal wheat varieties, kindly 

supplied b,y Mr. T. Goto of Central Agrioultural Experiment Station, Konosu; 

218, oollected by the members of the Kyoto University Soientifio Expedition 

to the Karakoram and Hindukush(KUSE), were provided by Dr. M. Tanaka, 

Research Institute for Agrioultural Plants, Faoulty of Agrioulture, Kyoto 

University. The remaining ;8 varieties were obtained from various insti-

tutions in Japan, Amerioa and Europe. Ninety-four varieties of emmer wheat, 

belonging to nine different speoies, and twelve of einkorn wheat, either 

!. monocoooum L. 'or I. aegilopoidee Bal., were inoluded in this investi-

gation. All of them belong to the oollection of the Samuel Rosner Chair 

in Agrono~, Division of Plant Scienoe, University of Manitoba, Canada, 

and their specimens were kindly sent to the author by Dr. B. C. Jenkins, 

In addition, 14 strains of synthesized 6x wheat were employed, as listed 
• 

in Table 1. Among them, three strains were synthesized by Kihara ~ !1. 

(1950), eight by Tanaka (1961) and three by Sears. 

Monosomic series of three common wheat varieties were employed for 

comparative gene analysis of common wheat and synthesized 6x wheat. They 

derive from I. aestivum var. Chinese Spring, var. Kharkov and var. Prelude, 

developed by Dr. E. R. Sears, Dr. B. C. Jenkins and Dr. R. C. McGinnis, 

respectively who placed them to the author's use. 

B. General Methods 

Comparative gene analysis 

Comparative gene analysis has been carried out on five oharaoters, 
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Table 1. List of synthesized 6x wheats employ~d in the present inv6atigaHon. 

Strain Emmer parent Ae squ8:!"!,osa pa,rent Source 
~--

ABD- I T. dieoccoides spont. t;{pica No. 2 Kihar~1,' s APD 1 

ABD- 11 rn dicoccoides spont. strangulatB: KUSE 2124 Te .. rLaka's AIm 9 .L • 

ABD- III 1.. dicoccum Vernal p~:angul.ata I(USE 2112 Tanaka's J.\Bl) 13 

ABD- IV rn du.rum Gulab ~.ra.pl;il!la t~ KUSE 2118 Tanaka's ABD 14 .:::.,' 

ABD- V !. durum G'~lab IDE'yeri KUSE 2144 Tanaka's ABl) l6 ---
ABD- VI T. durum Golden Ball .ti::pica Sears' Secr.rs 

ABD- VII f11 duru.m Pentad j:ypica Searo l r' 
-'- . 0ears ---

ABD-VIII 1.. £ti.entale j.nsi,gne strangi.ll~ KUSE 2112 Tanaka's ABD '~J :r. 
<-.J 

ABD- IX 1.. ~rsicum ~~. typica No. 2 Kihara!s ABD 4 

ABD- X T. persl£.~ stram. stran€!:!-!1at?- }'::DSE 21)5 Tanaka's ABD 11 

ABD- XI 1'.. persicum stram. meyeri KUSE 2144 Tanakals ABD 22 

ABD., XII 1· turgidum nigrob. !.YEica No. 2 Kiha2:'G,! :s ABD 3 

ABD-XIII T. dicoccum Vernal tYE1ica Sears' Sears 

ABD- XIV T. persicUill stram. .Rr£ica KGSE 2129 Tanakr3.' s ABD 20 
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namely, progressive neorosis, waxiness, growth habit, awnedness and glume 

hairiness. In each case, the following prinoipal method oonsisting of 

three steps was usedz 

(1) Monosomio. analysis of oommon wheat A certain number of 

oommon wheat varieties representing various types of variation were crossed 

to 21 lines of monosomics, and from the results obtained in the Fl and F2 

generations the number of genes controlling a given character, their chromo­

somal as well as genomic location, and the mode of their interaction were 

determined. In parallel, diallel orosses were made in most cases among all 

varieties which were involved in the monosomic study. From both monosomio 

and conventional gene analyses, the inheritanoe of a given character in 

oommon wheat oould be oritioally analyzed and the genotypes of the employed 

varieties were determined. 

(2) Monosomic analysis of synthesized 6x wheat ----- A oertain number 

of fj,ynthesized 6x Wheats were seleoted so as to involve various types of 

emmer wheat and~. squarrosa as their synthetio components, and were 

crossed to the same monosomic series. Based on the results obtained in 

the Fl and F2 generations, genes oontrolling a given oharaoter of the 

synthetios were determined and oompared with those found in oommon wheat. 

Genotypes of emmer wheat and Ae. sq uarro sa , the oomponents of those synthe­

tios were deduoed from these results. 

(3) Survey on the distribution of homologous genes Distribution 

of genes, whioh are homologous to those identified in the limited number 

of varieties or strains in the above-mentioned experiments, was investi­

gated on a large soale in oommon wheat, emmer wheat and!!!.. squarrosa by 

ordinary crossing experiments or, sometimes, b.y simply observing their 

phenotypes. Einkorn wheat was in certain cases also involved. Based on 

these results, the distribution of a given gene in common wheat and its 

ancestral speoies was clarified. 
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Table 2. Prequencies of monosomies (nullisomics are 

included) in progenies obta,inea from self·· 

and cross-pollinated monosomics. 

Monosomic Cross- Self·· 
lines pollinated pollinated, 

(J! :0 
j 

~~a 

~1ono- T 66.1 60.6 J,. 

!! II 67.9 71.1 
11 T-'T 

.l.J.. . ..t.. 76.4 77 .9 
It In 7' ') 63.2 V ~/ 1+ "-

" V 70.6 69.9 
II VI 71. 8 86.3 

" vn 69.6 72.4 
It VIII 75.2 68.5 

" IX 83.3 79.7 

" X 61.0 52.2 

" XI 67.2 77 .1 

" XII 75.8 65.3 
II XIII 68.2 56.5 

" XIV 8S'.7 69.0 
II XV '., ~. 

() ~ l .) 
7'" ,.. )~o 

II XVI 83· ok i 7l.0 

" AvII 83.8 71 .. 8 

.. XVIII 72,9 69.4 

" XIX 77 .9 78.4 
'1 XX 68.4 67.1 

" XXI 67.8 70.1 

Average 77... n 
, ... 'If.J 

7(1,1 
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Monosomic analysis 

Method of monosomic analysis was described in detail by KihB.ra and 

TS1Ulewaki (1964). In this part, therefore, only a case for a single domi­

nant gene will be described. One may assume a recessive allele, ~, in 

Chinese Spring and its daninant allele, !, in the variety one wants to 

investigate. Then F1 between disomic Chinese Spring and that variety 

'101111 show the domina.nt charaoter and 3&1 simple segregation will be ob­

served in F2, However, if moncBomics are used as female parents, two 

types of Fl for each monosomic line will be produced. One has 42 chromo­

somes. This F1 is a monogenic hybrid (Aa) and 3s1 segregation can be 

observed in F2" The other Fl type bas 41 chromosomes. Frequency of 41-

chromosome plants is more or less different atnong 21 monosomic lines, as 

shown by Tsunewaki (1963) and Tsunewakl and Heyne (1960). Their result 

1s summarized in the second column of Table 2. 

This 41-chromosome hybrid behaves just like a 42-chromosome hybrid, 

if the lacking chromosome is one of the 20 chromosomes which do not carry 

the a locus. However, if the chromosome carrying!!: is missing, then this 

Fl has only one !, which will be expressed by the formula o!_ Such a 

hybrid can be obtained only once among the 21 hybrid oombinations. The 

segregation of O! will give rise to three types of plants, i.e., 00 (nulli­

Bomice), O! (monosomics) and Ali (disomics). Frequencies of nulli-, mono­

and disomics are also dependent upon the missing chromosome, as shown by 

Tsunewaki (1963) and Tsunewaki and Heyne (1960). Their result is summarized 

in the last column of Table 2, in which frequenoies of nulli- and monosomiCB 

are combined. Thus, the! gene oan be looated on the chromosome, whose 

monosomic line shows such an aberrant F2 ratio. 

Determination of chromosome number 

Tsunewaki and Jenkins (1960) carried out a oomparative stuQy of various 

methods of root-tip'preparation in screening wheat aneuploids. Their result 
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indicated that the cold treatment of the root-tips detached from germi-

na.ting seeds is the best for an efficient screening of aneuploids. Based 

on their result, the following method was applied for the determination 

of chromosome numberz Seeds were placed on wet blotting paper in a petri­

dish and allowed to germinate at 20°C; two days after seeding, the primary 

and one of the secondary roots were collected. The detached root-tips 

-were put in vials filled with fresh water. The vials were placed in a tray 

o oontaining ioe water and stored in the cold room adjusted at 0 C. The 

root-tips were fixed with 1:3 acetic alcohol after the 24 hour cold treat~ 

mente The Feulgen squash method was employed for cytological preparation. 
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III. PROGRESSIVE NECROSIS 

A. Historial Review 

Progressive necrosis is a hereditary ,trait that occurs in certain 

w?eat hybrids, causing gradual death or weakening of plants. Among wheat 

breeders this type of necrosis has been known for a long time and milled 

by different names. 

In common wheat, HcMillan (1936) reported first "firing" of wheat, 

that was accounted for three complementary genes, Ea' Eb and~. In the 

same year, Kostyuchenko (1936) observed a triangular relationship on 

"premature perishing" among three varieties, Prelude, Nowinka and Yeoman 

II, his explanation for that being multiple allelism in T and L loci. 

Later investigations, such as those carried out by Caldwell and Compton 

(1943) on "progressive lethal necrosis", by Heyne, Vliebe and Painter (1943) 

on "hybrid lethality", by Hermsen (1957) on Ifsemi-lethality", ;md by 

Schmalz (1959) on "Subvitalitat", all indicated that lethality or semi­

lethality caused by necrosis is controlled by two complementary genes, 

which were designated as L~l and Le2 or A and 11 by different authors. 

In 1959. Hermsen revie\·f(~d those works, proposir:.g a unified gene 

sys tem for all types of nl:::.crosis consisting of th:::-ee oomplementary gtmes, 

B.A, JiB and lID which in combination cause necrosis. His "three-gene hypo·­

thesis" for necrosis, hmf8ver, Has based merely on a theoretical consider­

ation of previously published recml b vIi thout any experimental. confirmation 

of the genetic identity behreen different loci which '<lere p:roposed in 

various literatures. 

Since 1960, Hermsen (1960, 1962 anli 1963a, 0, c) carried out quanti ta­

tive investigations of necrosis with extensive materials including about 

500 varieties collected from 33 countries. J?rom those re8ul ts he concluded 

that all types of necrosis, .sueh as "firing", Itpremat~re perishing", 

"progressive lethal necrosis", "lethality", "semi-lethality" and 
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"Subvitalitat" are under control of the same gene system. Since necrosis 

was found to be the chief phenotypic effect of the b~nes conce~ned. he 

proposed to use exclusively the basic symbol, Ne, for t.hosf'; genes (Hermsen 

1961). The results of those further investigations led hi.ffi to '::onclude 

that only two, not three, complementary genes Ne
l 

and Ne 2 , are i.nvolved in 

necrosis (Hermsen 1963c). During those investigations he fOll.'1d multiple 

s m N w E' alleles in both loci, namely, Ne1 , Hel , ~1 and ne l in Na l locus and JJe2~ 

ms Will NE'2 ,Ne2 and ne2 in Ne2 locus. Different deg-rees of necrosis observed 

were accounted for those different Hlleh~s. Owing to his extensive in-

vestigation the interrelationship of various types of necrosis reported 

in common wheat was recognized. 

Beside those works in common wheat, necrosis was found to occur in 

certain intergeneric hybrids between f'riticum and Aegilops. For examp18 t 

Sachs (1954) reported that hybrids between 1:. !1l§;.cha and Ae. sguarroea 

(genome formula DD) or Ae. cylindrica (CeDD) were both necrotic, indicating 

that one of the complementar'.f genes is located in D genome. Roy (1955), 

also, observed ne,crotic hybrids in some crosses of species and synthetic 

amphidiploids of rrri tieum and Aegilops. Nishikawa (1960, 1962a, '0) carried 

out a gene analysis of necrosis in crosses between emmer wheat a.l1d .A.e. 

sguarro~, finding that there oceur two types of necrosis which are con-

trolled by two different gene systems. His type I necrosis th8.t is 

controlled by Ne genes corresponds to Hermsen's necrosis. The second type 

of necrosis,. namely, type lIt is under control of Net gene system t in which 

two genes, Net
l 

and Net2 • are involved. Those W".)rks, €speci,illy of Sachs 

and Nishikawa indicate that necrosis genes homologous to N~ genes of commcn 

wheat are distributed in emmer wheat and Ae. squarro~. 

All types of necrosis so far described are progressive, causing lethality 

or semi-lethality of plants. On the other hand, a stable necrosis is 

known to occur in common wheat. Sears (1954) reported that null i-X of 

Chinese Spring has necrotic patches in leaves. Similar necrotic patc~es 
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were also observed in oertain synthetic hexaploid wheats such as ABD No. 

13 or ABD No. 20, both of them produced by Tanaka (1961). Neorosis in 

these cases is never progressive, plants standing well until maturity. 

To distinguish from this type of necrosis, Hermsen's necrosis that is the 

object of this chapter will be called here "progressive necrosis ll after 

Caldwell and Compton (1943). 

The author started his work on necrosis in 1958, his contributions 

up to date being confined to the following three points; (1) confirmation 

of the three-gene instead. of two gene hypothesis through conventional as 

well as monosomic analyses of genes, (2) establishment of test varieties 

for the three necrosis genes f and (3) investigation on the distribution 

of the three genes in common wheat and its ancestors, emmer wheat and Ae. 

sguarrosa. The results which were already published in three papers 

(Tsunewaki 1960, Tsunewaki and Kihara,196l, 1962) will be described in the 

following sections. 

B. Experimental Results 

1. Genetic basis of the progressive necrosis 

Conventional analysis of necrosis genes 

Diallel orosses were made among four varieties of cammon wheat, namely 

Kharkov, Prelude, Macha sub. and Chinese Spring. The result in regard to 

Fl phenotype and F2 segregation on necrosis is summarized in Table 30 

Unfortunately F2 segregation could not be examined in two cross combi­

nations, i.e. Prelude x Macha sub. and Kharkov x Macha sub., because of 

lethality of the Fl hybrids. Even with such limitation, the present result 

clearly demonstrates that necrosis is controlled qy three dominant comple-

mentary genes, which were deSignated as Ne1 , ~ and ~3 by Tsunewaki 

and Kihara (1961). 

Based on this result, the genotypes of four varieties and their inter-

relationship concerning necrosis are diagrammatically shown in Fig. 1. 
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Table 3. FI phenotype and F2 segregation of the hybrids from dial1ele 

crosses between four varieties of common wheat 

F2 segregation 

Cross combination FI phenotype No. of plants 2 Ratio x 
Necrotic Normal 

Kharkov x Prelude Necrotic 
98 73 9: 7 0.1 and rec. (semi-lethal) 

Kharkov x Macha sub. Necrotic 
and rec. (lethal) 

Kharkov x Chinese Spr. Normal 0 1,285 0: 1 0.0 
and rec. 

. Prelude x Macha sub. Necrotic 
and rec. (lethal) 

Prelude x Chinese Spr. Normal 0 363 0: 1 0.0 
and rec. 

Macha sub. x Chinese Spr. Necrotic 135 168 27:37 0.7 and rec. (semi-lethal) 
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", \ 

Hacha sub. 
NelNe~3 

necrotic h1~brids 
(9 z ) 

necrotic hybrids 
(27 I 37) 

Chinese Spring 
ne1ne2Ne

3 

Kharko'IT 

nelNe2!i!3 

Fig. 1. Interrelationship among four varieties, Kharkov~ 

Prelude, Macha Bubo and Chinese Spring concerning 

necrosis. Ratio indicated in brackets is the 

expected F2 ratio of necrotic to normal plantso 
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Monosomic analysis of the necrosis ~enes 

(a) Location of Ne
1 

gene 

In order to determine the location of ne
l 

gene, the monosomic series 

of Prelude was crossed as the female with Kharkov as the male parent. Data 

on the phenotypic segregation of the necrotic expression in the Fl gener­

ation are slli~arized in Table 4. Monosomic se~ies of Prelude was derived 

from the Sears l Chinese Spring series b.Y backcrossing. This series is in 

an early stage of development as the second colunn of Table 4 shows. Be-

cause the monosomic plants used for crosses were obtained by self-pollina.tion, 

it is expected that genes on a d:i.somi.c chromosome can be hetHrozygous or 

homozygous for either dominant or recessive factors. HQwever, genes on 

the mono:::omic chromosome must be derived fron Prelude. 

Assuming that a Prelude cbromosome cB.rries the gene, Ne
l

, fmd another 

chromosome of Kharkov carries the second gene, Ne
2

, which together caUSE: 

necrosis, the following segregation is e}cpected in the F, generation of 
.... 

Prelude monosomics x Kharkov (~3 is not considered hE'~re because all three 

varieties, Prelude, Kharkov and Chinese ~Jpr:ing possess this gene in common): 

(i) Non-critical monosomic; lim~s of Prelude(!f)· x K.harkov( S) 

P generation: 

If ~is homo­
zygous for Ne

l 

x ~1!}~lNe2Ne2 

1 

If ? is hetero­
zygous for Ne

l 

x ~lnelNe~~Ne2 

/~ 
Nel~lNe~~2 

Fl generation: 
Ne, nelne~ne_). ne1ne1Nerfw" 
-.l.- -L-,. - -_ ... -c-, 

all necrotic necrotic normal 

If ~ is homo­
zygous for !l.£l ... 

x nP1ne1Ne,.JIe2 ---/-
! 

all normal 

(H) Critical monosomic line of Pr61ude(!!!) x Kharkov(o) 

P generation: 

Fl genera..tion: 

necrotic 
(disomic) 
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Table 4. Segregation of necrotic plants in the F1 generation of 

Prelude monosomics x Kharkov. 

~' lines , 1 

Mono-', I 
II 

Mono- II 

Mono- III 

Mono- IV 

Mono- V 

Mono- VI 

" 
" 

Mono- VII 

" 
Mono- VIII 

II 

Mono­

Mono-

" 

IX 

X 

Mono- XI 

Mono- XII 

Mono- XIII 

Mono- XIV 

" 
" 

Mono- XV 

Mono- XVI 

Mono- XVII 

" 

" 
Mono-XVIII 

" 
" 

Mono- XIX 

" 
Mono- XX 

Mono- XXI 

Gener­
ation+ 

2 

" 
3 . 

2 

3 
2 

3 

" 
" 
2 

2 

2 

" 

3 
2 

" 
3 

2 

2 

3 

" 
" 
2 

4 

2 

" 

" 
2 

II 

" 
3 

" 
2 

3 

No. of 
progenies 

L 

3 

4 

6 

2 

5 
2 

1 

2 

2 

3 
1 

1 

5 
2 

1 

6 

2 

1 

2 

1 

1 

5 

5 

1 

2 

2 

1 

1 

1 

2 

2 

4 

4 

No. of plants 2 x values 

non-critical critical necrotic normal --~~~~~~~--~~~~ 
1:0 III 0:1 I:} 

15 
o 

84 

81 

78 
16 

;6 
13 
o 

42 
16 

6 

o 
125 

72 
27 
92 

o 
17 

54 
8 

o 
112 

108 

16 

15 
o 

41 

23 
o 

25 
o 

96 
86 

16 

68 

o 
o 
o 

81 

o 
11 

48 
o 

20 

8 

51 
o 
o 

28 

o 
71 
o 
o 

10 

33 
o 
o 
o 

16 

39 
o 

17 

19 
25 

66 
o 
o 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

43.6 

.2 

.4 
'Z . .,) 

** 

.0 

.2 

.0 

.9 

.0 

** 9.0 
** .0 22.7 
** 252.0 
** 243.0 
** 234.0 

3~7 
** 108.0 
** 10.9 
** .0 16.0 
** 127.0 
** 7.3 

1.5 
** .0 17.0 

.0 

** 375.0 

216.0 ** 

** 17 .0 
** 276.0 
** 

'17 "" L.). I 

** 47.1 
163.0 ** 

2.7 
** .0 11. 0 

336.0 ** 

** 324.0 
** 44.1 
** 9·0 
** .0 13.0 
** 123.0 
** 

~2.5 

* .0 5.1 
** 16.1 
** .0 22.0 

** 288.0 
** 258.0 

+:Backcrossed generation of the parental monosomics. 

*:Significant at the 5% level. **:Significant at the 1% level. 

-17-



In the non-critical monosomic lines, whose monosomic chromosome does 

not carry ~l ,locus, one can expect an Fl ratio of either 1:0, 1:1, or 

011 for the necrotic va. normal plants depending upon the genotype of the 
-

female parent. On the other hand, an aberrant ratio is expected for the 

critical monosomic line, whose single-dose chromosome carries Ne
i 

locus, 

beoause all disomic FIls muat be necrotic and the monosomics normal. In 

oommon wheat backcrossed offspring of a monosomic plant consists of about 

one part of disomic and three parts of monosomic plants, regardless which 

ohromosome is in the monosomic condition. 

Based on these considerations, the actual Fl ratio obtained for ea~h 

monosomic line was corirpe.red with the nearest ratio among the three expected 

for the non-oritical line and the 1:3 ratio for the critical line. 

values obtained are shown in Table 4. 

2 The x 

All Fl lines from crosses between Prelude monosomics and Kharkov, 

exoept those derived from mono-V, fitted one of the three ratios possible 

for a non-critical line. Two progenies, one from mono-VIII and the other 

from mono-XIV fitted either a critical or non-critical ratio; other pro-

genies within these lines fitted only the non-critical ratio. This and 

the small size of the populations lead to the conclusion that those chromo-

somes do not carry genes for necrosis. The ratios obtained from lines of 

mono-V fitted the critical 1:3 ratio only, i.ndicating that chromosome V 

of Prelude carries one of the complementary genee, i.e. Nel , for necrosis. 

(b) Looation of ~2 gene 

In order to determine the location of Ne2 gene, the monosomic aeries 

of Kharkov was crossed as the female with normal Prelude as the male parent. 

Data on the phenotypic segregation of the necrotic expression in tbe Fl 

generation are summarized in Table 5. 

Like the above-mentioned Prelude series, Kbarkov's monosomic series 

was also derived from the Chinese Spring series by sucoessive backcrosees. 

-18-



Table 5. Segregation of necrotic plants in the F1 generation of 

Kharkov monosomics x Prelude. 

No. of plants 2 values Gener- No. of x 
Fl lines ation + progenies non-critical necrotic normal 1:0 

M.ono- I 1 5 85 0 .0 

Mono- n 8 5 102 0 .0 

Mono- III 8 4 88 0 .0 

Mono- IV 9 3 123 0 .0 

Mono- V 7 2 59 0 .0 

" 1 2 22 22 

Mono- VI 7 4 124 1 ( .0) 

Mono- VII 1 4 152 0 .0 

Mono- VIII 7 3 154 0 .0 

Mono- IX 7 3 77 0 .0 

Mono- X 7 4 119 0 .0 

Mono- XI 6 3 88 0 .0 

Mono- XII 8 4 101 0 .0 

Mono- XIII 6 3 28 120 

Mono- XIV 1 4 78 0 .0 

Mono- xv 8 3 106 0 .0 

Mono- XVI 6 4 108 0 .0 

Mono- XVII 1 3 88 1 (.0) 

Mono-XVIII 1 4 138 0 .0 

Mono- XIX 1 4 73 57 

Mono- XX 6 1 143 0 .0 

Mono- XXI 1 4 109 0 .0 

+:Backcrossed generation of the parental monosomics. 

**:Significant at the 1% level. 
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111 

.0 

** 57.2 

2.0 

critical 
1:2 

** 255.0 
** 306.0 

264.0 ** 

369.0 ** 

** 171.0 
** 14.7 

367.1 ** 

456.0 ** 

462.0 *~ 

** 231.0 
** 357.0 

264.0 ** 

** 303.0 

2.9 
** 234.0 
** 318.0 
** 324.0 
** 259.0 
** 414.0 
** 67.3 
** 429.0 
** 327.0 



Though the substitution backcross is much advanced in this series, as 

shown in thE! second column of Table 5, H is assumed that some genes of 

Chinese Spring might be still remained. If so, the same segregation ratio 

as wa.s assumed in the case of Prelude monoGamies x Kharkov can be expected 

in FI!s of the crosses between Kharkov monosomics (~) and Prelude (0)' 

Based on this consideration, the actual Fl ratio obtained for each 

monosomic line was compared with the nearest ratio among the three expect.ed 

for the non-critical line ane t.ho 1:; ratio expected for the critical line. 

The x2 
values obtained are shown in Table 5. 

All FI lines except tho:::;€: deri ved from mono-XIII satisfied one of thE.! 

three ratios expected for a non-cri ti cal line blJt disagTeed with the ratio 

for the critical line. On the other hand, the F, ratio obtained in the 
.L 

progenies of mono-XIII failed to fit any ratio for a non-critical line but 

satisfied the ratio expected for the critical line. These rfwults ind.icate 

that chromosome XIII of Kr.arko'l carries the second gene, Ne2 , for necrosis. 

(c) Location of Ne
3 

gene 

In order to determine the location of Ne
3 

gene, the monosorr.ic series 

of Chinese Spring wa.f:' crossed with }:acha sub. as the pollen ·parent. Data 

on the segregation of necrotic plants in the Fl generation are summarized 

in Table 6. 

All 1"1 lines from eros see between Chinese Spri ng monoGe-roies a.nd t-1.acr:a 

sub., except that derived from mono-XVI, satisfied one of the ratios ex-

pected for a non-critical line but rejected the ratio for the critical 

line. On the other hand, the Fl ratio obtained from the Hne of mono-XVI 

fitted the critica.l 1:3 ratio only. These facts indicate that the third 

necrosis gene, Ne3, is carried on chromosome XVI of Chinese Spring. 

Summa'!:y 

From the re.sul ts of conventional as well as monosor:lic analyses of 
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Table 6. Segregation of necrotic plants in the Fl generation of 

Chinese Spring monosomies x T. Macha sub. 

-- -
No. af plants 2 values x 

Fl lines non-critical critical . 
necrotic normal 

1 :0 1:1 1:2 

Disomic 20 0 .0 60~O 
** 

** Mono- I 45 0 .0 135.0 
** Mono- II 18 11 1.1 21.2 
** Mono- III 46 0 .0 138.0 
** Mono- IV 29 0 .0 87.0 

60.0 ** Mono- V 20 0 .0 
** f1ono- VI 45 0 .0 1 .0 
** Mono- VII 41 0 .0 123.0 
** Monc- VIII 33 0 .0 99.0 
** Mono- IX 25 0 .0 75.0 
** Mono- X 65 0 .0 195.0 
** t-1ono- XI 1 0 .0 11.2 
** Mono- XII 58 0 .0 174.0 
** Mono- XIII 37 0 .0 111.0 

Mono- XIV 66 0 ** .0 198.0 
*-1(-

Mono- XV 33 0 .0 99.0 
** Hono- XVI 4 22 12.5 143 

** Mono- xvn 44 0 .0 132.0 

96.0 ** Mono- XVIII 32 0 .0 

( .0) ** Mono- XIX 38 1 109·1 
** 

Mono- XX 14 0 .0 38.1 
** Mono- XXI 26 0 .0 78.0 

**: Significant at the 17~ level. 
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genes, it is evident that progressive necrosis is caused by three dominant 

complementary genes, Nel , !£2 and Ne
3

, which are loca.te~ on chromosomes V, 

XIII and XVI, respectively. After Okamoto (1962), chromosome V belongs to 

~genomet chromosome XIII to A genome and chromosome XVI to D genome. 

Accordingly, the three necrosis genes belong to three ,different genomes. 

A set of the three varieties, Kharkov, Prelude and Macha Bub., can 

be used for testing the Ne genes. Their haploid genotypes and the genes 

tested Qy them are shown in Table 7. 

Any variety, which gives rise to necrotic FI's in the cross with 

Kharkov, should possess, at least, Ne1 gene, while those which produce 

normal Fl's should contain the ne l allele. Accordingly, Kharkov can be 

used as a tester for Nel " Similarly, Prelude and Y~cha sub. are useful 

as testers for Ne2 and ~3' respectively. Genotype of a given variety 

concerning necrosis can be easily determined by crossing it to those three 

testers. 

2. Distribution of the necrosis genes in common wheat 

One hUlldred and five varieties of oommon wheat were crossed to the 

three test varieties. Occurrence of necrosis in their Fl '8 is summarized 

in Table 8. Based on this result geno~pe of eaoh variety regarding necro-

sis was determined that is also given in the same table o 

Taking the three ~ genes into consideration, eight genot,ypes can be 

assumed for common wheat. Among them the genotype Ne1Nec!!3 lacking due 

to necrosis. Another genotype, nelne~~3 will not produce any necrotic 

plants when crossed with all the other genot,ypes. Therefore, the remaining 

six genotypes form a necrosis hexagon, that is represented in Fig. 2. 

Six out of the seven possible genotypes are represented by at least 

one variety. Representatives for five genotypes are also indicated in 

Fig. 2. Akabozu No. I represents the sixth genotype, ne1ne2ne,. Novarie­

ty is known at present to have the genotype, nelNe~'3' but it could be 
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Table 7. Testers for necrosis genes. 

HaplOid genotype 

Tester Gene 
Chromosom'e V Chromosome XIII Chromosome XVI tested 

(B genome) (A genome) CD genome) 

Kharkov ne1 Ne2 ~3 Ne -1 

Prelude Nel ~2 Ne
3 Ne" -,:. 

Macha sub. Nel Ne2 ~3 Ne, 
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Table 8. Phenotypes concerning necrosis of the FIls between 

three testers and 105 varieties of common wheat. 

Tester (haploid genotype) HaplOid 
Tested genotype 

varieties Kharkov Prelude Macha sub. of tested 
(~lNe2Ne2) (Nelne2~2) (NelNe~2) varieties 

1.. aestivum 

Akitazairai + + nelNe~3 
Blackhull + + " 
Bozu + + " 

Fulcaster + + II 

Hll + + " 
Iwate + + II 

Jones Fife + + " 
Kharkov + '+ " 
Oinoue + + II 

Riebesel + + " 
Sabimasari + + " 
Akabozu + + Nelne~--- , 
Akabungo + + II 

Akadaruma + + " 
Akakarashi + + " 
Akanankin + + tt 

Amayoke + + " 
Bingo + + " 
Chinko + + If 

Chuchinko + + " 
Daruma + + It 

Emidashi + + " 
Itokomugi + + " 
Jujokomugi + + " 
Koshigtmzairai + + " 
Kyotoakakomugi + + " 
Nowinka + + II 

Nyubai + .+ " 
Onakayama + + " 

Onibozu + + f1 

Prelude + + " 
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Shirogeshiromubo + + ~lne2!Te3 
Shiromugi + + " 
Wj1kayama + + " 

Aburakomugi + nel~2Ne3 
Aka + " 
Akaboshi + " 
Akachiku No. 1 + " 
American Banner "t- " 
Asahi + " 
Asozairai + .. 
Bankyo No. 1 + " 
Chikurin No. 36 + II 

Chinese Spring + " 
Chinko No. 1 + II 

Chikuzen + " 
Chuko + " 
Ejima + II 

e~throsEermum + II 

Fukoku + " 
Fukuraku + II 

Ichigohiderikomugi + " 
Kagoshima + " 
Kairyochikuzen + " 
Karauchiwa + " 
Kanenishiki + " 
Koborehachikoku + II 

Kobozu + " 
Komugi,jingoro + II 

Kozo + II 

I1arquillo + It 

Maruhokomugi + " 
Mubochinko + " 
Nagasakikomugi + It 

Nakamura + " 
Naramisawa + " 
Okinawazairai + " 
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Pawnee + nelne~i.£---. j 

S-615 + " 
Saigokuhozoroi . + , .. 

Seichiku + 1\ 

Senhoku -t. I! 

Senshutsuwase + nel~·')Ne:<; 
c.. ,.F 

Shibushirazu + II 

Shiroemidashi + " 
Sun8..b"8.wadaruma No. 2 + II 

Trumbull + " 
Yaebara + II 

Akabozu No. 1 nelne...,ne~ ---L-) 

T. compactum 

Akagegun bai + + NelE.£~3 
Breadley + + II 

Hozu + + It 

Jabara + + " 
Kawabe + +- II 

Naka tegunbaj + -+ " 
Akakan-Ibaragi + ~1~~~3 
Akakomu/S'"i + II 

Hozoroi + " 
Ichigo-Kumamotokomugi- -+ II 

Ishiwari + II 

Kinoshi takomugi + II 

Kumamotokomugi + II 

Hihara + II 

Nab'"8.hokomugi + " 
Nakateshiro + II 

Nakatesoshu + II 

Okugeaka + II 

Sadabozu + II 

Shinano No. 1 + II 

Strain No. 44 -+ " 

Teradabozu + II 
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1. macha 

su1:·1etschchumicum 

~eoimeret iqum 

T. ~£haerococc~ 
rotundatum -------

1:. sr,elta 

dubamelianu1lJ 

+ 

+ 

+ 
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Macha sub. 
~lNe2~3 

Macha palaeoo ~~--------~~---Ht---~~--------~~ unknown 
Ne1 ne~~3 nelNe~3 

Prelude 
Nelne~3 

Chinese Spring 
nelne~3 

Kharkov 
nelNe~3 

Fig. 2. Necrosis hexagon in common wheat, indicating 

the relationships among the six genotypes in regard 

to Fl phenotYIJe and F2 segregation. 

Single line: Fl's and F2 's normal. 

Double line: necrotic FIls and segregation of two genes 
'n F I ~ 2 s. 

Triple line: necrotic FI'S and segTegation of three 
genes in F2 's. 
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selected in the progeny of the cross between Macha sub. (NelNe~3) and 

Chinese Spring (n!lne2~~}). 

Frequencies of the seven possible genotypes are summarized from the 

data presented in the previous table, which are shown in Table 9. 

A great majority of va.rieties were either of nelne~3' Nelne~.~; or 

nelNe~3. A single variety was found for eaoh of other three genotypes, 

i.e. NelNe~3' Nelne~3 and nel~~..!3. No variety was found to possess 

the seventh genotype, ~lNe2n!3. Relative frequency of those genotypes 

was not significantly different between aestivum and compactum. Number of 

varieties tested was too small for other species to make such comparison. 

Frequencies of individual alleles were caloulated, which are shown 

in Table 10. 

Concerning each allelic pair, the recessive alleles predominate in 

both the Ne1 ~d Ne2 loci, while the dominant allele is prevalent in the 

He,. The recessive allele t ~3 was found only in three varieties. Two 

of them belong to macha, in which no Ne, was found. In this regard, the 

speoies, macha, is unique among the five species of common wheat. 

3. Di.stribution of the neorosis genes in the ancestral species 

In order to investigate distribution of the neorosis genes in the 

direot ancestors of common wheat, namely, emmer wheat and Aegilops sguarrosa, 

twelve strains of synthesized hexaploid wheat were crossed to the three 
\ 

testers. The result is summarized in Table 11. Emmer and 8guarrosa 

oomponents of the synthetics are also given in the same table. 

As reported in a previous section, ~l' ~2 and ~3 belong to B, A 

and D genome, respectively. Consequently, the first two genes found in 

synthetic hexaploids must have been derived from their emmer parent and 

the last one from sguarros&. Thus, genotypes of emmer varieties and 

sguarrosa strains can be deduced from the genotypes of synthetics, whioh 

are summ.arized in Table 12. 1_ dicoccum var. Khapli, that produoed necrotic 

-29-



Table 9. Number of varieties of common wheat having each of seven 

possible genotypes for necrosis. 

Genotypes Species f£otal 
(haploid) 

aestivum 
(lb) 

com12actum macha s12h8.erococcum s:Qelta 

!!..~l ne2Ne3 
11 0 0 0 0 n( 1005) 

Nel~2Ne3 23 6 0 1 0 30( 28.6) 

Nelne~3 0 0 
, 0 0 I( 1.0) ... 

~1~~3 44 16 0 0 1 t5l( 58.1) 

!!£lNe~3 0 0 0 0 0 o( 0.0) 

Nel~2ne3 0 0 1 0 0 l( 1.0) 

nel~:#£3 1 0 0 0 0 I( 1.0) 

Total 79 22 2 1 1 105(100.2) 
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Table 10. Relative frequencies (per cent) of six alleles 

belong~ng to three loci for necrosis in common 

wheat 

Species Ne
1 nel ~2 ne2 Ne

3 
ne· 
-~ ./ 

aestivum 29.1 70.9 13.9 . 86.1 98.1 1.3 

comractum 27.3 72.7 0.0 100.0 100.0 0.0 

ma..£h.§:, sEelta, 
75.0 25.0 25.0 75·0 50.0 50.0 sEhaero co ccum 

Total 30.5 69.5 11.4 88.6 97 .1 2.9 
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Table 11. Phenotypes concerning necrosis of the FI hybrids between three testersw1d twelve strains of 

synthesized hexaploid wheat. 

Synthetic 
ABD's 

0ynthetic components 

Emmer wheat Ae. sguarrosa 

ABD- III dicoccum Vernal strangplata RUSE 2112 

ABD- XII turgidum niEEobarbatum typica No. 2 

ABD- VI ~ Golden Ball " Sears' 

ABD-VIII orientale insigne strangulata ruSE 2112 

ABD- X ~rsic~ stramineum " KUSE 2135 

ABD- I dicoccoides sponte typica No. 2 

ABD- II " " strangulata KUSE 2124 

ABD- IV durum Golden Ball " KUSE.2118 --
ABD- V " Gulab In_eye~ri K"USE 2144 

ABD- VII II Pentad typica Sears I 

ABD- IX pers~ ~tramine~ " No. 2 

ABD- XI " " meyeri KUSE 2144 

Tester (haploid genotype) 
------------------------------------ Haploid 

Khe.rkov 
(a·~·lNe~3) 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+(D) 

+ 

Prelude 
(Nel~~3) 

.. 
-(L) 

-(L) 

Macha. sub. 
(Ne1Ne2!!£3) 

+ 

+ 

+ 

+ 

+ 

+(D) 

+ 

+ 

+ 

+ 

+ 

+ 

genotype 
of ABD's 

~lne~3 

" 

'. Nel.!}!l.~3 

" 

" 

" 

" 
II 

" 
II 

" 
II· 

+: necrotic. -: non-necrotic. D: dwarf. L: lethal at the tillering stage. 



'F
1 

hybrids when crossed to Chines~ Spring (nelne2~3)' is added in this 

table. 

A majorit,y of emmer varieties have the genotype, Neln!2' while minor 

fractions are eitner of ~elne2 or Ne1Ne2• No variety is found to be of 

nel Ne2• AII~. sguarrosa strains so far tested have !!;" 

C. Discussion 

Two-gene va three-gene hypothesis for necrosis 

Since the two independent reports b,y McMillan (1936) and Kostyuchenko 

(1936),many papers have been published on progressive neorosis in oommon 

wheat. Reviewing those results, Hermsen (1959) proposed a three-gene hypo­

thesis assuming that three dominant complementary genes are necessary for 

the expression of all types of necrosis. Later, Hermsen (196;c) discarded 

this three-gene hypothesis, claiming tha only two complementary genes 

occurred in his extensive material. In his earlier paper, Hermsen (1960) 

himself described a necrotic triangle among three varieties of common 

wheat, namely, Mendel, Mus and Macha ;, whose genotypes correspond to those 

of Kharkov, Prelude and Macha sub., respectively. However, he attributed 

the same genotype, Ne1ns2, to both Mus and Macha 3 in his recent paper 

(Hermsen 196;a). This new designau3n contradicts his O'lro earlier observa­

tion that the hybrid between those two varieties was necrotic. In assuming 

a two-gene hypothesis he seems to have been misled for lack of a critioal 

analysis of necrosis relationship of Macha 3 (-Macha sub.) with other varie­

ties of genotypes nel~2 or ~1n!2t according to his new designation. For 

examples, Chinese 166 that produced necrotic FIls when crossed with Macha 

3 (Nel~2) was designated ae ne1n!e' and Chinese Spring that gave rise 

only to normal FI'e when crossed with both Prelude (Nel ne2) and Kharkov 

(n!l!!e) was considered to have the genotype ~lne2. Such contradictions 

seem to prove the incorrectness of the two-gene hypothesis. 

Conventional as well as monosomic analyses carried out by the present 
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Table 12. Genotypes on necrosis of nine emmer varieties and 

seven strains of Aegilops sguarrosa. 

Varieties or strains 

!. dicoccum Vernal 

T. turgidum nigrobarbatum 

!. dicoccoides ~ontaneonigrum 

T. durum Golden Ball 

" Gulab 

" Pentad 

T. orientale insigne 

T. persic~ stramineum 

!. dicoccum Khapli 

Ae. sguarrosa meyeri KUSE 2144 

II strangulata KUSE 2112 

" II KUSE 2118 

" " KUSE 2124 

II II KUSE 2135 

" Elpica No. 2 

" " Sears' 
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nel~2 

" 

" 
II 

II 

II 
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" 
II 

" 

" 
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author indicate that necrosis is caused b.Y three complementary genes, Nel , 

~ and Ne
3
·looated on chromosomes V, XIII and XVI, respectively. The 

location of ~, was later confirmed by Nishikawa (1964a). The author's 

result rejects Hermsen's recent hypothesis, supporting his earlier one for 

·.three complementary genes. The author's three-gene hypothesis, that is 

founded on the result of conventional as well as monosomic gene analyses 

and is in accord with the result of McNillan (1936), explains well the 

necrosis triangle reported by Hermsen (1960) among three varieties, Mendel, 

Mus and Macha 3. b.Y assuming genotypes, neINe#e3, Nelne2!i!!3 and .li!1!£.~e3' 

respectively. (Koatyuchenko's triangular relationship for Prelude-Nowinka-

Yeoman II does not hold true at the present time, because the first two 

varieties have the same genotype, producing normal FIls in their crosses.) 

Two-gene segregation observed in many hybrid combinations is, of course, 

ascribed to the prevalent occurrence of Ne
3 

gene in almost all varieties 

of common wheat, as was revealed by the present work. The-result also 

confirms the prediction of Sachs (1954) that one of the complementary genes 

for necrosis must be in D genome and the other (actually two genes) in AB 

genomes. The three-gene hypothesis, furthermore, explains why necrosis 

has never been found in hybrids of emmer varieties, in whioh both Nel and 

Ne2 are present (Tsunewaki and Kihara 1962, Hermsen 1963a, Nishikawa 1964a); 

it is simply due to the absenoe of Ne, gene. On the contrary, all those 

points remain unexplainable on the basis of the Hermsen's recent two-gene 

hypothesis. 

Distribution of necrosis genes and the consideration on the origin of 

common wheat 

As to the distribution of necrosis genes, the present author examined 

105 varieties of common wheat, nine varieties of emmer wheat and seven 

strains of ~. sguarrosa. Nishikawa (1964b) tested 32 additional varia-

ties of emmer wheat, orossing them to the author's testers. Including his 
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result for those emmer varieties, relative frequencies of the three necro-

sis genes in oommon wheat and its ancestors, emmer wheat and Ae. sguarrosa, 

are diagrammatically shown in Fig. 3. 

There is a similarity in relative frequencies of ~3 and ne3 alleles 

between 'common wheat and Ae. s£uarr~. That is, all squarrosB strains 

and a great majority of common wheat varieties have Ne
3
• This fact suggests 

that the ~. aguarrosl!!;, which is the donor of 1) genome to comnon wheat, 

must have had Ne
3

" 

!. ma.ch!'lo is different from all other hexaploid species in possessing 

the ~3 allele. It seems, therefore, that 1'.. roacha has been derived from 

some other hexaploid. species, and that at that time a mutation from 1!!3 to 

!!23 oocurred. (The same mutation might :have occurred in a Japanese varie-

ty, Akabozu No. 1.) It is less likely that !. macha has been derived 

from hybridization between emmer wheat and an Ae. squarrose strain that 

possessed .ru!3' since the existence of such sguarrosa strain has not been 

proved yet. In either case, T. macha. can be oonsidered as an bolated 

species among the hexaploids and seems to be outside of the main .phylo-

genetic path of common wheat. 

As reported. by Taunewaki and Nishikawa (1964), two remarkable differ-, 

ences are noticed in the distribution of Ne
1 

and Ne
2 

at the tetra- and 

hexaploid levels. ~irst a great majority of emmer varieties (615'{,) have 

the genotype Nal ne2, while the most prevalent gene combination in common 

wheat is ~1~2 (5&/a of the all varieties). Secondly, the gena combinaticn 

nel Ne2 is found in about lOJ~ of common wheats, while it does not occur in 

any of the examined emmer varieties. 

Accepting the ~pothe8is that the donor of the D genome to cOI'llnon 

wheat must have had !i!3' some wild enuner varieties of the genot-JPe Ne1Ne", 
--t!. 

can hardly be assumed to be the progenitor of common whea.t, because both 

the FIls and the amphidiploids between these emmer varieties and~. 



A €1gB ° ill!. 
s.9.,uarroaa 

He, n9, 

7 0 
Emmer 

whea.t 

Common wheat 
Ne1Ne2 Ne1Ne2Ne

3 
Ne

1
Ne2ne

3 6 0 1 

Ne1ne2 Ne1ne"ne:r, Ne1ne2Ne; " '" 
25 ;0 1 

ne1Ne2 

nelNe:iNe3 
ne

1
Ne2ne

3 11 0 0 

ne1ne2ne
3 ne1ne2 ne1nele, 

1 1Q 61 

Fig. ;. Relative frequencies of different genotypes 

regarding necrosis in common wheat and its ancestral 

species. Area indicates relative frequency of each 

genotype in the respective group. Arabian numerals 

indicate the number of varieties or strains having 

the respective genotype$ 
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sguarrosa would be lethal due to necrosis. (After Nishikawa, 1964, five 

out of the six varieties of this genotype belong to wild emmer, !. 

dicoccoides.) On the other hand, many cultivated emmer varieties which 

are either li!~~2 or ~lne2 can be put forward as the presumable pro­

ger~tors, as proposed by Kihara and Lilienfeld (1949). The origin of Ne1 , 

nel and ~2 alleles found in the present-day common wheat have to be 

traced back to them. 

As mentioned above, no emmer varieties 60 far tested have the geno·, 

type ne l Ne2 and those of the genotype Ne1Ne2 could not have been the donor 

of the AB genomes to common wheat. These facts are in favor of the hypo-

thesis that !!2 of common wheat originated a t the hexaploid level rather 

than having been introduced from emmer wheat. 

The relative frequencies of Neln~2 and nsl ne2 gene combinations are 

reversed in ammer £wd oommon wheats. Since other data of the author 

(Tsunewaki 1962a) indioated rather frequent gene exchanges between tetra-

and hexaploid wheats, this' shift of the gene frequency can not be attributed 

to a random drift but seems to point to a special selective advantage of 

nel or disadvantage of Nel at the hexaploid level. 

D. Conclusion 

It has been confirmed that progressive necrosis in oommon wheat is 

oontrolled ~ three genes, Hel located on chromosome V, Ne on XIII and 
- -2 

Ne3 on XVI. Eight genotypes are assumed for common wheat, among which' 

Nel~3 can not exist due to necrosis. ns1ne2B!3 does not produoe any 

necrotio FIls when orossed with all other genotypes. Relationships among 

the remaining six genotypes of common wheat concerning necrosis are 

represented in the diagram of Fig. 2. 

Distribution of the three genes in common wheat and its ancestors, 

emmer wheat and Ae. aguarrosa, has been investigated using Kharkov 

-38-



varieties. In emmer wheat ~ great majority of varieties are found to have 

the genotype Ne1B!2' while minor fractions are either nel~2 or Nel~2. 
-

All strains of ~. sguarrose have Ne)" In common wheat, most varieties are 

€Ii ther nel~:!e3' Nelne2~!; or nelNe~3' One variety only is found to be 

of each NelNe~;, NelE£~'3 and .!!!:lne~3. 

From those results, the genotypes of emmer wheat, that supplied the 

AB genomes to common wheat, are assumed to be Nel~2 or ne1ne2• T.· 

dicoccoides spontaneo-nig;rup1, some forms of 1. di co ccE!'! , 1.. turgidum, !. 

persicum and 1. orientale, and many varieties of 1. ~. have these geno-

types. The donor of the D genome to common wheat must have possessed N~3. 

All strains of !!. sguarros~ so far tested have this allele. 

The presumable hexaploid progenitor must have been of the genotype, 

either NeInee!!!; or nel ne~3. Some forms of 1. spel ta., 1 . .!U?~eroooocUl!, 

!. coml)actum and 1. aestivum have these genotypes. !. macha, that is an 

exoeption in possessing the ~3 allele, is oonsidered to be an isolated 

speoies among the hexaploids and seems not to have contributed to the 

origin of oommon ",heat. 

It can be suggested that Ne 2 in comm~n wheat has been originated at 

the hexaploid level rather than derived from emmer wheat. Possibilit.Y 

of selective disadvantage of Ne1 at the hexaplOid level is also suggestedo 
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IV. WAXINESS 

A. Hietorical Review 

A waxy covering is found on stems, leaf sheaths, leaves and glumes of 

almost all oommercial varieties of common wheat, which becomes visible in 

-the later part of the life cycle. The color of plants -with this covering 

appear dullish white or bluish green. Inheritance of such waxiness of 

foliage has been investigated by various workers. 

Among emmer wheats, Miczynski (1930) crossed!. pyramidale var. 

recognitum (waxless) with!. durp.m var. affine (waxy) and found the Fl 

waxless and the F2 segregating; waxleassl waxy. Chavan ~!l. (1956) 

crossed a warless durum variet,y, Gaze., with two local selections (both 

wa~), obtaining the_same result as Miczynski ' • 

A cross t !. dicoccoides (warless) x!. durum (waxy) t made by Kihara 

- (1935), gave a waxless Fl and in the F2 waxy and waxless plants were segre­

gated in the ratio 13:3. He assumed from this result the genot,ype ~ II 

for 1. dicoocoid9s and WW 11 for 1. durum. Matsumura (1950) obtained the 

same result in a cross between waxless !. dicoccoides and waxy !. £ersicum, 

and assigned the genot,ype !!!!. 1'011'01 to the former and ww iwi.w to the latter. 

In common wheat, Ayad (1952) crossed two aestivum varieties, name\y 

Giza 139 (waxless) and Hindi 62 (waxy), and found that waxlessness is con-

trolled b.Y a single dominant gene. The same result was obtained in another 

cross, Giza 141 (waxless) x Gabo (Ayad 1953). Jensen and Driscoll (1962) 

orossed a warless aestivum line with various waxy varieties of common wheat. 

In general, the warless character was found to be controlled by a single 

dominant gene, that behaves as an epistatic inhibitor to waxy gene. Since 

their waxless strain was derived from a triple cross involving !. aestivum, 

!. polonicum and 1. dicoccoides t it is strongly suspected that the waxless 

gene found in the hexaploid derivatives was received from!. dicoccoides. 

Inheritance of waxy character was also studied in pentaploid hybrids. 
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Watkins (1927, 1930) crossed two waxy varieties, i.e., 1. turgidum Rivet 

-and T. aestivum Swedish Iron. In the Fl , all plants became waxy, but some 

waxlees plants were segregated in the F2 which-were all turgidum-1ike with 

fewer chromosomes than 35. By backcrossing the Fl's, it was revealed 

-
that half the egg cells contained the dominant waxy gene (~ and the re-

maining half the recesrive 'vaxless a116::1;e C.~). From these resul ta, he 

postulated the genotype iLE!lE for 1. turgidum and !!.#ID!D!D for !. ~e.st.ivum 

(subscripts were added by the author, E and D indicating location of the 

respective genes in AB and D genomes). 

Alln and Vogal (1960) crossed heavily waxed !. d~ (selection 396) 

with the monosomio series of Chinese Spring (weakly wa~). All Fl monoso­

mica (from mono-I to mono-XIV) were heavily waxy with the exception of 

mono-XIII. From this result they concluded that a gene for heavy waxiness 

of d~rum is located in chromosome XIII, being ineffective in hemizygous 

condition. 

B. Experimental Results 

1. Monosomio analysis of waxy gene in common wheat 

The author examined waxiness of 220 varieties belonging to either of 

five common wheat species. All but one variety, 1. aestivullI Salmon, had 

waxy rolliage. A further genetic investigation (Tsunewaki 1964) indioated 

that Salmon is deficient of the waxy gene. Based on this fact, Salmon was 

crossed as the male parent to 21 monosomic lines of Chinese Spring that is 

weak~ but distinctly waxy. FI data on waxiness are summarized in Table l~. 

PI plants of 19 monosomic lines were all waxy, regardless of their 

ohromosome number. Some waxless plants were segregated in two monosomic 

lines, mono-XIII and XVIII. In the Fl lines of mono-XIII, all Fl disomics 

were waxy, while the monOGomies were waxless. In total, about three-

fourths of the Fl population were waxless; that ratio is similar to the 

average frequency of monosomics. These facts indicate that a gene, W, 
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Table 13. Determination of waxiness in F1 hybrids between 21 

monosomic lines of Chinese Spring (wa~; ~) and 

Salmon (waxless; ~). 

Disomics Honosomics Chromosome no. Total unknown 
F1 lines 

No. No. No. No. No. No. No. No. 
waxy waxless waxy waxless wa~ wax1ess waxy waxless 

Mono- I 4 0 2 0 12 0 18 0 

II II 1 0 5 0 33 0 39 0 

.1· III 6 0 10 0 16 0 
II IV 6 0 34 0 40 0 

" V 1 0 5 0 28 0 34 a 
II VI 2 0 4 a 31 0 37 0 

" VII 6 a 32 0 38 0 

" VIII 1 0 5 0 24 0 30 0 

" IX 6 0 29 0 35 0 
.1 X 2 0 4 0 32 0 38 0 

II XI 1 0 4 0 27 0 32 0 

" XII 4 0 2 0 28 0 34 0 

" XIII 3 0 0 3 6 22 9 25 

" XIV 6 0 27 0 33 0 

" xv 2 0 3 0 28 0 33 0 

" XVI 2 0 4 0 25 0 31 0 

" XVII 6 0 3.1 0 37 0 
II XVIII 2 0 2 1 10 6 14 7 
II XIX 2 0 4 0 15 0 21 0 

" xx 5 0 26 0 31 0 

" XXI 2 0 4 0 7 0 13 0 
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oontrolling waxy foliage of Chinese Spring, is located on its chromosome 

XIII. 

In the FI lines of mono-XVIII, all PI disomios were waxy, while among 

three monosomice two were waxy and the remaining one was waxless; seven 

waxless plants being foun~ in total. That is, there was no strict con-

neotion of monosomic condition to waxiness. This is strongly supported 

by the F2 data. 

Degree of waxiness of all Fl monosomics, except waxless mono-XIII, 

was as weak as that of Chinese Spring. 

In the F2 generation, the following segregation was observed as shown 

in Table 14. Since no Fl monosomics were found for mono-VII, F2 data were 

not available for this monosomic line. 

In the F2 of disomics 3:1 segregation ratio for the waxy vs waxless 

plants was obtained, indicating a single dominant gene for waxy character. 

In all F2 monosomic lines exoept that of mono-XIII, the same 3,1 ratio was 

obtained, while all progenies of Fl mono-XIII ware waxless. This result 

clearly demonstrates, in the complete agreement with the FI data, that a 

single dOminant, waxy gene (li) on chromosome XIII of Chinese Spring controls 

waxiness of this variety. It is noteworthy that none of the waxy segregants 

in the F2 was heavily waxy in comparison to Chinese Springo 

2. Monosomic analysis on waxiness of synthesized hexaploid wheat 

Four strains of synthesized hexaploid wheat were used in this experi­

ment; the,y are ABD-I (waxless), ABD-VI (waxless), ABD-XlI (waxy) and ABD­

XIII (waxless). Those four s~~thetics were crossed as the male parent to 

21 monosomic lines of Chinese Spring (weakly wa~). Five plants from each 

crose were cytologically examined, selecting all monosomio FI's and a 

certain number (about 20 in total) of disomios. The F2 generation of these 

Fl's was further examined. 

The disomic and monosomic FI's between Chinese Spring monosomics and 



Table 14. Segregation of waxiness in the F2 generation of 

Chinese Spring monosomies (waxy) x Salmon 

( -.axless) • 

No. of No. of plants 2 values 
F2 lines 

x 
progenies wo.xless (3 : 1) waxy 

Disomie 6 154 62 1.6 

Hono- I 2 25 7 .2 

" II 4 79 20 1.2 

" III 4 55 17 .1 
II IV 3 83 35 1.4 

" V 4 92 20 3.0 

" VI 4 83 25 .2 
II VII 0 

-" VIII 4 44 12 .4 

" IX 2 78 30 .4 

" X 3 89 31 1.3 

" XI 3 68 14 2.1 
11 XII 2 49 22 1.4 

63 ** " XIII 2 0 189.0 

" XIV 4 53 15 .3 
II XV 2 67 21 .7 

" XVI 3 100 30 .3 
II XVII 3 58 26 1.6 

" XVIII 4 50 25 2.8 

" XIX 4 93 22 2.1 

" XX 4 25 16 3.6 

" XXI 3 85 25 .3 

**:Significant at the 1% level. 
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ABD-XII were all waxy, while those of ABD-I, -VI and -XIII were waxless. 

In the F2 generation, no segregation of waxiness oocurred in the 

hybrids of ABD-XlI, all plants being waxy. On the other hand, the follow-

ing segregation was observed in the F2 's of ABD-I, -VI and -XIII, as shown 

in Table 15. 

In the F
2

' s of ABD-I·, the segregation closely approached a ;:61 ratio 

of the waxy to waxless, rejecting a 1:15 ratio. This indicates that Chinese 

Spring and ABD-I differ by three allelic pairs. 

In F2 populations of both ABD-VI end -XIII segregation from disomio 

FIts fit well a II; ratio of waxy to waxless. F2 ratios of all monosomio 

lines except mono-XX also fit this ratio. Segregation in the F2 's derived 

from Fl mono-XX deviated highly significantly from the 1:3 ratio. In this 

population only a single plant, apparently an off-type, had waxless foliage. 

This result clearly indicates that a single dominant gene located on chro~o-

some XX of ABD-VI and -XIII inhibits the expression of waxiness that is 

controlled b,y genes in A or B genome of Vernal, Golden Ball and Chinese 

Spring. Apparently chromosome XX of Chinese Spring carries a recessive 

allele of that inhibitor. 

Because of the small number of F2 plants, monosomic analysis of ABD-I 

-
was not successful in locating the genes concerned. However, the 3:61 

ratio of waxy to waxless obtained in the F2 generation of this synthetio 

oan be reasonably interpreted as follows I Aa. squarrosa typioa No. 2 

carries the same inhibitor as that found in Sears' sguarrosa, and 1. 

dicoccoides spontaneo-nigrum has an epistatic inhibitor, lw, of the waxy 

gene (~) in addition to the non-waxy allele, ~, as reported by Kihara 

(1935) and Matsumura (1950). 

The epistatic inhibitor of ~ that is present in Ae. sguarrosa was 

first analyzed in this experiment and located on the chromosome homologous 

to chromosome XX of common wheat. This ir~ibitor will be designated here 
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Table 15. Segregation of waximiss in the F:? generation of Chinese 

Spring monosomics x ABD.-I, VI and XIII. 

ABD-I ABD-VI ABD-XIII ABD-VI & XIII pooled 

wax- x2 FoI{ 

x.:: 
waxy wax­

less (3: 61) waxy wax­
less waxy wax­

less waxy 
less ( 1: 3) 

Disomic 

Mono-

" 
II 

II 

" 
" 
" 
II 

" 
" 
" 

" 
II 

" 
" 

" 

I 

II 

III 

IV 

V 

VI 

VII 

Vln 

IX 

X 

XI 

XII 

XIII 

XIV 

XV 

XVI 

A'VII 

" XVIII 
II 

It 

XIX 

XX 

XXI 

8 

o 
o 
o 
1 

o 
o 
1 

6 

o 
o 
2 

o 
o 
2 

o 
o 
o 
o 
o 
o 

267 

o 
o 
1 

o 
o 
3> 

21 

o 
2 

1 

18 

o 
o 

17 

o 
o 

13 
o 
4 
2 

26 

1.9 205 

25 

1 

9 
;; 

9 

4 

7 

5 
13 
18 

12 

13 
19 

13 
11 

18 

4 
1 

4 

123 

45 

45 

5 

17 
20 

8 

18 

11 

34 

24 

34 
51 
45 

29 

58 

36 

52 
12 

22 

17 

105 

° 
9 
1 

7 
o 
1 

8 

o 
20 

8 

26 

1 

22 

16 

3 
8 

8 

o 
17 

279 

o 
14 

5 
11 

o 
7 

17 
1 

54 

4 
61 

11 

4 

70 

34 

9 
15 
6") 

31 
12 

310 

25 

34 
1 

8 

9 

3 
17 

4 
27 

13 

39 
21 

13 
)5 

16 

14 
26 

12 

1 

21 

1,002 1. 3 

45 4.3 
59 6.6 
10 .8 

28 .1 

20 

15 
35 1.6 
12 .0 

88 .1 

28 . 1.0 

95 1.2 

62 

49 
99 

92 

45 

.0 

.5 

.1 

.4 

.0 

48 .2 

115 3.2 

43 • '5 
34 9.2 
63 .0 

+ Total 17 373 .1 417 1,311 266 736 683 2,053 .0 

**: Significe,nt at the l~ level. 

+: Total of disomic arId all mOIlo8omic linf}s, except mono-XX. 
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as I -vi in oonformanoe wi th the article 1 of the rules for gene symboli­
-2 -

zation reoommended by the InternatioHRl Committee of Genetic Symbols and 

Nomenclature (1957). Designation of the previous'ly known inhibitor -41 
will be automatically changed to, ll-}:! •. 

From the present result it is expected that an amphidiploid synthesized 

from 2. tUl'gi.dup1 (~il-!£ in haploid phase) and 'Ae. sguarrosa j;.lI!ica No.2 

(12-~) must be waxless. Against this expectation the present ABD-XII is 

wa~. This fact suggests that 12-~ gene of Ae. sguarrosa llliS been lost in 

or after the synthesis of ABO-XII. 

From the results described above, the following genotypes are tenta-

tively designHted, as shown in Table 16, to two varieties of 1:. ~estivum, 

four synthesized wheats t four varieties of emmer wheats and two strains 

of Ae. sauarrosa. 

W locus located on chromosome J~II will be designated as ~l' because 

later investigations indicated that another waxy locus (this will be desig-

nated as ~2) is carried on a chromosome of D genome. ~1 gene found in 

Chinese Spring is evidently weaker in its effect than that found in most 

emmer varieties. Therefore, this allele will be designa,ted as !l~' distingu­

ishing it by a superscript, c, from the ordinary waxy allele, ~l. 

3. Investigation on waxiness of other relatives of common wheat 

Waxy expression was investiga.-ted in some pure lines or varieties of 

wheat and its relatives. Certain l~brids were also examined for this 

character. The result is summarized in Table 17. 

In 'oommon wheat, all varieties exoept Salmon were vlaxy. Two species 

of emmer wheat were,found to be waxless, all the other species of this 

group being waxy. However, the number of varieties examined is rather 

small. 

All seven strains of einkorn wheat were waxless. F1 hybrids between 

waxless einkorn and waxy emmer varieties were produoed in four different 
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Table 16. Genotypes on waxiness of the four synthesized 6x wheats, 

their synthetic components and some common wheat varie-

ties. 

Allelic series 

Strains ~l I -W -1 - I -w -2 -
Phenotype 

(XIII) (?) (XX) 

Synthetics 

ABD-I ~l 11-~ 12-!L wax1ess 

ABD-VI }il i 1-}i 12-~ wax1esa 

ABD-XII .!!1 i -\1 -1 - i -w -2 -
waxy 

ABD-XIII ~1 i -W -1 -
T -w 
~2 - waxless 

Emmer components 

T. dicoccoides spontaneo-nigrum ~l I -W -1 - waxless 

T. durum Golden Ball l'!.l i 1-}! waxy 

'1' • .~urgidum nigro-barbatum }il i -W -1 -
waxy 

T. dicoccum Vernal ~l i -\II 
-1 -

waxy 

Ae. sguarrosa components 

Ae. sguarrosa typica No. 2 12-~ wax1es8 

" Sears! 12-l'!. wax1ess 

Common wheat 

T. aestivum Chinese Spring W
C 

i -W i 2-l'!. 
weakly 

-1 -1 - waxy 
II Salmon w~ i 1-!!: i _11'1 waxless 

-.I. -2 -
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Table 17. Waxy expression in common 1nbeat, emmer wheat and their 

relatives, including some Fl hybrids. 

Species or strains 

Common wheat 

T. aestivum 

" 

T. compactum 

T. macha 

T. spelta 

T. sphaerococcum 

Synthetic hexaploids 

ABD- I (.,T. dicoccoides x No.2) 

ABD- II ( " x KUSE 2124} 
ABD- III (1. dicoccum x KUSE 2112) 

ABD- IV (.T. durum x KUSE 2118) 

ABD- V ( 

ABD- VI ( 
" 
" 

x KUSE 2144) 
x Sears') 

ABD-VIII (!. orientale x KTJSE 2112) 

ABD- X (.T. persicum x KUSE 2135) 

ABD- XII (!. turgidum x No.2) 

ABD-XIII (1. dicoccum x Searsl) 

ABD- XIV (.T. persic~ x KUSE 2129) 

Emmer wheat 

T. dicoccoides 

T. pyramidale 

T. dicoccum 

T. durum 

T. orientale 

T. persicum. 

T. polonicum 

T. turgidum 

T. timopheevi 
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No. of stral.ns 

189 

1 

24 
2 

2 

2 

4 
1 

2 

5 
1 

2 

1 

2 

2 

Waxiness 

waxless 

" 
II 

" 

waxless 

" 
" 
" 

waxy 

wax1ess 
It 

" 
\-laxy 

waxless 
II 

waxless 

" 
waxy 

" 
II 

" 
II 

" 

waxy 



Einkorn wheat 

T. monococcum ' 3 

T. aegiloEoides 4 

Sitopsis 

Ae. aucheri 1 

Ae. sEeltoides 3 
* 

" 1 

Ae~ bicornis 1. 

Ae. sharonensis 1 

Ae. longissima 1 
** Ae. sguarrosa 

Ae. sguarrosa many 

" few 

Fl hybrids 

T. dicoccum (waxy )x!. monococcum (waxless) 

T. turgidum (waxy )><1. monococcum (waxless) 

T. d uru.m (waxy) x1'.. aegiloEoides (wax1ess) 

T. dicoccum (waxy)xT. aegiloEoides( waxless r 
T. aestivum (waxy)x 1'.. dicoccum (waxy) 

T. aestivum (waxy)xT. dicoccoides(waxless) 

*:This sEeltoides strain was collected by ~mK. 

**:Cited from Kihara and Tanaka (1958). 
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wax1ess 
II 

wax1ess 

" 
waxy 

waxless 
It 

" 

waxless 

waxy 

waxy 

" 
II 

" 
II 

waxless 



cross-combinations, all being waxy. This fact suggests that waxlessness 

of einkorn wheat is not due to the pr~sence of a~n inhibitor but due to 

the lack of waxy gene. 

Five-species of Sitopsis were examined, f~ of them being represented 

b.Y only one strain. One out of four strains of Ae. sReltoides was waxy. 

indica.ting the presence of waxy gene in the spe1toide§ genome. 

After Kihara and Tanaka (1958), waxy plants of ~. sguarrosa were 

found in neighboring regions of Teheran, Pah1avi and Tabriz in Iran but 

none were found in other regions. 

Eleven synthesized hexaploids were observed, all being waxles8 except 

two strains. One of them CABD-XII) revealed by monosomic analysis that 

the inhibitor, 12-~' had been lost in or after its synthesis. No oritioal 

analysis was carried out with the other waxy synthetic, ABD-V. \;'i th these 

exceptions, seven strains of ~. sguarrosa (all waxless) gave raise only 

to wax1ess amphidiploids when combined with waxy emmer wheats. This fact 

suggests that not only the two strains of Ae. sguarrose 5[pica, which were 

investigated by monosomic analysis, but also other strains, such as RUSE 

2129 of typica, KUSE 2112, 2118 and 2135 of strangul~t~ and KUSE 2144 of 

meyeri, possess the epistatio inhibitor, 12-!L. 

C. Discussion 

1. Waxy genes 

The present result indicates that a waxy gene of oommon wheat (~l) 

is located on chromosome XIII and that ~axy emmer varieties also possess 

the same gene. After Okamoto (1962) chromo~ome XIII belongs to A genome. 

Therefore, it is not surprising to find a homo~y,eof ~l gene in emmer 

wheat. In other words, the origin of :Y£l gene in common wheat can be traced 

back to that of emmer wheat. The waxy gene in heavily waxed emmer varie-

ties was deSignated b,y Wi and a weaker allele found in Chinese Spring by 

~~. Both dominate over waxless. Salmon has the recessive allele, ~lo 
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The results s.re consistent with that of Allan and Vogel (1960), who studied 

pentap10id hybrids between Chinese Spring monsomics and a durum wheat. 

Both einkorn species, 1:,_ monococcum and 1. aegilopoid~!" do not 

possess Wl but have the ~l allele. Therefore, the 'origin of ~l found in 

emmer and common wheats can not be traced back to einkorn wheat. The most 

probable hypothesis is that WI mutated to ~l at tetraploid revel. 1-

dicoccoides s.E0ntaneo-nigrgm carries !!,l allele in addition to the inhibitor 

I -We - All other varieties of this species are also wax1ese. Since 1_ 
-1 -

dicoccoides is considered to be the progenitor of all emmer species, those 

facts support the present hypothesis on the origin of ~l gene. 

Extensive investigation of Ae. ~guarrosa undertaken b,y Kihara and 

Tanaka (1958) indicated that another wa"Y locus is presented in D genome. 

Though no critical work haa been carried out with hybrids between waxy 

and waxless strains of Ae. squarrosa, the waxy gene present in D genome 

may be tentatively designated bY!!.2" The author's result obtained from 

monosomic analysis, on the other hand, clearly demonstrates that almost 

all strains of waxless squarrosa possess an epi.static inhibi tor, !2-~. In 

this oase, it is uncertain whether these waxless strains possess the wa~ 

gene, ~2' in addition to 12-~. Monosomic analysis of the ~thetios did 

not give any clues, beoause both Chinese Spring and the emmer component 

of the synthetios had the ~l allele in common, that prevented the deteot­

ion of segregating waxy genes in other looi. However, it is plausible 

to assume that most of the waxless strains possess ~2 gene. This consider­

ation is in a good agreement with the hypothesis of Watkins (1927, 1930), 

who assumed two waxy loci, one in AB genomes and the other in D genome, 

which oorrespond to li1 and li2 , respeotively. 

2. Epistatic inhibitors (l-~) of the waxy genes 

Monosomic analysis of synthesized wheat revealed that waxlessnesB of 

Ae. squarrosa is oontrolled b,y a single dominant gene, designated as 12-~e 
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This gene is located on a chromosome that is homologous to chromosome XX 

of common wheat. All common wheats so far tested had the recessive 

allele, i 2-.!'£. 

Another inhibitor, designated as ll-~' has been known for a long time 

to exist in 1. dicoccoides (Kihara 1935, Hatsumura 1950). The present 

investigation confirmed this. However, its location could not be determined 

by monosomic analysis, because of high sterility of FI monoso~cs. 1. 

pyramidale (Miczynski 1930) and a durum variety Gaza (Chavan et £1. 1956) 

also possess a dominant inhibitor. This appears to be the same as ll-~. 

A waxless line of 1. aestivum obtained by Jensen and Driscoll (1962) from 

a triple cross, 1. dicoccoides x 1. ~~~ic~ x !. ~estivum, probably re-

oeived the same gene from 1. dicoccoides. Two strains of an Egyptian 

aestivum variety, Glza, possess also a dominant inhibitor, but their origin 

is not known to the author (probably transferred from!. Qyramidale). 

Besides 1. dicooooid~~, 1. pyramidale and above-mentioned derivatives of 

1. durum and 1. !!:;.;;e,;;;;s..;;t.;:;i .. VUID=, all cultivated forms of emmer and common wheat 

have il-~. Acoepting 1. dicoccoides as the progenitor of all other eromer 

wheats, its ll-~ was transferred to !. E(~amidale now under oultivation 

in North Africa. All other cultivated forms apparently did not receive 

this allele. 

3. Genetic basis of waxiness and the origin of common wheat 

From the results discussed above, the genetic basis of waxiness in 

the three groups of wheat and~. sguarrosa became elucidated to a gTeat 

extent. However, still many minor points remained for further investi-

gations; among those location of ~2 and ll-~ lOCi, waxiness in the Sitopsis 

section of Aegilops, especially in~. speltoides should be found, and 

gene analysis of waxy vs waxless strains of ~. sguarroaa must be soon 

carried out. 

Based on the results of the present investigation and a survey of 
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TRble 18. Proposed genotypes for waxiness of some representatives of common wheat and its ancestral species. 

Species Variety or Etrain 
}il }i2 

(chr. XIII) (D genome) 

I -i<l -1 -
f ~ .,." \ 
\ h.D e;e.non;es j 

I,,-W 
-t::. -

Phenot:rpe 
(dr A"\ \ ....,. .. \.i\. / 

----------------------------------------------------------------------------------------------------.------------
CODmon wheat 

T. aest.ivum er'JtbrosperniUllJ I" 
.!1 iI" -,!. 

i~ -\>J 
-.L -

" Swedish Iron w 1-1 i -'vi -1 .!..2 -1 -
II Chl.nese Spring 'rC 

l!2 i~-~ .!l -J. 

" Salmon !!1 l!2 i1-~ 
Emmer wheat 

m dicoccoides s pon taneo"'i1if,TJ':p1 I -VI c • l'!1 -1 -
T. pyramidal~ recogni tum VJ 

-1 
I -Vl 
-1 -

1:- §icoccull! Vernal W 
-1 i -\-/ 

-1 -
!. durum Golden Ball }il i -W --- -I -
'I'. turgidum nie:ro-barbatul1J \V, i -W 

-.L -1 -
Einkorn wheat 

* !. monococcum vulg?;re !!, i -\./ ... -1 -* 
T. aegilopoi~ boeoticum l!l i l -1i 

Ae. sg1.larrcsa way.::! strain \of ":"2 
Ae. sg,uarros_a waxless strain 'vi" _. -,;;. 

( ): Location of each locus. 

* : Designated under the assumption that I
1

-'::!. is located in A genome. 

i -',j 
-2 !:. 
i _,.1 
-2 .!!. 

i[}i 

i 2-}i 

i -w -2 -
I -W -2 -

haavi ly waxy 

waxy 

weakly waxy 

waxless 

\-taxless 

" 
\'lax::! 

" 
If 

waxlesB 

" 

waxy 

waxless 



literature, the following genotypes can be formulated, as shown in Table 18, 

for some representatives of common wheat and its ancestral species. 

Concerning 12-~ locus, all common wheat ~arieties possess i2-~. 

Therefore, it is quite reasonable to assume that the donor of D genome to 

common wheat must have had this allele. In other words, ~. squarrosa that 

contributed to the origin of common wheat must have been of the waxy type. 

, The geographical ,distribution of waxy strains of!2. squarrose. is drawn in -
Fig. 4 from the results of Kihara and Tanaka (1958). 

As clearly shown in Fig. 4t the distribution of waxy ~suarrosa is 

limi ted to the mountainous region of the ,south-west coast of Caspian Sea. 

Assuming no remarkable shift in distribution of Ae. squarrosa since the 

formation of common wheat, its birthplace can be said to be in that region. 

D. Conclusion 

Results of the present investigation indicate ,that four loci are 

concerned with waxiness of common Wheat; those are ~l locus on chromosome 

XIII of A genome, ~2 in D genome (its responsible chromosome remains un-; 

determined), 11-~ in A or 13 genome and 12-!i on chromosome XX of D genome. 

The former two are loci for dominant waxy genes, whiie the last two are 

for epistatic inhibitors of the waxy genes. 

o In common wheat, almos t all varieti es possess Wi or !!l gene and 

probably, !!2 but lack both I l -!! and 12-!!. Some 6x derivatives from penta­

ploid h¥brids, however, contain ll-!!' that was derived from!. dicoccoides 

or!. pyramidale. 

In emmer wheat, almost all oultivated varieties have WI and !l-~' 

while!. pYramidale and its derivatives have ll-~ together with ~l. No 

~l has been found in cultivated emmer. On the other hand, wild emmer 

possesses ~l in addition to Il-W. Since most oommon wheat varieties have 

!!l and i l -!:, it can be concluded, in support of the hypothesis of Kihara 

and Lilienfeld (1949) on the origin of common wheat, that the donor of AB 

-55-



-- _/ 

I 
\ 0 x 

~\ %'r2BIlIZ 
, 
\ 
\. 

\ , 

( 

I 
( 
\ 

"­
I 

( 

\ 
/ 

"­
\ 
( 

" 
'"'' I 

, , L'. S. S. H. 

,----\ 
I 1.:" I 
I ,'" r-/ 

\ 
I 

( , .... , , 

.. I Cic'p~'n C'-" oote\ ASTARA .A;j .lAH uDf\. 

x 00 
• TEHERAN 

° 

,/-­
,..-- , 

./ ...... " ./ _ .......... 
/ " -' '-
x 

Xo! GORGAN 

I 11;'_1'; 

0: Waxy strain 
X: Waxless strain 

r 

('----"------- ",I 
~./ 

\ 
./ 

( 
I X xxx 

PUL-I- ~0 
KHUMRI+ \ .......... '" MAlMANA

4
' xx!-

I / X 
( ",-/X;C 
'" I ./ 

( 
\ 

) 

/ 

J "- ..... 
j 

I 

-, 
/ 

I 

'- .." 

AI<'GHAIHSrrAN 

X 

KABUL ~ 

X 

?-

(--

\. 
\ 
I 

rJ' 
I 

( 

I 
I , , , 

x 
X XX 

X \ 

,.._'" I 
./ .." 

I 
\.0 
L\\ 

I 

'- " 
I 
I 

J 
j 

/ , I __ _ 
'-c-" __ , .."". 

, --, 
\ 

\ 

" -"­
\ 

,.-­, 

PAKISTAN 

< 
~.."./ 

r 
I 

(X 
/-xX QUETTA 

~x--, 
.I X 

Fig. 4. Distribution of waxy strains of Ae. sguarrosa. 



genomes to common wheat was some cultivated emmer but not the wild one. 

In Ae. squarrosa, two types are found, one of them waxy having li2 and 

i
2
-!L and the other waxless with 12-:d: and, probably,~. Since practically 

all common wheat varieties possess i2-~ but not 12-![, the donor of D 

genome to common wheat must have been a waxy type. 

Having those facts on one hand and the information on distribution 

of waxy sQ.Uarrosa on the other, it can be almost definitely said that. the 

progenitor of common wheat was formed from some waxy form of oultivated 

emmer and a waxy squarrosa strain in the mountainous region near to the 

south-west coast of Caspian Sea. 

All einkorn wheats so far tested have ~l gene. Therefore, it is most 

likely that the wild emmer, the progenitor of other cultivated emmer species, 

recei ved this gene from einkorn. In reali ty, ·the present wild emmer 

possesses this gene. }futation of ~l to li1 Beems to have taken place in 

emmer wheat, probably, at an early age of its differentiation. 
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V. GROWTH lIABIT 

A. Historical Review 

Since the beginning of the 20th Century, many works have been carried 

out on growth habit of polyploid wheats, namely, spring t,ype va. winter 

t.Ype. The results, however, were markedly different from each other, de­

pending upon cross combinations as well as natural conditions or sowing 

time. 

With the completion of the monosomic series in the variety Chinese 

Spring (Sears 1954), a genetic analysis of growth habit by means of mono­

somic analysis has become possible, yielding more dependable results than 

those obtained by the conven'~ional methods. (The monosomic series was 

released by Dr. Seare for its practical use before its completion.) There­

fore, the present review will be confined to the results which were obtained 

by the use of the monosomic series o 

In crosses between 16 of the 21 Chinese Spring monosomics and a winter 

variety Hymar, Unrau (1950) found tha.t chromosome IX of Hymar carries one 

of the two genee for winter growth ha.bi t. Location of the other gene 

could not be.determined. Heyne and Livers (1953) repo~ted that F2 linea 

of the cross between Chinese Spring mono-XVIII and the winter yariety 

Pawnee were resistant to winter injury. Thl.s seems to be due to the wInter 

habi t gene on chromosome XVIII of Pawnee. Kuspira.. and Unrau (1957) dealing 

with chromosome substitutions into Chinese Spring found that chromosomes 

XIII and XVIII of the spring va.riety Thatcher ca.rrJ genes for winter growth 

habit. Knott (1959) reported that chromosome IX of the spring variety Gabo 

carries one of the three genes for winter habit. Morrison (1960) found 

that chromosomes XVIII and IX of winter varieties carry the genes respond­

ing to a verna.l trea tmen t. Furthermore, Driscoll and J em: en (196:)) reported 

in a cross, Chinese Spring monosomios x Cornell Selection 5075aB-2B-21 

(winter type), that growth habit is controlled by three pairs of genes on 
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chromosomes V, IX and XVIII, and, probably, by an additional gene pair on 

et~omosome XXI. The present author also published his result on eTowth 

habi t of common wheat (Tsunewaki and Jenkins 1959, 1961, Tsunewald 1962b). 

Furthermore, genetic basis of this character in synthesized hexaploid wheats 

wa.s studied (Tsunewaki 1962a). 

Cooper (1923) d~signated genes oontrolling growth bah-it by ,§:, that 

symbol, however, was also used for the spelta gene. The National Committee 

of Genetics and Breeding of the Japan Scienoe Council (1954) recomnended .. 
the symbol "~ for a gene controlling spring growth habit, while Aueemue 

~~. (1946) proposed the symbol gg according to the opinion of the majo-

rity of the Committee on Nomenclature of Genetic Factors in Wheat, U.S.A. 

The symbol 1!g, however, is more properly used for a gene controlling ha.iri-

ness of glume, because the International Committee on Genetic Symbols and 

Nomenclature (1957) recommended the use of a common basic symbol for two 

or more loci having phenotypically similar effects, and the symbol!! is 

most proper~ adopted for genes controlling hairiness of various plant parts 

such as'glumes, leaves, nodes and rachis. For these reasons, Tsunewaki 

and Jenkins (1959, 1961) designated the loci controlling growth habit as 

~t This basic symbol will be used through out the whole thesis. 

B. Experimental Results 

1. Critical· analysis of the bTOwth habit in eight varieties of common Wheat 

Monosomic analysis 

Eight varieties of Triticum aestivum or T. compactum were used in 

this experiment. Among those Elgin, KIarkov and Jones Fife are winter 

types and Chinese Spring, Prelude, Red Bobs,-Red Egyptian and S-615 are 

spring types. Using monosomica as the female parent., each of the 21 mono-

aomic lines of Chinese Spring was crossed with the other seven varieties, 

with the exception of mono-V x S-6l5. 

The Fl plants were grown in the greenhouse under 16 hr. illumination. 
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In order to facilitate the statistical analysis of the Fl data, mono- and 

disomic hybrids and both parents fo~ each series of monosomic crosses were 

planted according to a completely randomized design. The number of Fl 

and pa.rental plants involved is recorded in Table 19. 

The heading dates of all monosomic and disomic Fl plants were recorded 

and the average for a particular monosomic line was compared with the head-

ing date of the corresponding disomic Fl hybrid. Analysis of variance 

followed by a ! test was applied in order to test the difference between 

the heading date of the disomic and each monosomic line. The l~~ level was 

chosen for testing a mean difference, because a multirange test is not 

possible when subs ample sizes are unequal, and more than 20 comparisons 

were made ~~thin a series of the monosomic crosses. 

All 1<'1 plants produced a sufficient number of seeds for an It'2 analysis 

with the following exoeptions: 21 monosomic lines of Chinese Spring x Red 

Egyptian and Chinese Spring mono-II x Kharkov and Prelude. The It'2 gener-

ation was seeded in early May in field nurseries and the plants were 

classified only as headed or non-headed at harvest time in early August. 

Segregation of the two types in each monosomic line was tested against a 

2 
theoretical ratio using x values. Again, the 1% level was chosen for 

this test, because more than 20 comparisons were made in each series of 

the monosomic crosses. The F2 populations were grown according to a non­

randomized design so that a' certain portion of environmental effeots might 

be confounded with the genetic effect. This is the seoond reason why the 

1% level was chosen. 

The average heading dates of all monosomic and disomic 

lines in the Fl generation are shown in Table 20 for winter varieties and 

in Table 21 for spring ones. The dates are indicated by deviations in 

days from the heading date of the normal Fl plants. 

In crosses involving ~he winter varieties as the male parents, Fl 
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Table 19. Number of Fl plants involved in the monosomic analysis. 

Chi.nese Hybrids between Chinese Spring monosomies and 
PI lines Spring Jones Red Red Elgin Kharkov Prelude 8-615 Fife Bobs EgyI;tian _ 

Disomic 8 19 29 28 49 30 30 34 
~ parent c; 5 :1 10 5 5 4 ./ 

S parent 5 5 5 10 5 4. 5 
* Mono- I 2 c:: 4 3 6 3 2 

,., 
.J ,c. 

* * * " II 4 5 4 4 6 2, 3 7. ,. ,; 

* " III 3 3 5 
r, 
L 7 ., 3 4 

* II IV '" A: 4 3 9 3 5 3 c. ,; 

* -II. 
II V 4 4 5 3 5 5 2 0 

-II. 

" VI 4 4 4 4 8 4 3 5 
* " VII 2 3 

,-, 
3 2 3 .; 3 L 

" VIII 5 4 4 4 6 5 3 * 6 
* " IX 3 " 5 5 8 3 3 5 -' 

* " X 4 2 4 3 7 4 5 1 

* " XI 4 4 3 4 3 4 4 3 
* " XII 3 4 4 5 7 4 5 3 

6 * " XIII 5 5 4 3 2 2 3 

" XIV 2 4 3 5 6 5 3 * 4 
* " XV 4 -, :) 4 8 4 z 2 .) 

* " XVI 2 4 4 5 7 3 4 5 
* " XVII 7, 5 5 5 8 3 2 4 ./ 

-II. 
II XVIII 3 5 5 4 9 !; 5 .: 

./ -' 

* II XIX 5 5 r: 
.J 4 9 3 1 4 

* " XX 4 5 ., 2 8 :5 3 4 
* II XXI 3 5 4 2 9 2 1 3 

*: F2 generation was not grown. 
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Table 20. Days to heading of PI monosomies from crosses between 

Chinese Spring monosomics and three winter varieties; 

expressed as deviation of the heading date from that 

of the disomie Fl' 

Fl hybrids between Chinese Spring monosomies and 
:B~ lines Jones Average of 3 I Elgin Kharkov Fife winter var. 

Disomic 105.7 102.3 97.5 101.8 
** ** ** 

lj! parent - 8.2 - 1.7 -10.5 - 6.8 

5 parent + C><o + 0<:> + oQ + 00 

** Mono- I + 2.1 + 2.2 + 5.2 + 3.2 
II II .7 LO + .0 .1 + 

** 
" III + 3.6 + 1.3 9.5 1.5 

" IV + .0 .8 1 ') .7 - . "'-
" V - 1.4 2.0 .5 - 1.3 

** 
" VI t:; ? 4.0 3.2 4.1 .-'.~ 

" VII 3·7 3·3 + 2.5 1.5 

" VIII + 1. 3 + 2.0 .7 + .9 
** ** ** ** 

" IX + 6.6 + 5.1 + 6.8 + 6.2 

" X + .5 1.2 + .0 .6 

" XI + .6 1.6 1.8 .9 

" XII + 1.1 + 1.5 + .0 + .9 -
" XIII + 2.1 + .5 - 1.8 + ·3 

" XIV + 3.6 + .7 + .5 + 1.6 

" XV + 5.6 ** + 2.7 + .8 + 3.0 

" XVI + 3.6 + 1.2 + 1.5 + 2.1 

" XVII + 3.3 + 2·9 + 2.1 + 2.8 
** ** ** ** " XVIII +19.3 +18.7 +18.5 +18.8 

** 
" XIX 1.5 4.7 2.2 2.8 

** " XX + 6.1 + 1.0 + 3·5 + 3.5 

" XXI .3 - 1.5 + 2.5 + .2 

**: Significant at the 15'; level. 

(+) indicates later heading and (-) indicates earlier heading 

of a monosomic line than that of the corresponding disomic 

line. 
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Table 21. Days to heading of Chinese Spring monosomics and their 

Fl monosomics from crosses .Ii th four spring varieties; 

expressed as deviation of the heading date from that 

of the disomic F'r 

Chinese Fl hybrids between Chinese ;3pring monosomics and 
FI linea Spring Red Red 

S-615 Prelude 
ERYEtian Bobs 

Disomic 85.8 81.4 76.1 71.9 66.6 
** ** ** 

~ parent +3.4 +4.9 +12.1 +17.2 
** 

~ parent +1.8 -2.1 - 1.7 - 8.0 

Mono- I -1. 3 - 3. 9 +1.9 + .8 + 1.7 
tI II + .0 + ,."5 - .8 + .1 1.6 -
" III +2.3 +1.6 + .2 ** + 2.8 + 3.3 
II IV + .3 + .6 -2.1 + .4 .3 

** II V +3.0 +1.1 + 1.9 .8 

" VI -2.0 -1.1 .3 1.6 + .5 

" VII +1. 3 -2.1 +2.5 .. 1.6 + 3.4 

" Vln +1.1 - .1 + .4 + 2.5 - 2.3 
** ** 

" IX +4.3 - .1 +3.9 .2 + 1.4 

" X + .3 +2.8 +1. 3 + 2.9 1.2 

" XI +1. 3 +1.6 - .1 + 1.4 + 3·0 

" XII - .4 +2.2 +1.2 + .6 .9 
** ** 

" XIII +1.1 +2.6 + ') + 6.1 + 5.6 ,<-

" XIV - .3 + .6 +1.2 + .5 + 1.6 

" XV +1.0 + .3 +1.9 + 2.1 + .0 

" XVI +1.8 + .6 +1.7 + 2.8 + .7 

" XVII - .1 + .1 +2.4 + 1.8 + .3 

" XVIII +6.6 ** +6.2 ** +2.9 + 2.4 + .5 
., XIX -2.0 -1.4 +1.9 + ·4 + .1 

" XX +1.0 .9 +2.4 1.4 
,** 

+ + + 3.b 

" XXI - .1 -3.4 +1.6 + .9 + 4.2 

**: Significant at the 1°;~ level. 

(+) indicates later heading and (-) indicates earlier heading of a 

monosomic line than that of the corresponding disomic line. 
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plants monosomic for chromosomes IX and XVIII of the male parents were 

later to head, those monosomic for chromosome A~III being delayed about 

three times ~s much as those monosomic for chromosome IX. Some lines mono-

somic for other chromosomes had effects on heading only in a certain variety. 

·In the crosses involving .the spring varieties as male parents, FI's 

monosomic for chromosomes IX, XIII and XVIII showed consistent deviations 

in dates of heading. The monosomic condition of ohromosome IX oaused 

delayed heading of Chinese Spring and its Fl hybrids with S-615; that of 

chromosome XIII delayed heading of Red Bobs and Prelude Fls; and that of 

chromosome XVIII oaused delayed heading of Chinese Spring and its FI 

hybrids with Red Egyptian. Three other chromosomes had an effect only in 

a oertain variety. 

~ generation All plants derived from crosses between the Chinese 

Spring monosomics and the other spring varieties headed. Data from the 

F2 segregation of crosses between the Chinese Spring monosomios and the 

winter varieties are presented in Table 22. 

In all cases the disomic F2 populations segregated in ratio of 10 

headed to 6 non-headed plants. The monosomic P" line ratios have been 
£;. 

compared to this ratio as shown with x2 values in the corresponding column 

of Table 22. In all three crosses the F2 populations derived from FI 

plants monosomic for chromosomes IX and XVIII contained a higher proportion 

of non-headed plants than expected and deviated signifioantly from the 

10:6 ratio. The mono-)~III F2 lines contained a much higher proportion 

of non-headed plants than the mono-IX lines and practically all plants 

were non-heading. 

F2 ratios of mono-XVI, XII and XX lines for Elgin, Kharkov and Jones 

Fife, respectively, deviated from the 10:6 ratio. However, none of these 

line showed a significant deviation of the F2 ratio from 10.6 when data 

for the three varieties were pooled. 
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Table 22. Segregation of heading types in the P" monosomic lines of 

F2 lines 

Dismnic 

Mono-

" 
It 

" 
II 

" 
II 

" 

" 
" 

'I 

'1 

" 
II 

I 

II 

III 

IV 

V 

VI 

VII 

VIn 

IX 

X 

XI 

XII 

XIII 

XIV 

xv 
XVI 

XVII 

L 

winter varieties. 

Elgin Kharkov Jones Fif<9 Total 

no. of plants No. of plants No. of plants No. of plantE 

+ 

723 395 

100 

2l 

69 

69 
51 
78 

36 
20 

64 

127 

96 
62 

48 

85 

55 
100 

103 

50 

14 

34 
28 

19 
41 
18 

8 

74 

61 

53 

28 

44 

35 
32 

60 

+ 

189 496 

83 

98 
86 

29 
63 

29 
56 

62 

97 
88 

54 

87 

47 
62 

75 

95 

46 

49 

59 

29 

14 
48 
9~) 

73 

77 

58 

62 

26 

46 

44 
55 

+ 

735 475 2,247 1,366 

28 

77 

65 

55 
84 
85 

52 

54 

84 

61 

75 

42 
65 

103 

809 

105 

47 
12 

56 

40 
56 

76 

87 

33 

40 

42 

28 

31 

2H 

96 

199 
220 

225 

150 

128 

180 

3J8 

191 

171 
197 
220 

303 

119 

61 

1 .7 
.t.q.) 

71 

1 

108 

167 

170 

118 

105 

178 

x~ 

(10:6) 

1 ... 

,6 
p 

",v 

** 81, .C~ 

.1 

.8 

~l 

** " XVIII 5 181 

71 24 

1 139 o 173 
78 58 

6 493· ec~o.o 

II XIX 72 48 221 130 .0 

" XX 112 

" XXI 101 

55 
50 

47 

68 

32 

54 

58 

43 

189 145 

(+) and (-) indicate "headed" and "non-head.ed" type respeGtively. 

**: Significant at the l~{, level. 
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Conventional analysis 

The eight varieties were crossed in diallel combinations and the Fl 

plants and their parents were grown according to a randomized block design 

in the greenhouse under, 16 hr. illumination. The number of Fl plants studied 

was five for each cross combination. 

The heading-dates of all Fl plants were intermediate between those of 

the parents. In the F2 generation, segregation of headed and non-headed 

types did not occur in crosses involving only ... -:inter or only spring va.rie­

ties. The data from the orosses between spring and winter varieties are 

summarized in Table 23. 

Surnmary 

The monosomic analysis revaaled that chromosomes IX and XVIII of the 

three winter varieties, Elgin, Kharkov awl Jones Fife had an effect for 

delaying heading. Chromosome IX of Chinese Spring and 3-615, XIII of 

Prelude and Red Bobs, and XVIII of Chinese Spring and Red Egyptian also 

delayed heading to a less extent. No other chromosomes had a consistent 

effect in the various varieties or in Fl and F2 generations. 

Those results indicate that the growth habit of common wheat is 

main~ controlled qy genes located on chromosome IX, XIII and XVIII. The 

gene on chromosome XVIII of a winter variety has the most prominent effect 

for del~ing heading followed b,y the gene on chromosome IX. The winter 

habit gene on chromosome XIII is known at present in spring varieties such 

as Thatcher, Prelude and Red Bobs but not in any winter varieties. From 

this fact,-the three loci on chromosomes XVIII, IX and XIII will be desig-

nated by ~l' ~2 and ~3' respectively. 

The present reaul ts indicate also that the §.s:l and §.B:2 loci appear 

to have three alleles and the 2B3 locus two of them. Concerning the ~l 

locus, all winter varieties carry a winter habit gene, two late spring 

varieties Chinese $pring and Red Egyptian a semi-spring habit gene and 
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Table 23. Actual and expected segregation of head.ing types in the F2 

generation of the crosses, spring varieties x winter 

varieties 

No. of plants Expected 2 Cross combinations ratios+) x values 
Headed Non-headed 

Chinese Spring x Elgin 723 395 10:6 2.2 

" x Kharkov 789 496 10:6 .7 

" x Jones Fife 735 475 10:6 1.6 

Red Egyptian x Elgin 207 90 11: 5 .1 

11 x Kharkov 180 56 11~ 5 6.2 

II X Jones Fife 268 118 11: 5 .1 

S-615 426 ** x Elgin 87 3:1 11.7 

67 ** " x Kharkov 421 3:1 33.1 

" 61 ** x Jones Fife 421 3:1 39.2 

Red Bobs x Elgin 416 30 58:6 3.7 

" x Kharkov 395 33 58:6 1.4 

" x Jones Fife 281 28 58:6 .0 

Prelude x Elgin 380 42 58:6 .2 

" x Kharkov 66 5 58:6 I:; 
.,./ 

, " x Jones Fife 89 13 58:6 1.4 

+) ItHeaded" vs. "non-headed". 

**: Significant at the l.:~ level. 
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the other spring varieties a t,ypical spring habit gene; these will be 

c designated by ~l' §Kl and §gl' respectively. The 2g2 locus also carries 

three genes, namely, a win.ter habit gene in the winter varieties, a semi-
< 

spring habit gene in two late spring varieties, Chinese Spring and S-615, 

and a typical spring habit ,gene in the other spring varieties. These' genes 

can be designated by !S2' §g~ and 2g2' respectiveiy. The ~3 locus carries 

two genes, i.e., a semi-spring habit gene in Prelude and Red Bobs and a 

typical spring habit gene in the other varieties; these being designated 

by ~3 and .§.g3' respectively. In all cases dominance is in order of spring, 

semi-spring and winter habit, because theFls between early and late varie­

ties were much more similar to the. early variety in regard to t.'I1eir heading 

date. 

The haploid genotypes for each of the ei~lt varieties ~ then be 

formulated as follows: 

Elgin, Kharkov and Jones Fife; ~l !!£a:2 §!3 
Chinese Sp.!'ing c 

§.B:1 
c 

.§.g2 2g, 

Red Egyptian c 
28:2 Q.g 2,g1 3 

S-615 §gl 
c 

.2.8:2 2£:3 
Prelude and Red Bobs £til £ti2 ~3 

Based on the proposed genotypes the cro saes between Chinese Spring 

and the winter varieties would be segregating for two pairs of genes, 

S ed co C 
~l' E.B:l an E!,g2' ~2· The segregation olearly fit a 10:6 ratio of headed 

to non-headed plants. This segregation can be explained on the assumption 

that plants homozygous for ~l and those heterozygous for ~l and homozygous 

for ~2 failed to head. This hypothesis is partly supported by the fact 

that only a few pla~ts headed among the progenies derived from Fl hybrids 

monosomic for ohromosome XVIII. 

In the crosses between Red Egyptian and the winter varieties, the 

o 
segregation will be for the two gene pairs §,gl' ~1 and .2E2' ~2. These 
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F2 populations segregated in an 11:5 ratio, as shown in Table 23. whioh can 

be explained by the fact that the ~2 gene is more effeotive in producing 

c spring habit than the 2B:2 gene of Chinese Spring and that only plants homo-

zygous for ~l and homo- or hetero~gous for ~2 and those heterozygous for 

~l and homozygous for ~2 failed to head. 
c 

All plants homozygous for ~l 

or ~2 gene or heterozygous for both genes headed. 

In the crosses betweerA S-6l5 and the winter varieties segregation 

C" c occurs for two gene pairs 2Kl' ~l and ~'~2. Only plants homozygous 

for .!!B:l gene are expected not to head. The F2 generation should, there,­

fore, segregate in a 12:4 or ;:1 ratio of headed to non-headed plants but 

it produced more headed plants than can be explained from a dih;ybrid segre-

In the crossel3 1Je.w.een Red Bobs and FT81 ude and the .Tinter varieties 

three gene pairs .Q.e1 !!£1' §£:2 P.5.2 and ~3 ~3 art' segregating and in this 

case plants ~ith a genotype ei t:ter ~l !2£1 2£2 E.£2 - .' cr ~l ~1 .§£:2 !i£.2 

~3 ~3 would fail to head. Actual l'2 d£.;:,ta fit well this expection, segre­

gating in 58:6 ratio of headed to non-headed plants as shoW!'!. in Table. 23. 

Apparently, genotypes of the eight varieties proposed from the result 

of monosomic analysis explain "Iell the F2 segregation in diallel crosses 

wi th the exception of S-615 x wInter varieties. In this case segregation 

of minm: genes such as those found by Sears (1953) and Kuspira and Unrau 

(1957) mllst be considered in addition to that of three major genes. 

2. Monosomic analysis of synthesized 6x wheats 

In order to elucidate genetic basis of the grollftb habit in emmer wheat 

and Ae. sgu.ar:!:2..~, four synthesized 6x wbea ts with different synthetic 

components were studied b,y means of monosomic analysis. The strains employed 

were winter type ABD-I and spring type ABD-\~, -XII and -XIII. 

Each of the four synthetics was crossed as the male parent with 21 

monosomic lines of Chinese Spring as the female. All Ii'l plants were seeded 

-69-



and grown in the greenhouse under 24 hr. illumination. The numbers of 

monosomic and disomic FI plants involved in this experiment are recorded 

in Table 24. 

In order to facilitate the statistical analysis of the FI data, mono-

and disomic hybrids-of each series of monosomic orosses were planted 

,according to a completely randomized design. Heading date was then recorded 

. for individual plants. In order to test the effect of a chromosome on 

hea~ing date, the average heading date of a particular monosomic line was 

compared with that of the corresponding disomic Fl's. Analysis of 

variance followed by a ! test was applied to these data. 

Monosomic FI plants of ABD-VI, .-XIIand -XIII were less fertile than 

the corresponding disomic Fl's but the majority of them produced sufficient 

seeds for the monosomic analysis of the F2 generation. In contrast, F2 

monosomic analysis of ABD-I could not be satisfactorily carried out, be-

cause monosomic FIls of this strain were almost completely sterile. 

The F2 generation was planted in the greenhouse, moved outdoors soon 

after germination and then grown in the field imder natural conditions • 
• 

The number of F2 hybrids tested is indicated in Table 24. 

The average heading dates of all monosomic and disomic lines in the 

FI generation are sho .... rn in Table 25. The heading dates of the monosomic 

lines are indicated by deviations in days from the dates of the corresponding 

disomic FI's. 

Among 20 FI monosomic lines of the winter type, ABD-I, mono-IX and 

-XVIII showed Significantly later heading than the disomic. Delay of 

heading of mono-XVIII was much greater than that of mono-IX. 

In the crosses involving ABD-XII and -XIII as male parents, both of 

which mature earlier than the other synthetics, FI's monosomic for chromo­

some XIII showed consistently later heading than the corresponding disomic. 

In addition, FI rrIO'no···XX of ABD-XII and mono-II of ABD-XIII showed significant­

ly delayed heading. 
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-
Table 24. Number of Fl and F2 hybrids involved in the monosomic analysis. 

---
F 's F 's 

Strains 1 2 

ABD-I ABD-VI ABD-XII ABD-XIII ABD-I ABD-VI ABD-XII' ABD-XIII 

Disomic 18 26 25 23 281 932 824 384 

Hono- I 5 3 2 1 0 75 30 0 
II II 4 5 2 6 0 71 35 24 
II III 4 1 3 3 2 5 30 6 
11 IV 4(1) 2 2 4 1 18 13 18 

" V 4(2) 4 4 3 0 29 44 0 
If VI 4 4(1) 4 3 3 10 109 8 
II VII 4(1) 2 :;(1) , 3(1) 22 21 30 25 

" VIII 4 5 4 :; 0 15 42 '2 
II IX 5 5(1) 0 5 2 41 0 76 
n X :5 2 0 4 1 30 0 12 

" XI 4 :; 2 :5 20 41 80 87 
II , XII 5(3) 3 3 :; 0 70 46 14 
II XIII 3(1) 4 2 3(1) 0 57 11 5 
II XIV 1 2 2 5 20 42 19 00 pre 

II XV 2 2 5 4 0 78 38 50 
If XVI 1 3(1) 5 1 0 49 86 12 

" XVII 4 3 0 ~ 13 44 0 18 /' 

" XVIII :; :; :; 5 0 72 72 73 
" XIX 5(1) "3(1) 1 5 5 18 40 40 - \ , 

" XX 4 4 :; 2 :; 23 45 12 
II XXI 2 1 4 3 30 22 119 63 

( ) : Number of plants 'having 40 
-

instead of 41 chromosomes, seemingly 

doubly monosomic. 

-71-



Table 25. Days to heading of the FI hybrids from crosses 

between Chinese Spril".g monosomics and four 

synthesized 6x wheats; expressed as deviation 

of the heading date from that of the disomic Flo 

Male parent.s 
It' lines 

1 ABD-I ABD-VI ABD-XII ABD-XIII -_._---
Disomic 92.1 80.0 75.1 76.6 

Hono- I - 0.9 - 1.0 - 0.6 + 2.4 

" II 2.1 1.6 + 3.4 + 4.6 ** 

11 III + 1.2 + LO + 1.4 + 2.8 

" IV - 0.1 + 1.0 + 1.9 + 1.4 

" V + 0.1 + 0.0 + 1.1 + l.l -
It VI 1.6 1.3 1.1 + 3.4 
11 VII + 0.9 - 1.5 - 0.8 - 0.6 

" VIII 4.6 2.6 2.3 0.9 
** ** 

" IX + 6.3 + 3.2 + 0.2 

" X - 4.1 of 1.,5 0.3 
If XI - 3.8 + 2.0 + 0.4 0.2 

" 1.11 + 4·4 1.0 1.4 + 0.1 

6.4 ** ** II XIII - 1.1 0.1 + + 4.1 
II XIV + 3.9 0.5 + 1.9 + 0.2 

" XV - 5.1 + 2.5 + 1.9 0.8 
II XVI 0.7 0.7 + 2.4 
11 XVII + 0.4 1.7 0.2 

** ** II XVIII +36.9 + 5.0 + 1. 3 0.8 

" XIX 4.1 0.5 0.1 1.2 
** It XX + 2.4 + 2.5 + 3.9 - 0.1 

It XXI 4.1 - 2.0 + 0.9 0.2 

** : Significant at the 1;:~ level. 

(+) indicates later heading and (-) indicates earlier 

heading of a monosomic line than that of the 

corresponding disomic line. 
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In the crosses involving as male parent ABD-VI, that had t~e latest 

heading date among the three· spring-type synthetics, Flts monosomic for 

ohromosomes IX and XVIII showed later heading. In this case, too, heading 

of mono-XVIII was later than that of mono-IX. 

In the F2 generation of these monosomic crosses, no segregation of 

winter type occurred in hybrids of ABD-VI, -XII and -XIII. On the other 

hand, the F2 of Chinese Spring x ABD-I segregdted 20 winter type plants 

among 409, indicating a 15:1 ratio for the spring V8. winter habit. This 

result and that from the Fl generation indicate that winter growth habit 

of ABD-I is controlled qy two recessive alleles on chromosomes IX and 

XVIII, the one on chromosome XVIII being more effective than that on chromo-

some IX. As the 14 chromosomes from I to XIV belong to the A or B genome 

and the seven chromosomes from XV to XXI to the D genome, the gene on 

chromosome IX is most likely responsible for the winter habit of !_ 

diooccoides and seems to be the same as the ~2 allele of common wheat. 

The other gene on chromosome XVIII derived from Ae. sguarrosa No. 2 con-

troIs winter growth habit of this squarrosa strain and apparently is the 

same as the ~l allele of common wheat. 

Factorial analysis of growth habit genes in ABD-VI, -XII and -XIII 

was not made, because all the F2!s were spring type. However, FI data 

indicate that genes located on chromosomes IX and XVIII are responsible 

for late maturit,y of ABD-VI. From their location and function, the genes 

c c on chromosome IX and XVIII of ABD-VI seem to be the same as 2g2 and ~l 

of common wheat, respectively. In other words, the 2g~ allele of common 

wheat is also present in Sears' Ae. sguarrosa strain and §g~ in the 

spring durum variety, Golden Gall. 

Fl data, also, indioate that chromosome XIII of two early spring 

strains, ABD-XII and -XIII, oarries a less effeotive spring-habit allele 

than that on chromosome XIII of Chinese Spring. This allele originating 
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from the emmer species, !. turgidum and !. dicoccum Vernal seems from its 

location and function to be the same as the ~3 allele in early spring 

varieties of common wheat. Chromosome XIII of ABD-I and -VI and its homo-

logues in!. dicoccoides spontaneo-nigrum and T. durum Golden Ball seem 

to carry the typical s pring-type allele, §i.:
3

' because the hemizygous con­

dition did not cause a delay of heading. 

, Based on those r~sults, the following genotyp~s will be proposed to 

the four synthetic 6x wheats and their respective components as shown in 

Table 26. 

c. Discussion 

On the origin of common wheat 

Growth habit of common wheat has been revealed here to be mainly con-

trolled by genes belonging to three allelic series, §gl on chromosome 

XVIII (D genome), §Z2 on IX (A) and £S3 on XIII (A). Each of the 2g1 and 

§E2 series has three alleles and the §g3 series has two; the alleles being 

2.8:1 ' £g~ and .!;!gl' ~2' §g~ and 1!8:2 and §£3 and. ~3 in order of dominance 

for each series. All winter varieties so far tested carried the typical 

winter habit genes, §gl and §g2" The gene ~l was much more effective 

than §g2 in delaying heading. The ~l gene was also found in a winter 

type strain of Ae. SQuarrosa. 

In barley, Yasuda (1961) produced F2 populations from several crosses 

between winter and spring varieties, and studied the frequencies of growth 

habit brenes in their F3 and later generations, growing them in four differ­

ent localities in Japan. In this case seeding was made in the fall. In 

a hybrid population that was grown in the northern part, the frequency of 

winter habit allele was remarkably increased within a few generations, 

while in that grown in the southern part it was decreased. His result 

clearly demonstrates that the winter habit allele has under fall plan.ting 
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Table 26. Genotypes for growth habit of the four synthesized 

6x wheats and their synthetic components. 

Loci .. 
Strains 

E.gl .§.g2 9£3 
(XVIII) (IX) (XIII) 

Synthesized 6x 

ABD-I ~l !]£2 ~3 
ABD-VI (' c 

~l 
c.' c 
~2 .§.s:3 

ABD-XII !llil £g2 ~3 

ABD-XIII Q C 
£8:1 2.8:2 ~3 

Emmer components 

T. dicoccoides sDontaneo-nigrqm !!B:2 §E 3 

'11. dqrum Golden Ball c 
.§.s:2 ~3 

T. turgidum nigro-barbatum .§.g2 !!£) 

T. dicoccum Vernal §B:2 MS.) 

sguarrosa components 

Ae. sguarrosa No. 2 ~l 

1\e. sguarrosa Sears' C' c 
!?£1 
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better fitness to the northern region of Japan. If this is also true for 

wheat, it must have been ver,y important that common wheat acquire, among 

other characters, strong winter growth habit by ~l on chromosome XVIII, 

in order to extend its growing area further'north in the Ncrthern hemis- . 

phere. This assumption is supported by the result of Heyne and Livers 

(1953) who found that FI mono-XVIII from the cross, Chinese Spring mono­

somics x Pawnee (winter variety), was resistant to winter injury, while 

all the other FI monosomics as well as disomics were sensitive. 

The most effective winter habit gene, ~l' was founo. by the present 

comparative gene analysis in a winter habit strain of Ae. sguarrosa. It 

is, therefore, reasonable to assume that common whea.t received the gene 

~l at the time of its ~irth from As. s~uarrosa as one of the parents, 

acquiring higher adaptability to the northern climate than emmer wheat, 
, , 

the other parent. In other words, one of the major contributions to common 

wheat of the D genome donated by A~. sguarrosa seems to be the strong 

winter growth habit, owing to which common wheat can grow more successfully 

in high latitudes than emmer wheat. The high productivity of common whea.t 

in comparison with tha.t of emmer wheat in fall-sowing regions, especially 

in the northern part (in the Northern hemisphere) seems to support this • 

viewpoint. 

Acoepting the hypothesis that ~1 was transferred to common wheat at 

the time of its birth, the geographical distribtttion of .§.&l gene in ~. 

8guarrosa will provide another clue to the eluoidation of the birthplace 

of common wheat. Tanaka and Yamashita (1957) and Kihara and Tanaka (1958) 

investigated the growth habit of ~. sguarro~a strains which they collected 

in Pakistan, Afghanistan and Iran. Their result is shown in Fig. 5. 

There were two regions where winter habit strains of !:-.fl. sguarrosa 

were found; a great majority was found in northern Iran. This region, 

again, seems to be the most probable place for the origin of common wheat. 
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Epstaais of the Sg2 genes to S61 genes 

Chromosome XVIII of ABD-XII and -XIII should carry the ~l and §g~ 

. genes, respectively, because the Ae. sguarrosa stra.in used for synthesis 

of ABD-XII is Kihara I s No. 2 and that used for ABD-XIII is Sears i • However t 

FI mono-XVIII! s of those synthetics did not show any delay of heading. FI 

data for ABD-XIII indicate that its chromosome IX derived from Vernal 

carries the typical spring habit allele, 2g2. This allele is probably 

epistatic to ~~ on chromosome XVIII of this synthetic, causing no delayed 

heading of FI mono-XVIII. Epistasis of the ~2 allele to the ~l alleles 

is also suspected in ABD-XII for the following reasons, although direct 

proof for presence of 2g2 in this synthetic is lacking. First of all, ABD­

XII showed almost the same heading date as that of ABD-XIII, in spite of 

the fact that a winter ha.bi t allele, 51 must be present .in ABD-XII but 

not in ABD-XIII. SecondlYt T. t urgi dum , the emmer component of this synthe-

tic, is a rather early spring type, suggesting ttle presence of a typical 

spring habit allele. And, thirdly, the PI mono-XVIII of this synthetic 

did not show any delay of heading, despite the hemizygous condition of the 

!!.5l allele. 

No epistasia of 2g2 over £gl alleles is found in oommon wheat. As 

shown in the first part of this chapter, Red Egyptian, a spring variety of 

common wheat, carries the 2g~ and ~2 alleles, and in its erossea with 

Chinese Spring monosomies as the female parent, Fl mono-XVIII showed a sig­

nificant delay in heading, whose extent was very much like that obtained 

for the FI mono-A~III of ABD-VI in this experiment. In the same manner, 

no epistasis of §g~ over ~l was revealed from the cross between Chinese 

Spring monosomics and three winter varieties of common wheat. These facts 

suggest that a functional differentiation exists between the £g2 alleles 

in present-day emmer wheats and common wheat varieties. 

Raw amphidiploids usually contain a. large n~~ber of duplicated loci. 
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Some of them still remain in the present-day amphidiploids (Clausen and 

Cameron 1944, Sears 1954). Since their origination, however, genetic 

diploidization has gradually proceeded by m~tations in some duplicated 

loci (Tsunewaki 1961a). Through this process, a complex gene might have 

lost a part of its function, that is now compensated by a homoeologous 

gene present in other genomes of the amphidiploids. 

Based on such genetic diploidization, the loss of epistasis of §g2 

over ~l alleles during the course of evolution of common wheat can be 

interpreted as follows: §g2 locus of emmer wheat is functionally the same 

as .§.B:l locus of Ae. sguarrosa. Since the spring habit allele is dominant 

c over the winter habit allele, §£2 or §.g2 of emmer wheat will express itself 

in synthesized 6x wheats, being epistatic over §g~ or ~l allele of Ae. 

squarrosa. On the contrary, §g2 locus in common wheat has undergone some 

functional changes by mutations, being no longer able to mask the function 

of the ~l alleles. Similar cases were already reported by Stephens for 

Cl and R loci of cotton (Stephens 1951). If this would be the real roecha-

nisro, the apparent 108s of epl.stasis of £.g2 over 2B:l alleles in common 

wheat is a good indication of genetic diploidization that is taking place 

in common wheat. 

1). Conclusion 

Compara ti ve gene analysis of common ,,,rhea t, emmer wheat and lie. s_\l.uarrosa, 

using aome strains of synthesized 6x wheat, revealed that growth habit of 

common wheat is mainly controlled by genes belonging to three loci, 2.8:1 , 

~2 and §Z3' and that their homologous loci are also present in its 

ancestors. Genotypes of thejr varieties or strains so far tested are 

collectively shown in Table 27. 

£.gl' 28:2 and ~3 are the typical spring habit alleles, §.g~, §.g~ and 

~3 the semi-spring habit ones, and E:.B:l and §.g2 the typical winter habit 

ones. The!liil was much more (about three times) effective than the ~2 
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Table 27. Genotypes for grovrth habit of common wheats, emmer 

wheats and Ae. sguarrosa strains which were studied 

in the present experiment. 

Loci Grm"th 
Strains 

~l ~2 !2g, 
habit 

( XVIII) (IX} (XIII) 

Common wheat varieties 

T. aestivum Kharkov .§!.S:l !2.B:2 E.g, winter 

" Jones Fife .£E. ~2 ££:3 " 1 

" Chinese Spring ~ c o c l?£:~ spring .e;gl E£,2 
./ 

II 0-615 2,g1 
o c 
E.£2 2B:3 " 

II Prelude §.B:l .2g2 E.$.3 " 

" R~d Bobs §.B:l §.B:2 §.£i.3 
II 

'1' • compactum Elgin !!.8:1 §i5.2 2B:3 winter 

" Red Egyptian c 
.§£2 2B:~ spring .2gl 

'" 
Emmer wheat varieties 

T. dicoccoides spontaneo-nigrum ~2 §r3 
\<finter 

T. dicoccum Vernal .§£:2 §ii, spring 

T. durum Golden Ball c 
§.g2 .§£:3 

II 

'}1. t~rgidum nigro-barbatum <' 

:::E.2 §i!3 " 
Ae. s~uarrosa strains 

Ae. SQuarrosa typica No. 2 ~l winter 

" t;n::,ica Sears' c 
§.gl spring 
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for inducing winter growth habit. Most of those alleles identified in 

common wheat are also present in its ancestral species. 

Common wheat seems to have acquired the strong winter habit by re-

ceiving the most powerful winter habit gene, ~l' from a winter habit 

strain of Ae. s..Q.uarrosa.. This has re3ulted in the better adaptability 

of common wheat to high latitudes than that of emmer wheat. Geographical 

distribution of the ~, allele in Ae. squarrosa suggested, in agreement 
.l 

with the result of comparative gene analysis on waxiness, that the most 

" probable birthplace of common wheat is in the northern Iran. 

In synthesized 6x wheats, enistasis of thl3 D£:2 etlleles to 2£:1' sl.as . 

observed in two cases, namely, .... ' c· 
~he ::!.B.2 gene t '" d th '"'. t: (' C o~. an e ~n ,0 ~1 • 

1 L_ 

Ho\"ever, the epistasis WdS nC)t found in common \~heat, at least, of the ~2 

to .§.g~ and the .Qg~ to ~r;;:l. The apparent loss of the epistasis of the §..B:
2 

alleles to the ~l's is assUllled to have been caused by genetic diploidi-

zation of the d~lplicated loci that has taken place in the course of evo-

lution of common wheat. 
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VI. AWNEDUESS 

A. Eistorics,l Review 

Inheri ta.nce of awr.edness has been also studied since the very begin­

ning of the 20th Century. In many cases, a one or two gene difference was 

found between the awned and awnless varieties. The use of monosomics or 

nullisomics, ho"rever, has made it possible to detec~ genes with minor 

effects on awn expression. The results obtained are reliable but rather 

complicated in comparison wi ththose reported previously. The present 

review, therefcre, will be confined to the literatures dealing with nulli­

somio analysis, monosomic analysis or cr~omosome substitution method. 

Sears (1944, 1953, 1954), Heyne and Livers (1953), Wiggin (1955), 

Sikka at a1. (1959) and Kuspira and Unrau (1957, 1958) studied awn inheri­

tance in nine cOnlmon wheat varieties and proposed the following genotypes 

as shown in Table 28. 

O'Mara (1948), Unrau (1950) and. Knott (1959) ascribed awnlette~~ess 

of Marquis, Hymer and Gabo, respectively, to the ~l gene. Campbell and 

McGinnis (1958) reported that Redman carries another dominant inhibitor on 

chromosome XVII in addition to ]1° Okamoto (1960) described an awn supp­

ressor on chromosome V of Chinese Spring. 

The gene symbols used 1:w these workers were not always consistent. 

Furthermore, three additional genes had. been left for deSignation, namely, 

an awn-promoting ger.e en chromosome XIII of Chinese Spring (Sears 1954), 

a minor suppressor on chromosome V of the same variety (Okamoto 1960) and 

an epistatic inhibitor on chromosoree XVII of Redman (Campbell and McGinnis 

1958). For these reasons the followin£ symbols were proposed by Tsunewaki 

and Jenkins (1961) for the awn-conditioning genes after the rule set b,y 

Heyne and Livers (1953): 
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Table 28. Genotypes of common wheat varieties for awnedness, which were 

studied by previous workers. 

Chromosomes 
Investigator Varie'ties 

II III IV VIII IX X XII XIII XVI XX XXI 

Sears Chinese 
* Hd £1 ~2 * * * Spri.ng 

Heyne & 
" a Hd £1 ~2 !:.3 !4 ~2 ~ Livers -1 

II Pawnee ~1 hd .£1 b ~3 a a 
~ -2 -4 -2 

Wiggin Kentana 52 ~1 hd !!; , .l'!4 ~2 

Sikka et ~. Rio Negro hd 121 .£2 

II CI0854 hd ]1 b -2 

" N.P.790 hd ~l ba 
-2 

Kuspira & Chinese 
!l !2 Hd .£1 .£2 !-z, !4 Unrau Spring ,/ 

" Thatcher a hd b~ 2.2 ~l ~2 Hd- or -1 !!, i!:4 

" Hope hd .£1 .£2 

hd ]1 
a 

!, II Timstein !!]. ~2 or ]1- .£2 !4 

*; Gene located but symbols not ascribed. 
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Location 
(chromosome) 

Allelic 
series 

VIII IX X XVII II XX XII XVI XXI III IX Xln V 

* Rename~ qy Tsunewaki and Jenkins (1961) because the symbols ori-

ginally proposed had been a.lready registered for other series. 

** "Designated bi Tsunewaki and Jenkins (1961) 

These designations will be used throughout this thesis. 

B. Experimental Results 

1. Critical analysis of awnedness in eight varieties of common wheat 

Monosomio analyeie 

Naterials used here are the same as those described in a previous 

eeotion dealing with growth habit. Seven varieties, namely, Red Bobs, 

Elgin, Jones Fife, Prelude, ICharkov, S-615 and Red Egyptian were orossed 

as the male parents to 21 monosomic lines of Chinese Spring. All the mono-

BOrniC and disomic FI's were examined for awn expression. 

All ~l plants produced sufficient seeds for an F2 analysis with the 

following exceptionSI 21 monosomic lines of Chinese Spring x Red Egyptian 

and Chinese Spring mono-II x Kharkov and Prelude. F2 plants were classi­

fied at harvest as fully awned, half awned, awnletted and awnless. In F2 

populations of all crosses except the one between Chinese Spring and Red 

Bobs, the first' two and the latter two classes were combined for statisti-

cal analysis. In the F2 crosses between Chinese Spring monosamies and Red 

bobs only awnletted and awnless types were recovered and the data on these 

were subjeoted to a statistical analysis. 

El generation: No distinct differences in awnedness oocurred between 

disomic and monosomic Fl plants in any of the Fl lines in crosses between 

the Chinese Spring monosomics and the varieties Red Bobs, Elgin and Jones 

Fife. 
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In crosses between the Chinese Spring monosomics and the awned varie­

ties, FI plants monosomic for chromosome VIII or X of the awned variety 

had m~ch longer awns than the disomic Fl plants indicating the occurrence 

of complementary dominant awn-inhibiting genes on these two chromosomes of 

Chinese Spring. Mono-X plants were similar to the awned parent in appear­

ance whereas mono-VIII plants had long awns only on the apical portion of 

the spike. This indicates that the awn inhibitor on chromosome X has a 

greater effect than the one on chromosome VIII. 

!2 ~neration: Data on F2 segregation are summarized in Table 29 for 

Red Bobs, Elgin and Jones Fife and in Table 30 for Prelude, Kharkov and 

S-6l5_ 

Red Bobs: 'I'he disomic ratio of awnletted to awnless plants closely ap­

proached a l5s49 ratio indicating that Red Bobs and Chinese Spring differ 

by three genes. Because no awned plants were recovered these two varie-

ties must have an inhibitor in common. All F2 lines except those from FI 

plants monosomic for chromosomes II and VIII of Red Bobe segregated like 

the disomic F2 lines. All plants in the F2 lines derived from mono-II FI 

plants were completely awnless indicating that an epistatic awn inhibitor 

exists on chromosome II of Red Bobs. Nono-VIII F2 populations produced a 

high frequency of awnletted plants suggesting that chromosome VIII of Red 

Bobs carries the recessive allele of the awn-inhibitor located on chromosome 

VIII of Chinese Spring. The third inhibitor that differentiates these two 

varieties was not located from monosomic analysis. The common inhibitor 

must be located on chromosome X of Red Bobs, because Chinese Spring is known 

to carry an inhibitor on this chromosome and mono-X F2 populations segregated 

in the same manner as the disomio F2s. 

Elgin and Jones Fifes The F2 disomio populations, in crosses between 

Chinese Spring and each of the varieties Elgin and Jones Fife, segregated 

in a 15:1 ratio of awnletted or awnless to awned or half-awned. F2 
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Table 29. F2 segregation of awn types in the crosses between Chinese 

Disomic 

Mono- I 
II 

" 
II 

" 
It 

" 
II 

" 

" 
" 
., 

II 

'I 

II 

III 

IV 

V 

VII 

VIII 
T'·· 
..til. 

x 
XI 

"TT 
A...LL 

Xln 

XIV 

XV 

XVI 

XVII 

II XVIII 

II 

II Xv .. 
II XXI 

Spring monosomics and Red Bobs, Blgin or Jones Fife. 

F2s between Chinese Spring monosomics and 

Red Bobs 

No. of 
plants 

:I;: 

208 705 

20 47 

o 70 

34 132 
28 109 

40 128 

29 93 

14 27 
68 115 

2(; 91 

46 110 

19 67 

.55 94 
42 141 

24 55 

32 10:.7 

12 59 
10 

18 

2 
x 

(15:49) 

.22 

1. 53 
n. ,,** <::1.£;3 

,81 

.69 

.01 

2.62 

1}.20 
-lH 

1 • 8~': 

;:>.18 

3.18 

.09 

.40 

0.2 .. \ .. : , 

/.34 

,00 

-97 
.66 

Jones 
Elgin Fife Elgin and Jones FHe 

No. of No. of No, of 
pla~ts __ ~p~~~a~n~ts~ ____ .£~lan.ts 
+ + -+ 

36 691 
10 94 

7 85 

2 68 

6 45 

7 

1 

11 47 
o 

50 721 

5 23 

7 

3 

~) 

L 

TO 
'Q 
.1./ 

62 

54 
4 80 

6 70 

o 63 

86 1,412 

15 117 

14 
'7 , 

5 
8 

11 

7 , 

" u 

155 
84 

130 

99 
152 

106 

127 

2 
x 

(1:15) 

/''' .00 

5.89 
1.20 

~ 32 

1.50 

.96 

8~47 

** 
** 
** 20 19 

'2 

65 140 /3.72 

4 92 

58 

3 45 
(, 78 

52 
7 91 

10 94 

66 

109 

6 95 

" c. 

2 

6 

3 

9 

72 

63 

97 
f35 

97 

8 ll3 

6 

2 

2 

28 

51 

6 

6 

8 

8 

151 

130 

141 

149 
Ie 176 

19 191 

11 

5 
e 

137 

137 

146 

1.5B 

2.81 

l.04 

1.80 

.29 

(:t) and (-) of ilod Eobs indicate awnletted and awnlt~ss pla..'1ts, respectiw)ly. 

(+) and (-) of the other varieties indica.te fully or half a"''Ywd plnnts 

and awnletted or mmless p12...nts , respectively. 

**: Sie,nificant at the l/~ level. 
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Table 30. F2 segregation of awn types in the crosses between 

Chinese Spring monosomies and three awned varieties. 

Prelude Kharkov 3-615 Total 

F2 lines No. of No. of No. of Ho. of 2 
plants plants plants x plants (1:3) 
+ + + + 

Disomic 99 264 176 616 253 704 528 1,584 .00 

!1ono- I 45 128 21 62 20 47 86 237 .45 

" II 15 37 15 37 .41 

" III 5 12 23 74 30 51 58 131 2. ',4 

" IV 45 137 22 64 6 -19 73 220 .00 

" V 33 103 7 21 40 124 .03 

" VI 47 107 17 46 4J. 107 105 260 2.76 

" VII 5 12 10 19 32 68 47 99 4.0) 
** " VIII 47 29 32 24 96 64 115 1"1 '7 ... / 189·98 

.. IX 39 120 20 42 37 121 96 283 .02 
*-l!-

" X 138 64 57 40 29 12 224 116 303.00 

" XI 5 33 13 74 31 94 49 201 3.89 

" XII 29 124 16 31 30 81 15 242 .30 

" XIII 17 48 25 61 16 51 58 160 .30 

" XIV 15 46 11 36 39 89 65 111 .81 

" XX 22 13 18 44 16 47 56 164 .02 
II XXI 46 144 23 54 46 101 ll5 299 1. 70 

" XXII 47 158 27 68 39 105 113 531 .05 
II XXIII 42 145 36 95 34 80 112 320 .20 

" XIX 29 84 16 55 26 69 71 208 .03 
11 XX 19 75 9 39 25 64 53 178 .52 
11 XXI ;6 124 12 56 32 75 80 2'::1:; J.", .22 

---- --,---"-----
(+) and (-) in1icate fully or half awned and EJ.\of!lletted or awnless 

plants, respectively. 

** : Significa.nt at the l~G level. 
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populations derived from mono-VIII and mono-X Fl plants in both series of 

crosses gave a higher proportion of awned plants than expected which in­

dicate that both Elgin and Jones Fife carry the reoessive alleles of the 

awn inhibitors located on chromosome VIn and X in Chinese SpriIl.g. The 

fact that no awned plants occurred in the progeny of mono-IX ffl plants in­

dicated that chromosome IX of both Elgin and Jones Fife carries an awn 

inhibitor which must be dominant because of the similarity in appearance 

of the mono-IX and disomic FI plants. The apparent dig-enic ratio of 15:1 

obtained in the F2 disomic population did not agree with the results of 

monosomic analysis which suggested a three allele.·pair difference. This 

discrepancy suggests that fourth allele pair is ~nvolved in segregation of 

awn types resulting in a tetragenic F2 ratio of 240:16, i.e., 15:1-

Prelude, Kharkov and 3 .. 6.J2: The F2 populations of crosses between Chinese 

Spring ~~d each of the varieties Prelude, Kharkov and S-615 segregated in 

a ratio of 3:1 of awnletted or awnless to awr;ed or half-awned. Only ratios 

in 1<'2 populations derived from mono-VIII and mono-X FI plants in each of 

the three series of crosses were significantly different from the disomic 

3:1 F 2 ratio. In each of these populations a hi.gher proportion of awned 

plants than expected was produced. These facts agree with the FI data 

that Chinese Spring carries two dominMt inhibitors and the awned varie-

ties carry their recessive alleles on chromosomes VIII and X. The apparent 

monogenic ratio obtained from the F2 disomic popJlations can not be ex­

plained on the basis of two pairs of alleles indicated by monosomic analysis. 

The discrepancy between these results indicated that a third allele pair 

is involved in controlling awnedness, resulting in a trigonic F2 ratio of 

48:16, i.e.~ 3:1. 

Conventional analxsis 

The eight varieties, including Chinese Spring, were crossed in diallel 

oombinations, and the PI phenotype and F2 segregation were observed o 
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In the FI generation no phenotypic differences occurred between reci­

procal crosses. Crosses betweell Red Bobs a...."1d all other varieties produced 

a"mless FI plants, crosses between Chinese Spring and awnletted or awned 

varieties produced awnletted plants and crosses between awnletted or awn-

letted and awned varieties produced only awnletted Fls. Crosses between 

awned varieties produced only awned plants • 

• 
The data on F2 segregation are reco!'ded in Table 3l. 

The data on F' 2 of the cross es bct,,,een Chinese Spring and all the other 

varieties have already been analyzed and discussed in the previous section. 

Crosses between Red Bobs and awnletted varieties di.d not segregate any 

awned plants, indicating that they must have an epistatic inhibitor in 

common. This inhibitor must be the dominant one carried on chromosome IX. 

Crosses between Red Bobs and awned varieties segregated not-awned and 

awned plants in a trigenic ratio of 55: 9. This ratio would be expected 

because Red Bobs carries three inhibitors on chromosomes II, IX and X 

whereas the awned varieties carry none of these inhibitors. 

The F2 of the cross between Jones Fife and. Elgin did not segregate any 

awned plants indicating that they carTY the same inhibitor. This result 

confirms the findings of monosomic analysis that both varieties carry an 

inhibitor on chromosome IX. 

The F2 of crosses between awnletted and awned varieties segregated not­

aimed and awned plants in a ;:1 ratio, indicating that these two classes 

of varieties differ only in oarrying alternate alleles of one gene. This 

fact confirms the findings of monosomic analysis which showed the awnletted 

varieties ca~J a dominant inhibitor on chromosome IX whereas thr awned 

varieties do not. 

The F2 populations of crosses between awned varieties did not segregate 

any awnless plants; this indicated that all four awned varieties have the 

same genotype in regard to awnedness, as was suggested from the I-eaul ts of 

monosomic analysis. 
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Table 31. Actual and expected segregation of awn types in the 

F2 generation of dial1e1 crosses. 

Cross combi.nation 

Awnless x Awnless 

Red Bobs x Chinese Spring 

Awnless x Awnletted 

Red Bobs x Jones Fife 

" x Elgin 

Chir.cse Spring x Jones F'ife 

x Elgin 

Awnless x Awned 

Red Bobs 
II 

" 
" 

x Prelude 

x Red Egyptian 

x Kharkov 

x S-615 

Chinese Spring x Prelude 

" 

" 

x Red Egyptian 

x Kharkov 

x S-615 

Awnletted x Awn1etted 

Jones Fife x Elgin 

Awnletted x Awned 

Jones Fife 

" 
II 

" 
Elgin 

II 

" 
1\ 

x Prelude 

x Red Egyptian 

x Kharkov 

x 3-615 

x Prelude 

x Red Egyptian 

x Kharkov 

)( 3-615 

Awned x Awned 

Prelude 

" 
" 

Red Egyptian 

II 

Kharkov 

x Red Egy ptian 

.x Kharkov 

S-615 

x Kharkov 

x S-615 

x " 

No. of plants 
--~~~~~N=o~t~-~ Expected 

Awned ratio 

o 
o 

50 

36 

30 
18 

60 

41 

99 
105 

116 

253 

o 

17 

63 

54 

115 
92 

106 

97 

50 

109 

180 

162 

418 

awned 

281 

419 
721 

691 

145 
145 

334 
221 

264 

270 

616 

704 

199 

53 
202 

175 

313 

287 

154 

154 

334 

o 
o 
o 
o 
o 
o 

15:49 

0:1 

0:1 

1:15 

1115 

9=55 
9:55 
9=55 

9:55 
1:3 

1 ·-;;; . ./ 
I ," . ,/ 
0:1 

1:3 

1:3 

1:3 

1:3 

1:3 

1:3 
1:3 

1:3 

ItO 

1:0 

1:0 

1:0 

1,0 

1:0 

2 x 
values 

.22 

.00 

.07 
2.09 

1. 37 

1.23 

.44 

.55 
1.00 

1.80 

3.26 

1.05 

.00 

.02 

.21 

.25 

.80 

.11 

1.88 

2.21 

.19 

.00 

.00 

.00 

.• 00 

.00 

.00 

+: Number of awnletted plants. ++: Number of awnless plants. 
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Summary 

From the results of monosomic and cOllventional analyses, the following 

genotypes can be proposed for the eight varieties under study as shown in 

Table ;2. 

Awniessness of Chinese Spri.ng is attributable to two inhibitors .llii 

and !2 while that of Red Bobs is controlled by the presence of inhibitors 

!l and !2 and the absence of a promoter ~ gene. Aw.nlettedness of both 

Elgin and Jones Fife is ascribed to the !l gene. A fully awned variety 

carries all the promoting genes but none of the inhibitors. 

So far as these major genes are concerned, the monosomic and the con­

ventional methods of analysis provided comparable resul ta. However, a 

discrepancy was found between the two methods in two cross combinations, 

namely, Chinese Spring x awned varieties and Chinese Spring x awnletted 

varieties. In these crosses 3:1 and 15:1 F2 ratio of awnletted or awnless 

to awned or half-awned were obtained instead of the 11- and trigenic ratios 

expected, respectively, from t.~e resnl ts of monosomic analysis. Sears (1954) 

and Heyne and Livers (1953) already showed that chromosome XVI of Chinese 

Spring carries an awn-inhibitor with a minor effect. Assuming that the 

homozygous condition of this gene prevents a\m development in plants with 

a genotype either hd hd ~2 £2 or Hd hd £2 22' which are otherwise awned, 

the 3:1 and 15:1 ratios are expected in the F2 's of the crosses Chinese 

Spring x awned varieties and Chinese Spring x awnletted ones, respectively. 

Based on the same assumption, 11: 5 al1d 59: 5 ratios of not-awned to awned 

are expected for the F2
1 s of mono-XVI Fl plants produced from the crosses 

of Chinese Spring mono-.\:"Ill by awned and awnletted varieties, respectively. 

Actual F2 ratios do not contradict the expected ones in both cases. From 

those considerations, the apparent discrepancy fount between the two methods 

of analysis may be ascribed to the inhibitor on chromosome XVI of Chinese 

Spring, whose effect could not be detected qy monosanic analysis. 
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Table 32. Haploid genotypes of the eight cow~on wheat varieties with 

regard to awnedness. 

Allelic series- (chromosomal-locations) 

Varieties Hd ~l ~2 ~3 !l A -2 !a 
(VIIIJ. {IX) (X) (XVII) (II) (XX)~XVII) 

Chinese Spring (awnless) Hd ~l ]2 £3 ~1 ~2 ~ 
Red Bobs ( " ) hd ~l 12.2 .£3 Al !::.2 ;§;.8 

Jones Fife (awrlletted) hd !1 .£2 .£3 a 
-1 .e.2 ~8 

Elgin ( II ) hel !l .£2 b .§:.l ~2 ~8 -3 
Prelude (fully a",-ned) hd .£1 .Q2 ~3 ~1 ~2 ~':8 

Red Egyptian ( II ) hd .£1 1::2 2.; ~1 ~2 ~8 

Kharkov ( " \ hd E1 b,., .£; a ~2 
., 

) 
-"I- -1 !!8 

S-615 ( " ) hd E.l 12.2 ~ ... a !:2 8 
./ -1 -8 

- ... -.---.-. 
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2. Monosomic analysis of four synthesized 6x wheats 

Materials and methods used are the same as those described in a pI'e-

vious section dealing with monosomic analysi s of gI'Owth habit of the synthe-

sized 6x wheats. 

Awnedness of the Fl hybrids between Chinese Sp:ing monosomics-and the 

four synthesized 6x wheats is summarized in Ta.ble 3~'. 

F mono-VIII and -x of all the four synthetics ,,rere awned oWl nC to the 
1 

lack in -:;hese PI 17lonosomics 0:;' 

Ed or E", which are alre<9.dy knoW!: to be 10ea t8d, 
-t.. 

on 

chroJ:.lOS0r.1ES VIII and X of Chinese Spring. Fl mono-II and -/:1.. of all U;€ 

synthetics and. FI morlO-XIII of .hED-i:II were less a'wn8d than the cor"respond-

ing disomic FI IS. This r€sul t confiI'lIil3 Sears! finding that chromosomes II, 

xx and XIII of Chinese Srring carry &'''o'n Ftornoters, ~l' 2;.2 a.nd E!a' respectively. 

Fl mono-)~I of the trrree cynthetics so far tested hud longer awns than the 

corresponding disomies, also confirming a result of Heyne and Livers (1953) 

and others that chromosome Xyr of Chinese Spri:ng carries an inhitHor, :!.4' 

The FI mono-IX of ABD-I was ti:p-awned, probably due to the lack of a weak 

int,ibHor locating on chromosome IX of Chinese Spring. 

In the P2 generation all plants were classified into two classes, i.e., 

the awned BId awnless as showr. in Tables :>4 and 35. 

Disomie F 2 lines of both ABD-I and -XII set;"ret,'8. ted awned and awnless 

plants in a 5:11 ratio and. monosomic lines of 1.11.e[:e synthetics behaved in 

the sar.,1€ way. For this reason, F,.., data of ABD-I R.nd -lJI ":(!I'e combined for 
c: 

analysis (Ta.ble 34). Disorn:ic P2 lines of bo:1': AIm-VI and XIII segregated 

awned and awnless plants in a. 1:3 ratio, and corresponding monosomic lines 

behaved in 8. similar way. Therefore F" d.a. ta of AI:D-YI and - XIII we:t-e coru-
.:: 

bined, too, in Table 35. 

F2 lines of mono-VIII and -x of all the synthetics so far t.ested segre-

gated many more awned p~_ants than those of corresponding disomics. This 

-93-



Table 33. Awnedness of the FI hybrids between Chine~e 

Spring monosomics and four s~~thesized 

6x wheats. 

Male parents 
FI lines 

ABD-I ABD-VI ABIl-XII ABD-XIII 

Disomic + + + + 

Nono- I + + + + 

" II ~(-) + ) ,-( - :!:(-) 

" III + ... + + 

" IV + + + + -
" V + + + + -
tI VI + + + + -
II VII + + + + 

" VIn + + + + 

" .IX :!:(+) + ? + 

" X + + ? + 
II XI + + + + 

" XII + + + + - -
" XIII + + -(-+ ) 

\, 

+ 

" XIV + + + + 

fI XV + + + + 

II XVI ? + I \ 

-'+1 :!:(+) +1 ) -\+ 

" XVII + + ? + 

" mnl + + + + 

II XIX + + + + -
" XX +( ) 

-\- +( \ 
- -j 

+( ) -, -
" XXI + + + + 

awnless, :!:(-): 81 ightly awnletted, + a,alletted, -: -l 

:!:(+): tip-awned, +: awned, ?: no plants grown. 
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Table 34. F2 segregdtion of awn types in the crosses between 

Chinese Spring monosomics and synthesized 6x 

wheats, ABD-I and XII. 

ABD-I ABD-XII Total 
F2 lines x2 

+ + + (5:11) 

Disomic 97 184 237 587 334 771 ·5 
Mono- I 0 0 7 2':( 

/ '7 '?~ 
... ) .9 

Il II 0 0 7 28 7 28 2.1 

" III 0 1 5 25 5 26 3. ? 
II IV 0 1 c· 8 >; 9. .0 ) ... 
It V 0 0 ~ ~ 7,~ 11 33 .8 .l.l .' ~ 

\I VI ,., 
c. 1 30 79 32 80 .4 

II VII 9 13 10 20 19 33 .1 
II VIII 0 0 21 21 21 21 6.9 ** 

" IX 0 2 0 0 0 2 .0 
II X 1 0 0 0 1 0 .2 

" XI 3 17 18 62 21 79 4.9 

" XII 0 0 7 39 7 39 5.5 
tl XIII 0 0 4 13 4 13 . ~, 5 

" XIV c; 15 6 13 11 28 .2 ... 

" XV 0 0 11 27 11 27 .1 

" XVI 0 0 29 57 29 57 .2 

II XVII 0 13 0 0 (\ 13 4.5 .. ' 

" XVIII 0 0 21 51 21 51 .1 

" XIX 2 2 9 31 11 33 .8 
It XX 0 2 14 31 14 33 .0 

" XXI 6 24 33 86 ;;:9 110 1.8 

** : Significant at ti'\e 17~ level. 

(+1 , , a.."ld (-) indicate awned and awnless respectively. 
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Table 35. F2 segregation of awn types in the crosses between 

Chinese Spring monosomics p..nd two synthesi zed 

6x wheats, ABD-VI and -XIII. 

ABD-VI ABD-XIII Total 

F2 lines II' ~ ...... 
x,-: 

+ + + _.---=-__ 1'+:) .1. _._---
Disornic 249 6'77 I, 81 303 330 980 .0 

Hono- I 20 55 0 0 20 55 .1 

" II 9 62 6 18 15 80 4 ~:, 

" III 0 5 ~) "' 3 8 .0 .) 

I' IV 4 14 4 14 8 28 .1 

" V 1 rl 
~V 19 0 0 10 19 1.4 

II VI 2 8 ') 
(. 6 4 14 .0 

II VII 7 20 8 17 15 37 .4 
** " VIII 9 6 1 1 10 7 8.6 

II IX 11 29 24 52 ~c; 81 1.7 ./J' 

** " X 24 6 8 4 32 10 58.7 

" XI 8 37 25 61 33 98 .0 

" XII 18 52 1 13 19 6e; .3 ..-

" XIII 12 45 3 2 15 47 .0 

II XIV 13 28 29 62 42 90 3· '; 

" xv 20 57 13 36 33 93 .1 

" XVI IS 31 9 21 40 c'.9 . 
\I XVII l'( 27 4 I4 21 41 2.6 

" x-VIII 14 58 17 56 31 114 1.0 

" XIX 4 14 14 26 18 40 1.1 
II XX 6 15 "2 

...' 9 9 24 .1 

" XXI 8 14 16 47 24 61 " .J 

** : Significant at the 1% level. 

(+) and (-) indicate awnHd and a"rn1ess respecti'H?ly. 



resul t confirms the PI data and indica.tes that chromosomes VIII and X of 

all the four synthetics carry, respectively, recessive alleles h£ and .£.2 of 

the 1nhi bi tors ~ and ],2 in Chinese Spring_ 

'1'he 5:11 F2 ratio obtained in the F2 generation of ABD-I and. -XII can 

be explained by two assumpti.ons, i.e., (,1) Chinese Spring and these s:rnthe­

tics have genotypes Hd ~ ~2 ~2 and hd hd ~2 '£'2' respective~, and (2) in 

the F2 generation plants having either of three genotypes li2:. hd .£.2 .£.2' hd 

hd ~2 .£.2 and hd M .£.2 £2 are awned. These assumptions, of course, fit the 

fact that Chinese Spring eRd Ed ~2]2 ), ABD-I and -XII ehd hd ~2 E2)' their 

disomic Fl's (Rd M. ~2 ~2)' FI mono-"'.[III (hd - 12.2 '£2) and FI mono-X ([c! hd 

.£.2 - ) are awnless, awned, awnletted, awned and awned, respectively. 

The 1:3 F2 ratio obtained in the. F2 generation of ABD-\~ and -YJII can 

be explained by the same assumption as proposed for the crosses between 

Chinese Spring and awned common wheat varieties. In those cases, a modifier 

was assumed that in the homozygou.s condi tion prevents a.wn development in 

plan.t.s with a genotype either hd~ hd ].2 .P.2 or Hd hd 2.2 E2' 'Which would other­

wise be awned. This a.ssumption also explains the phenotypes of both parents, 

their disomic and monosomic FIls and F2 ratio as well. As both synthetics 

whose §9uarrosa component is Sfpica No. 2 showed a 5:11 ratio while these 

synthesized with Sears' typica exhibited a 1:3 ratio, the modifier seems to 

have been derived from Sears' sguarrosa strain. Its location, however, could 

not be determined in the present experiment. 

Base~ on these considerations, the following genotypes can be proposed 

for the four 6x synthetics and their component species, as shown in Table 36. 

3. Survey on the distribution of the epistatic inhibitors in various 

whea t species 

The results described above indicate that three epistatic inhibitors, 

Hd, ~ and ],2' are present in common whea.t, locating on chromoscme VIII 

(B genome), IX (A) and X (B), respectively. Therefore, their homologous 
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Table 36. Genot.yp€-1S for awnedness of t.he four synthesized 6x 

wheats and their synthetic components. 

Loci 
Strains Awnedness ,* 

Hd 1!1 '&2 ~ 
____________________________________ ~(~V~ll~"I~)~~(~~~X~-)~~Jll 

6x synthetics 

ABD-I awned hd b -1 .£2 a. 

ABD-VI II hd .£1 .£2 A 

ABD-XII It hd b E.2 E:. -1 

ABD-XIII Ii hd b, b F .. 
-.!. -2 

Emmer wheat.s 

!. dicoccoides sponta~eo-nierYm awned hd El 122 
T. durum Golden Ball " hd .£1 1:.2 

T. !urgidum nigro-barbatum tI hd .£1 .£2 

T. dicoccUE! Vernal " hd b E.2 -1 

Ae. sgua.rrosa strains 

Ae. sguarrosa. typica No. 1 awnletted a 

Ae. s..9.,uarros.§:: tlEica Sea.rs' II A 

*:. Loc&tion of this locus must be in D genome but the responsible 

chromosome could not be identified. 
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genes might be found in emmer or einkorn wheat. !1onosomic analysis of the, 

four synthesized 6x wheats revealed that none of those inhibitors is pre­

sent in the four emmer varieties tested. For inquiring about the origin 

of those genes, investigation must be caITied out on a muoh larger scale. 

Fortunately, each of the three inhibitors causes remarkable inhibition of 

awn development, resulting in awnlessness or awnlettednes8 of plants t while 

awn promoters are present in three duplicated loci (AI' !2 and Ae), no varie­

ty being known to lack more than one of the three. Therefore, a sl~ey of 

awnless or awnletted varieties in the three groups of wheat should provide 

a useful information on the origin of those inhibitors. 

The result of such survey is summarized in Table 37. 

All varieties of einkorn ~leat are fully awned. In emmer wheat, only 

four varieties are found to be awnless or awnletted, while a great rnajori ty 

of the examined varieties (about 96%) are fully awned. On the contrary, 

more than one-third of the common wheat varieties are awnless or awnletted. 

This information indicates that Hd, ]1 and ]2' which are rather common in 

common wheat, 'occur very rarely in emmer wheat and are probably absent in 

einkorn wheat. 

C. DiscuBsion 

When an increase of a gene's dosage proportionally promotes awn develop­

ment it must be considered as an awn promoter whereas if the same increase 

proportionally depresses awn development the gene must be designated as an 

inhibitor. Sears' study (1954) on the dosage effect of individual- chromo­

somes provides a critical key for cla,ssifying an awn-condi Honing gene as 

a promoter or as an inhibitor. Chinese Spring tetrasomics of chromosomes 

II, XIII and XX become awned, indicating that these three homoeologpus 

chromosomes carry awn promoters. With the exception of Red Bobs, all common 

wheat varieties so far tested have all three promoters. 

Since the three promoters, ~ on chromosome XIII, ~l on II and ~2 on 
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Table 37. Frequencies of the avmed and awnless or awnletted 

variE·ties in various species of wheat. 

-----------------------------------------------------------
Species 

Einkorn wheat 

T. !ie.i:t! lopoides 

T. monococc~m 

Emmer wheat 

T. dicoccoides 

T. §icoccum 

T. durum 

T. orientale 

T. L~rsjcum 

T. 2,olonicum 

'11. Hyramida1e 

rr. tur~dum 
T. ~_1?Y. 8 8 ini cum 

Common wheat 

To aestivum ----
Je.pan 

Pakistan, Afghanistan fJlld Iran 

Niscellaneous 

T. ccmpact.1.lm 

T. macha 

T. spelt~ 

1. _~phaerococc"Cm 
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No. of varietiHs 

awned 

2 

10 

8 

17 
20 

3 

9 
7 

10 

14 
2 

80 

156 
1 7, 
~, 

20 
./ 

1 .... 

7 
.) 

1 

a",n11ess or 
a\\nletted 

0 

0 

0 

a 
" L 

0 

0 

2 

0 

a 
0 

69 
58 

5 
17 

1 

2 

~ 
./ 



XX, belong to A, B and D genome, respectively, it is reasonable to assume 

that each of them has been derived from the respective diploid analyser of 

common wheat. 

Chinese Spring nullisomic for chromosOOle VIII or X becomes awned 

(Sears 1954), suggesting that inhibitors are located ~n these chromosomes. 

Apparently, chromosome IX of Elgin and m&ly other varieties carries another 

inhibitor. Effects on awn expression of those three inhibitors, Hd on 

chromosome VIII (B genome), !l on IX (A) and ~2 on X (B), are so remarkable 

that the presence of either gene can be easily investigated by morphological 

observation of plants. Such an investigation was undertaken with repre­

sentatives of three groups of v.neat, which were at the author's hand. 

The result indicated that all varieties of einkorn had fully developed 

awns. This fact suggests that the gene .!!l is not present in this group of 

wheat. In emmer wheat, a great majority of varieties were fully awned. 

Consequently, lid, ~l and ~2 occur very rarely in this wheat. Four awnless 

or awnletted emmer varieties, which were found in this investigation! be­

long either to 1. durum or 1_ polonic~, both being the most advanced 

cultivated forms of emmer wheat. On the contrary, frequencies of the three 

inhibitors are high in all species of common wheat, as revealed by monosomic 

analysis as well as by a morphological investigation of a large number of 

varieties. 

Taking those facts into account, it is reasonable to assume that all 

three inhibitors, ~, ~l and ~2' were originated in common wheat, being 

later introduced into emmer wheat through occasional production of penta­

ploid hybrids with a~~less or awnletted common wheat. 

The frequency of inhibitors is significantly higner in Japanese local 

varieties than in those collected in Pakistan, Afghanistan and Iran. No 

critical analysis, however, has been carried out in order -to estimate the 

frequency of the individual genes in these popUlations. It is one of the 
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future problems to investigate the frequency of each of the three genes, 

1:1£, !l and ],2' in various parts of the world. Such an investigation will 

provide a useful information on the phylogenetic differentiation of common 

wheat. 

D. Conclusion 

Monosomic and conventional ~~alyses of the eight v~rieties of co~on 

wheat revealed that awn1essness of Chinese Spring is as(lribed to two in­

hibitors !!!! and ]2' while that of Red BobB to the presence of inhibitors 

],1 and ~2 and the absence oi' the !:.l promoter; awnlettedness of Elgin and 

Jones Fife is controlled by the 1?1 gene; and awnedness of Prelude, Kharkov, 

S-615 and Red Egyptian is due to absence of all inhibitors. 

Wi th an exception of Red Bobe 1 all varieties of common wheat had three 

awn promoters, ~, ~2 and !e' on chromosome II (B genome)~ ~{ (D) and AlII 

(A) t respectively. Hed Bobs lacks !q' possessing two other promoters. 

Since those three chromosomes belong to the same homoeologous group, it is 

assumed that each of the promoters bas been derived from the tr..ree different 

diploid anoestors of common wheat, namely, einkorll wheat, Ae. speltoides 

(most probably) and Ae. s9.uarr.?~. 

The three epistatic inhibitors, Hd, ~l'and ].2; are located on chromo­

some VIII (B genome), IX (A) and X (n), respectively. r::'hey are rather common 

in a.ll species of common wheat. On the contrary, they were rarely found in 

emmer wheat and are probably absent in einkorn wheat. From these facts it 

is concluded that they were originated in the hexaploid whea.t, having been 

secondarily introduced into some emmer wheats by occasional formation of 

pentaploid r~brids with the 6x carrier of those genes. 
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VII. GLDME HAIRINESS 

A. Historial Review 

Inheritance of glume hairiness in common wheat has been studied by many 

workers, all but Howard and Howard (1915) reporting 3:1 segregation of hairy 

and non-hairy plants in the F2 of crosses hairy x non-hairy. This result 

indicates that glume hairiness is controlled by a single dominant gene. 

Howard and Howard (1915), on the other hand, observed 15sl segregation of 

the ha.iry and non-hairy plants. Sears (1954) is the first who located the 

gene, §g, for glume hairiness on chromosome XIV. His result was later con-

firmed by Tsunewaki and Jenkins (1959), Kuspira and Unrau (1960) and Tsunewaki 

(1961). 

In emmer wheat the same mode of inheritance was reported by Malinowski 

(1914) and many later workers. However,which chromosome is the carrier of 

this gene in emmer wheat is so far undetermined. 

B. Experimental Results 

1. Critical analysis of the glume hairiness in common wheat 

Monosomic analysis 

Jones Fife and Prelude, both with hairy glumes, were crossed as the 

male parent with 21 monosomic lines of Chinese Spring that has non-hairy 

glumes. All FI plants derived from the crosses between those varieties and 

the Chinese Spring monosomic series had hairy glumes confirming the fact 

that hairiness is dominant. 

Segregation in the F 2 generation is summarized in: iJ'able 38. 

In all F2 populations, except that derived from Fl plants monosomic' 

for chromosome XIV, the segregation closely approached a 3:1 ratio of hairy 

to non-hairy glumed plants. The segregation in F') populations derived from 
.:;. 

mono-XIV Fl plants deviated highly significantly from the 3:1 ratio in both 

cases. Three plants in each population possessed gla.brous gluInes and in 
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Table 38. Segregation of glume hairines.s in the Ii'., lines of 
<:. 

Chinese Spring monosomics x Jones Fife or Prelude. 

Jones Fife Prelude 

F2 lines No. of pla.">lts 2 No. of plants 2 x x 

Hairy Non-hairy (3: 1) Hairy Non-hairy (3: 1) 

Hono- I 23 5 .16 125 

" II 60 17 .35 

" III 17 5 .06 13 
II IV 51 14 .42 129 

" V 44 12 .38 102 
II VI 62 22 .06 118 

" VII 59 17 .28 13 
II VIn 40 12 .10 54 
II IX 42 12 .22 111 

" X 69 15 2.29 141 
II XI 41 14 .14_ 31 

" XII 54 20 1.J.6 115 
It XIII 37 5 3.84 48 

3+ ** " XIV 62 14.40 58 
It ).."V 69 34 3·52 69 

" XVI 62 26 ·97 146 

" XVII 74 32 1. 52 157 

" XVIII 90 31 .02 139 

" XIX 60 17 .35 82 

" XX 25 5 loll 73 

" XXI 44 9 1.82 122 

+: All plants were apparently nullisomic. 

**: Significant at the 1% level. 
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all caSQS they appeared to be nullisomic. 

These facts indicate that a single dominant gene on chromosome }:IV of 

both Jones Fife and Prelude controls glume hairiness. 

• Conventional analysis 

Eight varieties of common wheat, i.e., Jones Fife, Prelude, Chinese 

Spring, Elgin, Kharkov, Red 'Bobs, Red Eg;;.rl;tien E.,nd. 3-615" wel·e crossed. in 

di911el com.'binations. Among those, the first two variEties had hairy glurnes, 

while the other six non-hairy ones. 

Fl plants derived from crosses between non-hairy parents were 101.11 non­

hairy. All crosses involving one or tvlO hail'Y parents produced only hairy 

FI pl&nts indicating that hairiness is dominant. 

In the F2 generation, croases involving only hairy or only non-hairy 

parents produced no segregant. All crOSS8S between ha.iry and non-hairy 

parents produced 3:1 F'2 ra.tios of hairy to non-hairy segregants as shovm in 

Table 39. 

These results indic8.te that a single dominant gene controls the ex­

pression of glume hairiness and that the two hairy va.rieties possess the 

same gene at the same locus. 

SummaEY 

The results of monosomic anF.:.lysis inc_icated that a single dominant gene 

on chromosome XIV of both Jones Fife end Prelude controls glume hair::ness. 

The conventional analysis fully supported this rerult, suggesting that the 

varieties carry the same gene at the same locus. Sears (1954) has reported. 

thl'l.t chromosome XIV of the variety, Indian, possesses a gene, .lli.:, for glume 

hairiness. 'fhe present results confirm his finding and suggest the genotype, 

.liB: &, for Jones Fife and Prelude and. E£ !!B: for the other six non-hairy 

varieties. 

Since chromosome XIV bclo,ngs to A genome, it is expected that the 
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Table 39. The F2 segregation of glume hairiness in hairy by 

non-hairy crosses. 

I~o ~ of plants 
2 Cross combinations x 

Hair'Y Non-p..airy (): 1) 

Jones Fife x Chinese Spring 590 181 ·95 

" x Elgin 14) 56 1.05 

II X Kharkov 167 62 ~53 

II X Red Bobs 204 n .86 

II X Red Egyptian 204 61 .55 

II x 3-615 ,27 101 .45 

Prelude .x Chinese Spring 275 88 ' , OkJ.. 

" x Elgin 289 91 .22 

II X Kharkov 35 15 ~67 

" x Hed. Bobs 124 51 1.60 

" x Red Egyptian 69 32 2.41 

" x 3-615 84 26 .11 
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· homologous gene might be present iti both emmer and einkorn wheat. 

2. Monosomic analysis of the glume hairiness in synthesized 6x whea.t 

ABD-VI synthesized from T. durum Golden Ball (hairy) and Sears' Ae. 

-
squarrose (non-hairy) has hairy glumes, the gene for which wae a.pparently 

derived from the emmer parent. In order to know the mode of i&:.e1'i tance 

of this character in the synthesi zed hexaplOid, ;,BD-VI was crossed aB the 

male parent with ChirJese Spring' monc.somic series. 

In the Fl generation all the disomic and. 21 monosomic Fl's had hairy 

glumes, again, indicating dominance of hairiness. 

Segr€'gation of the hairiness in the F,... generation is summarized in 
t: 

Table 40. 

In all F'2 popula tiens, except the. t derived from Fl mone-XIV, the segre­

gation closely approached a 3:1 ratio of hairy to r.en-hairy plants. 'l'he 

segregation in F2 's derived from Fl mono-XIV deviated highly Significantly 

from the ;1:1 ratio. Two plants of this population, both of which appeared 

to be nullisomic~ possessed exceptionally glabrous glumes. These results 

indicate that a single dominant gene located on chromosome XIV of ABD-VI 

controls glurne hairiness. Since chromoson:e XIV belongs to A genome, this 

gene iii! undoubtedly dari ved from the emmer component. ~..folden 0011. In l?k 

genetic study of durum varieties, Sheybani and Jenkins (1961) found that 

glume hairiness of Golden :Ball is controlled by a single dominant gene. 

The result of the present experiment suggests thilt the gene controlling 

glume hairiness of ABD-VI and '1'. durum Golden Ball is the same as the liB: 

allele of common wheat. 

3. Survey of the distribution of hlOliry glume gene,!!g, in various wr.eat 

species 

In all cases so far reported, including that of the present author's1 

the gene, !!.g, expresses its effect at- a single dose, and no epistatic 
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Table 40. Segregation of glume hairiness in the F2 

generation of Chinese Spring monosomics 

){ ABD-VI. 

No. of plants 2 
}' lines x 

2 Hairy Non-hairy (3:1) 

Disomic 705 229 .1 

Hano- I 55 18 .0 

" II 53 18 .0 
II III 5 0 .6 

" IV 12 6 .3 

" V 19 10 1~4 

" VI 9 1 .5 

" VII 21 6 ~ 

.,L 

" 'III I 9 ,6 1.1 

" IX 21 11 1.5 
II X 22 7 .0 

" XI 31 16 2.1 

" XI! 59 11 ~ ? 
,.J • ...... 

" XIII 40 17 • 7 
2+ ** II XIV 37 8.2 

" XV 58 20 .0 

" XVI 36 13 , 
• .1. 

" XVII ;2 12 .1 

" XVIII 54 ,18 .0 

II XIX 13 4 .0 

" XX 12 11 6.4 
12 XXI 14 ""' .8 I 

**: Significant at the 1% level. 

+: Both plants appeared t.o be nullisomic. 
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inhibitor is yet known. Based on these facts, an investigation of glume 

hairiness in various wheat species has 'been undertaken in order to clarify 

the distribution and the origin of 1ig gene. The result is summarized in 

Table 4l. 

This Tesult clearly indicates that both liB: and !!g are present in all 

three groups of wheat. However, there are some rema.rkable differences on 

the distribution pattern of flg. 

In common wheat, the Japanese population (183 local varieties were 

examined) does not contain any variety with hairy glumes, while in other 

populations l!e gene is ra.ther common (i 1:S frequency is about 32';"6). 

In emmer whea.t, both wild and cultivated species contain Jig and !!E, 

each occurring at an appreciable frequency (44 a.nd 56%, respectively). In 

einkorn wheat, on the other hand, wild!. ~riloEoides possesses the gene 

1!g while the cultivated species,!. monococcum, conta.ins only E.g gene. 

C. Discussion and Conclusion 

Monosomic and conventional analyses of eight common wheat varieties 

indicated that glume hairiness is controlled by a single dominant gene, ~, 

located on chromosome XIV belonging to A genome. Genotypes of Jones Fife 

and Prelude and the other six varieties are ~ lig and ~ Eg respectively~ 

The similar analysis of ABD-VI revealed that glume hairiness of this synthe­

tic is also controlled by a sine:le dominant gene that is derived. from !. 

durum Golden Gall and i8 located on chromosome XIV; indica.ting the homology 

to the B& gene in common wheat. 

'llhe re3".11 t of a survey of the distribution of this gene in trll'ee groups 

of wheat strongly suggests that the following events might have occurred in 

the course of evolution of wheat: 

(1) In common wheat both B.B: and E.g are present but there is undoubtedly 

a significant difference between their frequenoies in various parts of the 

world. Since no variety with hairy glumes is found in any Japanese local 
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Table 41. Frequencies of the varieties with hairy and non-

1· 
1· 

1· 
T. 

1· 
T. 

rr'. 

T. 
T. 

1-
1.. 

T. ..,.. 

T. 

T. 

T. 
m 
.L • 

hairy glumes in various species of wheat. 

Species 

Einkorn wheat 

aegiloEoides 

monococcum 

Emmer wheat 

dicoccoides 

dicoccum 

durum 

orientale 

Eeraicum 

Eolonicum 

J1yramidale 

turgidum 

ab;y:ssinicum 

Common wheat 

aestivum 

Japan 

Pakistan, Afghanistan and Iran 

Miscellaneous 

comEactUI!! 

Japan 

Pakistan, Afghani s ta.'YJ. and Iran 

Miscellaneous 

macha 

sEelta 

sI!haerococcum 

-llO-

No. of varieties 

Hairy 

2 

o 

5 

4 

7 
:; 

3 
6 

3 

9 
1 

0 

16 
4 

0 

1 

0 

0 

2 

0 

Non-hairy 

o 
10 

3 

13 
15 
o 
6 

7 

5 
1 

149 
138 

14 

34 

3 
8 

2 

3 
6 



-wheat, the gene, l!.g, has not been introduced to Japan until very recent 

years. 

(2) In emmer wheat l!B: 'and .hg are common ir. both wild and cultivated spe-

c~es. Therefore, Jig and £g found in cOllt'110n '",heat seem to have been introduced 

from emmer wheat when the first 6x wheat was prod,uced or~ later, thro'.lgh 

formation of pentaploid hybrids between the already e:dsEng hexaploid and 

emmer wheats. 

(3) ~egitopoides, the wild species of einkorn wht~a t, has lig:, while its 

cultivated species contains only hg. Considering the fact that mutation 

of a recessive to the dominant allele occurs much more seldom than in the 

reverse direction, it is assumed that the gene 1!£ of emmer wheat was derived 

from einkorn wheat when the first tetraploid "iheat was produced. Since 

introgression of genes from einkorn to emmer wheat through the formation of 

triploid hybrids is very difficult, the origin of .ha gene in emmer wheat 

can be hardly traced back to einkorn i"hea t. It is, on the other hand, more 

likely that hB: was originated on the tetraploid level by a recessive mu-' 

taUon of a 'preexisting lIg gene. 

(4) Taking all these considerations into account, it :is tentatively pro-

posed here that T. 'dicoccoides, the ,,,ild emmer species. was produced from 

a cross between 1,. i:.egilo.£Q.ides and some species of Sitopsis (most. likely 

Ae. 8.2e1 to ides ), followed by amph.idi ploidization of the hybrid. In this 

way, l!g of wild einkorn wIlea twas intro(luced into the wild emmer wheat, in 

which mutation of ~ to Qg took place. Both genes originated in this way 

were transferred to cultivated emmer wheat at or after its differentiation 

from the wild form, and later i.ncorporated into common wheat. 
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VIII. GENERAL DISCUSSION 

A. Origin of Common ~neat 

From an extensive investigation of variations in common wheat, Vavilov 
~ 

(1926) concluded that it was originated in the mountainous districts of South-

Eastern and North-Western Afghanistan near South-Western Himalaya. On the 

other hand, Schiemann (1951) concluded, based on new results obtained from 

four German expeditions to High Asia and those from excavations lately made 

in Germany, that the birthplace of common wheat is Transcauoasia and that 

Hindu Kush is only the accumulation center of its diversity. 

The reaul ts obtained from the present comparative gene 8.'1.alysis strong-

ly indicate that the Ae. sguarrosa strain, which oontributed the D genome 

to common wheat, must have had in its genotype Ne
3 

for progressive necrosis t 

~2 i 2- ~ for waxiness, ~l for growth habit and ~2 for awnedness. Fheno-

typically it must have had winter habit, waxy foliage and awrH?d spikes and 

ha.d it been crossed with l1ach~ sub., their Fl hybrids must have been necrotic. 

All sJuarrosa strains 80 far tested had Ne
3 

and ~2 gene, while those 

wi th !!.2' i 2-li and ~1 were rather ra.re. According to Kihara a..'tJ.d Tan,s.ka 

(1958), Ae. s9.uarrosl!; with waxy foliage occurs only in north-western Iran, 

including Teheran, Pahle:vi and Tabriz. All strains collected in this region 

were of winter habit. 

Combining the results of the present investigation with those of the 

expeditions made by Kihara and Yamashita, it is assll.'ned that common wheat 

has been originated in north-'1estern Iran but not in Hindu Kush or Trans-

caucasia. Assuming that 1'. •. speI ta is the progenitor of all other 6x spedes, 

the present opinion is supported by Kuckuck!s recent finding (1959) of 

cultivated 1.. ~elta in a mountainous region of central Iran that has never 

been found either in Hindu Kush or Transcaucasia. 

The emmer wheat, which donated A and B genomes to common \-lheat must 

have had the genotype Ne1 ne2 or ne1 ~2 for necrosis, ~l !l-~ for waxiness, 
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!q ~ hd E.l E.2 for awnedness and 1!t:r or h£ for glume hairiness. All varie-

ties of wild emmer, !. diooccoides, so far tested had non-waxy foliage, 

indicating the presence of ll-~ or absence of ~l gene. In fact, !. 

d1coccoide8 spontaneo-ni~ was revealed to have the genotype ~l ll-~' 

This information strongly suggests that wild emmer was not the ancestor of 

common wheat, in'support of the viewpoint of Kihara and LilHmfeld. (1949): 

According to Nishikawa (1964b), a great majority of £i.c,9ccoides strains 

have the genotype Ue-
1 

Ne2 for necrosis. 'rhis fact, also, is in favor of 

the present hypothesis. 

Some forms of !. dicocctL'1l, !. turgidum, 1,. ~~sicum and !. grientale, 

and many vari.eties of 1,_ durum have the genotype that cart be assumed as 

that of the possible e~mer parent of common wheat. All these species are, 

in fact, distributed in Iran. Therefore, the present results are not suf-

fieient to point out one of those species as being the parent of common 

wheat. 

In this regard, however, several considerations can be made. First 

of all, the amphidiploid between 1. Rersicum a~d Ae. ~SLuarros~ has naked 

grains (Kihara and Lilienfeld 1949), due to the presence of .s gene in the 

former species. If T. spelta is the progenitor of all common wheats as 

proposed in the following section, !. persicum ~~st be ruled oat from the 

list of the possible AB-genome donors to common wheat. 

T. turgidum, 1_ orientale and T. durum have also naked grains, indi-

eating the presence of .s gene. However, the nakedness of their grains is 

not as prono~~ed as that in!. persicum or 1. aestivum. Apparently, those 

species has a less effective .s allele than that of 1. persicum. This allele 

will be tentatively designated here as 9.,w. In accordance with this fact, 

all hexaploid wheats synthesized from those species and Ae. sguarrose. have 

hulled grains. According to Muramatsu (1963), chromosome XVIII of common 

wheat carries ~3 gene with a weak effect on spelt expression. A chromosome 
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of !::!:... sguarrosa, that is homologous to chromosome XVIII of cornman wheat, 

might have a stronger spelt allele on the.9..3 locus. l.n other 'words, 8..13 

allele with less effect for spel t character seems to IlHvc been sel';eted fo:::' 

\{hile !i.e. 80U;;:.1'1'088.. ,,;t.ill nrf::SOl'Ves the ori-
- I .. __ .. 

ginal allele. This f:;:ie:;ht be the r:l0S t probable explanation "illY nakE'Q er.'!!'uer 

whe2.ts "lith 3t.w gene give rise, without ex(;(;rtion, to hulled hexaploids 

when combined with Ae. squarrosa. Under these circumstances, !. l~Fgidum, 

!. orientale and !. Q..urum can not be considered as the possible em'1ler 

parent of Gammon wheat, even though t;mphiJiploids between. thfH38 spE::cies 

and Ae. squarrosa are of spelt type. 

Consequently, !. dicoccum, that possesses a typioal Sl ge)";e, is the 

only species which can be assumed as the donor of AI' genomes to common 

wheat. 

B. Differentiation of COhUlion Hheat 

All strains of Ae. sguarrosa and a great majority of common \,Illeat 

varieties possess Ne
3 

for necrosis. This fact indicates tbat the progenitor 

of common wheat received ~3 gene from Ae. s9tt8:,l'ros.?-, T. ll1acha. d.iffers 

from all other 6x species OJ' possessing !!£3 gene. According to Kuckuck 

(1964a), !. macha must be induded in 1:.. spel ta, beca.use 'both have the 

spelt gene, .<1, that is one of the species-specific genes in common wheat. 

The author (unpublished) obtained a result that supports Kuckuck's proposa1. 

These fects lead to the conclusion that 1. macha has differentiated from 

T. spelta accompanit:'(1 by the mutation of Ne
3 

tc nc ..• 
- - -) 

The relatiOTIBhip between 1_ s;pe1ta and 1.. aestivum is not conclusive. 

1. S.Ee1 ta could have been rroduced from a cross between Ae •. sQ.uarrosa and 

T. dicoccum having gene .9.. while !. aestivum might have ()een oriGinated 

from a cross between Ae. squarrosa. and 1,. persicUll'J. having gene,g. In fact, 

both !. dicoCCUID and 1:. fE;rsicum are distributed in northern Iran. IIowever, 

T. spelta., including!. macba, has more undesirable characters for cultivation 

-114-



tha.n !. ,?estivum. Among those brittle ear rachis and hulled bTain are 

decisively unfavorable. Therefore, it seems that 1:. apelta could have had 

little chance to be domesticated, if !. aesti~~ with tough ear rachis and 

naked· grains had been the first to appear. 

Based on this consideration, it is assumed here that !. ~~~lta is the 

progenitor of common wheat; the differentiation of T. aestivum from T. 

spelta was accompanied by the mutation of .9. to .9. gene. This hypothesis is 

partly supported by Kuckuck's discovery of !. spelta in Iran, where corranon 

wheat is assumed to have been originated. 

The differentil.:l.tion of two other 6x species, namely, !. com.E.act~ and 

T. snhaerococcum, from!. aestivum was alrea.dy ascribed by Sears (1956) to 

mutations of £ to C ruld 2R to ~, respectively. 

Based on all those informations, the phylogenetic relationships among 

five species of common wheat can be diagrammatically shown as follows: 

Ae. sguarrosa 
.£ .§£ Ne 3 . 

+ 

T. dicoccum 

) 
!. spel t_a 
.9. £ .§.E. Ne 3 

l!!!, --l-'~' 
!. macha 

51 .£ liE. ~3 

.9. 
I rr. aesti vum 

S .£ §.E Ne3 

C '11' + _--.:..' _ ... _. £.ompac "UIll 

S1 Q ~ Ne3 

§.E - -1-. !!.P. 

T. .§ll.h?erococcum 
B. .£ ~ Ne3 

Note: --~ indicates major gene mutation occurred at the time of species 

differentiation. 

It must be, however, remembered that there might have been rather fre-

quent exchanges of genes among different species of common wheat. For 

example, the relative frequencies of three pairs of necrosis genes in T. 

aestivum and 1 . .2.o~.1?.a2~ are rather similar, indicat.i!l.g frequent gene ex-

changes between these two species. There, also, might be some mutual gene 

transfers between!~ spelta cultivated in Central Europe and 1. aestivum 

and between !. ~haerococcum, an endemic specles of India and T. aesti~. 

No gene exchange is assumed to have occurred among T- spelta, T. macha ~~d 
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1. sphaerococcum, and also between 1. Eompactum and 1. macha or 1· 

lB?haerococcum, because of their geographical isolation. However, further 

detailed analysis with a large number of variations of 1. ~t 1. spelta 

and 1. sphaerococcum is required for critical evaluation of the mutual gene 

exchanges among those species. 

C. Origin and Differentiation of Emmer \v'heat 

Since the present investigation has been mainly concerned with the 

origin of common wheat, only little effort has been made to elucidate the 

origin and differentiation of emmer wheat. In this regard, a further ex­

tensive investigation is needed. 

The comparative gene analysis on glume hairiness revealed. that !!g gene 

for glume hairs is present in all strains of 1_ aegilopoides (wild einkorn 

wheat)' but not in 1. monococcum (cultivated form of einkorn). Since this 

gene is abundantly found in almost all species of emmer wheat, it is reasonably 

assumed that emmer wheat was originated from 1. aegilopoide~, not from !. 

monococcum. When einkorn wheat was domesticated, mutation of gg to ~ gene 

seems to have taken place. 

Comparative gene analysis on waxiness provided a further critical 

information on the possible progenitor of emmer wheat. Both 1. ae~lopoides 

and !. monococcum have ~ gene. Therefore, it is expected that the progenitor 

of emmer wheat must have possessed this gene. Among the seven species exa­

mined here, only 1.. dicoccoides, wild emmerspeoies had!! gene. This fact 

leads to a conclusion that 1. dicoccoides is the progenitor of all emmer 

species. 

Sarkar and Stebbins (1956) proposed from detailed comparative morpho­

logical study that the B genome donor of emmer wheat must be Ae. speltoides. 

Riley, Unrau and Chapman (1958) carried out comparative karyotype and 

genome analyses, reaching to the same conclusion on the origin of B genome. 

Rees (1963) measured the DNA content per nucleus of three groups of wheat 
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and their relatives, finding that~. speltoides is the most probable donor 

of B genome. All these informations point to the same fact that Ae. 

speltoides, a wild grass species, is one of the parents of emmer wheat. 

If the progenitor of emmer wheat was produced from!J&;,. speltoides and '2. 

aegilopoides as the other parent, it must have been a wild type. The 

present hypothesis that 1. dicoccoides,is the progenitor of all emmet' wheats 

finds a strong support in this fact. 

A t the synthesis of the first emmer wheat, i. e., 1. £.i.cocc.~~ from 

Ae. frtltoid't~ and!_ aegil~oides, it must have received.9. gene fo:, L-pelt 

cha:racter from the einkorn parent, because this gene is located on chromosome 

IX in A genome &'1d 2. aegilopo~d.es has the spal t cha.racter, 8.:3 it is gener-

ally referred to as small s pel t. 

The first cultivated form of elJ'J:ner wheat must be !_ dil?o~, because 

it is the only species which possesses the ~ gene. In fact,the ear rachis 

of 'r. dicoccum is rather fragile, indicating that it is the most primitive 

among all cultivated emmer species. 

As discussed already,!. d~~, T. turgidu~ and !. pri~nial~ possess 

II. II "'.. d m " 0 tl 1 .::II anr 1> pers.lCum.::ll 0:11e same ... oeus, .9.. !. polonic~~, that has naked 

grains, is different from all other emmer species by possessing £ gene 

(Matsumura. 1950), while its .9. allele must be g.w, be,:::ause individuals with 

rather tough glumes are segregated in the offspring of the cross, T. polonJE£l]! 

X '],'. acstivum. 

Based on those considerations, the following phylogenetic relDtionships 

can be assumed among various species of einkorn and emmer wheats: 
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Ae. s:2,eltoides 

/ 
T. ae~lopoides T. dicoccoides 

----+-

T. monococcum !. dicoccum T. turgidum ___ ~:-+.!. Eersic~ 
--'-7~ T. orientale I 

.9. l!g,h,g !L1 .£ "" - ~ .s lfg,gh ~l .E. 

gW S:_l: ~l £ S 
!.polonicl!!!! 

w 
51 1iB:, htI !L 1 f.. 

Note: ( ) indicates the occurrence of Uie recessive allele. 

-- - -? : Major gene mutation that took place at the time of 

species differentiation. 
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IX. GENEFJ1.L CONCLUSION 

Comparative gene analysis of common wheat and its direct ancestors, 

emmer wheat and Ae. ~uarrosa was carried out for five characters, namely, 

progressive necrosis, waxiness, growth habit, ~wnedness and glume hairiness. 

From this analysis, genic systems controlling those characters were eluci-

dated and the number of genes involved was determined as well as the mode 

of their actions or interactions and their chromosomal and/or genomic 10-

cations. Conolusions of the analysis for each character was already 

presented in the preceding chapters. Here, only some general conclusions 

will be drawn. 

Location of genes in common wheat: The following genes were first 

located and designated; For progressive necrosis, Ne
1 

and nel genes on 

chromosome V, Ne2 and ne2 on chromosome XIII and Ne
3 

and lli!3 on chromosome 

XVI, each chromosome belonging to B, A and D genome t respectively. For 

waxiness, ~l' ~~ and ~l genes on- chromosome XIII in A genome and 12-~ and 

i 2-!L on chromosome XX in D genome. ~2 and ~2 are in D genome and ll-'i. and 

i2-~ in A or B genome but their chromosomal locations could not be deter-

c 
mined. For growth habit, §£l' ~l and ~l on chromosome XVIII in D genome, 

c 
£G2' §.B:2 and ~2 on chromosome IX in A genome, and £G3 and ~3 on chromosome 

XIII in A ,genome. 

In addition, locations of the following genes reported by the previous 

workers were confirmed; For awnedness, Ed and h£ on chromosome VIII in B 

genome, !l and ~l on chromosome IX in A genome, ~2 and £2 on chromosome X 

in B genome, and Al and ~l on chromosome II in B genome. And for glume 

hairiness, ll.g and .hB: on chromosome XIV in A genome. 

Origin of those genes: Most of those genes were found in the ancestral 

species of common wheat and their chromosomal as well as genomio locations 

were identified through mono'somic analysis of synthesized 6x wheats and/or 

conventional crossing experiments. However, some major genes seemed to 
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have originated by mutations after the formation of the hexaploid wheat. 

In this respect the origins of the major genes are enumerated as follows; 

Genes derived from the emmer parent----Nel , nel , n£2' ~l' il-~' 

c 
2.g2' 2.g2' !.B:2' §.B:3' ~3' ~, .£1' ~2' ~, ~, 1!g,.hg 

Genes derived from the sguarrosa parent----Ne3, .!!2' !2-~' E.B:1, ~2 
c 

Genes originated at the 6x level-----Ne2, ~3' §.B:1' 2&1' Hd, ~lJ ~2' 

in addition to those already known, i.e.~ ~, Q and ~ 

L08s of the epistasisl During the present investigation two cases of 

duplicated loci were found, those being 2g1-§G2' for growth habit and 

~1-~2-~ for awn promotion. In the former case, £g2 alleles of emmer wheat 

are epistatic over 2g1 alleles of Ae. sguarrosa in synthesized 6x wheats. 

On the other hand, the §.e.2 alleles are not epistatic over the .§£il alleles 

in common wheat. Such a loss of epistasis in the natural polyploid species 

seems to have been caused by genetic diploidization of the duplicated loci. 

In the case of awn promoters, allelic genes were found onl~ in the ~l locus, 

so that no critical analysis could be performed. 

Origin of common wheat: The results obtained strongly indicate that 

common wheat was first produced from an Ae. squarrosa strain having the 

genotype, ~3 1!2 i2-~ ~l !!2 and~ phenotypically, winter growth habi t with 

W'axy foliage and awned spikes crossed to an emmer wheat having genoty:?e, 

and, phenotypically, wa:x:;;r character and fully awned spikes. A.e. ::;>guarrosa 

with the above-mentioned eenotype was found to occur in a restrictad region 

of north-western Irr;,n. Based on thi!3 fact, it is conc~Juded ttat "iT: ty,js 

found. to have the genotype postulated for th~J 8nuner pA.rent of common wLeat. 

All these species, :i.fl fact, occur in Iran. The present results, tberefore, 

do not provide critical clues fer specific determine,tion of ei ther of those 
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species as the other parent. Taking several other facts into oonsideration, 

as discussed in the previous chapter, it can be alolswned that T. dicoccum 

is the most probable donor of AB genomes to comrnon vlhea t. 

Origin of emmer wheat: The present inyeBti~tion clid not extensi vely 

enough deal wit.h this problem. However, the findings on glume hairiness 

suggest that 1.. aegiloE,.oides \W.s one of the parents of emmer wheat, and 

. tt.ose on the waxiness ind.icate that 1::,. dicoccoides might be the progenitor 

of dl emmer species. Taking the results of some previous workers into 

consideration, it is concluded that the fi rst ellUl1er specie::;, 1:,. di_coccoide~, 

was produced from.T. aegi1.oroides flX).d Ae... s'pel.toides, and. all other culti­

vated species of emmer whea.t were later differentia.ted from.T. dic('Jcco~. 

Phylogenetic relationship among variou~ wheat srecies: Based on the 

resul ts obtained from the present investiga.tion and those of the previous 

workers, the following phylogenetic relationship is proposed for various 

species of wheat, as showrJ. in Fig_ 6. Its details are discussed in the 

previous chapter. 
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10 aegilopoides 

f!I;--}--l!B 
10 monococc'EJ! 

~o spel to ides 

1 . 
---+ 1. dicoccoides 

:!!1 --1-+ ~l II 
T. dicocCl.l]ll---i­

"'w 
9. 

Ae. sguarrosa --+. To spel ta 
- - I 

Ne3--}"~31 
10 macha 

gW 

{
!o durlE! I 

10 orientale--4-+ 
!. turgidum 9. 

.!!.--l-+ f 
1. polonicum 

C 

I 

T. persi,.c!!lll 

1. aestivum ~ !. compact\!!! 
I 

§.!!. --1-+ ~ f. 
10 sphaerococc~ 

Fig. 6. Probable phylogenetic relationship among various species of 

wheat based on the result of comparative gene analysiso 

_ , direction of species differentia-tiono 

-----+ : major gene mutation that occurred at the time of 

species differentiat10nn 
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X. SlJ"lvlrvJARY 

1. }:'Qr the study of origin a.nd differentia.tion of cu1ti v-ated. plar'tts, 

the new method of "Comparative gene analysis lt has been applied to comrnOD 

wheat and its relatives. 

According to this method, gene analysis is carried out in a gi.vE::u 

cultivated species and in rarallel in its relatives under the same genetio 

background.. Due to the results obtained, the origin of ,zenes which G.re 

found in the cu.Hi vated species can be traced, and its coming into existence 

can be based on the origin of those ger:.es. 

2. Adopting this working plan, a comrar'"d ti ve ger.e analysis of commer, 

wheat ·and its direct ancestors, emmer wheat and Ae. sguB.rrose., and, inci-

dentally einkorn wheat, haG been ca.rried out for five characters, namely, 

progressive necrosis) waxiness, growth habit, awnedness and glu,'ue ha.iriness. 

The analysis consisted. of three steps, i.e., (1) monosomic' and conventior.al 

gene analyses of common wheat in order to clarify the genic system controlling 

each character, (2) monosomic analysis of various synthesized 6x wheats, 

from which the genotypes of their componer.ts, i. e. f emmer wheat and Ae. 

sguarrosa were determined inccmpariso:r;. with those of common wheat, a.nd 

C~) survey of the distribution of those genes in a large number of v'l.rieties 

of comrnon wheat and its relatives by ordinary crossing experiments or by 

simply observing their phenotypes. 

3. Progressive necrosis in common wheat has been found to be controlled 

by three complementary genes, Nelon cf1.roID,?some V (B genome), Ne
2 

on Xln 

(A) and Ne 3 on XVI CD). Th:!'ee test varieties for those necrosis gen~s have 

been established, those being Kharkov (nel Ne2,Ne
3
), Prelude (£]"'£1 !l£2 !.!23) 

and Macha sub. (Hal Ne2 ~3)' 

The distribution of the three necrosis genes in common wheat and ita 

ancestors has been investigated using these test varieties. A great ma-
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genotype, while of the genotypes NelNe~-3 ' Ne1
p e2ne3 and ~1~2~3 each 

had only one representative. In emmer wheat most varieties have the geno-

type Ne
1
ne2f while a minor number have either ns1ne2 or Nel Ne2" All seven 

strains of Ae. sguarrosa have Ne
3 
•. 

The genotype of emmer wheat that supplied AB genomes to oommon ;.,heat 

is assumed to be either Ne
1

ne2 or nel ne2 , and that of ~. sgUB.rrQsa which 

supplied D genome must be Ne
3
• Consequently, t.~e probable progenitor of 

common wheat must have been either of genotype Ne1ne2Ne
3 

or ~'1~2Ne3' 

Both Ne2 and ~3 genes of common wheat seem to have arisen at the hexaploid 

level. 

4. vlaxiness of common wheat is controlled by genes located on four 

loci, i.e., ~l on chromosome XIII (A genome), }f2 in D genome (chromosome 

remains unidentified), II"!f.. in A or B genome and I 2-l'!. on chromosome XX CD). 

The W loci are for waxy genes and the l-li loci for their epistatic inhibi-

tors. 

Almost all varieties of common wheat possess !£l and, probably, :!2 but 

lack both I l -!£. and I2-~' In emmer wheat, almost all cultivated varieties 

have !!.l and iI-!£. except 1- .EyraJllidale that possesses I l -!{ together with }iI' 

On the other hand, wild emmer contains ~l in addition to I l -}!. All varie-

ties of einkorn wheat, including both wild and cultivated species '. have 11<" 
-J. 

but not I1-}i. Waxy Ae. ~uarrosa strains have the genotype, }i2i2-~' 

while waxless strains ~2 I 2-!f..· 

The presumable emmer and squarrosa parents of common wheat must have 

been of the genotype }il il-~ and }i2 i 2-}i respectively. !. dicoccoidas and 

non-waxy sguarrosa can be excluded from the list for probable parents of 

common wheat. The progenitor of common wheat mus t have been of the genot;Y'"P9 

W_
1 

IV
2 

i
1

-\1 i,.. •• W. - - --,-
Since the occurrence of Ae. ~guarrosa with the genotype }i0 i?-~ is 

<- L. 

restricted to north-western Iran, the birthplace of common wheat is assumed '1:(' 
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have been in this region. 

All varieties of einkorn wheat, including both!. aegilopoides and !. 

monococcum, have ~l gene. Consequently, the progenitor of emmer wheat 

must have possessed !!l" In this respect, !. dicoccoides is the only species 

that is eligible for being the progenitor of e~mer wheat. 

5. Growth ha.bi t of common \>Iheat is mainly controlled by genes belong-

ing to three loci, §.B:l' !2.g2 and§£.:3' located on chromosome XYIII (D genome), 

IX (A) and XIII (A), respectively. Some multiple alleles are found in these 

h b Ot "c c C d loci; !?e:l' ~2 and ~3 are alleles for typical spring a 1. t ~1' Eil2 an 

~3 for semi-spring habit, and!U.{l and !i!.S2 for typical winter habi t. The 

!!.el allele is much more effective than !!!.B.2 for the induction of winter growth 

habit. Most of those homologous alleles are found in the LUlcestors of common 

h t · s s c S d' h d ~ c - i w ea t ~.e·f ~2' ~2' ~2' ~3 an ~3 ~n emmer w eat an ~l ana ~l n 

As. squarrosa. 

All waxy strains of Ae. sguarrosa, Which can be assumed to be the D 

genome donor of common wheat, have ~l. This fact suggests that common 

wheat received the most powerful winter habit gene, ~l' from its sgl1a~ 

parent, acquiring a better adaptability to high latitudes than that of 

emmer pc.'lrent. Since the geog:r-apbical distribution of the ~1 gene in 

sguarros~ populations is mainly concentrated in northern Iran. This too 

suggests that the probable birthplace of common wheat should be sought in 

this region. 

6. Awnlessness or awnlettedness of common wheat is confi.rm·ed to be 

mainly controlled by three epistatic inhibitors, 1I~ on ehromosome VIII (B 
-

genome), £1 on IX (A) and £2 on X (B). Awn promotion is caused by three 

genes, ~l on chromosome II (B) t ~2 on XX (D) and ~ on XIII (.t~). All 

varieties except Red Bobs have the three promoters. More than 30% of 

common wheat varieties have one or more of epistatic inhibitors. 

Almost all emmer varieties have the promoters, ~l and ~, and no 
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epistatic i~~ibitors. Apparently, all three inhibitors have been originated 

at the hexaploid level. !!.2 of common whea.t must have been derived from its 

sguarrosa parent. 

7. Glume hairiness of common wheat is controlled by a dominant gene, 

1!g, located on chromosome J;IV in A genome. More than 301~ of common whea.t 

varieti,es collected in central Asia and some other 'parts of the world con-

tain ~ gene, while Japanese local varieties do not possess it. This fact 

indicates that the gene has not been introduced into Japan Wlti.l a very 

recent time. 

Many varieties of emmer wheat, including both wild and cultivated 

. species, have also the gg gene. In einkorn wheat, T. aegilopoides possesses 

it, while 1,. monococcum does not. Based on this fact :it is concluded that 

.1:. aegilopoides is one of the parents of emmer wheat. 

8. Based on all those results, it is concluded that common wheat was 

first produced from an ~. ~uarrosa strain with the genotype, Ne
3 
~2 i2-~ 

~1 ~2' being phenotypically of winter habit and having waxy foliage and 

awned spikes, .and an emmer wheat with the genotype, Ne
1 

(or ~l) ne
2 
~1 

.!1-~.§a:2 (or, §.g~ or ~2) ~l !:.a hd.£l .£2 J1e (or hB:), being phenotypically 

waxy and fully awned. From the dis tri bution of Ae.sguarros..§; strains which 

possess the above-mentioned genotype, the birthplace of common wheat is 

assumed to be in the north-western part of Iran. 

9. Most major genes found in the present-day common wheat are assumed 

to have been derived from its ancestral species. For example,Ne
1

) !leI and 

o ~2 for necrosis, .!i1 and i2-~ for waxiness, £G2' ~2' 2.B:3 and !!f5.
3 

for growth 

habi t, hi, .£1' .£2' !::.l and !!a for awnedness, and .!!g, and hg for g:1 U'lle hairiness 

seem to have been derived from emmer wheat, and Ne
3 

for neC~Jsis, .!i
2 

and 

i2-~ for waxiness, ~l for growth habit and ~2 for awnedness have been pro­

bably contributed by ~. sguarr~. 

On the other hand, some other major genes appear to have been produoed 
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at the hexaploid level by mutations. o 
Ne2 and ~3 for necrosis, §.£:l and 

~l for growth habit and Rd, ~l and ]2 for awn i~~ibition, in addition to 

those alrea.dy known, i. e., .s, .£ and!!.E, are considered to be of such origin. 

10. The most probable phylogenetic relationships among various spe-

des of wheat have been outlined, as given in Fig. 6; they 8.'t"e based on the 

results obtained from the present investigation and those of the previous 

workers. 

11. 3g2 alleles of emmer wheat are epistatic over §gl alleles of Ae. 

sguarrosa, when brought together in synthesized 6x wheats. On the other 

hand, such an epistasis of §.e2 over .2gl alleles is not observed in common 

wheat. Since these two loci are considered to be the duplicated ones, the 

loss of epistasis in the natl~al polyploid seems to have been caused b.Y 

genetic diploidization of the duplicated loci. 

12. Kil">ara (1951) stated that the history of the earth is wrttten in 

its layers, and the history of living organisms is inscribed in the chromo-

somes. A better reading of the script by means of comparative gene analysis 

will further elucidate the history of wheat. 
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