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INTRODUCTION.
WHEAT g e n e t i c s e n t e r e d a i r e s h p h a s e w i t h S a k a m u r a ' s d i s c o v e r y
(1918) t h a t t h e species m i g h t h a v e 14, 28 o r 42 c h r o m o s o m e s ( d i p l o i d ) ,
a n d w i t h K i h a r a ' s w o r k o n t h e c y t o l o g y of h y b r i d s b e t w e e n species w i t h
d i f f e r e n t n u m b e r s of c h r o m o s o m e s . S i n c e t h e n t h e s e p a r t i a l l y s t e r i l e
Journ. of Gen. x x ~
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hybrids have been studied by several workers both genetically and
cytologically. In 1921 appeared Percival's account of the genus, in which
the more important wheat forms from most regions of the globe were
described and classified; and the work of Vavilov and bis school, appearing
chiefly from 1922 onwards, has still further enriched our knowledge of
the systematics of the genus.
Ir must b e confessed, however, that the various genetical and
cytological workers have not always agreed in their conclusions~ that
this side of the work has proceeded almost independently of the
systematics, and that ir is dimcult for workers on other genera to form
ah opinion on the Various views put forward. Ir is, therefore, proposed to gire in this paper, as lar as possible, a critical account of
what is known about the origin and genetie relationships of the wheat
species, and of their behaviour when crossed. Ir is hoped that within the
limits set no important questions of principle have been omitted, but
no attempt has been made to deal with all the papers that have been
published.
Two reviews of wheat literature have appeared recently: in 1927,
Kajanus' "Die Ergebnisse der genetischen Weizenforschung"; and in
1928, Bleier's "Genetik und Cytologie teilweise und ganz steriler
Getreidebastarde." The first deals prima¡
with the inheritance of the
different characters. The second gives a desc¡
accou~t of hybrids
in Triticum, Secale and Aegilops, their cytology, fertility and genetical
behaviour when known. To both of these I am indebted for information.
In desc¡
the species crosses we have to deal with plants possessing
univalent chromosomes, and for thes› "haploid chromosome number"
is a meaningless expression. I have therefore given diploid numbers
throughout the paper, unless the contrary is stated.
I. SYSTEMATICS.

(1) INTRODUCTION.
The genus Triticum is nearly related to Secale, Agropyrum and
Aegilops; and has indeed been united with the latter. To illustrate their
relationship ir may be mentioned that Triticum crosses readily with
Secale and Aegilops, and that a t¡
has been obtained by crossing
an Aegilops • Triticum zv1 with Secale cereale (Leighty and Sando, 1927) ;
and, again, that the wild grass S. villosum L. has also been described as

T. villosum M. B.
At the present time Aegilops, which has been suggestecl as one of the

A. E . WATKINS

175

progenitors of T. vulgare, demands considerable attention; and for an
account of the genus the work of Eig (1929) should be consulted. Its
cytology has been incompletely studied, but it is worthy of note that
there is no clear connection in this genus between chromosome number
and systematic position, as there is in Triticum. The genus has been
divided by Eig into several sections; the haploid numbers 7, 14 and 21
occur within both the sections Pachystachys and Pleionathera, while so
lar only the number 7 has been found within the section Platystachys
(Schiemann, 1928 a, b; 1929).
(2) T H E DIFFERENTIATION INTO THREE GROUPS.

In most genera of plants and animals insight into the problems of
systematics is hindered because little is known about variation within
species as they ate found in nature; and Triticum is probably the only
polymorphic genus of which it may be said that practically all types
that now exist are known. Wheat is grown over the greater part of the
world, ranging from about 67 ~ N. latitude to almost tropical conditions.
In North and South America, South Africa, and Australia, ir has been
introduced only in recent times, chiefly from Europe, and only a comparatively small number of forms are cultivated; but in the greater part
of Europe, Northern Africa, and Asia, ir has been cultivated from a very
early period--in Europe ir has been found in Stone Age deposits (Percival,
1921)--and, as we should expect from its antiquity and wide distribution,
a great diversity of forms exists. Contrary to what might have been
expected, wheat offers the same problems in systematics and geographical
distribution that wfld plants do. No doubt selection of seed, deliberate
or automatic, has gone on from very early times; but, except in recent
years in the most civilised countries, ir has usually been done in crude
and dilatory fashion, when done at all, and has not differed in principle
from the selection exercised by nature. Similarly, the spread of new
types seems usually to have been slow and continuous.
The list on p. 176 gives the species of the genus described by Percival
in bis monograph (1921), with the addition of T. persicum, a species
reeently described by Vavilov and Jakushkina (1925).
The iirst important point to discuss is this differentiation into three
distinct groups of species with a different chromosome number characterising each group.
Most of the species and their diagnoses have been fairly well defined
sinee the work of Seringe in 1841-2 (Percival, 1921); and the classification
of KSrnicke (1885) has only been superseded by the work of Percival
12-2
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G~o~

I

With 14 chromosomes

T. aegilopoides BM. (wild
forro)
T. monococcum L.

G~ovP II
The " E m m e r group" with
28 chromosomes
T. dicoccoides K6rn.

(wild forro)
T. dicoccum Schª
T. persicum Vav.
T. orientale Perc.
T. durum Desf.
T. Tolonicum L.
T. turgidum L.
T. pyramidale Perco

GaouP III
The "vulgare group"
with 42 chromosomes

T.
T.
T.
T.

vulgare ttos91
compactum Host.
sphaerococcum :Perc.
Spelta L.

(1921) and of the Russian school. That the species fell naturally into
three groups was concluded by Schulz in 1913 (see Tschermak, 1914; and
Percival, 1921), by Vavilov (1914) a s a result of studying their resistance
of otherwise to the attacks of fungŸ by Zade (1914) from serum reactions; and by Tschermak (1914) from the degree of sterility they show
when crossed, a method ampliŸ by Sax (1921). By Flaksberger (1915)
and Percival (1921) this grouping was accepted.
Overton (1893) gave 8 as the haploid and 16 as the diploid chromosome number for T. vulgare; KSrnicke (1896) reported the same
numbers for compactum; while Dudley (1908), Nakao (1911) and Bally
(1912) confirmed these results. Wheat is not easily fixed, and no doubt
poor fixation was partly responsible for such a sequence of errors.
However, Spfllman (1912) stated that " w h e a t " had 40 or more chromosomes, and Sax (1918) found approximately 28 in the ¡
division
of the fertilised egg cell of T. durum. Correct counts were first given
by Sakamura (1918), working with root tips, and finding 14 for monococcum, 28 for dicoccum, durum, turgidum and polonicum, 42 for vulgare,
compactum and STelta. He pointed out that these results agreed with
the grouping of the species worked out by Schulz. Kihara (1919, 1921)
confirmed Sakamura's numbers for the somatic cells, and found the
corresponding haploid numbers, 7, 14, 21, at the reduction divisions in
the microspore mother cells. These numbers are now well known, and
there is no need to cite the numerous later workers who have confirmed
them.

Nowadays ir is sometimes the cuitom to settle the systematic position
of a wheat forro, ii this gives difficulty, by counting the chromosomes.
But ir must be realised that the grouping of speciei was effected before
their chromosome numbers were known; and Percival (1921) has
described some 2000 forros which were all assigned to their appropriate
species without knowledge of their chromosome number. Ir is, therefore,
clear that there is a quite defiuite association between the chromosome
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number of a wheat plant and its eharacters; and one of the problems
before us is to discover the origin and reason of this association.
At thŸ stage we may profitably ask what characters define the groups,
and how great is the variation within each group. The differentiation into
species will be dealt with later. Although such ah enquiry would appear
to be simple, ir is, in fact, very difficult, for ir soon becomes clear that
ir is lar easier to recognise the group to which a previously unknown
forro belongs than to discover and describe the characteristics of such
a group.

Fig. I.

Fig. 2,

Fig. 1. Diagrams of ears of wheat in sido view. A, dense ear; B, lax e a r .
Fig. 2. Diagram of spikelet of wheat in face view. r.=rachis, 8.=spikele~, fi=flower,
g. =glume, r a . =raehil]a.

Within the firs~ group the range of varia~ion is smaI1 and affects
only a few characters. Relative|y few types ate known, and though i~ is
possible that diversity was greater in the past, there is no doubt that
this group, which is botanically the most primitive, is characterised by
little variability. Both species are fairly easily reeognised, and all forms
have the primitive characters brittle rachis and tough glumes that
iavest the grains closely, whfle usually only one grain per spikelet is set.
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In the second group diversity is great. Several hundred distinct
forms are grown at Reading by Prof. Percival. Characters not found in
the first group appear, such as rounded or weakly keeled glumes, loose
glumes that do not hold the grain, tough rachis, many flowered spikelets,
large grains, broad leaves and stouter straw. As many as 66 varying
characters have been described by Orlov (1922) for the speeies durum
alone.
But systematists are agreed that the greatest polymorphism occurs
in the third group (Percival, 1921 ; Vavilov, 1922 a), and Profi Percival
grows more than a thousand forms yearly. Forms with beardless ears,
with the straw almost devoid of pith, and with entirely different glume
shapes, to mention only a few characters, appear for the first time.
Evidently, as Sax has said (1922), there has been in the genus an increased
variability with inereased chromosome number.
Most characters vary in similar fashion within both the second and
third groups; and some do so within all three. Of such eharacters several,
such as colour of chaff, colour of grain, pubescence of ehaff, have been
shown to depend on one or more faetors; a n d many others show no
peculiar genetic features beyond those usually attributed, often prematurely perhaps, to characters dependent on a number of factors.
From comparing the variability of the groups we may turn to consider the characters by whieh they can be recognised. The 14 chromosome
wheats (Percival, 1921; Flaksberger, 1925, 1926 a) have a striking
general simflarity, and differ from all other wheats by the palea, which
divides longitudinally when the ear is ripe. They ate also fairly easily
recognised by the small grain, the ear shape, glume shape, and habit.
The spikelets are two-flowered; and though in most types only one gives
grain, both will set in most spikelets of "Engrain Double," a variety
of monococcum. This variety, therefore, approaches dicoccum and
dicoccoides, in which a set of two, or occasionally three, grains per
spikelet is the rule (Pereival, 1921). The fracturing of the rachis just
above each spikelet when the ear is ripe is a character shared with
dicoccum and dicoccoides alone; and the very slender straw is a feature
sometimes found in the latter two species. Although quite elearly
defined, the species of the first group evidently approach fairly elosely
to dicoccoides and dicoccum. Indeed confusion has oceurred, for Flaksberger (1926 a) has shown that De Mol's count of 7 chromosomes
(haploid) for dicoccoides (1924), instead of 14, was due to ah incorrect
diagnosis, the plant in question being really T. aegilopoides var. Thaoudar.
Separation of the second Lrom the third group is more difficult, and
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ir we refer to Pereival's descrŸ
of the speeies (1921) we find only
one charaeter, the arrangement of the leal hairs, with a definite constant
differenee in the two groups. To see the genetŸ problems of the species
in their trae light we must realise two faets: (1) that ir is diifieult to find
any one eharaeter by which the two grot/ps can be disting~¨
and
(2) that we can tell the chromosome number of any wheat irom its
appearance. The former point is well exemplified by the "Law of Homologous Series in Variation" enuneiated by Vavilov (1922 b), largely as
a result of bis experience with wheat and other cereals; and we may
conveniently consider bis conelusions here. Parallel variation in allied
speeies was mentioned by Darwin (1868) and other workers, and is

~~

o~

Fig. 3. Fracturing of the rachis. A, above each spikele~, as in dicoccum, etc.; B, belo~v
each spikelet, az in SŸ

familiar to workers on Hymenoptera, Diptera and Lepidop~era; but ir is
to Vavilov that we owe the formal statement of the proposition and its
application to praetice. He states that the same alternative eharaeters
that distinguish the varieties of one speeies will also distinguish the
varieties of other speeies of the same genus; and that a similar relation
holds for the species of related genera. In "T. durum, T. polonicum,
T. turgidum, there ate white, red and blaek eared varieties, smooth
hairy eared, white and red grained, winter and spring varieties" j u s t a s
in vulgare. Again in rye, Secale cereale, j u s t a s in wheat, ate found
varieties with hairy of smooth ears, with hollow straw of solid straw,
with a fragile or with a tough raehis, with ligules of without ligules, to
quote a few out of 34 instances given. Ir was finding an eligulate wheat
that led hito to seareh for, and to find, ah eligulate rye.
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In the second and third wheat groups m a n y characters vary; and the
" L a w of Homologous Series," pushed to its extreme conclusion, implies
t h a t no character that varŸ at all can be of diagnostic value, since ir
should v a r y equally in both groups. This conclusion is perhaps to a great
extent true; and it is certainly very difficult to discover Ÿ
the modern
Russian systematic work, which is largely based on the Law in question,
how the forros of these two wheat groups can be distinguished. Ir is
perhaps a disadvantage of the thcory that ir has concentrated attention
too mueh on resemblances between species, or groups, and not enough
on differences, which flora both the genetical and the practical standpoint 91 j u s t a s important. Of course the possibility remains t h a t the
groups are not distinguished b y single characters but by the way in
which the characters 91 combined, but this explanation is probably only
partially true.
With this introduction we m a y consider in some detail the differences
between the second and third groups.
Vavilov (1922 a) and 0rlov (1922) describe 66 varying characters
Ior the species vulgare and durum respeetively. In most cases they ate
dealing with the same characters, so that ir is not very diificult to
compare the variation within the two species b y exami,ing their tables.
In a few cases the characters ate not comparable, but taking Vavilov's
66 as our standard we can summarise the results of the compa¡
as
follows:
(1) 34 characters vary in the same way in both species.
I have included here the characters ligulate and eligula~e; since eligulate durum
forros have now been found (Flaksberger, 1926 b).
(2) In 6, vulgare has v a ¡
other 28 chromosome wheats.
Nos. 3, 9, 10, 14, 25, 34, in V91

not given for durum but found in
list.

(3) In 7 there are no differences of systematic importante.
Nos. 5, 29, 30, 45, 48, 63 and 66. Some of these 91 char91
not de91 with by
Orlov (e.g. variation in number of le91 and in productivity), 91 in the others there
is no important diiference (e.g. the existence of purple grained durum forros is not
important).
(4) In 6 the differences ate probably, but not certainly, unimportant.
Nos. 20, 21, 35, 43, 50 and 55. The most important is the keel of the glume, for

which the variation described in the two species is similar, and this character is given
later in some detafl. The others 91 not given by Orlov; ah example is tength of ear,
a difficult character, but probably longer ears could be found among vulgare wheats
than anywhere else.
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Thus, out of 66 characters, no less than 53 vary in the same way in
the two groups, or at the most show unimportant differences. Of the
others:
(5) Five show a different, but overlapping, range of variation in the
two cases and m a y be of systematic importance.
No. 8, hairiness of raohis, is not certain from the descriptions given; but probably
differenees do exist (cf. Pereival, 1921).
No. 13, awn len~h, is not given by Orlov. Short awns may occur in either ~oup
but most durum forms have longer awns than are ever found in vulgare.
No. 38, habit of growth. Vavilov gives vari~91 from erect to prostrate in vulgare;
Orlov from ereet to semi-erect in durum. Percival (1921) describes prostrate 28
chromosome plants, but the charaeter is probably much rarer than in wlgare.
Nos. 40, solidity of straw, and 65, resistanee to disease, are considered in detafl later.
Probably some other eharaoters would be found to belong to this class ii they
were examined in more detail.
(6) Eight show differences t h a t ate of some importanee.
No. 1. Vulgare may be beardless or bearded, but 28 ehromosome wheats are
bearded exeept for oeeasional lmowa hybrids.
Nos. 6, 15, 26, 31, 32 refer to shape of ear, of glumes, of of grains. Glume shape
is dealt with later.
No. 42, leal hairs. For both species va¡
from hairy to glabrous is dese¡
but Pereival (1921) describes diIferenees in the w~y the hairs are arranged.
No. 36, grain hairs, is not given by Orlov. I am not familiar with this character,
but important differences may exist.
The results, besides fllustrating the Law of Homologous Series, show
how difficult it is to find differences between the two groups. All the
characters given were varying characters, and no invariable characters
t h a t would serve for differentiation have y e t been discovered.
B u t though we cannot find a character t h a t is eommon to all forms
of one group and is quite absent from the other there are nevertheless
characters that are confined to a single group though they are not
common to all forms. The best example is perhaps T. Ÿ
which
has a very long glume, not found elsewhere in the genus, and is thereby
easily recognised (Fig. 5 L). Other instances ate: the beardless ears of
m a n y forms of the third group, though this character is easily transferred
b y crossing; brittleness of the rachis just above the spikelet, Ÿ
only
in dicoccum, dicoccoides, and to some extent perhaps in a few durum
forros; brittleness of the rachis just below the spikelet, found only in
Spelta; and other cases might be cited. Some characters, too, ate
developed to a greater degree in one group than in the other although
there is no difference in kind: thus m a n y durum forms have lar longer
awns t h a n are ever found among 42 ckromosome Ÿ
(Percival, 1921).
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Further discussion may best be done by considering three characters:
solidity of straw, resistance to disease, and glume shape.
Solidity of straw has already been noted (p. 181)
as a character showing a different, but overlapping,
range of variation in the two groups. Orlov (1922)
describes durum as having straw that varies Ÿ
hollow throughout to solid throughout; while vulgare,
aecording to Vavilov (1922 a), varŸ flora solid in the
upper part to hollow (presumably throughout)o But
it would be far from the truth ~to suppose that the
only difference was that variation in vuZgare did not
reach extreme solidity. In the first place the frequency
of the different types is very different in the two
groups. Thus the straws of most vulgare forros have
little pith while those of most forros in the Emmer
group ate so[id or halŸ solid through a good part of
their length (of. Percival, 1921). Secondly, one cannot
help suspecting that further differences would be
revealed if the charaeter were studied in greater
detail. According to Russian writers (Orlov, 1922;
Stoletova, 1925) some durum and dicoccum varieties
have hollow straw; but no details ate given, and the
term "hollow" may perhaps be used in a comparative
sense, so that one is tempted to ask whether the straw
of any 28 chromosome wheat is quite hollow in the
first few centimetres below the ear. Ir is certainly not
in most of them, while, on the other hand, 42 chromosome wheats in whieh the straw is solid in this part
must be rare. In vulgare the so-called so[id strawed
forms are fairly common in the Mediterranean region;
but in these the distribution of the pith is quite
different Ÿ
that found in 28 chromosome forms,
since the top internode is so[id at the base and hollow
~
s
at the top instead of the reverse being the case (Fig. 4). Fig.4. Topintemode
Although a careful study of the character is evidently the
of wheat
straws. A,
cemmonest type
wanted we can be sure that (1) completely so[id straw o~ so-called solid
~trawed vulgare; B,
is found only in the second ~ o u p ; (2) that hollow straw a partly solid s t r a w
characterises most third group forros, and is rare, per- foundcommonlyin28
chromosome wheats.
haps absent, in the second group; (3) that ir the straw
is partly solid in a third ~ o u p forro the pith is usuaUy not distributed
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as ir is in second group forms. I n t h e two groups the range of variation
is different, and differences of a more fundamental kind may, perhaps,
occur as well.
Disease resistance has been suggested by Vavilov (1914) a s a test
in systematics, not only for cereals but for other plants. He did not
suggest ah invariable association between resistance or susceptibility and
systematic position, but sinee bis work the idea has gained ground that
all second group forros are resistant of fairly resistant to rust and that
all third group forms ate, in differing degrees, susceptible. This belief
has come about not only ffom the reaetions of the better known varieties
but also because ir is difficult to transfer, by crossing, the resistance of
a 28 chromosome Ÿ
to a susceptible 42 chromosome form. Vavflov
(1922 a) describes vulgare as either resistant of susceptible to P. glumarum, graminis and triticina; Stoletova (1925) gives the same description for dicoccum; while Orlov (1922) gives durum as resistant of
"feebly subject" to graminis. The question is not ah easy one. Difficulties
ate inevitable when we try to study the inter-relation of two separate
organisms; and in graminis, ir not in the other species of rust, an added
complication is the existence of a number of biologic forms, each reaeting
differently to different varieties. In the case of P. glumarum ir is probably
correct to say that the majority of forros in the seeond group ate
moderately or completely resistant, a few being susceptible, while the
majority of third group forms are moderately or very susceptible,
a Ÿ only being resistant. Ir Prof. Percival's wheat collection is
examined ir is very striking that nearly every variety that is yellow
with rust is a 42 chromosome form--very few have 28 chromosomes.
Although T. compactum var. "American Club" (2x = 42) has always
been immune at Cambridge, such instances ate rare; and most of the
so-called resistant third group forms are attaeked to some extent when
the rust epidemie is severe. Almost complete resistance is common,
however, among second group forros and, as we have seen, great susceptibility is not. Resistance to glumarum appears to be an example of
a character that has approximately ah equal ra~ge of va¡
within
the two groups, but high resistance is commonest in the second group
and low resistance, that is high susceptibflity, in the third. In the case
of graminis, biologic strains are ah added complication; but probably
the situation is not very dit~erent from that in glumarum.
Finally, glume shape must be dealt with. This is probably more
important in wheat systematics than any other character, ancl indeed
one could probably te]] the chromosome number of any wheat form by
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examining the glume alone. But ir is a most difficult character to discuss,
not only because ir is difficult to define and describe shape, but also
because ir is often difficult to know exactly upon what features recognition is based even when the recognition itself is quite certain.
At one time ir was thought that wheats of the second group could be
distinguished from those of the third by the presence of a keel to the
glume, but ir is now known that this feature is quite well developed in
a number of vulgare forros, e.g. from Persia and Bokhara, as well as in
speltoids. For vulgare Vavilov (1922 a) describes the keel as "sharply
prominent" or " n o t prominent," and for durum Orlov (1922) gives ir

\

A

B

G

H

0

I

D

E

i)

F

j

J

K
t.
Fig. 5. Outlines of glumes. A - E , durum a n d turgidum; F, per~icum; G--K, vulgare;
L, Tolonicum. The difforence between tho keeled a n d keelless forros is s o m e w h a t
accentuated, k =keel.

as well developed from the top to the base or feebly developed at the
base. In the 28 chromosome T. persicum it is only weakly developed.
In fact, though the character is important, ir is so only when eonsidered
in relation to other glume charaeters as well; and there is no doubt that
glumes ate recognised by the way in which their characters ate combined,
as must be the case when recoguition is based on shape. In dealing with
shape it is very diiIieult to know what should be regarded as a unit
character, so that discussion from the genetical standpoint is not easy,
and itis doubtful whether any useful purpose would be served by trying
to describe such characters here; especially as no adequate study of
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variation in glume shape has been attempted in the genus. Ir should be
realised, however, that glume shape is often very eharacteristic. Thus
the type of the Northern European beardless vulgare (Fig. 5 G) is difFerent
from anything found among 28 chromosome wheats, nor is the typieal
broadly keeled turgidum or durum glume ever seen among those with
42 chromosomes. It is probable that linkage plays an important part
in the genetical relationships. Thus Percival's statement (1921) in
deseribing the glume of vulgare as terminating "in a tooth, which in
the beardless forros is short and usually blunter than that of T. durum,
and in the bearded form often prolonged into a slender awn," suggests
the possibility that either the factor for awns, or another factor linked
to ir, modifies the length of the glume tooth; and since all 28 chromosome
wheats ate beardless, while third group wheats may be bearded of beardless, this would clearly be important.
We may sum up by saying that the wheat species fall into three
clearly de¡
groups, each with a different chromosome number, and
that the chromosome number of any wheat form can be told from
inspection. The situation is quite different from that in Primula sinensis
for example, where the tetraploid is clearly only a form of the speeies
sinensis, and is in no sense a distinct species. But ir is dif¡
to
say exactly how the three groups, particularly the second and third,
ate characterised; and from the point of view of the genetical worker
this problem, which is of first importance to him, has been insufficiently
studied. The Law of Homologous Series, while undoubtedly valuable in
many other ways, has withdrawn attention from the question. Nevertheless, considering the most dif¡
case of the second and third groups~
we have at any rate learned that a few characters are found only in certain
forms of one of the other group, and that a few types--as dicoccum,
Ÿ
and Spelta--are thereby recognised. Secondly, ir appears that
although some characters may vary within both groups, the two extremes
of variation are either entirely confined to, or are found most often in,
different groups. At the same time, the examples that were given, sohdity
of straw and resistance to disease, suggested that further study of such
cases is to be desired. Thirdly, in the case of glume shape, elassification
depends on the way in which characters ate combined.
To give a concrete example, ir might be thought that, since both solid
straw and rust resistance are common in the second group and are rare in
the third, the chance of finding a rust resistant vulgare wheat with sohd
straw would be very small indeed, and that by examining a new form for
several such characters identi¡
of the group to which it belonged

186

The Wheat Species : a Critique

would be almost certain. Actually this is wrong; since, perhaps because
of genetic linkage, the two characters cited are not independent. Vavilov
(1922 a) says that solidity of straw is a "rare featare to be found only
in a comparatively small group of races of soft [i.e. vulgare] wheats . . . .
This feature is, as a rule, accompanied by a se¡
of others, such as
immunity to parasitic fungi or peculiarities in the structure of spikes."
Nevertheless, although the problem in question has not been solved,
enough has been learned for us to appreciate the genetical results, and
further diseussion will be deferred until they have been dealt with.
The difficulty we have had in defining accurately the wheat groups
is probably typical of the classification of any polymorphio group of plants.
(3) THE DIFFERENTIATIONINTO SPECIES.
Differentiation within the groups is a distinct prob|em from that of
differentiation into the groups themselves, there be[ng no changes in
chromosome number and no sharp lines of separation in many cases.
In the fol]owing account of the species I ]]ave sometimes referred to
their distribution in prehistorie times, but too much reliance must not
be placed on what is said. There is no doubt that a great deal of valuable
material has been obtained in the past, but identification has often been
left to those with little knowledge of wheat, and in many cases a sample
has been described merely as " w h e a t " with no mention of the species.
For preference, g•umes should be present in the sample to assist identification; but in most cases these, even if present, are brol~en up during
excavation and only the grains are left. To identify the species ffom the
grain alone is a matter for those with speeial knowleclge. Even so
mistakes are easy, chiefly because little is known about the changes in
grain shape that might have been brought about by carbonisation, and
partly perhaps because possible changes in the species since prehistoric
times might make identification uncertain by modern standards of
difference. References to most of the work done can be found in Percival's
monograph (1921) but ir should be realised that in great part the conclusions of the ear[ier workers ate probably wrong; though the identification of T. dicoccum Schrk. by spikelets should usually be correet.
Ir is to be hoped that, in the futlLre, more attention will be paid to these
matters b y archaeologists, since valuable knowledge could thus be won
about the origin of wheat and the spread of earty civitisations.
The first group contains only two species: monococcum (cultivated)
and aegilopoides (wi]d). Both ate peculiar to mountains, and are found
chiefly 700 metres of more above sea-level (Flaksberger, 1925).
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T. aegilopoides Perc. (= T. monococcum aegilops Asch. and Gr.).
"Wfld einkorn" is found in the atea ffom the Balkans to Syria and Transcaucasia (Percival, 1921; Flaksberger, 1925, 1926 a). In the Balaldava
district it oceurs in a community composed of Festuca orina, Aegilops
cylindrica, A. ovata, and other plants (Drosdow, 1923). Flaksberger
(1925) divides the speeies into two seetions: (1) a two-awned Asiatic
race, var. Thaoudar, confused by de Mol (1924) with dicoccoides; (2) oneawned forms, comprising 10 varieties. Pereival (1921), who regards leafhair arrangement a s a very important character, describes the same
arrangement for aegiloToides as for vulgare, and a quite different one for
monococcum and for all second group species. The rachis of aegilopoides,
like that of dicoccoides, is lar more fragile than the rachis of the eultivated
species monococcum and dicoccum.
T. monococcum L. This differs from aegilopr
in ear shape, glume
shape, size of grain, and shorter awns (Percival, 1921), and, though similar,
is not likely to be confused with it. It is cultivated in scattered localities
in mountainous distriets in Europe; chiefly in France, Spain, Switzerland, the Balkans, and the Crimea (Percival, 1921; Flaksberger, 1925).
Flaksberger (1925) describes nine varieties. The diversity of the species is
small, affecting principally characters such as glume colour. On botanical
grounds ir is believed to be the most primitive cultivated wheat, and is
said to have been widely cultivated in parts of Europe in Neolithie times.
In the second group Percival (1921) recognises seven species: dicoccoides, dicoccum, orientale, durum, Ÿ
turgidum and pyramidale,
of which two--pyramidale and orientale--are new species separated from
durum. Vavilov (1925) describes an eighth species persicum, established
originally on a single variety "Black Persian" which Percival has
included within T. dicoccum Schª
In general ir may be said that,
when crossed with one another, all these species gire fully fertile hybrids;
though a possible exception is dicoccoides (Vavilov, 1926), which is said
to show a marked tendency to sterility in crosses with other 28 chromosome wheats 1. In several cases ir is difficult to separate one species
from another, and Kajanus (1927) has proposed to unite them a s a single
species T. acuminatum.
T. dicoccoides Pere. (= T. dicoccum dicoccoides KSrn.). "Wfld
Emmer" is found from Palestine to Transcaucasia. In Palestine ir is
found in some diversity; varying chiefly in the shape of the spikelet,
shape of the tooth of the empty glume, hairiness of the rachis, colour
of glumes and awns (Percival, 1921; Flaksberger, 1926 a). According to
z In my own experience, with several crosses, this is not the case.
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Percival ir is easily separated from dicoccum by a number of characters,
such as exceptionally brittle and hairy rachis. It has usually been
regarded as the wild forro of dicoccum, and hence as the progenitor of
all the cultivated wheats. Flaksberger, however (1926 a), considers it
more like Thaoudar and aegilopoides than like dicoccum, except for its
chromosome number and not-splitting palea, and finds it "diificult to
consider ir as the initial forro of progenitor of cultivated Emmers, though
their relationship must be recognised."
Two descriptions of dicoccum ate known: T. dicoccum Schª
described by Percival, and T. dicoccum Schrk. as more usually recognised.
T. dicoccum Schrk. (Emmer) has tough glumes and a brittle rachis
which breaks just above each spikelet--characters ir shares with the
14 chromosome wheats and with the wild dicoccoides. Typically it sets
only two grains per spikelet, b u t a number of varieties set three under
good conditions of cultivation. Ir shows the usual variation in colour
of glumes and awns, etc. ; and in addition varŸ in glume shape, solidity
of straw, and resistance to the various rusts (Percival, 1921; Stoletova,
1925). u
(1926) says that in Abyssinia "easily thrashed emmers
were found (H. Harlan)," but I know no further details of these. It is,
however, a species well defined by the eharacters given above, and to
some extent by its vegetative characters, and is not likely to be confused
with any other. Ir is one of the most primitive cereals, and is now
cultivated only by "ancient peoples who stick to their secular customs
and traditions" (Stoletova, 1925; and, similarly, Percival, 1921). The
acreage under Emmer is at present gradually diminishing.
T. dicoccum Schª
as described by Percival, includes (1) T. dicoccura Schrk., (2) a munber of Abyssinian wheats with a tough rachis and
loose glumes classed by other workers as durum, (3) "Black Persian,"
i.e.T, persicum Vav., regarded by Percival as very similar to one of the
forros of (2). His justification for this grouping is that "Black Persian"
and the Abyssinian Ÿ
with a tough, or semi-tough, rachis resemble
the Abyssinian examples of dicoccum Schrk. in having from 3-6 vascular
bundles in the coleoptile, whereas all other wheats have 2 (Percival,
1927) ; again, in having the young leaves more or less covered with short
hairs, like dicoccum Schrk. and unlike durum; while the slender rachis
of many forms confirms this grouping in many cases.
In its various forros T. durum Desf. approaches closely all the other
species in the 28 chromosome group, of which ir is the most diverse
member. Its limits ate not well defined, and authorities differ as to its
exact definition. Thus Orlov (1922) includes in this species T. pyramidale
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Perc., T. orientale Perc., and the Abyssinian forros with tough rachis and
loose glumes from T. dicoccum Schª
Typically it has a sharply keeled,
loose glume, a tough rachis, and hard flinty grain; but diŸ
arises,
to take only one example, with forros that have a half flinty, hall mealy
grain, and so approach the mealy grained turgidum. Percival (1921)
describes the species as characterised by having no hairs on the upper
surface of the young leaves which, in the other 28 chromosome wheats,
ate densely clothed with short hairs; but here again, transition forms,
considered by Percival as hybrids, can be Ÿ
moderately of very
sparsely clad with hairs. We may well quote Orlov (1922) here: "The
polymorphism of Tr. durum is very great. The range of its race characters
is exceedingly extensive. Races, with characters expressed in an extreme
degree, are met with rather seldom. The nearer the character to its
medial expression, the more such races are found. They ate predominant
botanieal forms, building the ground to the polymorphism of the species
Tr. durum... " constituting "the fundamental typical form...around
which are grouped all the other races."
T. polonicum L. is easily recognised by its very long glumes, ribbed
and papery in texture, and by its very long grains. All these differences
have been found by Biffen (1905) and Engledow (1920) to be due to a
single factor difference from durum, to which the species is elosely
related. Bateson (1926) suggested that so many characters were probably due to a group of completely linked factors, and this is supported
by an Abyssinian race, ~ o w n by Prof. Percival, whieh is typical
polonicum, exeept for its short grains. The converse, a durum with grains
as long as polonicum, is widely spread in the Mediterranean region.
T. turgidum L., though connected with durum by transitional forros,
comprises a fairly well-defined group, tall and late in ripening, with
mealy grains and leaves abundantly covered with soft hairs.
T. orientale Pere. comprises a few forros having aifinities with
dicoccum Schª
and dufum.
T. pyramidale Pero. consists of a Ÿ forros from Egypt related to
turgidum, but differing from the latter in the short straw, earliness, and
one or two other features.
T. persicum Vav. In 1914 Vavilov found that "Black Persian,"
which was then referred to T. vulgare var. fuliginosum Al., differed Ÿ
all other wheats tested by him in being immune to Erisyphe graminis.
Percival (1921), from its leaf hairs arrangement, partially solid straw,
slender rachis, and the number of vascular bundles in the coleoptile,
brought it to T. dieoccum Schª
This affords a good illustration of the
J o u r n . of G e n . x x m

13

190

The Wheat Species : a Critique

connection in Triticum between chromosome number and systematic
position, since the variety is now known to have 28 chromosomes. Its
original inclusion withia vulgare is clearly wrong when ir is carefully
examined, and rested largely on its rounded glumes, most second group
wheats havin i more or less strongly keeled glumes. The original seed
came from Haage and Schmidt who had no record of its origin except
that it might have come from Persia. Vavilov (1926) could not find ir
in Persia but suggested that ir should be considered a scparate species,
T. persicum, in the Emmer group. Zhukovsky (1923), Atabekov (1925)
and Dekaprilevich (1925), found ir in some diversity in Central Transcaucasia, mountainous Armenia, and Georgia. Its separate distribution
confirms Vavilov's view that ir should be classed apart from the other
28 chromosome species.
This survey of the second group brings out certain facts quite
clearly. First, a number of new characters appear which were not found
in the first group, and with them has come much greater diversity.
Secondly, the species are connected with one another by transitional
forms, and no general agreement as to their exact definition has been
reaehed. While deferring for the moment a fuller discussion, we can conelude that the problem is the origin of a large number of forms, all more or
less connected, and not sharply separated into species; but definitely
clustered round a number of fixed points, which are the "typical forms"
of the systematist's species.
The species of the third group--vulgare, compactum, sphaerococc~m,
Spelta--are easily defined, and there is no disagreement as to their
limits. But the differences between them are small, and when crossed
they give fully fertile hybrids apparently showing simple Mendelian segregation, so that Kajanus (1927) has proposed that all should be brought to
one species T. obtusatum Kaj. No wild 42 chromosome wheat is known.
T. Spelta L. is separated from all other wheats by its tough glumes
and brittle rachis breaking just below each spikelet; the grains being
rather long and pointed with a ridge along the dorsal surface due to
pressure of the glume. Otherwise it is like typieal vulgare in its hollow
straw, broad rachis, rust resistance, etc. It is cultivated only in scattered
patches in Europe (Percival, 1921) and in N.W. Persia (Vavilov, 1926),
and is regarded by Vavilov a s a relict. In its ear characters, tough
glumes and brittle rachis, ir differs from vulgare by one factor (Kajanus,
1923 a; Nilsson-Leissner, 1925; and others), and carries in addition ah
independent factor that produces very dense ears in vulgare; but the
genetics of the longer grain are not known.
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T. compactum Host. differs from vulgare only in its very dense clubshaped ear, and its rounded grains. The ear differenee was found by
Nilsson-Ehle (1911) to be due to only a single factor.
T. sphaerococeum Perc., while having the general characters of
vulgare, is well defined by its short straw, very small and rounded grain,
and its small and characteristically shaped ear. No account of its
genetic difference from vulgare has been given.
T. vulgare Vill. is the most diverse speeies in the genus. Over 1300
varieties ate grown yearly by Percival; while Vavilov (1922 a) says " a t
present, the author distinguishes races by 66 fundamental characters,
the number of which, with their subdivisious, reaches 166"; and later
"The greater number of the characters...are quite independent and
admit of all kinds of combinations." False ideas as to the eharacteristics
of the speeies, so often seen in past systematic work and in modern
genetical writings, have come from the limited range of forms grown in
Northern Europe and in America. No difficulty is likely to arise about
separation from the other species in the group, which comprise only a
few forms with their special characteristics; and the separation of the
whole diversity of vulgare from the second group forms, for which
familiarity with the types is neeessary, has been discussed already. The
species a s a whole has been divided into several sections. Flaksberger
(1915) recognises six, Pereival (1921) seven, and Vavilov (1922 a) three
(or four, including the square-headed wheats). To some extent the groups
of the different authors coincide; and all have, more or less, their owa
geographical distribution. Thus Vavilov's group rigidum corresponds to
Percival's group I, and is peculiar to S.W. Asia; his group Speltiforme,
peculiar to the same region, corresponds to Percival's group III; and
bis Indo-europaeum to Percival's groups V and VI (Vavilov, 1922 a).
Ir is not likely that there would ever be general agreement as to the
limits of these groups, which no doubt overlap; but it seems possible
that here, as in the second group, though probably less definitely, the
different forms are clustered more thickly round some points than
round others.
Percival (1921) cites several authors as identifying samples of
Neolithic age as vulgare; but all these earlier identifieations may be
wrong.
Further classification depends upon the division of species into
botanical varieties. The various systems (Flaksberger, 1915; Percival,
1921; Vavilov, 1922 a) are based on a number of easily recognised
alternative charaeters, sueh as presence of absenee of awns, colour of
13-2
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chaff, and so on. Thus T. vulgare var. lutescens KSrn. means any beardless,
red grained vulgare wheat with smooth, white chaff. As Vavilov says
(1922 a), " T w o forros belonging to two different botanical varieties, for
instance to T. ferrugineum Al. and T. erythrospermum KSrn., might be
different in only one hereditary f a c t o r - - t h e colouring of the head; b u t
ir would be possible to find for instance within the limits of var. graecum
two races (Jordanons) which differ from each other at least in 20 various
morphological and physiological features." The system is purely one of
convenience in cataloguing, and has no natural basis.
We have now surveyed briefly the systematic position in Triticum;
and the ultimate aim of the genetieal worker must be to explain the
distribution of characters, and their combinations, throughout the genus.
One essential for this purpose is a more accurate definition of characters
than has so lar been achieved. Apart from its theoretical interest, the
Law of Homologous Series gives a convenient method of classifying
variations, and has helped in t h e search for new forms. B u t b y concentrating attention on the similarity between species it has led to
neglect of their differences; and b y describing characters as merely alternative we are led to overlook the fact t h a t range of variation m a y be different in two species. Probably greater accttracy will have to come l a r g e l y
from genetical work, since ir is likely that no eharacter can be accurately
defined until its inheritance has been worked out in Mendelian terms.
(4) ]:~EPI%ODUCTIONIN WHEAT.
Wheat is described as a self fertilised plant; and crossing certainly
appears to be uncommon in Northern Europe (cf. Fruwirth, 1923).
Nevertheless, ir does occur, and we must know something of its extent
before we can understand the systematics of the genus.
To p r o v e a natLtral cross m a y sometimes need careful observation;
and although it may be true t h a t no certain case of factor mutation has
been found in wheat, ir is hardly logical, without further proof, to
dismiss every spontaneous variation as a natural cross. We m a y recall
t h a t the origin of fatuoid oats, once attributed to natural crossing, is
now known to be due to chromosome aberration (Huskins, 1927). But
we can be fairly certain of a natural cross ir we can observe the introduction of two independently segregating characters; and ir is sometimes
possible actually to identify the pollen parent when the segregation is
observed. Some of the instanees given below ate unreliable judged b y
this standard, but may be aecepted in view of the more certain cases.
At Cambridge erossing has always been regarded as rare, but has been
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found to occur quite often in partially sterile hybrids which set grain
irregularly with their own pollen and leave the ovules more open to
out-pollination (Watkins, 1925). Varieties that set grain badly in the
English climate are also speeially liable to crossing, and in the last few
years several instances have been found between normal English
varieties grown close together in small plots. Ir is important to notice
that in all these cases the pollen parent has been in a neighbourini plot
not more than a few yards distant. At Reading, where some thousand
varieties are grown side by side~ many examples have been seen (Percival,
1921), but no doubt exotic forros unsuited to English conditions are
partly responsible. In America, Hayes (1918) and Leighty and Taylor
(1927) have shown that crossing may sometimes be fairly frequent.
IIere, again, the pollen parents appear to have been plants from neighbouring plots. We must remember, however, that field crops ate not
necessarily comparable with the small plots grown at experiment
stations, where exotie varieties will exaggerate the importance of natural
crossing. On the other hand, since out-pollination appears to be usual
only between neighbouring plants, it should be more frequent when a
very mixed crop i~ grown in the field than when a number of pure
varieties are grown in adjaeent plots. Under English conditions, in times
when crops were more mixed than now, ir evidently occurred not infrequently since Le Couteur (1836), at Jersey, reeords ah ear with rough
red chaff that gave rough red, smooth red, rough white, and smooth
white progeny. Ir is known that natural erossing is more frequent in
hot elimates, and here its importance must be all the greater since in
these regions very mixed crops are commonly cultivated. The Howards
(1910), who have paid special attention to the subject, found that three
ears collected from cultivator's fields in Bihar were natural crosses; and
in one year at Lyallpur, where a collection of Indian wheats was grown
and the frequency therefore perhaps exaggerated, 226 instances were
found--some of them involving two of three characters. In Mesopotamia,
too, Wimshurst (1920) suggests that natural crossing is frequent, and
from Abyssinia I have myself received ah ear that proved to be F 1
between polonicum and some other 28 chromosome wheat. Under
modera civilised conditions, where comparatively pure crops ate grown,
out-pollination would be less important, and in any case its effects ate
counterbalanced by continuous selection of seed; but nearly everywhere
else--and a hundred years ago even in civilised countries--selection of
seed was often almost non-existent, and even occasional out-pollinations
would have a profound effect when long continued.
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Enough has been said to show that natural crossing must have had
considerable influenee in forming the many combinations that exist in
wheat, and its part in evolution should be reconsidered. At present
something must be said of its limitations.
Apart from the obvious limitations imposed by geographical distriburlon there are those set by date of flowering, ease of crossing, and
sterility. The latter operates only in inter-group crosses, and personally
I doubt whether such crosses have had much influenee on the genus,
though the contrary is often suggested--usually on rather uncertain
morphological grounds. Thus Vavilov, speaking of the awnless European square headed vulgare wheats (1922 a), says: "Their weak winter
resistance and usual immunity to yellow rust suggest that besides
T. vulgare and T. compactum, T. turgidum h a d a share in their origin
too"; and again (1926) he speaks of persicum as occupying an intermediate position between the second and third groups, and probably
originating from a cross between them. Similar views are often expressed,
but ir should be noticed, and the case is I believe typical of most others,
that the comparative resistance of the square-headed wheats to P.
glumarum is given a s a reason for turgidum being a progenitor; and it is
precisely characters such as resistance to disease which all genetical
writers agree can only be transferred from one group to the other with
great difficulty. Positive evidence against attaching much importance
to crosses between different groups lies in the almost complete absence
of beardless 28 chromosome wheats, despite the fact that beardlessness
is a common vulgare character found over a great part of the range of
the second group wheats, and readily transferred from vulgareby artificial
crossing, giving fully fertile 28 chromosome segregates. Whatever the
reason for this may be it suggests that crossing between the two groups
has done little to inerease their diversity. But from what has been said
I think we can conclude that natural crossing within the groups has had
considerable infiuence in diversifying types.

,(5) SELECTION.
Wherever wheat is grown natural selection will ensure that only
forms that are more or less suited to the prevailing climate and methods
of cultivation will be grown. Of India, Howard (1909) says: "The
wheats at present in cultivation in this vast empire, in which a civilised
ag¡
has been practised from time immemorial, represent the
survival of types most fitted for the conditions of the various tracts.
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Nature has eliminated the unfit"; and he adds that no new forms have
had any influenee, at any rate in recent times.
Except Ior highly civilised eountries in recent years, seleetion by
man has probably always been slow and sporadie; and we find that
fields of wheat consist, in greater or less degree, of a mixture of
varieties. In England at the present day crops ate often lar from pure,
and less than a century ago they must have been badly mixed.
Le Couteur, who provided us with the first historical case of breeding
on the pure line principle, when telling how he was first led to breed
wheat by La Gasca, says: " I considered" my crops "as pure, at least
as unmixed, as those of my neighbours, when to my dismay he drew
from the fields three and twenty sorts. Some were white, some red,
some liver-coloured, some spring-wheat, some dead ripe,...and some
green" (1836, p. 115). Nowadays in baekward countries the situation
is usually not different from that found in India, where "Ah examination
of an ordinary wheat field.., at harvest time diseloses the faet that the
erop eonsists of a mixture of botanieally ditterent varieties sometimes
belonging to two or three sub-speeies" (Howard, 1909), and samples
obtained from such eountries may yield an extraordinary mixture of
types when sown. 0ften, pracª
no attention is paid to seed seleetion.
In 0udh the poor eultivators go to dealers for seed, when "inferior wheat
is often given for this purpose with the result that in the course of time
the Oudh wheats are said to have greatly deteriorated" (Howard, 1909).
Similar practices are widespread, but greater eare is sometimes taken,
the praetice varying largely aecording to the wealth of the distriet and
the importanee of the wheat crop: in the Punjab "the best cultivators
keep their own seed and in some eases seleet the ears in the field for
sowing the next crop" (Howard, 1909); in Mesopotamia, in the atea of
Hai and Shatt el Ghurraf, "more attention would appear to be paid to
seed seleetion and wonderfully pure crops...were met with" (Wimshttrst, 1920).
In Roman times mass selection for the largest ears or the largest
grains was sometimes practised (Pereival, I921). Other examples eould
also be given.
We may probably take it that from the earliest times, though most
cultivators have had little interest in the type of wheat they grow, there
has been in some of the more prosperous distriets a crude but longcontinued selection for characters of obvious utility such as size of ear
or grain, and to this must be attributed the exeellence of the types often
grown in sueh districts. No doubt the advantage of a wheat with loose
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glumes a n d a tough rachis, in place of dicoccum with its tough glumes
and brittle rachis, would be readily recognised when such a type appeared. But the continued cultivation of dicoccum by primitive tribes
shows how slowly changes came; and it is safe to assume that botanical
characters have been almost neglected, and that newly risen characters
have spread slowly and by chance with the introduction of seed to new
districts. Occasionally a botanical character may have an accidental
economic importance, but this does not always make much difference.
Thus, in many hot countries, bearded are said to be preferred to beardless
varieties because less loss is suffered from birds and from shedding in
dry weather; but this does not seem to have prevented beardless forms
from being widespread in such countries.
For these reasons the problems of evolution and geographical distribution in wheat and in wild plants appear to be similar in prineiple.
This is clearly illustrated by the regularity in geographical distribution
found by Vavilov. In the Old World "in spite of the internationalisation
of cultivated plants, the wanderings of the peoples, in spite of colonisation
and the antiquity of agrieulture, it is still possible to establish...areas
of definite endemic varieties and races, regions displaying a maximat
primary diversity of varieties, and to find out series of regularities in
the distribution of these varieties" (Vavilov, 1926). Local needs may
have their influence, but the general seheme remains.
(6) TEEORIES O70RmI~.
Past speeulations on the origin of wheat were for the most part
Ÿ
on roe little knowledge, and will not be here discussed. Modern
theories to be eonsidered are three: that of Percival (1921) founded on
systematie data; Vavilov's conclusion (1926) from his work on geographieal distribution; and Winge's (1917) theory of the origin of
polyploid series.
Percival takes the three groups separately. In the first group the
relation between the wild aegilopoides and the cultivated monococcum is
regarded as evident, the only modification in the latter being " a reduction
in the hairs on the leaves and rachis."
The problem of the second group species is thought to be similar.
"Crossing between mutants of the same speeifie prototype is, I think,
sufficient to account for many, if not all, of the moderate number of
forms found among the races of the Emmer series." Dicoccum and
orientale are supposed to have come from dicoccoides, on the ground of
their similarity to that species and of their differing from it only by the

A. E. WATKINS

197

absence or modification of its characters. Similarly durum is supposed
to have come Ÿ
dicoccoides or dicoccum, and polonicum flora durum.
On the other hand, turgidum is considered " a hybrid race produced.., by
the crossing of the tall European T. dicoccum with T. compactum or a
dense-eared forro of T. vulgare," a number of characters showing its
attinity to European Emmer, while the square ear, many fiowered
spikelets, and plump, blunt-ended grain are thought to be derived from
compactum or vulgare.
In the third group "the extraordinary complexity and almost endless
number of varieties and intermediate forms of the vulgare race can only
be satisfactorily explained by the assumption of its hybrid origin from
two or more distinct species." I t i s concluded that, to explain the origin
of vulgare, we must account for the Ÿ
characters which differentiate
ir flora the 28 chromosome forros: (1) leaf hair arrangement~ (2) hollow
straw, (3) exceptionally tough rachis, (4) the rounded back and absence
of keel on the lower part of the glumes of most forros, (5) the short awns
of the fully bearded ears, and the beardless and semi-bearded ears.
Since all these characters are found in AegiloŸ ovata L~ or A. cylindrica
Host., it is concluded that both these species have entered into the
composition of T. vulgare; while "the greater length of ear, frequently
keeled empty glume, larger grain, and occasional solid culm" are thought
to point to dicoccoides or one oŸ its derivatives as the other parent.
Vulgare, then, is thought to come ffom crosses between a 28 chromosome
wheat and A. ovata and cylindrica; while Spelta is thought to be a
segregate Ÿ
this hybrid, and to derive its brittle rachis from
A. cylindrica. T. compactum and T. sphaerococcum are regarded as
having originated contemporaneously with vulgare, either as mutants, of
as segregates from crosses between different vulgare wheats.
Vavilov (1926) has shown that wheat, and other cultivated plants,
have definite centres of diversity--regions where the greatest number of
types are found--and that as we leave these centres the number of types
gets fewer. Apart from T. dicoccum Schrk., for which the existing data
are too scanty, he finds that all 28 chromosome species except persi'cum
have their maximum diversity round the coasts of the Mediterranean
and in Abyssinia; in which regions a "multitude of original and endemic
forros," as well as all varietal characters of European and Asiatic forms,
are found. On leaving these centres Ÿ
and fewer forms occur. On
the other hand, the 42 chromosome vulgare is most diverse in Persia,
Afghanistan, motmtainous Bokhara, West India, and Kashmir, where,
in addition to common European and Siberian forros, there are many
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endemic varieties as, for instance, forms without ligules. Sphaerococcum
occurs in Northern India only; and the greatest diversity of compactum
is in Khiva and on the borders of North West India.
In accordance with the usual prineiples ir is assumed that these
centres of diversity ate the centres of origin. All early writers on wheat
took it for granted that cultivated wheats had a single origin but,
agreeably with modern cytological and genetical work, the botanicogeographical method shows three distinct centres. Vulgare probably
originated in Eastern Afghanistan, and the other 42 chromosome species
in neighbouring regions: the 28 chromosome species in the Mediterranean
region or the mountains of Abyssinia: and the 14 chromosome forros
probably in the region of Asia Minor, though data for these wheats is
rather scanty. As Vavilov points ou% the assumption that the centre of
diversity is really the centre of origin evidently agrees with the data.
In Afghanistan, which is the centre for 42 chromosome wheats, and
where conditions vary from sub-tropical to the limits of agriculture in
the mountains, there are no forros at all of durum of dicoccum, which
ate common and very diverse in mountainous Abyssinia. On the other
hand, no great diversity is found in the Alps or the Pyrenees.
The general truth of Vavilov's contention must be granted, but ir
must be admitted that the present centre of diversity may not quite
coincide, perhaps, with the original centre of origin. How lar m a y a
regularity in the wanderings of peoples have contributed to a regularity
in the distribution of wheats? Vavilov finds (1929) that, besides T.
vulgare, a number of other cultivated plants have their greatest diversity
in Afghanistan, and this inevitably suggests that the oft recurring
migrations of peoples through Afghanistan into India may be the reason.
Indeed the collector of Indian coins fmds that their diversity increases
as Afghanistan is approached; and no doubt any forro that might be
introduced would have a good chance of surviving since the conditions
of climate and soil in Afghanistan--as in Abyssinia--are so various.
Nevertheless, it is very striking that dif[erent centres should have been
found for the 14, 28 and 42 chromosome forms, and there seems to me no
doubt that the broad features of Vavilov's conclusions must be accepted.
In connection with these results we must again mention the problem
of how to recognise the ~ o u p to which a given form belongs. Although
ir is difficult to say on what basis all second group forms can be separated
from all third group forros, iŸwe collect from only a single cotmtry the
difficulty no longer exists. Indeed it is very general in Systematics that
two related species ate quite distinct in any given area, but ate not
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easily separated ir they ate collected over their whole range. This is
evidently to be expected. In Spain T. vulgare is not very diverse, and is
easily distinguished from durum, of which a number of forros are found
there, by characters that are not typical of ir in other parts of its range.
In Persia, again, vulgare is very diverse but durum is rare, and is separated
from the former by features it lacks there but possesses elsewhere.
Difficulty would evidently have occurred only ir the centres of origin of
the two groups had happened to coincide. Ir must be noted that any
species to which this explanation is applied must be assumed to have
arisen as an independent species--by "species mutation "--ah explanation that is perhaps valid for all polyploid series.
Winge's well-known theory (1917) of the origin of polyploid series is
that hybridisation between two species is followed by doubling of the
chromosome number i. Species A with 2a chromosomes crossed by B
with 2b chromosomes gives a hybrid, which may be nearly sterile, with
a + b chromosomes; and this by doubling of chromosome number gives
a new species C with 2c = 2 (a + b) chromosomes. The number of cases
in which this theory has been experimentally confirmed is rapidly
growing. PrimuIa floribunda (2x = 18) • P. verticillata (2x = 18) gives
a sterfle diploid hybrid (2x = 18) which oecasionally gives the fertile
tetraploid hybrid Po Kewensis (somatic number = 36) a s a bud sport-chromosome doubling having o i u r r e d somatically (Newton and Pellew,
1926). This tetraploid Kewensis has the appearance of a new species
quite distinct from either parents.
From the almost sterile hybrid Raphanus sativus x Brassica oleracea
(both with 2x = 18) Karpechenko (1927) obtained seeds which produced
fertile tetraploids with 36 somatic chromosomes, as well as some plants
with from 51 to 53 chromosomes. He showed that these came from the
union of polyploid gametes formed by the F i hybrid, which a s a result
of various irregularities in the reduction divisions, of occasionally earlier,
produces gametes with varying chromosome numbers; 9 being most
frequent but 18, 36, and intermediate numbers also occurring.
The 72 (somatic) chromosome hyb¡
from Nicotiana glutinosa
(2x = 24) x N. tabacum (2x = 48), found by Clausen and Goodspeed
(1925), probably arose, as Karpechenko points out, in similar fashion
to the polyploid Raphanus • Brassica hybrids. And the same is probably
true for the fertile 56 chromosome hybrids, Aegilotricum, Ÿ
Aegilops
ovata • Triticum dicoccoides and A. ovata • T. durum (Tsehermak and
i The theory was flrst put on a proper basis by Rosenberg's well-known work on the
semi-heterotypic division.
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Bleier, 1926) ; but here no investigation was made earlier than F 5 and F 6.
Reference should also be made to Rosa (Blackburn and Harrison, 1924)
and to Digitalis (Buxton and Newton, 1928).
In view of its experimental verification it must be admitted that
Winge's theory gives a very probable explanation of the origin of
polyploid series in nature. In principle, it clearly agrees with Percival's
theory that T. vulgare arose a s a hybrid between Aegilops and one of
the Emmer wheats; and on the evidence given a hybrid origin might
equally well be granted for the 28 chromosome species, which are much
more variable than the 14 chromosome species and are distinguished by
many new characters. The two theories have been kept in view in what
follows.
II. GENETICS AND CYTOLOGY.

(I) INTRODUCTION.
Except in the case of the first group with the other two, all wheats can
be crossed easily, giving fertile hybrids ir they are of the same chromosome number, a n d a partially sterile hybrid if they differ in this respect.
Classic examples of Mendelian inheritance have been worked out in
the genus. Thus Biffen (1905) showed that differences such as rough and
smooth chaff, bearded and beardless ears, red and white chaff, are due
to single factors, and later (1907) that susceptibiLity and resistance to
attacks of Puccinia glumarum are inherited in the same way; while the
cumulative factor theory was first suggested by Nilsson-Ehle's work on
the inheritance of grain colour (1909). It is remarkable that later work
has discovered very few further eharacters whose inheritanee can be
worked out with aceuracy.
It is, of course, only since the work of Sakamura and Kihara that
progress on the genetics of crosses between the groups has been made,
and the greater part of this section will deal with species hybrids in
wheat, with hyb¡
between wheat and Aegilops, and with related
problems such as hybrid sterility. We shall also consider Winge's theory
of the origin of speltoid mutants and the various genetie questions
arising therefrom.
The chromosomes of any species of Triticum ate all similar, and there
are no obvieus differences between those of different species. They are
also rather long, and difficult to study in somatic cells. However, if root
tips are treated with chloral hydrate the chromosomes are shortened;
and ir is claimed that not only can different lengths be found within a
single set, but that the ratio the longest bears to the shortest varŸ in
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different species. Constrictions also appear. The possibility of comparing
the chromosomes of the different species of Triticum and Aegilops is
therefore indicated (Kagawa, 1927, 1929 a, b).
(2) THE CYTOLOGYOF HYBRIDSIN TRITICUM AND AEGILOPS.
(a) 42 • 28 chromosome wheats.
The first description of the cytology of crosses between wheats with
different chromosome numbers was that of Kihara (1919) for hybrids
between members of the second and third groups, and we will deal with
these crosses first. Later workers have confirmed his results, and
altogether the following crosses have been described, viz. polonicum
• Spelta and turgidum • compactum (Kihara, 1919, etc.); durum •
vulgare (Kihara, 1919; Sax, 1922a); polonicum • compactum (Kihara,
1921); turgidum • vulgare (Watkins, 1924). The hybrids are moderately
fertile.
Wheat is not very favourable for studying the heterotype prophase
and no detailed description has been given for the hybrids, but at
heterotype metaphase the 35 ehromosomes are present as 14 bivalents
and 7 univalents (Figs. 6, 7). The constituents of the bivalents separate
normally, while the univalents lag behind and split longitudinally
(Figs. 8, 9). The split halves travel to the poles, but sometimes arrive
too late to be included within the daughter nuclei (Fig. 10). In the
homotype the chromosomes, 21 or less in number, are arranged regularly
on the equatorial plate (Fig. 11); but while those descended from the
bivalents split longitudinally and pass to the poles in the normal way,
the univalents segregate at random (Fig. 12) and may, once again, arrive
at the poles too late to be included within the nuclei (Fig. 13). A tetrad
is always formed (Fig. 14) (Kihara, 1919; Sax, 1922 a; Watkins, 1924).
In both divisions ]oss of chromosomes occurs at random (Watkins, 1924).
Trivalent ehromosomes are rare in these hybrids (Kihara and Nishiyama,
1928) and pairing seems to take place very regularly in the way deseribed,
though Sax (1922 a) records a probable case of nine univalents being
seen, thus indicating that two ehromosomes which normally pair had
failed to do so. The lost chromosomes are seen in the tetrad cells as
deeply staining spherical masses o r a s small nuclei. As the pollen grain
develops they probably degenerate (Kihara, 1919; Watkins, 1924).
Owing to random segregation of the 7 univalent chromosomes at the
homotype the tetrad nuclei may contain any number of chromosomes
from 14 to 21, and roughly 75 per cent. of these tetrads develop into
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Fig. 6. Heterotype metaphase, po|ar ~ew.

Fig. 7. Same in side viewo

Figs~ 8, 9. Anaphase.
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Fig. 10. Telophase.

Fig. 11. Homo~ype metaphase.
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Fig. 12. Late anaphase.

Fig. 13. Telophase.

Figs. 6-14. Reduction divisions in pentaploid wheat hybrids. Somewhat diagrammatic.
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pollen grains in normal fashion. The others cease development at any
time Ÿ
the single nucleus stage onwards, and give at anthesis pollen
grains which are completely or partially empty (Watkins, 1927 a).
In the embryo-sac mother cell the divisions follow the same course.
But in pollen mother cells univalents lost at the heterotype are often
regained during the homotype, while in the embryo-sac mother cell this
does not occur; so that from this cause the egg cells would have rather
lower chromosome numbers than the pollen grains. Only the innermost
megaspore functions (Watkins, 1925).

Fig. 14. Tetrad.
Ir is assumed that the 14 Emmer group chromosomes pair with 14
from vulgare, and that 7 specific vulgare chromosomes are left unpaired.
This is the simplest supposition and appears usually to be true, but
possibilities that might arise from other modes of pairing will also be
considered on later pages. In any case ir is clear that in F 2 we ought
to find plants with any number of chromosomes from 28 to 42.
Further discussion of these crosses will be deferred until the cytology
of other species hybrids has been described.
(b) 28 • 14 chromosome wheats.
Here the 21 chromosomes of the F 1 behave less regularly than those
described above. The number of bivalents formed is variable and
usually less than 7, while trivalents may also occur. Apparently the
univalents may divide either at heterotype or at homotype. The hybrids
are almost sterile.
• dicoccum (Kihara,
In dicoccum • monococcum and in aegiloŸ
1924) the divisions differ from the pentaploid hybrid in that the bivalents
are variable in number, from 4 to 7, and their components more loosely
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united. They behave regularly; but the univalents, in number from
13 to 7, may divide at either division. Later (Kihara and Nishiyama,
1928) ir was reported that from 0-3 trivalents, with varying numbers
of bivalents and univalents, might be found. The figures given ate
convineing and will be discussed later (ppo 205-6). For turgidum • monococcum Sax (1922 a) and Thompson (1926) give somewhat different
descriptions, possibly because they used different varieties. Sax described approximately 7 bivalents and 7 univalents, b u t a s many as
9 or 11 univalents were also observed, so that presumably only 6 of
5 bivalents might be formed. Thompson found any number Irom 3 to 7,
usually 5 or 6, with loose association between members of a pair.
According to Sax the univalents are grouped at the poles at heterotype
metaphase, are joined there by the deseendants of the bivalents, and
divide longitudinally in the homotype. On the other hand, Thompson
found that they split longitudinally in the heterotype and segregated at
random in the homotype, loss being frequent.
The two series of crosses so far described, viz. 42 chromosomes • 28
and 28 • 14, are sufficient to give an idea of the general behaviour, and
most of the remaining cases will be dealt with more briefly.
(c) 42 • 14 chromosome wheats.
The hybrids are sterile (Percival, 1921) or weakly fertile (Kihara and
Nishiyama, 1928).
For Spelta • monococcum Melburn and Thompson (1927) give 0-5
bivalents, pairing being loose, and 28 to 18 univalents. For Spelta •
aegilopoides Kihara and Nishiyama (1928) found on one occasion as
many as 10 bivalents, plus 8 univalents; but 7 bivalents were more
usual, and 1-2 trivalents with various numbers of bivalents--usually
4 of 5--were also found.
(d) Aegilops • Triticum.
A. cylindrica Host. and A. ovata L. have been erossed with most
wheat species and the cytology deseribed. The hybrids are sterile, and
the pollen obviously imperfect with very few exceptions.
The only cases in which there is regular pairing at the heterotype
ate in A. cylindrica (x = 14) • T. vulgare desc¡
by Sax and Sax
(1924), and in considerable detail by Kagawa (1928), and in A. cylindrica
• T. Spelta (Bleier, 1928). In both these erosses there ate usually
7 bivalents and 21 univalents, but oceasionally the bivalents only
number 5 of 6. In marked contrast, A. cylindrica (x = 14) • T. durum
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(x = 14) gives no bivalents (Bleier, 1928), obviously suggesting that
vulgare is differentiated from durum by 7 chromosomes that are similar
to 7 of the chromosomes of A. cylindrica. On the other banal, in A. ovata
(x = 14) • T. vuIgare there are either no bivalents (Percival, 1926) or
there is occasional loose pairing (Bleier, 1928), so that there should be
considerable differences between the chromosomes of A . ovata and those
of A. cylindrica. Though no cytological study has been made, so lar as
I aro aware, it is interesting to know (Percival, 1928) that the hybrid
between the latter two species is sterileo
A . ovata (x = 14) • T. monococcum (x = 7) often gives 21 univalents,
but sometimes up to 5 bivalents (Bleier, 1928).
In A. ovata • T. dicoccum (Percival, 1926; Sax, 1928) • dicoccoides
(Bleier, 1928) • durum (Bleier, 1928), of • polonicum (Kagawa, 1929c)
pairing is absent or only loose. Bleier was unable to find evidence for
the production of 28 chromosome gametes in bis hybrids. They are to
be expected because ir was Ÿ
the same cross that the fertile 56
chromosome hybrids were obtained, and the irregularities described by
Percival and by Sax suggest that they ate sometimes formed. Sax
definitely showed their production on the female side, where however
the divisions may possibly be somewhat different. He crossed bis F 1
back to dicoccum, and out of six offspring examined all had 42 chromosomes, so that the F1 egg cells must have had 28. The plants so obtained
ate interesting since they have the same chromosome number as T.
vulgare, and are described as being like that species in many respects;
but they are of course sterile, and give at reduction 14 bivalents plus
14 univalents, as indeed is to be expected flora their origin.
In A . cylindrica • T. dicoccum (Kagawa, 1929 c) no bivalents were
observed, and the formation of diploid pollen grains was to be expected
from the chromosome behaviour.
Bleier (1928) also crossed bis fertile Aegilotricum back to A . ovata,
A. ovata • fertfle F 1 (A. ovata • T. durum) gave as expected 14 bivalents
and 14 univalents; but, very surprisingly, in A. ovata • fertile F 1 (A.
ovata x T. dicoccum) no pairing at al] was seen--an unexpected result
that should be Ÿ
investigated.
(e) The origin of the bivalents.

The occurrence of trivalents in certain crosses and of 10 bivalents
in STelta • aeg.ilopoides (Kihara and Nishiyama, 1928) is important, since
ir shows that autosyndesis--pairing of the chromosomes from one parent
among ~;hemselves--can occur in the polyploid wheats, Ir should be
Journ. of Gen. x ~ ~
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added that, although ir is often difficult in wheat to tell whether a given
structure is a bivalent o r a trivalent chromosome, the figures given by
these authors seem to me particularly convincing (Fig. 15). In pentaploid
wheat hybrids trivMents ate tate, and genetic evidence (see p. 235) shows
that allosyndesis--pairing of chromosomes from different parents, in
the usual manner--is the rule. Again, in A. ovata • T. vulgare and
.4. cylindrica • T. durum there is practically no pairing, so that the
6-7 bivalents found in A. cylindrica • T. vulgare presumably come Ÿ
allosyndesis. Ah interesting case is the haploid T. vulgare (Gaines and
Aase, 1926). This plant, which came from an attempt to cross T. vulgare
with Aegilops, was exactly like the parent vulgare, except for its total
sterility and profuse tillering, a n d a t reduction gave 21 univalents, no
pairing at all being reported. Ir is possible that this should be regarded

I
A

B

C

D

Fig. 15. Chromosomes at heterotype metaphase, in side view. A, trivalent; B-D, bivalents;
E, univalent. After Kihara and Nishiyama.

a s a special case, and should not be used as evidence for the amount of
pairing that may occttr in hybrids; but bivalents have been observed
by Jorgensen in haploid Solanum nigrum (1928). We may probably
accept the conclusion that the regular pairing found in crosses such as
those just mentioned is the result of allosyndesis; but that autosyndesis
is a likely explanation of the occasional pairing found in A. ovata • the
tetraploid wheats, and probably in other similar cases, as Percival
suggested (1926).
The usual practice, with whieh most will agree, is to regard the
haploid chromosome complements of the different Triticum and AegiloTs
species as made up of 1, 2, 3 or more sets of 7 chromosomes; and in this
way Gaines and Aase (1926) suggest that, to agree with the observations
on chromosome pairing, T. turgidum should be represented as ab,
T. vulgare as abc, and A. cylindrica as cd. Ir will be nQticed that the
results agree with Percival's views on the relation between wheat and
AegiloTs , inasmuch as A. cylindrica seems to have some relation with
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T. vulgare but none with the 28 chromosome wheats. They are, however,
not in accordance with the idea of a close relationship between T. vulgare
and A. ovata.
No doubt the eytology of Aegilops and Triticum hybrids will help
us to understand evolution in these genera, but beŸ conclusions are
drawn it should be worked out more thoroughly than ir has been so lar.
It is also possible that the formation of bivalents gives only a rough
guide to the relation between the species that enter a cross. Thus Primula
verticillata and P. floribunda appear to be well separated species and give
a completely sterile hybrid; but in the latter 9 bivalents are formed and
the divisions ate quite regular (Newton and Pellew, 1929); and Bleier's
conclusions, given above, also suggest the possibility that complieations
may exist.
(3)

CHROMOSOME BEHAVIOUR AND STERILITY IN PENTAPLOID
WHEAT ttYBRIDS.

(a) General features.
Different workers have come to different eonclusions as to the cause
of sterility in these hybrids, and in the following diseussion I shall gire
as far as possible the evidenee for the different views, although on some
points ir is not possible to come to a definite decision. I have a]ready
desc¡
the chromosome behaviour in the F 1 from crosses between the
two groups, and I shall here make the simplest assumptions there
suggested, viz. that the unpaired ehromosomes come from vulgare, that
the same ones always remain unpaired, and that they differ in definite
ways from the others.
In any cross between the two groups the F 1 has a moderate proportion of its pollen obviously imperfect--usually about 25 per cent.-and fails to set grain in many flowers. The grains obtained may be plump
and well filled, or wrinkled in greater or less degree; they germinate
badly, and many of the F~ plants die young or cease development before
grain is set. Again, the F~ plants vary greatly in the proportion of
imperfect ponen and show every gradation from setting no grain to
setting grain perfeetly; while further, if any plant shows sterility in these
features some of its progeny will die in the young stages. We may
therefore recognise four aspects of sterility: imperfeet poUen; failure to
set grain; bad germination of grain; and non-viable zygotes. Confusion
is sometimes caused by using the term sterility for any or all of these
without specifying whieh; though, of course, all are usually assoeiated.
14-2
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Impeffeet grain setting is most easily seen~ and ir i s agreed (e.g.
Kihara, 1921, 1924; Sax, 1922 a; Watkins, 1924, 1925) that this is
characteristic of all plan~s with chromosome number intermediate
between 28 and 42. Though it has been reported (Kihara, 1924) f o r a
28 chromosome plant ir is not so usual~ Closely conneeted with sterility
ate problems raised by the chromosome number and composition of the
plants belonging to F2 or later generations, and this will be described
firs~.
We have seen that both microspores and megaspores should have
any number of chromosomes from 14 to 21, and ir has been abundantly
r
(Kihara, 1919, 1921, 1924; Sax, 1923; Watkins, 1924) that,
as we should expect, F~ plants have any number of chromosomes from
28 to 42. Among these plants we can distinguish certain main ways in
which the chromosomes are combined (Kihara, 1921, 1924; Watkins,
1924). Ÿ
plants with 35 chromosomes, of less, show normally 14 bivalents + 0 . . . 7 univalents, and such plants ate of normal vigour and more
or less fertile. On the other hand, in plants with more than 35 chromosomes the sum of the bivalents and univalen~s is nearly always 21 (e.g.
16 bivalents + 5 univalents, 19 bivalents + 2 univalents, etc.), and such
combinations are again more of less fertile and vigorous. These two types
ate called by Kihara fertile combinations. Occasionally, plants with
other combinations ate found (e.g. 15 bivalents + 4 univalents, or
20 bivalents only, etc.). These plants are dwarf and sterile, of nearly so,
and ate called by Kihara sterile combinations. Ÿ
is to say that, in
general, unless one complete set of 7 extra chromosomes is present none
of the extra chromosomes will be presentas bivalents. The exceptions
are the rare so-called sterile combinations.
The explanation of this has been studied closely by Kihara (1921,
1924) and myself (1924, 1925, 1927). Kihara assumed (1924) that the
7 unpaired chromosomes of the F 1 were aU different--A, B, C . . . . G-and that only like chromosomes would pair in the zygotes. My ow~n
assumption was the same (1924). For simplieity we wiU illustrate the
conclusions by supposing that instead of an E1 with 14 bivalents + 7 univalents we have one with x bivalents + 2 univalents, A and B, genetically
different. The parents would be 2x and 2 (x + A + B) and the F1
gametes of four kinds, viz.:

~_x, x + A,
~x, x+A,

x + B,
x+B,

x + A + B,
x+A+B.

Random ma~ing would ~ v e the following zygotes:

A.
No. of
chromosomes
2x
2x + 1
2x+2
2x + 3
2x+4

E.

WATKINS

Composition
2x
2x + A or 2x + B
2x + 2A or 2x + 2B
~or 2 x + A + B
2x + 2A + B or 2x + A + 2B
2x+2A +2B
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Chromosomes at heterotype
x biv.
x biv. + l unir.
(x + 1) biv. ( = sterile combination)
x biv. + 2 unir.
(x + 1) biv. + 1 unir.
( x + 2 ) biv.

In this illustration the only sterile combination is (x + 1) bivalents,
2x + 2 A of 2x + 2B; and this is a sterile combination because ah
extra chromosome is presentas a bivalent without a complete set of
the extra chromosomes--here a complete set is A + B--being present.
The case of 7 univalents is of course lar more complicated and the
sterile combinations ate far more numerous. Examples of the combinations when there ate 7 univalents ate:

~2X+A+B, 2X+B+C+E+F+G,

Fertile combinations (2X + 2A + 2C + B + D + E + F + G,
Ste¡

combinations

t2X+2B, 2X+2C+D+F+G,
2X + 2A + 2B + 2C + 2D + 2E + F,

where 2X represents the 14 bivalents and A, B, . . . G the 7 univalents.
The Ÿ
of the varŸ possible combinations has been worked out
in detail by Kihara (1924), assuming random segregation of univalents
at th e homotype and no chromosome loss, and by myself (1924) assuming
random segregation and allowing for chromosome loss. Roughlyspeaking,
from 10 to 90 per cent. of the combinations would be expected to be
sterile combinations, according to the chromosome number of the parent
plant, the maximum occurring for 36 chromosome plants.
The actual rarity of these sterile combinations is an important fact.
Closely related to it is another, equally important and verified experimentally by many counts (Kihara, 1924), namely that plants with less than
35 chromosomes, the "Verminderungsgruppe" of KShara, gire progeny
with the same number or fewer, so that by continued self-fertilisation
the number 28 is finaUy reached. On the other hand, plants with more
than 35, called by Kihara "Vermehrungsgruppe," gire with few
exceptions progeny with an equal or greater number of chromosomes,
so that fina]ly the number 42 will be reached. This is, in fact, a direct
consequence of the absence of the sterile combinations, as shown by
Kihara (1924) and by myself (1924). In the case of a 40 chromosome
plant, for example, all offspring with fewer than 40 would have less than
a total number of 21 (bivalents + univalents) and would be ste¡
combinations (Diagram 1 a, b).
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From what has been said ir is evident that a true breeding segregate
with chromosome number intermediate between 28 and 42 would be
exceptional.
These facts are important to understand, both for the genetics of
the cross and for the problem of sterility, but before dealing with these
questions some results described by A. A. Sapehin (1928) and by A. A.
and L. A. Sapehin (1928) must be mentioned.
These results refer to cytological irregularities observed within the
species vulgare and in a durum x vulgare cross. Two types of irregularity
were described. In one of these the heterotype division is disorderly, the
chromosomes vacuolise, and dyads or tetrads with many nuclei, apparently degenerating, are formed. This was observed in some varieties
of vulgare and is clearly a physiological question outside the scope of
this paper. In the other type irregular production of univa]ents was
observed. Thus, varying numbers of univalents were found in pure lines
of vulgare and in true breeding 2'1 extracts flora durum • vulgare, with
42 chromosomes. In some lines this was observed only in a few tenths
per cent. of cases (? cells); but occasionally in as many as 3-4 per cent.
of cases; while in an F 2 from two such lines the frequency varied from
0 to 60 per cent. Another case was a 36 chromosome plant "showing... a
fair fertility," which bred true to chromosome number and type. The
plant had 16 bivalents + 4 univalents, and until it has been ascertained
how such a combination of chromosomes can breed true to chromosome
number its significance cannot be discussed. The final case refers to
a 36 chromosome plant with 5 bivalents + 14 univalents, a total of
24 chromosomes; but tkis does not seem to be quite clear.
The meaning of these results evidently cannot be discussed until they
have been more fully worked out.

(b) Sterility : Introductory.
In this section the conclusions of the different workers will be briefly
described.
Kihara's work on sterility has been directed towards explaiuing the
absence of the sterile combinations of chromosomes. Assuming no loss
of uuivalents at reduction, and random mating between the gametes,
he worked out the frequency of the various possible chromosome
numbers among the offspring of 36, 37, . . . 41 chromosome plants.
Comparing this expectation with the frequency found experimentally he
concluded that these assumptions were correct, and that zygotes with
sterile combinations were formed but were afterwards eliminated in
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various ways. The conclusion was confirmed by observations on the
number of flowers per ear that set grain, the number of grains that
germinated, and so on.
Sax (1922 a) measured sterility in F 1 and F2 by average number of
grains per spikelet, and also in F 1 observed the proportion of visibly bad
pollen. Assuming that grains did not set when the egg cells were not
functional, he concluded that both male and female gametes with
chromosome numbers intermediate between 14 and 21 tended to be
eliminated, those with 17 and 18 chromosomes being most affected.
Other factors, such as poor vegetative development, and qualitative
differences between the homologous chromosomes of the parent species,
were also thought to operate. Later (1928), he concluded from reciprocal
crosses between an F1 and its parents that "loss of univalents, seleetive
elimination of gametes, and possibly seleetive fertilisation, do not seem to
be adequate to account for the great excess of 14 chromosome gametes."
My own work has been partly directed to explaining the absence of
the sterile combinations. Ir was found that univalents were lost at
random at reduction, and by observing the amount of loss the frequency
of the different chromosome numbers in the gametes was calculated.
In some cases random mating gave a high proportion of sterile combinations (about 90 per cent. of the offspring of a 38 chromosome plant,
and about 25 per cent. of a 31 chromosome) which eould not be aceounted
for by the observed amount of zygotie mortality. Hence, sinee nearly
aH F~ egg cells were shown to be Ÿ
with parental pollen, ir was
concluded that there had been e]Jmination of pollen with intermediate
chromosome numbers, which would of cottrse greatly reduce the proportion of sterile combinations. This was coniirmed by the low pollen
germination observed on the F 1 stigmas; and by a small number of
chromosome counts Ÿ reciprocal crosses between F 1 and the parents.
Thompson and Holl~ngshead (1927), calculating the Irequency of
chromosome numbers in F1 gametes on the basis of random segregation
of univalents in the homotype, found that in F~ from dicoccum x vulgare
the proportion of 28 chromosome plants was actually lar higher than
was expected. They considered that this was to be accounted for partly
by loss of univalents at reduction in the F1, partly by bad grain germ~nation, and partly by sterility in the gametes. Later (1928) Thompson and
Cameron made reeiproeal crosses between various Fl's and their parents;
and, comparing the results with expectation, concluded that there was
elimination of gametes with intermediate chromosome numbers in both
ro'ale and female, but chiefly in the former.
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Evidently there is mueh disagreement among the different workers,
and ir will therefore be necessary in the following pages to discuss each
aspect of sterility in some detail. Even so, though on some points we
can reach definite conclusions, on others this will not be possible. To
some extent different workers have used different crosses, but it seems
to me ,mli!~ely that there will be any important 4ifferences in principle
between them, though we should of course expect considerable variation
in the intensity with which the various factors operate.

(c) Grain germination.
I shall consider this first since the conelusions seem reasonably
certain; namely, that germination depends upon whether there are one,
two, of three sets of the extra chromosomes of the vulgare group present
in the endosperm (Watkins, 1927 a).
Sax (1922 b) pointed out that, in wheat, sterile crosses gire wrinkled
F 1 endosperms, and suggested that this was associated with the parental
difference in chromosome number; in F2 he found that the endosperms
were variable, and unrelated to the sterility of the plant their embryos
produced (1922 b). Kihara (1924) considered the possibility that some of
the embryos with sterile combinations might be eliminated by bad grain
germination, but though this may be an added cause there seems little
doubt f~om my own work (1927 a) that the endosperm is the most
important factor. In the normal endosperm all chromosomes ate
triploid, two sets being de¡
from the polar nuclei and one from the
male gamete; so that vulgare endosperms will have 63 ckromosomes, and
those of the Emmer wheats 42. Reciprocal crosses between 28 and 42
chromosome plants will gire different endosperms: 9 28 chromosome
• 6 42 ~ving one with 14 + 14 + 21 = 49 chromosomes, and ? 42 • 3 28
one with 21 + 21 + 14 = 56. It is found that in the former cross the
grains obtained are wrin~led and germinate badly, whfle in the latter
they ate not wrinMed, though below normal size, and germinate weU.
In these crosses, as in aH others investigated, the classes that germinate
badly have the extra vulgare chromosomes haploid in the endosperm
while those that germ~nate well have them diploid. The clearest conffrmation.is given by reciprocal crosses between F1 and the 28 chromosome parent. F 1 ponen has any number of ckromosomes from 14 to
21, and the cross ? 28 chromosome x ~ F1 gives two classes of ~ains,
viz. unwr~n~led grains that germinate well and produce 28 chromosome
plants, and w~inkled grains that germinate bad]y and give plants with
more than 28 ehromosomes, chiefly from 31 to 35. Evidently the extra
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chromosomes, which ar e present once eaeh in the endosperm, as well as
in the embryo, are the cause. But in the reciprocal cross, ~ F 1 • 3 28
chromosome, although many of the embryos have extra chromosomes
as beIore, the endosperm in such cases will have them present twice each
instead of once; and ir is therefore found that the grains ate not wrinkled
and germinate well. Reciprocal crosses between F1 and the 42 chromosome parent also agree with these results, so ir was definitely eoncluded
that in pentaploid wheat hybrids the grains germinate badly ir the
extra chromosomes ate haploid in the endosperm, and well ir they ate
diploid or triploid. Ii was not found whether there is any difference in
the germination in the last two classes, but as noted above they are
sometimes different in appearance.
The results given refer only to crosses between vulgare and turgidum,
but ir may be stated here that they have been amply confirmed f o r a
number of other crosses between the two wheat groups (unpublished),
and ir is of eourse probable that the conclusions will apply to the polyploid
series in other genera, and may often be the reason for the shrivelled
seeds that are so typical of many hybrids.
Ir should be pointed out, however, that although the factor in
question must be the usual cause of the poor germination of grains of
F2 of later generations in wheat hybrids--which is indeed confirmed by
the shrivel]ed appearanee of many of them--there still remains the
possibility, as yet unproved, that the eonstitution of the embryo may
also operate.

(d) Failure to set grain.
W¡
on sterility often refer to this featuze alone when the term
sterility is used, probably because ir is the most obvious and easily
measured; but the practice is sometimes confusing, and ir would be
better when speaking of sterility to specify exactly which f o r o is meant.
Kihara (1921, 1924), Sax (1922 a) and I (1925) have aH come to
different conclusions. I will give my own results iirst as they seem to me
conclusive so lar as they go, and the only question is how widely they
may be applied.
Crosses between different speeies gire Fl's with di¡
amounts of
fertility. Under Cambridge conditions most set grain in about 75 per cent.
of flowers, but in Spelta • Ÿ
the fertility is much lower. In F 2
and F 3 it varŸ from 0 to 100 per cent. Perfect success in crossing wheat
is not easily attained, but crossing FI (vulgare x turgidum) baek to its
parents (1925) gave a success of 136/157 = 87 per cent., while crosses
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between pttre lines gave 90 per cent., and the F 1 allowed to self set
75 per cent. Ir seems conclusive that in this F 1 some of the F 1 egg cells,
though functional, rail to become fertilised by their own pollen--it was
in fact observed that pollen germination was often low on F 1 stigmas-and ii any egg cells ate non-functional the proportion must be less than
5 per cent. (1925). The result has been repeated for several years for
this F~, and has been found to apply also to a number of other crosses,
e.g. vulgare • dicoccum. Since this is evidently a frequent cause for
failure to set grain in F~, I think ir may be extended to some, at
any tate, of the F 2 and F a plants. Moreover, cytolo~cal observation
showed (1925) that in several F a plants which only set grain in about
50 per cent. of flowers there were only 8 per cent. of aborted embryo
sacs, while 43 per cent. of those that were morphologically perfect failed
to become fertilised. Ir is stiU possible that in some plants, especially
the most sterile, other factors may operate; but evidently the one in
question is important and ir has been entirely neglected by other
workers.
In durum • vulgare and turgidum • compactum, Sax (1922 a), measuring sterility by number of grains per spikelet, assumed ir was due to nonfunetional egg eells alone, and suggested that it was chiefly those with
17 and 18 chromosomes that did not function. No direct ›
was puf
forward in support, and ir is clear from what has been said above that
this view must be largely wrong. But on general grounds it is quite
likely that in the more sterile plants some of the egg cells ate aetually
non-functional, and the 8 per cent. found above may be ah example.
B u t a s yet we have no evidence as to the exaet cause.
Kihara (1924) considered that in flowers that did not give grain the
embryo had aborted, and that the sterile eombinations of chromosomes
were eliminated thereby. "Nachdem die Embryonen dttrch Verschmelzung ron versehiedenen ehromosomigen Gameten gebildet sind, werden
dieselben in ihren verschiedenen Entwicklungstadien eliminiert. Daher
sind die KSrner einer ~_hre, die gut entwickelt sind, grSssentefls solche,
die als Embryonen von fertilen Kombinationen zu erkl~ren sind."
Following this idea he worked out the relative frequency of zygotes with
sterile and fertile combinations to be expected from the self-fertilisation
of plants with 35, 36, . . . 41 chromosomes; assuming that no chromosomes were lost at reduction, that univalents segregated at random
duzing the homotype, and that there was random mating between the
gametes so formed. For example, a 40 chromosome plant would give
9 zygotes with Iertile combinatious to 7 with sterile. Ir was then sug-
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gested that ir a completely fertile (42 chromosome) plant set 30 grains
per ear the 40 chromosome one would set 9/16 • 30 = 16-8 grains per ear.
In this way he worked out the variation in fertility with change of
chromosome number from 35 to 42; and comparing the results with the
observations for a number of plants of known chromosome number ir
was considered that the agreement was sufficient to support the theory.
Since, however, the two assumptions--random mating (see below, p. 218)
and no loss of univalents--are neither of them correct, the calculations
can only have comparative value. Ir should also be pointed out that
number of grains per ear is n o t a reliable Ineasure of the proportion set,
which is what is wanted, since it varŸ greatly with the vigour of the
plant. Kihara also found that in a 39 chromosome plant, for example,
the observed Ÿ
of offspring with 39, 40, 41, 42 chromosomes
a~eed with the calculations given above ir only the fertile combinations
survived and zygotes with sterile combinations were eliminated. But
agreement was good only for the progeny of 38 and 39 chromosome
plants. In the case of 40 and 41 chromosome plants ir was not good,
and the reason suggested was loss of chromosomes in the reduction
divisions--a possibility that was not considered in the former case.
Against Kihara's conclusion ~hat failure to set grain is caused by the
abortion of embryos with sterile combinations of chromosomes is the
positive evidence that, in a number of partially sterile plants from
vulgare • turgidum (Watkins, 1925), cytological examination showed
that in those flowers in which no grain was set the egg cells were not
fertflised, and that, with one or two doubtful exceptions out of over 70,
fertilised egg cetls developed normally and gave normal grain, ttence,
ir seems to me certain that the mechanism suggested by Kihara cannot
be a widely spread cause of sterility.
Finally, my own conclusion has been criticised by Thompson and
Cameron (1928), working with vulgare • durum, x dicoccum, and
• dicoccoides; first on the ground that, when F 1 was crossed back to the
parents, chromosome counts showed that some of the egg cells with
intermediate numbers had been eliminated; secondly, because less seed
was obtained when F1 was pollinated from the parents than in crosses
between pure lines. The first of these criticisms does not seem to me valid
for reasons given below (p. 221). With regard to the second, some reason
connected with the technique of making the crosses seems to be indicated,
since a set of only 34 per cent. was obtained, ancl similar F~'s set 75
per cent. when allowed to self (Thompson and Hollingshead, 1927), as
they do at Camb¡
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In conclusion, I tl¡
ir may be said that in most crosses between
the second and third groups, the reason for failure to set grain in the
F 1, and often in plants of later generations, is that egg ce[ls that ate
functional with parental pollen do not get fertilised by their own pollen;
though the exact reason for this is obscure. Ir is also possible, especially
in the more sterile plants, that some egg cells may be non-functional
(Sax, 1922 a), and that in some cases there may be embryo abortion
(Kihara, 1924); but neither of these suppositions has yet been proved.

(e) Elimination of zygotes.
Ir is probable (Kihara, 1924; Watkins, 1925) that plants which die
in the young stages, or do not complete development, have sterile
combinations of chromosomes; indeed this is almost certain from
Kihara's work. Development may stop at almost any stage. Some die
when only a few leaves have been formed, others tiller abundantly but
produce no ear; some die just before or after the time of the reduction
divisions, and in others the ear does not escape properly from the sheath,
or emerges but is sterile. Kihara actually found a few plants with the
sterile combinations of chromosomes (e.g. 20 bivalents, 16 bivalents
+ 2 univalents) and these were dwarf and sterile, o r a t the best only
weakly developed and moderately fertile. It seems therefore reasonable
to conclude that plants that die at various stages during growth are also
so constituted.
We shall notice later (p. 241) other examples of the weak development
of plants with sterile combinations of chromosomes.

(f) Pollen sterility.
Kihara first assumed (1921) that all po[len classes were equally
functional; but though for the most part he held the same view in bis
later work on the evidence discussed above (p. 216), he did deal with the
possibility of different po[len tube growth rates in an appendix (1924),
and these results may now be given. Reciprocal crosses were made
between a 41 a n d a 42 chromosome plant, and chromosome counts in
the offspring gave the following Irequencies for the functional gametes of
the f o m e r :
20 chromosomes
ll

6

21 chromosomes
4

8

This clearly suggests that 21 chromosome pollen is favoured at the
expense of that with 20, in the plant in question. Ir is not clear whether
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this plant carne from durum • vulgare or polonicum • Spelta, but ir is
not material.
My own work refers to turgidum • vulgare, and the question first
studied (1924) was the absence of the sterile combinations of chromosomes. In a plant with 38 chromosomes (17 bivalents + 4 univalents),
for example, the chromosome loss was counted, and from this were
calculated the frequencies of microspores with 17, 18 . . . . 21 chromosomes. Had there been no loss, those with 17 and 21 chromosomes would
of course be equally frequent; but actually those with 17 (20 per cent~
greatly outnumber those with 21 (about 1 per cent.) ; and, in consequence,
random mating would give a high proportion (about 90 per cent.) of
sterile combinations. In a 31 chromosome plant (14 bivalents + 3 univalents) about 43 per cent. of microspores had 14 chromosomes, only
about 1 per cent. had 17; and random mating would gire only about
30 per cent. of ste¡ combinations. The great difference in the two cases
is, of course, due to the fact that chromosome loss increases the proportion of microspores with a low chromosome number and decreases
those with a high number, leading thus to ah increase in the number of
ste¡ combinations from a plant with more than 35 chromosomes, and
to a decrease in the number from one with less than 35. Ir was then
found (1925) that, in several plants with more than 35 chromosomes, such
a high proportion of sterile combinations was not accounted for by the
observed amount of zygotic mortality; as shown by the fact that embryo
abortion could not be found, by tests of grain germination, and by the
number of plants that died. Hence ir was concluded that there must
have been elimination of pollen with intermediate chromosome numbers
in favour of those with either 1~ of 21, of near to these two. To confirm
this ir was shown that although about 80 per cent. of F 1 pollen is morphologically perfect, only about 10 per cent. germinates on the stigmas,
so that considerable selective elimination is possible. Later (1927 a) the
F1 crossed back reciprocally to its parents with the following results:
No. of chromosomes in functional gametes
2,

F13
F,9

Ÿ

15

16

17

18

19

20

2~

13
2

3
4

0
2

3
1

5
1

2
1

6
0

4
0

These figures confirm the conclusion since the expectation for both
sexes was a binomial distribution with the mode at about 16. In
criticism it must be admitted that the counts are small, and that the
previous conclusion rested on indirect evidence. But, on the other hand,
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there is a very striking discrepancy between the small number of zygotes
actually eliminated and the 90 per cent. or so of expected sterile combinations ir random mating is assumed. Ir seems fairly certain that in
these plants, with more than 35 chromosomes, there must be a favouring
of 21 chromosome pollen ~ains at the expense of those with lower
numbers. For plants with less than 35 chromosomes, where the expected
proportion of ste¡ combinations is much smaller, the evidence is not
so strong; and elimination of gametes with 15 of 16 chromosomes in
favour of those with 14 may be less marked.
Further evidence is given by Nishiyama (1928) who worked with two
41 chromosome plants. These carne from crosses between T. Spelta and
two dwarf plants with 20 bivalents (a sterile combination) which were
themselves obtained by Kihara (1924) from the cross polonicum • Spelta.
The two plants were crossed back to both their parents. In the female
the ratio of 20:21 chromosome gametes was 73:27; the departure
from equality being due to chromosome loss, and being in agreement
with my results given above. For the male, however, the corresponding
ratios were 11 : 89 and 37 : 63 in the two plants, clearly showing elimination of 20 chromosome pollen grains. Niskiyama's paper is in Japanese
and ir is not clear from the English summary to what extent actual
counts were made, and to what extent the number of chromosomes was
estimated from the characters of the plants; but in any case the latter
method should be a reliable guide in such a case.
Working with vulgare • dicoccum, • durum, and • dicoccoides,
Thompson and Cameron (1928) gire the results of a large number of
aceto-carm~ne counts when F 1 was crossed back reciprocally to the
parents. I)ifferent El's gave sirailar results with one exception which was
probably significant, though the number of counts was not very large.
The data must be discussed in detafl below, but the conclusion was that
there was elimination of both male and female gametes with intermediate
chromosome numbers, and more in the male than in the female.
Although random mating was assumed by K~hara (1924) in most of
bis work, it will be noticed that he dial later on consider the possibility
of a selective sterility in the pollen; and later work (Nishiyama, 1928;
Thompson and Cameron, 1928) supports my own conclusion (WatlSns,
1925) that tkis d0es occu~. Sax also (1922 a) had assumed that there was
such a selective action, but did not give much evidence in support. We
must, however, defer our conclusion until certain other evidence has
been examined.
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(g) The functional gametes and the F 2.
In this section we may consider in detail some data given by Thompson
and Hollingshead (1927), Thompson and Cameron (1928), and by Sax
(1928) which may have an important bearing on the matters we have
been discussing above. The data appear to show an unexpected excess
of 28 chromosome plants in F2. There is evidence that this only occuri
to a marked extent in some crosses, but we shall have to consider the
possible bearing of the phenomenon on our previous conclusions in case
ir should occur less markedly in other cases as well.
The first instance was given by Thompson and Hollingshead (1927)
in vulgare • dicoccum. Counts were made for 28 plants by the acetocarmine method, and "an attempt was made in each case to ascertain
the numbers of bivalents and univalents." Allowing for possible uncertainty in the counts it does not seem likely that a mistake could have
been made with 28 chromosome plants, and yet no less than 6 of these
were found among the 28 plants counted. The authors point out that
random segregation of 7 univalents at the homotype means, ir there is
no loss, only (89 = 1/128 microspores or megaspores with 14 chromosomes; thus giving, with random mating, less than one 28 chromosome
zygote per 10,000. They consider that the discrepancy may be due partly
to chromosome loss at reduction, partly to mortality of zygotes, and
partly perhaps to the 25 per cent. sterility of F 1 flowers, since these might
represent embryos that fail to develop.
The interesting feature of the ~esults is that all these factors together
are not enough to explain the discrepancy. 25 per cent. of the flowers on
the F 1 gave no grain; of the gratas, 37 per cent. germinated; ancl ir is to
be presumed that the 6/28 plants with 28 chromosomes were a random
selection. Ir we make the lmlil~ely assumptions (1) that every 14 chromosome egg cell was fertilised (the flowers with no grains representing egg
cells with more than 14 chromosomes), (2) that every one was ferVilised
by a 14 chromosome male gamete, and (3) what is probably nearly true,
that every grain with a 28 chromosome embryo germinated, we can then
find the minimum proportion of 14 chromosome egg cells the F1 plant
musthave had. Itcomes to 6/28 • 0-37 • ( 1 . 0 - 0.25) = 0.06; and this
is still a high proportion. We have seen that random se~egation of
univalents in the homotype, with no loss, would mean a proportion of
(89
1/128. Actually, of course, there is loss of chromosomes, and
from the amotmt observed by the authors in the tetrads we can calculate
that the true frequency of 14 chromosome micros9ores would be
J o u r n . of Gen. x x m
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(0.54)7= 0.013; while the frequency found above for megaspores,
0.06 = (0-67)7, requires a much heavier loss than was observed. Assuming
the accuracy of the figures, there is an evident disagreement between
observation for the egg cells and expectation from chromosome behaviour
in pollen mother cells. There are two objections--the rather small
number of counts, and the possibility that not all the lost univalents
were stil] seen when the tetrads were examined--but other results to be
given below lead to a similar conclusion.
Considering in more detail Thompson and Cameron's (1928) results
with back-erosses referred to above (p. 220) no special comment is needed
for the exceptional cross, whieh gave:
No. of gametes with 14 to 21 chromosomes
A

Ÿ
1
3

.~

15

16

17

lS

19

20

2i

1
2

5
0

8
1

7
2

3
2

2
0

2
5

and fherefore confirms the conclusion already reached about pollen
sterility. The remaining crosses have been grouped together and give the
Ÿ
results:
r14
0.36
0.40

Proportion of gametes with 14 to 21 chromosomes
A
15
16
17
18
19
20
0"14
0"15
0"14
0"10
0-07
0"01
0.20
0-10
0.07
0.03
0.02
0.06

21 ~
0.02
0-11

No. of
counts
86
99

They suggest a reduction in the male gametes with Ÿ
16 to 19
chromosomes in favour of those with 20 and 21; but the proportions of
those with 14 and 15 do not seem to differ much from the female. The
difference between the two in the case of 16 to 21 chromosome gametes
may perhaps have been reduced by the poor germination of the grains
obtained when F 1 is used as male parent (see above, p. 214). Thompson
considers that in addition there has been ah elimination of egg cells with
intermediate chromosome numbers since the numbers found do not agree
with expectation based on random segregation of univalents without
loss. I give below the expectation on this basis, and also that ir a modcrate
loss is assumed:
Expected proportions
^

~14
0.01

(a) (~ + 89 r a n d o m segregation
a n d no loss
(b) (0.6 +0"4) 7 = r a n d o m segregation 0-03
and moderate loss

15
0"05

16
0"16

17
0.28

18
.028

19
.016

20
0.05

21
0"01

0.12

0-26

0.29

0"20

0.08

0.Ol

0.002

Ir either of these theoretical frequencies were correct no comment
would be necessary as to their difference from the counts given above;
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and we might accelot Thompson's conclusion that they showed elimination
of female gametes with intermediate chromosome numbers. But it is
quite clear that neither of them can be correct. The success in backcrossing was about 34 per cent., and most of the counts refer to crosses
in which grain germination was about 77 or 90 per cent. I t follows t h a t
ir we take (b) above as our basis, and assume t h a t only gametes with
from 15 to 20 chromosomes were elJminated, the proloortion of 14 chromosome egg cells found could not be more than 0.03 • 100/34 • 100/77 = 0-11.
The counts, however, showed 31/86 = 0.36, so t h a t our expectation
aloloears to be wrong. Ir was based on two assumlotions: (1) r a n d o m
segregation of univalents at the homotype, and (2) a moderate chromosome loss, about the same as t h a t observed in the male b y several
authors. If there were a greater loss of chromosomes in the female t h a n
in the male, we could exlolain the observed excess of 14 chromosome egg
cells, b u t unfortunately it is then found t h a t the observed number of
those with 21 chromosomes is much too high. Hence we can only
conclude t h a t the univalents do not segregate quite at r a n d o m - - t h e r e
must be a tendency, q
only slight, for them to go together to the
same loole--and this would clearly produce the observed deficiency of
female gametes with intermediate chromosome numbers. This seems to
be the only exlolanation of Thomloson's counts, and ir suggests t h a t we
should examine in more detail reduction in the female, and the question
of r a n d o m segregation.
R a n d o m segregation has always been assumed, but is difficult to
q
The only actual observations were made on loollen mother cells
in turgidum • vulgare (Watkins, 1924), where it was found t h a t agreement with exloectation was " n o t v e r y close" though "on the whole
favourable to the assumlotion t h a t random segregation" takes place; so
t h a t direct observation clearly suggests some uncertainty. Ir will be
recalled t h a t reduction in the megasloore mother cells follow the same
general course as in microsloore mother cells, but t h a t there was q
a greater chromosome loss from the innermost, functional, megasloore
t h a n there was from the other three or from microsloore mother cells--at
any rate in some lolants. Both these conclusions evidently bear on
Thomloson's results, but before diseussing them some further results
must be mentioned.
Sax (1928) gave counts for recilorocal crosses between vulgare • durum
F 1 and the durum q
some made from root tilos, ~nd some from
q
mother cells in aceto-carmine. The different counts agree on the
whole, and only the totals are given below:
15-2
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Proportion of gametes with 14 to 21 chromosomes
r14
0-41
0.57

15
0.20
0-20

16
0.16
0.05

17
0.09
0.04

18
0-07
0.07

19
0.02
0.04

20
0.03
O-O0

21~
0.02
0.04

No. of
counts
103
56

tIe concluded from these figures that "loss of univalents, seleetive
elimination of gametes, and possibly seleetive fertilisation, do not seem
to be adequate to account for the great excess of 14 chromosome
gametes" and suggested that "ir is possible that univalents are frequently
eliminated in early embryonic development." The figures are similar to
those given by Thompson; and ir, as with those, we make the utmost
allowance for elimination by sterility, we get an even greater discrepancy
than in Thompson's. The two series of results therefore agree; though
Thompson has given evidence that this excess of 14 ehromosome egg
cells occurs only in certain crosses. In view of the existing uncertainty,
further study is needed; but unless there is some unrevealed experimental error it seems that we must admit that, in some erosses, there is
either (1) loss of ehromosomes during early embryonic divisions, of (2) a
heavier chromosome Ioss on the female side than on the male, as well as
a departure from random segregation of univalents on the female side.
The latter interpretation seems to me preferable and will be considered
further.
The gametes formed, ir univalents segregate at random and there is no
loss, have been given above; they are found from the formula (89 + 89
Loss of univalents would gire a dist¡
of the same form, a binomial
one, but gametes with 14 chromosomes would be more frequent, those
with 21 less so; and the greatest number would have, say, 16 of 17
chromosomes instead of 17 or 18. Ir segregation is not random, and
there is no loss, there would be equal numbers of 14 and 21 chromosome
gametes, but these would be more frequent and those with intermediate
numbers would be less so. Ir, in addition, there is loss, those with 14
would outnumber those with 21 to a greater of less extent according to
the amount of the loss. In the microspore mother cells the loss can be
observed and allowed for, but ir would be difficult to find the chromosome
numbers of the microspores ir segregation were n o t a t random. That ir
is sometimes not random in megaspore mother cells is indicated, ! think,
by the evidence just discussed; but from what is known of other plants
(e.g. Rosa, T/ickholm, 1922) ir is quite possible that this happens only
on the female side. Also we have seen (p. 223) that the only avaflable
evidence suggests that loss of chromosomes is heavier in the female than
in the male. Ir, therefore, we compare the frequencies of functional
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male and female gametes by back-crossing the F 1 we cannot be certain
that any difference between them is due to sterility, tIowever, since in
most _Fl's the egg cells ate all functional, we can probably take the
frequency of female gametes found by back-crossing as being the same
as that of the megaspores. Ir this be so, the high frequency of 14 chromosome egg cells found by Thompson and Sax suggests that there
actually was, in their crosses, a greater chromosome loss in the female,
as we suggested; as well a s a departure from random segregation in the
female. The possibility that segregation is not random in the male should
also be borne in mind, though this is less likely.
We cannot come to a definite conclusion on the points diseussed
until a great deal more work has been done, but something must be said
of the possible bearing of these results on our previous conclusions
concerning the frequency of sterile combinations and on pollen sterility~
The proportion of sterile combinations appearing in F 2 would be considerably reduced both by departure from random segregation and by
a heavy loss of chromosomes in the female; and the latter factor would
decrease the proportion coming from planta with less than 35 chromosomes. On the other hand, the proportion coming from plants with more
than 35 chromosomes would be increased by a greater chromosome loss,
since in this case the sterile combinations come principally from gametes
with low chromosome numbers; and ir would not be altered much ir
segregation were not at random, since this factor increases the proportion
of gametes with low chromosome number as well as those with high.
The argumenta brought forward (Watkins, 1924, 1925) to show that
there was a tendency for pollen with intermediate chromosome numbers
to be eliminated ate therefore not altered in the case of plants with more
than 35 chromosomes; and the factors under discussion were not considered at the time for tt¡ reason. Neither Nishiyama's (1928) nor
Kihara's evidence from crosses between 41 and 42 chromosome plants
is in any way affected. Hence ir seems fairly certain that pollen having
21 chromosomes is favoured in comparison with that having 20, 19 of 18;
but the evidence for a weakening of pollen with 15, and perhaps 16,
chromosomes in comparison with that with 14 is less certain.

(h) Conclusion.
Ir may perhaps be said that, ir one thing has come out more clearly
than another from the foregoing discussion, ir is the difficulty and uneertainty of the subject; and ir will be use~fl to gire a summary of the
conclusions.
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In crosses between species of the second and third wheat groups the
F 1 is partially sterile, and gives at reduction 14 bivalents + 7 univalents;
and it is assumed that the 14 chromosomes of the former have paired
with 14 from the latter. The 7 univalents divide longitudinally in the
heterotype, and appear to segregate at random in the homotype, while
loss m a y occur at either division. The gametes m a y consequently be
expected to contain any number of chromosomes from 14 to 21.
In most Fl's practically all the egg cells can be fertilised by parental
pollen, but some of them rail to become fertilised with F 1 pollen.
Germination of F 1 pollen on F 1 stigmas is low, but seems to be high enough
Ÿ fertilisation to occur, so t h a t the exact reason why some egg cells are
not fertilised is not clear. Some F 2 and F~ plants show the same phenomenon, but ir is possible that, in the more sterile plants, ah added cause
Ÿ failure to give grain is that egg cells ate non-hmctional, or t h a t
embryos abort, though there is so lar no definite evidence on these points.
There is a tendency towards suppression of pollen with intermediate
chromosome numbers. Ir is almost certain that pollen grains with
21 chromosomes ate more favoured t h a n those with 20, 19, and perhaps
18 and 17; but it is less certain t h a t those with 14 are more favoured
t h a n those with 15 and perhaps 16.
Grain germination depends chiefly upon the chromosome composition
of the endosperm. Ir is good ir the extra chromosomes of the vulgare
group ate diploid or triploid in the endosperm, but bad ii they ate only
haploid. Ir is possible that in some cases the chromosome composition
of the embryo determines germination, but there is no definite evidence
to this effect.
Nearly al] plants of F2 and later generations belong to one of two
groups: (1) with from 28 to 35 chromosomes, giving 14 bivalents + 0 . . . 7
univalents; (2) with more than 35 chromosomes, and here the sum of the
bivalents and univalents = 21 (e.g. 18 bivalents + 3 univalents). When
plants with other combinations, which ate called sterile combinations,
appear (e.g. 15 bivalents; 18 bivalents + 2 univalents) they are dwarf and
sterile or nearly so; and it seems probable t h a t plants which die before
ah ear is formed have a similar constitution.
Self-fertilisation of plants with more than 35 chromosomes gives
plants with ah equal or greater number; while those with fewer t h a n 35
give plants with ah equal number or less. These two facts are a consequence of the absence of the sterile combinations.
There is evidence suggesting t h a t in F 2 from some crosses lar more
plants have 28 ckromosomes than would be expected, and the dis-
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crepancy is too great to be explained by sterility in any or all of its forms.
Analysis of the available data suggests that this is partly due to a greater
loss of chromosomes at reduction in the female than occurs in the male,
and partly because univalents do not segregate quite at random in the
homotype in the female--for the male there is no evidence against
random segregation. But a different explanation has been suggested , viz.
elimination of chromosomes in the early embryonic divisions.
There appear to be several reasons for the rarity of the sterile combinations of chromosomes. Loss of univalents at reducti0n helps to
make them infrequent among the progeny of plants with less than
35 chromosomes. In all cases they would be rendered less frequent by
elimination of pollen with intermediate chromosome numbers, and this
seems to be the most important factor in reducing their frequency among
the progeny of plants with more than 35 chromosomes.
Both of the factors suggested in the last paragraph would help to
reduce their frequency in F 2.
While these are the general principles that apply to the pentaploid
hybrids ir should be realised that their application in di¡
cases is
likely to vary. A factor that is important in one case may be less so in
another. Thus, chromosome loss is likely to differ in frequency in different
cases, and one extra chromosome may have considerable effect on pollen
viability while another has little. In illustration, the di¡
between
the two plants studied by Nishiyama (p. 220) should be noticed.
(4) THE

GENETICS OF PENTAPLOID

WIIEAT tIYBI~IDS.

Pentaploid wheat hybrids have long been studied by plant breeders
and genetic workers, since they are comparatively fertile; while hybrids
of diploid with tetraploid or hexaploid wheats are almost entirely sterile.
As might be expected, they have proved very difficult to analyse; and
except for a few characters such as rough and smooth chaff of bearded
and beardless ears, which give approximately 3 : 1 ratios, the F 2 is
almost impossible to classify. New characters and new types appear in
proportions that do not suggest any simple Mendelian ratios. Some
characters ate found only in association with certain others, while most
occur in so many intermediate forms that classification is hardly possible,
and F 3 makes the situation no clearer. In general, apart from sterflity,
the most st¡
features ate the appearance of new and abnormal types
in large numbers, and ah increase in the variability of many characters,
which are found in F2 beyond the limits set by the parent forros. Vavilov
and Jakulshkina (1925), describing crosses betwee• persicum and a
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number of wheats from the third group, besides commenting on the
monstrous forros that appear conclude that "decrease and increase in
the intensity of the characters, eomparatively seldom observed on
crosses within the limits of one genetical group of species, in this case
becomes a frequent occurrence." Indeed the whole type of inheritanee
in sueh crosses is summed up by these authors as " N a u d i n " type, of
"disharmonious," segregation, as distinct flora that of Mendel and
Wichura "peculiar to closer inter-species crosses." But, though ratios
are apt to be irregular, even in the case of the simpler characters for
which the crosses can be classified accurately, it is, in my opinion,
misleading to make such a distinction; and ir has been shown that an
accurate analysis of these crosses on Mendelian lines is possible, though
diflicult.
For economie reasons the erosses ate important because of the frequent
wish to transfer to vulgare, for example, a eharaeter that is most highly
developed among 28 chromosome forros, such as rust resistanee; and
genetically they ate interesting, not only for the apparently unusual type
of inheritance, but also for the light they throw on the relationship
between the two groups of species. The primary reason for their unusual
features was provided, of eourse, by Sakamura's diseovery that the
groups in question differ in chromosome number, and sinee then they
have been studied by a number of workers. Since the F 1 gives 14 bivalents
+ 7 univalents it has usually been assumed that the 14 ehromosomes
from one parent have paired with 14 from the other, leaving mapaired
7 speeifie ehromosomes from the vulgare group parent; and for the
present we will aecept this. The members of the bivalents segregate
normally, so that any eharacters determined by them alone should gire
the usual Mendelian ratios, and should be transferable from one wheat
group to the other; but any charaeter determined solely by the tmpaired
ehromosomes should be confined to segregates with the high chromosome
number, and therefore to the vulgare group, unless sueh a ehromosome
does oceasionally pair with ah Emmer chromosome. This reasoning has
been apparent to most workers on the subject; but systematies teaches
us that very few characters ate actually assoeiated with chromosome
number, so perhaps few eharaeters will prove to be determined only by
the unpaired ehromosomes, and the reasoning in question may have only
a limited applieation.
What is certain is that, as in systematies so in the hybrids, there is
association between ehromosome number and type. This is different flora
ah association of chromosome number with single eharaeters, and may
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have a somewhat different significance, but the two phenomena must to
some extent be dea[t with together, since some authors have insuffmiently
distinguished between them.
Sax (1923) made aceto-carmine counts for 15 F~ and 46 F 3 plants
from durum • vulgare. The numbers given are the sum of the univalents
and bivalents, since ir was often fotmd difficult to distinguish these, and
vary therefore from 14 to 21; "ir was also diffieult in many cases to get
the chromosome count more aecurate than -~ 1" and " t h e few planta
with eounts of 15 of 20 were elassed as 14 or 21 respectively." The method
then was to work out the corretation (expressed as a correlation coefficient) between ehromosome number and the characters "head type,"
"keel shape," "spikelet shape," "head shape," "diameter of culm,"
and " r u s t resistanee"; the material being 38 F~ plants, Ÿ
25 families,
and elassification usually into vulgare, intermediate of Emmer. Ir was
found that all five eharaeters were highly eorrelated with chromosome
number and ir was therefore thought that " t h e 7 additional ehromosomes
of the vulgare parent determine the distinguishing charaeters of the
~ulgare wheats"; b u t a s L. A. Sapehin (1928) has pointed out, though
perhaps too sweepingly, "there ate no particular speeies charaeters.
Therefore the view that in the univalent chromosomes are contained
some specific genes of vulgare, is erroneous." We shall see later that many
of the eharaeters are probably affeeted by both paired and unpaired
chromosomes.
Sax and Gaines (1924), working on durum • vulgare, besides giving
evidence that some eharacters segregate normally and others do not,
studied chiefly the practical problem whether important eeonomic
attributes vf different groups can be eombined. They regard this as
difficult, but not impossible. Ah interesting conelusion is that eharacters
are associated more closely in crosses that ate more sterile than in those
that ate relatively fertile; but, in my opinion, we know too little about
the meehanism of sterility of of inheritance in these crosses to explain
tkis properly.
Kihara (1924) has given a number of observations on the assoeiation
between type and ehromosome number. In Ÿ
x Spelta, Ÿ
example, he found that 42 ehromosome progeny were of Spelta of Speltalike type, and 28 ckromosome progeny of polonicum or polonicum-like
type; and in general "Der Habitus der 28-chromosomigen Naehkommen
dieser pentaploiden Weizenbastarde ~hnelt meistens mehr oder weniger
dem Emmertypus, wShrend die 42-ehromosomigen typischen oder
ama~hernd typischen Dinke[-ttabitus besitzen."
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Association between chromosome number and resistance to rust has
been dealt with by Tochinai and Kihara (1927); the observations referring principally to Puccinia triticina and to a less extent to P. graminis.
For the cross resistant durum • susceptible vulgare about 80 accurate
counts were made, principally in F4, the majority giving 28 chromosomes; "counts were made through all stages during the maturation
division, especially in the metaphase and anaphase of the first division,
and if these counts did not coincide with one aaother, the chromosome
number of these plants was regarded as unknown." Usually 28 of 29
chromosome plants were in differing degrees resistant, but were occasionally susceptible; and all plants with high chromosome number were
susceptible. In another cross, moderately resistant polonicum • susceptible Spelta, the 42 chromosome segregates were stated to be far more
susceptible than the susceptible parent. Ir was concluded that resistance
to rust is "weakened by the presence of genes existing in" the extra 7
chromosomes from the vulgare group parent. Morphological characters
were also said to be associated with chromosome number in durum
• vulgare but no details were given except that "pithiness of straw does
not ever occur in the plants belonging to the 'Vermehrungsgruppe.'"
Thompson (1925) observed 13 characters in durum • vulgare, each
character being put into one of five classes from V (vulgare) to D (durum),
and each having some systematic value. The F~ plants fell into three
classes: (1) with chiefly V and few or no D characters, (2) with chiefly
D and few or no V~ (3) with approximately equal numbers of D and V;
class (3) showing high sterility, elasses (1).and (2) much less. That the
characters were associated was concluded partly from correlation
coefficients; and partly because the plants in class (3) were very few in
comparison with the expectation from random assortment of 13 characters.
The strongest association was between characters "which are always or
nearly always characteristic of the species." It is, perhaps, doubtful
whether as many as five classes are advisable for a character such as
bearded of beardless which depends upon a single factor, but there is
no doubt that the number of plants found in class (3) was surprisingly
small. The possibility of ordinary linkage was not, unfortunately, considered; and there is no doubt that much of the association between
characters carne from this cause. The characters "compactness," "keel,"
"glume shape," "collar" and "beards" ate all linked completely or
partially (Watkins, 1928); and ir is probable that the character "middle
t o o t h " is affected either by one of these factors or by another belonging
to the same linkage group. Nevertheless, some of the association must
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be due to other phenomena; and ir was found in fact, from a number of
approximate counts, that many of the characters were associated with
chromosome number. The eounts ate given as numbers from 14 to 21,
and unfortunately their meaning is not explained except that they were
made " i n many cases at both heterotypie and homotypic division."
Special attention was paid to rust resistance (the durum parent being
more or less resistant and the vulgare parent suseeptible), whieh was
found to be strongly correlated with durum characters; but it appeared
to be possible to transfer the character from one species to the other
since three vulgare-like plants were resistant, though less so than the
durum parent. Recognising the difficulty of finding characters that
distinguish the species absolutely ir was concluded that to assign vulgare
characters to the extra vulgare chromosomes was too sweeping.
In turgidum x vulgare also (Watkins, 1927 a) although few eharacters
define the species, and valuable characters sueh as the presence or absence
of a keel can be transferred by crossing, ir was eoncluded that a relation
between type and chromosome number was quite definite. Ir was
pointed out that one reason Ÿ this is that a character such as solid or
hollow straw may be assoeiated with chromosome number in the cross-only hollow-strawed 42 ehromosome types being extracted--despite the
fact that solid strawed vulgare wheats exist; and ir is probably often the
case that a character which is rare in one group, though not quite absent,
and common in the other cannot usually be transferred by crossing.
Crosses between F i and vulgare gave (1) plants with more than 35
chromosomes, of vulgare type and having only vulgare type offspring,
a n d (2) plants with 35 chromosomes whieh, like the Fi, have offspring
of turgidum and of vulgare type; on the other hand, crosses between F 1
and turgidum gave (1) mostly plants of turgidum type which have only
turgidum type offspring, and (2) a few 35 ehromosome plants as before.
Given an association between chromosome number and type, this
behaviour will be readily understood from what has been said about the
cytology of these hybrids. Ir was also coneluded that 14 chromosome
pollen carried mainly turgidum characters, and 17-21 chromosome pollen
mainly vulgare charaeters; though the charaeters to which this conelusion refers were aetually few--solidity of straw, ear density, and
various features of the glume shape--and the number of plants examined
was small enough to admit the possibility of exeeptions.
The results described have dealt with two separate phenomena: the
association of chromosome number with single characters; and the
association between chromosome number and type, of shape, that is with
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the way in which characters are combined. That the distinction is
important can be illustrated by the cross turgidum • vulgare (Watkins,
1927 b). In this cross the single pair of characters keeled or rounded
glume has no association with chromosome number, either being readfly
transferable from one species to the other; but ir the keeled character
is taken from turgidum to vulgare various other characters go with ir,
and produce a special type--the type speltoid with thick tough glumes
and a number of other characters--which is associated with the high
chromosome number of vulgare. Thus the character keeled glume is not
associated with chromosome number itself but ir gives, in conjunction
with other characters, different types of glume which are so associated.
Of single characters, resistance to rust (P. graminis or P. triticina)
has been studied most; and ir seems that in general the cross resistant
28 chromosome • susceptible 42 gives resistant 28 and susceptible
42 chromosome segregates, probably with occasional exceptions (Tochinai
and Kihara, 1927; Thompson, 1925; ttayes, Parker and Kurtzweil, 1920;
Aamodt, 1927). No doubt this is most easily explained by assuming that
the extra chromosomes carry a factor which inereases susceptibility;
and that the exceptions arise ffom oceasional pairing between this
chromosome and ah Emmer chromosome. There may be a few other
characters, e.g. solid and hollow straw, which behave in similar fashion
in some crosses (Thompson, 1925; Watkins, 1927 a), but in general this
type of behaviour is probably rare, and caution must be used in drawing
conclusions from ir.
The clear assoeiation between chromosome number and type or
shape--combinations of characters--forms an interesting genetieal
problem; but unless care is taken ir may give us misleading views on
inheritanee. Ir is true that species are types, so that there is a natural
tendency in species crosses to try and work out the inheritance of types
rather than of single characters; but this will almost eertainly lead to
errors unless the greatest care is taken over elassifieation--indeed errors
of this sort occur in the literature under review. In any case we cannot
tell without Ÿ
evidence whether the association is the result of
sterility, in some form or other, or whether, and to what extent, ir is
due to the factors carried by the extra chromosomes; nor can we conclude
that certain characters ate determined by the extra chromosomes Mone.
Before dealing with these erosses from a somewhat different angle
we must describe one further case which shows cerraja speeial features:
the cross dicoccum z vulgare (Thompson and Hollingshead, 1927)
referred to already. We saw that in this cross there is a preponderance
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of low chromosome numbers in F~--out of 28 plants counted no less
than 6 having 28 chromosomes and only 2 having more than 35--and
would therefore expect, as proved to be the case, a large preponderance
of dicoccum-like segregates. Observations were made on 20 pairs of
single characters of which a few referred to shape. Ir was found that
they fell into two ctasses: (1) 6 characters in which nearly all the segregates resembled dicoccum; (2) 14 characters in which the segregates
might resemble either parent. The characters in the first class were said
to be of taxonomic importanee, while those in the second were mostly
not. The results do in fact show striking differences in the way the
charaeters behave, though the distinction between the two classes is
not very sharp; but ir does not seem to me altogether certain that there
is a difference in the systematic value of the characters in the two classes.
Ir might perhaps be concluded from the results that charaeters in class
(1) ate determined chiefly by the extra chromosomes, and those in class
(2) chiefly by the segregating chromosomes; but this would not be correct.
"Conditions not existing in either parent, for example, the middle tooth
prolonged into a short awn, of a pointed lateral tooth, were found in a
few segregates. The condition was classed as that which ir resembled
most." These characters must have depended upon more than one factor,
and therefore may have been affected by both paired and unpaired
chromosomes.
We will now consider the question of a factorial analysis, taking
turgidum • vulgare (Watkins, 1927 b). It wiU be realised that the
problem is difficult, b u t a n exact analysis is theoretically possible since
the back-cross ? F 1 • 3 28 chromosome, at any tate in many cases,
gives no appreciable disturbance from sterility: all the egg cells are
fertile; and all the grains germinate and give mature plants. The general
type of inheritance is best illustrated by the characters waxy and
waxless. In the cross in question both parents were waxy, but waxless
plants appear in F 2. All such plants are of turgidum type. ? F 1 crossed
back to turgidum gives all waxy plants, waxy being dominant, but of
these only hall breed true to waxy while hall split up into waxy and
waxless; showing that the F 1 is heterozygous for a single pair of factors,
W and w, for waxy and waxless. On the other hand, F 1 crossed back to
vulgare gives only waxy plants which breed true to waxy, showing that
the extra chromosomes of vulgare introduced an additional waxy
factor W'. It will be convenient to consider the case in greater detail
(Diagram 2). The explanation suggested was that the turgidum parent
was (WV91 the vulgare parent (ww) W'W', and the F 1 (Ww) W'; where
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factors enclosed in brackets are carried by chromosomes that pair and
segregate normally in the F 1 and W' is carried by one of the unpaired
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In F~ • vulgare (ww) W" has more than 35 chromosomes; most of its progeny ate (a) of (bL and (c) is
the sterile combination. I i (ww) W' had lees than 35 r
most of its progeny would be (b)
or (c}, and (a) would be the stcrile combination.
Diagram

2.

Inheritance
of waxy and waxless foliage in vulgare,
( w w ) W ' V q ' x t u r g i d u m (VqVq).

chromosomes; and ir will be seen from the diagram that the experimental results given above will follow from this formula. If pairing
between W and w is regular, the F 1 gametes will be formed in the
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proportion 1 (wW' + w) : 1 (WW' + W), and /~1 X turgidum will give a
1 : 1 ratio as observed. This ratio would be disturbed ir pairing is not
regular. The ratio obtained by selfing (Ww) W' would depend upon how
often the univalent chromosome carrying W' is lost and related causes.
I t will be notieed that the zygotes (ww) W' behave differently according
to whether they have less than 35 or more than 35 chromosomes. I n the
former case a complete set of 7 extra chromosomes is not present, so
t h a t (ww) W'W', in which the extra chromosome W' is bivalent, would
be a sterile combination. In the latter case some of the extra chromosomes are bivalent and all 7 must be present f o r a fertile combination
to be formed, so that (ww) would be a sterile combination.
The numbers actually found Ÿ the ratio waxy : waxless in crosses
between q 1 and turgidum were 17 : 17, and since they are small we cannot
deduce t h a t pairing between vulgare and turgidum chromosomes was
perfectly regular; but for the characters keeled and rounded glume
bigger numbers ate available, 3 5 : 3 4 (Watkins, 1928), so t h a t a fair
degree of regularity can be assumed. I t will be realised, however, t h a t if
autosyndesis occurred W' would pair with w, W would remain unpaired,
and a 1 : 1 ratio would again be obtained. I t i s clearly difficult to decide
between the two possibilities, and Ÿ
study is to be desired. The
question cannot profitably be discussed in detail here but ir m a y be
stated t h a t the available evidence--the 1 : 1 ratio, taken in conjunction
with the rarity of trivalent chromosomes (Kihara and Nishiyama, 1928),
and the fact that the parent forms are regained in a high proportion of
cases after back-crossing (Watkins, 1927 a)--suggests that allosyndesis
is usual in these crosses.
Waxless durum wheats are common in cultivation, and crossed with
vulgare would probably gire only waxless durum and waxy vulgare
segregates. In this cross, therefore, the character waxless would be
associated with durum although not characteristic of t h a t species.
Although the inheritance of w a x y and waxless was not worked out
in as much detailas could be wished, some such formula as the one puf
Iorward seems fairly certain. A similar formula was suggested, b u t on
less certain evidence, for the characters resistance and susceptibility to
Puccinia glumarum--namely, parent vulgare = ( p p ) P ' P ' , and parent
turgidum = ( P P ) - - a n d again in a further case that must be described
in detail. Waxless is ah example of a new character which first appears
in _F2 and is confined to segregates with a low chromosome number. The
case to be considered now is the appearance of two new types, one
confined to segregates with a low chromosome number, and the other to
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those with a high one (Watkins, 1927 b, 1928); the principal characters
involved being the glume keel, glume tbickness, and laxity of ear. It was
iirst thought (1927 b) that all the characters were controlled by a single
factor K; but the later view (1928)--that K might representa group of
completely linked factors--now seems to me more probable. The
turgidum parent, which has a keeled glume of normal thiekness a n d a
moderately dense ear, has the formula 28 chromosomes-KK; and the
vulgare parent, with round glumes of normal thiekness and an ear that
is also moderately dense, the formula 42-kk; where K gives the keel to
the glume, increases the thickness of the glume, and increases the laxity
of the ear, and k is its allelomorph. By crossing, we obtain the two new
types 42-KK and 28-kk; the former being the type known as speltoid-a vulgare type with a lax ear and thick, keeled, glumes that are only
pulled away from the grains with diificulty; while the latter is a very
dense-eared turgidum with thin, rounded glumes. The evidence for this
interpretation seems conclusive. Speltoid (42-KK) • vulgare (42-kk)
gave a 1 : 2 : 1 ratio in P~; speltoid • turgidum (28-KK) gave only
keeled plants--speltoids, turgidum, a n d a series of intermediates between
~hem; and turgidum • vulgare F 1 (35-Kk) gave a 1 : 1 ratio for K : k
when crossed back to turgidum. Finally, by comparing the types 28-kk
and 42-kk, or 28-KK and 42-KK, and by other similar evidence (Watkins,
1928), ir was concluded that the effect of the extra chromosomes was
like that of K itself; and ir was therefore suggested that one of them
carried a group of linked factors, K', similar to K. The formulae of the
turgidum and vulgare parents would therefore be (KK) and (kk)K'K'
respectively (see also later, p. 239).
Apart from the fact that the keel of the glume has some value in
systematics, the interest of the case is iirst the explanation it gives of
the appearance of two new types, each assocŸ
with a differeat
ehromosome number. Secondly, that owing to the great differences
between round glumed turgidum and vulgare, of between turgidum and
speltoid--differences that ate no doubt largely due to the extra chromosomes--it could not have been predieted from the appearance of the
two 28 chromosome forms that the genetical difference between them
was the same as that between the two 42 chromosome forros; and ir was
suggested that, in general, the variation within allied species may often
be due to similar genetic differences even when this is n o t a t first
apparent. Ir should be mentioned that the dense-eared, rotmd-glumed
turgidum or durum types that come ffom crossing these species with
vulgare have often been erroneously referred to in the literature on such
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crosses as compactum types, or as dense-eared vulgare types; the reason
being that a rounded glume is not usually found in wheats of the Emmer
group.
Later (1928), formulae were suggested to express the relation of the
vulgare and turgidum forms to other wheat types. In addition to k, K
and K', the formulae involved Ks, which was related to k and K as ir
the three were multiple allelomorphs, but it was considered possible that
eaeh was really a group of linked factors.
From the results just given we can follow the general principles of
inheritance in these crosses; but a disadvantage of the method is that
only a small number of plants could be studied, so that exceptions
and complications may have been missed. This contrasts with the
work of the Sapehins (1928) who continued to F~ a durum • vulgare F 2
consisting of 284 plants, several hundred thousand plants being examined
in all. The method of investigation was to study separately the durum-like
and vulgare-like se~egates for a number of generations; classifieation
being carried out by comparing each individual with a standard scale
of ear types (A. A. Sapehin, on vulgare-like plants) or glumes (L. A.
Sapehin, on durum-like plants). In the scales were 35 and 61 types
respectively. Simple Mendelian segregation was observed, but segregation occurred "mostly in regard to types, to complexes of genes."
Apparently, a factorial analysis was not attempted; but since the types
were followed for several generations considerable insight into the
principles of segregation was gained.
It was found that many characters eould be transferred from one
species to another; for instance glume characters, as noted above (p. 236).
Presumably, from the results of other workers, the observed transference
of characters such as rust resistance and hollow straw was only of rare
occurrence, but this is not stated. Segregates combining certain valuable
durum properties with the general features of vulgare were obtained.
As we have mentioned, many of the charaeters segregated in linked
groups; thus, when the durum segregates were classified by glume shape
ir was found that many charaeters went with this feature. But " t h e
presence of rare exchanges makes us suppose that every such combination of characters depends on several genes closely linked with one
another." Only combinations of characters were associated with
chromosome number.
These results support the possibility that k, K and Ks, mentioned
above, are actually groups of linked Ÿ
We ate now in a position to draw certain conclusions about inheritance
Joum. of Gen. xxIn
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in these crosses. First, some charaeters, such as hollow straw and rust
resistance, are usually associated with a high o r a low ehromosome
number. Others--even important features of the glume shape--are
easily transferred from one species to another. Seeondly, new characters
appear, and there is a general tendeney for variation to exceed the limits
turgidum

~ulgare

Ÿ

Ÿ

SSI

X

Fl

I =

28 chromosome segregates

y

=

42 ckromosome segregates

(1) xx

D i a g r a m 3. Example of the association of type with chromosome number. The character
determined by X is transferable from one species to another. B u t the type is associated
with chromosome number, since the 42 a n d 28 chromosome segregates will differ by
Z ir both are xx, and by Y if both are X X (vulgarr chromosome8 shaded).

set by the parents. Thirdly, many characters segregate in groups, and
these groups are probably determined by groups of factors, since ah
occasional separation of the characters has been reported. FinalIy, there
is a definite association between chromosome number and type, i.e.
combinations of characters.
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Alt these facts evidently agree with the factorial composition deduced
above (p. 233), namely, that the paired and unpaired chromosomes
carried a similar series of factors, turgidum gametes carrying A1 and
vulgare a l a z. The former species being tetraploid and the latter hexaploid we should expect them to contain, respectively, two and three
similar series of factors; and if this is so the formulae should be AlA2
and A1 a2 Aa. Introduction of the third factor is not necessary to explain
the results but is preferable for the reason just given. We will assume
throughout that A ais carried by an unpaired chromosome. Then in the
cross ala2 • ala2A3 the character determined by these factors would be
associated with chromosome number absolutely unless there is occasional
pairing between A3 and another chromosome.
In a r a 2 • ala2a3 the character would be transferable.
In alA2 • ala~A~ we should obtain the new character given by ala2.
In the same cross we should obtain a~A2A 3 in which the character might
be more highly developed than in either parent; and there would be
similar occurrences in most of the possible crosses, e.g. Ala2 • AIA~aa.
Finally, if A~, etc. represent different groups of linked factors, e.g.
A~ = wXyz and Az = WXyZ, etc., we shall have ah association between
type and chromosome number. This was actually worked out of course
in the case of the new type speltoid, where the cross K • kK' gave the
new types k and KK'. Ir K and K' ate different all four types would be
associated with chromosome number. An illustration of such a case,
wherein the combination of characters is associated with chromosome
number although the individual characters are not, is given in Diagram 3.
If X and x in the diagram represent the characters keeled and round then
these characters are transferable ; but the two round glumed types (round
glumed turgidum and parent vulgare) will differ in other characters, as
will the two keeled types (parent turgidum and speltoid). The characters
actually involved are ear density and glume thickness, but at this stage
these characters cannot be defined factorially sinee the available evidence
refers only to the groups A2 and Aa, and A~ requires to be known as well.
The formulae found for the characters waxy and waxless, and for
keeled and rounded glume, therefore explain the general features of
inheritance in the crosses we have been considcring. The crosses will have
to be worked out much more fully, and some characters may prove to
be inherited in a different manner, but ir seems fairly certain that many
characters are inherited along some such lines as those suggested.
A method of attack has been provided, but complications probably exist.
We can also lmderstand more clearly why members of the different
16-2
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groups are usually distinguished by differerlees in degree rather than
kind, or by the way in whieh characters are combined.
(5) THE ORIGIN OP SPELTOID MUTANTS.
Speltoid mutants appear sporadically, as mutants of as chimaeras, in
cultures of T. vulgare; and ate interesting from their curious genetic
behaviour as well as from the theories suggested to explain their origin.
Their genetics, and that of the related forms, is very complicated and
ir will probably be best to discuss them in relation to Winge's theory
(1924) that they arise from the irregular pairing of chromosomes at
reduction. Winge pointed out that the gametes of the hexaploid
T. vulgare should be regarded as having 7 + 7 + 7 chromosomes, of
which one set of 7 is not very different from another. Ir a chromosome
from one of these sets be called A, then the other two sets wi]l contain
chromosomes B and C not very difFerent from A. Considering only these

chromosomes, that is one from each set of 7, vutgare will have the formula
ABC.
ABC, and ir is suggested that, because of their similarity, B and C may
sometimes pair at reduction instead of B always pairing with B and
C with C, as they should", so that ACB
ABC would form the new gametes
A B B and ACC. The former meeting the normal gamete ABC, would
give ABB
A B C which, ir is supposed, is the mutant form, the heterozygous
speltoid.
In support of this view Winge found that, in a heterozygous speltoid
with 42 chromosomes, but not in the normal form, a trivalent a n d a
univalent could be seen. These, he considered, were BBB and C. In the
homozygous speltoid, which would be AABB,
B B he gave evidence that a
quadrivalent chromosome is sometimes formed. Since, however, heterozygous speltoids may split up into the three types, normal, heterozygote
and homozygous speltoid, in widely different ratios, he supposed as well
that in "some strains the univalent C might be lost frequently and only
rarely in others; and, again, that in some strains pollen carrying A B B
Inight tend to be eliminated. The formation of 41 chromosome heterozygotes 9 3 was also envisaged. In discussing the experimental results
in the light of Winge's theory, the great diiIiculty is that the genetical
and cytological investigations have been carried out independently, with
the single exception of Huskins' (1927) work on the analogous problem
of the fatuoid mutants that are found in the hexaploid oat A. sativa, and
even here the correlation is not yet completely worked out.
In Huskins' work the most striking feature is the demonstration that
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the heterozygous fatuoid may have 41, 42 or 43 chromosomes, and will
give different ratios accordingly; so that Winge's subsidiary assumptions
to account for the aberrant ratios are in some cases unnecessary. In bis
type 1 Huskins found that the normal, heterozygous fatuoid, and homozygous fatuoid all had 42 chromosomes. The reduction divisions of the
normals were rather more irregular than those of normal varieties, in
that univalents were occasionally seen, but 21 bivalents were usual and
trivalents were not observedo The heterozygotes could have 1 trivalent
+ 1 univalent, but it was only rarely that both of these could be seen in
a single cell because of the difficulties of observation. Oat chromosomes,
like those of wheat, are large and tend to obscure each other. In the
homozygous fatuoids a quadrivalent was probably frequent, but ir was
usually not possible to establish its presence certainly. As would be
expected, the heterozygotes of this type give approximately 1 : 2 : 1
ratios, but the ratios are somewhat irregular.
In types 2 and 3 the heterozygote has 41 chromosomes, which give
20 bivalents + 1 univalent at meiosis, and must be regarded as 93176
The normal has 42 ehromosomes, AA BBCe " The homozygous fatuoid has
40 chromosomes, which may give 20 bivalents at meiosis, but the
divisions are usually rather irregular. Ir only occurs in small numbers
and is weak and sterile, being a sterile combination (see p. 208) with the
formula 93 As would be expeeted, each type gives fewer normals than
heterozygotes, the ratio being in one case about 1 : 1.5 and in the other
about 1 : 4.
In type 4 the heterozygote has 43 chromosomes, which usually forro
20 bivalents + 1 trivalent but may give 21 bivalents + 1 univalent. Ir is
regarded as AAB VBBC " The normal has 42 chromosomes that pair regularly.
The homozygous Ÿ
has 44 chromosomes and is dwarf and sterile,
being presumably AA BB CC BB " Its divisions ate rather irregular, but it was
sometimes possible to count 22 bivalents and sometimes 20 bivalents
+ 1 quadrivalent. The strain gave about 8 normal : 19 heterozygotes : 8
fatuoids. The results are too limited for this ratio to be discussed, but
probably ir approaches 1 : 2 : 1 because ah extra chromosome has less
disturbing effect than a missing one.
In these results the cases where the fatuoid type is assoeiated with
the gain or loss of a whole ehromosome seem convineing; and though
the first case, type 1, is clearly much more difficult to establish, there
seems no doubt that the chromosome behaviour is different in the three
types--normal, heterozygote and fatuoid--and the interpretation given
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by Winge and Huskins probably contains a good deal of truth. Huskins
has attempted (1928) to explain Nilsson-Ehle's speltoid results (1920,
1921) along similar lines, but before considering these, and the work of
Lindhard (1922, 1923, 1927) and /~kerman (1920, 1923, 1927), some
preliminary explanations are called for.
The characters speltoid and bearded are associated; beardless heterozygotes giving nearly always only beardless normals, beardless heterozygotes, and bearded speltoids; but a crossing-over of about 27 per cent.
has been observed on rare occasions (see p. 247). Presumably the factors
involved are carried by the same chromosome, and on the theory outlined
above the beardless normal, AA BB O
C , carries beardlessness (the dominant)
in chromosome C, whieh may be represented as ~less
norm.._~~,chromosome B being b'ded_~~ -**-'sP"Since the 41 chromosome heterozygotes
segregate because of the segregation of a whole univalent chromosome,
complete linkage between the characters bearded and speltoid must
follow. But in the 42 chromosome heterozygote, AA BB BC , B can pair
with C and the linkage in question should no longer be complete.
I t i s possible, too, that ah occasional cross-over might occur in the 43
chromosome heterozygote since the divisions in this forro are somewhat
irregular, and a trivalent may be formed.
The considerable body of genetic work carried out by Nilsson-Ehle
and Lindhard was done entirely without reference to eytology, and
interpretation is therefore difficult. The 42 chromosome strains should
usually be distinguishable from those with 41 or 43 by the homozygous
speltoids, whieh should be vigorous and fertile in the first case, weak
and sterile in the second. Unfortunately, these details do not appear
always to have been given. Furthermore, the ratios found have probably
often been distorted by winter-killing: Akerman mentions a survival rate
of about 30 per cent., Lindhard (1922, 1927) rates from 17 to 77 per cent.
The latter has shown too (1922) that winter-killing falls more heavily,
in some strains, on homozygous fatuoids than on normals; while " I n
anderen Linien kann wiederum der Vulgare-Typus der schw~ichlichere
sein" (1927). Though it is evident from the results that many of the
distinctive features of the splitting ratios ate not due to winter-kitling,
there are yet many cases in which uncertainty is inevitably introduced
thereby. Finally, Lindhard (1922) has also concluded that natural
crossing takes place occasionally: as might be expected flora the fact
that in 41 and 43 chromosome strains the heterozygotes would be
partially sterile and the homozygous speltoids still more sterile. Granting
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that crossing is the correct explanation, the cases in question can usually
be picked out but uncertainty exists in a few instances.
On the basis of the ratios in which they segregate, Nilsson-Ehle (1921)
has divided bis speltoids into three types, A, B and C. In type A the
ratio approximates to 1 : 2 : 1 but the homozygous speltoids are in
defect; e.g. 42 normal : 81 : 29, and 60 : 81 : 15 (1921, Tables II, XIV);
and the homozygous speltoids are, as expected, "verhiiltnismiissig
zahlreich und starkwachsend." A strain of this type examined by
Huskins (1928) was found to have 42 ehromosomes in each of the three
forros and split up into 14 normal : 21 : 9. We can be fairly confident
that the cases cited by Nilsson-Ehle as belonging to this type really
have 42 chromosomes; but, nevertheless, contrary to expectation,
linkage between the bearded and speltoid characters is complete in
every case. Nilsson-Ehle considers that the departure from a ratio of
1 : 2 : 1 is caused by a partial elimination of pollen carrying the speltoid
character.
Heterozygotes of type B give very few homozygous speltoids, and the
heterozygotes are more numerous than would be expected on a 1 : 2 : 1
basis; e.g. 12 normal : 53 : 1 (see 1921, Tables IV-IX). The progeny of
a large number of heterozygo~es contained about 1 per cent. of homozygous speltoids; a further type, sub-compactum, was Ÿ
almost as
often, and an awned speltoid heterozygote less frequently. In several
strains Huskins fotmd that the normals had 42 chromosomes and the
heterozygotes 41. The latter formed 20 bivalents + 1 univalent, and
were given the formula ABC
A B " This evidently agrees with the ratios found
for heterozygotes of this type. Since the univalent is sometimes lost
20 chromosome gametes would be formed more often than 21 ; and almost
certainly (p. 226) 21 chromosome pollen would be favoured at the
expense of that with 20. The ratios would be expected to fluctuate, as
they do, and an exeess of 41 over 42 chromosome progeny would be
expected. But sueh a great defect of the sterile combination, the 40
chromosome bearded speltoid, suggests that elimination of zygotes may
possibly have been a factor in addition to those discussed earlier (p. 226)
--loss of univalents and pollen sterility--which is not unlikely in view of
the probable losses flora winter-killing. The complete linkage between
beardless and normal agrees with expectation. The occurrence of a few
bearded heterozygotes may be due to natural crossing of to a pairing
between chromosomes B and C accompanied by crossing-over, as
explained later (p. 248). The sub-compactum type will not be dealt with
he~e beyond what is said on p. 250.
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The heterozygotes of type C (1921, Tables X-XII) again give very
few homozygous speltoids but gire more normals than heterozygotes,
or sometimes approximately equal numbers of the two classes; e.g.
61 normal : 45 : 2, or 61 : 61 : 3. In most cases the three types, A, B and C,
are easily distinguished by their different ratios; but occasionally, as
Nilsson-Ehle points out, a ratio may leave the matter doubtful, e.g.
102 : 188 : ]. In two strains examined by Huskins which sp]it in ratios
of 48 normal : 67 : 0 and 40 : 48 : 2, the normals had 42 chromosomes
and the heterozygotes 43, while 1 homozygous speltoid had 44 chromosomes. The heterozygotes sometimes gave 20 bivalents + 1 trivalent, but
the divisions were somewhat irregular. Their formula is presumably
ABCB
One normal, out of four examined, had only 41 chromosomes,
ABC
"
and must be presumed to lack a chromosome that has no influence on
the speltoid character. The ratios found are again what might be expected
from the cytology of the heterozygote; and there is again complete
linkage between beardless and normal, except for the occasional production of awned speltoid heterozygotes and awnless speltoid hornozygotes, which might have originated as indicated above.
All three types, A, B and C, can originate as mutants from normal
plants, and in 1921 Nilsson-Ehle stated that tire of eaeh type had been
found. On the chromosome view they originated when a normal plant
ABC
through irregular divisions, gave gametes ABB, AB or ABCB. He
ABC '
also found that a heterozygote of type C (43 chromosomes) could throw
one of type B (41 chromosomes); a line throwing excess of normals
suddenly giving a plant that throws excess of heterozygotes (see especially
1920, Table II). On the chromosome theory this is not unexpected,
since the rather irregular divisions of the 43 chromosome heterozygote,
ABCB
might easilv gire a 20 ehromosome gamete AB. Nilsson-Ehle
ABC '
observed this several times; but he also concluded, though only on two
occasions out of 260, that type B could gire type C (1921, Table VIII,
no. 1917-384, and Table XIII, no. 1920-514). This is less likely on the
chromosome theory since it demands that the 41 chromosome type AABBC
should have given a gamete ABCB, which though not impossible seems
unlikely. Ir should be pointed out, however, that the first of the two
exceptionaI C fines out of B contains two sub-eompactum ptants, and
the other type C families (Tables X - X I I ) contain none.
A great amount of valuable data has been given by Lindhard (1922,
1923) who carried on for a number of years the progeny of a single
mutant that appeared in 1914. The original heterozygote gave 18 normal
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(called squarehead by Lindhard) : 54 beardless heterozygotes : 2 bearded
heterozygotes. Except that the normals were larger and stronger than
the heterozygotes there is no evidence as to whether the latter were 41 of
42 chromosome forros, since the ratio might conceivably have been given
by either. Lindhard suggests that the two bearded plants arose from
natural crosses, and throughout the experiments occasional aberrant
forms appear to have come in this way. The uncertainty that m a y arise
from winter killing has been referred to already, and it should be pointed
out t h a t in one winter, which was very severe, the survival rate was
only 10 per cent. Lindhard himself showed that a true ratio of about
1 normal : 8 heterozygotes could sometimes become about 1 : 5. With
very few exceptions, whieh are given below, all the lines continued to
split in the ratio of about 1 : 5 or 1 : 8 heterozygotes plus a few "compactum type." Homozygous speltoids were not obtained. This suggests
t h a t they were all of type B, in which the heterozygotes have 41 chromosomes; and that the sterile combination, homozygous speltoid, has been
completely eliminated. This view agrees with the fact that ~ heterozygote • ~ normal gave a ratio of 14 normal : 195 heterozygotes though
the number of normals is rather low; and is not inconsistent with the
ratio 103 normal: 0 heterozygotes for the cross $ normal • ~ heterozygote, though complete elimination of 20 chromosome pollen is
surprising. On the other hand, in a few exceptional cases, these I : 5 lines
threw 1 : 1 lines (1923, Tables II and XX); and if both ratios are to be
explained on Huskins' theory this demands the unexpected throwing of
a 43 chromosome heterozygote by one with 41 chromosomes. In one
case ah original 1 : 5 line gave a family splitting in the ratio 1 : 1. The
heterozygotes of the latter continued to split in this ratio except for one
plant which changed back to 1 : 4, and this ratio was continued exeept
by one plant, which went back yet again to 1 : 1. Lindhard suggests t h a t
the latter cases may have been caused by natural crossing between lines
of different type.
We must now turn to the homozygous speltoids, which appeared
in Lindhard's cultures on three separate occasions. In the first case
two heterozygotes from a line splitting in the ratio 15:65 gave 9
normals : 63 : 14 homozygous speltoids and 6 : 44 : 51. These ratios
suggest t h a t the two heterozygotes were 42 chromosome forros, and this
is supported by the high weights of the homozygous speltoids split of[,
since if the latter had come from a line of B or C type they should have
been small and nearly sterile. The original line suggests B type, however,
so t h a t a 41 chromosome heterozygote A~V mlmt have given two
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42 chromosome heterozygotes ABr
ABB, a quite possible contingency. In
the second case a family of 71 : 474 contained one plant differing somewhat from the test and giving 2 : 15 : 2 homozygous speltoids. The latter
being frail, dwarf-like, and of low fertility, were almost certainly 40
chromosome plants, so that their origin needs no special comment beyond
the fact of their parent plant having differed from the test of the family.
The third instance need not be given here.
Apart Ÿ
a few cases to which attention has been called, we can
conclude t h a t Lindhard's results agree with the supposition t h a t bis
original m u t a n t was of the 41 chromosome type, and continued to split
in the expected fashion, but gave occasionally 42 and perhaps 43 ehromosome lines. Ir is, therefore, surprising that the line examined by
Winge (1924) was fmmd to have 42 ekromosomes instead of 41.
In a later paper (1927) Lindhard gives the results obtained by
eontinuing the line in which homozygous speltoids were first found. Ir
will be recalled t h a t this appeared to be a 42 chromosome line. The ratios
forro an almost continuous series from I : 5, which we have called type B,
to i : 2 : 1, t y p e A ; e . g . 29 : 146 : 0, 28 : 213 : 3, 28 : 193 : 10, 21 : 129 : 17,
15 : 69 : 22. Lindhard's interpretation is t h a t the ratio is affected by a
pair of factors L and 1, which also influence the ear density. Thus, he
found three types of speltoid heterozygotes: (1) dense eared, 11, giving
a ratio of about 1 : 8 : 0, and continuing to give this ratio; (2) medium
density, LL giving a ratio of e.g. 13 : 63 : 4, and splitting off plants of
type (1); (3) lax eared, LL, giving a ratio of e.g 15 : 149 : 76. It is not
certain from the results whether the heterozygotes of (3) continued to
give ratios of this type as they should on Lindhard's theory. In the
absence of cytological observations ir is dit~cult to interpret these
results. Lindhard was possibly dealing with a mixture of cytolo~cally
different t y p e s - - t y p e (1) being perhaps a 41, type (3) a 42 ehromosome
type, and type (2) perhaps a 42 chromosome type t h a t split off 41 chromosome plants--but, even so, some of his results show that phenomena
other than those suggested by the chromosome theory ate involved.
A good example of this is given by lines t h a t split in a ratio such as
15 : 149 : 76, wherein the defieiency of normals is assoeiated with weak
growth.
The segregation observed by Akerman (1920, 1923, 1927) in bis
speltoids need not be considered in detafl since ir was similar to t h a t
observed by Nilsson-Ehle. Ah important feature of bis work is t h a t
speltoids were often found to arise as ehimaeras; and that, consequently,
irregular ratios will sometimes be produced by this means. On the
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chromosome theory a chimaera would arise from loss of a chromosome
a t a somatic division.
The different types of splitting found by Kajanus (1923 a) also agree
on the whole with those of Nilsson-Ehle. The mutants appeared after
crossing various vuIgare wheats, in F~ and la~er, and ah interesting
conclusion is that they appeared to come in definite (smaU) proportions
in the different cases.
It is c]ear that a great many of the results given above agree with
Huskins' theory, but there are also several difficulties: (1) Throwing of
C type (43 chromosomes) by B type (41 chromosomes) is reported by
Nilsson-Ehle and Lindhard. This is not impossible on Huskins' theory
but is unexpected. (2) Most of Lindhard's heterozygotes should have
41 chromosomes but the one examined by Winge had 42. (3) The results
attributed by Lindhard to his factor L need explanation; but they can
hard]y be used to contradict the theory in the absence of evidence us to
the cytological nature of the strains. (4) The effeets of the B and C chromosomes on the plant are not very easily understood. Thus, no difterences
are described for the ears of the three types xBe
ABC and zlBc2~
but
AB ' ABB
ABC '
these are all quite ditYerent from the homozygous speltoid AA BB CC BB "
These difficulties will probably be cleared up, but certain facts
suggest that, in addition to the factors suggested by ttuskins, other
phenomena are involved:
(1) The complete linkage between bearded and speltoid in 42 chromosome heterozygotes. Apart from species crosses, in which the crossiagover is about 39 per cent. (Watkins, 1928), the only exception to complete
linkage reported is that given by Nilsson-Ehle (1927), who crossed a
bearded normal • a beardless speltoid and found a crossing-over of
about 27 per cent. It is true, of course, that in this cross ir is beardless
and speltoid that enter the cross together, and in the mutants ir is
bearded and speltoid that are completely linked. But this cannot be the
reason for the difference in behaviour, since in the F 2 from Nflsson-Ehle's
cross some of the heterozygotes are formed of course from the union of
bearded speltoid with beardless normal gametes; and the F a shows that
the expected 27 per cent. crossing-over between bearded and speltoid
has oecurred in these eases. Evidently there is something in 42 chromosome speltoid mutants which prevents crossing-over in one chromosome,
although this is n o t a necessary characteristic of speltoids.
(2) Both Nilsson-Ehle (1921) and Akerman (1923) have concluded
that there is sometimes a partial elimination of pollen carrying the
speltoid character in A type heterozygotes. This muy perhaps be due to
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the same factor involved in (1) above. That ir need not necessarily occur
in speltoids of this type is shown by the good 1 : 2 : 1 ratios that are
sometimes obtained.
(3) The occurrence of strains in which the normal segregates are
weak and in defect (p. 246; Lindhard).
(4) A normal plant must form the gamete ACC as often as ABB, so
that 42 chromosome compactum and speltoid heterozygotes should arise
equally often. Actually, the former have not been recorded as original
mutants. In other cases, too, the chromosome theory postulates gametes
for which there is no evidence.
Nilsson-Ehle (1920, 1921, 1927) has of[ered a dif[erent explanation
for the origin of the mutants, which, together with his criticisms of the
chromosome theory, must now be dealt with. Winge's theory involves
a whole chromosome; Nilsson-Ehle's loss mutation affecting a considerable
region of one chromosome. He points out that, although total mutations
from beardless normal to bearded speltoid are most frequent, he has also
had instances of partial mutation--from beardless normal either to
beardless speltoid, or to bearded normal, or to hall awned normal.
Clearly the simplest view is that these are factor mutations as he argues,
and it is therefore reasonable to regard the complete change asa complex
factor mutation. From the linkage value found, the two factors bearded
and speltoid must be situated some distance apart in the same chromosome, and he considers that a complex mutation involves not only these
two factors but the fa ctors lying between them as well; and that because
the whole region is affected crossing-over is prevented, the pollen
carrying the mutated chromosome is adversely affected, and the mutants
are in general weaker than the normal plants. But when a beardless
speltoid arises it is from the mutation of one factor alone, and crossingover is then possible. Winge, on the other hand (1924), suggests that
par~ mutations arise from a cross-over between chromosomes B and C.
Thus the normal plant BBCC, of
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and from this the usual heterozygous speltoid arises. But ir crossing-over
has occurred at the same time as the faulty pairing then the gametes
b'less
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sp.
- - - - - > <---
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would be formed; and from these would come the beardless speltoids and
the bearded normals. This explanation would of colarse cover certain
exceptional plants referred to on earlier pages (pp. 243 and 246). Against
this explanation Nilsson-Ehle points out that in the 42 chromosome
heterozygous speltoid BBC
B crossing-over neveL or hardly ever, occurs;
therefore the part mutations could not arise in this way. On the chromosome theory, therefore, we have to explain why a mutant produced by
pairing between B and C without crossing-over gives no crossing-over
in subsequent generations; while a part mutant, produced by pairing
between B and C with crossing-over, does give crossing-over in subsequent
generations. A strong argument for Nilsson-Ehle's view is, in my
opinion, the faet that both half-bearded normal and bearded normal can
a¡
from beardless normal. The simplest view of the relation between
the three types is that bearded, half-bearded, and beardless forma series
of multiple allelomorphs; indeed they a r e a typical instance of this
phenomenon. If this be granted, then the ori6n of half-bearded of
bearded from beardless is almost eertainly an instance of factor mutation.
I t i s not, unfortunately, quite certain. Winge considers that speltoids
come from a rearrangement involving chromosomes B and C; B carrying
bearded and C beardless. If the third chromosome A carries half-bearded ,
a rearrangement involving A would make the origin of half-bearded forms
possible. I have, throughout this discussion, neglected possibilities
connected with this chromosome since their consideration at this stage
would add confusion to a subject already sufficiently obscure. NilssonEhle himself, however, does not consider that the three characters are
due to multiple allelomorphs, since he finds that crossing-over between
bearded and speltoid is about 27 per cent., and between half-bearded
and speltoid about 36 per cent. This seems to me to mean that the
bearded and half-bearded factors influenee the amount of crossing-over;
but Nilsson-Ehle concludes that half-bearded is further from speltoid
than is bearded, thus
89b'ded
---> < - -

b'ded

sp.

~ <

~<--

and that the characters behave genetically like multiple allelomorphs
beeause crossing-over cannot occur in the region between bearded and
half-bearded.
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In conclusion, ir seems to be well established that speltoids can arise
from the Ioss or addition of a whole chromosome; 41 or 43 chromosome
forms, which can be readily demonstrated cytologically, being produced.
But, paradoxically enough~ although this theory was developed as an
extension of Winge's, Winge's theory itself is less satisfactory. He supposed that a 42 chromosome mutant arises simply from a meehanical
irregularity at the heterotype division; this giving a rearrangement of the
existing genetical material, B being substituted for C, a n d a gamete
ABBproducedinsteadofABC. Cytologieally, thisisdifficulttoestablish.
Partly because ir is not easy to prove the existente of a trivatent chromosome in a 42 chromosome wheat, where the large size and numbers
of the chromosomes both give difficulty. Partly, also, because the
trivalent chromosome in the heterozygote is presumably the result of
the change from normal, and does not necessarily show that irregular
pairing occurred in the normal itself. As for the genetic evidence,
phenomena such as the linkage relations between bearded and speltoid-their complete linkage in 42 chromosome heterozygotes, coupled with
the o¡
of partial mutations--show that Winge's hypothesis alone will
not explain the facts. On the other hand, ir does bring the origin of 41,
42 and 43 chromosome heterozygotes aI1 into line; while Nilsson-Ehle's
theory of factor mutation, although ir agrees satisfactorily with the
genetical evidenee, can only apply to the 42 chromosome forms and would
leave their origin quite unrelated to that of the others. For this reason,
and because ir is a logical development from the polyploid nature of
wheat, Winge's theory is attractive; but it will evidently need considerable modification. The diversity of strains isolated by Lindhard,
e.g. the one with normals of weak growth, indicate that the problem is
more complicated than the chromosome theory in its present forro
suggests I.
The origin of speltoids not yet bcing clear I have not dealt with the
compactum heterozygotes and other types that have also been found.
The valuable data given by Lindhard (1922, 1923) on these forms show
that the sub]ect is one of great eomplexity, and is very important f o r a
proper understanding of the speltoid problem. From its appearance, the
compactum heterozygote is evidently the complimentary form to the
9spelt~ heterozygote, namely
The origin of speltoids in species crosses has no clirect bearing on
their origin as mutaats.

ABcACC.

i The origin of s u c h s t r a i n s could be readily explained, of course, ir crossing-over
between B a n d C r
occur.
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(6) INIIERITANCE IN CROSSES BETWEEN TETRAPLOID WHEATS.
Two abnormalities have been observed in these crosses. The first,
apparent failure to segregate, was reported b y Biffen (1916) in a cross
between a white chaffed Ÿ
a n d a grey chaffed turgidum. F 1 was
white chaffed, almost like the paren~ polonicum, and all plants of F 2
and later generations up to F e were the same colouro The second case
was first noticed by Caporn (1918) in a cross between Ÿ
and
durum, and was studied in detail by Engledow (1920, 1923), who termed
the phenomenon "shift." It was found that, although the long glume
of polonicum and the short glume of durum gave a simple 1 : 2 : 1 ratio,
the extracted pure long forms were far shorter than the original long
parent. Shift was also noticed b y Vavilov and Jakushkina (1925) in
a persicum • durum eross. In all these cases the evidence t h a t the parent
forros could not be recovered seems to me convincing. Philiptschenko
(1927) gives a case, in crosses between vulgare varieties, in which, though
shift could be detected in F2, the parent forms were regained in later
generations. Since the parent forms were recovered it seems clear t h a t
there was no true shift in this case.
Darlington has puf forward autosyndesis as an explanation of these
phenomena (1928). He suggests t h a t the species concerned being tetraploids, the members of one set of 7 chromosomes in turgidum, for
example, m a y be more like the members of the other set in the same
species than they ate like those of a different species. Thus, if the white
chaffed polonicum is W W WW and the grey chaffed turgidum is w w ww,
F 1 would be W w W w and allosyndesis would give a 15 : 1 ratio. But
with autosyndesis the F1, which m a y be w ¡
W W w w , would only
give the gamete Ww; so that all plants of F 2 and later generations would
have the same formula as the F 1 and, like ir, would be white chaffed.
In the case of shift in glume length it was supposed t h a t a major factor
segregates in the usual fashion, thus giving a 1 : 2 : 1 ratio, but t h a t
modifyŸ factors are carried by chromosomes that pair b y autosyndesis,
so t h a t the parent type would not be recovered.
The explanation is attractive, and should be investigated further.
Malinowski (1926) has advanced a different explanation for shift.
On his theory it must be supposed t h a t polonicum, AB, differs from
durum, ab, by two chromosomes A and B which are in some way connected so that they always travel to the same pole. This connection is
broken in the F1 and A becomes attached to b, so that only the gametes
Ab and aB ate formed. Ir A controls the major difference in glume
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length, and B a small difference only, F2 will contain Ab with rather
shorter glumes than the Ÿ
parent, and aB with longer glumes
than the durum parent. Actually, of course, A and B need not be two
linked chromosomes but might be two linked factors in a single ehromosome; a cross-over in F1 giving Ab, whieh then remained comptetely
linked instead of AB being linked.
Malinowski has used his hypothesis to explain a number of features
of species crosses in wheat. In Spelta • vulgare, the more evident
differences in glume shape and ear density give a 1 : 2 : 1 ratio; and he
considers this to mean that the differenees were due to a group of
completely linked factors. He then found that vulgare • dicoccum gives
new types, whieh include Spelta and durum; and coneludes that this shows
that the faetors which were linked invulgare • SŸ
ate no longer linked
in vulgare z dicoccum, though this does not seem to me necessarily to
follow. For various reasons he was unable to regard this linkage as
ordinary linkage, and proposed the hypothesis of linkage between
ehromosomes, for whieh the following evidenee was eited:
(1) The appearance of new types when hexaploids and tetraploids
are crossed; e.g. vulgare z dicoccum giving Spelta and durum ; polonicum
• vulgare giving dicoccum, durum and Spelta. In these crosses Malinowski
considers that the reason why the linkage between ehromosomes is
broken is the existenee of univalents in the F 1.
(2) In crosses such as vulgare • dicoccum the parent dicoccum is
regained more often than the parent vulgare.
(3) In the same erosses the parent types are regained only in small
numbers.
(4) Shift and Che other casas dealt with above.
The phenomenon studied in (1) to (3) was the inheritance of type,
as determined by "the sizes and shapes of glumes and spikelets"; (2) is
clearly a consequenee of Che association between type and ehromosome
number eoupled with the faet that chromosome loss and other factors
(p. 226) causa a preponderance of forros with low numbers; while (3)
oceurs because many plants have an intermediate number in F2, and
for other reasons dealt with above (pp. 231-9). For (1) a different explanation, involving the effect of the additional ehromosomes of the
hexaploid species on type, has been offered (Watkins, 1928).
In this explanation the parent vulgare and Spelta forms are supposed
to have the haploid formulae kK' and KsK', and dicoccum the formula Ks;
K' being carried by the extra chromosomes of the hexaploid. The cross
vulgare • dicoccum, kK' • Ks, would give the new types KsK' and k;
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of which the former is the Spelta type and the l a t t e r a new type not
described by Malinowski but mentioned by Kajanus (1923 a, b). The
regular appearance of new types in most crosses between tetraploid and
hexaploid wheats was explained in this way, and the residue are likely
to yield themselves to further investigation. In my opinion the facts
cited by Malinowski in support of his very ingenious hypothesis are
better explained in the various ways suggested above.

(7) CV~ULATIVEFACTO~S.
The cumulative factor theory was first advanced by Nilsson-Ehle
(1909, 1911) from bis work on wheat and oats. In wheat he showed that
red chaff colour might be due to 1 or to 2 factors, and that red grain
colour might be caused by 1, 2 or 3. Now that ir is known that T. vulgare
is a hexaploid species, several writers have argued that ir probably
contains three similar sets of 7 chromosomes in its gametes, and that
many of its characters should therefore depend on 3 factors. The
suggestion is in some ways attractive. It is a logical conclusion; ir may
explain why so many characters show ah almost continuous range of
variation and why i t i s that the inheritance of so few wheat characters
has been put on a factorial basis. Undoubtedly, a careful comparison
of variation within the diploid, tetraploid and hexaploid groups should
be made for several characters; and the possibility that the results could
be explained by 1, 2 01 3 factors, respectively, should be tested genetically. No doubt diificulties would arise, especially since ir is not known
how lar the so-called cumulative factors ate really additive in their
effects. Nilsson-Ehle himself pointed out that races that gave a 15 : 1
ratio for chaff colour were of a deep red, bttt that some races which gave
a 3 : 1 ratio might be justas deep in colour, and only the splitting numbers
could show whether a 1 of 2 factor race had been used.
It is rather surprising that, except for a note by Castle (1928), to
which my attention has recentty been drawn, one important implication
of the view given above seems to have been overlooked. When cumulative
factors were first discovered Nilsson-Ehle suggested that they might
forro the basis of the inheritance of the so-called quantitative characters,
which appear to give a continuous range of variation in F 2. This view has
been widely accepted; but, if the above reasoning be correct, T. vulgare
is a special case--a polyploid species in which cumulative factors are to
be expected--and cannot be used as support for a general theory of the
inheritance of size. Lindstrom (1926, 1928) has given strong experimental evidence for the existence of single factors that control size; but,
J o u r n of Gen. XXlll
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ir we except the case of wheat~ the evidence for cumulative factors is
far less satisfactory. The method given by Philiptschenko (1926, 1928 a, b)
for testing the number of faetors involved in different crosses may give
useful results, but has not yet been adequately tested. To accept the
cumulative factor theory of size inheritance on the evidence now
available is not warranted in my opinion, and may mean that important
phenomena are being overlooked.
CONCLUSION.
There is no doubt that hybridisation is the most plausible explanation
for the origin of the tetraploid and hexaploid wheats. The three groups
are clearly separated by their morphology, geographical distribution and
ehromosome number. The two known methods by which tetraploids can
arise are simple chromosome doubling, as in the autopolyploid Primula
sinensis, and hybridisation followed by doubling, as in the allopolyploid
P. kewensis. The second method is evidently more probable for the
tetraploid wheats, since ir would explain at once, without further
assumptions, why there is no tetraploid like a diploid, and why the
tetraploids vary about types widely different from the diploids. Furthermore, hybridisation gives ah ~mmediate explanation for the origin of the
new charaeters, and for the greatly increased vgriability, which distinguish the former group so elearly from the latter. Our only assumption
is an nnlvaown species with which one of the diploids has crossed. The
change from tetraploid to hexaploid is distinguished by exaetly the
same features; and again, therefore, agrees with the theory of a hybrid
origin. There ate diffieulties, h£
Thus, the 14 chromosome wheats
apparently do not occur in Northern AŸ
where the tetraploids ate
supposed to have originated; nor does chromosome pairing in the hybrids
between the two se¡
appear to be as regular as might have been
expected.
Percival has given evidence that the hexaploids carne from a cross
between a tetraploid wheat and Aegilops ovata of A. cylindrica. Chromosome doubling after such a cross would give, however, 56 chromosomes
instead of 42; and the evidence of hybrid cytology, while suggesting
that there may be some relation bet-ween T. vulgare and A. cylindrica,
does not agree with the view that the former arose in the way suggested.
Related genera, such as AegiloTs, must evidently be considered in
connection with evolution in Triticum; but since polyploid series ex]st
in Aegilops as well, and these may have had a hybrid o¡
we must
admit the possibility that many of the species in the genera Aegilops,
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Secale, Agropyrum and Triticum are in some co~used fashion related.
The origin of any of these species is not likely to be an easy problem;
but something may be learned from the hybrids between the different
forms, and if a synthesis of T. vulgare or some other forro is ever
effected ir will certainly help the solution of several of the problems
discussed in this p a p e l
With regard to the further evolution of the wheat forros we can
but indicate briefly the more obvious considerations. The tetraploid
group contains a wide range of forros in which the varying chaxacters
occur in most of the possible combinations. Character recomhination
would follow from natural crossing; but we have also to explain why
the different forms, instead of being all equally frequent, are grouped
into so-called species connected by transition forms. No doubt agricultural conditions would have some effect; durum and turgidum, for
example, would normally be grown under different conditions and their
intercourse thereby restricted. In other cases there may be genetical
reasons; thus T. polonicum owes its specific rank to a genetical association
between a number of characters. Time may be another factor. Ii
natural crossing between two widely different types, A and B, were not
too Ÿ
it would gire, after a moderate interval, t-wo polymorphic
species connected by transition forros.
Next, we have to consider how the origin91 variations occurred; e.g.
the origin of black, red, or white chaff, long or short awns, and so on.
One possibility is loss mutation. Although it is doubtful whether any
certain case has been observed in wheat, there is indirect evidence in
the existence of polonicum with short grains and durum with long grains,
despite the apparently complete linkage between these characters.
Secondly, whatever may be the mechanism by which speltoid mutants
arise, the same phenomenon may occur in tetraploids, and might be
important since the change involves a number of factors, A giving a
markedly different form than B. Ir B produced further types, e.g. by loss
mutation, we should have a small group of forros deserving the term
species as much as some of the existing species deserve it. Finally, two
or more different species, e.g. dicoccoides, dicoccum, durum and persicum,
may have a¡
directly from the diploids by hybridisation; .and the
whole range of variation might have been comprised in these few
primitive forms. Dicoccum appears to be the most primitive cultivated
wheat in the series, and the sudden appearance of durum is perhaps more
easily explained by a separate origin than by origin Ÿ
dicoccum; and
new characters, one of the arguments for a hybrid origin for the tetra17-2
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ploid wheats, are lar more numerous in durum and related species than
in the primitive dicoccum. Several separate origins would also explain
the grouping into species; diversity within the species, and transition
forms, having come in the various ways suggested above.
The importance of the factors we have discussed cannot be estimated
until we know exactly how the different characters vary, how they are
combined, and how common the different combinations are. In addition,
adequate genetical knowledge is necessary.
Nor must ir be forgotten that evolution in diploids is little understood, and that whatever factors operate in them presumably operate
in polyploids as well, perhaps in a more complicated fashion. This would
diminish the chance that the existing polyploids can be s)mthesised from
existing diploids.
In the hexaploid series the situation is similar. The species Spelta,
compactum and sphaerococcum, are all elosely related to vulgare; and
although the latter is very polymorphie ir does not fall into elearly
defined groups. One of the arguments that these wheats h a d a hybrid
origin is that beardless, and several other eharacters, appear in them
for the first time. Pushed to its conclusion this argument implies at
least two separate origins for vulgare since there ate two types of beardless,
caused by different factors (I-Ioward and Howard, 1912, 1915). This
demands frequent hyb¡
between widely separated species, and
Popova (1923) aetually found in Turkestan great numbers of hybrids of
T. vulgare with A. cylindrica Host. and A. crassa Boiss.
Except for Winge's theory of the origin of polyploids, genetics and
eytology have not, so lar, taught us very much about the origin of the
wheat speeies or their subsequent evolution. Something may be learned
from the cytology of their hybrids with related genera; but so lar this
work has not been extensive, and must be done in greater detail if
affinities ate to be deduced from chromosome pairing. Within the
genus itself work on species crosses has been devoted, naturally enough,
ehiefly to special problems such as sterility; but sinee the principles of
inheritan•e in these crosses have now been worked out in a preliminary
fashion, a n d a faetorial analysis can be made, some progress should be
possible.
Similarity between the 7 ehromosomes of the diploid wheats and
7 from the tetraploids, and again between the 14 of the latter and I4 from
the hexaptoids, was suggested by the results of hybrid cytology. Further
development of the polyploid theory--that every set of 7 is more or less
similar to every other set--is due espeeially to Winge (p. 240). If the
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theory of hybrid origin be accepted, we must regard T. vulgare, for
example, as being composed of three sets of chromosomes Al, A2 and A3;
the chromosomes of A 1 being more or less similar to those of A 2 and Aa,
according to the difference between the species that o¡
entered
the cross and to the extent of subsequent ehanges. The genetics of the
pentaploid hybrids gives direet evidence in Ÿ
of this view sinee it
has been shown that the unpaired ehromosomes from the hexaploid
parent do, in some cases, carry factors similar to those carried by the
paired chromosomes. Apart from this the only evidence we have is the
existence of cumulative faetors. However, an explanation based on the
polyploid theory has been suggested for the origin of speltoid mutants;
and, subsequently, for the irregular inheritance sometimes observed in
crosses between the tetraploid wheats. As developments ffom t h e
polyploid theory both explanations are attractive; but ir must be
admitted that the former does not, in its present form, completely
explain t h e facts, and that the latter so lar lacks experimental
confirmation.
Sim~larly, the polyploid theory agrees with the general facts of
systematics, though here again experimental proof is laeking. In
diploids, ir a eharacter is a¡
by a factor A 1 only two forms occur,
namely those with the gametie formulae eh and A 1. In tetraploids and
hexaploids the number of possible variants would be greatly increased,
and we can understand the reason for "the extraordinary complexity
and almost endless number of varieties and intermediate forros of the
vulgare race" noted by Percival (see p. 197). Moreover, ~f Al, A 2 and A3
are different, we can have in the hexaploid a series of forros such as
A1A~A 3 whieh ate not possible in the other series; and we can understand why di¡
between the groups ate more often differences in
degree than in kind.
There are clearly good grounds for supposing that many features of
the genus are the outeome of its polyploid nature, but so lar there is
little experimental proof.
I wish to record my indebtedness to Prof. Sir Rowland Biffen, who
has always placed bis wide knowledge of wheat at my disposal; and
to Prof. Pereival for bis ffequent kindness in showing me bis wheat
colleetion.
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