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I. Inrropuctiow

Tap Crinkled Dwarf mutant of Sea Island cotton (G. barbadense) was
described by Harland (1918), and its genetic behaviour was worked out
by him and reported in five papers (1918, 1932, 1833, 1935 and 1936).
Harland showed that:

(1) Crinkled Dwazf is & single factor mutant behaving as a complete
recessive in crosses with its parent strain.

(2) The mutant of Bgyptian cotton (G. barbadense) known as
“Wrinkled Leaf” is identical with Crinkled Dwarf, but in an F, with Sea
Island normal, dominance was not quite complete and there were slight
gigns of crinkling. :

(3) In crosses hetween Crinkled Dwarf and various unrelated strains
of G. barbadense dominance was not complete, traces of crinkling ocour-
Ting on some Iy planis.

(4) Tn interspecific crosses with Upland cotton {@. hirsutwm) the
dominange mechanism was broken down, giving an intermediate J; and
an unclassifiable series in Fy.

(5} Repeated back-crossing to Upland strains resulted either in the
re-establislment of the dominanee of normal (back-crosses to Triumph
and Vireseent Yellow) or in the establishment of a strain in which there
was no dominance and the heterozygotes were intermediate hetween, and
readily separable @n1, hoth homozygotes (back-crosses to Meade). This



438 Occurrence of “ Orinkled Dwarf in . hirsutum 7,

latter result was ascribed to the presence in Meads of 5 small compongyy
of the . barbadense genotype,

(6) In crosses between the original strain of Crinkled ang that
extracted from the “ne dominance” stram (developed by repeatad hapl.
crossing to Meade), it was possible to select stramg Varymg in thep,
manifestation of crinklin g from pseudo-normal +o super-crinided,

Hazrland was nnable to find any evidence of the occurrence of Crinkleq
in Upland, and concluded that in that species the Crinkled locng waq
stable, or at most mutated very much more rarely than in Ses Island. Hig .
data clearly gave strong support to Fisher's (1928) theory that deminanee
18 not an attribute of the gene itself, but ig the result of the interaction of
the heterozygote with the rest of the genotype in which 1t ocenrs, The
behaviour of the mterspecific erosses showed that dominance hae been
built up i both species, bub in entirely diffepent ways. His conclusion
that Crinkled does not oceur in Upland, however, prevented Harland
from accepting Mishers theory, that in respouse to recurrent mutation,
dominance is huil up by the selection of genes which modify the heterg-
zygote in the direction of normality. He suggesed that modifiers of
deminance are of value to the normal type, and ave therefore subiect to
selection on their own account, The demonstration that i is possible
bo huild up a pseudo-normal, hemozygous for the Crinkled gene, is of
great importance, hut unfortunately it was not accompanied by any
investigation of the effects on the heterozygote of the modifiers of the
homozygote, From the description of the “pg dominance” gtraiy
(Hazxland, 1933), 1 appears that the removal of dominance factors had
the effect of greatly reducing the vigour of the homozygous Crinkled
under field conditions, hut there is no evidence as to the natiure of their
effect (if any) on the normal homozygote.

II Orreiy awp BEHAVIGUR OF INDORE (RINELET

The history of Upland cotton (@ irsutumy in Malwa, (Central India)
bas heen given elsewhers (Hutchingon & Ghose, 1937). From the Malwa
Upland component, of the local crop, selections were made in the 1924
season. In 1925 single piant selections were made from the resulting
material grown at Indore. For fogr generations self-fertilization and
single plant selection were practised. In 1930 the produce of the hest
plants from & single plant progeny of the 1929 season was bulked together
and sown in J atpur State ( Rajputana) under the name “Indore 17, Tk
was further multiplied there in the two following seasons. There is no
Upland cdmpmﬁut n the loca) Jaipur crop, and there were no other
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stramms of American cotton (either G. hérsulum or & barbadense) under
* cultivation on the Jaipur farm during these years. In 1933 seed was
returned o Indore for use in varietal and agronomic trisls,

At flowering time 15 was noticed that a pumber of plants were
suffering from a malformation very similar to the Crinkled Dwarf of Sea
Island. A count in all plots of Indore 1 growing at Indore {rom Jaipur
seed gave the following: :

4025 normal : 135 crmkled

ot 3-2 per cent erinkisd. No other Upland strain gave any crinkled.

Indore 1 single plant selections descended from the progeny from
which seed was supplied to Jaipur were muaintained at Indore coun-
tinuously, and in the 1933 progeny rows there were 103 plants, all of
which were normal.

The Upland Crinkled was first observed when the plants were fnll
grown, but 1t will be convenient to describe their appearance from the
seedling stage onwards. When grown in the field, seedlings of Indore
Crinkled appear normal until the development of about the fourth or
fifth leaf. The first evidence of abnormality is usually a slight yellow
mottling of the young leaf. Subsequent leaves develop very abnormally.
The balance between growth of the main leaf veins and the lamina
appears to be upset, and the leaf becomes crinkled and remains smail.
Growth is very slow, and the plants remain very small and stunted,
flowering only rarely, and only very occasionally yielding & ripe holl
see (Pl X1II d). When grown under good conditions in pots, the plants
develop considerably better, and usually yield a small crop, but the
development of the crumpling is the same.

In order to hasten the study of its genetics, Indore Crinkled and the
~ parental type were grown side by side in a greenhouse in the winters of
1933-4, 1934-5 and 1935-6. The normal type grew exceedingly well and
the conditions appeared to he optimum for both vegesative growth and
reproduction. The Crinkled type usually began to show mottling on the
fifth or sixth leaf and crinkling on the leaves immediately following.
Crinkling was strongly marked at about the cighth leaf, but was not
so severe as under field conditions (see PL. XIV). Growth proceeded satis-
factorily, but not so vigorously as in the normal. Tater the crinkling was
lost, and by the end of February, when the earlier crinkled leaves had heen
shed, the plants were quite normal iz appearance, and remained so until
the bolls were bursting. In mid-June crinkled leaves were again pro-
duced, and by the end of June the tops of she plants presented the
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* typical crinkled appearance. Crinkled plants in pots outside the gren-
house were typically crinkled throughout the period. Under greenhoyse
conditions, Keyptian “ Wrinkled Leaf” remained fully crinkled through.
out its life history.

-The Jaipur crop of Indore 1 and a crop grown under simiar con.
ditions from the same seced in Jodhpur were examined in September
1933. Crinkled plants were observed in about £he SA1€ PIoPortion as ai
Indore, but the appearance of the plants differed considerably, They
were well grown {about equal to normals in height), had cropped fairly
satisfactorily, and were very much less crinkled than in the field ag
Indore. Several plants were ohserved which showed only slight evidences
of crinkling, and would have passed for normal except under carefil
scrutiny.

Iii. Geweprios or InDoRn CrINELED

Croszes were made hetween Indore Crinkled and four normal Upland
strams: the parental strain (Indore 1), another Malwa Upland selection
{(Indore 25), Buri, and Punjab 289 F. F s were completely normal in
both field and greenhouse, except in Orinkled x Buri, In the Crinkled x
Buri #, there were 115 plants in the field, all completely normal, and
thirteen in the greenhouse, twelve completely normal and one showing
slight crinkling on some leaves.

In F, there was clear segregation inte normal and Crinkled. Apart
from a small percentage of plants suffering badly from red leaf and leaf
roil, classification was very easy. No specia] search was made for traces
of erinkiing on nermal plants, but if any were present they must have
heen extremely slight. Data for the four crosses arve given helow.

Nao. of F,

Cross families Normal Crinkled Total P30
Crinlled » Tndore 1 49 1003 310 1313 0-40
Crinkled = Indore 25 10 415 122 537 0-25
Crinkled » Buri 5% 4270 1381 506521 045
Crinkled » P 239 F 4 148 40 188 0-25
Total 122 5836 1853 TGRG 007
Exp. 5766-75 192225

The data from the four crosses agree well together. In every cross
there was a deficiency of the crinldled class below what was to be ex-
pected on a single factor theory, but in no ease did the deficiency even
approach significance. On the total, the deficiency of Crinkled is farge
enough to be regarded as highly suggestive, though it does not veach the
level customarily regarded as significant. In view of the extremely poor
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performance of Crinkled in the field, the deficiency can he confidently
ascribed to low viability.

In four small back-crosses between #7s and Crinkled, there were
obtained:

Normal Crinkled Tatal
Ohs, 42 3G 78
Exp. 29 29 78

a close approach 40 1: 1.

Thirty-eight progenies were grown from normal F, plants in the
Crinkled » Buri crogs. Twelve gave normal plants only in Iy, 780 in all,
and 26 segregated, giving

Normal Crinkled Total
Obs. 829 27 1100
Exp. 8235 295 1160

a very close approach to 3 : 1. Agreerent hetween individual families
and the totals was good in both Fy and Fy. The single factor relationship
between Indore Crinlded and normal is therefore satisfactorily established.

In order to establish the identity of Indore Crinkled with the mutants
described by Harland, it was crossed with the Beyptian “Wrinkled
Leat”. In the field the I, plants were strongly evinkled throughout their
life Listory, but grew better than the Indore Crinkled pavens. In the
greenhouse the 7, plants followed the same cycle of behaviour as the
Upland Crinkied, but the crinkling in the early stages was less marked
and more rapidly loss.

An Fy was grown in the field in 1836, The seedlings were at first
normal in appearance. Crinkling began to develep when the plants were
about & month old. A+ 5 weeks old and again at 16 weeks old the 7,
was classified, according to tensity of erinkling, as helow:

Very Very
Date Normal  slight Slight  Medinm  Heavy heavy Total
31 July 165 155 135 64 46 18 583
2 September 27 44 156 126 107 1317 a77

In PI. XT1IT are reproduced photographs of slight, medium, and very
heavytypes. In the « very heavy” class were included plants ranging from
typical Wrinkled Leaf (P1, XTIT ¢) to typical Indore Crinided (P1. XTI 4)
in appearance. Tt will he seen from the frequency arrays that the in-
tensity of erinkling increased greatly during August. It further increased
i later wmonths, but the.growth of barbadense hybrids in black cotton soil
I8 very poor and almost all plants suffered heavily from leaf roll and
jassid attack. No further attempt was made at complete classification,
but the behaviour of the nermals was watched. On 7 December all save
five had shown definite evidence of crinkling.
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IV, Discossion

The cross hetween Indore Crinkled and © Wrinkled Teaf” hehaved in
the same way as Harland’s (1935) cross hetween Upland Crinkled ang
Sea Island Crinkled. The few normals that remained ab the last connt
correspond to Harland’s pseudo-ncrmals. I may be concluded that
Indore Crinkled is due to the same gene as Jea Island Crinkled ang
Bgyptian * Wrinkled Leaf”, and that the remaining normals in Fy were in
fact homozygous for the Crinkled gene. In the four crosses within the
species (7. harsutum, Indore Crinkled hehaved as a complete recessive,
except for the manifestation of slight crinkling on a single 7y plant in
the Buri cross. Harland’s (1933) suggestion shat complete dominanee
may be the normal condition in 6. hrsutwm is thus strongly supported.

The bearing of the genetics of Crinkled Dwarf on Tisher’s (1928, 19313
theory of dominance may now be considered. Harland (1936) endeavoured
to show that there exist at least three normal alleles which differ in
their degree of dominance over Crinkled. His dats must be regarded ag
nconclusive, since the resnits e presented can be equally easily explained
on the hehaviour of dominance modifiers under the back-crossing systems
wiich he used. The possible role of normal alleles having a “margin of
safety” may be put aside until more critical data are available.

It is clear that the main cause of dominance is groups of modifiers
present in the vest of the genatype, and is independent of differences at
the Crinkled locus. Harland believes that these modifier groups are part
of the normal genetic complement of the species, as developed in response
to selection among normals. Fisher considers that they are an addition
to the normal genotype resulting from the action of selection on Crinkled
heterozygotes. There appears to be no positive evidence in favour of
Harland’s theory, and it was put forward as an alternative to Fisher’s
in view of two objections which Harland raised to the theory of selection
among heterozygotes. The occurrence of Crinkled as & niutant in an
Upland strain removes one of these objections. His other is that the .
heterozygote in his “no dominance” strain is not, in fact, at a disadvan-
tage against the normal, and therefore there is no basis for Fisher’s
selective effect. In considering the validity of Harland’s estimate of the
vigour of the heterozygote, it must be remembered that on Fisher's
theory, modifiers Improving vigour would be those most intensively
selected, those for normal appearance only being selected in so far as they
improve survival. Similarly, in the bacle-crossing series, in the absence
of adequate precautibns to ensure a random sample of the heterozygous
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class heing used as pavents, the selection in favour of vigorons hetero-
zygobes will be maintained, while that for normality will be reversed.
The final vesult, thevefore, is probably due more o the selective forces
at work during the experiment thar to the nature of the Crinkled factor.
This interpreation is supported by the fact that the variance of the
heterozygous class in bolls per plant is nearly double that of the homozy-
gous normal class (Harland’s Table VI, 1933):

Genotype Variance
Normal 1277
Heterozygotle 19-88

That the intermediate heterozygote is equal in vigour to the normal mus}
therefore be regarded as not proven. Fisher’s theory, which is supported
by a large and increasing array of evidence on the susceptibility of hoth
heterozygotes and homozygotes to modification by selection (Fisher,
1928, 1931, 1952, 1935; Ford, 1930; Hutchinson, 1931}, is of value in the
present instance in making predictions concerning the probable reaction
. o Criniled of types so far very little studied. The fundamental difference
bebween the dominance complexes of G. basbadense and &. hirsuium shows
that the development of dominance rust have taken place since the
separation of the species (cf. Fisher, 1931). The partial breakdown of
dominance in Sea Island Crinkled x Bgyptian normal (Harland, 1932)
suggests that the last stages of the evolution of dominance of normal
have taken place in the last century, since the separation of Bgyptian
from the Perenuial x Sea Island hybrid population from which it was

selected (Balls, 1919). Since Crinkled oceurs in both G. burbadense and
© G harsutum the mubation is probably older than the specific distinction
(Fisher, 1928, 1931). On the other hand, the development of dominance
of normal may be recent for two reasons. First, Fisher (1928) showed that
if the initial viability of the heterazygote was low, mprovement would he
extremely slow at first, becoming progressively more rapid as the
difference in viability between heterozygote and normal decreased.
-Becondly, the rate of improvement must have been further accelerated
I recent times by the change in conditions resulting from modern culti-
vation methods. The cultivation of the primitive perennial forms of G.
barbadense by the South American Indians was very crude, and repro-
duction was usually from a cluster of seeds. Under such conditions there
must have been intense competition among seedlings, and the survival
value of a erinkled heterozygote intermediate in vigour between normal
and homozygous Crinkled would be very low, and its rate of Improvement -
correspondingly slow. Under modern cultivation, with a low seed rate
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and thinning of seecdhings at an sarly stage, there ig g wuch gragto,
chance of 4 (rinlled beterozygote hecoming established with room enough
to develop without serious competition from jts n eighhonys. Ty addition}
the development of the annual habit has inereased the vate of I proye.
ment measured in time by compressing fony or five generations intg 4,
period formerly occupied by cne. This provides a possihle explanation of
the comparatively recant development of dominance, which i suscephihla
of verification. OFf the crosses reported by Iarland, only that wigp
Trinidad Red Kiduey was with a type taken from primitive cultivetion
conditions, and ng back-crosses of heteroz_ygotes to the Kidney Darent,
were made. Tf the above deduction is true, such back-crosses shourld
result in the breakdown of dominavce. Annual types have heen oply.
vated for a much fonger time in G, hirsuivm than in (7, barbadense, ang it
might therefore he expected that the Improvement of Crinkled wonld
have proceeded furbher in Upland than in Sea Island or Egyptian. This
expectation ig strikingly realized in Indore Crinlled. Not oniy iz the
dominance of normaj complete, hut, as predicted by Fisher ( 1928}, the
homozygote also has been considerably improved. In pot cultuze it is
considerably less abnormal than Egyptian “ Wrinkled Leat” ¢ Comparison
under field conditions at Indore is preventsa by the extremely pooy
development of 4]l Egyptians in black cotton so1l.) Under greenhouse
conditions it is completely normal for nearly three quarters of the life
oycle, and in parts of Rajputana it grew sufliciently well to increase ulti]
1t comprised 3 per cent of the crop.

In conclusion # may he said that ali the available evidence agrees
strikingly with expectation on the selection theory, and while not in-
consistent with Harland’s theory of selection of modifiers on their own
account, provides no support for it

V. Suvmmarny

The published accounts of the hehaviour and genetics of Crinkled
Dwarf in @. barbadense are summarized,

The origin aud genetic behaviour of a Crinkled m G irsutum ave
reported. It iy shown that it arose as & mubant at the same locus as
Crinkled Dwarf i 6. barbadense, and hehaves gs 4 complete recessive in
crosses with normal strains of Upland.

In an 7, of a cross hetween Indore Crinfled and the Beyptian
" Wrinkled Leaf” (identical with Seq Istand Crinkled Dwaxl) all grades
between fully normal and extreme Crinkled were obtained, an exactly
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parallel behaviour to that found by Harland in crosses botween Sea
Island Crinkled and Crinkled transferved to the Upland genotype.

The bearing of the data on Fisher’s theory of the origin of domimance
by selection among heterozygotes is discussed, and it is shown that the
oceurrence of Crinkled by mutasion in & Jirsuium disposes of one of
Harland’s main oljections to the selection theory. Iis other objection
is that the intermediate heterozygote is not actually at a disadvantage
compared with the normal. His data are re-examined, and it is shovwn that
it was o be expected that the vigour of the heterozygote would he main-

tained by unconscious selection in the back-crossing series.

The available evidence on the history of the mutant and s domin-
ance modifiers is reviewed, and it is concluded that, while the mutation
has been recurrent since before the separation of the species, dominance
of normal is probably a comparatively recent development. From this
it Is predicted $that dominance should be broken dowsn if Crinkled is
transferred from the cultivated annual forms of &. barbadense to perennial
types of the same species recently brought on to the research farm from
the indigenons bush or from the more or less spontaneous skrubs to be
found in peasant gardens. Further, it is shown that it is reasonable o
expect that the modification of Crinkled will have gone farther in 6.
larsutwm, aunual types of which have long been cultivated, than in
&. barbadense, in which the annual habit is of late origin, and to which
field cultivation, with its accompanying low seed rate and seedling
thinning, have only recently heen applied. Ifisshown that the behaviour
of Indore Crinkled provides very good evidence of the correctness of this
expectation. Not only is normal completely dominant, but the Crinkled
homozygote has also been considerably improved {as predicted also hy
Fisher, 1928). Indeed it is practically normal for the greater part of its
Iife eycle under greenhouse conditions at Indore, and only slightly mal-
formed in the field in parts of Rajputana.

It is concluded that the whole of the evidence now available is in
close agreement with expectation on Fisker’s theory of the origin of
dominance hy the selective mmprovement of the heterozygzote.
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EXPLANATION OF PLATES X1 AND Xiv

Prare X111
Plant apices from Indore Crinided » W vinkied Leaf F,.
. Blight.
b. Mediam,
¢. Very heavy (like Wrinkled Teaf),
d. Very heavy (like Indore Crinkled),
Prars XTIV
Indore Crinkled. Tirst eight leaves of greenhouse-grown plant.
-4, Fally normal,
3 and 6, Fully normal, but subtending branchlets with erinided leaves.
7 and 8. Crinlled,
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