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I. INTRODUCTION
Rossrrrom avon.Lori Wawra & Peyr. Is a distinet and truly wild species
with a very wide distribution in Africa. As far as is known if is confined
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260 Genetics of Gogsypium anomalum and Asiatic Cottons

to arid steppe country, in two apparently ‘discontinuous areas. The Hrst
of these i on the southern botders of the Great Desert Belh, where the
species haks heen vecorded from as Far west as the Hombozi district south
of Timbuktu, from the Damergou region south of Air, from Kordofan in
the Anglo-Tgyptian Sndan, to as far east as Somaliland and Abyssinia,
north to Nubia. In pavts of this area it ig sald to provide valuable foddur
for camels. The other area of occurrence is the dry coastal belt in Aungoela
and Sonth-West Afiica, from Loanda in the north, southwards as far ag
Damara Dand. Thus its general distribution considerably overlaps that of
. arborewm and herbacewm, the two cultivated Asiatic cotbon species, but
localities ave not known with any great exactitude. From the marked
xevophytic habib of enemalum as contrasted with the mesophytic char-
acter of the oultivated cottons it appears unlikely that they ocoupy the
same ecological areas, though in country of the steppe type their habitats
might not necessarily be far removed from one another.

This species has been variously described under the names (7. mvero-
carpuin. Welw., L senarense Fenzl., and G. herbaceum var. Steudners
Schweinf,, and has even been transferred to the genus Clienfuegosio by
Hehumann as peniaphylly and by Girke as anomala, on the basis of its
small Linsar bracteoles, wall-marked calyx teeth, and tricarpellary ovary.
The morphological grounds for its retention in Gessypiwm have been
adsquately discussed by Chevalier (1938}, who collected material near
Damergou and sent seed to this and several other experiment stations in
1932, Later, Chevalier (1935) felt justified in his conclusions on receiving
information that the species had been crossed with both Old and New
World cottens by a Russian worker, and that second generation hyhrids
were in existence. No further reports on the behaviour of these hybrids
have followed this announcement.

G anomalum is not of direct commercial importance since the hairs
on its seeds are only 8-10 mm. long, sparse and dark brown in colour,
and non-expansive, remaining compactly adherent to the festa. Its
particular intersst les in the fact that 1t 1s the only wild species which
has given any fertility in hybrids with the cultivated Asiatic cottons, so
that it has been possible to analyse its genetic constibution in terms of
that of the latter. Like arborern and herbaceum, snomelum is also a
diploid species, with n=13 {(Skovsted, 1934). The resulis of this analysis,
together with the evolutionary implications, form the subject of the
present paper. They give confirmatory evidence of the general validity of
Harland’s (1938) conclusions on the formation of species in Gossypium
by divergence of alleles, duplicates, and modifier backgrounds. Harland’s
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thesis has been established almost entirely upon crosses within the tetra-
ploid New World complex of species, which'form a relatively homogenecus
group, so wmuch so that their hybrids are fully fertile, though that they
are also good species is shown by the breakdown of viability and fertility
in F,. The two culfivated Asiatic species wrboreum and herbaceuwm are
similarly quite closely related, giving a fully ferfile I, and hreakdown
in F,, but in most characters they show much less modifier segregation
than New World interspecific hybrids. On the other hand, anomalum
hae been found to be so distinet from the cultivated Asiatics that its
hybrids are almost sterile, and early generations from them give highly
complex segregation which completely defies analysis. By repeated back-
crossing into the two cultivated species it has been possible to sort out
particular factors into different lines on sfable backgrounds, and later
by synthesis some of the complex types of earlier generations were ve-
established and their coénstitution demonstrated. Relatively little back-
crossing to anomaelum was performed, not only because in any case its
whole genotypé was unknown, but also because of its slow growth and
uncertain cultivation under the highly humid conditions in Trinidad.
Moreover, seed whaen obiained was difficult to germinate on account of
its very hard festa. This characteristic was unfortunately carried over to
a considerable extent into the cultivated species. & herbacewin is also
difficudt to deal with under local conditions, and for this reason and also
on account of its low content of recessive genes, the greater part of the
backerossing was confined to arborewm.

A Targe number of diffevent strains of arlorewm and herbaceum wero
used in this investigation. They are listed helow in order of their type
vumbelns:

Al oW Cawnpore white flower, g, Indin

AT 0L cornuum” pale Sower, ¥ Benpal-Assam,
A&  B.L.; Burma laciniated Burma

A 15 Pale Aower, T,7 Burma

A 16 Ghost spot, R05 China

N5 ARG, pale Aower, T Tt ghost spot, BYS Burma

N9  AA.; carvies (p, (crumpling) Sudan

N 14 White flower, y,: ghost &pot, .08 India

N 19 Wagale bntless, 4, Burma

N 34 Petalody heterozygote, Pdy pdy South India
N 25 Pale pollen, 5, South Tudia
N dd Chinesc palefower, 1nE China

TL10 Spotless, By?0 Afghanistan
T 16 Cream pollen, p, Tashient

G 1027 ALE Surat, Incia
07  Bushveld coton Portuguese East Afvien
a8 Transcaucasia

* Tn the case of o few strains reference by these symbols has heen made In previous
publications from this Station.
17-2
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Fallowing the vecent revision of the classification of the Asiatic cottons
by Hutchingon & Chose (1937 ), these strains helong to the taxonomic
groups indicated below. The two species were subdivided by these authors
primarily on the basis of the perennial or annunal habit info varieties, and
then by distribution into forms. Some of the more important genetic
differences however appeaxr to be associated rather with geographic dis-
tribotion (3low, 19395) than with the acquisition of the annwal habit,
and for this reason it will be more satisfactory when it is necessary to
discuss in the text the taxonomic ranking of particular strains, fo refer
briefly to their formal status only:

€ arborewm vz, typicum forma soudanensis N 0

. arborewsm var. neglechwm forma {ndice N 24, N 25

G arborsum var. neglectwm. forma bengalansis A 1N 14
L arboreum var. weglectum forma brmanice A8, A 15, A 16, N A, N 15, N 44

&4, arborewn var. cernicum. AT

{ herbacewm var. bypicum 10, H i
6. horbocewm var. frufescans 1,08
. herbacewm vav. africanum, Q7

The following synthesized multiple recessive types were also used for
particular backerosses:

T1 Mutiple recessive lintless selection, predominantly arborewin, with
trace of Aerbacewm in ancestry

T3  Wultiple recessive cream pollen sclection, from F, of L 16 x T 14

T4 Dultiple recessive pale pollen selection, from F, of N I x N 25

T6 Multiple recessive linted &, selection; snme origin as T'1

T 14 Multiple recessivs selsction, from P, DEALxNS (1304}

T 17 Multiple recessive pebalodic selection, from Fy of W 1L« N 24

All pollinations were performed in insect-proof greenhouses after emaseu-
tation. In most cases it was more convenient as a routine procedure t0
use hybrid material as the seed parent, though reciprocal crosses were
frequently performed and their progeny analysed separately.

In an investigation of this nature it is not possible to plan a compre-
hensive series of tests right from the start, as it is not lknown heforehand
what will segregate. In the early stages especially segregating families
mush be used as they appear to demonstrate the nature of the parental
type. Rather than describe each of the hybrids and their progeny in turn
1t has therefore been considered more suitable to.discuss mdependentlv

each of the main chavacters studied, hringing together all related in-
formation from various sonrces. The gene symbols used are based on the
revised list of Hutchingon & Silow (1939).

II. CoMPATIBILITY AND FERTILITY

. anomalum has been crossed with representatives of the chief sub-
divisions of the genus, and it will be worth summarizing the available
information on its behaviour.
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(1) Wath New World wild diploid species. Skovsted (1935, 1937) has
reported that anomalum crosses easily with aridum (Rose & Standley)
Skovsted, davidsondi Kellogg, and thurberi Tod., but both he and Webber
{1939) found that the hybrids were completely sterile, and their con-
jugation was as low as 0:2-5-T hivalents (2n="26). Skovsted found that
when anomalum is crossed with armourianum Kearney or sturtsi F.v. ML
bolls set freely, but contain only empty seeds. Similar hehaviour with
rawmondii Ulh. has been reported by Hutchinson (1939).

(2) With New World non-cultivated tetraploid species. Skovsted (1937)
reported that anemalum crosses relatively easily with ladtense Parl., but
most of the seeds obtained were empty or contained only partially
developed embryos. One unthrifty hybrid was grown. With darwing
Watt enomalum crossed less easily, giving only a few empty seeds.

(3) With New World cultivated tetraploid species. Skovsted (1937)
found that anomalum crossed with some difficulty with barbudense L.,
giving mostly empty seeds. Compatibility with lorsuium L. was not
adequately tested. Further information has been collected, and this
together with that reported by Skovsted (1957) may be sumwmarized as
follows:

Flowers Capsules  Total Empty  Hybrids

Q & pollnated  set seeds seeds radsed
anomalum berbadense 8. 26 126 Al —
anomaelum hirsutum 46 7 32 Al mem
brrbadense anomefum 313 19 49 Al It 4 1
barbadense haploid anomalin 208 2 2 1 1
Tirsulion Mixed*® 254 42 T42% None 5%

@ 0543 oMl 24 6 42 None 30

with that
interspecific

* A dittle own or other comwpatible pollen carrying a marker gene was mi
of anomalusm to improve setting. Ouly Sve of the progeny were the resalt of the
CTOsE,

When anomaelum was used as female all seeds obtained were empty. With
barbadense as female velatively fewer seeds set than in the reciproeal cross,
but ahout 109, of them contained fully developed embryos: The bar-
badense strain used was 3t Vincent Superfine, V 135, With lwrsuivm as
female the seed selting was proporticnally even lower, although a little
compatible pollen had been mixed with that of anomabvn to improve
boll setting, but all seeds which were the result of the interspecific cross
contained normal embryos. The cross-compatibility of plant G 9543 was
of interest in this connexion. This plant was one of the selfed progeny of
a sixth hackeross of hirsufum to the same barbadense strain ag used ahove
(V 125}, and thervefore predominantly of the latter genotype, yet con-
siderably more compatible with snomelamn than the pure strain, and all
seeds, instead of only 109, contained normal embryos. Evidently in
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such, cases as these, which are on the horderline helween compatibility
and incompatibility, slight ditferences in constitution may considerably
modity ctossing belaviour. All the anomalum-New World Thybrids
raised have heen cbmpletely sterile to their own, New World, anomalum
and Asiatic pollen. Skovsted & Webber found a mean paiving of only
2-6-10-48 1n these hybrids with 2n=239.

(4) With wnld Asintic diploid species. Rlkovsted (1935) reported that
Hutchinson had raised four hybrids of aromaluwm x stockssz M. Mast.,
which died after producing only a few leaves.

(5} Wath cullivated Asiatic diploid species. The majority of anomalum
flowers crossed in either divection with arborewm L. and herbucewm L. set
bolls which contain & full complement of seeds with fully viable embryos.
Skovsted & Webber have found that the mean palving in these
hybrids with 27» =26 is ag Ligh as 10-1%; the former author found that
approximately 259 of pollen mother cells examined showed complete
pairing. Webber found this figure to be as high as 509, and also stated,
without citing any data, that the hybrid between agnomalumn and san-
guinewn (a variety of arborewm) is 459, fertile when selfed or back-
crossed. Experience at this Station would not, however, lead to the
assessment of fertility as anything like as high as this. Actually it is
not easy to state fertility figures, in simple terms for cotbon, as bolls
containing a low proportion of pollinated ovules frequently drop hefore
maturity, quite apart from the fact that setting is very sensitive to slight
physioclogical derangements totally distinet from compatibility. Both the
percentage of flowers which set capsules, and the proportion of ovules
which set seed within these capsules should be taken inte consideration.
Such data with reference to three arborewm and four herbacewm hybrids
are summarized in Table 1. The full complement of seeds per capsule is
about 20 in the arborewm and lLerbacewm types, except in the case of
herbaoewm H 10 which usually containg about 32-36 seeds. &, anomalum
has a complement of about 10-12 seeds. Capsules on all of the hyhbrid
plants contained aboub 20 ovules. Cotton fowers normally become
pollinated autonomously. These hybrids must have borne at least 6000
flowers in the greenhouse, but not a single boll set. To a very slight
degree this is due to the fact that their poor pollen does not readily
become transferred to their unusually long stigmas, but the selfing data
in Table 1, referring to flowers in which pollen was transferred by brush
from ansthers to stigma, indicates that in any case functional gametes are
exceedingly few. In the arborewmn hybrids approximately only 10%, of
self-pollinated flowers set bolls, containing only 10-20%, of their full
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complement of seeds. The Aerbacewm hybrids appear to be of even lower
fertility, thongh this may partly be due 3 the fact that herbucewm types
and their hybrids tend to shed very readily for puvely physiclogical
reasons under local conditions. In the few bolls which matured the
proportion of ovules fertilized was much the same as in arborewm hybrids.
Ga backcrossing the hybrids as female (after emasculation) with Asiatic
‘types, fertility was higher. About 509, of the flowers pollinated set,
and these capsules contained about 259, of their complement. Boll
setting was again lower In herbaceusn than in arborewm hybrids, but the
proportion of seeds set per boll much the same. The reciprocal pollina-
tions, in which the hybrids were used as male parents, showed a similar

Table 1. Fertility of anomslum-dsiatic hybrids on selfing and
backerossing to Adsvutic types

Backeross to Asiatic types

r \
Selfing Hybrid as @ Asiatic as 2
}I}"bl‘ld ~ s 3 Is . ) Al
- =
54 3} & [ E @
=] =) = =] - =
5] = = = 42 B < @ 2
=] © & o o A = L Z
el & o = B = = @ =
=3 ©® & 3 n 5] 3 0 <
2 53 ; 2 3 h 2 2 :
= = ] =1 r-E ] = = =
& 2 P o £ P g % .
154 = o ol = e T B @
H g = 5 g 3 g =
E L E o2 5 B B 5 0F
= = sl = = o 23 3% o
anomlum > arborswm A8 150 7 41 816 &E B3 3 () .
anomelm « arborewm A 16 48 8 3.0 218 &7 56 £ {28 &0
anomalum > arborcam N 14 93 13 2-0 109 6S a1 39 hyl 70
anomalim = herbaceun 3100 1328 0 360 22 75 77 23 52
anomadim « herbacenn O 1 52 0 . 4 " 26 8 75
anomalum ¥ horbacewm O 7 358 1 kA id (©) . . .
anomalum > ke hacewmn O 8 209 0 36 12 - 38 16 YRY

Tureliahle pereentage estimates based on low numbers are in braclets.

degree of setting. Acbually it might have heen expected that with the
heavy pollinations used there would have been an excess of functional
male gametes over the number vequired to give a full seb of seeds on the
pure Asiatic seed parents, bub this was not so. A further complication
in the way of stating fertility of thése hyhrids in simple terms is intro-
duced at this stage, since many of the seeds obtained contained only
imperfectly developed embryos or were quite ewpty. Some 1500 seeds
derived from the hybrid (enomalum x arborewm A 8) pollinated by
arboreum N 14 o herbacewn L 10 were carefully examined, and usually
only TH-8b % were fully developed, and in some batches pollinated at
different times or from different sih plants, this iguve was as low as 509
Bearing in mind the proportion of flowers which et bolls, the proportion
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of seeds within the bolls which set, and the proportion of those seeds
which contained good embryos, it may be estimated that the fertility of
hybrids hetween anomalum and arboreum or herbacewm is no greater than
10%, on backerossing, whilst on selfing it is as low as 1 %, . These figures of
course refer to fertility in termns of potential seed-sebting capacity and,
in view of the multiplicity of factors operating, are not exact estimabes-of
the proportion of functional zameles.

The hybrids have also been hackerossed to a small extent to the
anomalum parent. The figures are not sutficieatly extensive to warrant
citation, but the indications arve that their fertility with anomalum is of
comparable degree with that with the culfivated Asiatic species.

Only a very hmited number of F, progeny of these hybrids have
been grown. Not only did a high proportion of the very few seasdlings

Table 2. Owule fertility of backerosses to arhorsum and herbacemn

Mean seeds per boll*

“ h]
G T 4 B B IO 12 14 16 18 20 22 24 26 28
Plants of the Ist backeross to Several 1 2 7 1 . .
arhoreum
Plants of the 2nd backeross to 1 11 211 1 I
arbarewin
Plants of the 3rd backoross to . e S |
arborewm
Plants of the lst backeross to Several . . . . . 1 1
herbaceun
Plants of the 2nd hackeross to 1 PR S T A
herbacanm

* 20 represents a full set in arboreum hackerosses; the herbuceum type used for these
backerosses contained up to 28 cr 36 seeds per boll.

ohtaized die early or fail to mature, but in addition the extremely wide
modifier segregation precluded the possibility of any useful genetic
snalysis. Kven in the first backeross, with its considerably lower genetic
variance, interpretation was in mosé cases impossible.

The high fertility which was rapidly attained on recurrent hack-
crossing into the cultivated species is indicated in Table 2. This shows,
in the form of a frequency table, the Tertility of certain plants backerossed
for genetic purposes in the first backeross and subsequent generations.
This table does 1ot indicate segregation for fertitity in any way, but only
indicates the approach to fertility which was attained. Itfis not arandom
sample of the populations since conseious selection was practised in
propagating only plants which were setting in the field or showed
reasonably good pollen. Ouly the seed content of the holls which sef is
indicated; as fertility is approached this affords a better impression of
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fertility than the percentage of flowers which set, as even on a fully
fertile non-hybrid plant a full eet of capsules 1s rarely attained, for
physiological reasons ag already mentioned.

In the first hackeross to arborewm or herbacewm some plants were com-
pletely sterile. Dr Skovsted, formerly of this laboratory, examined so-
matic plates of one group of 49 plants of the backeross (an. x A 8) x N 14,
and found that 46 of these had the normal diploid number of chromo-
somes, whilst the remaining three had 2n=27. The latter plants were
quite sterile; one of them was very stunted. All of the others, which
were backerossed, set seed to some extent. The plants included in the
frequency array mn Table 2 were members of another series which were
more extensively backerossed. Up to 8994 of the flowers pollinated set
on one of the first backeress plants; others set & lower proportion of
flowers. Of the plants in the first backeross to arboreuwm which set, it
will be seen from Table 2 that most contained about eight seeds per
capsule, which is nearly twice the number set on the F,, and represents
about 409, of the seed complement. In the second backeoross there were
still some sterile plante present, but on the whole the mean fertility of
plants as shown by the seed content of their bolls was Ligher, and even
in this generation some contalned the full complement of 20 seeds. The
average fertility in the thizd backcross was even higher, and fewer
sterile plants appeared. The same course of increasing fertility is avident
from the two backeross generations to herbrcewn which are shown.

Fourth and fifth backeross progenies have alse been grown, and
selfed progenies of these later hackcrosses. Sinee most of these are of
complex constitution, having heen hackaossed w0 either of the tullivated
specieg ab different stages for particular gepetic tests, it is not worth
citing fertility figures. Tt'is impovtant to note that high fertility can
eventually he attained as a result of recurrent hackerossing, whilst
retaining at the same time at least one or two genes of anomaelum origin.
I practically all selfed progenies from late backerosses which have been
grown a very slight degree of infertility has heen observed—for instance,
the occasional appearance of petalody of stamens. In this connexion it
must be sbated that the primary object of this investigation was genetic;
stringent selection for fertility was not practised, but the vesults ohtained
suggest that if it had been, absolute fertility could have been attained
along with the transference of particular genes from the wild to the
cultivatad gpecies.

With reference to the compatibility of other wild species with the
cultivated Asiatics, Skovsted (1935) reported only empty seeds on
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crossing with armouricnuwm aud devidsendd, and a great preponderance of
empty seeds on crossing with stwrtiv, though in this case fwo sterile
hybrids were also obtained. TTutchingon (1939) also obtainéd only empty
seeds on crossing with ratmondis. With wridum, thurberi, and siocksii,
Slovsted (1935) and earlier workers obtained ounly completely sterile
hybrids. Thus ne wild species other than anomalum has given any fertility
in hybrids with the cultivated Asiatic cottops. Sinee no other bybrids
volving anomalum which have been produced have given any fertility
either, the interest attaching to the wnomaelum-Asiatic crosses is veadily
apparent.
I, Coronra conour
(1) The situction wn the cultivated Asiatic species

Hutchinson (1931) hag shown that the three main covolla colour types
encountered i & arborewm, full yellow, pale yellow, and white, are
due to a multiple allelomorph zeries which he designated Y-Yp-y. He
confirmed earlier indications of a physiological relotionship hebween
covolla cclour and size, yellow fowers having leng petals and whites
short, with pales of intermediate length. For the classification of segre-
gating progenies he made use of a graded series of paintings, in which
the deepest yellow was numbered 10, and white was 1. On this scale
full yellow types carrying Y grade from 7 to 10, and y types are grade 1.
Pale Yp types are very much nearer white than yellow in intensity of
colour, nsually grading at 2, very occagionally at 1-3 or 3. As far as
length is concerned the relationship is the reverse; Hubehinson’s petal
length estimates within segregating progenies showed white petals about
20-269, shorter than full yellows; but pales were very nearly the same
length as full yellows, being only 1-2%, shorter, and the difference barely
significant. Hutchinson also showed that there are modifiers affecting
intensity of corolla grade, and that these affect petal length in the same
way as the main genes. Thus in . herbaceum, which almost invariably
carries Y, many yvellow-flowered strains are both paler and shorter than
those in arborewmn.

A pale vellow-flowered strain of arborewm from Chiva, grown under
the type number N 44, has recently been studied by the writer. [t is very
similar to types carrying Yp, but is disti guishable in that winlst the
greater part of the lamina of the petal is pale yellow of grade 2, there i3
a very slight intensification of yellow towards the base of the petal
round the margin of the anthocyanin spot, a tendency absent from the
more comuon vype of pale. The N 44 strain iz complementary with
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comman pale and white-fowered straing, giving the ordinary full yellow.
This demonstration of complementary fattors necessitates the addition
of a subseript to the symbols used by Hutchinson, and in order to bring
the system of nomenclature into conformity with accepted genetic con-
vention, the pale allele should he indicated by a superscript. It is there-
fore proposed that the series described by Hutchinson, that most
frequently encountered in arborewm, be designated ¥~ Py, and the
pale concerned in the Chinese strain ¥,”. On analogy with the ¥, serles
1t seems quite possible that a lower allele may be-encountered in the
future, and the suggested allocation makes allowance for this eventuality.
On this scheme ordinary yellows are regarded as Y, ¥, the common
pales and whites as ¥ .7 ¥, and y, ¥, respectively, and the Chinese pale
strain as ¥, ¥, F.

In this investigation it was not found that distinctions betwesn
Hutchinson’s grades above 7 could be made with any confidence, though
ao ifficulty was found in using the lower grades. It was therefors
decided to grade up to class 8 only, reserving this for the most intense
vellows. The vast majority of full yellows were graded at 7. The grades
are not reproduced here, but may be seen in Hutohinsen’s 1931 paper.
Flowers were colleeted from the field in the eaxly morning, and graded
in the laboratory; three readings were taken from flowers collected on
different days. For the estimation of flower size, the length of the longest
petal on three flowers was measured from the point of insertion to the
extreme tip.

(2 Hybrids and first backeross progeny

G anomaolun has a very pale cream, almost white corolla, with a
faint tinge of pinl (P1. 18, fig. 4}, The flower is of medinm size, with pefals
30-37 mum. Jong. It grades approximately at 2, though exact comparison
with the scale of yellows is difficult on account of the pink tinge. 1t will
be shown later that this pink is associated with ove of the wain antho-
cyanin spot genes, but in this section it is proposed to deal with the
inheritance of the yellow flavone only, ignoring as far as possible the
complications in corolla eolour introduced by the anthocyanin.

. anomalwn was- crossed with full yellow, pale and white repre-
sentatives of arborewn and ferbaceum. In each F, from two to twenty
plants were examined, and the regulis of their corolla colonr grading
are shown in Table 3. Bach progeny was guite uniform within thself, hus
scoring on the individual plants vazied slightly from day to day as
shown. (rading of yellow intensity was not eagy on account of the
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intensifieation of the accompanying pink, especially in the hybrids in-
volving full yellow Asiatic types. The interaction between flavone and
anthocyanin will be discussed later. At this stage it is ouly necessary to
state that the development of petal red was later found o be dependent
0 some extent npon exposure of the bud to sunlight, and it is to differ-
ences in this exposure that a great deal of the observed variation in pifk,
and consequently in yellow intensity, can be attributed. Quite apart
from this physiological interaction, the variation in pink naturally intro-
duced a serious subjective ervor in yellow estimation, The same difli-

Table 3. Yellow corolle grade in Fy hybrids. Q. anomalum=grade 2

Asiatic parent
'

—

7y

r N
Type no, Giene Grade  CGhade
Al ¥ 7 4-3 {3ee PL 18, figs. 1, B)
Al , 7-8 34 (see PL 18, fige. 3, 7)
N 25 , -3 5
Hic , 7 3-5 (see PL 18, figa. 2, 6)
H16 2 a 5-6
G1 i -8 35
07 aa T -3
03 a1 8 4--5
N5 Y.F 2 6
NI4 ¥a 1 43
T 14 o 3 45
N a4 ey 2 3-4

culties were encountered in grading the first hackerosses, data for which
are summarized in Table 4. The main findings requiring interpretation
were ag follows:

(1) The F, hybrids were all of approximately the same shade of low-
grade yellow, no matter whether the Asiatic parent were full yellow, pale,
or white (Table 3).

(ii) In backcrosses to Asiatic full yellow there was a very wide
modifier segregation, and full yellowsreappeared (Table 4, ¢). Themodifier
gegregation was much wider than is encountered in crosses between
arboreum and herbacewm. The two most nearly comparable cases available
are Hutchinson’s {arborewsn pale x herbacewm, full yellow) backerossed to
fierbocewmn fall yellow, shown in his 1931 Table 1, and the {anomalum
pale x arborewn full yellow A 8) hackevossed to herbocersm full yellow H 10,
shown in the first line of Table 4;

Yellow grades

—

g 7 6 5 4 3 Total

(ard, pale x herb. yellow) « herb, yellow . 1 29 12 59 . 191
(een. pale < ayd, yellow) x herd. yellow 7l ile 107 101 g7 58 530
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The much greater genetic variance in the anomealum x arboreuwm cross than
i the arboreuns x herbacewm cross is clearly evident in this comparison.
This particular cross of Hubchingon’s shows the greatest awounnt of
modifier segregation which he encountered in the inter-species crosses
within the cultivated Asiatics which he studied.

(i) Anomalwm =< ull yellow backerosses to anomalum (Table 4, b)in-
cdicated a single main factor difference between the parents.

{iv} The F, of ancmalum x full yellow, when backerossed $o arboreuin
white {Table 4, ¢), gave no progeny of appreciably lower grade of yellow
than the F,, though in the other direction full yellows were again
recovered. The absence of pale segregates in these hackerosses indicated
that anomaluimn pale and arboreum white are not homologouns. The
evidence, together with thab in (i) above, snggests that anomaln and
pale or white wboreums carry complementary factors for yellow corolla.
The appearance of full yellows in these backerosses and in those dis-
cussed in (i) above, and the uniform low grade of all the F; Lybuids,
suggested the presence of one or more yellow depressors in anowalui.
(v} The hackecrosses from anomaluin < arborewn pale or white to the
latter types (Table 4, d, ¢) showed a single main factor difference between
these parental types.

3y A4 third masn locus, ¥,

The hypothesis that anomalum is complementary with pale and white
corolla fypes of arborewm, and thab it carries one or more yellow de-
pressors, received confirmation from cerfain segregates in a series of
backcrosses to A 8 of the hybrid an.» A 8 full yellow. The wide segre-
gation in the first backeross has been shown in Table 4, . Very small
second backoross progenies from two first hackeross selections of grade 6
were grown, primarily for transference of the leaf-shape gene from the
wild species, and in these corolla colowr was not scored. From soms
of the second backeross plants third backeross and selfed progenies were
grown. in the following season. By that time this material had been
superseded for the original purpose of leaf shape transference by other
lines and was only planted in the field at the end of the season after more
important material had veceived attention. On that account mortality
was high, and only a few plants survived. Amongst these It was noticed
that, in addition to full yellows of grades 8-7-6, there were some very
cléar-cut segregates of grade 4 (Huctuabting to grade 5) in one of the back-
crosses, and of grade 3 in one of the selings {Table 5). These two groups
of lower grade segregates were actually much more distinet from each
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other than wonld appear from their gradings. As a working hypothesis
it was thought that the grade 3 plant (no.’14.868) in the selfed progeny
carried the transferred enomeclum corolla colour gene estracted as a
homozygote, and that the grade 4 plants (nos. 14,859 and 14,862) in the
backeross progenies might be heterogygotes for this same gene. Aec-
cortlingly the former plant was selected, and both of the latter and their
gibs and some of their half-sibs. The behaviour of selfed progenies from
these selections (Table 5, third backeress selfed column) effectively dis-
posed of this hiypothesis, since the grade 4 parents gave only grade 8-7
and grade 4 progeny, whiist the grade & type appsared in the progeny of

Table 5. Corolla greds segregation o third backeross of (an. x4 8)f0 4 8
Jull yellow, and n selfed progemies of second and third backeross

selections
3rd B.C. 2nd B.C.gelled  3rd B.C. selfed
Ist B.O. 2nd B.C. yellow grades yellow grades vellow grades
plant plant e e ; F—,
1nos. n0s. 8 7 6 4 7 3 87 i-4 3
P 1168 P 1874 . 1 . . A la . _
P 1875 3 . 1 . i . . .
P 1878 3 2 . . . .
P11 1877 & 23 b
. 60 21
13 .
15 .
1881 3 2 81 L
34 .
11 . d
15 49 .
i 11 '

& This grade 3 segregate was no. 14,363.

& One of these grade 3 se @5 was no. 0092,

¢ These grade 4 segregates were nos. 14,550 and 14,862.

d Parents of these progenies were grade 8.

e Pavents of these progenies were grade 4 (vos. 14,859 and 14,562).

some of the full yellow selections. Furthermore, as will be discussed
later, no grade 3 segregates appeared in the progeny of 14,868 when
crossed with, 14,859 and 14,863,

Tlhe breeding hehaviour of the grade 3 type will he discussed firsk,
but before doing so it is necessary to emphasize that It must not be pre-
suined that it bears any genotypie relationship to the grade 3 phenotype
which appeared. 1 the first backerosses. First, the modifier welter in the
latter should preclude any such assumption. Secondly, plants of the
grade 3 type in the first backeross all showed a strong development of
nink, and it will he demonstrated later that mteraction hebween flavone
and anthocyanin may lead to the lowering of grade of yellow. Actoally
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the early backeross grade 3 fypes correspond to the grade 4 type here
under study, from which complications due to anthooyanin were absent.
The extracted grade 3 type appeared only in selfed progenies, and these
particulay lines had relatively uniform modifier backgrounds. Although
pink wag present in seme of these lines, it was not expressed in the
grade 3 segregates.

The original grade 3 segregate, no. 14,868, which appearved in the
selled second backeross family, wnfortunately died before any selfed
seedl could be obtained from i, but as it gave rise to some outeross
progeny which will have to be discussed, it is necessary to establish its
constitution. T6 was indicated, in connexion with Table 8, that plants
of this phenobype reappeared in the following season In some selfed
progenies of third backeross full yellow selections. It will be seen from
Table 5 that these and 14,868 trace back to different first backeross
plants. That they were of the same genotype as 14,368 is shown by the
fact that only grade 3 progeny appeared in crosses hetween one of them
(no. 9992}, and certain deuhble recessives extracted from an F, nvolving
14,868 and the arboraum pale petal type N 5. This point will he discussed
in more detail below, but is important heve in indicating that both
14,368 and 9992 may be considersd as being of the same constitution.

In the two third backeross selfed families which threw grade 3, the
ratios 28 : 7 and 69 : 21 were indicative of a monofactorial 3 : 1 segre-
gation. The grade 3 selection when selfed gave 14 progeny, all grade 3.
Either 14,868 or 9992 was crossed with full yellow, pale yellow ¥/,
white 4, , and Chinese pale ¥,F representatives of arboreum. All progeny
in each case were full yellow of grade 8-7:

No. of progeny
Cross observed

14,868 » A 8, full yellow
2992 x A 16, fall yellow
14,568 » A 7, pale yellow ¥ £
14,368 « N 5, pale veliow 7P 1
4992 « N 5, pale yellow ¥ .7
14,868 « N 14, white y, 15
9992 « N &4, Chinese pile ¥, 7 10

[Tl L ]

This extracted grade 3 behaved as a complementary type with the
arboreum recessive corolla colour types in exactly the same way as the
original anomalim did, except that the latter only gave low grade yellow
hybrids on account of the presence of a yellow depressor, as will beevident
later.

T'wo plants from the cross 14,868 x N 5 were backerossed to anomalwm,
and gave small progenies containing in all 8 plants of low grade yellow
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gimilar to the original anomalum-Asiatic hybrids, and 14 plants of exactly
the same corolla colour as the wild species itself. This shows that the
estracted grade 3 type countains the main pale corolla colour gene
derived from anomalum. The higher grade of the transferred pale is due
to the loss of the yellow depressor. At this stage it will be a convenience
for discussion to assign the symbol Y7 to this pale corolla gene.

Five F, hybrids between pale 9992 and full yellow A 16, when back-
crossed to 9992, gave clear-cut segregation Into grade 7 and grade 3 as

foliows:
Plant no. Grade 7 Grade 3 ¥ P
P 4098 38 16 40
P 4126 52 30 58
P 4127 40 32 -8
P 4128 43 35 1-2
P 4128 37 36 00 .
Total 212 149 11-0 Very small
Heterogeneity §-0 3

These five families were homogensous amongst themselves, but gave in
all a significant deficiency of recessives on a 1 : 1 basis. Introduced genes
were frequently found to be in defect in this study, and this problem will
be discussed later. From sall the other evidence on corolla colour which
has been obtained it appears reasonable to interpret this ratio ag a dis-
sorted 1: 1, indicating that the grade 3 type differs from full yellow in
one gene.

Two of the full yellow F; hybrids between pale 14,568 (¥, 17.7) and
pale N5 (Y,” ¥,) gave a remarkably clear complementary factor ratio
on selfing. Since both A 8, to which the enomalum pale had heen trans-
ferred, and N 5 are Burmese forma burinonica representatives, the absence
of any marked modifier segregation was not surprising. Four main
clagses were observed:

(@) Fall yellows, ranging 8-7.
() Pak yellows of grade 3
(c) Pale yellows of grade

{{} Very pale yellows, fﬂumau white, grade 14.

After hecoming familiar with the type of segregation, scoring of in-
dividual plants from day to day was very consistent, and all plants
could be assigned without difficulty to one of these four classes, except
a very small proportion of the pales which were intermediate hebween
grades 2 and 3. Although no further genotypic testing was performed,
except in the case of the class (d), the four groups may be taken as

Journ, of Genetics 472 18
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corresponding %o the four expected genotypes V, ¥,, ¥, ¥,5 Y. 2T,
¥, B ¥F on the following grounds:

(1) Class (@) was perfectly distinct from the other three pale yellow
classes.

(2) The wnomalum pale is far move distinetive phenotypically from
the common Asiatic pale than the classification into grades 3 and 2
indicates. Part of this distinction is associated with the fact that the
¥.F type i considerably shorter than full yellow or ¥,F types. Petal
length measuwrements were not faken in this family, bubt this general
observation is confirined by measuvement in the ¥,7 cross which will be
disensged nexh.

{3) The constitution of the near-white clags (d) was conflrmed
genebically as shown helow. On this basis the segregation may be taken
ag conforming to a 9:3:2 : 1 ag follows:

Yellow grade

Family §-7 R 1+ Totad
3046 85 11 1 12 3 82
3047 45 1 2 10 3 FES
Total 100 25 3 22 [§} 156
Bxpected 9 :5:3:7 8773 25-25 29:25 975 136

The families are sufficiently similar to warrant combination, and the
totals accord well with expectation {y*=4-5, P=02). Two selections
from the grade 1+ group, supposed double recessives, were each crossed
with both of their parental types 9992 and N 5, and all progeny were
pales of grade 3-2. The number of progeny examined in each cross was
as follows:

x 9992 «N 5

drade 1 + selection no. 15,723 3 i)

15,759 4 16
That these selcctions were not complementary with either of their
parental pales confirms the suppoaition that they were double recessives.
Since the phenomena of complementary alleles at the same loous and
of complementary recessive genes in duplicate loci will be demonstrated
in conpexion with anthoeyanin inheritance, it is necessary to indicate
that the more normal interpretation of complementary factors applies
to this case of corolla colouz, If it were a case of complementary alleles
at the same locus, the F, would have given an allelic 2 : 1 : 1 ratio, which
could easily be confused with a 9:3:3: 1 if the latter term were in-
corporated with either of the middle terms giving a 9:3 : 4. However,
the demonstration of the presence of pale segregates giving no comple-
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mentary effect with either parental pale disposes of the possihility that
the latter might be due to complementary” alleles,

A third plant from the F; between 14,868 and N 5, when backerossed
to N 5, segregated 31 full yéllows and 33 pales of the N 5 type, in con-
formity with expectation.

Similar complementary factor ratios were observed in two F, families
derived from the full yellow hybrids between pale 9992 (¥, ¥ F) and
N 44 Chinese pale (1,7 Y )—again forma burmanice. There was a satis-
factory distinction between full yellows, the grade 3 anomalum . pales
with short petals, the “grade 2 Chinese™ type with the characteristic
slight intensification of yellow just around the rved petal spot, and with
petals of practically the same length as the full yellows, ard a fowrth
class with very pale, practically white, corolla showing a very slight
intensification of yeflow near the spot, and with petals of intermediate
length-—presumably the double recessives (1,7 ¥.5).

Yellow grades
o
Family 87 4 3 2 Ch 1+Ch Total

3715 34 .5 13 3 55
3716 3 1 3 4 3 44

e et
Total 67 9 17 G- a9
Expected #:3:3:1 a8 186G 184 2 gg-d

Acreement with expectation was not quite as good as in the previous
aross considered (y2=T-5. P=0-1-0-03), but most of the discrepancy was
due to a deficiency of enmnalune pale segragates, Nevertheless, it is cle
that anomelwic pale iz indepevdent of Chinese pale, aswell ag of the

AT

common Asiatic pale or white locus.

(4) A yellow depressor, Ydp

Tt has alveady been mentioned. at the beginning of the preceding
section, that two grade 4 segresates (nos. 14,850 and 14,862) were
ohserved in the third backeross of anonwlen to full yellow A 8, and their
segregation on selfing was swumarized in Table 5. It was thought at
Brst that they might be heterozygous for the grade 5 cismalum pale
fype, hut quite apart from the fact that heterozygobes for the latter were
later found to be full yellow, 108 progeny derived from their backeross
with anomalum itself were all vellows of grade 4-5. Furthermore they
threw nothing paler than themselves either on gelfing or crossing to the
grade 3 plant no. 14,868, Tu each case they gave two reasonahly distinet
groups, one fluctuating between 7 and 8, and the other from just below
grade 4 to just above grade 5. Within these groups i was not felb that

182
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classificabion was reliable, but there was no hesitabion in classifying
them intd the full yellow and the “depressed yellow” class, ag it wag
termed in order to differentiate from true pales. The fact that none of bhe
latter appeared Indicates that 14,854 and 14,862 were hoth of ¥, Y,
constitution. These two plants were also crossed with white petalled
N 14 (y,) and gave two similar clear-cut phenotypes. In all, the segre-
gations from these two plants were as follows:

Full Depressed
Progeuy yellow yelow
14,859 selted 35 i+
14,802 2elfed G 11
14,539 12 12
14,862 » 2 6
14,859 » N {4 83 101
14,862 » N 14 139 38

The backeross ratios weve very suggestive of the presence of a single
dominant dlepressor, but the two selfings did not conform at all well fo
the 3 depressed : 1 full yellow expected on that basis. Abtempts to
establish a homozygous depressor line have not so far met with any
success. Fourlow grade yellows from 14,859 selled were selfed; all thraw-
some full yellows, giving in all 40 full yellows : 51 depressed; a further
aix plants from one of thess selfings were also tested, and again all gave
some full yellows, and a ratic of 15: 29 in fotal. In sach case the pro-
portions ware much. the same as from the original depressed yellows,
14,359 and 14,362, which were known to be heterozygotes in view of their
backeross origin. All the above selfings total to 96 full yellows: 140
depressed. The deficiency of depressed segregates is even too great to
explain on any hypothesis of inviabilivy of the homozygote (y%.,=57T).
On a normal single gene interpratation the probability of having found
at least one homozygote amongst the 10 depressed yellows tested is as
high as 0-98. A further five plants will be tested next season; these have
been examined by Dr J. Pisk of this laboratory, who has found no
abnormality in their male meiosis which might account for the genetic
situation. The baclkcrosses, and these reported below, whick also showed
normal behaviour, were all from the heterozygote ag female, so there s no
information on the gametic ratio on the male side. This is under in-
vestigation, as additional data are very desirable. There was, within
each of the two main classes, a little more variation in selfings than there
was in backerosses, and possibly some of the apparent deficiency may he
attributed to errors in seoring, but it is not believed that this can explain
the situation, as on the whole there was a perfectly clear distinction
between the two groups. As this lowering of yellow intensity was found
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to exert a very profound influence on the expression of anthocyanin in
the petal, as will appear later, it ie propésed, in order to facilitate the
discussion, to allocate the symbol ¥dp to the gene responsible, though
in view of the selfing vesults it is realized that the sifuation may not be
as simple as the backeross data suggest.

Two of the depressed yellow segregates from the cross 14,859 x N 14
mentioned above were backcerossed to IV 14 white, and gave three clear
classes in very good independent 1 : 1 ratios for hoth v, and Ydp:

3

Tall Depressed
Tamily vellow yellow White Tatal
3408 41 36 78 155
3409 36 47 73 156
Total T 83 151 311

Evidently Ydp is completely independent of the ¥, locus. It could
not-of course be situated at the Y, locus in anomalwn. That Ydp is
also independent of the Chinese pale locus ¥, was shown by the segre-
gation i two famnilies derived from depressed yellow plants from the
oross 14,859 x N 44 (¥, ¥, Ydp ydp > X;¥ Y\)7, ydp ydp). These plants
were hackerossed to the double recessive N 44, full yellows and depressed
yellows appeared in equal nwmbers, and the influence of the depressor
gene could algo be seen within the Chinese pale segregates, approximately
half of which were distinetly paler than the others:

Il Deprass Chinese Depressed
Family yellow yellow pale pale Totol
3708 40 bt 47 &3 164
709 16 22 12 14 G4
Total 56 56 850 &7 238

Very few backerosses to onmomelum have been grown, and as fav as
corolla eolour is comcerned only one large progeny. This, the result of
selfing -a plant from the second backeress of H 10 fo anomaluwm, and
carrving the ¥, allele from the former type, segregated 55 plants of
grades 6-b-4 and 27 of anomclun grade 2. The yellows went vather
higher than might have been expected on a presumahly homozygous
Ydp background, though there was, no evidetce that ydp from H 10
had not also been earried over into this line. Scoring of exact vellow
grade was very difficult an accennt of the wide range in intensity of pink
in the petal. The point of greatest interest in this progeny was that it
showed an excess of pales—B35 :-27—which though not significant sug-
gests a tendency for a foreign gene to be in defect when introduced info
anomalirm also,

The depressor gene is of sufficient potency o account for practically
ali of the downward extession of the great range m corolla colowr segre-
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sation which characterizes anomalwn hybuids as against those between
the two culfivated Asiatic speties. As far as modifiers affecting the npper
portion of the range in vellow intensity ave concerned, anomalivnn is
probably not very different from many of the Aerbacewn types which are
ab a lower level than arborewm in this respect.

(8Y The effect of Y7 and Ydp on pelal length
In view of the influence of the ¥, series of alleles on Hower size, petal
length was measured in certain segregating, families, and the results are
summarized in Table 6. The first three families all agreed in showing thatb

Table 6. The effect of ¥,7 and Ydp on petal length
Iean
No. petal
of Jength

Famiiy Corolln eolowr plants mm. 3.8 DIl £ r

3:d B.O.ASselfed  Yellow A — 1 337 20 003002
mnoinehion pale 9 — ] - -

(A 150002y 9992 Yellow 206 — 1 a37 180 Very small
anomalum pale 143 — 7 i

(N 44 2 9892) selfed  Fuoll yelow 63 43 052) 1050 88 Very small
siometlum pale g 32 115§ 7 Bme
Chinese pale 17 b 050 — e —
Diouble vecessive 8 38 123 e — —

(N 44 % 14,850) x N 44 Tull yellow 35 - 0-39} 03 1A 03 —0-1
Depressed vellow 55 0-33 -
Chinese paie 57 36} . a. OE_.03
Chineze pals depressed 57 0-39] 116 21 0:05-003

14,850 = N 14 Full yellow 56 — i BN
Depressed yellow 60 — } Le7 33 Emall

the anomaluin pale segregates have petals from 10 to 259 shorter than
those of their full yellow sibs. Tn each case the difference was significant,
and its magnitude was comparable with that which Hutchinson (1931)
found fo be associated with white coralla in the series which he studied.
From the third and fourth families it will be seen that Chinese pales are
more like the common pale which Hutchinson studied, in not being very
different in petal length from yellows. In the third family the Chinese
pales were 0-92 mm. longer than the yellows, but the standard error of
this difference was 0-95. In the fourth family they were 0-80 mu.
shorter, with a standazd error of 0-54. In each case the differences were
non-significant, In the third family the double recessives were found to
be intermediate in petal lengbh between cnomalhwn pale and Chinese
pale. They were 6-00 mrm. longer than the former (¢=355, P very small),
and 5-81 mm. shorter than the latber ((=4-0, P very small), but in view
of their small number it is doubtful whether much ziguificance can be
attached to their measnrements,
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In the fourth family the depressor class wag shorter than its corre-
gponding full yellow or Chinese pale class in each case, though only in
the latter comparison was the difference significant. Comparison of the
petal length of the depressed Chiness pales with that of the full vellows
showed a more marked difference, the former being 1-06 mm. shorber
than the latter (t=>35, P very small). This can no doubt be attributed to
the cwmulative effects of the Chinese pale and the depressor, which
separately are small and not easily demonstrable. In the fifth family the
depressed yellows again had slightly shorter petals than the full yellows,
and in this case the diffevence was clearly significant. Evidently ¥Ydp
is gimilar In this respect to the petal colonr modifiers which Hutchinson
shudied.

(6) Linkoge tests agarnst ¥, and Ydp

Since markers for these loci have not previously been available in
Asjatic cotbons, -correlations with other gene segregations have been
observed whenever possible, and are recorded 1o Tables 7 and 8. In none
of the cases examined was theze any evidence of linkgze with either I,
or Ydp.

Table 7. Two-factor selfed segregations tnvelving ¥,

Parental) ] .

Factor Family constibufion I,X T ¥ FX TFlx T X
L . grd B.COAS B gk w = — 55 13 16 3 80 0-1
14,368 =N 5, 8 s 92 30 i3 11 151 21

9 - = - 62 21 12 3 98 54

Le, 14,568 xN 5, + = -+ a0 19 a1 4 134 01
0902 » M 44, S e W = 37 15 7 G 85 38

P 4808 2N 5, 8 A — 4 Gl 31 23 i 153 0-5
H,o o9unaTH, S $— % -9 & 16 41 & 7 0]

Table 8, Two-factor backeross segregalions tnoolving Ydp
(I used as femnale)

Parental

Factor constitution JTdpX Fdpe ydp X ydpa T X
£ B 39 ) 6 41 159 G-I
R S 51§ 56 54 G1 227 -2

Ley +4+ N - = 36 432 41 B 143 11
e 53] 51 556 47 209 LIS

By e S SR R 41 32 45 180 13
e 44w - 45 37 31 46 159 34

(1) Summary
(1) With vespect to fower colour, (. anomalum is complementary with
arborewm strains carrying the common pale or white allele in the ¥, locus,
or Chinese pale in the 17 locus. To the gene responsible for the pale
corolla of anomalim the symbol ¥, 1s assigned. All straios of asborewm
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and ferbacewm carry its allele ¥, The constitution of anomalwm is
Y, ¥, ¥.L.

(n) Although the ¥.% pale corolla, when in arborewn, is not very
different in appearance from the ¥, 7 pale, it is more like y, white in being
associated with a considerably smaller Sower than the full yellow types.

(i) ALl anomalum hybrids, even those involving full yellow culbi-
vated Asiatic parents, arve alike in the low intensiby of yellow in the
corolla. This is due primarily to a yellow depressor from anomabemn, to
which the symbol ¥dp is allocated. This gene lowers the intensity of
full yellow in arboreum from grade 7-8 to grade 4. ¥,;” pale is of grade 3
in an arboreum genotype (ydp), but in anomalun (Ydp) the expression of
this gene is reduced to grade 3 by the depressor,

(iv) The depressor, like other corolla colour modifiers, vestricts petal
length to a very slight extent.

{v) Anomalwm hybrid progenies show a very much wider corolla
colour modifier segregation than do crosses between the two culfivated
Asiatic species. Most of the downward extension in range of yellow
intensity is due to the Ydp gene.

{(vi) The ¥, locus is independent of ¥, ¥, B,, H,, and the L-Le;
Hnkage group. Ydp is independent of Y., ¥, Y,, E,, Ve, and the
E-Ley group.

V. AnTtmoCYanin
(1) The situation wn the cultivated dsiatic species; symbolization

In &L arborewm and herbacewn anthooyanin distribution is controlled
by a lengthy sexies of multiple allelomorphs. Six types were originally
described by Hutchinson (19325} and the genes arranged serially:

B~RY“RC-R3-pgyo.
R® is by far the commonest allele, and the red spot at the base of the
petal and the variable intensities of red tinge on the stem which it
produces might be described as the typical condition in cotton (P1. 18,
fig. 1). The 1° type is completely spotless (P1. 18, fig. 2); the red tinge on
the stem of the strain in which this gene occurs is slightly paler than that
on most RS types, but this is almost certaicly due to medifier and not to
auy difference in the main gene in this respect. The 28 type, ghost spot
(P1.18, fig. 3), has a clear white avea at the hase of the petal in the position
which is ocenpied by the red spot in RS types. Ghost spot types however
not only lack anthocyanin from the petal spot, but from the entire
vegetative part of the plant as well. The two alleles 10 and r? act as
complementaries in that their compound (PL 18, fg. 14) has a similar
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expression to that of the next higher member, B3 Hutchison described
this compound as “spot/ghost™ on account of the pale whitish margin
stzrounding the pigmented area, as if the red spot were superposed on &
glightly larger ghost. Evidence which will be presented in this paper
shows that this expression is not an essential characteristic of the com-
pound, which on certain genetic backgrounds is intensified until it is
quite indistinguishable from RS phenotypically. The higher members of
the series, RC, R, and R, are also, like R®, characterized by a red petal
spot, but in addition determine progressive extension of intense antho-
cyanin pigmentation firss to the calyx and bolls, next to the leaves as
well, and finally also to the petal lobe. Subsequently Hutchinson &
Ghose (1937D) reported a seventh member of the allelic series, RO,
similar to RV vegetatively, but, like 10, without any petal spot, and in
this respect also complementary with re. This, together with information
obtained in the course of this investigation with anomalwm, has led to the
realization that the anthoeyanin alleles may be arranged in two series,
similar in vegetative expression but respectively with and without red
petal spot. On this basis a new sysfem of nomenclature of the genes
has been proposed (Ifutchinson & Silow, 1939). Two superscripts are
attached to the main R symbol; the first indicates distzibution of antho-
cyanin if present, and the second, presence or absence of spot. In the
following list the new symbols are indicated, together with the o]d ones
in brackets. As Harland (1925) has established homology of this sevies
with the R, series m the tetraploid New World cottons, this series is also
given the same numerical subscriph,

FPefal spotted Potal spotiess

Red plant body and peial Tl (R
Fed lenf Fl® (B B0 (2,0
Red calyx 2,08 (R
Red tinged stem (i.e. basic anthocyanin present, B A% (RS B (29

expression variaiie but slight)
Green stetn, ghost spot (basic anthoeyanin RO8 (15)

absent)

This svheme of symbolization indicajes the basis of the complementary
nature of the ghost spot (B.05) and spotless (Ry*” or £,2Y) in giving the

red spot phenotype. In the conrse of diseussion in this paper it is pro-
posed o refer to the phenotype of Ry4% as “Full spot”, and to the com-
ponnd between ghost R,0% and spotless £:47 as “compound spot”. The
latber term will also be used for compounds between ghost and spotless
when such genes ocour in different Joci, as will be shown o be the case in
anomalum. In cases where there 1s no immediate evidence as to whether
a particular phenobypic grouping is composed of full spot, or compound,
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or both, or where the distinebion is immaterial to the point under dis-
cussion, the class will be referred to as “red spot™.

Trom Hutchinson’s earlier work 15 had heen thoueht likely that the
compound spot would usually be distinet in expresgion from the full spot
allele By® in having a clear white marginal arves around the apob (see
PL 18, Ag. 14), though he had reported the appearance of a single
" intensified gpotf/ghost plant which was hardly distinguishable from a
bypical full spot, and suggested thab it might be possible to develop a
spotless fype with a complete seb of wrborewn modifiers which in com-
pound with ghosb would give a full spot Dhenotvpe A large number of
progenies which have been grown from wnomalum interspecific hybrids
have included both the ghost and spotless alleles, so considerable atten-
tion was focused on the scoring of the compound as distinet from the
full spot, especially in early progenies when anomelum was thought to
carry a full spot duplicate. The separation was found to be exceedingly
difficuls, and expected ratios weve not abtained. Spot/ghost types
appeared even in progenies where only wnomalum and Asiatic full spots
had entered. These difficulties of interpretation were eventually explained
by the demonstration that the anomalon spot is itself due to the comple-
mentary reaction between ghost and spotless, thongh these two genes are
i different loci, and that compounds can be intensified by modifiers
right up to the expression of full spot. Tn such cases it 18 now evident
that there would be no point in maintaining the distinction between
compound and full spot, and the data have been grouped as “red spot™.

It will be shown thab anomalum carries a duphcate anthocyanin locus.
On acecount of steriliby barriers it has not been possible to investigate the
relationship of this duplicate locus with vhe Ry serles of New World
cottons. From work in progress ab this Station it has been established
that the anthooyanin locus of the wild American diploid species G
armouranuin, aridun, and thurbert is homologous with By of the tetra-
ploid American species. Skovsted (1934) has suggested that the latber
are allopolyploids derived from an Asiatic species and an American wild
specles, or ¢ytologically similar types. On this basis By would net be
expected %o cocur in an Asiatic genom, and it is therefore proposed
tentatively to symbolize the anomalumn anthocyanin duplicate locus ag R;.

Since it hag been possible fo transfer the Ry gene from anomalim
to the oultivated Asiatics, and obtain normal segregation, it is hicrh]y
probable that the latter species also camry tﬂe A; lecus. There is of
course a possibility that the arborewm-her bacer homologne of the
anomalum Ry chromosome has a deletion at this locus, but in the absence
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of any positive evidence to this effect, it is more rational to suppose
that the locus ig present. Within the cultivated Asiatic species there is
however no evidence of its activity. The R,9% type does notb carry Ry40,
nor does the Fy4¢ type carry R,O%, since, on evidence which will be
brought forward in this paper, these combinations of genes would also
bé complementary in duplicate loci just as they are when in the same
allelomorphic series. There is no evidence that these spotless and ghost
types carry the same alleles in each of their duplicate loci, since in the 7,
between them they would give 14 spot : 1 ghost : 1 spotless, whereas they
actually give 2:1:1. The duplicate locus in wrborewn and herbocewm
must therefore carry an allele which is inactive so far as anthocyanin
expression is concerned—r,®°—a new spotless allele phenotypically
similar to By but lacking even the basal anthocyanin episome and
therefore not complementary with E.95.

When it hecame known that enomelum carries a duplicate spot
mechanism, careful watch was kept for any evidence of duplication for
anthocyanin in the cultivated Asiatic species, especially in the African
types 6. arborewn forma soudanensis and &, herbacewin var. fridescons and
var. africenwmn. None has been found.

(2) Bvidence of duplicatron
With reference to anthoeyanin . eromedum (P1. 18, fig. 4) i3 pheuo-
typieally similar to full spot B4% types in the onltivated Asialic spocies
(P1 18, fig. 1), with four of which it has heen crossed—A S and N 18 [rom
arhoreuns, and O 1 and 08 from Rerbacewn. The hyhrids were hack-
crossed to several arborenm ghost types, and the progeuy segregated for

petal spot as follows:

Crass Ted spob Ghost Totad ¥y P
{en. = A 8)=A 16 B 1 g — —
(oo > A 8) » N 14 174 28 202 1344 Very small
{on, xAB) =13 103 a8 133 0-0 0-95-0-90
fan. » A 8y =T 14 G 0 6 — —
(e, » W 1M =T 1 37 20 59 -5 0-05-0-02
(. = O 1} N 1t 8 a 11 — —
{an. O 8) » N & 8 1! 9 — —
{an. xQ 8) 2~ N 14 15 7 22 — —

The oceurrence of recessive ghosts 14 a backeross involving two dominang
phenotypes clearly indicated duplication. Theve was considerable hetero-
geneifiy amongst the families (y? Listerogeneiby =19-1, P=0-01). Of the
three larger families, one wag an excellent fit to the 3 : 1 expectation,
whilst the other two gave a very significant excess and deficiency of
ghosts respectively. In such a wide cross and with so much sterility
this was not altogether unexpected. The duplicate gene interpretation
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was substantiated hy subsequent breeding behaviour of spotted selections
from. the backeross (wn. < A 8) to N 14, which were again backerossed to
N 14 ghost.

Flank Bed spob Crhost Ralio X1 X1
F 1780 285 108 264 L 13 —
P 1981 138 &8 421 ) 0-1 e
P 1774 53 58 105:1 —- 01
P 1783 Qs 93 1011 - 0-6
P 1795 111 a0 1230 — 23
P 1797 47 53 0501 — 03

Oune in three of these would have heen expected to be double heterozy-
gotes, and the other two single Leterozyzotes giving 1:1. A geveuth
plant, P 1772, was selfed and gave 51 ved spotb : 5 ghost, indicating that it
also was a double heterozygote.

Some selecticns frow the third hackoross of (an. < A 8) to A5 were
also of interest in this connexion. A § heing homozysous full spot, the
bacleeross progeny were all phenotypically spot. Two gelections when
gelfed gave the following:

Plant na. Red =pot Grhost
14,854 B4 g
14,364 85 2

These two plants evidenbly werve heterczvgous in hoth the A 8 full
spot locus and in the duplicate locus, giving approximations to the 16 : 1
ratio. One red spotted segregate, no. 9993, from the fivsh of these selfed
progenies, algo turned out to be a double heterozygote like its immediate
parent. It was crossed with A 16 ghost, and the five progeny which were
grown were all vad spotted. On the basis of duplicate fastozg, one-third
of these spotted progeny should have been double heterozygotes, and
two-thirds single heterozygotes. They were crossed, as mentioned in
§ 111 in connexion with corolla colour analysis, back to their 9992 parent,
the double heterozygote, with which the double heterozygotes should
have given a 15 : 1 ratio, and the single heterozygotes a 7 : 1. Two of the
families appeared to be of the former type, and three of the latber:

o

Cross Red spot  Ghost spot Ratio s ¥
P 4088 x 9992 a0 4 12:5:1 0-1 13
P £126 x 9952 78 4 19-5:1 0-3 1-4
P 4127 % 9992 ;3 5 30:1 29 0-1
P 4128 > 05902 68 12 571 10-5 05
P 41399992 6 T 9-4:1 14 0-6

Plant 9992 was also crossed with N B ghost, and oune of its spotted progeny
gave further evidence of duplication. On selfing it gave 49 red spotted
and 3 ghost spot progeny (15 : 1) and a backeross to ghost zave 52 red
spot and 12 ghost {3:1). Abundant other evidence of duplication for
spot will appear incidentally later in this paper.
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{3) The R, allele en anomalom

When it became known that she anomalum spot 1s a duplicate of that
m arborewm and herbacewm, it was necessary to determine the nature of
the allele which anomalum carries in the arborewn anthocyanin locus {£,).
The fact that ghost segregates appeared in the backerosses of (am. x
Asiatic full spot) to ghost B,0% types indicated that the R, allele from
anomalim must be either ghost ora lower member. Accordingly four of
the ghost segregates, nos. P 1791, P 1801, P 1818, and 11,319, from the
above (an. x A 8)x N 14 hackeross, were crossed to H 10 spotless R0
They gave a total of 316 plants all with the red spot phenctype char-
acteristic of the ghost-spotless compound, indicating that their ghost
parent must have been homozygous for the ghost allele. That the
enomalum B, confiibution is & ghost aliele was also eonfirmed by the
following line of evidence. The hybrid (an. > A 8) was itself backerossed
to H 10 spotless Ry40, and all 550 progeny grown were red spotted. This
shonld be contrasted with the 3 red spot:I ghost segregation which
occurred on backerossing the same hybrid to ghost types. Two plants,
nos. 11,708 and 11,757, were selacted from the H 10 backeross for further
testing, On again backcrossing they gave 1:1 and not 3:1 ratios,
indicating that the duplicate spot from anomalwn was not present in
these selections. Attention need therefore he divected $o the R, locus
only, at which, in addition to the spotless allele denived from H 10, these
selections might have carried full spot from A 8, in which case a backeross
to ghost would have given all spotted progeny; actually about 50 %, yhost
were obtained, so thelr second Ry member must bave been ghost, as was
confirmed by backerossing these same two seleetioms again to spotiess.
This ghost could only have been derived from anomalum. The actual
nambers obtained in these backerosses of 11,705 and 11,757 (Ry40 R,75)

were as follows:

Cross Hegregation ¥%4 F
11,703 hackerossed 220 cowponud spot 149 ghost 137  Very small
ghost (_Rz(}b‘) (REUJ‘J szg) (R::O.S ]5.'2”’5)
11,757 dabto 25 ditte 21 ditgo 0-3 Q705
11,703 backerossed 52 spotless 35 compound a3 0-1-0-05
Spoﬂf‘-ss (Hu_zi(') (I.QEAO RE‘JO‘) (R::AU R:;GS)
11,757 ditbe 172 ditto 139 ditto 3-5 G 1105
Total 469 RA0 344 BSOS 20-8  Very small
16 07

Heterogeneity
In all four progenies plants carrying the introduced ghost gene R,50 of
wnomelwm origin wers fewer in number than expected. The families
formed a homogeneous group, and although in only one of them was the
deficiency actually significant, in total there was a very significant
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shortage of plants carvying the introduced gene—a frequent tendency
fo which attention will be diretted again later.

The planty 14,854 and 14,864, to which veference has already heen
made in the preceding section, also showed. that the 2, allele in wnomalum
i ghost. They were selections from a thivd backeross of (ei. x A 8) to A 3,
and threw ghosts in their seffed progeny. Since A 8 iz homozygols
By, the £,9% oene must have come from anonaleon.

(4) T'he complementary natwre of the duplicate in Ry, and its pleiotropic
“gold pelal” affect

The knowledgs that anomalum carvies ghost in the B, locus raised the
possibility that the duplicate might not necessaxily he a full spot allele
on ibs own accounk, bnt a spotless gene giving the gpot phenotype 1n
agsociation with ghost, Critical evidence is availahle from the hackeross
of the hybrid (an. < H 10 spotless} to H 10. If the duplicate were a
full spot, it should have given a 3: 1 duplicate gene ratio, since the
anomaluin B9 would also have acted as a spot phenotype on the H 10
spotless hackgrouvd. Actually 20 red-spotted and 28 spotless plants were
ohtained, clearly s 1 : 1 ratio, which can only be interpreted on the basis
that the anomalui spos is due $0 complementary alleles, respectively
ghost and spotless, in duplicate loci, as follows:

Parents anonalum spob 2,08 BAC H 10 spotless By 1,07
K, spob RQOS Rg-'io Ra"m .,.309

P, gaamstes ROSRAO ROS U0 RACRAO B 40 ;00
Phenotypes in B.C. to FL 10 R,40,,00 Bpot Spot Spotless Spotless

It was wot practicable to grow a larger backeross family, since many
herbacewm types, including H 10 which was the only spotless available
at the time of these experiments, are not well adapted to the local
climate. The difficulty of obtaining a good stand wag increased by the
high sterility of the hybrid. There is however fwther very conclusive
evidence of the spotless nature of the anomalum B, allele, and this was
derived from the hybrid between anomahon and the arborewsm ghost
type A 16. Since anomelum also carries ghost in the B, locus, this hybrid
wag homozygous for RS, sz was confirmed by a backeross to i 10
spotless, in which all 241 progeny were spotted. On this account all
spotted progeny in recurrent hackerosses to A 16 were of the same main
genotype for spot as the original (smn.x A 16) hybrid. This point is of
considerable iraportance in facilitating subsequent analysis.

Although anomalum ibself (2118, 8g. 1) has only the faintest suggestion
of pink on the petal lamina, all of its hybrids were characterized by a
distinct tinge of pink overlying the obherwise yellow corolla (PL 18,
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figs. B-T), giving a gold or bronze appearance to the petal which had
never hefore heen seen in Asiatic cottons. The degree of expression of
gold was very different in the several hybrids which have been grown,
and was strongest in the A 16 cross {PL 18, fig. 7). Practically all red-
spotted segregates in each of the successive backerosses to A 16 were also
characterized by gold appearance to solne extent, whereas all ghost
cgregates had a perfectly clear yellow petalasin A 16 itself (P1. 18, fig. 3).
This association of spot with gold petsl has been carefully followed
through wherever possible. In the eaxly days of this investigation, before
the significance of gold petal expression was fully appreciated, & first
backeross of {en. x A 16) to A 16 was clessified as 20 red spot : 30 ghost.
All of the latter were absolutely clear yellow petal, and in progeny
derived from these and other ghost segregates gold petal has never
appeared. Fifteen of the red-spotved plants were noted as having the gold
expresgion in varying degrees from intense to very faint, and only one
was.scored as clear yellow petal. For the other four there was no definite
record of gold, aftention having been distracted in the case of two of
them to the expression of the yellow depressor. The remaining two had
very small abnormal petals on which 1t was difficult to defermine colonr
exactly, but gold occurred in the gelfed progeny of one of them. Three of
the red-spotted gold-petalled plants of this first backeross were again
backerossed to A 16, giving 11 ved spob: 6 ghost. Al of the latter were
vellow petal, whilst § of the red spot were clasgufied as gold. Of the
remaining three not recorded for gold, one had small abnormal petals;
the other two 11 mbisequent progeny showed gold petal ved spot, so again
must have been gold pebal genctypically if not phenotypically.

Seven of the red-spotted plants of the second hackeross when hacle-
crossed again to A 16 (third hackoross) gave 49 red-spotted all with gold,
and 60 ghost all clear yellow petal. Three ved-spotted gold-petal plants
of the third hackeross, nos. 15,094, 15,095 and 15,099, were selfed, and
gave respectively 46 : 23, 22:9, and 14 : 8 red-spotted and ghost-spot
segregates. All of the latter were clear yellow, and all except one of the
red-spotted plants were gold petalled. This exception which oceurred in
the progeny of plant no. 15,094 was of the sawe type as the remainder of
the family, bhut could not be rechecked when its aberrant scoring was
noted. However 15,094 wag again selfed and backerossed, giving in the
respective families 29 : 4 and 20 : 28 red-spotted and ghost-spot plants.
All of the spotted class showed gold petal. It is therefove very likely that
the exception noted in the earlier sowing was incorrectly graded. The
gold was still variable i intensity in the third and fourth hackerosses,
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though present in some degree in every one of the spotbed segregates.
It may reagonably be concluded that gold petal is eonstantly associated
with the anoimaliumn red-spot class, and it has never been observed in ghost
segregates,

In this connexion the following evidence is of pasticular significance.
At the time when the above constant association was fivst suspected:, a
red-spotted selection, no. 14,544, from the thivd hackeross of (an. x H 10}
to N 14 was available. N 14 has both white petal and ghoest spot; 14,544
also had a white corolla, and its breeding hehaviour had shown that 1%
was also homozygous for ghost in the £, locus, and heterozygous in tle
R, loeus for the spotiess allele derived from anemalim, to whose inter-
action with ghost its red-spob phenotype was due. Yet no gold was
visible on the petal, as a vesult of the absence of yellow flavone. [t was
therefore of interest to determine If gold were really latent in this plant,
so it was crossed with A 16 ghost, homozygous for yellow corvolla. The
progeny consisted of S5 with ghost spot and absclutely clear vellow
petals, and 83 with red spot and a distinet though faint tinge of gold.
The low intensity of gold was later found to he a vesult of heterczygosity
for white corolla; the important point is that gold wasg present on all
plants which showed the unomalum spot, and in that respect this evidence
strongly supports the conclusions drawn from the A 16 backcross lines.

Reverting to the latter, a gold-petalled red-spotted plant was selected
fromn the second backeross of (an. x A 16) to A 16. This plant must have
heen homnzygous for ghost, since both enomalum and A 16 carry this
gene in the B, locus, and heterozygous for the anomalum B, spotless
allele to which its red-spot phenotype was due. This was crossed with
H 10 spotless, and a small progeny grown. As a resnlt of the interaction
with ghost, all progeny were spotted, and two with gold petals, P 2381
and P 2386, were selected. These were backerossed to H 10, when it was
found that not only were some of the red-spotied progeny gold-petalled,
but some of the spotless segregates also showed gold of varying intensities.
The scoring was as follows:

Red spot Spotiess Pt
o e T . \
Cross Gold  Nogold (Gold Nogeld Spob Gold
P 2381 » H 10 40 23 39 32 05 43
P2386«H10 116 140 96 128 2.4 51

The families were somewhat dissimilar in their segregation (y* hetero-
geneity =11-14, P = 0-01); in the fivst family the spot segregation was near
the 1: 1 expected (63 :71), but in the second fawily there was a fairly
large excess of spotted plants (256 : 222). In the fist family there was
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a significant excess of golds (79:55) and in the second & significant
deficiency (112 : 266), and to this the heterogeneity between the families
was due. No explanation of the aberrant ratios can be brought forward.
It can only be mentioned that other obviously monogenic segregations
were also frequently distorted in this hybrid material, and in no case has
bleedmcr behaviour been found to be conflictory with the genic mter-
pretation suggested. The point of importance is that hoth of the above
families agreed in showing complete independence of spot and gold
(x*z for total deviation 0-4, P=0-5, for heterogeneity 0-4, P=0-5). This
independence was in striking contrast to the segregations previously dis-
cussed, and nothing like the gold spotless type, which is shown in PL. 18,
fig. 13, had ever previously been seen in the Asiatic cottons. The basal
ares of the petal, corresponding to the portion occupied by red spot or
ghost spot in other cottons, was clear yellow, but the remainder of the
petal lamina was of the same gold finge as had previously been associated
with the anomalum spotted types in the A 16 backeross hines. The ocour-
rence of gold spotless types, the complete independence of gold from the
R, spot segregation in this T 10 backeross, and ifs absolute association
with the anomoelum By spob phenotype in the A 16 backeross lines, can
only he explained on the basis that the anomalum By allele is itself spot-
less, gives the complementary spot reaction with ghost, and 1s responsible
for the development of gold petal. This conception is not in any way
different from that of the various vegetative red effects which have heen
shown to be associated with both spot and spotless members of the A,
series in the cultivated Astatics. The symbol B9 is proposed for this
allele—@ in the superscript signifying the presence of basic anthooyamn
with gold petal as its special expression; and O signifying that no spot is
present. The above segregations would thevefore be interpreted as follows

Pavents anomelin: spob A 16 ghost
B8 B,80 1,08 7,00
Iy genotype R85 R05 RSOy 00
Gametes of F, {and of spotied se- 05 g E0 RGOSy 00
lections from recumrrent B.CUs to
A 16}
Phenotypes in lst B.CL to A 16, Spot, gold petal Ghost, no gold

RO% ¢ W0 (and in zecwrrent B.(Ws
of spotied selections)
Phenotypes in progeny of spotbed, Spob, gold petal Spot. no gold
gold petal selections {same geno-
!,V])e asg Pl) crossed with H 10,
T2y A Ty oo
Gamotes of spotted, gold pelal  AAC RET R0 ,00 RO p GO R,08 5,00
selections T 2381 “lnd P 2386,
7, AﬂE 08 7, R, G0, 00
Phenotypes in B, C of P 2381 and Spotless, Spotless, Spot, Spot,
P 2886 to I 1G, R0 7,00 zold no gold gold 1o gold

Journ. of Clenetics 42 19
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P 2381 and P 2386 were also selfed. Onthe above basis expectation
would be:

Red spob, Red spot, Cthost spot,  Spobless, Spotless,
gokd petal 1o gold no gold gold petal ne gold
1] 3 1 3 1
Actual fignres were
Ted spob Ghost Spobless
e e gpob e
Gold No Coldnot  No Hold No  Coldnot
petal gold  seored  gold  petal  gold  scored  Tofal
P 2381 selfed 74 29 (3) 3 43 i5 (2) 168
Fapected 951 211 10-6 317 106 109-1
P 2586 solferd 210 43 My Y 23 ) 367
Eapacted 2064 459 220 588 22:9 3G6-9

In the first family the fit was not very good. yx? for the three mnain
classes—red spot, ghost and spotless, was high, 13-8, and most of this
was due to a deflciency of ghost and an excess of spotless. Within the
spotless class she ratio gold : no gold was fairly good, but was sormewhat
out within the red-spotted class. HExpectation was however very closely
realized in the second family.

From thiz material B,%9 has been established in the homozygous
condition in association with R.4C, giving zold spotless. Three of the
deepest gold types, one from P 2381 selfed, and two from P 2386 selfed,
all scored as intense, were tested for homozygosity. Two of these selections
when selfed gave 4% and 43 plants respectively, all of whick were spotless,
with medinm gold to intense gold or intense pink petal. The third plant,
ro. 6144, although somewhat more intensely gold than its homezygous
sib, turned oub to be heterozygous for B0, It will be remembered that
P 2381 and P 2386 were the result of two backerosses to A 16 followed by
one hacleross to H 10. The latter strain will he shown later to be low in
content of gold intensifying modifiers relative to A 16, so that wide
segregation for the modifiers would be expected, and this would $o some
extent mask the distinction in gold intensity between R,%? homorygotes
and heterozygotes.

R;%9 has also heen established.in the homozygous phase as a gold-
petalled red-spotted type in association with R,0% ghost, i.e. of the same
main anthocyanin gene constitution as anomalum itself, but on a yellow-
petalled arboreum genotype. The same seven spotted segregates from the
second backcross to A 16 ghost, which as reported above were selected
for further backerossing, were also selfed. In all they gave 37 red-spotted
and 20 ghost segregates. All of the red-spotted plants had gold petal,
ranging from intense to very intense.. Six of the latber type were selfed.
Four of them were heferozygotes, giving in all 42 red spob, gold: 21
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ghost spot, ne gold. Two others were homozygotes. One of these, 15,240
(PL. 18, fig. 9), gave a small selfed progeny of eleven plants, all red-spotted,
intense to very intense gold petal. lts homozygosity was further con-
firmed by backerosses to ghost, which gave 85 progeny, all red-spotted.
The other homozygote, 15,245, did nob give any selfed seed, but in
crosses with ghost gave 145 progeny, all red spotted. These red-spotted
R,O8 RGO homozygotes were move intensely gold than the spotless
BA49 RGO ones, since the latter carried part of the low-grade gold geno-
type of the H 10 strain,

(8) Variability in gold petal ewpression

In presenting the evidence for the constitution of anomalum with
reference to corclla colour and anthocyanin each particular factor has
been discussed separately. Whilst this greatly facilitates analysis, 1t does
not give any idea of the extreme variability within the early segregating
progenies, nor of the great differences in range of variability between
those derived from different hybrids. Not only was there the wide range
in shade of yellow, even in the absence of the main gene segregation, as
was shown in Table 4, but supserposed on this there was also a wide
segregation for gold or pink, together with great variability in size and
intensity of the petal spot, ranging from very minute to one which
covered about half of the petal surface. Aftention will first be directed
to the variability in gold expression. Its association with the anomalin
anthocyanin allele has been lustrated from material derived from the
wr. x A 16 hybrid, of which a small first backeress was cited. Lator
n larger fivst backeross was grown, and its classification for yellow corafla
grade and for pink 1s shown in Tahle .

Table 9. Segreguiion for yellow corolle grade, and for spot and the
associaled gold or pink expression, in the first backeross (an. x 4 16)

to 416 Yellow corolla grade
[ — -
s 7 6 5 4 Tn- Nog
“ definite™  seorad Total
Petal very pink ov with 1 11 2 . 3
deep pink erge
Medmm pink P A 1 . 11
Fainl pink A - . R 7
Red spot < Very inb. or ink gold 4 1a N 161130
Medinm gold 2011 2 1 G 23
Faint gold 71 3 16
Very fainh gold .81 .3 3 . 12
(old nob recorded L . 41 1
. ) . (No gold 289 18 1 0% . . 17 B8]
Gihost spot {Golc% not recorded . . Bl 37} 105

# Yellow grade ohsoured by gold or pink.
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This table adeqoately cdemonstrates the complexity of segregation of
early backorosses. Seoriug of pink or gold on the corolla was difficult:
Four rather indefinite grades were nsed—very infense to intense, medium,
faint, and very faint. Very intense gold corvesponds to fig. 9 in Pl 18,
mediam gold corresponcs to fig. 10, and very faint gold fo fig. 11. Tig. 12
represents the intense pink grade, though in this family many of the
pinks were less uniformly coloured over the petal surface, with a strongly
marked tendency to deepening towards the pstal edge where the petal
had beer exposed to the sun in the bmd stage. Although the scoring for
any parbicnlar plant was somewhat variable, it was fairly consistent. The
greater part of the varalility within & plant appeared to he due to
differences in exposure of the hud to the direct sun. Tt was also difficult
to score accrvately the wide segregation in corolla grade on accouub of
the variation in the overlying pink or gold. Pink as distinet from gold
was nob wmerely the same intensity of anthocyanin overlying a paler
grade of yellow, but there wag a real intensification of anthocyanin pig-
ment in the petal lobe, as may be seen by comparing figs. 10 and 121in
P1. 18; the plants from which these figures were painted were sibs of known
and similar constitution except for the presence in the pink plant of the
Ydp gene which has heen discusted in the corolla colour section, and
which will be shown o be responsible for the distinction hetween gold
and pink,

The fact that in the A 16 backcross lines there were only two main
anbhocyanin genotypes segregating facilitated recognition of the asso-
clation hetween gold and the spotted class, though from Table 9 it will
be seen that there was greab variability in expression of gold within this
class. Bince so many of the backerosses involving other arborewm and
herbacewm types did not manifest gold petal to anything like the same
extent as did backerosses to A 16, doubts arose &t one time as to whether
gold had really cowme in from anomalum, and to make sure that A 16
was not in some obscure way the source of it, A 16 ifself was crossed
with 14,859, a plant carrying the gene Ydp which had been found to
accentuabe the expression of gold to pink; the thirteen plants derived
from this cross showed no sign of pink, confirming that A 16 was not the
source of gold. It was eventually realized that A 16 was at a rather
higher modifier level than most other types used in this study, hut this
situation in itsell was not sufficient to explain all the observed variability
in expression of gold, and an attempt was therefore made to determine
what other factors were involved.

The two red-spotted plants 15,240 and 15,245, from the second back-



R. A. Stmow 295

cross selfed of (an.x A 16) to A 16, and which had been found to be
homozygous for the gold spotless allele, wére used. They themselves were
graded as “wvery intenze gold”, and the selfed progeny of one of them
graded “intense to very infemse”, mostly the latter. Al were on a
homozygous yellow coralla background (¥, ¥,) (PL 18, fig. 9). Back-
crdsses of these two plants to A 8 (81 progeny observed) gave an estimate
of the expression of heterozygous gold on homozygous vellow corolla.
They graded “medium to intense”, mostly the former, as also do red-
spotted segregates in backcerosses of heterozygous selections in the A 16
backerogs lines (PL 18, fig. 10). The indication that gold is not completely
dominant therefore accounts for some of the variability of gold in selfed
lines carrying R,%7. .

The same two homozygous gold spotless plants were also crossed with
N b and N 14. N5 is a ghost spot pale yellow corclla Y, P strain, and
N 14 is a ghost spot white corolla 3, type. The progeny gave an estimate
of heterozygous gold on a heterozygous yellow corolia background. Where
N & was involved (100 progeny observed), and corolla constitution of the
progeny was therefore ¥, ¥ .7, gold was reduced to very faint (Pl 18,
fig. 11), being hardly discernible except against clear yellow petal types
for contragt, in which case there was then no doubt as to its presence.
Examination of the paintings will show however that it would not always
be easy to see this faint expression in a family with a wide segregation
for gold and yellow. In progenies involving N 14 {130 plants examined)
gold, though discernible, was even falnter. The hybrids (15,240 < I 14),
(18,245« N 14), (15,2405 N B) and (15,245 = N 5§} were extensively seled
in connexion with f2; linkage studies, and observations were also made
on gaold expressicn in these F, progenies, The hybrids weve of B,09 K5
R0 70U constitution, so that all spotted progeny were of necessity
compounds between F,”% and R,%Y, but all -white corolla segregates
{4 ¥o) which carried red spot lacked any trace of goid on the petal. As
expected, the red-spotted yellow petal segregates showed a range from
very intense to wvery faint gold, since they were either homozygous or
heterozygous for both ¥, and R,%Y. Some but not all of the spotted pale
corolla (1,7 1,7} segregates, when contrasted against ghost segregates,
showed an extremely slight imdication of gold. The pales ranged from
grades 3-11 in these families, and there was a tendency for the gold to
be somewhat more definite on the higher grade hackgrounds. All this
evidence showed that the expression of gold is very dependent on corolla
colour constitution.

The plants 15,240 and 15,245 were also crossed with 14,859, a selection
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from o third backeross of (an. x A 8) to A 8, lacking £,7°, homozygous
for ¥, ¥,, and heterozygous for Ydp, the independent gene which
reduces the expresgion of yellow corolla from grade 7 or 8 o abount
grade 4 (see PL. 18, fig. 8). Tn outcrosses this gene has been shown to give
a perfectly clear 1 : 1 segregation. The progeny of 14,85% with 15,340 and
15,245 would all be heterozygous RS2 1,00, homozygous Y, ¥, and; if
Ydp had not been segregating, should all have shown medium to intense
gold. However only 509, of the progeny showed this, the reraining
509, showing a very striking vose pink coloration over the entire petal,
a farther character never before seen in Asiatic cobions. This type is
shown in P1. 18, fig. 12, and one of its gold sibs in PL. 18, fig. 13. The classes
were remarkably distinet, and scoving gave:

Cross Hold Pink
14,889 « 18.240 46 44
14,859 15,245 34 34:

since 14,859 was known to be heterozygous for Ydp, it was thought
that this new pink might be the expression of gold on a depressed yellow
corolia. To test this hypothesis, two gold aund two piuk selections were
each crossed to A 8 {clear yellow, homozygous), and small progenies

EIOWL.
¥ult Low-grade

(lross Glold Pink vellow yellow
19,176 =pink, <A 8§ 3 7 7 3
19,179 =pink, xA§ 4 6 7 5
19,217 =gold, » A § 10 0 11 0
19,226 =gold, «AS§ 8 0 i8 0

The pink plants evidently carried ¥dp, whilst the gold ones did not,
confitming that it is the inferaction bebtween gold and Ydp which
accounts for the development of pink. This however only appears to
kold on a homozygous vellow corolla background. There is evidence
that when yellow corolla Y, is heterozygous, although ¥dp is able to
lower the expression of yellow, it does not change gold fo pink. A
particular example is a plant P 1822, a selection from the second back-
cross of (an. x H 10) to N 14; this plant which was spotted, must at least
have beer heterozygous for B,05 because of its N 14 parentage; the full
spot gene By7% rot having entered this series, its spot might have been
due to either By 0 from H 10 or to R0 from wnomalum, or to both.
R;¥9 was definitely present because P 1822 was very faintly gold. When
backerossed again to N 14 it gave 35 spotted : 63 ghost, definitely not a
duplicate gene 3 : 1 backeross ratio, thus eliminating the possibility of
spotless genes in both loci. P 1822 must therefore have besn R,08 R0
B,59 9,00, The grading of P 1822 at ahout 4-5 snggested that it carried
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Ydp. There is ample evidence of this from several sources. For instance,
P 1822 was crossed with N 44, a Chinese pale petal type of the con-
stitution ¥, ¥, ¥, ¥,F, and the 76 progeny were scored as follows:
18 plants with pink {medium-intenss); Y grades 4, 3, or not visible below intense pink.
15 plants with gold {fant—very intense); Y grades 7-3, or not visible below intense
goli.s plants with no gold or pink; Y grades 7-3.
Amongst the 48 clear yellow, grading was as follows:

Y grades
A

L d
7 6 5 4 3
g 8 5 21 5

The pink-gold segregation implied a segregation for Ydp acting on B,57
in the presence of a full yellow corolla potentiality. From other crosses
it was already known that heterozygosity for ¥,7 does not reduce gold
expression as does heterozygosity in the ¥, Jocus. The presence of ¥dp
was confirmed by the dewnward grading of the clear yellows as low as
orades 4 and 3, though the expected 1:1 for full yellow : depressed
yellow was somewhat obscured by the comples modifier constitution of
P 1822, with three species in its pedigree. The actual segregation expected
in this progeny was:

RS0, 7,00
/ . - .
. A."’ N
\\ /'/
¥Yy Yy ¥y Ty
. JEaN A i
/// h //' \\‘ /.'/ ‘\\ - o N
Ydp ydp Ydp awlp Ydyp Yy Idp g

pink, Y4 gold, Y7 Tainti Taind clear ¥4 clear Y7 clenr 84 clear Y 7

gold, Y4 gold, ¥ 7

or, in a family of 76 plants, 2-5 pink, 9-6 gold, 19 faint gold, 38 ne geld.
Scoring for gold was not easy in those with only a faint expression,
and the deviation observed may have been due either to the scoring as
clear yellow of some plants which were genotypically faint gold, or to
deficiency of R,GC segregales, which was also observed in the cross
P 1822 » N.14, R,0% .99, which gave 35 red spobted : 63 ghost.

Tt is clear that P 1822 earried both B¥C and Ydp, yet it showed only
faint gold on depressed yellow, with only the very faintest suggestion of
pink in the gold, and that mostly in the petal edge. Hrom its N 14
parentage, P 1822 was heterozygous for y,, and 1% 1s to this fact that the
failure of Ydyp to intensify gold to pink iy attributed.

P 1823 (R,95 RS B9 7,99, ¥y, Ydp ylp) was also crossed with
15,240 and 15,245 (ROF B8 RGO RSO, Y, Y, ydp ydp). All of the
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progeuny would have carried B.0C. Hall of them should have heen hetero-
zygous for y,, and therefore bave shown ouly very faint signs of gold; of
the other half homozygous for ¥, only balf should have carvied Ydp and
therefore shown pink, whilst the other half should have shown medium
to very intense gold. Actual scoring was as follows:

Pink Gald Total
e e "
Very Very
intense  Intense Medium  Tainé faint
17 1 2 oL 6 16 45
Expected 11-5 113 23 46

Trxpectation was reasonably well satisfied. The pinks were all of more or
less uniform type similar to those in 14,853 x 15,240, The latter were all
heterozygoas B0 1%, vet in the family lere nnder dizcussion half of
the pinks should have been hamoszyeous R0 R,00, implying that the
maximum expression of pink 13 obtainable in the heterozygote. Selfed
progeny from vine of the plants from P 1822 15,240 were of parficular
interest in confirming these indications. Their segregation is shown in
Table 10.

Table 10. T%e influence of corolla colour genotype on gold
expression of the R,%0 ollele

Plant no. and Segregation in selfed progeny Indicated parental
characters — - genotype
Pink Gold
s § ™
Very
in-  In- Me- Very
R r ¥, u, tense tense dium Faint faint i
P 2951 Y 4, pink 45 0-45 0 29 2 9 3 . RSO REC Y. Y. Fdpydp
P 3353 Y 4, pink g ¢ 90 2 2 5 . . . - 1 "
P 2058, ~—, pink 21 0 21 0 9 2 5 3 2 ” a »
P 2955 Y 5, pink 20 7T 27 0 6 2 4 2 5 1 RFORD0 YV, T, Fdp ydp
P 2054 ¥ 6, intense 15 0 13 0 8 3 4 RFO RS0, ¥, ¥, ydp ydp
gold
P 2052 Y 6. faintgold 17 0 12 5 3 4 4 1 RPORSO T, y,. ydp ydp
P2057 Y 6, faint gold 28 O 23 5 3 7 9 4 " 2 1
P2056 ¥ 4. veryfainy 11 1 8§ 4 2 5 REO»00 ¥ y.. Ydpydp
goid
P2959 Y4 veryfaint 20 § 23 § 1 2 7 5 2 1 » 25
gold

P 2951, P 2953, and P 2958 were, from their breeding behaviour,
Lomozygous for B,70 and ¥, and also carried ¥dp; their origin indicates
that they could only bave been heterozyzous for that gene. They them-
selves were pink on a low grade yellow as expected (P 2958 was so in-
tensely pink as to chscure yellow grade) and those of their progeny
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which carried the depressor should also have been pink. None of these
pinks, which incidentaily were not very variable, were appreciably
deeper than those of 14,859 x 15,240, which were all heterozygous for
Ydp. Whether any homozygous depressors ccourred in these families is
not known; it will be noticed that the largest of them gave 29 pink : 16
poid, much the same distorted 3 : 1 as was discussed earlier in connexion
with the depressor ifself. Those of their progeny lacking the depressor
should have been wvery intense to medivom gold. Bome however went
down to faint, which is not usual on a homozygous ¥, ¥, background.
This, however, may be accounted for by the presence of other modifiers
probably from the original H 10 parent of the anomalum hybrid. Herba-
ceum types are known, from Hutchinson’s (19320) work, to lack general
anthocyanin intensifiers, and that H 10 lacks gold petal intensifiers in
particular was shown both by the fact that the hybrid (en.<H 10)
{(P1. 18, fig. G) was considerably less pink than (an. x A 16} (P1. 18, fg. 7},
though both were of comparable main gene constitution, and also by the
fact that 6144, an R,%¢7,°Y plant to which reference has already been
made, gave nearly as faint gold when crossed with H 10 ¥, ¥ as it did
when crossed with N 14 y, ¢, though with A 16 ¥, ¥, the gold grade
was medium. 14,544, o which veference has salso heen made, gave
further evidence of this. It has heen shown to he of R,08 R.08 RGO 00
constitution, and had white coroll. On crossing with A 16 (ghost,
vellow corolla) it had given 85 red-spotted segregates, with gold faint on
account of heteroaygosity for y,, and 85 clear yellow ghost segregates.
But on crossing with H 10 (spotless, yellow corolla) it gave 169 red-
spotted progeny, on none of which geld was visible, although about half
of these must have heen carrying the R,%7 allele. Bvidently modifiers
carried by H 10 further veduced the expression of this allele even heyond
the very faint which would have been expected on these 1, y, hetero-
zygotes. Whether these gold modifiers were the same as those which
brought down the corolla grade in the backeross to H 10 by about 4-1
grade below that in the family involving A 16 (Hutchinson, 1951, has
shown that Aerbaceum carries yel]o\:’ reducers), or whether it was the
general anthocyanin reducers which were regpoustble, 1t is not possible
to say. That gold petal is highly suscepfible to intensification and re-
duction is very clear. For instance, in the homozygous Ry40 R0
B50 RGO progenies whose establishment has already been discussed,
and from which Ydp was absent, the intense golds in several cases ranged
over to a definite intense pink, though it was not quite the same as in the
more uniformly pigmented Ydp type, tending to be more intense at the
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petal edge. By bagging flowers on a pinl-petalled plant, it was also shown
that sunlight iz essential to the formation of pink, since these hagged
flowers were almost pure yellow.

P 2955 in Table 10 only differed from the above three plants in being
heterozygous iustead of homozygous for E,%9, but was as pink as they
were. P 2954 was, lile the fivst three plants considered, homozygous for
R0 and Y, bub, since it lacked Vidp, remained intense gold. P 2952
and P 2057 were homozygous RS0, but heterozyzons ¥, y,, and there-
fore only faint gold. P 2956 and P 2959 were heterozygzous R0 7,90,
Y. v,. That they canied ¥ip was evident, in the case of P 2959 hecause
one of its progeny was definitely pink and in others with gold the uunder-
Iying yvellow was definitely of the low grade 4 depressor type, and in the
case of P 2959, although in its small progeny no pinks appeared, again
depressor yellow could be seen underlying some of the golds. P 2956
and P 2059 then, although they caried Ydp, were not pink bub only
very faint gold, because they were heterozygous for y,.

Heterozygosity in the Chinese pale ¥, locus does not appear to affect
gold expression, since in a crosg of 15,240« N 44 (oniy two progeny
examined, of constitution B,%% 00, ¥, ¥,, ¥, ¥,7), the gold expression
was medium to intense as in the case of heterczygous R,%C in other
homozygous yellow corolla families previously examined.. Heterozygosity
in the anomahon pale ¥, locus does not reduce gold expression either;
14,854 was a selection from the third hackcoross of (an. x A 8) to A S,
which wag later found by its breeding hehaviour to be heterozygous for
both B,%% and ¥,F; it showed medivm gold on a full yellow background ;
one of its progeny derived by selfng, no. 9992, a Y .© ¥,.F segregate of
grade 3 yellow, was also shown to camry R,%9, bub was not gold in
ELPPGELTELD.CE.

The factorial basis of the interaction between the main corella colour
factors and the anomalum R,90 allele, as deduced from these findings, 1s
sumumarized in Table 11. In view of its complexity it is nob surprising
that at one time prospects of analysing the wide colour segregation
of early generations seemed remote, especially as the various crosses
behaved so differently. Tirst of all it is worth Iocking back at the
(en. s A 16) first backeross to A 16 in Table 9. If may now be seen that
this should have segregated for corolla colour, in terms of the yellow
depressor, into two equal-sized groups, one grouped around grade 7 and
the other around grade 4. The Interspecific modifier segregation obseured
this to a considerable extent. Moreover yellow grading in the red-spotted
class was consistently higher than in the ghost class, and in the latter
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there was faxr loss clear distinetion into the bwo expected groups. This was
partly due to the fact that tle hiochemical interaction between favone
and anthocyanin appears to work in two directions—thus altheugh
lowering of yellow grade leads to intensification of gold to pink, the
development of these two latter colours can also lower yellow grade to
some extent, and the levels at which development of yellow and pink'are
ultimately established are the result of the balance hetween these two
tendencies, The higher grading of the ghosts may also partly be due to a
subjective tendency in seoring, yellow appearing brighter in the absence
of gold or pink. Within the red-spatted class it will be seen that most of
the high grade yellows were gold and the depressed yellows pink. In a
few of the high grade yellows gold was intensified to pink by modifiers
other than the yellow depressor; such types were usually phenotypically
different, most of the pink belng concentrated towards the petal edge
instead of evenly distrihuted over the petal as in the case of the depressor
type.

The hybrid an. « A 8 (P1.18, fig. 8) showed considerably less pink than
an.x A 16 (PL 18, fig. T) being really only medium gold. Since in con-
stitution 1t was heterozygous for R,%9, howozygous Y, and carvied Ydp,
exactly as the A 16 hybrid, it should have been rather more pink than it
was. This can only be attributed to the absence of pink intensifiers in
hoth A 8 and anoinalum, since plants of the same mein gene constitubion
as their J} were later synthesized, using 15,240 as the immediate source
of the B,7¢ allele, and 14,859 as the source of Ydp, which gave the pinks
which have already been discussed (P1. 18, fig. 12). In this series intensifiers
derived from A 16 (by way of 15,240) came into play, the presence of
which accounted for the euitability of backcrosses to A 16 for the study
of gold. For this reason A 16 has been regarded as the “standard” basis
for discussion of gold expression. Only small backerosses of (an. x A 8) to
4 8 were grown, and since there was no specific “tag” such as the spot
segregation which cceurred in the A 16 backerosses to assist with gold
scoring, the latter was not seriously dealt with in these lines. Large
backerosses of (an. x A 8) to N 14 and H 10 sere grown, but heterozy-
gosity for g, in the former, and the absence of intensifiers in the latter,
renderved these families also nnsuitable for observation of gold.

The hybrid an.x H 10 (PL 18, fiz. 6), showed slightly less gold than
an. x A 8; this again was comparable in main gene constitution with the
bybrid an. x A 16, and it can only therefore be assumed that H 10 lacks
gold intensifiers. Other indications of this have already heen discussed.
H 10 cannot however lack intensifiers so completely as does anomalum
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itself, ag in a small first backcross to H 10 those plants which showed gold
were of medium grade, more intense than the F7,.

With regard to anomalum itself, the corolla of which is very pale
cream, almost white, there is only the faintest suggestion of pinl over
the petal (PL 18, fic. 4}. This is no doubt particularly due to its low-grads
corolla colour. The appearance of gold and pink in crosses between
anomalum and arborewm or herbocewn is s most characteristic and un-
expected feature of these hyhrids. As far as the modifier level of anoma-
fum i3 coneerned, there iz not a great deal of direct evidence available.
The fact that there is a general tendency for gold and pink to become
accentuated in passing from the F, hybrid to later backeross generations
to the cultivated species, suggests that the hybrid must itself have heen
brought down by the low level of anomalwm. Ounly very few moderately
large families of backerosses to anomalum have been grown. In one, a
selfing of a second backoross of H 10 (yellow corvolla), there was a segre-
gation 53 yellow corclia (4-5-6 of depressed type) : 27 cream of anomalum
type (no doubt=35:1). Amongst the yellows there were no real pinks,
only golds ranging from intense to very faint, and some were apparently
clear yellow, yet all must have carried R,Y and some at least the de-
pressor from anomaelem, and all would have been homoszygous ¥, ¥,
Y, ¥,F was segregating, but in the heterczygouns condition this locus has
heen shown not to aflect gold expression. The inference is therefore that
the modifier level is not high enongh in anomadum to resalt 1 the pro-
duction of pink where it would otherwise he expected, nor was the gold
ag intense on the sverage as it would have been in a family of similax
constitution in an erberewnm genofiype. That there was also an intro-
duction of pink intensifiers normally absent from anomalum wasz evident
from the fact that some of the pale petal segregates showed a definite
pinkish tinge, not at all intense, but much more marked than in @nemalum
itself. The evidence on the whole poinis to anomalin lacking the modiliers
which intensify gold and pink, as well as the main gene for flavone
development eszential to the full expigssion of the R,5 allele.

{B) Spot stze modifiers
In New World cotibons there 15 an exceedingly wide range in size of
petal spot, from only a few pigmented cells bo a lazge intensely pig-
mented arves. In segregating progenies the range was such that Harland
(1929¢, P1. IX) found it necessary in gcoring to malke use of a graduated
seale of 22 classes, in which grade 1 was the smallest with only a trace of
pigment, and grade 22 the largest. In cultivated Asiatic cotbons, on the
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other hand, there is much less variation in size and intensity of spot
where present, so that Hufchinson (19332) in his detailed study of
anthocyanin found a graduated scale quite unnecessary, though in crosses
hetween arborews and herbacewm there was sote indication that in one
herbacevm type at least (I 10, spotless) the spob intensity genotype was
at a glightly lower level than in most other strains, and size and intensity
of spot are to some extent correlated. Practically all wrborewm and most
herbaceum types have a spot of about size 17-19 on Harland’s scale,
though many herbocewm strains, especially of varieties fypicim and
africanum, have a shightly smaller spot. The A 8 strain nsed in this study
has a vather larger spot, which is quite at the top end of the range of
Asiatic spobs. The ALG ghost type hae a vather small ghost area, which is
right at the lower end of the normal range in Asiatic spob sizes. Recently
Hutchinson & Ghose (19374) have deseribed an uncomumen small spot
type from arboreum, about one-eighth of the usual size, which they
attribute primarily fo a petal spot reducer (Sr). In the New World
cotbons Harland did not find it possible to identify particular geses
atfecting spot size, but different strains and species differed radically in
their entire spot size genotype. The discovery by Hutchinson & Ghose of
a particular and very rate size veducer does nob atfect the general situafion
that the spot size genotype in arborewsn and herbacewm is remarkably
uniform in contrast to the position in New World cofitons.

The spot of &. unomalwmn is also of the normal size common in the
cultivated Asiatic species, but in its interspecific hybrids the spot is very
markedly enlarged (PL 18, figs. 5-7), and usuaily has a very characteristic
streaked edge, whereas in gnomalumn and the Asiatic cottons it is clearly
delimited. In progenies derived from these hyhrids there was a very
wide range in spot size, extending even beyond that in Harland’s scale,
and ag the latter spots were of rather different shape from those under
examination, a new scale of grades was devised. The now scries contained
fifteen classes, of which 1 was the smallest, similar to Harland’'s grade 1,
and 15 the largest. It has not been thonght necessary to reproduce this
scale here, hut in order to give some indication of the range, the size of
gome of the spots shown i PL 1818 indicated in the legend. Usually three
flowers were graded on each plant, and the mean taken.

Hutehinson (19326} has shown that H 10, the herbacewm spotless
type, lacks anthocyanin intensifiers, so that the red spot arvea in ghost-
spotless compounds is smalier than the underlying “ ghost™ which appears
a8 & clear whibe marginal arvea arcund the pigmented spot, which is of
lower intensity than most full spot types (PL. 18, fig. 14). In practice itis
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not easy to differsntiate -between spot size genes and spot intensity
modifiers. Tn general larger spots are move deeply pigmented than
smaller ones, and larvge faint spois or small deeply pigmented ones ave
not encountered, though for each size of spot there is 2 slight range in
intensity. Inasmall F, between HI10 and an arborewsn ghost, Hutchinson
found some range in gize and intensity of the spot compound. From his
description it appears that his extremes would corvespond with my grades
3 and 8, and this has been confirmed in a repeat F, of similar fype.
Omitting Hutchinson & Ghose’s “small spot type” it may be summarized
that Asiatic spots pormally range from size 10 to 12, very occasionally
to 13; whilst in some interspecific hyhrids the spot compound may range
down as low as 3. This latber is of course a very exceptional case amongst
the cultivated Asiatic cottons. In the amomalum interspecific hybrids
and their progeny a very much wider segregation was encountered, right
from complete extinction of the spot by modifiers up to size 15 and
occasionally even slightly above this. Some particular examples will be
discussed.

. anomalum spotis graded as size 12; AlGis size 10; the hybiid has a
considerahly largsr spot than either of its pavents, of grade 13-14. Inthe
first backeross to A 16, segregating 1 red spot R,9% R,95 R,60 5,001
ghost spot B,08 B,28 7,00 7,00 size was scored in both clesses, and the
wide range encountered is shown in the following frequency table:

Spob size

I - ’ﬁ

Not

68 4 3 graded Tofa) Mean
. T 130 1208
1 1 5 106 109l

sl

15 14 13 12 11 10 %

Red spot 10 5L 20 21 20 & 8§
Ghost 5OI18 20 2% 10 14
d=1-17; =447 P very small.

T
IS I |

This very wide range in size segregation shows that the size genobypes
of the two parental species must he very differently constituted, though
their end effects are much the same. On the average, spot on the red-
spotted types was & little more thap cne grade larger than the ghost
on ghost-spotted types, and the difference was highly significant. The
tendency persisted inte some lines of later hackerosses. In the second
backeross to A 16 only small progenies were grown, so sufficiently large
classes to male the comparison in size worth while are not available.
From fwo of the second backeross lines seven plants were again back-
crossed and selfed. These progenies had very distinet size ranges, as is
shown helow, giving very definite evidence that gize is genotypically
controlled.
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Spot size of progeny

I !
B.C.. progeny Selfed progeny
Plavt no. ; J -~ —
and spot size 413121010 9 8 7 6 1413121110 9 8 7 & 5 4
P 1325 Bized Redspot . . . 1 & 2 ., . . A -
(rhost P T T T | A T D S
P 1326 Siee 9 Red spoi P T - 1 1.2
Crhost T T 1 PR
PI327 Bize I0  Redspot 1 2 3 1 1 2 [ . 1 L
Ghost .ok 12 41 1 1 .1
PI338 Size i1 Bed spotb 3 31 . 1 11 2 . .
Cthosb .3 23 1 0431 . [N 2
P1339 Rize 12 Redspot 1 3 21 . 1 . -
Ghost 2 11 .
P 1340 Sige 12 Hed spot 3.0 . T,
Ghost .. . B £ 3 2 . T A
P 1341 Size I1 Redspot . 2 2 1 . . . . . .21 43 . .1
Ghost PR - R S . P A B

The tendenty for red-spotted types to grade larger than ghosts is brought
out wore clearly when these seven third backeross progenies are con-
sidered In total:

Spot size
L = Al
14 13 12 11 i 5} 8 7 5 Total Mean
Red spot 2 10 5 11 G 5} 2 . 1 46 10-97
Ghost . 4 7 9 12 10 13 B 1 6O 9-71

d=1-26; {=3-68; P very small
Three selections from these third hackerosses which were selfed are also
interesting in showing the very distinct size genotypes which can he
eatablished :

Piant no. Spotb size of progeny
and spot size

14 12 12 11 1 9 8§ 7 6 5 4 3 2 Total
15,094 Size 14 3 13 14 8 & 7 9 3 1 . . . . &
15,095 Size 8 . . . . . . 7 10 9 . 1 2 1 30
15,090 Size8 . . . . . 4 5 3 3 3 1 2 . a

The Arst of these families ranges considerably higher than an Asiatic
family normally does, while both of the other two families contain spot
reducers. The latter families are too small to make the size distinction
between spot and ghost worth while, but in the large family the mean size
for red-spot plants was 1106, and that for ghosts 10-09, again a signifi-
cant difference (0-97, {214, P=0-05-0-02). The data strongly suggest
that R,5C Is associated with a slightly larger size effect.

There is further evidence on this point from the first backeross of the
same hybrid (an. x A 16) to H 10. All progeny were red-spotted, but some
had goid petal and otherswere clear yellow. The expected segregation was
1 :1 for the two genotypes R,08 B B70 r,00 and R,08 Byt 7,09 £99,
the former gold and the latter clear yellow. Gold petal was not easy to
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soore, as & large number were very faint gold on account of the influence
of I 10; amongst the plants adequately scored there was a deficiency of
gold segregates, and in the absence of any definite evidence as to the
cause, the most plaugible explanation is that some genotypic golds were
scored as clear yellow. Notwithstanding this there was still a significant
difference in spot size between the two classes:

Spot size

§ 7 Totel Mean

15 14 13 12 11 10 9
Gold 11 13 14 5 3 3 2 . 1 52 1302
No gold G 37 17 o 1w v 8 T 5 96 11-87
d=114;: =3-04; P very small.

In this backeross an attempt was made to differentiate full gpot from
spot compounds, a8 it was still thought that the anomalum duplicate was
a full spot. About 809, of the plants up to grade 11, and only 149, of
those above, were scored as spot/ghost, the others as full spot. It is
now known that this was of no significance to the main gene segregation,
and was only an sxpression of the tendency for large spoet to be more
diffuse al thelr edges, thus obscuring any white margin which is more
easily seen beneath a smaller fainter pigmentation area. A similar case
occurred in the family 14,544 (B,0% 2,9 B0 1,00} < H 10 (2,49 9,00), in
which it was not possible to see gold at sll, as all plants were beterozygous
for y, as well as carrying the H 10 anthoeyanin redacing genctype. 85 of
the plants were scoved as full spot phenotypically, and 84 as definite
spotfghost, though there was very little size segregation in the fawmily.
The similariby to the last case suggests that the full spot phenotypes
probably carried B9, and that the slightly less intense spot types wers
the result of the R,95 F20 compound.

P 2381 and P 2386, two plants derived by the intercrossing of a red
spot selection from the second backeovoss to A 16, with I 10, have already
besn disoussed. It has been shown that their constibubion must have
been R,0% R4V RS9y, 00, and that an backerossing to H 10 Ry %9,
four genotypes were obtained, in alppm\unmtely equal 11umbe15 as
expeched—red spob, gold; ved spot, no gold: spotless, gold; spotiess, no
gold. There was however an amazing diffevence in the spot-size range in
the progenies from these two plants; those derived from P 2381 ranged
right up to grade 15, many being of the type with streaked diffuse edges.
Derivatives of P 2386 had ordinary Asiatic spot size not above 12-13,
with edges fairly clearly defined and not streaked. Unforfunately on
account of the less spectacular range in the latter family spot size was not
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graded there, bub this wag carried onb in the forer family, again clearly
showing the association of larger size with R,5C:

Spol size

- =

15 T4 13 12 11 Total Mean
(Gold 7 29 3 . 1 40 1402
No gold 1 $ iz 1 i 23 13-30

d=0-72; [=3069; P very small.

There is no positive evidence thal it is possible to separate this particnlar
size effect from the gene R,%?, and thercfore no justification for postu-
Iating that it is due to the action of an independent size modifier on the
same clwomosome.

Other material gave evidence of the association of a size effect with
the £, locws n aromalusm also, This effect was somewhat greater than
that associated with Ry, and ib was possible in certain lines to separate it
from the anomalum ghost, indicating that it was due to a distinet gene.
The F, of anomalum {spot size 12) x A 8 (spot size 13) showed the usual
targe spot characteristic of these hyhrids, of size 13-15 (PL 18, fig. 5).
Backerosses to the ghost types N 14 and T 3, segregating 3 red spot : L
ghost, showed again the very wide ravge from rather larger than 15
down to 4. Although the difference in size between the red-spotted types
(which included both full spot Ry4S and the compound R,08 B,5C types)
and the ghost types was not significant, it is of some importance to the
argument to indicate that in both familles the ghost spots tended to
grade a little larger than the red-spotbed class.

Spot size
P . —  Not

Cross 15 14 13 12 11 10 & 8§ 7 6 5 4 gradedTotal Mean

{on. x A 8} x N 14 Red spob § 17 L 13 28 16 11 7 3 1 1 . 45 174 1148
hos{ 1 5 8§ 5 4 1 1 .1 o1 3 28 1196

d=0-48; $=0-99; FP=03.

{om. x A 8)xT3 Red spot g 18 25 11 12 10 12 5 1 2 3 . . i3 11-50
+host L1 14 02 . 3 41 . . . 35 1225

d=075; =1-6%; P=01

The hybrid (an. x A 8) was also backerossed with H 10, again giving
a very wide size segregation.

Spot size
AN

s A
5 M4 13 12 11 ie 9 8 7 6 5 Total
66 117 I 73 5 s 2@ ¢ 3 . 1 530
It has already been demonstrated that two selections from this back-
cross, nos. 11,708 and 11,757, of size 15 and 13 respectively, must bave
heen of constitution B,7F {from anoinalum) R0 (from H 10) 7,09 7,09,
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These plants when crossed with ghost types (R,%%) gave 1 : 1 segregations
for the compound spot B0 B,95 and ghost R,0% R,7%, and the ghosts
were found to grade consistently higher than the compounds:

Spot size
I )
Not
Cross 16 15 14 13 12 11 i¢ 9 8 ¥ 5 4 3 2graded Total Mean
13, 703 » N 14 Redspot i1 1 8 v 8 2 1 11 . . . . . 42 .
Ghost 2 4 4 6 2 . . . . . . ... B 20
11,963 «T3 Redspot . . 1 12 15 1% 15 13 7 &5 1 2 1 93
Ghost 3 7 1% 17T & 6 1 1 I . . . . . . . G2
1,768 xT3 Redspet . . 1 2 9 13 13 16 15 312 3 t . . . . 88
{(2nd sowing) Ghost 216 2 13 &5 . o4& 1 1 . . . . . . 67 .
11,703 Total Redspet . 1 5 25 33 3% 36 3% 23 18 5 8 . . 1 . 220 -10-09
Ghost 5 13 39 48 22 113 1 &§ 3 1 . . . . . %2 149 1285
d=2-86; 1=13-84; P verysmall.
IL787T»N14 Redspot . 1 3 8 3 4 27 1 . Ce e e 1 25 1235
Ghost . 413 3 . . 21 138
d=1-65; t=444; P very small

This is obviously not the result of a subjective tendency in scoring, as
was at one time thought might be the case, since in the series previously
considered ghosts were found to be smaller than red spots. It will of
course be realized that although the phenotypes being contrasted are the
same in both series, the genotypes are not. The egsential point of signifi-
cance is that in this series the R, allcle under comsideration is of
anomelen origin, and this appears to be assoolated with large size. Of
cowme in the frst two families considered ia this series, {mn. x A 8) back-
crossed to N 14 and to T 3, the anomalwm 7,79 allele was present in ol
the chost segregates, and in some of the red-spotted group. The expescted
gize segregation would have been 1 large compound spot +2 ordinary-
sized full spot {these two genobypes not separable phenotypically) against
1 large ghost. The size dislingtion tendency was present, but naturally
the ocenrrence of the large-sized class iv each of the two main phenotypes
tended to obgeure the contrast. In the derivatives of 11,705 and 11,757
the two classes compared were ghost containing E.05, hoth from anoma-
Iwre and from the hackeross parent, and compound spot in which ghost
came from the latter only, so that the size distinction associated with the
introduced gene was cuibe clear.

These same two plants have been crossed with 10, segregating
1 compound spot : 1 spotless. The former graded as follows:

Spotb size

15 14 13 12 11 i Total  Mean
5 iz 14 2 2 . 35 1346
6 it 51t} 8 G 3 139 13:24

20-2
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Lt will be seen that these spot compounds, which carvied B,2% of anomalum
origin, graded larger than those in the N 14 and T 3 backerosses, which
contained 12,98 from the latter types. 16 was also recorded duning scoring
that they were considerably more intenmse than those in the latter back-
crosses. [n size they corresponded with the ghost segregates in the N 14
and T 3 hackerosses, as would be expected if large size is associated with
the anomalum allele. 15 is not a question of the difference in size of the
spot compounds in the two backcrosses bemmg dus bto the genotype
contributed by the whorewm and herbacewsn hackeross parents ve-
spectively. If that had been the explanation, the compound would
bave been smaller in the H 10 sesies, wheveas the reverse was the
case. This size effect is obviously of considerable magnitude. The strilking
differences in spob size between sib-progenies which have already been
demonstrated in other crosses (e.g. 15,094 progeny versus those from
15,095 and 15,099 P 2381 wersus P 2386) strongly suggested the
existence of a single gene of some considerable effect. It is also signifi-
cant that selections which were known to carry R,2% from anomalim--
P 1791, P 1801, P 1818, 11,819, 11,703 and 11,757—all also shovwed the
size effect.

In particular lines bowever this effect has become dissociated from
the anomalum allele. Some selections from the third backeross of
{an.x A 8) to A & were selfed. The progenies showed different size ranges,
and two which carried R,”¥ (15:1 segregation), which must have
originated from anomalum because A 8, the only other type in their
progeny, is homozygous B8, were segregating up to gize 15, Some of the
ghosts in these families however were as low as 7. A red-spot selection,
ne. 9992, from one of the segregating selfed progenies, of size 13, at the
top of the Asiatic range but not beyond, was found to carry R,25. It was
crossed with the arborewn ghost type A 16, and backcrossed to 9992, and
all five of the families grown, as previously described, segregated red
spob : ghosts in 7:1 or 15: 1 ratios. These ghost segregates must have
contained ab least one R,7% derived from 9992 and therefore from
anomalum, yeb on all of them as well as on the red-spotted types the spot
was of perfectly normal Asiatic size. It cannot be allowed that the ghosts
were simall on account of their modifier background, because thiz was
predominantly arborewin. Ividence will he presented later to show that
dominance is in the direction of large size, so that the anemalum spot
must have become dissociated in this line from its earler size effect,
which implies that in this case the effect must be due to & fairly closely
inked but not inseparable gene.
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The F, an.xH 10 spotless also showed a large spot of size 14-15,
and the first backeross to H 10 gave the Wsnal wide range:

Spot size

- - Total
14 13 11 ... 4  Notgraded radspot Spotless
8 7 2 1 1 29 28

Only small second and third backerosses were grown, and it is not worth
discussing the results in detail. The range was similar to that in the first
backeross. One of the second backeross plants, P 1898, with red-spot
size 14-15, was selfed. From its origin and phenotype it must have
carried B2 from H 10, and R,°% from anomalumn. Tts hehaviour showed
that it did not carry R,¢Y. This locus may therefore be ignored. A back-

cross to A 16 ghost gave:
Spot size

15 14 13 12 11 1¢ 9 8
Red spot . . 1 2 i . . 1
Glhost 1 3 1

On backerossing to H 10 it threw:

Yied spot, size
: f———  Spotless
15 14 13

1 1 a 4

Althongh the progenies were small, the larger size and greater intensity
of the red-spot compounds in the H 10 backeross was in striking contrast
to the usual situation where comparable compounds in the Zerbuceum
cenotype usually grade lower than in an arborewm genotype. Their only
chstinetion was that whereas the compound i the A16 backeross caveled
ghost from A 16, that i the IT10 backeross derived itz ghost from
anomalum. The same tendency for ghest spots from anomalum to range
Ligher was also observable in a backeross of the same plant P 1898
to 14,250, a ghost genotype which canied minus modifiers so that it
appeared spotless, and whose origin and hebaviowr will be discussed

iater,
Spot size
o ’ T
15 1d: 13 12 n 10 9 8
Red spot 3 g 1

. 4
Gihost 3 7 2

The fact that the ghost in this series still retained its lavge size into the
#hird backerosses into Asiatic fypes suggests that the accompanying size
gene must be fairly closely linked with the R, locus.
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A large ghost segregate, 15,305, of size 14, selected from a selfed
progeny of P 1898, was crossed with the following main spot types:

A 8—ed full spot, A5 —itself large in the Asiatic eange. size 13 (PL 18, Hg. 1).

A 16—ghost. 2,98 —low in the Asiakie range, size 10 (P1, 18, fig. 3).

H 16—spotless, £,30A 16 <H 10 gives & small redapol compound, aboub size 7
(P1. 18, Bg. 14).

153.240—ved-spobted  compornd, £,9% R,0F RO B#0 _the synthesized anomalum
compoand on & 18 backaround, size 12 (PL 18, fg. 9).

The way in which 15,305 raised all these spot types is shown
helow:

Bpot gize
(—_—M‘.—“« A
13: 13 12

Progeny 15 14
Red spots 2o . . L (P18, Hy 16
Chosts .6 6 3 1 (PLIS fig. 1)
Red-apot componnds 7 4 1 1 (PL1S, fig. 18 is of this type}
Red-apob compounds 3 23 8 1 (PL 18, fig. T is of similar

genotiype and phenotype)

15,308, which is homozygous for the ghost allele R,0% from anomalum,
is also apparcnbly homozygous for the associated large spot gene, and
dominance is obvicusly strongly in the direction of large size. All these
large spot types also had the diffuse edges which are such a characteristic
feature of the large spots of the anomalum x Asiatic F, hybrids. It is
evidently to this particular spot size modifier associated with R, that this
effect is due. The size modifier Is obviously net specific t¢ any parficular
allele, but affects ghost, full spot, and red-spot compounds, both those
due to complerentary alleles at the same locus, and those due o com-
plementary genes-in duplicate locl.

The an. x H 10 hybrid was also backcrossed repeatedly to N 14 (ghost
spot, white corolia), and a very interesting situation arose in this material,
in which it was possible to select in the reverse direction for small-size
modifiers. In the first backoross, segregating 3 spet : 1 ghost, size ranged
from 15 to 5. One of the ghost segregates was again backerossed, giving
3 yellow corolla ghosts and 9 white corolla segregates, which presumably
also carried ghost. These plants were selfed, but since ghost can only he
seen on yellow corolla and not on a white background, attention will be
confined to the vellow-pesalled progeny of the three yellow-petalled
second backeross plants, P 1850, P 1852, and P 1853. Since these plants
were ghost spot, they could not have been cairying the spotless allele
Byt op they would have shown the red spot-compound, but nevertheless
some completely spotless types appeared amongst their yeliow-petalled
progeny. As this result was so anexpected the three parent ghosts were
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again selfed the following season, with the same result. The total scoring
is summarized helow:

Yellow corolla White corolla
A
-
Ghost definite, Ghost definite, Ghost: Definite
large small indistinet spotless
P 1850 selfed 30 8 2 5 16
D 1852 seled 4 1 3 3
Yellow corolla White
Hize of ghost eorolla
A
I's Al
13 12 11 10 8 7 6 5 4 3 2 1 0
P 1853 selfed 4 14 9 9 10 8§ 5 2 . 1 . . . 6 40

In each of these families ghost spot size ranged right down to the point
of extingtion without any real break in the distribution. In the progeny
of P 1850 two plants were graded as indistinct ghost, and also one in the
progeny of P 1852, and two (sizes 6 and 7 respectively) in the progeny of
P 1853. These indistinet types nsed special description. In the true
spotless type R.4¢ (H 10) there is a tendency for the yellow pigment of
the corolla to he slightly more Intense right towards the base of the petal,
in the area usually occupied by the spot when present. In ghost and red-
spot types this basal intensification does not oceur, The spotless types in.
these progemies were similar to the usnal type, with yellow slightly
intensified at the base of the petal. In the distinet ghost segregates the
ghost avea was perfectly white, and the upper yellow portion of the
corclla uniformly pigmented. The intermediate types scoved as “in-
distinet ghost’ had the yellow pigment deepening towards the base of
the petal, and a small avea right at the hase of elightly paler yellow, giving
the appearance of a pale yellow small ghost, instead of the usually clear
white omne.

One of the spotless plants from the progeny of P 1352, no. 14,350,
was further investigated. To confirm that it was not a new fype of
spotless Tecessive to ghost but not complementary with it, it was crossed
with 10 spotless. All the progeny were red spotted, showing that
gepobypically 14,350 was an extinguished ghost. In addition 14,350 was
crossed with A 16 (ghost, size 10), giving ghosts only, and with A 8 (full
spot, size 13}, and was also selfed. Spot sizes in these four progenies

were as Tollows:

Yellow corolln White
Hpot sze corolia
Phenctype ~ : -
(ross of progeny 13 12 11 10 9 8§ 6 5 4 3 2 1 0
14,360« H 10 Redspot 8 33 13 § 8 7 2 3 2 . .
1,360 « A 16 Ghost 7 8 & 85 % 2 3 1 1 1 1

14350« A8 Redspot 14 & 2 ..
14,350 selfed  Ghost .. . . 1P 1 1

=i
o
3
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The seifed progeny threw only a few small ghosts, all of which weye of
the indissinet type, and the majortty of the yellow-petalled segregates
were conplefely spotless. A constant extinguished ghost line has not
besn established, hut no doubl is conld be from thiz material. fn the
Tamily 14,350 % A 18, in which the vormal size cowplement was bronght
in by the latter parent, the general size level was of course raised. All
the larger ghosbs were perfectly clear, but all below size § were of the
indistinet type. In 14,350 < ¥ 10 theve was the usual correlation between
size and intensity of red pigment. Many of the progeny, both large and
small-spotted types, had no sign of any white surround. Some of the
fainter ones withont white margin were very flecked and indefinite (P1. 18,
fig, 15), and highly suggestive of many New Waorld spot types, which are
n general very distinet from the infense well-defined spot characteristic
of Asiatic cottons. These families again give evidence on the direction of
dominance of large spot modifiers. the majority of spots in: the oubeross
progeny of 14,350 coming well within the Asiatic range. They afford an
inferesting comparison with the similar outerosses invelving 15,305, the
large ghost, which have heen discussed above. 1t seems likely that several
modifiers are concerned in 14,330, They apparently do nob include the
spot size reducer Sr of Hutchingon & Ghose (19375) since the latter was
dominant in F| crosses with normal-sized. Asiatic spots®.

In addition to studying the association of spot size with the main
anthocyanin loci, that with the genes I4, p,, and Ne from anomalum has
also been observed in some families. The data were not very extensive,
and no definite conclusions could be drawn, other than that there were
no striking effects associated with these genes. In one series of back-
crosses derived from {an.» A 8) there was some suggestion of a small
difference in spot size associated with the L chromosome:

Mean
apot
Cross (lass 7% size d { P
. ., I 9 3.0
(am.xA8)xHI Lo 381 1238 Do 275 Ve anal
A8 I s ‘.68
(om. < A8) N 14 fi 'j"‘;‘ ]1-%&3 } a3 0-81 05
ASY 5 T T 7
{an. x AB)xT 3 f.d 23 ]i?ltég } 007 017 0-9

The results were, however, not consistent, though this may be due to a
difference in this respect between the arhoreum and herbaceum backeross

t That & is uot one of the small size genes concerned in 14,350 has heen confivmed
since this manuseript was sent to press. Amongst a total of 70 F, progeny derived from
the cross (redueced spob ¢ 14,350), nine plants had petal spot of full normal size,
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parents. Indication of a similar difference between the two cultivated
species was also found in lint length genotype (ses § X1).

(7)) Linkage tesls with By
The discovery of the gold spotless allele provides a mnew locus for
linkage investigation in the cultivated Asiatic species. Information has
been collected in the course of the backerossing reported In this paper,
and after B,5C had been established in the arboreuwm genotype a number
of crosses were designed speciﬁcaﬂ‘r for ]J'Jakage testing. The available
data have been summarized in Table 12, All crosses were of the Ly X2

Table 12. Two-factor segregations thvolving K,

Family Type B, X Ryx X P m T *'L
(o« N 14y 2 N 14 B.L, B ¢ 39 45 30 381 0-13
(.« N 14} =N 5 B.C. Fl 3 22 40 10 28 101 107
(15,009 x P 2774} x T 17  B.C., g 45 46 45 43 178 0-05
15,240 N 50r N 24 1y 297 117 84 a7 525 0-68
(P 2406 T 1) « N 14 BC,F ¢ 34 22 24 42 22 730
(P 1338 ::420) =1 1 BC, R 144 188 196 169 717 3-62
{en. x N 14) = N {4 B.C, e 42 44 33 38 153 0-02
{aen.» N 14} =N & B.C, R 5 40 22 22 18 w02 0-h2
15,240 » N 14 oy N 5 iy 357 98 01 33 689 0-37
(15,088 T 4) 1 4 B 5 20 17 24 21 82 0-004.
(P 1327 =P "373) 'I 3 A a1 71 a0 61 233 0-25
(15,089 = P 2774) =T 17 51 41 13 46 181 002
{en, » N 14) « N 14 40 48 a7 a5 0 0-54
(. = N 11) N5 30 30 20 19 0 001
(!’ 1338 =42 1G4 154 158 162 Gan 031
{15 )(m 7w 26 19 8% 114
(1 51 41 38 51 181 204
15 318 104 104 30 baT 0-33
{8 83 15 7 1] 135 1-73

E
((5‘9‘3" A 16) : 1049 84 13 14 225 G- ‘I.(;

type except in the cage of the Ley test. These figures show that R; is
independént of the three linkage groups—leal shape-lint colour, L-Le,
(L-X group of Futchinson, 1934}; lintless-lint colowr, H,—Le, (Silow,
unpublished); and nectaries—pale pollen, Ne—P, (Silow, unpublished).
Lo, and Ry gave a considerable deviation, but the associabion was the
reverse of that in the parents. The family was fairly small, and no
significance can he attached to this ohservation. y%, for the R, [,
segregation was only just below the conventional limit of significance,
but again the suggested assoclation was the reverse of that in the
parents. There was not any evidence of association of Iy with the other

pollen colour locus cream P, or with petalody Pdy, ox with the corolls

colour factor Y,. B, has not been adequaiely tested against the anoma-

small
0-08
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07
0-3
0-85
07
-3
0-5
0-9
1341
-3
01
05
o2
0-5
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hum covolla colowr factor ¥, since the latter has not yet been estalilished
in arborewm In conjunction with either of the recessive aunthocyanin
types, ghost or spotiess, Some Hetle information ou the point hasg been
sumiarized in the table, derived from two small families segregating
151, and three small families segregating 7 : 1 for By and £, all segre-
gating 1o 1 for ¥,. Althongh the evidence of complete independende Is
not conclugive, it is obvicus that T, is not closely associated with either
of the anthocyanin daplicates. The segregation of Ry in conjunction with
vellow corolia grades has been shown in Table 9 earhier. 3ost of the range
in yellow in this eross was associated with the segregation of Ydp, and
from the table it might appear that R, and Ydp ave linked, since in the
ghost class yellow grading was congigtently higher than in the spot class,
and there was far less clear distinetion inte the two expected yellow
classes, This has already heen discussed. Furthermore, delimitation of
the depressor genotypes in such a family by simple inspection was
impossible, on account of the interspecific modifier segregation which
was also present. From examination of similar data from other families
it has been concluded that, when due allowance is made for the inter-
action hetween gold expression and corvolla grade, there is no evidence of
linkaye between R, and Ydp, and it has been found easy to separate them
mto different bacleross lines.

{8) Swmmary

(i) Red petal spot in gromalum is not due to a single allele ag in the
cultivated Asiatic species, but is the result of the complementary infer-
action between a ghost allele in the Asiatic B, locns, and a spotless allele
in a duplicate anthocyanin locus. This gpotless gene is characterized by 2
pleiotropic gold-petal expression. The symbol R%9 is allocated to it.

(if) G. arboreum and @ herbacewm carry in the duplicate locus a hasal
recessive allele, lacking both basic anthoeyanin expression and the spot
characteristic. It is symbolized as 7,%%.

(i) The anomalum duplicate R,G° was established in the homozygous
condition in the cultivated Asiafic genotype, both as’a spotless type
in conjunction with £,4°9 and ag a red-spotted type similar to anomalum
in conjunction with R,0%. The gold appearance of the petals of these
types is something quite new in Asiatic cotbons.

(iv) The gold-petal expression of R, is very variable, being especially
dependent upon yellow corolla constitution. Only when on a homozygous
yellow background is gold developed fo an appreciable extent. Ry&9 is
not complstely dominant, since gold is intensified in the homozygote.
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In conjunction with Ydp on a homozygous yellow background, gold is
intensified to pink. Homozygosity for B¢ does not lead to any appre-
clable intensification in pink beyond the expression of the heferozygote.
Hetevozygosity in the T, locus for either ¥ .F or ¢, 1s a very potent factor
in limiting the expression to a very faint tinge of gold, even when B5¢
is duplex, and not even Ydp is able to intensify it. Heterozygosity in the
Y, and Y, loci does not reduce gold expression. On the recessive pale
petal colours and on white, gold is not expressed, except occasionally as
a faint pink edge to the petal. In addition other factors such as exposure
to sunlight, -and other moedifiers less easily analysable than the main
corolla colour factors, also produce profound effects on gold and pink
expression. Strains of the cultivated species, In which the gold-producing
allele does not ocour, differ considerably intheir content of these modifiers.
In anomaelum ttself, which is very pale cream, almost white, there is only
s faint suggestion of pink on the petal. This is a result of the absence of
the main gene for yellow favone developmient essential to the full
expression of the pold spotless allele, and to the fact that this species
also lacks modifiers which intensify gold and pink.

(v} Part of the size of the anomalune spob is a subsidiary effect of
B,60. The nore important component of its size constitution is & modifier
of considerable magnitude fainly closely iinked to the ghost gene, There
was no conclusive evidence of the linkage of spot gize moditiers with the
L, P,, or Nelocl.

(vi) Asa result of the low level of the anomalum spot size genotype,
apart from these large-size components. it was possibie to develop, from
Lybrid progeny, lines so low in their content of size modifiers that the
expression of the main spot zene was reduced to extinetion.

(vil) Dominance of spot modifiers s in the direction of laxger size.

(viii) Using the large spot modifier associated with £,9%, 1t was shown
that spot size modifiers are not specifie to any particunlar allele, but affeet
all types of spot—ghost, full red spot, and red-spot compounds, both
those due to complementary alleles ot the same locus and those due to the
complementaries in duplicate loci.

(ix) There was no evidence of linkage of Ry with any one of the three
linkage groups I—-Loy, H,~Le,, and Ne—F,, or with the independent genes
P, ¥,and Tdp. Evidence of complete independence from ¥, was not
conclusive, but the genes are certainly not closely associated.
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V. PouLiyN COLOUR

In the cultivated Asiatic species polien is almost invariably deep
vellow in colour and there 8 vemarkably little variability in shade. Only
two exceptions have been obgerved. Ramanathan & Balasubramanyan
{19330) reporbed a single occurrence of “cream pollen” in a strain of G
obtusifolivm Roxh. =G arborewon var. neglectum forma tndica, Hutchingon
& Ghose. They found that it differed from full yellow in a single recessive
gene, and bhere was no evidence of modifier segregation even in an
tnterspecific cross involving (. herbocswin. Through the courtesy of Mr
V. Ramanathan seed of the “oream pollen™ strain was gent to this
Station in 1934, The writer has grown it wuder the type number N 25,
and hag confirmed the above findings. In no cross studied was there any
diffficulty in classifying segregating progenies. Whilst on a visit to the
USSR in 1933 Dr 8. €. Harland collected seed from a plant of &
herbacersm with cream pollen in Uzbeldstan, district Tashlent, On hig
retiin he handed this material over to the writer for study. The strain,
grown under the number FL 16, hag bred true to a pollen colour grade
similar to that which chavacterizes the eream pollen Uplands and those
wild species of Gossypiwm which have cream pollen. This grade is very
much whiter than that of Ramanathan’s arborewn “cream™ N 25, and it
is proposed to refer to the latter as pale yellow, whilst the herbacewn H 16
type will he called cream. In appearance the common full yellow, pale
yellow, and cream pollens correspond very closely to the phenotypes of
full yellow, pale and white corolla in the ¥, series—i.e. at grades 8, 3-2
and 1 respectively on Hutehingon’s (1931) corolla colonr plate. The genes
respongible for the recessive cream and pale pellen colowrs are not
however allelomorphic like the Y, series of corolla colonrs with which
they have been compared phenotypically. The F, between N 25 and H 16
has full yellow pollen, and the Fy gave the dihybrid 9:32: 4 ratio, in
whick all three terwes, representing full yellow, pale and cream could be
satisfactorily delimited. Data will be published shortly. The symbol p,
is proposed. for the oream pollen gene, and p, for pale pollen. On this
bagis the I 16 cream type is regarded as p, P,, and the N 25 pale as
Py,

Afthough a series of pollen colour grades was not found necessary in
studying crosses within the cultivated Asiatic cottons, they were used to
some extent in studying the enomalun hybrids. In such cases flowers
were coliected in the field in the early morning apd graded at abous
10 a.m. in the lahoratory, a necessary precantion on account of deepening
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of the colour of the pollen during the day. The same seale as Harland
(19295) had used in his pollen colour study in New World cottons was
employed. The coloured plate in his 1929 paper is not a good repro-
duction of his grades, but fortunately his standard strains were available.
Girade © 1s white, grade 1 pale yellow, and grade 4 the deepest yellow.
Prattically all the yellow pollen Asiatics grade between 2 and 3, N 25
pale at 1-2, and I 16 cream &t G-3.

&. anomedum has eream pollen, grading at -1, definitely whiter than
that of H 16. An F, between them, of eleven plants, also had cream
pollen, of an infermediate shade grading at 0-2. When anomalum was
crossed with full yellow pollen types from arborewm or herbacewsn, the F)
wag hrought down in grade to an intermediate shade of yellow. This was
In strong contrast to crosses between H 16 cream and wrborewm full
yvellows, which were all as intense yellow as the dominant parent. Some
representative examples were as follows:

Pollen colowr grade of hybrid with
A

(o 1l
(t anomalim G horbacewan H 16
Type no. Yellow grade (eream) {cream)

AS 2.9.9.5 1-8-20 2.0-3-0

A1 2:42-8 1-5-2-5 —

o 1o 2-5 10 —

01 25 1-1-1-6 —

a8 340 1-3 —

There was considerable breakdown in dominance in the angnalum
hybhrids, and thiz was more marked i1 cvosses involving the Aerhoceion
fypes H 10, 01, 08, than in those tuto which the erboraum types A 8 and
A 16 entered. A backivoss of an.» A S to T3 (a synthesized multiple
recessive cream pollen segregate selected fram an Fy of arborewm vellow
pollen x fierbacewrs 2 16) gave yellows ranging from about grade 5 down
to intermediate yellow of about giade 1, and & mwore nntform group of
creams vanging slightly round 0-2. Unfortunately there wus no oppor-
bunity at the fime to grade each plant mdividually, bub in spite of the
variation within each group ib can be gaid that the two main claszes were
guite distinct from one anobher. When coutrasted against the creams
even the low grade yellows wore distinet. This backeross gave 68 yellows
and 70 creams, indicating that the enomglwm cream pollen gense is
allelomarphic and probably identical with that in ¥ 16, p .

The pale pollen type W 25 was also crossed with anomelon and with.
the Fy of {an. » H 16 cream). The fizst progeny consisted of 11 plants all
low grade yellow, about 1-6-2, definitely yellow when contrasted against
N 25 pale itself. The second progeny of 19 plants ranged from definite full
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yellow down to light yellow, but the lightest was somewhat deeper than
pale itgelf. This complementury reaction shows that anomelum carries
the normal allelomorph of pale.

VI. Nuoranies

BExtra-floral nectaries are common in cotbon, hut therve is very little
published information on their inheritance, largely Dbecause of the
extremely tedious natuve of the observations and the great variability
In expression of the character. They ocour on the nudersides of bhe laaves,
on one or more of the main veins, and at the base of the bracts. If uside
the bracts they occur just bebween them, ab the outer bagse of the calyx
tube. If outside the bracts, they scour opposite and immediately below
them. On some types nectazies are completely absent from both leaves
and bracts. All types of & wrborewn which have leaf nectaries have
internal bract nectaries also; those types without leaf nectaries have no
bract nectaries either. Al types of ¢ Aerbaocewm which have been
ohzerved ab this Station have nectarvies on the 1eaves,. and most have
internal bract nectaries ag well. A few strains of var. frutescens lack brach
nectaries, even though they have leaf nectariss, Kxternal bract nectaries,
although common in New World cottong, are exiremely vare in the
cultivated Asiatics, having only been described from a single type of
herbacewm Trom Malta (Watt, 19263,

Teake (1911) studied the inheritance of leaf nectaries in a cross
hetween two arborewn types, and demonstrated that presence and absence
was controlled by a single pair of allelomorphs. Subsequent work at this
Station, which will shortly be published, has confirmed that within
arboreum presence of leal nectaries (Ne) is almost dominant over their
absence (ne), but 1t has been found that in interspecific crosses Involving
herbaceum this dominance may break down completely. The same main
gene controls leaf nectaries in hoth these species, and is also responsible
for the formation of internal bract nectaries in arboreum. Since i1t has
been found that in intexspecific crosses the expression of the main gene
may be limited by modifier action to the leaves only, it is highly probable
that those occasional types of herbacewm which have leaf nectaries but no
bract nectaries also cayry the common maln nectary gene, together with
a particular genotypic complex which does not permit its full expression.

7. anomalyn 1s characterized hy the presence of leaf nectaries. In
hybrids involving the grborewm no-nectary types N 5, N 14, and N 25,
leaf nectaries were as distinct as in the wild species. Iu a backeross of
(an.x N 14) to IN 14 leaf nectaries were somewhat indistinet on some
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plants, hut with careful observation it was possible to classify with con-
fidence, and a clear single-factor segregation of 81 plants with leaf
nectaries, and 86 without, was obtained. Evidently the minor gene
constitution of anomalum, so far as leaf nectaries are concerned, is very
sivnilar to that of arborewm, and not at all like that of herbacewm, which
leads to dominance breakdown In crosses with arborewm. That the saie
wmain locus is concerned as 1n these species was shown by the backeross of
(an. x arb. A 8 Ne) to the ne types N 14 and T 3, which gave a total of
301 plante all with leaf nectaries.

The situation with regard to bract nectaries is much more distinctive.
There aré no internal bract nectaries in G, ainomaelum, as is usual in types
with leaf nectaries in the cultivated Asiatics, but external bract nectaries,
which are extremely rare In the latter, are present. In hybrids with the
arborewm po-nectary types N B, N 14, and N 23, no external bract
nectaries were present except on occasional Howers, on which they were
indistinet. Apart from the difference in position, this situation 1s more
like that in avb. nex herb. Ne than in wb. nexarb. Ne hybrids. This
indicates that the minor bract nectary genotype of anowsalui s nearer to
that of herbaceum than arborewm, thongh of course 1t is quite distinetive
in that enonelum only shows externals and not internals. On analogy
with the situation in the cultivated Asatics, it seems likely that these
external broct nectaries are due to the same Ne allele as controls the
presence of leaf nectaries, together with a particular specific genotype.
(o the other hiand, in the alsence of further data, it cannot definitely De
concluded that the identical allele is concerned.

VIL Tuws AND LINT GHALACTERS

Tn caltivated Asiatic cottong the hairs on the seed are differentiated
into two distinct coaty, one consisting of long fairly easily detached lint
hairs, and the other of short strongly adberent fuzz haivs. In a few so-
called “‘tufted” types the latter coat is represented only by a few hairs
at the chalazal end of the seed, Flutchinson (1955) found tufted to be due
to a partially dominant geve T, whose expression was considerably
influenced by modifiers. He made use of a series of grades for olassifica-
tion of segregating progeny, in which grade 1 was the most highly tufted
type (vaked) and grade 6 almost fully covered except for small naked
areas. Fully covered segregates were classified as “fuzzy 7. Homozygous
tufted types grade 1-4, and heterozygotes usually 3-6. The symbol Fz
has bean assigned to this genc in Hutchinson & Silow’s (1939) revised
list of gene symbols.
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- In 6. anomalwm the hairs on the seed are not separated info two
distinet layers, but all appear-to forin a single coat of short hairs up to
10 mm. in length. These are very fivmly adherent to the festa, so thaf
when pulled off tnany break along the lengbh of the hairs ingtead of at or
very near to the point of altachment to the testa, as in cemmercial
cottons. Nevertheless anomalinn carriss the genstic basis for fuzz, since
fully fuzzy segregates have appeared in progeny devived from gn. « bufted
hybrids. In the F, between anomnalum and arboreus A 16 tufted (grade
2-4) the hairs were also very adherent, so that when pulled they broke
along their levigth. Tt was therefore not possible to obtain any estimate
of the dowinance of Fz in this hybrid. In the Brst backecross to A 16
approximately 609, of plants seb seed, and on them normal ginning was
possible. The following segregation was observed:
Tuited grades Fuzzy

23 4 5 b

. i 15 24 83
A comparable (erboretim fuzzy A 15« A 16) first backeross to A 16, gave:

Tufted grades Fozzy
L R .
2 3 4+ b 8§
] 16 ]

In this intra-arborew cross, dominance of Iz was almost comaplete, and
the entire segregation was at a very different level {rom that in the inter-
specific crogs. No direct comparison with the level in herbaceum Is avail-
able, but information on the point may be gathered from the following
F, progenies, one of the same inbra-arborewsn as cited above, and the
other of arborermn A 18 x herbacewn H 10 fuzsy:

Fy, percentage class freguencies

Fy . Actnal
Tulted Tufted grades Fuzzy no. of
grade e e, F, plants
Cross 2 3 4 5 8§ 6+ Total scored
AlsxAlg 3 o3 o . 21 100 29
H D=4 16 6+ 7012 13 16 G 48 100 163

In the intra-arborewm ¥, the expected 259, of recessive fuzzy segregates
was recovered, but in the arbovemsn-herbaceum cross 469 of the segre-
oates were graded as fuzzy. From the high grading of the 7| plant, the
excess of fuzzy segregates may be attributed to the inclusion of & aumber
of heterozygotes in this class. The general displacement of the segregation
was in the same direction as in the anomalwn hybrid progeny, but to a
less extreme degree than in the latter, where even the homozygous fufted
class was fairly extensively covered. A selfed progeny derived from an Jfy



R. A. Stmow 323

(P 3386) between H 10 and a selection from the second hackeross of
{an. x A 16) to A 16 gave the following:

T, percentage class frequencies
A,

B ~ Actual
Tufted grades Huzzy no. of
e i, Total  F, plants
2 3 4 & 8 scored

§ 6 21 62 100 135

By a second backeross 1t woulkld be expected that a certain proportion of
the anomalwn genotype might be lost, yet the displacement was still
roore extrerue than in the H 10 A 16 F,. That we are justified in con-
sidering this a modifier displacernent and not the result of the introduction
of a fuzzy allele dominant over tufted Fz is shown by the fact that a
particular (am.x A 16) thizd backeross to A 16 selection (15,094) when
selfed, cave:

Tufted grades Fuzzy
I 8 Al
2 3 4 5 ]
19 27 8 7

In this progeny the fuzzy segregates were clearly recessive. That an allele
in the Fz locus is concerned is confirmed hy the following evidence. A
selection from the second backeross of (. A 16) to A 16 was selfed,

giving:

Tufled grades Fuzzy
4 —
5 6 Intermediata
2 3 1 6

The plant elassified as “intermediate” (15,245) had seeds uniformly
covered with an extremely thin fuzz layer. Its subsoguent hehaviour
showed that it was a heterozygote; heterozygotes within arborewm are
usually patchy, with completely naked areas of variable size. Hetero-
zygotes of this wniformly thinly covered type have heen observed m
arborewm x herbacewan crosses. The plant 15,245 was crossed with N 5
and N 14, two arborewne fuzey types, and bwo plants from each I were
selfed. Two families segregated for ¥z, whilst two others were homozygous
fuzzy. Que of the fuzzy sibs of 15,245 was also crossed with N 5 and
N 14, and four F, plants selfed gave over 300 progeny all of which were
fuzry. In these non-segrepating families Frfrom A 16 was clearly absent,
and its place must have heen taken by its allele fz from anomalum. The
results cited previously show that this is not by any means the only fuzz
gene of importance in this species. (. enomeluam has an intensely fuzzy
genctype, and whether it carries the genetic basis for lint at all merits
Turther discussion.

Journ. of Genctics 42 21
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The most significans evidence bearing on this point is that, in crogses
involving normal fully lintea strains of cultivabed cottons, segregation
of lint characters is not discontinuous but appears to be similar to thab
which ocours within the cultivated species, where differences have been
found to be due to typical quantitative genes of rvelatively small in-
dividual effect. The most satisfactory means of identifying such genes is
to trace their association with main genes atfecting more easily observable
sharacters. This type of analysis is necessarily restricted to early genera-
bions, since in later generations it Ls Impossible to be sure that crossing-
over has vob occurred. Unfortunately in early generations of this hybrid
waterial only & few lamilies gave a separation of main gene clnsges
sufliclently distinet to be of use in this counexior, and in addition their
general low fertility made observation of seed characters particularly
difficult. There is therefove practically no information available on in-
heritance of ginming percentage, since for reliable estimates of this
character about 100 seeds arve reguired from each plant. Al that can be
said is that the amonnt of hairy on the seeds of F, hybrids was inter-
mediate hetween that on anomalum and on the cwltivated parents. The
guantity is expressed as the percentage weight of hairs on the total
weight of seed +hairs. The firm adherence of the hairs made normal
ginning impossible, so the Lairs were out off closs to the base with scissors.
Typical “ginning percentage” results were as follows:

anorclum =8 %

A 18 =419 an. x A 16 =289

H 1o =269, an. w0 10=189;
Rather more satisfactory information is available on the inheritance of
hair length, since for the determination of this characher only five seeds
from each plant ave required. On the F, hybrids hair length (mean
maximum halo length) was intermediate buf rather nearer that of the
caltivated parent, e.g.

anomalun = 8-10 mm.

AlB = 2536 mm. an. A 16 =20 mm.

HIo =37-20 mm. an. < H 10 =23 mm,
Fven in the first backeross the mean hair length very closely approached
that of the cultivated pavent. Data are summearized, as mean “lnt”
length for contrasting pairs of main gene classes, in Table 13. In each
case the main gene derived from anomalum is listed after that from the
cultivated species.

The fivst three families, all first backerosses from the same I, anoma-

lwm x arborewm hybrid, show the association of lint length with leaf
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shape segregation. In the fivst family, a backeross to herbacew H 10, the
anomalum leaf shape clags had lint significantly shorter, by ahont 4 mnt.,
than the laciniated class. There was no significant difference in lint
length between the leaf shape classes In the other two families, which
were respectively backerosses of the same F, to arborewm N 14, and to
T 3, a multiple recessive selection derived from an arborewm x herbaceum
F,, but predominantly of arborewss genotype. The second group of three
families shows the assgociation with £,. These families are derived from
two sib-plants from the fivst hackeross of (an. x A 8) to H 10. In each of
the progenies derived by backerossing again to H 10, the class carrying

Table 18. Lint length associaiion with main gene segregolion

Mean

bint

length

Family Class 23 ma. d i P

fai. < A 8) x H 10 ‘;j]; o !I ~048 216 0-05-002
(an. A B » N 14 fﬁ g% ﬁg; }_n% 010 00
{an. = A 8)=T3 i:i gs gggg }To-u 016 09
11,767« H 30 ﬁ;’; oo bo14 482 Very smal
11,703 H 10 ﬁff 5 G Lormos: ogsa
13,703 =T 3 ﬁ?? Z? ggég }+gﬁ6 05 06
(am. = A 18) » A 16 ’ﬁ?no 2R e 2100 ceswpor
{an. =N 14) » N 14 ?1%':5, }i ‘ %;15;,; } ~0BL 077 05
o = N LAy > K5 }j(rw EA e } ~068 8L 0

R,C% from gnomolen had lint about 13 mom. shorter than that of the
spotless class, and this difference was signifleant. 1o the third family, a
hackeross of one of the sibs to T' 3, there was no signibeant difference in
lint length hetween the two genotypes. Theve is thus evidence of lint
length genes on both the K, and L chromosomes, and an indication,
from the differences in the backerosses to arborawen and herboceum, that
the lint length alleles carried by these two species on these chromasomes
are not the same. A similar difference between these two gpecies in spot
size genes on the L chromosome has already been mentioned. The third
group of families, showing association of lint length with E,, were all
backevasses of (anomalum < arborewm) to arborewm. Tn the first of these
the class carrying the enomalum gold allele had lnt about 1 mm. shorter

2.2
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than the non-gold class. This difference was significant. In the other
two families the lint length differences were of much the same magnitude,
bub in the small numbers available did not reach the level of sighificance.
Lint length genes are evidently located on the A, chromoscme also.
Other smalt families, not indicated in the teble, gave no evidence of
association of lint length with pollen colour and leaf nectary segregations,
but could not be considered conclusive in this respect. The lint length
effects associated with the I, B, and Ry genes from anomaluimn were of
just the same degree of magnitude as Hutchinson (19325, 1934) found
to be associated with the first two of these loct within the cultivated
species. Bxactly the same type of gene appears to be responsible for the
difference between ancmalum and bhe cultivated cottons as is vesponsible
for differences within the cultivated species themselves. Their lint was
not acquirec at a single step, but was probably built up gradually, either
by the development of a morphologically new structure, or by a process of
differentiation in a single coat of hairs such as occurs on the seed of
anomalwn. In that cage sucl types as anomalum ave not likely to be of
any value as & source of lint length or ginning out-turn genes. In view
of the strength and fineness of its seed hairs, however, it might well be
worth paying attention to this species as a source of Int fineness.

VIII. LiNT conovn

Very little information on the inheritance of lint colour in Asiatic
cottons has been published. In view of the fact that most of the few
studies which have been reported were interspecific (Kottur, 1923;
Ramanathan & Balasubramanyan, 1933«), it Is not surprising that they
have yielded no clear conception of the situation. Hxperience at this
Station hasindicated that some of the main lint colour genes are extremely
susceptible to modifier action, and that there ave great differences between
strains in their modifier content. There are two classes of main genes.
In one class are those whose expression is a dark brown or khalki, and
whose potency is of such magnitude that they ave almost fully dominant
even iu interspecific crosses. In the other class are the light brown genes
whose expression is very dependent upon the minor genotype; their
presence in certain very near-white cottons would not be suspected, and
it has enly been possible to confirm it by the intensification which oceurs
in certain crosses as a result of the introduction of modifiers, and with the
kelp of a close linkage with the lintless 4, gene which facilitates analysis
encrmously. Without this assistance it would not have been possible



R. A. Smmow 397

to arrive at any definite conclusions with reference to gene homologies
within the light brown class.

Within arborewm two independent khakis are kmown. Oune of these
Hutchinson (1934) has located on the leaf shape chromosome, at a
distance of 30 units from the latter gene. For this khaki gene, which
Hutchinson termed K, the symbol L™ is proposed. The other khaki
has been found to be closely linked with Z,, and will be termed LeF.
Two light brown lint genes are known; one of them, which is allelo-
morphic with the second khaki gene, is widespread in herbuceum and is
occasionally encountered in arboreum. This will he symbolized as Le,®. The
other light hrown gene, Lc;®, is independent of the former two lint colour
loci, and has heen identified only very rarely and in association with
Le.® in herbatewm, when the homozygous combination is somewhat
darker in expression than the khald genes. It should be mentioned that
on certain relatively stable modifier backgrounds, when dealing with the
two light browns, an approximation to the expected duplicate gene
segregafion 1s sometimes epcountered. This is especially so within
arboreum, Hubchinson (1935} has reported such a case. In general
herbaceum: 15 at a much lower lint colowr modifier level than arborewn.
For the classification of segregating progeny a series of ling celonr grades
has been established; grade 4 is the darkest brown; the khakis grade at 2;
whilst 0 35 white. In modifier studies it has been necessary to interpelate
observations in between the primary colosy standards numbered 0, 1, 2,
3 and 4.

The lint of . anomaolum g & medium hrown of gracde 3. The lint of F,
hybrids Involving white-linted arborewsns grades at about 1+6. The most
useful information 1s derived from hackorosses to wrborewm white (I 14)
of the hybrid an. > A 8, which is a dark brewn Lo strain. Data ave also
available from a hackeross to T 3, a synthesized multiple recessive from
an arboreum x herbacewm crogs, with white lint, The results show that it
has a predominantly arborewm lint-colour genotype, so they will be
considered along with those from the backeross to N 14, A wide vange in
lint colour segregation occurred, intergrading from dark brown to light
brown, together with some whites which formed a distinct class. The
families were scoved as follows:

Lint colour grades Total
[ ! o r—J‘—_ﬂ
Cross 4 3 26 2 16 1 05 0 Brown  White Ratio
{an. » ARy~ 14 13 25 15 18 L 14 1 16 101 16 §3 11
{an. = A 8).xT2 P 1] . 71¢ . 8 57 § Tl:1

The presence of whites indicates that eiomalumn cannot carry Le,®, which
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Iod

is known to be almost fully dominant. The 7 :1 backeross ratios are
suggestive of a three factor sezregation. There iz further evidence that in
addition to the dark brown gene introduced by A 8, two other lght
brown genes were present. An attempt was made to determine it Lo,
the light brown linked with lintless, were present, by orossing anomalum
with the Jintless strain N 19 and backerossing to lintless, but none of vhe
progeny grown seb seed. A light brown of grade 1 was therefore selected
from the baclkoross of (an. x A 8) to N 14, and crossed. with N 19 lintless,
and a brown-linted segregate again hackerossed to a lintless strain.
Ordinarily lintless segregates cannot be scorved for lint colowr; this is a
serious disadvantage from the standpoint of linkage observasion, but a
strain carrying h, was available, which, by reason of its modifier content,
had some lint on it seed. This strain, T 6, has been described. elsewhere
under the number P 2417 (Silow, 193958}, %, segregates in backerosses to
this strain can be vecognized by the glabrousness of their stems, a pleio-
tropic expression of the main gene not affected by the modifiers which
induce sparse lint on the otherwize lintless seed. The following segre-
gation in this backeross was chserved.:

Lint colonr grades

—

1-8-1-5 1 0

H, 9 .
hy ) 19 13

Ley® from A 8 had clearly been lost from this material, in view of the
absencs of segregates of grade 2. The absence of whites amonggt the fully
linted A, segregates indicated the presence of the Halked Le B, which
must have been derived from anomalum. On the other hand if only this
gene had been present, there ahould have been no browns in the /., class,
in view of the cleseness of the Linkage concerned. That approximately
509 of the A, segregates were brown indicates the presence of a second
brown lint gene independent of %,. This must also have come from
gromalum. By way of contrast, s sib selection from the hackcross to
N 14, similarly treated, gave:

Lint colour grades
Pl "‘_'!\‘_——“‘—\

2 0
q, 17 23
P 13 28

In this line the Lo gene from A 8 only was present, giving a very
different segregation from the previous tamily in which the two light
brown genes from anomalum were present. The evidence indicates that
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1o more than these two main genes are responsible for the lint colowr
of anomalum. Whether the second of them is homologous with Le®
is nob known. The reasonably clear demarcation between browns and
whites in the backeross of the anoinglum x grboreumn A 8 hybrid suggests
that the minor genotype of these two species is very similar. From
experience with Aerbaceum x arbareuwsn hybrids, it can be stated that there
would have been far more intergrading between hrowns and whites if the
modifier complex of enomalum had been at all like that of herbuceum.

IX, THEE COMPLEMENTARY FACTOR LETHAL ““CRUMPLED”

In certain interstrain crosses Hutehinson (1932¢) reported the appear-
ance of a pecnliar semi-lethal or even lethal $ype of abnormality which he
deseribed as “crumpled”. He showed that this was due to the interaction
of two complementary factors which he named A and B, and which have
sinee heen assigned the symbols Op, and Cp, (Hutchinson & Silow, 1939).
C'p, was found in only ome strain of arborewin var. soudanensis, grown
under the type number N 9, but Cp, was present in approximately half
of the 29 strains of the several varielies and forms of wrborewm and
herbocewn which he tested. There were absclutely no phenotypic in-
dications of the presence of {p, or Up,, bub when strains carrying these
genes were erossed the resultant progeny exhibibed the cruwmpled char-
acteristic, its expression being dependent upon the modifier hackground.
In the least extreme case, involving a strain of arborewm forma bengalensis,
the plants were stunted in growth, with shortened internodes, abnormal
development of vegetative bnds giving a witch-hroom appearance, and
irregular crumpled battle leaves, and they set only a very few small
Lells. Tn the majority of crosses involving other arborewin types the
seedlings were much more abnormal and completely sterile, developing
Iittle if at all heyond the cotyledon stare, and the cotyledons themselves
in maost cases were very thickened and crumpled. This may be regarded
ag the typioal expression of exumpled within the arboreume cemplex, but
an even more extreme expression oceurred in crosses invoiving five of the
six herbacewn strains whick carried Cp,; In crosses between tlhese and the
C'p,, strain only empty seeds resulted. Such extreme behavionr only
occurred in the case of one Chinese strain amoungst the eleven grboreum
types found to carry Oy, and the formation of empty seeds is to be
regarded as a bypical expression of this complementary lethal in crosses
involving herbecenn.,

Since 1932 a large number of other crosses has been performed at this
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Station, giving further evidence on the distribution of these genes.
O, has been found again in,a second accession of material similar to
N 9 from the same general locality in the Anglo-Egyptian Sudan, in the
Blue Nile district hordering on Abyssinia, bub has not been encountered
elsewhere. Alfogether 128 different strains representing all the geographie
subdivisions of hoth wrboreum and herbaceum have been crossed with
types known to carry the C'p, gene, and all have given normal progeny.
(Up, has been found in 35 of 41 vepresentative straiug tesbed; hoth phases
of this gene have been found in all the geographic groups which have
been investigated, except the Indo-African herbacewm varieties frufescens
and africanyin, all five tested strains of which have been found to carry
Cipg. Only the arbovewn indice and soudanensis groups have not yet
been adequately examined.

. anomalin has beeu crossed with several sbrains carrying C'p,, such
as A 8, N 19, and O1, and with all of these has given normal progeny. The
wild species evidently does not cazry Cp,. The Cp, strain N9 was
crossed with onomalum, and all 43 seedlings which were obtained had
crumpled cotyledons and died before the exsertion of any plumular
leaves. In appearance these crumpled seedlings were similar to those
which are characteristic of crosses within arborewn. The Fy (an. x A 8)
was crossed with N 9; 74 seeds were obtalned on the F, as female, and
46 on N 9 as female; 499 of the former and 379, of the latter were
empty or contained imperfectly developed embryos, ranging from very
minute about one-twentieth normal size to nearly full size. Examination
of gome 1300 seeds derived by backerossing the same hvbrid to ten other
wrborewm and herbacewn types which did not carry C'p, also showed from
15 to 80Y%, of empty or imperfectly developed seeds. Thus although
Hutchinson showed that in crosses involving herbacewsw the development
of empty seeds was due to the complementary lethal mechanism, their
oceurrence in the cross of (an. < A 8) to N 9 can only he considered an
expression of general hybrid incompatibility. From the fully developed
seeds 46 seedlings were established, and all were crumpled, almost exactly
s in the direct cross of anomalum to N 9, escept that three of them
exserted from 1 to b minute rudimentary leaves before dying. That no
normal seedlings appeared indicates that the crumpling factor carried by
anomalum 1s at the same locus ag in arborewm, and it 1s evident that these
two species are very similar in their minor crumpling genotype.
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X. Lesar suare

It has already been shown (Silow, 1939a) that the leaf shape of
anomaolum is controlled by a member of the arborewm-herbaceum leaf shape
multipie allelomorph series. This gene, L+, which has not been recorded
from the cultivated Asiatic species, is accormpanied in aromalum by a
lobe-broadening genotype sinuilar to that which distinguishes herbacewm
from arboreum.

XI. Discussion
(1) Genetic aspects; flower pigmentation interactions

The genetic information and the observational records of interaction
now avatlable suggest that the genug Fossypium wounld form very suitable
material for a Dbiochemical study of the developmental relationships
between anthoxanthins and anthocysnins, which would be the more
interesting in that some of these pigments show very striking specific
distributions. Within arboreum all three dominants ¥,, ¥,, and T, are
required for the production of full yellow corolla. From such flowers
Periin (1916} was able tc isolate the glucosides gossypitrin and isoquer-
citrin. In the same species y, leads o the development of white flowers
with petals some 259, shorter than yellows. From these Periin isolated
only a small gquantity of a substance resembling apigenin in its general
properties, a flavone known to occcur in several other ivory-white
flowered plants. Like these, the white flower of arborewm gives the typical
flavone reaction on fuming with asumonia. The intermediate pale yellow
Y. P ot the sawe locus is much nearer white than full yellow in its low
mtensity of colour, but much nearer yellow than white in its very shght
reductive effect on length. At each of the other two leci only one re-
cessive allele is known, and both are phenotypically pales. They can he
distingmished from one another with reasonable comfidence when on a
commop. stable background. In view of the possibility that lower alleles
at these loci may eventually be found, lilke white at the ¥, locus, these
pales have also been designated as §P. The Chinese pale ¥,* is much
like the Burmese pale Y, 7, being very slightly paler in shade than the
latter, and only very slightly shorter than full yellow. Y, which is
confined to and chavacteristic of anomalhm, is definitely slightly yellower
than the other two pales, yet shows much the same degree of shortening
ol the petal ag does white. Corolla size appears to he physiologically
associated with the main colour classes, since no recombinations which
could. be attributed to crossing-over bebween linked genes have ever heen
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ohserved. The indication, from the small numhber of ohzervations avail-
able, that the double recessive I,7 ¥.T is intermediate in petal length
rather than as short as Y7, if substantiated, would imply that the
mechanism by which shovtening of the petal is effected is not the same
in all cases. It seems very likely that the three pale corolia types differ
chemically, and full yellow and white certainly do, so that aninvestigabion
of these substances might throw interesting light on the relation of certain
organic radicals to growth processes.

Various straing and species of cotton are charvacterized by a red
corolla.  As judged by ditferences in their appearance and in their
reaction with the flavones, at least two different types of anthocyanins
aye concerned. As an example of one of these types, the anomalum By
gold-petal allele yaay he talen. It has heen shown (Table 11) that its
expression is very dependent upon yellow covolla constitution, changes
in genotype at the ¥, and Ydp loct especially being associated with
variations in intensity of anthooyanin on the petal lobe. In the absence
of the gold allele 17, is almost though not fully dominant as far as yellow
intensity is concerned, but heterozygosity for pale or white at this locus
lowers the expression of Ry%C very considerably. This is interpreted as
indicating a correlation between production of anthocyanin and yellow
flavone, such as Tawrence & Scott-Moncrieff (1835) demonstrated in
Dahlia. Thus although ¥, appears to be of high phenotypic dominance,
it 13 actually of low dominance ag far ag quantitative production of pig-
ment is concerned. Hutchinson (1921) has shown that thig gene is not
fully dominant in the petal length effect either. Haterozygosity for pale
in the ¥, or ¥, loci was not found to affect gold expression, snggesting
either that the physiological dominance velationships at these loci is
different from that at the ¥, locus, or that these loci control the develop-
ment of different types of yellow or pale flavone. In the presence of
duplex recessives at any one of the three ¥ loci gold hardly attains
expression at all. Interaction with the yellow depressor, Ydp, which is
restricted to aromalum in lts natural distribution, is particularly in-
structive. Since this gene diminishes the intensity of pales as well as of
full yellow, it seems likely that it restricts the quantity rather than that
it affects the type of flavone, ie. it acts as a general and not a specific
anthoxanthin suppressor. When on & homozygous yellow background the
yellow depressor infensifies the expression of R,%C from gold to pink. That
this is a real and not an apparent intensification due to the lowering of
intensity of the yellow background is supported by the fact that ¥dp
does not intensify gold on heterozygous yellow to the slightest extent,
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though the yellow background is depressed. This incidentally affords
further evidence of the physiologically comulative effect of Y, dosage.
The antagonistic interaction between anthocyanin and flavone which is
indicated by the concurrent suppression of yellow and infensification of
gold to pink, gives strong support to the theory of Lawrence & Scott-
Moenerieft (1935) of a limited pigment source common in part to both
anthozanthing and anthocyanins. That this is not the whole of the story,
bowever, is evident from the fact thatl, in the absence of the depressor,
cyanic intensity is positively associated with ¥, dosage. Lawrence &
Seott-Monerieff described a yellow inhibitor in Dahlic which appears to
be similar to Ydp, and which also increases cyanic intensity. In view of
their opinicn that the production of specific pigments is simultaneous
rather than successive, they suggested that the yellow inhibitor reduced
the productive and competitive power of the yellow Havone gene at the
source. They found that the cyanic intensification was due to a reduction
in the proportion of pelargonin to eyanin. Whether the intensification in
the cage of B0V ig likewise qualitative, or whether it is quantitative in
nabture is not known, and in view of the complications which they
ohserved it would be futile at this stage to attempt an interpretation of
the mode of action of the several genes concerned in Glossypium. It does
however seem clear that ¥dp must act after the inception of the pigment
somrce. The fact that the depressor inhibits yellow Savone produetion in
both simplex and duplex Y, but that this results 1n cyanic intensification
in the latter genotyype only smpggests that a theeshold level is involved and
that at least some plgment production reactions of this type are not
necessarily simultaneous bet may be sequential. Confirmatory sapport of
this hvpothesis is available from a totally different source, The typical
cultivated Asiatic cofbon flower has a yellow corolla, and a ved spot due
to the gene A5, In the fresh flower anthoeyanin is vestricted to the red
spot at the hase of the petal, the petal lobe heing totally devold of any
red pigment. Az the flower wills towards the end of the first day of
anthesis the petal lobe acquires a faipt eyauic tinge, and Ly the following
morning the anthocyanin intensiby is very much as o the anomalum type
of “medium tointense” gold (P 18, figs. 9, 10). The petal lohe of Chinese
pale-yellow corolla plants carrying bthe spot allele is also devoid of
anthocyanin when fresh, but as the flowers age they acquire a much more
mtense coloration than do full-yellow spotted plants, going even heyond
the intensity of the “pink” shown in Pl 18, fig. 12, Here also then there
are indications of antagonistic interaction hetween flavone and antho-
cyanin prodaction, and 1n this case there can be no doubt that the pro-
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duction of anthocyanin is subsequent to that of fiavone. The situabion
snggests that, as far as their wontrol of anthocyanin production in the
petal lobe is concerned, the distinction between' the gold petal gene,
which initiates anthocyanin production early in the life of the flower, and
the ordinary spot gene, which induces anthocyanin formation in the
petal lobe only as the flower fades, lies entirely in their reaction rafes.

As an example of the second of the anthocyanin types in Gossyprum
the so-called *“sanguaneson” type, which occurs in arborewn, may be
taken. This has an intense wineved petal lobe, very different from
¢old both in appearance and in its interactions, which have been described
by Hutchinson (193264). Perhaps the most striking diffevence is thab
variability in its expression is almost entirely in terms of distribubion on
the petal, and to o wuch lesser extent in intensity, ag may be seen from
Hutchinson {19325, PL XXVI). His grades 1-11 represent increaging
degrees of extension of red from the margin 4o cover the entive surface of
the petal. Most ¥, ¥, types with ved grade at 11, ¥,7 I, F types at 2-4,
and v, y, types at 1-2. Heterozygosity of yellow for pale or white in the ¥,
locus has only a slight effect in restricting expression of red to grade 10,
whereas gold under the same conditions is rednced from intense-medium
to faint or very faint, There is not a great deal of information on the effect
of heterozygosity in the ¥, or ¥, locl, but in some families heterozygous
both for 4, and ¥,P or ¥,P there was no degradation below that involved
in the case of Y, y, alone. In a family heterczygous for ¥, y, and for
the depressor however reds ranged only from 7 to 9, L.e. expression of red
was reduced in the same general direction as when yellow grade is
lowered by main gene constitution. Unfortunately no data are available
for this red on duplex ¥, with Ydp. Taking into account the evidence
available on Interaction with flavone genotype, and the very different
colour of the sanguineum RS red as opposed to the £,50 gold, it appears
very likely that these two anthocyanin types differ qualitatively. From
phenotypic appearance it is probable that the New World tetraploid
hirsutum By red petal is similar in natare to the arboreum R,B8. When this
varies in expression it also does so chiefly in distribution.- However in its
oSt extreme variants it has never heen observed to cover anything like
30 great a proportion of the petal as does the R, red either in arborewm or
when transferred to Airswtwm (Harland, 1935). In this case then, with
respect to their petal red effects as distinct from their spot effectst, it
appeats plausible that the Airsulum and songuinewm rveds represent
ouly guantilubive variants of the same basic type.

L The arborewm red is spotted, whilst the Adrsulum ved is spobless.
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The diploid American eridusm has a pink petal, and from work in
progress it has been established that the ailele responsilile is homologous
with R; of the tetraploid species. It has been observed that the petal
colour of many of the segregants derived from backerosses of aridum to
the tetraploid species is very suggestive of enomalum gold, and as in the
latter, variation is primarily in intensity rather than in distribution on
the petal. It must be remembered that there is no genetic evidence that
R; and R, are not homelogous, and that the latter symbol subscript was
adopted because it is unlikely that they are of “recent’ homology in
view of Skovsted’s theory that the New World tetraploids are allopoly-
ploids derived from an Asiatic and an American diploid species or
eytologically similar types. Quite apart from this, if the assumption is
correct that the Arrsutum and “gold” reds differ qualitatively, the
demonstration that eridum red, smilar to gold, 18 located at tlie Airsuinm
R, Jocus implies that qualitative variauts may ocour at a single antho-
cyanin locus. This is quite plangible in view of the fact that alleles which
control the production of full yellow and pale yellow flavone, which are
almost certainly different, are known to ocour at the same locus along
with one which determines ivory flavone. Buch a qualitstive anthocyanin
series has been deseribed in Callistemsma by Wit (1937), who attributed
the formation of pelargonidin, cyanidin and delphinidin derivatives to
different members of a triple allelomorph series. On the other hand
Lawrence & Seott-Moneriell altributed the formaticn of apecific antho-
cyamins, not to individul genes, but to a general balance hetween all
anthocyanin and anthoxanthin factorial contributions. It is interesting
te note thal they consider this to be an nnecmmon situationh resulting
from the competition of homelogous factors in an allo-octoploid. I is
highly probalble that such a derivative complication may occnr in Fossy-
i also, superposed upon the possibility of specific factorial control.
Skovsted (1933) considers that in this genus even the so-called dipleid
species with n=13 are secondary polyploids. He based this opinion on
the cccurrence of secondavy paiving, which by itself is not necessarily a
valid indication of homolegy (Heilborw, 1926). Support is however given
t0 his interpretation by the occurrence in the diploid species of genetic
replication, some types of which of late vears have come to be regarded
as evidence of vytological replication also. Thus in arboreusn-herbacewm
there is triplication of lint colonr loci (this paper, § VILI):

Je Lo {Khaki)
Le L, B {Light brown)
Iy icy leg {White}
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(Genetic duplication for anthocyanin has also been demonstrated in
anomabim, This {s an unusual type and its interpretation as such will
be further substantiated below. 1t is probable that in cotfon certain
complementaries also may be regarded as replicated loci. Though argn-
ment on these lines could very easily be carried too far, it is to some
extent justified in Gossyprum by the paralielism in mutant steps whien is
exhibited in some of these loci, such ag those affecting corolla colour and
pollen colour:

Clovolla colour I, ¥ ¥, {Yellaw)
¥E bty bl (Pale}
¥, . . (White)

Polien colow P, P, . (Yellow)
. By . {Pale)
Py - . {Cream)

Tf these cases of complementaries be regarded as veplication, then there
are two cases of triplication. Skovsted (1937) has suggested that the basic
13 in this genus represents five chromosomes duplicated and only one
triplicated, so that at first sight it appears that there ave too many cases
of genetic replication to fit in with the suggestion that they indicate
cytological replication, there being no evidence of linkage between any
of the lint colour and corolla colour loci. Yet the suggestion cannot
be turned down on these grounds alone at this stage of our knowledge.
Tn other gemera various cytological mechanisms have been involved in
speciation, and some of these, such ag replication of parts of chromoscmes,
may also have played their part (o evolution within Gossypium. Winge
(1938} has extended the underlying idea to its logical conclusion in his
hypothesis of the taxonomic importance of palymery, pointing out the
stahilizing inflnence, in units of higher taxcnomic rank, of the frequent
replication of particular factors throughout the genom as a result of
polyploidy, duplication and translecation.

The interpretation of the enomalum anthocyanin Iocus as a duplicate
of that in arborewm and herbacewsn requires special explanation. The most
common anthocyanin expression in the latter, red-tinged stem and red-
petal spot, is due $o a single allele iu the &, series. Two lower members of
this allelomorphic series are known, though they are relatively uncommon.
They are respectively ghost spot, which lacks the capacity to produce
red colouring matter, and spotless, which is similar to red petal spot in
vegetative expression. In compound these two lower alleles resemble the
comumon red petal spot phenotype. Of course this compound type never
breeds true. (. anomaeluwm also has a slightly red-tinged stem and red
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petal spot, similar in size and appearance to that typical of most of the
cultivated Asiatic cottons, but genetically it is constructed in a totally
different way. It is not, as in the latter, due to a single allele, but 18 the
result of the complementary interaction between a ghost gene in the
Asiatic R, locus, and a spotless gene in another locus, R,. This type of
compound.spot is naturally true breeding. Although these particular R,
and R, genes act as complementaries, the loci are regarded as duplicates
for twe reasons:

(i) The R, allele is comparable in type and behaviour with known
members of the R, series in arborewm-herbacewin.

(i) If spotless were not known in the latter series, it would not have
been possible to identify the presence of 3 spotless gene in the &, locus,
and the anomalum spot would have bebaved as if it were due to an
identical duplicate of the Asiatic full spot allele.

Just as in the cultivated species other members of the R, series are
known which havé intense red pigmentation of either petal lobe, plant
body. leaves, or calyx, as plelotropic effects of the main anthocyanin
spotted or spotless allele, so the anomalum R, spotless gene is char-
acterized by a gold-petal lobe. Here again, as in the leaf shape series of
allelomorphs which have recently been discussed (Silow, 1839¢) it looks
as if there ave at lsast two independently variable systems witljo the
anthogyanin series, one iuvolving presence and absence of spot, the other
presence and distribution of anthocyamun, Thus n @rboreum red-eaf
types and red-tinged stem types, both with and without spot, are known.
Hutchinzon (1934) in discussing the crganization of the gene, envisaged
the anthocyanin locus as embodying a protosome with two gene centres
on which & series of eplsomes are attached, with one centre controlling
preseuce or whsence of basal anthocyanin, and the second centre deter-
mining distribution of anthocyanin in the plant. If this hasic concept be
extended to include the further information on anthocyann wmheritance
in cotton now available, the two gene centres may he betfer conceived
ag conlrolling respectively presence and distribution of anthocyanin, and
presence and absence of petal spot. The arrangement of the &, series of
alleles in arboreum, as listed at the heginning of § IV of this paper, con-,
forms to this scheme. It seerus highly probable that spotless equivalents
of the other spotted alleles [,%%, R,%% and R,%% may be found in the
future. It is likely that the spotless equivalent of the latter, 100, exists
in the R, locus in arborewn (see § IV (2)). This scheme tales into account
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the complementary nature of ghost and spotless types in giving the spot
phenotype, c.g.

R4S O S Full spot
R0 Spotless
Rzos Ghaost
|
R,40 R,OS Compound spot
 m—]

This conception may also be extended to the B, locns. It is very likely
that, with the discovery of further allelomorphs in the future, it may be
found that the anthooyanin possibilities in the petal lobe form a third
gystem varying independently of vegebative antheeyanin and petal spot.

It is tempting to speculate on the possibility that New World spots
are not in fact true full spots in the Asiatic senge, but perhaps ghosts
sagregating on a uniformly gpotless hackground. AH New Waorld types
without red spob are spotless. The ghost phenotype is not known, It is
of interest in this connexion that the progeny of Upland spotless
(hirsutum) x tetraploid N 14 ghost? (arboreum) show red spob. At present
there is no indication as to the function of red petal spot in the economy
of the plant, though that it may be of some significance is snggested hoth
by its very frequent presence not only 1n Gossypium bt in several related
genera as well, and by the complicated and unusual genetic mechantsm
by which it is attained in anomalums. Yet fromm some of Wright's (1931)
mathematical treatments of the problems involved in variabilivy and
differentiation in natural populations it is clear that many specific dis-
tinctions may be without any adaptive value whatsoever.

{2} Speciaiion vin the genus Grossypium
This study of inheritance in Interspscific crosses has clearly demon-
strated the genefic processes involved when the plant breeder malkes
widla crosses in order to ““break the type”, completely new characters
being built up by the cembination of genes which do not normally accur
together in nature. Similar studies v several cther plants snd animals
1 Doubled by colehicine treatmens by Mr S, G. Stephens of this Station,
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have led to certain deductions as to the mechanisms by which species
hecome differentiated. These have recently been reviewed by Harland
(1938), who pointed out that in all cases the process of gene substitution
was involved, and he illustrated this from the resulis of his own experi-
ments in New World cottons. The genus Goessypiwm is particularly
fagourable material for this type of investigation in that it incerporates
a number of well-defined species, several of which yield highly fertile
hybrids. Indeed this situation in early days led to considerable difficulty
in interpretation of genetic resuls in this genus, since contrasting pairs
of characters were frequently only availablein different species. Harland’s
realization that thisinvolved segregation in many minor genes or modifiers
as well as In the main ones under study quickly cleared up the situation,
and he has had considerable success in interpreting resulfs following
“transference” to a uniform background stabilized by recurrent back-
crossing. The application of this method has made possible the genetic
analysis of many characters in cotton, and on the basis of the extensive
type collection available at this Station it has heen possible to formulate
a reasonably comprehensive picture of the make-up of several species.
However, in this genus, as in others, genetic comparnisons have so far
heen limited to a restricted portion of the wide range of specific differ-
entiation exhibited. Thus Harland’s information on differences amongst
the New Werld species, and that of Hutchinson in the Old World cottans,
Las velerred to gronps of species so closely related amongst themselves
that [heir hybrids ave fully fertile in the frst generation, and only show
some degree of breakdown in the sccond and subsequent generations—
obviously the minimal degree of distinetion which can be regarded as of
specific status. The first generation hybrids of enomalun and the cnlti-
vated Asiatic eottous arve only 19 fevtile on selfing, and 109 fertile on
hackerossing, so that the examination may now be extended to cover a
much wider range of specific divergence—the widest in fact which can be
subjected to analysis before complete sterility imposes an ingurmonntahle
obstacle to genetic study. Admittedly, differences in fertility by them-
selves must be acoepted with cavtion as indications of relative magnitude
of specific differentiation, but in this case, that the distinction invelved
hetween anomalum and the two cultivated Asiatic species Is much greater
than that hetween the Jatter themselves is supported by marphological
differences which have led some taxonoemists to consider the wild African
species as even generically distinet.

Several evolulionary processes have heen at work in Gossypiwmn.
Skovsted (1934) has shown that the diploid species may be separatec

2
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broadly into an Asiatic and an American complex, bebween which there is
eytologically practicaily no homology. The Awerican tetraploids appear
to be ailopolyploids containing hoth the Asiatic and American diploid
complements. Laterspecific hybridization followed by amphidiploidy has
therefore played an important part in the evolutionary history of
Gossypiwm, bub this Lotsyan type of evolution has undoubtedly been
hath preceded and followed by the more gradual evolutionary process of
gene substitution. The most significant information hearing on this
process s likely to be derived from a stndy of the sibuation within any
one of the basie groups of species, though in view of Skovsted’s (1937)
hypothesis that even the diploids are secondary polyploids, it will be
impossible to be sure which of the differences found are the resulb of gene
subsbitution and which the result of polyphylesis.

The lowest grade of speciation which it is possible to recognize as
such, that in which the first appearance of sterility and breakdown in
viability is delayed to the second Lybrid generation, is well exemplified
by the two cultivated Asiatic diploid species, &. arboreum and herbaceum.
Their differences in genetic structure with reference to the mawn and
minor gene constitution of eight different characters have been assembled
im Tahle 14 from Hutchingon’s publications and subsequent work by the
author, some of which is in course of publication. Side by side with
this information that from anomalum is also tabulated for comparison.
It is important to point out that in the enomalum crosses every character
was investigated which was at all amenable fo analysis, particularly with
reference to the genes so far known in the culbivated cottons, so that
the results presented in Table 14 are as complete as is reasonably possible.
The only characters on which adequate observations were not made were
on such guantitative variations as in intensity of Lairiness, and breadth
and Iaginiation of bracts, in which it was felt that the only outcome of
laborious observations was likely to be an addition to the already lengthy
series of vague statements that “the character was confrolled by multiple
factors”. - In Table 14 the symhol + indicates the genofype of the one
and only accession of anomalwm which has been available for study.
Herbarium collections do not indicate any great variability within this
gpecies. In the two cultivated species, of which a type collection of some
200 lines 1s available, together with much herbarium and published
information, there is considerable variability. In these the relative
frequency of ocourrence of different alleles is indicated. In estimating the
modifier status of a species the terms high and low have been used in a
strictly conventional sense, being termed ““high” if the modifiers are
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such as to enhance the expression of the character in the same direction
as the dominance of the main gene. Thug in the case of the leaf shape
series wwhere dominance is in the direction of narrower lobed phenotypes,
the modifier background of arboreum: is such that the expression of a
particular main gene is narrower than in fierbacewm, and so is considered
relatively “high™.

From Table 14 it will be seen that arborewm and herbacewm are
characterized by the same main gene in thirteen of the fifteen loci
tabnlated. The only tendency to divergence in these loci lies in the
strildingly different frequencies with which certain of the less common
alleles occur in the two species, as in the ¥, ¥y, By, Py, Py, Lo, and Lo,
series. Some of the rarer of these alleles have been recorded in ouly one or
other of the two species. In the L series herbaceum is characterized by
an allele which is also very common in arboreum. In the latter species
other alleles, one of which is equally comunon, occur in addition; these
have not been recorded at all in Aerbacewn. In Le,, the remaining one of
the fifteen loci, is the only case where there does appear to be a fairly
constant difference between these two species, though even here the
distinction is by no means absolute. L, is the most {requent allele at
this locus in Aerbaceusn, bub le, is sometimes present; and although the
latter is characteristic of arborewn, the higher member does occasionally
cocur. Thus we may summarize that there is not any striking difference
hetween the two cultivated Asiatic species as far as their main gene
constitution is cencerned. Practically all of the difference lies 1n the
rodifier systems, which are guite distinctive though nsually nothing like
so different as in the case of wammadion. Nevertheless in at least seven of
the eight characters studied theve 1s wider modifier segregation in inter-
specific than in most interstrain crosses, or the species may even he
characterized by an obvious displacement in expression of the main
alicle, as in the case of leaf shape and lint colow.

Much greater divergence in genetic consfitution is apparent in
anomalum, In this species, in only nine of the ffteen loci examined are
the same genes present as are comion in or typical of the eultivased
species. There is no point in trying to make out of this & proportionste
estimate of similarity. The number of genes in, which anomelum 1s similar
to the other two species must be very high, since this figure must include
all those genes which might be described as familial or generic, as opposed
10 specific. There can be no doubt that much the same nermal alleles ar
ones 80 similar as to he almost indistinguishable must oconr in anomalum,
as i arborcuin and herbaeewm, at the loct which oceasionally carry the
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344 Glenetics of Clossyplum anomalum and Asiatic Cottons

rare and frequently deleterious recessive mutants such as the fve types
of lintless, chlorephyll deficiéncy, petalody, curly leaf, ete. 1t is the
relatively few main lool, six in number, i which these species differ,
which are of significance. & awomalum i3 characterized by an aliele
at R, which is uncommon in arboreum and anlmown in herbacewn, by a
brown lint gene which iy uncommon in lerbacenn and unknown in
arboveumn, by a cream pollen gene ab P, which in spite of much search
for this fype of gene has only once besu encountered in herbacewm and
not at all in erborewns, and by alleles which are quite unknown outside
this spectes at the Y, R;, and L loci. In modifier constitution enemealum
is also strikingly digtinet from the bwo cultivated species, the hyhiid
progenies showing very much wider segregation than do crosses befween
the latter species. In modifiers of corolla colour, anthocyanin intensity,
spot size, pollen colour, bract nectaries, and seed fuzziness the wild
gpecies is very distivet from both of the cultivated cnes; in leaf shape
modifiess it is wneh nearer Aerbaceum than arborewin, and in leaf nectaries,
lint celour, and crumpled there was no evidence that it differed appre-
ciably from @rborewm, though in modifiers of all four latter characters
the two cultivated species are markedly distingt from one another. In
Table 15 an attempt has been made te give a diagrammatic representa-
tion of the extent to which anomaluwmn is considered to differ 10 modifier
constitution from the other two species, by the horizontal displacement
of the symbol % from the two dotied lines which ave intended to give a
conventionalized picture of the relative modifier level in the cultivated
species,

In this table the modifier constitution is depicted in relation to
each of the characters studied, and not in relation to each of the in-
dependent genes controlling a particular character. This is justified by
the fact that the interaction between genes is not direct but by way of
their somatic manifestations (Silow, 1939 ) so that in general it is unlkely
that o set of modifiers will be restricted in their action to particular genes.
The demonstration {§ IV (6) of thir paper) that the spot size modifiers
extracted from anemalum affect all types of spot, including ghost, full
red spot, and those due to complementary alleles either at the same or at
duplicate loci, affords an excellent example of the general non-specificity
of modifiers as far as the alleles and loci affecting any particular character
are concerned.

The final stage in differentiabion is seen in those species which are so
distinct that their hyhrids, if obtainable at all, are completely sterile.
In Gossypium such sterility is not confined to crosses between species
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with different chromosome complements, but may also cocur between
gpecies within any one cytological grouping. Although the geneticist
cannot do a great deal with such material, the differences are in many
cases s0 distinet that there can be no doubt that many of the main genes
ag well as their modifiers are dissimilar.

We thus arrive at the generalization that the more widely species
within this genus are separated, as estimated by the level of fertihty of
thetr hybrids and by the number of morphological characters by which
they are distinguished, the greater the magnitude and the number of the

Table 15. The modifier situation—a diagrammatic representation of the
ewtent to which anomalum (indicated by x ) differs from arborenm and
herbaceum in modifier constitution

£ £
Character ] '2
£ g
2 =
;
Carolla colour : ; X
: |
. 1
Anthocyanin : ; 'S
4
| S
| /
Polies: colour | . X
I I
| i
Leaf nectaries | X :
| ]
' ;
Bract nectaries I 1 X
i
| i
1
Seed fuzz : ] X
| i
| |
- 1
Lint colour 3;( !
; |
' |
i
Crumpled X |
1 |
! :
Leaf shape I HEE S

genes in which they differ. It is quite impossible to give any ahsolute
estimate of the magnitude of gpecific differences in terms of genes, hut
on the assumption that there is only one modifier affecting practically
every main gene, 1t may be hazarded that the minimum degrse of
speciation recognizable as such is asscciated with o difference in at least
509, of the loci involved—Dbearing in mind in this connexion that there
15 also a necessarily unkmown proportion of the genotype which must be
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commen to all species in the genus. Actually the number of minor gene
differences is probably somewhat greater thau this rather conservative
estimate, though perhaps not much greater. There is a general im;:)ression
that modifiers are very numerons and of almost infinitesimally small
eifect, but it does not seem that the situwation is necessarily quite so
extreme as this. Tt has been striking that in favourable material in
which it has been possible to identify individual modifiers, four at least
Lave cquite considerable potency, although of course not compavable
with that of the main gene. Tt may well be asked whether those particular
modifiers have only been identified on account of the magnitude of their
affect, but this is delinitely not the cage, sinee three of the four were
identified almost entively on accoant of particulasly favourable genetic
cireumstances. Thus the spob size modifier carried by enomalum was
identified on account of its linkage with the ghost allele, and by ibself is
sufficient to aceount for all of the upward extensiov in range in spob size
in the hybrid progenies. The two lintless modifiers (Silow, 19390} were
identified because they affected only one of the two pleiotropic effects of
the main lintless gene, so that it has been possible, in a wide segregation,
accurately to delimit the main gene phages, 4 very necessary proviso in
the analysis of any interaction system. These two genes were of swr-
prisingly high potency, and in recent worlk it has been pessible to follow
them through with considerable confidence. They alone are sufficient to
account for practically all of the overlap between two main classes which
in narrow crosses are absolutely distinct from each other. The fourth
large modifier, yellow depressor Ydp, was the only one ideutified solely
on account of the magnitude of its effect, after separation from other
interfering factors by backcrossing. This gene was sufficient by itself to
aceount for practically all the downward extension of corolla colour in the
interspecific crosses. Although two of these four modifiers were isolated
from wide crosses betwsen apecies which, as bas already been shown,
tend to (iffer in genes of relatively large effect, two of them, the lintless
modifiers, were found in different varieties of one species. It iz evident
that a very limited number of such modifiers, with slight variahility in
expression, would simulate a typical “multiple factor™ segregation, and
be sufficient to give the apparently complete continuity which char-
acterizes mterspecific segregations.

The genic situation in the two cultivated New World allotetraploid
species harsutum and barbadense 13 somewhatb intermediate betwean that
in the cultivated Asiatics on the one hand and in anomalum on the other,
although on the basis of morphological criteria of taxoncmic importance
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and the high fertility of their hybrids they would appear to be hardly
more distinet than the two cultivated Asiatics. Harland (1956). in a
review of his work in the New World cottons, has tabulated the main
gene constitution of barbadense and Airsutwm, and this may be sum-
marized on the following lines. The genes controliing fuzz characters will
be Tgnored, as their relationships in the two species are not fully under-
stood. The S series and the R¥ series should not be cited separately, as
they have been found to be allelomorphic (Harland, 1932). Contorta hag
since been found to be allelomorphic with crinkled {Hutchinson, un-
published data). This leaves some 13 main loci; in the revised terminology
of Hutchinson & Silow (1939 they are Ry, Ry, Yy, ¥y, P, Leg;, Le,,
Lg, Cr, L, V, Chly, and Chl,. At seven of these loci the two species are
characterized by the same main allele; in most of these the less common
alleles are quite rare and have usually been recorded in only one or other
of the species. In four other loci (Yy, P, Chl;, Chly) the two species are
characterized by different alleles, but these are not confined entirely to
the species in which they are most common. In the remaining two loci
(R, and L), hoth of which contain multiple series, each of the two species
is characterized by alleles which are either absent from or extremely raze
in the other species. Thus in their main Joci these two species show a
shghtly oreater degree of differentiation than the two cultivated Asatic
cottons. Of course their amphidiploid nature itselfl gives greater scope
for divergence, there being no proof that they are monopbyletic in onigin.
Modifier segregation also appears 0 be somewhat wider in crvosses
hetween hirsutum and bwrbodense than in those hebween arborcisn and
Lerbacewm, in that it is usually more difficult to separate the main gene
phases; in sowme cases, as in that of certain members of the spot series,
this may be due to the lesser distinetion between the alleles themselves,
but it is improbable that this is the general situation. On the other
hand, it must be remembered that the New World cultivated cottons,
heing fetraploids, have a greater potentiality for variability than the
diploids, and in the absence of a conymon hasis of comparizon it cannot
be said that the apparently oreater modifier segregation necessarily
indicates a wider differentiation.

It must not be presumed that each of the species of (fossypiwm is-
chiaracterized by a uniform modifier constitution. Within each of the
four widely-distributed cultivated species there is very considerable

L Tn this scheme genes in the Asiatic cultivated speeies are indicated by symbels in
italics: those in New World cultivated cotbons by symbols in bold-faced type, or in italics
if proven homologous with loel in the Asiatic species.



348 (fenetics of Gossypium anomalum and Asiatic Cottons

diversification in hoth main and minor genes, so that the geographic
formng and many local straing have come to be characterized by markedly
distinct complexes with regard to particular characters. Considerable
information on this phase of subspecific divergence is availahle from the
two cultivated Asiatic species. Hutchinson & Gthose (1937 o) have recently
revised the taxonomy of these species, and the trends within them may
best be discussed on the basis of their classification. Within arborewm
they established three wvarieties, two of which were based on the dis-
tinction between the annual and perenwial habit. Lach of these two
varieties, the pereunial fypicwms and the annual neglectums, were separated
into the same four geographic forms. Actmally from a purely genetic
viewpoint it would have been preferabie to give the more Fundamental
geographic brends the higher varietal status; the acquisition of the annual
habit is a recent tendency superposed upon these, occurring independently
in most parts of the distribution avea of the species. As, however, the
geographic trends are not associated with any distinctive tags of value
to the morphologist, Hutchinson & Ghose did not feel justified in giving
them varietal status and relegated them to the subordinate position. Of
the four geographic forms, probably the southern Indian indica includes
the largest proportion of primitive types.—Practically all members of this
group have broad leaves (I) and yellow flowers (¥ ,). They have medinum
long and moderately fine lint, bul are low ginners (Hutchinson &
{ovande, 1938). This group is characterized by the presence of modifiers
of lintlessness, which are members of the genotype controliing the
density of lint hairs on the seed; elsewhere in arborewm these particular
genes only occur in China (Silow, 193958). The African soudanensis group
is very similar but slightly more variable in simple morphological
characters like leaf shape and anthocyanin, varrow leaf (L) and the rare
full red {&,%%) oceurring occasionally. The central, northern and eastern
Indian bengalensis types tend to be more hairy than other arborewms;
narrow leaf is more common here than elsewhere, almost completely
supplanting broad in some areas; In some localities full red s fairly
common, and both pale (¥,P) and white {y,) flowers as well as the more
common yeliow occur. Lint tends to be shorter in this group than in any
other, and as a result of its coarseness these fypes are heavy gluners.
Lintless modifiers have not been found amongst them. The fourth
geographic section in the classification of Hutchinson & Ghose, durmanied,
is not by any means a homogeneous natural grouping in that fhe
Burmese cottons appear to be guite distinet from those in China. The
Burmese types are a variahle lot. Pale and white flowers, and ghost spot
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ocour. Narrow leaf, rave in China, is common in some parts; and brown
lint is far more frequent than in China. Bome of the Burmese cotions
are fairly long and reazonably fine, in contradistinction to the bengulensis
types. Asin the latter group, however, the lintless modifiers are absent.
Further, there is a well-marked tendency for the Burmese group to
develop rather large bracts. Burma and Manipur arve parts of or & direct
extension of the natural area of distribution of arboreum, but cottons are
not endemic in China, having been introdunced from various distinct
sources and, in keeping with this fact, they are a somewhat heterogeneous
assemblage. From historical records it appears that the two primary
routes of importation were overland from Bengal-Assam to the Yellow
river hasin (presumably Dengalensis types) and by sea from Indo-China
to the Yangtse valley (presumably burmanica types, Hutchinson, 1938).
The majority of present-day bengalensis and Burmese burmanice straing
appear to lack the lintiess epistatics, yet iypes carrying them are
common in both the Yellow river and Yangtse basins. This may indicate
that some of the Chinese cottons have originated from sources other than
those so far suggested, such as the southern Indian indice, or the present
distribution of epistatics may be the result of local selection trends from
the original prototype. Red leaf {B.1S, B2 and spotless (By4?) types,
not recorded elsewhere in arboreuns, ocenr in Ching, and ghost spot{ B,75)
1s not nncommon. Though white fower ocours, the conumon pals does nat
appear to do so, but another pale type, carrying ¥,.7, 18 fanly conunon in
sertain localifies. Tulted seeded types (Fz) are also fatrly frequent in
China, but have not heen recorded clsewhere except rarely in tndiea.
(Chinese cottons are characteristically broad-leaved, and narrow. though
it ceours, 15 quite vare. In addition, a number of nnusual forms such
as curly leaf, vivescent bud, yellow seedling, ved margin petal, and
“tinged ™ ghost spot, not recorded elsewhere in the Asiatic cottons, have
recently been reported by Yu (1940¢, b, and personal communications).
China now appears to be an important secondary centre of variahility
in this species.

The third of the varieties of erlorewm is a group of cotbons confined to
a Hmited tract of hill conutry in Assam and Bengal, characterized by ugh
frequencies of the otherwise uncommon dlleles ¥, 7 and IV, and by an
unusual elongation of parts of foliar ovigin such as leaves, bracts, petals
and holls. This group was sufliciently distinctive in morphological
characters to be given varietal status, but it appears to be only a speci-
alized offshoot either from or closely related to forma dengalensis, and Like
the latter group has short coarse lint and a high ginning capacity. It
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will be seen bhat genetically the bhree varieties of arberewm are not by
any means equal in ranking, the forms of the first two varieties being
equivalent to the thivd variety in statns. They are also of much the same
status as the three varieties in ferbacewm, but in this species geographic
separation 1s associated with morphelogical distinetion. Thus the southern
Afvican africanun cotbons are strongly monopodial, with small thin
leaves and short coarse lint. The African and western Indian frulescens
fypes have larger more rugose leaves, and arve intensely hairy. Amongst
them occur some of the longest and finest of the Asistic cottons. The
Levant-Turkestan typiown group is composed of very eatly sympodial
cottons, many of which ave low in their content of yellow corolla and
spot size modifiers, and they are very variable in simple morphological
characters-——for example, the rare alleles £,%5, R,%¥ and Ry occur here.
Eastwards within this ares there appears to be a strong tendency to
develop a further distinctive group, with bolls which hardly cpen when
ripe {Chernvakovskaya, 1930; Bordakov & Ivanova, 1935). In this species
the three main geographic subdivisions, which Hutchinson and Ghose
regarded as varisties, appear genetically to be more or less intermediate in
status between the varietal and formal groups in arboresn. The situation
within the two cultivated Asiatic species admirably illustrates the diffi-
culties underlying efforts to harmonize morphological and biclogical
classifications.

These examples of genetic divergence show that the differences which
digtinguish geographlc gronps within a species are of exictly the same
kind as those which separate related specles within a genus, though they
do not attain the level at which even delayed fertility hreakdown oceunrs.
Tt is thevefore reasonable to believe that, in some cases at least, the species
themselves must have developed by an accumulation of just such small
changes in emphasis in particular directions, and in: geographic forms we
evidently see the beginnings of the dynamic tendency which culminates
in the totally different genetic structuve of some homologous characters
in related species. If species have,developed by such an accumulation
of certain tendencies, it would not be surprising to find that in some
respects they had not diverged at all. In this connexion it is significant
that whilst anomalum was found to be very distinet in genotype from
both arborewm and herbaceum in many respects, in some characters it was
more like one of thew, whilst in others it was nearer the second species.
Whether the changes in gene content are always adaptive in the Darwinian
sense, as-Harland (1936) implied, or whether some of them are merely
fortuitons, as Wright's calculations show ig possible, it is difficult to
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decide. Harland has pointed out that in berbadense the presence of
dominant main genes is frequently associated with the presence of plus
modifiers, whilst in fwrsutum the presénce of the recessive allele is asso-
ciated with a low modifier level. The same situaticn also exists to &
Iimited extent in the Asiatic species, but i3 not s0 well marked as there
18 avless clear-cut allocation of a series of dominants to one species and
of a series of recessives to another. One such instance is afforded by leaf
shape, to which attention has been directed elsewhere (Silow, 1939¢).
In arborewm, in which narrow alleles ocour, their expressionisaccentuated
by narrowing modifiers, whilst in ferbacewm and emomalum, in which
only broad alleles ocour, the modifier complex enhances the expression
of the main gene in the direction of greater broadness. Such cases suggest
that with respect to these characters a definite selection pressure has
heen in operation, to which the genotype as a whole, both main and
minor genes, has regponded. In the case of lint colour however the
situation is the reverse of this. In arborewm Hght brown lint genes are
rare, but this species is at a high modifier level, whilst herbacewm, which
is characterized by main brown lint genes, has on the whole a background
which minimizes their expression. dnomalum is characterized by brown
lint genes and high modifier level. Buch a sitnation suggests that here
the fixation of the genctype may have been purely lortuitons. There
are also instances. as in the case of nectaries and fuzz, wheve theré are
considerable differences i ninor genotype amongst the three 4dsiatic
species, in the absence of any main gene distinction. It is possible that
the fuzz situation is to some extent a reflexion of the action of artificial
gelection under cultivation. Neither leaf nor bract nectaries however have
any obvious significance in the economy of the plant, nox does the location
of the latber either nside or outside the hracts appear to be of consequence,
g0 that the variations in the genotype affecting these characters appear
to e, following Wright's terminelogy, “accidents of sarmpling ™, just as in
lint ¢olour. " Yeb caution in applying such an interpretation is necessary.
Many of the less common alleles are very localized in their occurrence in
arbereusn and herbacewm (Table 14).-"As iv the case of nectaries, they do
not appear to have any direct adaptive value, bot the possibility that
they have, been selected on account of certain less obvious pleiotropis
effects cannot be ignored, and thé danger in assunung that such characters
are nentral from the viewpoint of selective value may be illustrated
from Hutehinson’s (1936) survey of crop populations. In certain con-
tiguous areas in central India he found striking differences in the
frequencies of par@eular leaf-shape and flower-colour alleles, and these
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characters, which are known to be independent in their inheribance,
showed an unexpected and strong assoclation. The implication is that
certain combinafions of genes under particular circumstances have a
selective advantage over other combinations, though for what reasons ig
not clear.

Sowe reference to the isolation mechanisms for the maintenancs of
species distinctions in Gossypiwi is necessary. Ilere as elsewhere there
pannot be much doubt that physiclogical and geographic barriers are of
paramount importance, but there are also other mechanisms involved.
At Arst sight the mest important of these might appear to be the comple-
mentary lethal {crumpled) system. A similar system has been described
in Crepis by Hollingshead (1930). Some but not all strains of (. fectorim
were found to carry a gene which acted asg a lethal in hiybrids with certain
other species. Whether it was the whole genobype of the latter, or only a
single gene as in cobbon, which reacted with the tectorum gene, it was not
possible to demoustrate. Hollingshead concluded that since the lethal
was effective only in interspectfic crosses, and these were almost sterile
anyway, it was unlikely that the gene had played any part in the late
evolutionary history of these species, though it may have been of some
importance in the early stages of differentiation. In Gossypiwm the
system is effective even within a single species. One of the two genes
concerned is widespread though not universal in both arborewm and
herbacewm; it was also found in the strain of anomalwn tested; hui
whether it is prevalent in that species is not known. The other gene
has however only been found in one locality in arberewm and not at all in
herbacewm. i is true thab that one localify is within the general dis-
trihution area of anomelm, but it is very improbable that the two species
concerned occur in the same ecological area (see introduetion). The
system may have been of imporfance as an Isolation harrier at some
past time, and might easily become so again under particular local con-
ditions, but, as in (repis, it does not appear to have any great significance
ab the present time. The whole situation in Gossypium points o lack of
harmony as the fundamental cause of interspecific incompatibility in this
genus as ib exists now, and, as has heen shown, geographic separaticn
appears to be a potent influence in the accumulation of many small
differences into a clear distingtion. The fgures cited in § IT show how
even & slight change in genetic constitufion can be responsible for the
difference hetween success and complete failure in species hybridization.
Further evidence on these lines is available. In discussing the difficulty in
hybridizing . dowvidsonii with other members of the American diploid
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soction, Skovsted (1987) suggested that the complementary lethal
mechanism might be involved, and pointed out that the fertile progeny
of hybrids betweéen Asiatic cottons and anomalum would be satisfactory
material for testing the hypothesis. He had already (1935} reported a
striking difference in the relative success of dawidsonsé pollinations on
anemalum and the cultivated Asiatic species. On anomalum hie obtained
a full set of perfectly good viable seeds; on arboreusm and herbacewm he
also obtained a full set, but of some 1200 seeds all were completely
empty. The writer has pollinated davidsonss on the various derivatives of
anomalum hybrids with arboreum and herbacewsm, and the results are shown

Table 16. The resuli of davidsonii pollinations on dervwatives of
anocmalum hybrids with arboreum or herbaceum

Percentage
(""»—JL"'"““‘“‘““_\
Total Tmpes-
Plant no. of fectly
no. Description seeds  Bmpty developed Good®

P 237 F {an. varb, AB) 266 42 52 6

14,859 (an.» A S) 3rd B.. to wrd. AS; only 200 B4 36 0
obvious an. gene= Fdyp

14,350 {an.xH 10) Ind B.C. to ard. N 14 584 38 62 0
selfed; only obvious an. genes spot size
modifiers

14,28¢  fon. = H 10} 2nd B.L to ad. N 14 589 37 B3 10
selfed : only obvicus an., gene =L

P 1285 (en. »H10) 2nd B.0. to an; only 52 v} 45 59

) obvious herb. gen L
14,875  {an. =4 8) 3vd B.O. to an.; only obvious 123 23 45 21
arh. genes=LF and I,

: to vigorous hybrids which flowered {reely.
o enemelun as a bvidging spe it has heen possible 4o secure uombinations

idsonii and the cenltivated Asiatic cobtous which cannot be ohtained divectiy.
Unfortunately all planis were completely sterile.

# These seeds germinated and gave ri

in Table 16, These figures, though difiicult of inteypretation, do not lend
any support to the hypothesis thal the diffevence hetween anoimalum and
the cultivated Asiatic cotfons in their compatibility with dawidsonst is
dependent on any simple gene mechanisiy such as is concerned in the
complementary lethal systemn, but on the contrary points rather to the
importance of general genotypic balance influencing ability to hyhridize.

Genotypic disharmony must also constitute an important barrier
hetween species even after successful hiybridization. Quite apart from
those digharmonies so extreme as to lead to abortion of the developing
embryo in the early stages, obviously unsuccessful genic combinations
were frequent in anomalum-Asiatic hybrid progeny. Harland has also
reported them within the New World section of the genus. In parts of
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India mixed crops of arborewm and herbacewm arve grown, and although
these species intercross frecly and their frst generation hybrid is vigorous
and prodactive, Mutchinson (1938) has stated that within crop popu-
lations “hybrids_of later generations are rare, and the integrity of the
two species is maintained unimpaired”. In the course of this report
attention has frequently been directed to the deficiency of genes intro-
duced from gnomelym into the cultivated Asiatic species, Defloiencies
were not observed with all genes, nor always with the sawe gene. Very
few first backerosses grown which gave clear muonogenic segregafion were
sufficiently large to be of significance, but those which were gave on the
whole fairly good segregation—e.g. leaf shape, corolla colouwr, pollen
colonr, leaf nectaries. Some of the most striking aberzations were in later
generations, and amongst them a deficiency of the introduced gene was
far more common than an excess. As particular examples of the deficiency
of the enomaelum gene the following may be cited.:

{«) The five sib-backcrosses from {9992 % A 16} (§ 11I (3)). 9992 was
a selfed derivative of a third backeross of anomoslum to arboreum. The
five backerosses from (9992 x A 16) to A 16, using the hybrid derivatives
as seet parent, were homogensous amongst themselves, and gave
212 ¥, : 148 ¥ .F (from anomalum).

(0) Two selections from a first backercss to the cultivated species,
11.703 and 11,757, when again backerossed (§ IV (3}), gave fowr homo-
geneous progenies with 469 R,20: 344 R,O% (from enmomalum). Here
again the hybrid derivatives were used as seed parent.

{¢) P 1822, a selection from a second backeross to arboreum, gave
even more striking deviations. When backerossed as seed parent 1t gave
25 RS9 (from anomaelum) : 43 7,00, and as pollen parent 10 : 20. When
selfed it gave only 13 : 23 where & 3 : 1 ratio had been expected. If the
deficiency is due to any disturbance in gametogenesis 1t is not confined
to the male or female side alone, Even more striling deficiencies
of the same fype have been found by Hiorth {1933} in backercsses of
interspecific hybrids in Collinsie, and Skovated (unpublished date) has
also observed a deficiency of an anthocyanin allele in backerosses of
G aridum to New World cultivated cottons. Clearly thers can be under
cerfain circumstances a severe selective elimination of foreign genes,
which ccours either in gametogenesis, or, in view of the frequent poorly
developed seeds found in anemalum derivatives, in the early zygotic
stages. Apparently the disadvantage is associated with those genoms
which contain the greater proportion of foreign matberial, again pointing
to the importance of a harmonic balance within the genotype. Whatever
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the mechanism invalved, It must act as a potent stabilizing influence
against contamination between related spegies.

XII. SUMMARY

Very different degrees of specific divergence are represented within
the Asiatic diploid section of the gerius Gossypiwn. Hybrids between the
cultivated species arboreum and herbacewm are fully fertile in the first
generation, and ouly show breakdown in viability and fertility in the
second, hut hybrids between those species and the wild African G.
anomalum are almost sterile, though fortunately not completely so. This
paper deals with the inheritance in the latter hybrids of eight characters.
The genetic structure of the three gpecies is compared in terms of the
fifteen main loci invelved, and thelr asscelated minor genes. The same
main loci are represented in all three species, but different alleles may
enter into the construction of homologous characters. A particular and
unusual instance is afforded by the anthooyanin petal spot common in this |
genus. In the cultivated Asiabic cotbons its characteristios are deter-
mined by a single allele; in anomalum they are the result of genes, sitnated
in duplicate loci, which act as complementaries—a conception not to be
eonfused with that involved in the more usual interpretation of com-
plementary factors. Genetic support is given to the contention, hitherto
based on cysological grounds, that the diploid species are themselves
derived polyploids. The closely related species arborewn and herbaceum
differ hardly at all in their main loci, but their modifier systems are quite
distinet. dmomalus, which is taxonomically considerably further re-
moved from fthese two species than they are {rom one another, shows a
much wider divergence in main Jocl, and whilst in some characters the
minor genotype is near that of elther one or other of the cultivated species,
in others it is very distinet from both. The genetic situation in the three
species seems to be a further development of the type of “incipient
speciation™ which is seen in the geographic differemtiation oconrring
within the species. Some of the differences hetween species, where hoth
main and minor genes are working in the same direction, appear to he
adaptive. Others give no positive indication of being anything other
than purely fortuitous.
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EXPLANATION OF PLATE 18

Anthoeyanm and corolla eolour in derivatives of auomelum hybrids.

ig, 1. @ arborewm type A 8. Full petal spot (R4 0,000

TFig. 3. &, herbacciom type TL10. Spotless (2,19 »,00),

Fig, 3. G arborewm type A 16. Ghost (£,05 ,00).

Fig. 4. & anomalum.

Fig. 5. G, anomalan = A 8,

Fig, 6. G anomedum < H 10,

Pig. 7. ¢ enomalum < A 16,

Tig. 8. Corolla celour: honmozygous yellow as in fig. 1, heterozggous for yellow depressor
“dp (14,859),

Fig. 9. The petal colour effect of BF7; very intense goid (R, RS BED KOO homo-

zyzous I7,) {15,240).

ig. 10. The petal colour effect of 2,%0; medium gold (heterorygous £,59, homozygous I7y)

(15,240 = 1:4,850).

. 11, The petal calour effect of R,70; very faint gold (hetevozygous B,5C, heterozyzous

TP 5240 < N 5 ¥,

. 12 The petal colour effect of R50; pink (heteroeygous B,50, homozygous 17,

+ Faipy (15,240 » 14,850}

iz 13, The petal colowr effect of RyG0; gold spotless (2,40 By~L0 2,0 1,70 homozygous T,)

(6144).

ig. 14. Compound spot, F, of A I8 <« 10 (B,9% R4 4,00 5 50)
2. 16, Low grade compomnd spot, same constitution as g’ 14, from 14,350 « H 10

(5143).

2. 16. Large spot, from 15,305 « A 8 {19,018).
.17, Large ghost, from 15,305 : A 16 (18,947},
. 18. Large compound spot, same constitution as figs. 14 and 15, from {an. x A §) «H 10

(11,757).
Petal eolour grades: A 8, L 10 and A 16 are full yellow. grade 7. Tig. 8, Fdp, is grade 4.

Spot size grades: To obviate the necessity for printing a separate plate showing spot
size grades, the range may he indieated as follows:

Spot size Figure
15+ 16
15 5
14 7
13 1
12 4,0
10 3
6-7 4
5

W
=i
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