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~ ABSTRACT

The transfer of caducoué bract trait from hexaploid cotton
(G. hirsutum L. X G. armourianum Kearney) to commercial cultivars was '
attempted through a radical breeding procedure of hybridizing the hexa-
ploid with diploids §,~herbaceum L. and‘g,'arboreum L. to get an in-
stant tetraploid. Because of the high degree of incompatibility Between
the hexaploid and diploid in normal breeding procedure, resulting in
abortion of bolls 8;lO days post pollination, in-ovulo embryo culture
was used. Although this pfocédure has been sucéessfully used in produc—
ing hybrids between G. hirsutum L. énng. arboreum L., tﬁe media de-
scribed in thevliterature did not support the growth of the hexaploid-
diploid hybrid embryos. |

Hybrid bolls were removed ftbm.the plant between 2 and 9 days
after pollination, and cultured in various media for 28 days. Ovules
were then dissected aseptically to reveél aﬁy embryo development.
Embryos were then placed oﬁ armedium used to induce germination.

The nitrogen content and hormone regime of a medium developed
for the culture of G. hirsutum ovuies_was modified in an attempt to
promote embryo development. G. herbacghm L. X hexaploid hybrid embryo
developed in media of relatively high nitfate (55 mM KNOB) and low ammo-
nium (5 and 10 mM HN4N03) coﬁtent. Hybrid embryos developed in media

7

containing 5 X 10/ M IAA rather than the 5 x 10_6 M suggested for the

embryo culture of self—pollinated G. hirsutum L.

X



INTRODUCTION

Byssinosis or "brown lungs" is a serious problem in the textile
ihdustry. -Cotton dust entahgled with the fibers cause an allergic
reaction in the lungs of susceptible people exposed to this dust. Spe-
cifically, it has been demonsfrated that it is the dust of fhe pulverized
bracts which is oné of the main causes of the disease.

A logical aﬁproach to elimina;ing the disease would be to some-
how remove the bract trash from the fibers. This could be approacﬁed
by the instéllation of specialized filters designed to remove most of
the dust from the air in the textile mills. Industry is reluctant to
take such measures because of the high cost. To eliminate one of‘ﬁhe
causes of the disease, 'a more direct approaéh can be taken. If the
bracts were removed frdﬁ»the plaﬁt before‘harvéét'or boll opening, they .
Qould not be associated with the fibers at all. . This idea has provided
incentive for the development of a new type of éotton with caducous
bracts.

Hexaploid Caduéous bract cétton was developed by crossing
G. hirsﬁtum L. with the wild, lintless diploid species G. armourianum
Kearney. The Fl triploid chromosomes were doubled with colchicine
(Muramoto 1977). Fertility was a problem at first, but by selecting

for fertility this was overcome, and a caducous'bract'hexaploid cotton

population was established.



A backecross program was initiated to transfer the caducdué
bract trait froﬁ the hexaploids to normal cbmmercial tetraploid culti-—
vars. One method was to cross the hexaploid with commercial tetraploid
cultiyars. The resulting pentaplqid was backcrossed to the recurrent
commercial cultivars in a series of crosses and selections, eventually
-resulting in a tetraploid caducous bract cotton. A more direct method
was to‘try and obtain an immediate tetraploid by crossing the hexaploids
with diploid A genome species. The problem is that a high degree of
incompatibility exists between the A genome species and the caducous
bract hexaploids. Hybrid bolls normallylabort 8-10 days post pollina-
tion. To overcome this problem, the use of in-ovulo embryo culture was
attempted to produce hexaploid-diploid hybrids.

In this study, in-ovulo embr&o culture technique was selected
to try to overcome the incompatibility between the plants varying in
chromosomes numbers. Thus, the goal of this research is to find the
right chemical combinations'and environment which will give a high

probability of growing these normally incompatible hyBrids;



LITERATURE REVIEW

Interspecific Hybridization in Gossypium

Cannon (19035‘wee among the first to pursue a study of an
interspecific hybrid of Gossypium. The hybrid plants studied were froh
the cross G. barhadense L. X G, herbaceum L. He worked with 10 of
these hyhrids that he believed to be fertile. However,rtheir degree‘:
of fertility was really undetermined since most of the flowers were
removed for cytological study. Abnormal sex cells were formed in alﬁost
all the anthere. The‘major objective of Canﬁon's stddy was to learn
whether meiotic divisions in the hybrid were different from either of
the parents. He found that in the hybrid, many of the abnormal nuclei
in the anthers degenerate in the archesporial cell or some later stage.
In every case, this degeneration'was before the first huclear division.

Various solutions were applied on the stigmetic surface of G.
herbaceum L. by Desai (1927) in an attempt to obtain hybrid seeds from"
the cross G. herbaceum L. th. hirsutum L. Without any pretreatment of
the stigma, one boll was set froh 200.crosses.' Painting the stigma
with an»extraet df the stigma and petals of G. hirsutum L. led to 2
successful bolis from 50 crosses. .TWO bolls Wefe.also ohteined from -
50 crosses.when a solution of 27 cane sugar was applied to the stigma.-
But'by-cqvering the stigma with a,solufion of.l% citric ecid and O.SZ

caneISugar,.Desai (1927) obtained 20 bolls from 100 crosses. It was



mentioned that the solution applied to the stigma must dry completely
if success is to be obtained. He also suggested that an excesé of-
fresh pollen must be applied to the stigma. Due to the presence of
wilt in the field, all but one of the hybrids died in the seedling
stage.

Zaitzev (1927) was suécessful in obtaining hybrids of G.
herbaceum L. X G. hirsutum L. Success was obtained in this case by
first stripping off.the petals and staminal column of the female. After
pollination, the hybrid bolls appeared to develop quite normally although
they were most often filled with empty seed. From over 1000 crosses of
"this type, two hybrids were obtained.

| Nakatomi (1931) was successful in obtaining theAhybrids_g.
hirsutum L. X G. herbaceum L. and G. barbadense L. X G. herbaceum L.
From 91 crossés on G. hirsutum L. by G. herbaceum L., 2 plants were ob-

tained. Likewise, one barbadense-herbaceum hybrid was obtained from

28 cross pollinations. No hybrids were secured using the diploid as

the female parent. Nakatomi found thaf the hybrids grew very vigor-

>ously, developed abnormal pollen grains, and were completely sterile.
Using Asiatic G. arboreum L. as a female parent, Harland (1932)

met no success in the cross G. arboreum L. X G. barbadense L. Sound

seed were obtained, but they contained 6n1y shriveled, minute embryoé.

In the reciprocal cross, two hybrid plaﬁts were prodﬁced. Harland

. found that these hybrids were female sterile, but they did possess some

functional pollen. The variety of G. arboreum L. used in this cross



wés "Sanguineaf which carries a red leaf pigment. in a‘backcross g.
barbadense L. X (G. arboreum L. X G. barbadense L.), 5 out of 8 of the
plants obtaiged#contained the red pigmentation of "Sanguinea." This
indicated that the particular arboreum chromosome carrying the gene for
red pigmeﬁt was present in the functional pollen. Upon testing, théser
8 backcross plants proved to be fertile on the male and female side.
Harland suggests 'one or more of the Asiatic chromosomes may be capable
of functioning in a New World plant body."

Feng (1935) was successful in obtaining a hybrid of G. herbaceum
L. X G. hirsutum L. From 1017 crosses of this type, one hybrid plant was
obtained. 1In the reciﬁrocal cross, 5 hybrids were obtained from 691
crosses. In both crosses, though inéompatibility existed,.pbllen fubes
were noted as growing at the base of the style after 24 hoﬁrs.

Beasley (1940a) also attempted hybridizing American and Asiatic
cotton. By staining cut styles at various times after pollination,
Beasley found that pollen tubes entered more than half the ovules in
both crosses. ﬁybrid endosperm development began after 4—6 days, but
its growth rate was slow compared to self-pollinated endosperm. Beasley
triedimiXed pollinatioﬁ to help bolls stay on the plant. Using §—12
grains of pollen frqm the maternal parent carrying a dominant red leaf

‘gene,iand then flooding the stigma with an excess of pollen from the
hyBrid male parent, hybrids could easily be detected. This mixed poilinf
ation accompanied with a miﬁiature Séed technique of embryo culture

enabled Beasley to produce hybrids from New World X Asiatic cottons.



6
BeasleyA(l94Ob) was also interested in hybridizing other species
of.Gosszpium. A sfecifié, detailed treatmeﬁt for inducing polyploidy in
Gossypiﬁm with pqlchicine>is given in this paper. Treating the diploid
g,‘herﬁacéum L. with colchicine tb induce a tetraploid, Beasley found
that fiber lengfh was.l.4 times éreater, and fiber diameter 1.3 times
greéter in the tetréploid than.in the diploid. 1In a hexaploid made by

doubling the chromosome of an F, G. hirsutum L. X G. harknessii Brandg.

i
hybrid;'SOZ viable pollen was noted. Beasley also obtained hexaploids

from an F, of G. hirsutum L. X G. sturtii F. Muell. Although G. sturtii

1
F.lMuell. has extfemely short fibgfé, the hexaploid was found to be rela-
" tively fgrtilé aﬁd ﬁadrfibefs,only slightly shorter than G. hirsutum L.

" Two synthetic tetrapldid species were produced by Brown and
Menéel (1950).‘ These were obtained by initially crossing G. hirsutum L.

with either G. arboreum L. or G. herbaceum L. The resulting F. triploid

1
" was doubled with colchicine, then crossed with G. harkneéii Brandg.

' Brown and Menzel found that crossing G. arboreum L. and G. harkmessii
B;andg. directly yielded né sound seed. However, by crossing hexaploids
and diploids, these two species could be brought together in a hybrid.

In a later paper, Brown and Menzel (1952) looked at many other

hexaploid X diploid, and hexaploid X tetraploid hybrids. Hexaploid

hybrids made from crossing G. hirsutum L. with either herbaceum, arboreum,

anomalum, or thurberi and then doubling their chromosomes all proved to

. be highly self—ferfile. They found that a G. armourianum Kearney hexa-

ploid was very self-sterile. Crossing any of ‘these hexapléids with



7
lg.bhirsutum L; yielded pentaploids. "It was found that these pentaploids
were all somewhat fertile when backcrossed to G. hirsutum L. This was
an_iqdication that this method of crossing might be useful in introduc-
ing chromosomes or chromosome parts from wild diploids into G. hirsutum LQV

| 'Weaverk(l955) looked at a number of interspecifié crosses in
Gosszpium. In the cross G. hirsutum L. ng. raimohdii Ulb., Weaver
‘fébserved that the endosperm started tQ”begoﬁe cellular after'ld—ll days.
Sixteen dayé after pollination, the endosperm'of the hybrid appeared
completely cellular and normal in development when compared with self-
. pollinated G. hirsutum L. In the cross G. hirsutum L. X hirsutum—
thﬁrberi hexaploid, the embryo did not differentiate properly, Embryo
development appeared similar to that pf the cross G. arboreum L. X G.
hirsutﬁm L. Although embryovdifferentiatiqn was abnormal, Weaver ob-
served that the growth rate was only siightly slower than that of selfed
: Q} hirsutum L. Othér crossés which Weaver made at the>time were G.
: _héfbacéum L. X G. hirsutum L., G. arboreum L. X G. raimondii Ulb., and
G. arboreum L. X G. anomalum Wawr. et Peyr. Only histological observa-
~ti¢ﬁs'of the degenerating embryos were madé'for these particular crosses.

Hybrid embryos -from the ¢roés‘§. hirsﬁtum_L. X G. arboreum L.

progressed ;t about the same rate as self-pollinated G. hirsutum L. for
ﬁhe first 10 days after pollinafion (Weaver 1957). After 10 days, the
hybrids' growth was retarded. The hybridiembfyos usually reached a
maximum length of 0.3 mm at day 15. The endosperm of the hybrid appeared

normal. for the first 5-6 days. After this time, the endosperm became
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cellular and ceased to grow. Weaver's work showed that only 24% of the
ovules Weré actuallyifertiliéed by G. arboreum L. One triploid hybrid
was produced by single pollination. By using mixed pollination and
embryo culture, over 25 hybrids were produced.

In the reciprocal cross Q, arboreum L. X G. hirsutum L., Weaver
(1958) again observed the growth rate of the hybrid was normal with
respect tolg.'arboréum L. embryos until 10 days post pollination. 1In
this cross, the hybrid embryos never developed good cotyledons. They
reached a maximum éizetapproximately 25 days post pollination. For the
‘first 4-5 days, free nuciear divisions oécurred in the endospep@. Usu-
ally aftef day 5, many,nuc1ei sbowéd abnormal divisions. After 8 days,
ifhe‘endospemnﬁuclei werebf abnofma1 size, highly vacuolated, and teﬁded
to clump together. Fourteen days after poilination, fhe endosperm was
- in the‘final stages of degeneration. Embryo abortion in this cross
appeared to be due to a iack of differentiation, and not the embryo-
endosperm aﬁtagonism.ﬁhich was observed in the reciprocal cross.

Irvine (1957) studied ovule development of the hybrid G. hirsutum

L. X G, klotzschianum Andress. It was noted that the glands which

normally develop in self—pollinated Gossypium embryos Weré absent in
this hybrid. Thé hybrid embryos showed lower concentrations of metabo-—
lites than either of the self-pollinated parental embryos. Irvine on
served that starch was stored in the integumentéry‘cells as the hybrid
embryo degenerates. Hypothesizing as to why the embryo degenerates,

Irvine thought that : (1) an essential enzymé was either lacking or



inhibited; or (2) due to the absence of glands, gossypol or its pre-
cursors accumulated in the hybrid tissue and caused localized spots of
necrosisvthat sﬁread tﬂroughout the eﬁbryo.

Joshi and Pundir (1966) also Worked with tﬁe cross G. arboreum
L. X G. hirsutum L. ‘Like Weavef (1958) fheyAfound that free nuclear
kdivisions occurred iP the gndospermrfor the first 4 days. After 5-6
days, the endosperm nuclei became abqprmally large and dumbbell-shaped.
The cytoplasm became highly vacuolated and nuclei tended to clump toge-
ther. By excising the_hybfid eﬁbryos atfthe‘late globular—heart stage
" and placing on Heller's (1953)\medium supplemented with 1000 ppm casein
hydrolysate, 5 ppm gibberellic acid (GA), and 1 ppm kinetin (Kin), minia-
ture seedlings were produced after 36 days in culture.

Pundir (1972) summed up some of the developmental differences
which exist in G. arboreum L., G. hifsutum:L;'and their reciprocal
crosses. Seven days after pollination in g} arboreum L., the embryo

had reached the globular stage. Wall férmatiOn in the endosperm was

:initiated at the micropylar énd 7—8’days-ﬁost pollination. After 16-18

" days, the endosperm was totally cellular. Iﬁlg. hirsutum L., wall for-
mation in the endosperm was evident af tﬁe énd'of 10 days. The embryo’
was found to be differentiated even beforevthe‘endosperm became cellu-
lér at the chalazal end. With the cross G. arboreum L. X. G, hirsutum L.
free nuclear divisions were noted up to 7-8 days post pollination.

Subsequent growth of the endosperm was abnormal. Abnormally large,

dumbbell-shaped nuclei filled the embryo sac. Cell wall formation was



never observed in the endosperm. Although globular proembryos were
formedlwithin S.aays post pollination, further growth showed abﬁormali—
.ties.- In the reciprocal cross, fertilization was much slower. Pundir
fouﬁd that 3-5 days were required between pollination and fertilization.
In this cross, cell walis‘were observed forming in the endosperm 8-10
~ days af;er pollination. Globular proembryos form after 6-7 days, but
embryo growth béyond the 1ate’globular~stage was arrested.

Three breeding stocks of hexapioid cotton were réleased,by
Muramoto (1975). - All were develdped by crossing G. hirsutum L. with
G. sturtianﬁm;F. Mhe11. and doubling the chromosome number of the Fl
hybrid with éolﬁhiéine. The varieties were described as having strong
stalks and short internodeé.‘ The plants were considerably ﬁore vigorous
than éither'g, hirsutum L. or G. barﬁédense L. - The flowers were very
large and had a bright reddish-mauve color. These hexaploids‘wére de-
scribed as having goqd cold tolerance, and partial tolerance to leaf
perforators. .The hexaploid seeds were small, and possessed short, very
sfréng fibers.

All possible crosses between the tetraploids_é. hirsutum L.,
G. barbadense L. an& the 01d World diploids G. arboreum L., G. herbaceum
L. were evaluated by Stewart and Hsu (1978) in an attempt to find the
proper phytohormone regimes. The basal medium used was developed by
Beasley and Ting (1973)'and was supplemented with 15 mM NH4Cl. These
workers found.that‘in the crbss_g. hirsutum L. X G. arboreum L., any

" addition of GA to the medium proved detrimental to embryo survival.
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It was also shown that embryo survival was very dependent on the embryo
length.

In an attempt to remove bract trash from the lint, Muramoto
(1980) developed hexaploids by doubling the chromosome number of the Fl
hybrid G. hirsutum L. X G. armourianum Kearney. The caducous bract
trait of G. armourianum Kearney appeared in the hexaploid population.
In contrast to Brown and Menzel's (1952) finding that the hirsutum-
armourianum hexaploid was sterile, Muramoto found that this hexaploid
was relatively fertile after a few years of natural selection in an oéen—
pollinated field. Many selections of the caducous bract hexaploid had
fiber exceeding éne inch. The average fiber strength of these hexa-
ploids was considerably stronger than the commercial variet& Delta
Pine 16. Pentaploids have been obtained by backcrossing with G. hirsutum -
L. Crossing these hexaploids with the 01d World diploids G. herbaceum L.

or G. arboreum L. leads to embryo abortion. The literature search

showed no record of research to hybridize the diploids G. arboreum L.

and G. herbaceum L. with the hirsutum—armourianum hybrid. This current
course of study is an attempt to hybridize'the hexaploid and 01d World

diploids through the use of in-ovulo embryo culture.

Techniques of Embryo Culture
There are four major techniques béing used to raise embryos to
viable seedlings in vitro. These are: (1) true embryo culture; (2)
miniature seed technique; (3) in-ovulo embryo culture; and (4) the nurse
endosperm technique. The examples given below are for specific plant

systems in which one or more of these techniques are employed.
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Laibach (1929)‘may be‘coﬁSidered one of the first to raise

viable plants from a relatively inCompatibleAhybrid cross using‘tfue

‘embryo culture. Immasure hybrid embryos from Linum perenne L. X L.
austriacum L. were excised and aseptically placed on cotton soaked with
lO;lS%'sane sugar. 'Aftef an éxtended psriod of'time; growth was finally
realized. ‘The embryos became white and plump; thsy were fhen aB1e.ts_
~be germinsted oﬁ moist biofter éaper.

| -Skirm (1942)Arealized'the possibilities of using smbryo culture
to obtain interspscific hybrids of“Liiium and Prunus. From Lilium,
Skirm was able to germinate approximately 300 hybridiembryos; From 564
iﬁtefspécific crosses of Prunus, 414 eﬁbryos were obtain.ed‘and‘germ‘inated°
Skirm stressed that thsre was an pﬁtimﬁm tims fof removal and.cqlture of '
'thsse embrybs. Once an»embryo'bsgins fo abqrt, it is impossible to stbp
this abortion by culturingf And though a minimum size for the culture
~of embrydsnhad not been established, thsAiimit'was dstermined by thé
‘ difficulfy.of:embryo removalrand the Quality of she nutrient medium.

Overbeck, Conklin and_Blakesles (1942) found that self-pollinated

embryos of Daturs stramonium L. could be successfully grown on artificial
‘medium. An agar containing medium of 1% dextross, mineral salts and
. vitamins described by Tﬁkey (19345, plus non-autoclaved coconut milk
. ‘wasAfsund to allow for‘igmyigzg_embryo developmenﬁ froﬁ heart to fhe
thpedo‘stage. Small‘svules were placed‘betWeen two glass slides, and
after six days, embryos weﬁe removed and placed on the sterile nu;riént_

medium. Within six-days at 25°¢, a 500-fold increase in volume was
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nofed. *Viable seedlings were produced by transferring the embryos
after one week, in culture to the same medium minus coconut milk.

Blakeslee énd Satina (1944) dissected hybrid embryos of Datura
uéing mefhods previously described by Overbeck et al. (1942). ,Although(
no real_mention of thé_exact medium was made, these Workers found that
éoconut.milk could'be excluded from the media if filter sferilized malt
,eXtract‘was put in'its place. Eleven new Datura hybrids were raised
using the embryo culture method. TUsing the same method, these workers
were éble to increase germination percentage ofrcertaiﬁ species which
characteristically yield 0.1% germination in nature.

Interspecific hybrids of Datura were also obtained by, McLean
(1946) . Working with D. cératocaula Ort., abortive embryos formed in
everyAcase when the plant was used as a pollen parent with nine other
Vspecies of Datura. When D. ceratocaula Ort. was used as the female,
abortive embryos were found in only three of the nine possible crosses.
Using embryo culture, abortion was overcome in eight of the nine crosses.
involving it as the female, McLean also realized the value of embryo
éulture iﬁ germinating the seeds of D. ceratocaula Ort. Normal green-
house conditions yielded 0.1% germination. But by culturing embryos,
:the gérmination was increased to approxiﬁately 70%..

Using a medium déveloped by Randolph and Cox (1943), supplemented
with 27 Sucrose and 0.8% agar, Keﬁt and Brink (1947) noted germination
of 10-15 day old Hordeum embryos after 2;3 days in culture. Noting that

most in vitro embryo culture produced small, spindly seedlings, these
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workers were concerned with developing a chemi¢al environment which
further promoted an embryonic type of growth; They found that the
addition of casein~hydrolysate to the medium prevented prgcocious
germination. With casein hydrolyéate in the medium, embryos grew appre-
ciably in size Before they attempted to gérminate.

In vitro embryoAculture has also been successfully employed in

a number of other plant systems. Among these are Portulaca oleraceae L.

(White_l934), Prunus persica Stokes, and P. avium L. (Tukey 1933, 1934);

Lactuca canadensis L., Chrysanthemum leUcanthemumuL., Lycopersicon

esculentum P. Miller, Nicotiana tabacum L. (LaRue 1936); and Zizania
aguética L. (LaRue and Avery 1938).

Culturing plant ovules is another way fo grow embryos in vitro.
The tecﬁnique is quite similar to true embryo culture, but in this case
the embryo is left intact inside the developing seed. It is hoped that
‘embryonic development continues after the placemént.of the ovule into
the nutrient medium. When the embryo is of mature éize, it is removed
from the medium and placed in an envifonment_suitable for germination.

Maheshwari (1958) was successful in using ovule culture to rear

Papaver somniferuﬁ L. proembryos into seedlings; Upon opening the cap-

sule, the ovuies were directly placed in Niféch's (1951) ﬁedium, supple-
mented with vitamins. The embryos developedAto maturity from the two-
cell stage inside the ovule and proceeded to germinate after 23 days
in culture. In nature, ovules mature 18 days after fertilizationm.

- In-ovulo embryo culture was used by Kapoor (1959) to success-

fully grow two day post-pollinated Zephyranthes embryos to maturity.
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In natufe, the time betwegn félliﬁation and éﬁule maturafion is 16 days.
Using Nitsch's (1951) medium sﬁpplemented with sucrose and 25% coconuf
milk, mature embryos were formed'éfter 12 days in culture. These
embryos germinated after ZO.days and developed into apparently normal
seedlings.

Beasley and Ting (1973) developed a system for growiﬁg Gosszgium
hirsutum L. ovules for twoAtovfour days post anthesis. These workers .
were primarily concerned with the effects of phytohormones on fiber
development. Hoﬁever,‘their method of culture is now a standard for
in-ovulec embryo culture of cotton. -

Eid, be Langhe and Waferkeyn (1973) were looking for a medium
which would support the growth of G. hirsutum L. ovules. They tested
and modified media(of:White (i943), Nitsch (1951), Heller (1953), and
. Murashige and Skoog (1962)'in‘anVatfempt to. find the right chemical envi- -
ronment. - Liquid»and agar~mediévwere tried, as well as maintaining
cultures on stationary or'rotary shaker, Three;day—old ovules showed
an intense proliferation of thé integuments and a degeneration of the
endosperm. From ovules cultured 10 déyé post anthesis, the heart stage
was obtained after 50 days on White's (19435 medium. These workers
fouﬁd that in ovules 10, 15, and 20 days old, balanced growth was ob-
tained on media lacking plant growtﬂ fegulators. Eid et al. (1973)
stated that, "The use of ovule culture to grow cotton embryos is simple
and gives reproducible results in contrast to pure embryo culture."

Stewatrt and Hsu (1977) found that the addition of 15 mM NH4N03

to the medium developed by Beasley and Ting (1973) greatly enhanced the
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ability of self-pollinated G. hirsutum L. ovules to survive. After an
initial 8-10 week culture period in this medium, the embryos were dis-
sected from their ovules and placed on a medium to promote germination.
This later medium ailowed for co;yledon expansion and root growth. When
. tﬁe seedlings were large enough, they were transferred to sterile soil
and~plaéed in the greenhouse.

Culturing_weak but mature embryos has come to be known as the
~miniature seed gechnique. The technique was employed by Beasley (1940a)
in an attempt to rear hybrids betweenAg. hirsutum L. X. G. arboreum L.
4Hy5fid bblls were aliéwed to develop to maturit& on the plant. After
the boll maﬁufes,‘embryos fromrthekshrunken hybrid seed were dissected
and aseptically placed on White's (1934) medium. Beaslef found that it
was much easier to produce hybrid seedlings by this miniature seed tech-
‘qique than with normgl seed germination.procedures.

One ofher type of émbryo culture is the nurse endosperm tech-
nique. A thorough, detailed description of this technique is offered
by Williams and De Lautour (1980). Basically, a hybrid embryo is
excised from>its maternal tissue and inserted in place of a self-
pollinated embryo. The hybria eﬁbryo now lies in contact with normal
"nurse" endosperm. This nurse endosperm is frequently from the maternal
parent of the hybrid cross. The hybrid embryo/nurse endosperm is then
placed on nutrient'medium and allowed to incubate. |

Zéibur and Brink (1951) were among the first to experiment with

nurse Endosperm} Working with self-pollinated Hordeum vulgare L., they
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found no stimulative response to either coconut milk or malt extract
when these were included in the medium. Onc percent casein hydrolysate
in the medium proved to be inhibitory to the embryos. But by surround-
ing the young embryos With developing Hordeum endosperm, embryonic
growth was continued and was faster than the growth of embryos without
the nurse endosperm. Seedlings were ready to be transferréd to soil at
an earlier date'using this technique.

Using the nurse endosperm technique, Kruse (1974) was able to

secure hybrids of Hordeum vulgare L. crossed with Triticum, Agropyron, -

and Secale. In each case, the nﬁrse endosperm was from the maternal
parent. Kruse found that hybrid barley embryos as small as OLZ mm could
'be successfully cultured this'way. Best results were obtained by'using
endosperm 2-5 days older than the embryos and by using embryos greater
than 1.0 mm in 1ength. In all, 28 plants out of 40 cultured embryos

grew to maturity in the Hordeum X. Triticum cross. The cross involving

Hordeum and Agropyfon yielded 83 plants out of 167 cultured embryos.
And 2 plants were obtained when Hordeum was crossed with Secale out of
a total of 169 embryos cultured.

De Lautour, Jones and Ross (1978) were able to produce 4 mature

hybrids from the cross Lotus pedunculatus Cav. X L. tenuis Waldst. et

Kit. using the nurse endosperm technique. The endosperm in these suc—

cessful cultures came. from Lotus pedunculatus Cav. in three cases and

Ulex europaeus L. in one case. This represents 10.5% of the embryos

cultured. The success using this technique was much higher than the
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0.1% success realized by Bent (19625 using pure embryo culture with
these same species. -

Williams and De Lautoﬁr (1980) successfully used the nufse
endosperm technique to’create 6 new:interspecific hybrids in the genera
Trifolium and Ornithépus. The hjbri& embryos were dissected at approxi-
mately two Weeks'bost pollination and placed in contact with nurse
_ endosperm which was 8-10 dayé old. Although the highest percentage of
successful cultures for any of the crosses was 8.37%, the workers stated
that this was much greater success than was realized with normal breed-

ing procedures or pure embryo culture.

Factors Associated with Incompatible Crosses

Embyyo abortion in Medicagop sétiva_L.Hwas studied by Brink and

Copper (1939). They reported self-pollinated ovules 48-72 hours post-
pollination typically_showed_higﬁly vacuolated cells adjacent to the
chalazel end of the seed. There appeareé to be extensive meristematic
activity of the inner integumentAﬁear the chalazelrend of the owvule.
In most cases of eﬁbryo abortion, the-endosperm failed to grbw at the
same rate as the surrounding maternal tissue. This type of breakdown
was termed as somatoplastic sterility. They found that essentially the .
maternal tissues divide much more rapidly'than the endosperm. The
nutrient supply shifted more toward the innér intégumenté and eveutually
the embryo starved.

Somatoplastic sterility was also found to be a cause of seed

~failure in different interspecific crdsses of Nicotinia (Cooper and
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Brink 1940). The nucellus and endosperm were the two tissues observed
.to be responsible for seed failure. In the cross N. rustica L. X
ﬁ; glutinosa L., these workers found that the nucellus increased greatly
in size after fertilization. Opposed to the single layer of cells of
the nucellus foﬁnd in self-polliqatéd Nicotinia, it was observed that
the'nucellus became meristematic at about the time the endosperm reached.
the 8-cell stage. The integumentary cells failed to differentiate into
conducting elements in the hybrid ovules. This led to the eventual
closure of the endosperm's nutrient supply.

These>same factors associated with séed failure appeared in
another Nicotinia hybrid study (Brink and Cooper 1941). The differences
in seed failure between the cross N. rustica L. X N. glutinosa L. and
N. fustica L. X N. tabacum L. were quantitative with respect to retarded
endosperm growth, hyperplasia of the nucellus, and the failure of inte-
gumentary cells to differentiate into conducting elements. It appearea
that the cross N. rustica L. X. N. glutinosa L. was much more incompatible
than the cross N. rustica L. X N. tabacum L. Brink and Cooper looked
at the percentages of seeds having the endosperm cut off by an over-
growth‘of the nucellus. This was essentially zero for self-pollinated
N. rustica L. Twenth-two percent of the seed from the cross N. rustica
L. X N. tabacum L. showed the characteristic overgrowth of the nucellus.

. This overgrowth was 76% of all seed examined in the cross N. rustica L.
X N. giutinosa L.

Working with a 4n X 2n Datura stramonium L. cross, Sansome,

Satina and Blakeslee (1942) found disintegration of the embryo sac when’



20
the proembryo Waé 4-6 ceiled. Fertilization was found to occur with
high frequency approxiﬁatély 3 dayS'after pollination. Aftef six rounds
‘éf'diViSion of the endosperm, degeﬁerétion of the embryo began. This:
wés found to be 5-6 days post pollinétion.  Accompanying'the first"
visible signs §f éndosperm breakdown, SénSome gt al; noted an enlarge—
ment of the endothelial cells. These cells frequently became meriste-
imatié and were sometimes found to completely fill the embryo sac.

Fertilizatioﬁ was found to occur moré rapidly in the croés

Elymus virgenicﬁs L. X Agropyron repens (L.) Beauv. than when E.

virginicus L.<wgs selfépollinated (Beaudfy 1951). 1In the hybrid éross,
| fertilization usﬁally'occurre& aftér 18 hours. Twenty-four to 36 hours
were required for fertilization to oqcﬁr in the selfed contfols.. The
groﬁth rates of hybrid>embryo and endosperm.were initially higher than
thé controls.'AAfter approximately 48 hours post ﬁoilination, abnormal
endosperm nuclei were'found'clustered.in the midsection of the developing
seed. The epdosperm beéén to disintegrate 60 hours post pollination.
At tHis same time, the proemBryos were usually l4-celled. Growth of
the hybrid embryo continued for some time after the endosperm breakdown.
Beaudry prnd-that the embryos may confinue growth even after total
endosperm disintegration. The nutrient supply was believed to have come
from the nucellus. But when both the endosperm and the nucellus.wefe
_gone, death of the embryo soon followed.
Buell (1953) studied seed failurelinireciprocal crbsées-df

Dianthus chiﬂénsislg and D. plumarius L. Most of the hybrid embryos
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disintegrated 9-10 days after poliination in the cross D. chinensisrL.
XVQ.Iglumarius L. The basal cells of the embryo appeared mofé vécuo—

Ilated than in self-pollinated Q,-chinensisrL, In contrast tﬁ‘the.self;

’pollinatedAendOSperm of thevcontfols, nearly half of tﬁe hybrid ovules
sfudied contained small endosperm.nuciei that frequently fused. fhis
was noted 3-4 dayé post-pollination. The nucellus of selfepollinatéd 
Dianthus,species:enlarge to form>£ﬁe major source of food. storage fbr
the‘matﬁre ovule. This wés not found to be the case in the cross D.

. chinensis L. X D. plumarius L. The nucellus remained thé same size and

 form that it was iﬁ’at the timekof fertilization. Iﬁ7the reciprocal
crosé, there appeafed to be a much greater rate Qf fusibn.of endosperm V
nuclei. Occasionally all of the endosperm nuclei were found to be
fused into 3 or 4 multinucleate masses. The division rate of the endo- -
spérm appeared much slower than self—polliﬁatgd D. plumarius L. Buell
suspected that it was this-abnofmai development of the endosperm which
was responsiblé for the eventual abortion of the hybrid embryd;

7 Diploid and hEXaﬁloid species of Solanum were crossed in an
attempt to produce a fertile tetraploid (Beémish 1955). - The hexaploid -
S. demissum Lindl. was crossed with four diploid species and seed
developmént was studiedf Similarities in seed failure existed in all
"4 of the hexaploid—diploid crosses.r The differences were mainly in the
speéd_which embryos degenergted,>’The first similarity noted was the

_delay of fertilization caused by slow pbllen tube growth. When fer-—

tilizétion did finally’océur, the endosperm failed to enlarge and
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differentiate in a normal manner. Sooner or later, the endosperm
ceased to grow, and finally disintegrated. Usually, Beamish found a
hypérplasia of the endothelium. This was aécompanied by the ending of
cell divisions in the integumenf.A These later similarities, hyperplasia
of endothelium and ceasation of cellular division of the integument
usually occur after endosperm breakdown. Embryo abortion was usually
found to occur within the next few days.

Other.interspecific crosses of Solanum were made by Lee and
Cooper (1958)4to follow the courséAof seed development which eventualiy
led to seed failure. A slow rate of endoéperm growth was thelfirst‘
abnormality observed in the interspecific crosses. In the self-
pollinated controls,A4O endosperm cells usually accompany a two—celled
proembryo. But in a two-celled proembryo of a hybrid, Lee and Cooper
ﬁsually found only 6-8 endosperm cellé. Endosperm gells lie immediately
adjacént to the endothelium at the chalazel and'micropyle ends of the
self-pollinated controls. This'suggested a possible passageway for
nutrientstfrom the vascular elements of thefintégument. This differen-
tiatioﬁ of.theAendosperm cells in the hybrid ovule was obviously iacking.

Comparing embryo development of S. pinnatisectum Dun. crossed with six

other diploid species, Lee and Cooper found that hybrid embryos were all
completely degenerated after 25 days post pollination. Self-pollinated
embryos of these species were usually at advanced stages of cotyledon
'aevel-opment at this age.

An anatomical and biochemical analysis was undertaken to- inves-

tigate the causes of interspecific incompatibility in the genus Pinus.
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McWilliam (1959) hypothesized thét it was chemical différences which
causedAincompatibility and seed failure in;a hybrid between Austrian
(P. nigra L.) and réd pine (P. resinosa L.).  Five sugars were identi-
fied in the ovules of both species. Sucrose was found to be the major
. sugaf present. All others were found>to be equal in concentraﬁion in
Bofh gpecies.' Though the same 15 amino acids were found in both Austrian
'Vand‘fed pine, differences in concentrafioné existed; Austrian pine
_ovuieé céntained 5 times the amount of arginine found in red pine.
_ Concentrations of aspartic acid, alanine, glutamic acid, aﬁd.lysine were
also different. To McWilliam, it éppeared that itvwés chemical differen-
ces in the ovulér’tissues,vthrough Which.the fbreign pollen tubes must
pass, which was the primary cause of incompatibility. 1In 70% of the
ovules studied, either no germination, or slow iﬁeffective pollen tube
growth was noted.

Cotyledonary cell discoloration and distortion was noted by
41Phillips and Reid (1975) 10-15 days after ahthesis in the cross G.

hirsutum L. X G. klotzschianum Andress. Single cells and later clusters

' éf cells in the cotyledons of the embryo became opaque and contracted.

* Thirteen days after fertilization, all the éotyledonary cells were
vébserved to be necrotic. The maternal tissﬁeé of the hybrid ovule
developed normally. Typically, embryos collapsed and dissintegrated

at this stage. Occasionally though, Phillips and Reid observed that

the radicles continued to develop normally‘alfhough the cotyledons were

- completely gone.
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Phillips (1977) observed that interspecific incompatibility in

certain Gossypium species to be due to genetic embryo or séedling—léthal

traits. Hybrids from the cross G. hirsutum L. Xlg. klotzschianum

Andress. were embryo—lethal at 17-19 days post fertilization. A G..

barbadense L. X G. klotzschianum Andress. hybrid was éeedling—lethal,at
‘ the 1-2 leaf stage; Phillips observed that the lethality of these
'hybridsbwas temperature—dependent. The macroscopic leaf and cofyledon
lesions, necrotic cells; and dgéenerate mitochondria could be p%evented
by growing the hybrid at elevatedftemperatures. The hybrids could be

prevented from dying by keeping seedlings in a growth chamber at 40°¢.

Likewise, the embryo lethal from G. hirsutum L. X G. klotzschianum
Andress. could be kept alive by excising the ‘embryo and placement on
- nutrient medium at 40°c.

Nutrients Found to Stimulate
Embryo Growth :in Vitro

A simple medium developed by White (1934) consisting of salts,

. vitamins, and sucrose was used by LaRue and Avery (1938) to culture

embryos of Zizania aquatica L. Seedlings were obtained through preco-
cious germination when yeast éxtract.was deleted from the medium. Best
reSul;s ﬁere obtainedeith embryos that.were'O.A mm or larger in length
ﬁhen pultufed, These workers' ﬁéjor concern was comparing cotyledon

- development igAvitfo an& in vivo. Cotyledonary growth céased after
placement of the embryos in nutrient medium. Shopts and roots did eloﬁ—

gate to allow precocious germination into a small seedling.
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Zeibur et al. (1950) culturing Hordeum embryos on a medium con-
‘taining salts, 2% sﬁcrose; and agar'found precocious germination within
3—4 days efter embfyo placement on theeme&ium. They found that the
addition of 1% casein hydrolysate to their basal medium prevented pre-
cocious germinetion and allowed for centinﬁed embryonic growth. The
inhibition of germinetion was foﬁnd to be due to the high osmotic pfes;
sure of the casein h&drolysate produced>by sodium chloride and amino
acids.

Using normal G. hirsutum L. embryos on a basal medium recommended
by White (1943), Lofland (1950) attempted to culture embryos at three
levels of development. Altefing the pH of the medium between 5.0 and 8.0
had no effect on embryo development. Likewise; no differences in embryo
growth were noted at each level of development when temperature was
varied between 200>and 300C.j The addition of tomato extract, coconut
miik, casein hydrolysate,_sodiqm nucleaee, or an extract made from ovu%es
of developing bolle~did not seem to etimulete grewth of the embryos.
Supplementing the basal medium With 0.5% malt extract did seeﬁ to favor
embryo development. Embryos cultured from 27-day-old ovules showed
signs of activitf after 2-3 days onethe medium. When cultured at this
level of development, embryosAusuallf produced normal seedliﬁgs. Cul-
turing embryos from 20-day-old ovules allowed fewer embryes to develep,
and a much higher pereentage of abnormal forms produced. Small, spindly .
seedlings may Ee produced, but_these typically do not survive, Lofland
observed that; as a generel rule, growth was very slew or there was no

growth at all from embryos cultured from 15-day-old ovules.
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Knowing that precocious germination of Hordeum vulgare L.,

embryos were suppressed by casein hydrolysate, Zeibur and Brink (1951)
attempted to improve in vitro embryonic growth. 1In contrast to Datura
embryos, coconut milk or malt extract did not seem to stimulate growth
of barley embryos; Improved growth was obtained by surrounding the

excised embryos with Hordeum vulgare L. endosperm before placement into

the nutrient medium. Using this tecﬁnique, seedlings were able to be
transferred to soil at an earlier date than those grown in culture
without‘endosperm.

Joshi (1960) varied many nutrients in an attempt to improve the
igvyiggg_growtﬁ of éotton ovules. The age of ovules used in his work
was 6 days post'pollinatioﬁf Using his basal medium supplemented with
500 ppm casein hydrolysate, émbryos reached thekdicotyledonous stage
after 81 days in cqltufe. Increasing the casein hydrolyate concentra-
tion to 2000 ppm, 75-80 days were required to reach this same stage of
development. Joshi obéerved that the addition of 5 ppm GA or 1 ppm Kin
to the basal medium ‘did not significantly improve embryo growth.
Maximum growth of the cotton embryos was observed when 5 ppm GA was
added to the basal medium in combination with 1000 ppm casein hydroly-
sate. All media used in this work contained 0.7% agar. Cultu}es were
held at 23-25°C in the light and at a pH of 5f5'

Mauney (l96i) observed that the deletion of agar from a nutrient
medium resultéd in the death oftg.<hirsutum L. embryos. Hoﬁever,

embryos placed in the surface moisture on an agar medium developed more
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rapidly than those placed on a dry agar surface. In his experiments,
90°F and partial light appeared to be the optimum for embryo growth and
development. Embryos;which were cultured in darkness developed chlorb—
phyll slowly when transférred to light.. By increasing the 1evé1iof
calcium to 3 x 10_3.M, Mauney observed that ;he growth rate of the
embryos_increased substaﬁtially.' The embryos developed a healthier,
deépef green,éppearance. The plant horménés indole acetic acid (IAA),
GA, and Kin were>observed to be inhibitory, even at low conéentratiohs.
Most impértantly, the osmotic pressure of the ﬁedium was critical. The
osmotic'pressure of the expressed ovular sap was found to decrease as
the seed métufés. Sodium chloride was added to the medium at the level
corresponding to the osmotic value of the ovular sap at the initial
culture period. The level of NaCl was decreased in media used to sub-
‘ éuitﬁre the embryos at a later stage of development.

Thé effects of sodium, ammonium, and calcium salts of citrate,
malate, and succinate were analyzed for their effects on the in vitro
develdpment of self-pollinated G. hirsutum L. embryos (Mauney, Chappell
and Ward 1967). Embryo growth was evaluated as an increase in embryo
length By means of an ocular micrometer. Color and morphological con-
formations were also néted. The basal ﬁedium used was the same as
described by Mauﬁey (1961). The addition of sodium citrate, malate, or
sucéinate at 0.0i mg/ml appeared to stimulate growth slightly. Higher
concenﬁrations of these salts proved to be inhibitory. Calcium and

_ammonium malate stimulated growth even at concentrations up to 4 mg/ml
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Beasley and Ting (1973) tested the effects of plant hormones
and differenf forms qf niﬁrogen in. the in vitro fiber development of
G. hirsutum L. A high salt and sucrose medium such as the one described
"by Marashige andASkoog'(1962) was found necesgary to support expansion
énd fiber elongation. Fifty millimolar total ﬁitrogen was set as the
control for furéhér‘testing. Varying. the NH4N03:KNO3 ratio by increas-
ing KNOBAand proportionately decreasing NH4NO3 to keep total nitrogen at
50 - mM, theselworkers obser?ed an increase in both ovule and fiber growth.‘
Callusing‘and brbwﬁing of the ovules was less with this treatment also.
Kinetin and abséissié acid (ABA) essentially stopped fiber production.
When fiBer préduétioﬁ Waé low, thefe was typically an incréase)in brown-
ihg of_the ovules and the medium. Beasley and Ting noted that'fiber
development increased with increasing GA‘léﬁels to 5 x 10_6 M. They
also remarked that the pfedisposition of the parent plant greatly affects
the capacity of ovules to grgwfigiyiggg, - The response of the ovule to
various hormone or nitroéen treatments was also affected by the predis-
position of the parent plant.

A balance between emBryo and endosperm growth was believed
necessary for successfﬁl culture of cotton ovules (Eid et al. 1973).
Thgse workers believed that the young proembryos were sensitive tp
physical conditioné of the medium. Ovules 5, 10, 15 and 20 days post-
anthesis were uéed for this study. Coconut milk or GA seemed to improve
embryo gréwth in 5-day-old ovﬁles. Ten—day—old ovules were not stimu-

lated by the addition of these substances to any of the basal media used.
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The resuits showed that ovules 10, 15 énd 20Adays post anthesis exhib-
ited balanced growth in basal media lacking plant hormones. However,
:hormones were necessary to:support the growth of 5-day post-anthesis
ovules.

Stewart and~Hsu‘(1978) did extensive work testing different
.hormone regimes’on the embryo development in vitro of the cross between
G. hirsutum L. X G. arboreum L. Ovules were harvestéd and cultured
2—4Adays post anthesis. Like ﬁeasley and Ting (1973), these workers
found that GA éromoted fiber production. Fiber growth did help keep
the ovules afloat on the liquid medium. But the addition of GA to tﬁe
basal medium always decreased the yield of viable embryps. Experimental
results were evaluated in three ways. These were: (1) percentage of
ovules with embryos; (2) percent germinatéd embryos; and (3) ungerminated
embryo size. The length of ungerminated embryos was not affected by the
kaddition of IAA to the basal medium. Kinetin, on the ofher hand, reduced
the length of ungerminated embryos when added to the basal medium. This
point was crucial since a direct correlation was found between embryo
size and survivability at the time when embryos were placed on germina-

~tion medium.



MATERIALS AND METHODS

The basic medium used and modified for evaluation of embryo
growth was‘develdped by Beasley and Ting (1973). The chemical consti-
tuents and concentrations as descfibed by them are listed in Table I
- of the Aﬁpendix. All other media aﬁd'stock solufions are also listed
" in table form in the Appendix. |

One modification of this medium,erm the original formulation
was the carbop source. Glucose and fructose were never used in this
study. They were replaced exclusively by sucrose. The modified medium
‘used as the control in this study is shown in Table II of the Appendix.

Two basic modifications of the nitrogen content of this medium
were used. First, the ratio of reduced:non-reduced nitrogen was altered
from the original formulation. Secondly, césein hydrolysate'was added
. to the medium at various concentrations.

A stoqkisolution of KNO, was prepared by dissolving 50 grams of

3

KNO, into 1 liter of distilled deionized water (DDW). Likewise, the

NH4NO3A

of KNO

stock solution had a concentration of 48 g/L. The milliliters

3 stock used in various amounts of medium having known non-reduced
nitrogen are shown in Table III of the Appendix. Table IV of the Appen-
dix shows the amounté of NH4NO3 stock used to make various amounts of
~medium at known reduced nitrogen levels.

Stock solutions for the major and minor salts differed from

those described originally by Beasley and Ting (1973). One stock for

30
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the major elements and one other for the minor elements was found to
be sufficient. This also provedvto save time preparing the medium.
Stocks for major and minor salts are shown in TablesV and VI, respec-

tiVely. When media with altered levels of KNO., or NH,NO_ were tested,

3 4773

a separate major stock solution was prepared. This was identical to

the stock shown in Table V of the Appendix except that KNO, and NH,NO

3 4773

were left out.

Plant hormones were dissolved in DDW and stored as stock solu-
tions in'the‘refrigerator. Indole acetic acid (IAA) stock solution was
1 mg/ml. Gibberellic acid (GA) and kineticn (Kin.) wére both stored
as 0.2 mg/ml stocks. Hormones were added to the medium prior to auto-
claving.

Casein hydrolysate and myo-inositol were weighed and used fresh
with each bgtch of medium. Both compounds were dissolved separately in
' sﬁall'quangities of DDW. Fresh stock solutions were prepared if
’ different concentrations were to be tested in the same batch of medium.
Bbth compounds were added.to the medium prior to autoclaving.

‘(Fe/EDTA) was kept as é stock sblution‘under refrigeration. The
étock was prepared by thqroughly dissolving.Z.S g of FeSO4 . 7H20 in
400 ml DDW. ©Next, 3.36 g of NaEDfA was dissolved in the solution. The
stock was then brought to a boil on a héating/stirring machine. The
heat was then turned off, and tﬁe solution was stirred for 30 minutes.
The stock was then brought to a final volume of 450 ml.

Medium used for the purpose of inducing germination was the

same as described by Stewart and Hsu (1977). No variation of this medium
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WasAaﬁtempted éxéept thét 2, 4, or §Zisucroée was uséd. The concen-
trations §f chemicals found in this medium are shown in Table VII of
the‘Appendix. |

Another germination medium used in this study was developed by
Norstog (1973). One modification was that 1 gram of filter-sterilized
malié acid was added to each liter of medium. The chemical constituents
and directions to make this medium are listed in Table VIII. of the
Appendix.:

| All dissection and em@rYo evaluation was carried out under
'aseptid~éonditidns.' A positive "air flow hood eéuippedrwith an ultra-
vioiet light Qas uéed for all cultufing in this study{

A1l media, either for inducing germination or for in-ovulo
culture, wefélsterilizedrby the autoclave. Media were autoclaved at
121°C and 14;15 lbs/in2 for a period of 20 minutes. Plant hormones and
all other chemicals except malic acid wére sterilized by this method.

Malic écid was sterilized by passing the solﬁtion through a
0.45 ym millipore filter. This procedurelwas performed under the hobd.
The solution‘waé collected in a small stérile vial and frozen until use.

InstfumentS'uSed for dissection Were‘flaﬁed‘in 95% ethyl alcohol
and allowed to cool a few seconds before use. ‘GlaSSWAre.and DDW used
for dissection were stérilized by the autoclave as deécribed above.

The first few hundred ovules Wére cultured in‘SO’ml and 100 ml
screw top flasks. These proved to be inadequate due to the smal; size

of the top. Standard 25 x 150 mm glass culture tubes with plastic
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Bellco kaput caps were then used. The initial in-ovulo culture as well
as germination attempts were carried out in these tubes.
Ovules were initially cultured,inia dark growth chamber at 30 +

20

C. Tﬁe initial‘culture period was 28 days. When germination was
_-attemptéd, embryos dissected weré*then*ﬁfansferred to a germination‘
ﬁédiuﬁ énd pléced in a lighted growthkchémber; Photoperiod was 16 hours
light and 8 houré da£k. Temperature was held at approximately 27°¢c.

Embryos wﬁich germinated'vere removed from the germination
medium and carefully placed in moistened peét pellets. This was the
fifst expoéure.to a non-sterile environment. Peat peile£s were placed
in l—gélloﬁ glass jars to retain a high relative humidity. After 14-20
days in this jar, the 1lid was removed for a few hours a day. Twenty-
five days were usually required before‘seédlings were sufficiently large
enough to be iransferred to the greeﬁhousé.

'Boils containing ovules to be cultured were normally collected
'from the plant between 10:00 AM and 1:00 PM. These bolls were tagged on '
’;he déy of pollination. The vérieties of male and female parent, as well
as'the'anthesis date, were included on the tag. To avoid any confusion,
ail ovules cultured in this study were referred to as being a certain
number of days "post anthesis." Bolls were cut from tﬁe plant at the
base of the peduncle and placed in a small ice chest until being brought
to the laboratory.
Once in the lab, bolls were stripped of their bracts and calyx.

They were then placed in a solution of 10% Purex (1 drop of Tween 20
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per 250 ml solution) for 5-10 minutes. Bolls were rinsed twice in
changes of sterile DDWAénd then placed inside a sterile petri dish on
several layers of moistened filter paper. Holding the boll by the
peduncle, a cross-sectional cut was made at the very top of the ovary.
The bése of the boll was then cut in the same manner. After standing
the boll on its base, incisions weré-made along each suture. The bolls
E were fhen gently pulledlapart, leaving the plécenté and ovules intact.

Ovules were thep removed, one by one, by cutting the funiculus
nearest to the placenta. Two to four ovules were carefully placed on
‘the surface of fhe nutrient medium in e;ch tube. This was accomplished
-best by first moistening the end of a long thin spatulé with nutrient
medium. The ovules cluﬁg easily to the spatula using this method.
Culture tubes were flamed before closure. |

The initial ig:gjglg culture lasted 28 days. After thisltimg,
ovules were removed indiVidually and dissected to reveal whether or not
any embryo development had occurred. This procedure was'performed
aseptically.

A dissecting microscope was placed under the hood, wiped fhor—
-oughly with 70% alcohol, and left under U.V. light for 30 minutes.
Ihisvprocedure ensured a dlean working surface. Sterilized pétri plates
and sterile DDW were also placed in the hood.

Ovules were initially obéerved under low power; Irregular callus
or fiber development was noted. The ovules were then gently teased open
to reveal whether or not an embryo was present. Necrosis and hyperplasia

of the immer integument was noted at this time.
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If an eﬁbryo was preéent, it Was.rem0ved‘fr6m’the ovule and

measured. A precise ocular microﬁeter was usedﬁto take measurements
of the embryb length and width. Many times embryos were simply dis-—
 carded due to their small size or watery appearance. Larger embryos
were rinsed many times with sterile DDW and then pléced on germination
medium.

Bolis were collected from three to fiftéen days post pollination
for hiStological.observations.v Ovules wereAfixed in\an 80:15:5 solution
of 95% ethaﬂol:glacial acetic acid: formaldeﬁyde. The tissues were
fixed for 20 déys and were then but through an eﬁhaﬁol;tert—butyl
alcohol-toluene &ehydrating series. VParaplast iﬁfiltration lasted
approximately 24 hours. |

Sections were microtomed between 11-15 miqrons, mounted using-a
warm water bath, and allowed to dry at 38-46°C for 24 hours. Slides
were norﬁally stained with 1% aqueous safranin and fast green.

No,distinction was made between greenﬁouse énd field-grown
plants.iﬁ_this.study. Crosses were made on ail flqwers, greenhouse
or field—gréwn; which appeared normal. WNo differential effects caused
by'fsecéndary"‘fiowers as described by Beasley (1974) were considered.

.éreénhouse temperaturesrraﬁged from 27—38°C and wefe'normally no lower
than 2400 in the winter.

All hexaploid plants used'invfhis stﬁdy were from the 6X

hirsutum-armourianum breeding program of Dr. Muramoto. All plants used

were plant selections cafrying the caducous bract. trait. -Chromosome
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;number was not always constant in these plants. Sincé‘most plants
appearéd ﬂormal and were fer£ile, this fact was not considered a major
facpor_iﬁ‘the ig_ziﬁzg_embryo,development.

‘One unknown‘variéty of G. herbaceum L. (Al) was uéed in this -

Astudy. Seed‘was harveéted each season4to maintain planting seed foy

lthé foilowingzyear. Two varieties of.g.barboreum L. (AZ)’ "Nanking"

 énd,"Sanguiﬁeum;" were also used as A genome‘diploid species. Self-
pollinatéd ovules from a brolific_g.‘daVidsonii Kell. (D3—d) plant were
also_cultured during this study.

Hexaploid selections were rémoved from the field in November and

‘fransplanted in 5-gallon pots.for the winter. A few A, and A2 plants

1
were also placed in the greenhouse to be used as a flower source.
Flowers grew abundantly during the winter to allow for many crosses.
When temperatures rose in the spring, the hexaploids were transferred

back to the field. Using this method, cross-pollinations could be made

approximately 10 months out of the year.



RESULTS

In Vitro Culture of Self-Pollinated

VOvules and Embryo Germination
Hexaploids | |
| A total of 626 hexaploid ovules were cultured in vitro on various
nutrient media.  Ovules exhibitéd a wide afray of responses on any given
medium. Some ovules produced only minimal callusing on the ovular sur-
face while others coﬁpletely filled the culture‘tube. This wide varia-
tion was observed even among dvules from the same hexaploid plant.
Hexaploid ovules Wére excisedbfrom 2, 4, 6, 7 and 8 days post
anthesis and cultured on all types of medium. Cumulative results of
self-pollinated hexaploids may be seen in Table 1.

Table 1. Cumulative results from 28 day in-ovulo embryo culture of
hexaploid ovules.

Days Post Number of Embryos Number of Ovules Percent

Anthesis Cultured _ Cultured Success
2 3 | 398 .75
4 1 97 1.03
6 B 4 | 83 4.82
7 ' » 1 » 32 3.13
8 1 o . 16 ' 6.25

37
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TheAnutrient medium developed by Beasley and Ting (1973) for
igfggglg culture of §¢ hirsutum L. embfyos proved inadequate for sup-
porting gmbryo growth and development of the hexaploids. No embfyos.
were observéd gfowing in this,medium>after 28 days in culturef

Deleting GA ahd Kin fbrAthe medium allowed ﬁor some embryos to
develop,"Ag a‘whole, less caliusing of the ovular surface Was>noted
when theée;horﬁones_wére not present inAthe culture media. Embryos grewl

7M IAA (Table 1). Two em-—

fweil in media containing S‘X 10—6 or 5 X lb—
“bryps ﬁererbéerved‘growihg in medium completely lacking TAA.

Eighf of the ten embryos ﬁhich developed in culture were found
in media coﬁtaining casein hydrolysate af a‘cpncentration-of 250 mg/L.
This.cémpound appeared to_neither inhibit nor stimulate callus produc-
'tion on the bvule surface at concgntrations between 100-1000mg/L. Since
the majority of hexaﬁloid embryos developed with this cbmpound in the
medium, 250mg/L was included in media used for culturing hexaploid X
-diploid owvules.

Hexaploid embfyos grew in a wide range of non-reduced:reduced
nitrogen regimes. Half the embryos were observed growing in Stewart
and Hsu's (1977) modification of Beasley and Ting's (1973) medium

(50mM KNO, and 15mM NH4N03). Other hexaploid embryos were observed

3
gfowing in Beasley and Ting's (1973) medium containing 35mM KN03:5mM

NH4N03, 35mM KNO,:10mM NH4N03; 45 mM KN03:10mM NH NO3, and 65mM KNO

3 4 3°

473"

'Embfyo size after 28 dajs in culture was quite variable and

10mM NH,NO

appeared to have no real relationship to the mitrogen content of the
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medium. This was also True for the day the ovule was cultured post
anthesis. Hexaploid embryos ranged in size froﬁ 1.29 X .92mm to
5.23 X 1.50mm after 28 days in cultdre. The average length and width
of these embryos was 2.34 + 1.22 X .98 + .23mm.

V iA typical ?roembryonic mass from“a 6—day post-anthesis ovule'
ristshowh in Figure 1.' Ovules cultured at this date were normally 0.25 -

0.35mm in length and showed extensive fiber elongation.‘

G. davidsonii Kell.
Since the hexaploids used for this study were from the cross
" G. hirsutum L.‘X Q, armourianum Kearney, and no fertile Q, armourianum
Keatney.plants were available, it was necessaty to use G. davidsonii
Kell. to learm ‘about specific nutrient reqdirements for the D genome
species.. One large G. davidsonii Kell. plant‘provided ample flowers
for testing many nutrient media. The possibility existed that specific
nutritional differences might be_noted. ‘Since G. atmourianﬁm Kearney
and G. davidsonii Kell. are related ﬁ genbme»speCies, knowing what is
rquired for the ig_gitgg_embryonic growth'gf_g.bdavideonii Kell. might
help improve thedsurviﬁability.of hexaploid embryos grown in culture.
o In-ovulo embryo culture was carried out on 251 G. davidsonii
Kell. ovules.  The overall tate of 1i§e, differentiated embryos after
28 days in culture was 8,762. Tﬁe overall results of in-ovulo embryo
culture for G. davidsonii Kell. are shown in Table 2. Embfyos grew
abundantly when ovules were cultured 2 days post anthesis. Callus

growth was minimal and a tough seed coat usuélly developed during the
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Figure 1,
Figure 2.

Figure 3.

Undlfferentlated proembryo from CB 31-1 removed from the
plant six days post anthes1s.

G. davidsonii Kell. embryo after 28-day in-ovulo embfyo

culture.

Emergence of G. arboreum L. embryos on Norstog (1973)
medlum . :
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'Table 2. Results from in-ovulo embryo culture of self-pollinated
G. davidsonii Kell.

. Days Post Number of Embryos Number of Ovules- Percent
Anthesis Observed , Cultured Success
2 ) 17 - 108 15.74
4 2 a 68 ' 2.94
6 3 | 75 ' . 4.00

culture period. An embryo dissected from an ovule after 28 days in
culture may be seen in Figure 27 A strong radicle is present as well
as good cotyledon development{

Stewart and Hsu's (1978) modification of Beasley'and Ting's
(1973).medium was observed'fo sup?ort embryo developmeﬁt} IAA was the
oﬁly hormone used in thése cultures. This hormone was assumed to be

,necessary for embryo dé&elopment when ovules were culturéd 2 days post
anthesis. No embryos were .observed in cultﬁres lacking TAA. Embryos
grew optimally in medium containing 5 X 10.7 M IAA. The growth and
‘aifferentiation of embryos was inhibited at IAA concentrations higher

than 5 X 107° M. |

IAA concentration in the nutfient’medium appeared,ﬁo,influence -
the length of embfyos groWn_frbm 2 days post anthesis. Embryos of G.
davidéonii Keil. were much more uniform in size than those of the hexa-
floids; A relationship existed between embryé length and TAA concentra-—

7

tion in the medium. An IAA concentration of 5 X 10 ' M clearly yielded
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larger embryos (Table 3). Large embryos grown in culture have a much

. better chance of survival when placed on germination medium (Stewart

7

and Hsu 1978). Therefore, 5 X 10 ' M IAA was set as a starting point

in media used for crosses between hexaploids and A genome diploids.

Table 3. Average lengths of G. davidsoniji Kell. embryos -grown in
culture for 28 days. —-—- Ovules were cultured 2 days post
anthesis in Beasley and Ting's (1973) medium with different
IAA concentrations.

Concentration Number of Embryos Number of Ovules Average Length
TAA (M) Observed _ ) Cultured (mm)
2.5 x 107/ 5 | 26 2.11 + .35
5.0 X 107/ 7 | 28 - 2.43 + .24
2.5 % 10°° T2 a : 31 ' 2.05 + .05
6 | + .33

5.0 X 10° 3 23 1.34

A_g. arboreum L. )

Ovules frém this species were- cultured 2, 5,land 7 days post
anthesis. No embryos were observéd growing after the 28~day culture
period. Ovules frém this species generally became necrotic after the
first 14 days in culture. A translucent, friable callus sometimes.
covered the ovule surface. Fibers were very short or completely non-
existent. No medium or particular}chemical constituent seemed to help
embrYﬁ growth when cultured at these,post—anthesis dates.

Ovules typically exuded a dafk»substance into the surrounding

medium. Whether this was a normal response for this species or a factor
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associated with embryo degeneration was not determined. Plating the
discolored medium on potato. dextrose agar proved that the discoloration
was not due to bacterial contamination.

Ten—- and lS—day—old ovules coﬁld befreadily grown on Norstog
(1973) medium. Ovules wererflame—sterilized, and a small hole was cut
through the seed coat near the‘micropy1e end. Ten to 14 days were nor-~
mally required before the radicle emerged from the seed coat. The G.
arboreum L. embryo may be seen emerging from the ovule on Norstog'(l973)
medium (Figure 3). Once outside the seed coat, embryos grew quickly.
Roots developed freely and chlorophyll accumulated_rapidly in the

cotyledons. Many seedlings were produced in this manner.

G. herbaceum L.

The in wvitro fesponse of this species was quite different than
that of G. arboreum L. Although these'twp specles are glosely related, -
theirnutritional.requirements for in vitro embryo growth are definitely
ﬁot»the same. Eighty perceﬁt of all G. herbaceum L, ovules cultured
produced firm, well-dgveloped embryos after 28 days in culture.

Most ovules were cultUred either 3 or 5 days post anthesis.
Fiber developed on the ovule surfaceS"ndt’submerged in the liquid medium.
This greatly facilitated keeping the ovules afloat. When callus was
" removed from the ovule surface, a tough black seed,c&at was normally
présent. Very little maternal tissue remaiqed inside the seed coat.
The G. herbaceum ovule, and enclosed embryo at the end of the culture

period may be seen in Figures 4 and 5. Typically, embryos developed to



Figure 4. G. herbaceum L. ovule after 28-day culture period in
modified Beasley and Ting's (1973) medium. —- Embryo may
be seen directly below endosperm (en - endosperm).

Figure 5. Dissected G. herbaceum L. ovdle showing embryo (center)
at heart stage.

Figure 6. G. herbaceum L. embryos after 28 days in culture showing
various stages of development.
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‘one of two étages at the endrof the culture period. Embryos were
either globular (.563:.04}(.45 + .03mm) or were past the heart stage
(1.56 + .60 X .91 + .32mm) with well—déveloped cotyledons. Healthy
embryos just past the heart stage with various degreés of cotyledon
folding méy be seen in Fiéure 6.

_ Different 1evelé of nitrate and ammonium were tested for the
in vitro response of embryos. Volumes of KN03ran('tl'NH4NO3 sﬁock were
added along withvBeasley and Ting's (1973) salts to produce media of
known nitrogen coﬁtent. All media used for G. herbaceum L. cultures
also contained‘ZSOmg/L'casein hydrolysate, and 5 X 10.;7 M TAA.

Embryosrfailed to grow when media cohtéined less than 45mM KNOB.

At this level of nitrate, and NH NO3 levels of 5,.10, 20, and 30mM,

4
embryos grew abundantly. Ammonium levels above 30ﬁM proved inhibitory
to embryo gfowth. Nitrate levels of 55, and 65mM also produced embryos,
although fewer in number. At these higher levels of nitrate, ammonium
appeared inhibitory at a lower level. An exception of‘this is shown in
Figure 7. Embryos were: growing éfter afsix—week culture in 55:30 and
‘65:20.media’(ratios representative of mM KNQ3:NH4NO3‘present in the
medium). - , ' :. '

The,germinatidn medium developed by Stewaft and Hsu (1977) for
balancéd root and shoot growth failed to support the gérminatiOn of
cultured G. herbaceum L. embryos. Three to 4 days after placement of

embryos on thié medium, a dark brown color appeared in the medium sur-

rounding the radicle. Embryos slowly blackened at the root apex. The



Figure 7.

Figure 8.

Figure 9.

Six-week culture of G. herbaceum L. ovules grown on modi-
fied Beasley and Ting's (1973) medium. -- Tube on left
contains 55mM KNO3 and 30mM NH,NO3. (Arrow points to
radicle.) The tube on right contains 65mM KNO3 and 20mM

NH4N03.
Integument overgrowth in hexaploid X. G. herbaceum L.
ovule. —- Area occupied by the embryo sac was much reduced.

Hexaploid X.. G. herbaceum L. ovule fixed 4 days post
anthesis. -- Arrow points to fused polar nuclei. '
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blac%ehing then spread upward and eventually‘covered the entire embryo.
No chlorophyll development was ever observed in this medium.

Norstog»(l§73) medium was capable of inducing germination of
cultured.embryos. Chlorophyll.dévelopment proceeded rapidly in the
cotyledons after 2-3 days. The roét apex initially turned a déep red
color and failed to expand. After approximately one week in this

medium, roots expanded freely. Cotyledons unfolded and the shoot elon-

gated approximately one inch above the medium surface.

In Vitro Culture of Hybrid Ovules

Hexaploids X G. herbaceum L.

Hundreds of crosses made in the field and greenhouse revealed
tﬁat hybrid bolls usually abort 8;lO days post anthesis.' Following the
idea of Skirm (1942) that the culture of hybrid embryos must begin
before.degeneratidn takeé place; ovules from this cross wefe cultured
3, 4, 5, and 6 days post anthesis. Taﬁle 4 lists the resulté for the
in vitro culture of these hybrid ovules. A very low percentage of
success was expected due to the incompatibility of the parents.

Extensive callus férmétionrwas observed in most cultures. 1In
series of media where non-reduced nitrogen was tested, a trend in
callusing was observed. At any level of nitrate, the lower levels of.
ammonium (5 and 10mM) produced a firm, crisp callus. Higher levels of
ammonium (20,.30, and 40mM) produced a softer more friable callus.

The one embrjo found in this cross was cultured in a medium

containing Beasley and Ting's (1973) salts with a nitrogen content of
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Table 4. Results from im-ovulo embryo culture of hexaploid X
G. herbaceum L. ' '

Days Post Number of Embryos Number of Ovules " Percent
Anthesis Observed _ Cultured Success
3 ~ 0 65 ' 0
4 0 75 ' 0.

5 0 83 0

6 ‘ 1 ‘ 32 3.13
55mid KNO, and 5mM NH,NO,. The medium also contained TAA at 5 X 10" "M

and 250mg/L casein hydrolysate.

The overgrowth of maternal tissues was extreme for this cross.
The characteristic proliferation of the inmer integument present in this
cross is shown in Figure 8. The area occupied by the embryo sac was
much reduced compared to self—pollinated_ovules.‘ Ovules were frequently’
holloﬁ'within the inner integument.r ’

‘The fact that an embryo was found provides ample evidence that
fertilization can occur. However, histological examination revealed
that fertilization was delayed with respect to self-pollinated hexaploid
ovules. A hybrid ovule at 4 days post anthesis is shown in Figure 9.
Polar nucleiAare fused and the egglééll is missing in the figure. A
fertile egg is showﬁ along with fuéedrpolar nuclei at 4 days after

anthesis in Figure 10. Although the clarity is not revealed in this

figure, a sperm nucleus is present and ready to fuse with the polar

'



Figure 10.

Figure 11.

Figure 12.

tilized egg is shown to the right of "e.

Ovule from hexaploid X G. herbaceum L. 4 days post

anthesis. =- Arrow points to fused polar nuclei. Fer-
" 1"

Unfused polar nuclei (arrow) from a hexaploid X G.

herbaceum L. ovule fixed 7 days post anthesis.

DegéneratiVe embryo sac from the cross hexaploid X -
G. herbaceum L. -~ (a) Seven day post-anthesis ovule

' showing unfused polar nuclei (arrow); (b) Enlargement

of polar nuclei.
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nuclei. Unfused polar nuclei may again be seen in Figures 11 and 12.
‘These ovules were removed from the plant and fixed 7 days post anthesis.
There was no evidencelin aﬁy of the prepared slides that nuclear divi—
~sions of thé endosperm occurred. ihis would certainly suggest at least

one cause for the incompatibility between these two plants.

Hexaploids X G. arboreum L.

The summary of resuits.ébtained from the in vitro culture of
this cross may be seen in Table 5. Similar to the hexaploid X G.
herbaceum L. cultures, thé onlyfembfyo was cultured 6 days post anthesis.
As a whole,,theée‘cultures appeared less tolerant to ig.giﬁzg_culture
than hexaploidVng. herbaceuﬁ L. ‘Thefévwas a higher degree of callusing
on the ovular surface. Many ovules became necrotic, and turned the
medium a dark brown color before the end of the culture period.

Table 5. Results from in-ovulo embryo culture of hexaploid X
G. arboreum L. _

Days Post - Number of Embryos - ' Number of Ovules - Percent

‘Anthesis. Observed 7 Cultured ~ Success
2. 0 A © 32 0
3 0 | 100 -0
4 0 82 0

6 | 1 , | 48 2,08

Manipulating the amount of inositol in the nutrient medium

helped limit the callusing on the ovular surface. Cultured ovules are
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shown at 3 levelé of ihositol in Beasley and Ting's medium with 250mg/L
casein hydrolysate and 2.5 X 10—‘6 M TIAA in Figure 13. Note that the
callusing increased wifh increasing levels if inoéitol. The tube on'
the left is relatively ffee of callus. ‘It contains 90mg/L or half the
amount of inositol described by Beasley and Ting (1973) for in-ovulo
culture of G. hirsufum L. embryos. Although céllus was reduced with
this medium, no embryos were observed growing gfter 28 days.

The mediumvsﬁpp0rting the one embryo which did grow contained
Beasiey and Ting's (1973) salts, 180mg/L inositol, 500mg/L casein
hydrolysate, and 5 X 10-6 M IAA. Although this embryo was firm aﬁd
white, there\were some‘abnormalities. The radicle was curved approxi-
" mately 90° bff the éxis of the embryo. Cotyledons were completely
vabsent. The most striking observation concérﬁed the shoot apex. Small
yﬁfotrusions of cells covered the areaiwﬁere'the meristem shouldrhaﬁe

been. . It appeared that the meristem was absent, or was covered with a

callus-like growth.

G. arboreum L. X Hexaploids

| No embryos were observed growing in culture when this diploid
was used as the female parent. Callus developed rapidly over the entire
ovuie surface after the first few days in culture. The callus ﬁas
bright yellow and somewhat friable. A comparison of ovule development
between G. arboreum L. X hexaploids, and hexaploids X G. arboreum L.
may be seen in Figure 14. These are 21-day-old cultures growing in

Beasley and Ting's (1973) medium as described originally in the



Figure 13,

Figure 14,

Figure 15.

Figure 1l6.

Four-day post—anthesis cultures of hexaploid X G. arboreum
L. -- Callus development increases from left to right with
increasing level of inositol. Media contain from left to
right: 90mg/L, 180mg/L, and 270mg/L. '

Comparison of ovule development between G. arboreum L. X
hexaploid (arrows) and hexaploids X G. arboreum L. in

_Beasley and Ting's (1973) medium.

G. herbaceum L. X hexaploid embryo on Norstog (1973)
medium. .

Necrotic G. herbaceum L. X hexaploid embryo (left) compared
to self-pollinated G. arboreum L. seedllng on Norstog (1973)
medium.
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literature for in-ovulo culture of G. hirsutum L. Callusing was so
extensive in this cross that it made ovule removal difficult at the

~end ofAthe culture period.

;g.‘herbaceum L. X Héxaploids
This diploid proved to be a muqh more suitable female parent
than G. arbpreum L. A total of 15 émbrybs were observed from 346 cul-
~tured ovﬁles. Results of this cross are sﬁmmarized below (Tabie 6).
After‘28 days in‘culture,Vembryobmeasurements averaged 1.83 +
.55 X 1.15 + ;40mm.' All embryos were white and appeared healthy at
the time they were removed from the ovule. The radicle typically broke
kthrough the seed coat before the end of the}culture period. Fiber
developed on the ovule surface above the leVel of the nufrient medium

at about the same rate as self—pollinatedlg. herbaceum L.

Table 6. Results fromin-ovulo embryo culture of G. herbaceum X-

hexapibids.
Déys Posf Number of Embryos Number of Ovules | »Pefcént
Anthesis ' Observed o Cultured Success
4 ' R _ 121 : .83
5 ‘ 14 154 9.09
9 -0 ' 71 0

This hybrid combination appeared to‘prefer nutrient media of

high nitrate and relatively low ammonium content. No embryos were
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observed growing in media containing less than 55mM KNO Likewise,

3
‘embryoé did not develop‘when the NH4N03 concentration was greater than
lOﬁM. fhe media producing embryos all contained Beasley and Ting's
(1973) salts (with known nitrogen content), 250mg/L casein hydrolysate,
and 5 X 1077 M Taa.

Embryos which devéloped wereltransferrgd to Norstog (1973)
medium to induce germination. A few embryos developed a small amount
of éhloroph&ll but never became fully green. The best of these hybrids
after 10 days on Norstog (1973) medium is shown in Figure 15. Chloro--
~ phyll had developed'but the cotjledons did notvexpand. After 20 dayé
on this medium, the embryo began to turn brown at the tip of the radicle.
The discolération spréad and eventually cpvered the entire embryo. The
necrotic embryo is shown along side a healthy G. arboreum L. seedling
in Figure 16.

Most of the hybrid embryos transferfed to Norstog (1973) médium
developed abnormally. Root expansion was never‘observed. Callus pro-
1ifefated from the hypocotyl portion of the embryo. This callus grew

slowly and took on a reddish, translucent appearance. All hybrids died

within 30 days after placement on Norstog (1973) medium.

Overall Results

Over 2000 self-pollinated and hybrid ovules were cultured in the
course of this study. Ovules were carefully dissected after a 28-day
culture period to reveal whether or not embryo development had occurred.

A total of 81 embryos were observed in the cultures to yield a success
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_rate of 3.94%. The overall results obtained during the course of this

stﬁdy are summarized in Table 7.

Table 7. Overall results from in-ovulo embryo culture of self-
pollinated hexaploids, diploids, and hybrid hexaploid-

diploid combinations.

Number of Embryos .

~ Number of Ovules Percent

Source of Ovules Cultured Observed Success
Self~pollinated

Hexaploids 626 10 1.59

' G. davidsonii Kell. 251 22 8.76

G. arboréum L. 87 0 0

G. herbaceunm L. 40 32 80.00
Hybrid Combinations

‘Hexaploid X

G. arboreum L. 262 1 .0.38

Hexaploid X

G. herbaceun L. 255 ! Of39

G. arboreum L.

X hexaploid 137 0 0

G. herbaceum L. 346 15 4. 34

X. hexaploid




DISCUSSION

A problem encountered early in many hybridization programs
concerns cross ﬁollination and fertilizétion. Pundir (1972) observed
that the ratés of ptlien tube growth through the stigmatic sﬁrface
and style in»crosses‘between_g. arboreum L. and G. hiréutum L. were
much slower than in the self pollinated parents. The slow rate of
poilen tube growth in the cross G. arboreum L. X G. hirsutum L. may
be.attributed to physital restrictidné on the G. hirsutum L. pollen.
-Tetraploid polien tubes are nearly twice the diameter of ditloid
'-‘pollen tubes. The stigmatic surface Qt,styie‘might also exértvan
antagonistic effect on the>growing_pollen tube.
| Differences in style lepgth might delay or prevent fertiliza-
tion from occuring; Maheshwari and Rangaswamy (1965) stated that when
one was attempting to produce hybrids Between parents having a large
differencé in style length, the short style X long style hybrid miéht
,bé easy to produce. In the‘reciprotal'cross, long style X shott style,
one may find that the hybrid seeds always abort. These workers attri-
buted theﬂseed abortion in this hypothetical situation to be due to the
pollen's iﬁability to grow the entire length of the style. The pollen
simply runs out of energy before entering the ovule and accompiishing ’
fertilization.

It was observed that the style length of hexaploids was normally

2.5 times the length bflg. herbaceum L. styles at anthesis. G. arboreum
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L. styles were approximately half the length of héxaploid styles.
This could explain why a low percentage of ovules were fertilized in
hexaploid X diploid crosses.‘ In the reciprocal crosses, 15 G. herbaceum
L. X hexaploid embryos were observed. Although hexaploid pollen tubes
are larger in diameter, they may have been afle to fertilize a higher
percentage of G. hefbacéum L. ovules. Pollen tubes did not have to
travel as far to reach the ovary. This may have accounted for the
higher percenfage of embryos observed developiﬁgzin this cross. Style
>1ength is only one factbr associated with the imcopatibility in these
érosseé. The recipfocal cross involving G. arboreum L. as the female
parent Was‘completely unsuccessful. Hexaploid pollen should have_beep
able to travel the required distance to accomplish fertilization.
Non-dividing endosperm or failure of the proembryo to differentiate
may ﬁave caused the early abortion of these ovules.

In crosses involving hexaploids as the female parent; there was
no sign of endosperm deveiopment. Since embryos were observed in these
crosses, the nutrient medium must have successfully replaced the absent
» - endosperm. Workers_have been succégsful.faising embryos in nutrient
ﬁedium free of all maternal tissues. Artificial media can adequafely
mimic the role of endosperm. But since such a low percentage of embryos
'wére observed in the hexaploid-diploid crosées,,either embryos.ceased
to develop due to some genetic imbalance, or the medium was inadeqqate
in ‘supplying nutrients essential for embryo growth and development.

The variation in embryo size at the‘end of the 28 day culture

period caused problems in the evaluation of nutrient media. Larger
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- embrYos-certainly produce more vigorous seedlings. .But many times,
embryo siZe was quite variable within the same nutrient medium.
Ideally, embryos would grow to a certain size and stage of development
at a . uniform rate in the same nutrient medium. Frequently, within‘any
given medium, some embryos would be three times the length of other
embryos. After 28 déys in culture, embryos could be found anywhere
from the globular to the late ﬁeart stagé growing in the same medium.
This causes proElems when conductingra statistical analysis that com-
pares the effects of various media on embryd growfh. Perhaps it is
better to find the medium producing the highest,pércentage of embryos.
Some embryos would ﬁrbbably be too small to attempt to germinate.
‘Thése coqld possibl& be subcultured to prdduce larger embryos. The
larger embryos could be readily germinéfe&‘on a'?roper medium.

Callusing of the ovule surface éppeéred detrimental to embryo
development. All embryos observed in this étudy came from ovules
relatively free>of callus. One suspects that callus must be abnormal
growth. Calluskgrew at a much'higher raté than the ovule tissues or
embryé. The callus definitely takes nutrients out of the mgdium that
might be necessary for embryo growth. There is also a conduction
problem. It would be difficult to transport nutrients to a developing
embryo through nearly an inch of undifferentiated callus. Possibly
périodic removal:of céllus during the ;ﬁlture period ﬁight allow>for
mbfe eﬁbryos to dévélop.'

The callus observed on the ovule surface may be representative

_of an improper nutrient balance. The hormone regime in the medium is
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certainly a factor associated with callus de&elopment.' Vitamins and
salts might also initiate callus development if they are présent in
the ﬁedium at the wrong level. Although media that have a high,proba—

"bility of promoting embryo development of_g. hirsutum L. have been found,
éné must evaluate a wide range of nutrient media with any other species
or hybrid cross that one attempts to grow in culture.

Though the mdeium developed by Beasley and Ting (1973),
supports the embryonic gfowth of G. hirsutum L., it appears that this
medium is not adequate in supportiné the growth of all species of
Gossypium. However, this medium would be a good starting place in any
study involving in-ovulo embryo culture of Gossypium. Modification of
the-nitrogen content and horﬁone regime allowed for embryo development
_ of the species used in this study. The hormones GA aﬁd Kin appeared to
serve no ugeful function in the culture medium. When thése hormones
were included in the medium, callusing of the ovular surface was ex-
tensive. No embryos were observed when these hormones were in the cul-
ture medium.

‘Nitrogen content of nutrient media was the factor modified
most extensively in-this-study. Self pollinated hexaploid embryds
weré observed to be capable of growing in media 6ver a widg range of
non-reduced : reduced nitrogen ratios. It seems poSéible that each
species or genome in Gossypium might prefer a slightly different
ratio for optimum in vitro embryonic growth. The hexaploids used in

this study were produced by the colchicine doubling of a hybrid cross
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involving two spegies.~ This may account for their ability to grow
-~ and differentiate in culfure over a wide range of non-reduced : reduced
nitrogens.

Many workers now feel that nutrient media should be completely
defined. Media should not include organic additives such as coconut
,ﬁilk, yeast or malt extraﬁt, orAcasein.hydrolysate. This is certainly
~ true for studies invblving specific nutrient uptake or secondar& pro-—
duct produétion. Organic additives might ha&e'a complex or undefined
effect that could confound experimental results. But when research is
aimed at producing particular plant types from in vitro culture, I
believe that one should test these compounds for their possibly
 beneficial effects on in vitro growth. 'Embryos of>many species are-

. known to be capable of utilizing a Wide fange of amino acids. Including
“a low coﬁcentration of casein hydrolysate in a nutrient medium gives
a spectrum of amino acids available to the developing embryo.

Supporting the hypothesis that‘each species might have differ-
“ent nturient requiréments for in vitro embryonic growth are the re-
sults obtained from cultured G. herbaceum L. and G. arboreum L. ovules.
Eighty percent of éll‘g. herbaceum L. ovules produced embryoé‘after 28
days in culture. Callus development was minimal and fiber frequently
déveloped on the ovule surface. G. arboreum L. embryos failed to de-
velop in culture. Manipulation of medium constituents failed to allow
. for any embryo development. Callus was abhndanf on these ovules and

medium became rapidly discolored. These species are closely related
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and will cross readily to produce vigorous hybrids. But the results
obtained froﬁ the EETQZELE embryo culture of these self pollinated
species show that their nutrient requirements for in vitro growth are
different.

A reliable germinatién medium is necessary to produce viable
hybrids from incompatible speéies. Developing media to éupport igf
gﬁglg embryo growth is only one étep in producing a desired hybrid.

The germination medium must be capable of allowiﬁg for root and shoot
expansion. Stewart and Hsu (1977) medium did not éupport the germina=
tion of hybrid or self pollinated embryos. Norstog (1973) medium did
allow self pollinated embryos to germinate but was ineffective in
germinating hybrids. The success of Norstog (1973) medium in_allo&ing
embryo germination might be partly attributed to the medium composi-
tion. Norstog (1973) medium contains a number of amino acids. Embryos
need not expend energy reducing nitrate when placed on this medium.
Stewart and Hsu (1977) medium contains mno amino acids. This medium

contains 5.0mM KNO HO,. Since over half the nitrogen

3 4

- is non-reduced, embryos must have a higher nitrate reductase aétivity in

and 3.0mM NH

- order to survive on this medium. . Perhaps this enzyme's activity in
the young embryos is nét'sufficient to account for the total nitrogen
necessary for embryo germination.

A question'arises ds to,why hybrid embryos did not survive on
Norstog (1973) mediﬁm. Compared tolg. herbaceum L. and G. arboreum L.

embryos, the hybrids were certainly'large enough to be germinated. Omne

~



62
explanation as to why the hybrids failed to germinate is that essential
enzyme systems might be lacking or inhibited. Or, perhaps enzyme activ-

ity is at such a low level that necrosis is eventually inevitable.



CONCLUSION

There are several reasons for attempting to hybridize the

hirsutum-armourianum hexaploid with the A genome ‘diploids. First, an

instant teraploid is obtained when these plants are crossed. Theqfe—
tiéally, the hybrid should be fertile. Chroﬁosomes from the A genome
are kqown‘to pair with A chromosomes of G. hirsutum L. G. armourianum
Kearney chromosomes are capaﬁle of pairing with the D chromosomes of
G. hirsutum L. kSecdndly,rit Was‘ﬁoped'that the caducous bract trait
present iﬁ'the hexaploids would show up in thé hybrid. If this trait
did occur in the hybrid tetraploid, a backcross program with

G. hirsutum L. would be initiated. Plants possessing the caducous
trait would be selected after each backcross_géheration. The overéll
goal is‘alg, hirsutum L. plant with caducous bracts and acceptable
yield and fiber qualities. |

In~ovulo embryo culture was used to produce the hybrids due

to the incompatibility between the parenfs. Thousands of crosses were
madenin the past two years and no hybrids wefe pfoduced'through conven-
tional breeding procedures. The use of embryo culture és a tool in
plant‘breeding'shows promise for the_future. Embryos can be produced
from incémpatible crosses using the proper nutrient media. Higher
percentages of viable hybrids will be realized only when the proper
nutritional balance is discovered for each particular hybrid in questionm.
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Table I. Nutrient medium described by Beasley and Ting
(1973) for the in vitro culture of cotton

ovules.
Nutrient _ : - A V mg/L (finai)
CaCl2 . ZLHZO ‘ | 441 |
CoCl2 -6 H,0 .024
CuSO, * 5 H,0 B . .025
FeSO4 * 7 HZO . : 8
H,BO, , | A 6
KHZPO4 ' ‘ — . 272 :
KI .83 -
KNO3 ' - - 5055
MgSO, * 7 H,0 3 493
MnSO4 : HZO 16
Na, EDTA 11
NazMoOA.’ 2 HZO o .242
Zns0, - 7 Hy0 | 8
Nicotinic Acid _ .492
Pyridoxine HCl | .822
‘Thiamine . 1.34
Myo-inositol 180
D—glucosé ' 18016

D-fructose 3603




Table II. Modified Beasley and Ting medium used as

control.

~ Nutrient -

mg/L (final)

CaCl, * 2 H,.O

2 2
CoCl2 . 6'H20
CuSO4 5 H20
FeSO4 -7 H20
H3BO3
KHZPO4
KI
KNO3
MgSO4 < 7 HZO
MnSO4 : HZO
Na2 EDTA
NaZMQO4 . 2 HZO
NH4N03 o
ZnSO4 - 7 H201

‘Nicotinic Acid
Pygidoxiné HCL
Thiamine

IAA

GA

Kin

Sucrose

441
024

272
.83
5055
493
16
11
242
1200

492
.822
1.34
.876
866
. 054
40,000
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Table III. Amounts of KNO, stock used to produce various volumes
of medium at known KNO, levels.

3
ml of KN03‘stock*/fina1 volume medium
o KNO3 Level 250 ml 500 ml 100 ml
25 mM 12.7 ' 25.3 . 50.6
35 mM ~ 17.7 35.4 70.8
45 mM : 22.5 - 45.1 90.1
55 mM | 27.8 55.6  111.2
65 mM . 32.9 ' 65.7 : 131.4

* KNO, stock is 50g/L.
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Table IV. Amounts of NH,NO3 stock used to produce various volumes
»of medium at known NH4N03 levels.

ml of NH,NO, stock*/final volume medium

. 43
NH4N03 Level 250 ml 500 ml ‘ 1000 ml
5 mM 2.1 4.2 8.3
10 mM _ 4.1 ‘ 8.3 16.6
20 mM : 8.4 - 16.7 33.4
30 mM 12.5 25.0 50.0
40 mM ] 16.7 33.3 66.6
* NH,NO, stock . is 48 g/L.

4773
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Table V. Preparation of 10x Beasley and Tings (BT) major salts.

ml of Prepared Stock

Chemical ' 500 ml , 1000 ml
KH, PO, | 1.36 (g) 2.72 (g)
CaCl, * 2 H,0 | © 2,20 | 4.41
Mgso, + 7.H,0 | 2.47 | 4.93
"KNOB | - 25.27 50.55
NH, NO, D 6.00 12.00

Note: Dissolved individually in 1/2 volume DDW and bring to volume.
.Store under refrigeration.
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Table VI. Preparation of 1000x BT minor salts.

ml of Prepared Stock

Chemical - 500 ml 1000 ml
H,BO, - | 93 (8) 1.86 (g)
MnSO, * 4 H,0 ‘ o 3.35 | 6.7
ZnS0, + 7 HyO | 1.29 2.58
Na,M00, + 2 H,0 S 114 .225
Cuso, * 5 5,0 | .004 .008
CoCl, * 6 H,0 o 006 .008

Note: Dissolve individually in 1/2 volume of DDW. Bring to volume
and store under refrigeration.
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-~

Table VII. Formulation of Stewart and Hsu's (1977) medium for
germinating cotton embryos. ' '

Macronutrients (mM) , Micronutrients‘(mM)

KNO3 . 5.0 Fe EDTA ' 15
'NH4N03 3.0 : ‘ H3BO3 . 30

- MgSO4 <7 H20 2.0 » MnSO4 - 4 H20 30

° N - 7
CaCl2 2 HZO 1.2 ZnSO4 K HZO |
KH2P04 . ) ‘.2 ] _ | KI o 1.5
B . NaMoO, 7 HZO .9

Vitamins (mM) . : Cuso, - 5‘H20 .03
Nicotinic Acid 4 C0012 "6 HZO' -03
Pyridoxine-~HCl 4 Agar 6%
Thiamine-HC1 - 4

Sucrose 2%

pH to 5.0
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Table VIII. A medium modified from Norstog (1973) and the
' d1rect10ns for preparation.

Stock‘i (10%)
KHZPO4

CaCl, * 2 H,0

Stock IT (10x)
KCl1

MgSO, - 7 H,0

 Vitamins (100x)

Inositol
Thiamine HC1
Ca-Pantothenate

Pyridoxine HCl

9.l_g/L

7.4 g/L

7.5 g/L
7.4 g/L

5.0 g/L |

25 mg/L
25 mg/L
25 mg/L

Amino Acids (mg/L of final medium volume)

Glutamine . 400
Alanine 50
Cystine L 20
Arginine 10
Leucine 10
Phenylalanine 10
" Tyrosine - 10

Malic Acid 1.0 g/L (final medium volume)

Sucrose 4 35 g/L

4Agar , .67%

To prepare 1 Liter of medium:

1. In a 2 L flask, mix 100 ml Stock I, 10 ml vitamins, sucrose, agar,
and amino acids dissolved in 100 ml of DDW. Fill flask to 870 ml

with DDW and pH to 5.0.

2., In a 250 ml flask, place”lOO ml of Stock II and pH to 5.0.

3.. "Place these two solutions plus enough capped culture vessels for
1 L of medium in the autoclave. Autoclave 20 minutes. While
waiting, prepare malic acid.

4. Dissolve 1 gram malic racid in 20 ml DDW. 'pH to 5.0 with NH

3OH.

Bring to 30 ml with DDW and then filter sterilize.

5. When autoclave is opened, place Stock II and capped tubes under
hood. The major -solution is placed in a water bath at 38°C. When
cool to touch, mix Stock II and malic acid into the major solution

under hood.

Culture tubes are poured immediately under hood.
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