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PREFACE

. Because of some confusion in the literature as to the terminology
of apomixis, it seems advisable to presemt the currently accepted scheme
of classification used by Stebbims (63).

i

|

Chart showing the interrelationships of the processes of apomixis

found in the higher plants -- modified from Gustafsson, 1946.

Apomixis
T Agamospeiny 7 'Vegetative Reproduction
(Reproduction by means of seeds) {No seeds produced when
B K apomixis occurs)
Adventitious
Gametophytic apomixis embryony
Sporophyte Sporophyte
archesporial somatic Integument or
cell cell nucellar cells
Reproduction by means
‘ of bulbs, bulbils,
diplospory apospory runners, layers, etc.
{somatic or (somatic
‘partly divisions)
meiotic
divisions)
| gametophyté {Zn) somatic
1 divisions¥*
egg cell ell other '
: than egg
i
|
parthenogenesis¥ _
! apogamety*
3
: sporophyte . sporophyte
1

*Tbe processes at this level can take place either autoncmously or by
pseudogamy, i.e., under the influence of pollen tubes or endosperm
development.
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INTRODUCTION

Efficient use of the breeding potential of a plant species of
agronomic importance can best be made when the reproductive mech@nisms
available te the species in questiom are well understood. Beyond being
desirable to the breeder for obviously practical reasoms, such funda-
mental information is also basic to any research which attempts toi--
control the effect of the environment upon the expression of gemetically
@on§r@11ed tendencies. These two reasons would by themselves provide
s&fficiemt stimuli for the study of the gametophytic gemeration of any
angiosperm, but im addition the r@cogniti@nbof the phenomenon of apo-
mixis as the apparently predominant means\of’repr@ductibﬁ inkthe C@mé
plexes under‘comsideratipn provides a third excellent reason for under=
taking the present investigation. Apomixis, simply definéd by Stebbins
(63) as diverse means of asexual reproduction which 'tend to reﬁlace or
to act as substitutes for the sexual method" is widespread in the plant
kiﬁgdom as a whole. Although part of the apomictic process, mameiy
parthenogenesis, is to be f@und among representatives of the animal
kingdom, it is far less prevalent here than inm plants. Simpson (58)
suggests that this may be correlated with the tendency shown by the
f@Emer to "be less liable than plants to be hemmed‘im‘theyo;p@iqmafy
Biﬁﬁd alleys", and Stebbins (63) points out that the”sgxucturglland‘“”
‘deVelopmentalAgrowth patterﬁs of plants have placed positive selection
vaiﬁes ypon certain modes of asexua; reproduction therein. Moreover,

whétever the association between apomixis and polyploidy may be, the



relative rarity of the latter in the animal kingdom may play a role in
thé relative absence of the former among the higher animals. Certain
plént groups in which p@lypl@idyg apomixis, and hybridization are closely
interwoven form so-called agamic c@mplexes‘(6) several of whiéh have

been extensively studied. In the Gramiﬁeae, in particular, apomixis

'haslbeen found to be fairly widespread, and specifically within the

tribe, Andropogoneae, Celarier and Harlan (20) have succeeded in demon-

strating its presence in the section Amphilophiastrae of Stapf. Certain

of the so-called complexes within this section lend themselves partiéu=
larly well to studies of apomixis because of the existence of both dip-
loid and polyploid chromosome numbers, the retentiom of Qholly or par-
tigllx sexual réproducti@n in some and the loss of such sexuality in
other members of the complex, and the suspected relatiomnships existing.
among these members. The researcher is &efinitely challenged to carry
out some rather fundamenmtal studies within a group qf plants which based
upon these considerations is probably still in an active stage of evo-
lution. Certain hybrids obtained following hand emasculatiom and pol-
lination within these groups (56) have Suggested that faéultative apo-=
mixis not only exists herein but exists to varying degrees from one
a@éession to another. Simpson's reference above to the evolutionary
blind alley of obligate apomixis is‘not applicable to such facultatives
which, properly controlled by gemetic, envirommental, or evem bio@hgmi=
cal means, would seem to represent an ideal mechanism for combining the
poﬁentials of segregation with the conservatism of asexual répr@ductiomo
It becomes, théns a matter of both the@retical and practical inter=
est to attempt to determine exactly what constitutes this imhérent facul-

tativeness to begin with, what the internai situations and factors are



with which the Ereeder will have to deal, what potentials exist within
thg components of the reproductive system or systems which might offer
poésibilities for avoiding this evolutionary blind alley of obligate
apomixis. The present avenue of approach is only one of many which
suggest themselves, and the methods used in the present imvestigation
are directed towards obtaining amswers to only a few of the many ques-
tions which need to be asked before all the correct answers ate ob=
tained. A specific method not ardinarily employed im such studies has
been utilized im this work umder the assumption that the demonstration
of the use and efficiency of such a method might be of value in itself,
and secondly that the method might make feasible the obtaining of suf-
fiéient data upon which to more confidently base freduency determinati@nso‘
Experience with such a method has been rewarding, and a discussion of the
advantages and limitations of its use will be taken up later.
The principal purposes of this investigation have been threefold:
1. To obtaim a better understanding of the mechanisms and
developmental sequences of reproduction prevailing in selected
species known to produce both sexual and ap@mictic progenies,
2. To make as many comparisons as possible as to the re-
productive mechanisms @perati&@ in ceréain representatives
of two very closely related gemera at three ploidy 1@vgls,
3. To @btain estimates of sexual potential im these species
with a view toward obtaining the background imformation requi-
site for selection of breeding materials and for any eventual
attempt to control the altermati@n'of §exual and apomictic
cycles or to increase the frequency of sexual reproductiom

at will.



The accumulation of these dats has been made without the use of
controlled c@ndi;ions, and if the assumption that such control might
alter the frequeﬁcies is correct, these data obviously present the
picture under only limited and non-induced envirommental situations.
Furtherm@re while a descriptive analysis, accurate to the best of our
ability can be presented from such data, any interpretation of the
significance is by necessity subjective and cértainly plastic.,

The investigations. mnow to be discussed constitute, them, an
attempt to shed more light upon the mechanisms of facﬁltative apo-=
mixis not only because of the obvious need to better understand this
method of reproduction from a pragtical standpoint, but alsc because
tﬁe avenues of more theoretical study can only be opened up‘after the

basic informatiom is at hand.



REVIEW OF LITERATURE

Seed formationm without fertilization was first observed, a8 far as
is known, by J. Smith im 1841 (cited inm 32) in the female plants of

Alchornea ilicifolia,a diocecious Euphorbiaceae, the embryo originating

from adventitious buds in nucellar tissue. The history of apomixis
from this time up until the middle of the 20th century is éomprehenc
sively treated by Gustafsson (32)(33)(34) in his review of apomixis
iﬁ higher plants published in 1946 and 1947. The sé@pe and depth of
tﬁis three volume monograph makes almost unnecessary amy review of
investigations previous to this time. In addition, several other ex-
haustive reviews of the gemeral subject have been published including
ones by G. L. Stebbins (62} and (63), dealing with apomixis im the

angiosperms, and by Maheshwari (44) reviewing the embryology of ap@m

mixis. Publications of pertinent imformation in the Pteridophytes

by Mantom (45) and by Steil (64) arel@f interest also. im 1§&1, Nygren
(5@),publishe@ another review of ap@m;xis in the amgi@gpermg followed

in ¥@cént‘yea£s by a supplem@ntéry gev;ew article k53) of the same

title. In spi&e of these excellent articles which are quite exhaustive
in treatment, pagticular attention may be.draWn to séle@t@d publicationsu
Aléo certain peftin@nt data included in these reviews will be specifi;
célly mentioned, and finally bfief summ@ries made of papers which haV@v
aﬁpear@d since 1954. Firét of all, however, a brief historical account

of research in ap@mixis as outlined by Gustafsson (32) may.be of some

interest.



The real begihning of the study of the problem of apomixis was
embryological work om the cat’s foot and dew cup gemera by Juel in 1898

and 1900 and Murbeck in 1897 amnd 1901, these same authors extending their

embryblogical investigatigns to Taraxacum and Hieracium im 1904-=5. Actu-
ally, description of the dldest example of apospory in speé@es‘éith one
archesp@rial cell is accredited t@lROSenberg‘who in 1907 déscribed an
embﬁyg sac originating from mu@ellér cells in Hieracium subg. Pilosellau‘
A vear later Winkler initiated terminél@gy appr@ximating that now used,
substituting the é@llgctive term "apomixis'' for thé f@rﬁ@rly misapplied
term "apogamy'". Ermst im 1918 was one of th@‘first investigators to

d?aw attention to thé fact that in many ways apomicts béha@e like hybrids,
but that this'"hybrid nature' attends rather than'causes apomixis. In‘> |
1920 Winkler again published on the natufé and @rigin of apomictic phe-
nomena, aﬁd in 1930, Rosemnberg presented his‘genegél survey inecluding

most of the results which had been obtained to date in apomictic research,

mainly embryological and cytological. Up to this time the principal plant

researches in this area had been carried out in Rubus, Euhleracium,

Taraxacum, Alchemilla, and Eupatorium; in the mext fifteen years interest

in apomixis increased considerably. New apomictic groups, so-called

"polymorphic species-complexes" were studied in Potentilla, Poa, Sorbus,

Crepis, Ranunculus, Calamagrostis, and Antenmaria, the first two genera
being worked on particularly by Mﬁntzimg, Embrydlogi@al aspects of apo-

i

mixis in Poa and Potentilla werse stﬁdied simultaneously and independently
in the early 1940s by Hakanssonm, Rutishauser9 and Fagerlind, these'same
species serving for studies on the phenomena of pseudogamy. The first

modern treatment of an agamic complex was presented by Babcock and Steb-

bins in 1938, a study of Crepis im pafticular and a discussion of species



formation and the polymorphism in apomicts in general.

Restficting attention at this point to apospory (terminology has.
béemndiscussedv in "Prefece"), the original paper on this type of apomixis,
as menti@ned earlier, was Rosenberg’s émalysié in 1807 in Hierécium subg.
Pilosella (cited in 32)a Similar mechanisms in which the embryo sacs
originated from a‘cell close to the macrOSp@re mother cell, c©nsiderablg
growth of this somatic cell occurring previous to subsequent nucleér divi-
siom, am@ chara@teristi@ v@cu@liiati@n of the cytoplasm being n@tiéeable

were deseribed in séveral species including Malus, Crepis, Hypericum, Poa,

and Ranunculus (see 32). The numﬁ@r of divisional steps from the one-
nucleate initial to the fully developed sac was threse as a rule, but as
Schnarf p@imtedbomt, agamospermous plants showed a conspicuous tendency
to suppr@sé the differenceslb@tween thé sac elements resuiting in less
differentiation between its component nuclei,‘ Transitional forms between
diplospory and apospory were reported by Gustafsson to have been observed
in Alchemilla and Sorbus, but ér@bably the best studied cases up to this
time were in Egﬂ’(2)(3)(47)9‘P©t@ntilla by Muntzing, Christ@ffs Papasova,
and Rutishauser, as cited by Gustafssom (33), and Parthenium (54)., The
oﬁly genera in Nygren's 1954 review (53) in additiom to those already

mentioned as exhibiting apospory f@ll@wed by parthenogenesis are Atra-

phaxas, Elatostoms, and Paspalum, but several investigators contributed
their work om new gpecies, as this later review indi@ates, Within the
Gramineae, appr@ximately fifté@m §pecies (53) were kn@ﬁn which gxhibited
diplospory, a féw exhibited &ivipary, and the only-cases cited as exhibn.

iting apospory plus parth@ndgenesis were: Paspalum dilatatum, Poa ampla,

P. arida, P. arctica, P. compressa, P. herjedalica, and P. pratemnsis.

Because observations made in the course of the pregent work are in



essential agreement with numerous researches of long standing, it has

seemed advisable in this review of literature to select certain refer-
|

ences to which certain aspects of our work are pertinent. TheSe will

be enumerated at this time although in some cases a more detailed ex=

plém&ti@n of the terminology may be delayed until later.

1. The observation of multiple sacs within one ovule has been made

by numerous investigators including Akerberg(2), Kiellander(40), and Ny-

gren(SQ) on P@a,'B, W. Smith (59) on Paspalum cilaratum, Gustafssom (32)
in Hieracium, and Pratt amd Einset (55) on American species of Rubus.

Farquharson (26) discusses polyembryony in Tripsacum dactyloides where

the multiple embryos may arise im separate sacs or fr@m different nuclei
wiﬁhin a single sac. He finds p@lyem@ryony in 43 out of 49 collections
made, in one of which its frequency exceeds 530%. Im his review of
p@lyémbryony Wébber (73) distinguishes between false embryony, plural
embryo sacs derived from several embryo sacs, and true polyembryony

or plural embryos derived within or by projection into a single sac.

The occurrence of twin seedlings ff@m.plumal embtryo sacs has been, ac-
cording to Webbér, attributed to the development of extra megasp©r©@yt@5
in‘gggﬁ to the development of sistet megaspores in Poa, and to ApOSpOYy
in @g&gﬁ, Poa, and dther Gramineae, Webber states that although p@iyemc
bryony is comstitutional, enviromment determines the degree of ité
ex@reSsi@n,

2. References to the crowding out of the séxual sac im apomicts
iszreferr@d to in the early work of Rosenmberg (cited in 32) om Hieracium
subg, Pilosella in which he discué@es the "conspicuous competition bétw@en
apdspor@us and legitimate sacs" during which the sexual sacs are encroached

upon. Akerberg (2) also comments that this competition has been observed



in Poa pratensis and in Crepis. In other cases, however, authors have

regorted that degeneration of the macrospore mother cell occurs inde-
peﬁdently of crowding out. Kiellander (4@) working with Poa, states
that this degeneration may occur at any stage, the disorgamization of
the macrospore mother cell mot being caused by its being squeezed by
aposporous cells but the role of the "legitimate embryo sac is taken
over by one or more aposporous sacs'. Emery (24) reports for Setaria

macrostachya a2 similar degemeration of sporogenous gametophytic tissue

and the subsequent formation of aposporous embryo sacs. In the common

type of Bothriochloa ischaemum, Brown and Emery (14) report that two or

thfee sac initials dévei@p in the micropylar region of the mucellus
eiiher prior to degeneratiom of megaspore mother cells or shortly there-
after. In the oriental type of this species they state that more apos-=
porous initials are pf@du@ed and their initiation is spread over a longer
period of time. Here, then, either a sterility factor or crushing from
sac initials may cause degeneration of the mesgasporocyte. In Themeda
triandra these same authors (l4) suggest that the megasporocyte degene-=
rates at an early stage and is followed by enlargement of ome or more
ap@spor@us sac initials. In Paspalum, Synd@r (60) reports that the
chélazal megaspore "often begimns to degemerate bgf@re marked encroachment
by the enlarging nucellar cells has occurred",

3. Numerous references to amtipodals and their fumction are to be
f@ﬁnd in the literature. The bearing of these findings on the present
ObServati@ns of lack of antipodals in certain materials is of some con-
cefna As early as 1934, Wakakuwa (68) comments on the degeneration of

antip@da1§ in wheat and their apparent function as mourishment for the

endosperm. Beaudry (7) in discussing certain Elymus x Agropyron crosses
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attributes the death of hybrid seeds to the disturbed physiology of
the antiPQdals caused by stimulus from associatiom of foreign sperm
wifh the polars, the modified antipodals subsequently, in their secre-
tory role, altering the nutrient supply to the endosperm and effecting
its eventual breakdown. The high metabolic activity of the antib@dals
causes Maheshwari (&44) to comment on their analogy with anther tapetum.
Shadowsky (as cited in 12) records the antipodals in the Gramineae as
ranging from three to forty three, the multiple numbers préd@minating,
and states that they function in transmitting nutrients to other parts
@f:the embryo sac, an idea propounded as early as 1890 by Westermaier
r(cited in 12). Brink and Cooper (1l2) report thét the antipodals are
normally stimulated to hypertrophy at fertilizatiom, and that they

function in secretion of substamces needed for endosperm growth. Re=

ferring to Secale x Hordeum (13) crosses, the authors state that '"the
failure of the rye sperm to stimulate the antipodals to their normal
seéret@ry activity results in undernourishment of the endosperm mother
cell‘and its immediate descendents”. Hair (35) working with Agropyrom
also comments om the nutritive fumectionm of the antipodals.

4. References to numbers and behavior of polar nuclei are also
fréquent in the literature. Hakansson (36) records as many as 3 p@lags

in Poa alpina, Farquharson (26) found 3-4 polars in some sacs of Trip-

sacum dactyloides, and Hair (35) observed multiple polars im Agropyron.
As recorded by Brown and Emery (14) a single polar condition in apospore

ous sacs of Gramineae has been reported in Themeda triandra, Bothriochloa

ischaemum, Cenchrus, Panicum, Paspalum, Pennisetum, and Setaria. A

2 polar condition in a 4-nucleate sac has beem found by‘these authors

to occur infrequently in Themeda, Bothriochloa, amd in Sstaria.
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5. Attention should be drawn to the extensive literature on the
fertilization of the unreduced egg nucleus in apomictic species. Guste
afsson (32)>aff@rda references to this and selected additi@ns may be
mentioned here: Ak@rb@rg (2) im Poa and im HXBéricum; especially by
pollen of other species, Bergmam (33) in Le@ntodom, Geﬁtcheff and Gust-
afsson (33) in Potemntilla, Burton KlG) in Paspalum, Gerstel et al (28)
in guayule, Love (43), Muntzing (47), Tinney (67) and Nygrem (52) in
Poa, Powers (54) in guayule, Bremer, Naryanaswami, and Raghavan (cited
in 53) in Saccharum, Grun and Tripiett (cited im 53) in Poa. Nygrem (53)
commenting on this last work states that the morphology of the two types
of hybrids, formed from reduced or unreduced egg cells, is quite differ=
ent but that "transgressions may occur which is of‘ﬁarticular interest
in species with agamospermous reproduction"”. As Mah@shwari (44) points
out, timed pollinations may be the experimental approach t@wards pro-
duction of higher ploidy embryos obtained from the fertilization of
unreduced egg nuclei, bearing out Gustafsson's (32) statement that "the
facility or difficulty with which the unreduced egg cells are fe;tilized
is bound up with the time of the first egg cell divisiom. The s@@ner
this occurs or the slower the pollen tubes grow, the rarer will hybrid
formation be'",

6. The closely related subjects of developmental timing, synchro-
nization of development in the male and female, and precocious embryo
divisi©ns are‘aLSQ extensively treated in the literature. Selected
réferen@@s would recall again Akerberg’s (2) work on Poa where comparisoms
between sexual and apomictic synchremization of the two sexes imdicated
that maturity was reached later im the apomictic female., Bergman (accord-

ing to Gustafsson, 32), however, records that in Hieracium the egg cell
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of the apomictic type starts division shead of the egg cell of sexual
‘ , R ‘ B
biotypes. Gustafsson (32) refers to the precocity of division of the

apdmictid egg nucleus as mentioned by Murbeck in Alchemilla and in
Taraxacum énd by’nume;@us authors in Poa. Akerberg im particular feels
that since the aposporous embryo has goné through several divisi&ns be-
f@re the pollen réachesLit»‘parthen@genéSis is maintained by this ability
of the egg nucleus to begin to divide early. He agrees with Gentcheff

and Gustafsson (cited in 2) from their work in Potentilla that the "egg

nucleus in the aposporous embryo sac im Poa pratensis may be fertilized

but from causes the.genetic nature or origin of which cannot yet be ex-
plained an embryo is usually formed before fertilizatiom can t;ke place".
Again‘Nygren (53) states that in Poa, 70% of the aposporous embryQ sacs
had egg cells which divided immediately after the sac was matﬁr@» and
therefore they never had a chance t@ become fertilized. "Such a plant
can be extensively used as a male parent and it might tramsfer th@
character of early division of the egg cell to its hybridss a character
which might in later generations be @xpressed in f@fmati&n @f a high
percentage of apomictic matermglétype plants. These gxamples may suf=:
fice to show how am embryol@gi@ai study may save time for the breeder

of apomictic strains and at the same time may enable hi@ to predict the
general magnitud@ of tﬁe variation to be‘exp@cted in the offspring.

The figures obtained iﬁ 2 given study may vary from one year to another
and in different environments and even b@tweém different panicles,on the
saﬁe plant. The investigator needs to keep such variables im mind when |
he makés his predictions.”™ The precocity of the end@sp@fm as compared

with the embryo is cited by Gustafsson (32) as occurring in Malus, Anten-

naria, and Eupatorium. Im Parthemium (33), however, parthemogenetic
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embryos are formed prior to fertilization. Brink and Cooper (13) indicate
that in sexual species, the fertilizati@n»@f the egeg and central cell are
parallel events, the emdosperm nucleus dividing sh@rtlybtheﬁeafter; thé
zygote may dividg concurrently buﬁ the éndosperm normally divides before
the embryo and its rate of mitosis exceeds that of the embryo. Consid-
eréble variation apparently exists but\the authors suggest th@t the five

~known cases in sexual species recorded as having zygote division preced-

ing endosperm division (Najas minor, Limnocharis emarginata, Elodea cana-

densis, Limn@phyt@n obtusif@liw@, Vallisﬁeria spiralis) sh@uld be rein-
vestigatad‘sin@e the last two named species ére known to be err@ﬁe@usly
analyzed. In Paspalum in which Synder (60).rep©rts that‘mlack of corre-
lation between development of the archesporial cell and comparable events
in micr@spérogen@sis is readily spparent", the embryo only starts division
when the endosperm is sixteen to thirty two nucleate. Synder states,
"Gustafsson has stressed the existence of a strong tendency to preclude
fertilization through a forwafd shift in the time at which embryo devel=-
opment ig initiated. Here and in other apomictic Paniceae (Warmke,
Synder et al) initiation of embryo devel@pmeht usually does not occur
until 15-30 hours after growth of the pollen tube into the sac. A more
plausiple expianation féf the failure of fertilizatiom in th;se species
and pr@bably in the imitial establishment of apomixis in many other
species would be a physiol@gigal condition of the egg cell and male
nuclel aétimg to prevent the uniomn of these gametes."

7. The im@@rtancé to fertility of the‘rati@ of maternal tissues
endosperm: embryo ploidy, normally 2:3:2 in sexual organisms, has been

stressed by several authors. Mﬁntzing (47) suggests that this may not

be as critical in apomicts as im sexuals, However Brink amd Cooper (13)
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feel that the change in this 2:3:2 ratio may be an @mp@rtamt cause of sged
collapse and refer to Thompson's work in which crosses between species
differing imn chrom05@m¢ number are m@ré likely to yield germinable seed

if the parent with the larger chromosome number is used as the}fe@ale,
Warmke (72) in his work on Panicum éuggests also that a 2:3:2 ratio would
be selectively favored over a 2:5:2 which would result from pseudogam&us.
2 polar unreduced sacs.

8, Finally there are several referénées in the literature to poly-

spermy. Artschwager (4) finds this phenomenon occurring in Sorghum vulgare

and Warmke”(71) in Taraxacum, and Webber (73) refers to work in Saccharum
in which polyembryony results from fertiiizati@n by extra-generative nu=
clei.

While admittedly the above review of literature is a selected one,
an attempt has been made to therein indicate, superficiallylat least,
some of the parallel reseér@hes to that to be reported here.

At this time attention will be drawn to several specific papers which
have appeared since 1954. Ome is an account by Fisher, Bashaw, and Holt

(27) presenting evidence for apomixis in Pennisetum ciliare amd Cenchrus

setigefus, in which material the megaspore undergoes two divisions and
is then crowded out by aposporic sacs produced from enlarged nu@eilar
cells. Approximately 22% twin embryos are obtained, the proembryos devel-
oping both in the chalazal and micropylar ends of the ovule, The authors
p@stulate that both genéra probably belong to a single agamic complex.

An excelleént paper appeéred also in 1954 by Warmke (72) on ap@mixis

in Panicum maximum, a species exhibiting facultative apospory combined

with pseudogamy. Both 8-and 4-nucleate sacs are produced, the &-nucleate

type having 2 synergids, 1 egg, and 1 polar. Warmke mentions Narayan's (48)



15

finding of similar 4-nucleate embryo sacs in Pennisetum rueppellii and

P, villosum. Enlargement of the nucellar cell is independent of sporo-
géhous cell degeneration which is not, at an eérly stage, due to crowding.
Later on, however, @r@wdimg of multiple sacs beé@m@s a factor in the
ability to reach maturity. Fertilization occurs 4.5 t@u? hours after
dnthesis; the first endosperm diyisi@n occurs 9 hours @fﬁgr anthesis,
the first division of the embryo, 19 hours after anthesis at which time
the endosperm haé 16-32 free nu@leiavdifferimg in this respect from the
autonomous and precocious embryo development in Poa. Occasionally two
8-nucleate sa&s were found in a simgle'@vule indicating the possibility
that 8-nuclei did not always represent a reduced condition. However,
Warmke points out that an 8-nucleate unreduced sac, containing 2 polars
would result after fertilization in a 2n embryo, 5n endosperm and 2n
maternal tissue, apparently less balanced and less fertile (13) than a
2:3:2 condition resulting from fertilization in a reduced sac ox ferti=
lization of the single polar of aﬁ unreduced 4-nucleate saéo Pertility
studies indicated that the lowest fertility was obtained from material
having the largest number of sacs per ovule. A low fertility obtained
from material with the largest number of 8-nucleate sacs is also prob-
ably significant, whereas the highest fertility was obtained in material
with the lowest number of sacs and few if any 8-nucleate sacs.

In 1955 Synder, Hernandez; and Warmke (61) published on the mechanism

of apomixis in Pennisetum ciliare. They found that the development of

the embryo sac followed two different patterns, ome which resulted in
a8 4-nucleate type with 2 synergids, 1 egg, and 1 polar; another result-
ing in an 8-nucleate type with 2 synergids, 1 egg, 2 polars and 3 plus

antipodals. The number of sacs per ovule differed in differemt strains,
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varying from 1-8 with means varying frém 1.5 to 4.6. In strains with the
highést number of 8=nucle§te sacs, the enlarging nucellar cells were fre-
quently not well defined until after meiosis was completed in the mega-
sporocytes, whereas in strains showing a loﬁef number of such sacs, enlarged
aposporic initials were commonly found at a similar stage of development.
The authors conciude that variations in the timing of the development of
nucellar embryo sac initials and in the number of sacs per ovule indicate
considerable differénces in the factors responsible for aposporic phenom-
ena. Herg, too, embryo divisions are stimuléted by endosperm development
and usualiy occur after the emdosperm has reached a 16-32 nucleate condi-
tion. Polyembryonmy, i.e. Webber’'s false polyembryomy, occurs im about
20% of ovules of one strain, resulting in 17.7% twin seedlings.

Mention should bé made of several points emphasized by J. B. Hair (35)
in his paper dealing with subsexual reproduction in Agropyrom. In this
material at the time of anthesis, the unreduced egg had often developed
precoci@usly int@‘a small proembryo and 'put itself out of reach of ferti-
lization", whereas in sexuals the free nucleate endosperm was initiated
in advance of divisions in the young zygote. The author, agreeing with
Eséu“s (25) data in Parthenium, states that in apomictic plants there is
very iittle correlation between the rate of devel@pméﬁt of the embryo
and that of the endosperm. Amn interesting observation of multiple polars
was made in this material, the more apomictic material exhibiting a de-
cfease in the number of synergids and an increase in the number of polars,
eggs, or antipodal groups. Chiarugi and Franmcini, cited by Hair (35), had

ohserved similar irregularities in apomictic Ochna serrulata, reporting

25% of sacs unanalyzable and recording difficulties with antipodals and

questionable synergids.
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Two papers appeared in 1957 on apomixis in Graminese. Emery (24),
studying Setaria, reported that 5 perénnial specie$ form polyploid mem-
bers of an agamic complex. Two types of embryo sacs are formed, an 8-
nucleate sexual type and a 4-nucleate apomictic type, the 4 nuclei being
1 synexgid, 1 egg and 2 polars. He finds; in additiom, that the sexual
members of this agamic complex, as of the majority of such complexes,
are usually self-incompatible and hen@e cross fertilized, but thét this
condition is not without exceptioms.

Brown and Emery (l4) reported om apomixis im the tribe Andropogoneae.

In Themeda triandra, although reduced sexual sacs were occasionally pos-

sible; aposporous 4-nucleate sacs predominated, a lapQIar type being
about>five,tim@s as frequent as a 2-polar &4-nucleate type. Apparently
these 2-polar aposporous sacs are mot functi@nai, as endosperm chromosome
counté révealed only a 3n or 2n, unfertilized conditiom. The precocious
development of either the embryo or endosperm was not comstant. In

Bothriochloa ischaemum, common type, 2n S 40,60, the ratio of 2-polar

to 1=p@1ar’types, both apomictic, was 1:7; that in the @riental type,

2n 38 50,60, wasv1:8 with no sexual sacs observed., Here usﬁally‘initial
divisi@ns of the egg are reported to f@llow the initial endosperm divi-
sions although two accessions, King Ranch and Trianglé City, are reported
to show the reverse precocity. The authors suggest that Themeda repre-
sents a rather young and still evolving gréups an agamic complex of sexual

diploids and more or less aposporous polyploids. In Bothriochloa isch-

aemum, on the other hand, apomixis has probably existed for a longer
tiﬁe, and it may represent ome obligate apomictic species belonging to

a larger agamic complex.



MATERIALS AND METHODS

The plant materials fér this investigation have been maintained in
an experimental nursery at the Oklahoma Agricultural Experiment Station
for the past several years. These and other related accessions are part

of a collection of Old World Bluestems used in the forage crops breeding

program. The six accessions studied belong to the tribe Andropogoneae,

sqbtribe Bothriochloae (Keng.). In the following table, the species

némes, accession numbers used at this station, the place of origin of

the collections, and their chromosome numbers are listed:

Species Accession Number Place of Origim Chromosome Number
Dichanthium annulatum 3242 Calcutta, India 22 s 20 (215
Dichanthium annulatum 3182 | lersel  2m = 40 (21)
Dichanthium annulatum 4099 Punjab, India 2n = 40 (21)
Dichanthium annulatum 4083 South Africa 2n = 60 (21)
Bothriochloa intermedia 2655 British Guianal/ 2u = 40 (20)

gangetica type

00

Bothriochloa isghaemum 2582 Formosa 2n 8 60 (17)
In general field material has been used whenever p@SSible, c@llecn
tlons being made from row plantings established at the Agronomy Farm
Androgogqn.garden Ql@) west”of~5tillwat@rg Oklahoma. At ;1m@s it has
prbvénvnécessaxy'to use greenhouse m&terial, but no attempt has beeh

ma#e as yet to undertake a comparative study of the effect of the two

!

l/Bothriochloa intermedia, gangetica type, is an introduction from
Brltish Guiana where it occurred as an escape from cultivati@ns it is
probably an Indian type.

18
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e&vir@mmgnts; however relatively few of the data reported here were ob-
ta#ned from greenhouse plants;. Inflorescénces were‘cdlleéted almost
énéirely bétween 8:30 and 11 A.M. during the flowering season and fixed
immediately in the field, The‘fixative‘employed was that suggested by
Bradley (li), and the method utilized exclusivelj f@f the study of the
female gametophytes was the Bradley méthod, modified only‘sl;ghtly to
the requirements of this material, Inflorescences were preserved in a
fixative of 4 pafts chloroform : 3 parts absolute alcohol : 1 part gla-
ciQI acetic écid in which they keep Sa;isfactarily for maﬁy months under
slight refrigeration; At a magnificatibnlof 18x, the staméns and pistil
of%tﬁe'sessile floret were di§secteﬁ;out intact and transferred to a
sméll wire basket affiyxed to a wire loop (see diagram) to facilitate

transfer from one Beakgr to the next.

Figure 1. Basket used to
transfer ovule through
solutions,

1

. The florets of a single raceme were usually worked with as a group,
eaéh group being assessed a separate series number for convenience of
reé@rdimg, The wire basket containing the material was transferred

th%Ough the following solutions at the indicated intervals:
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°

4% aqueous irom alum at 75° C. for 3 minutes
Distilled water at 73° C. for 2 minutes

11} " 18 18 1" (3] 11}
50% HC1 for 10 minutes

. Distilled water for 10 minutes
" 1 1t 1 11}

°

2

O it £ (W B e
-2

o

Studies of the anthers of each floret were made from simple aceto
carmine smears, and theﬁsfigmass especially at post f@ftiliz&ti@@)stages,
wére‘@xamiméd f@r germinaéimg pollen. The ovaries, placed on a slide
in a drop of waﬁer, were worked with under a 18x dissecting micr@scopé;
the ovule was removed By using fine sewing needles insgrted in corks as
dissectimg tools. All debris and excess water were removed f?@m the
slide; a drop of acetocarmine placed on the material, and coverslip
preséqre applied. Careful manipulation with a needle on top of the
c@versiip while observing the preparation under 125x m@gnifi@ati@n and
slight application of heat caused the embryo sac, or imitiél, to pop
out imtact in a high percentage @f @aS@sﬂ1 During the later stages of
this work it became increasingly easy to obtain the sac or sacs entirely
free fr@ﬁ any extraneous tissue before staining, thus greatly simplify-
ing analysis.

The principal disadvantage of this method encountered im the present
investigation i; that in a smear preparation it is difficult to determine
the orientatioms, positions, and/or places of origin @f the sacs., Obvi-
ously, to effectively amalyze the contents 6% a sac, the sac has to be
pushed free of surf@unding tissues, and its original p@éiti@n cannot be
easily or accurately determined. C@ﬁs@quent1y9 difficulties were met
with partigulaﬁly in attempts to analyze the origin of sac initials or
megaspores; and it is suggested that while this technique is @@mpleteiy

adaptable to stﬁdy of these earlier stages, considerable perseverance

is required to obtain results in which one has confidemce. The more
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commonly used sectioning techniques have disadvantages dlso, particularly
that of interpretation through differemt levels. The beauty of the tech-
nigue usedvin this investigation is not only its simplicity and speed but
thé possibility of more accurate interpretatiom, since the sacs in their
entirety are present in a single microscopic field., In therhands of an
expert technician, this method certainly offers considerable potential
for studies of this kind.

A few @bservatiéns on p@llen grain germination and pollem tube growth
have been made. While this is n@t{a ﬁaj@r feature of the.research, men-
tion should be made @f\the satisfactory technique employed in these pre-
1iminary studies. A method suggested by J. Wilson (personal communication
to Dr. J. R. Harlan) is the so=called CL method, involving fixatiom in
FA4, bleaching in dilute sodium hypochlorite from 3 to 24 hours depending
6n the pigmentation of the stigmas, and staining in aque@us laéﬁ@id,

Detailed analyses were always made with an oil iﬁmersiQm lens at a
magnification of 11252; A Bausch and Lomb E research microscope was used.
A Bausch and Lomb K camera was used for photography. The purchase of the
photomicrographic equipment used and the\installati@n in the laboratory
of darkroom facilities for this work were of gpeat assistance, and the
author wishes particularlylta thank the Agronomy department @f Oklah@ma

State University for these research aids,



RESULTS

The data obtained for each accession im this investigation are pre-
sented in Tables I through VI.

Table I. Dichanthium annulatum A-3242, a diploid.

Table 1II. Dichanthium apnulatum A=-3182, a tetraploid.

Table III.Dichanthium annulatum 4-4099, a tetraploid.

Table IV. Dichanthium annulatum A-4083, a hexaploid,

Table V. Bothriochloa intermedia, gangetica type, £=2655,
a tetraploid,

Table VI. Bothriochloa isgschaemum A-2582, a hexaploid, 2/

Data for Each Accessiom, Tables I through VI

Stage of microspore or pollem, Column I,

The lefthan@ column of each table is an arbitrarily chosen means of
classification wﬁich helps to pocket the amalyses‘int@ comparable age or
time brackets, but it is not intended that undue émphasis be placed upon
conditions existing at ome stage as opposed to another, Although as will
be seen by vertical scamning of Teble VIII, developmental processes can
be viewed under such a system, it has been utilized here primarily as a
tool for better recording and analysis of the data, The approximate age
of an ewmbryo sac was classified into omne of four groups according to the
stage of development of the pollen in the anthers of the same floret.

The four groups chosen were:

l. microspore or pollemn with 1 nucleus or showing signs
of division of the 1 nucleus. In the Tables, this

%/In the presentation of results and discussion of them to follow, the
accessions will be referred to by number only to avoid comstant repetitiom
of genus and species names. For example, Dichanthium annulatum A-32462 will
be referred to simply as 3242, '

22



TABLE I

Dichanthium annulatum 3242

1 2 3 4 5 6
Stage of | Number Number| Average Sacs Immature
Microspore| of Q(vules of | Number of Not or
or Analyzed Sacs | Sacs Per |Analyzable | Undeveloped
Pollen Qvule Sacs

1 nucleate

4=

Nucleate

Sacs

7

5o
Nucleate
Sacs

9

Embryos
in
Apomitic-

Type Sac

10
Embryos
in
Sexual-
Type Sad

11
Embryos
not
Typed

and ] 8 1 4 4
1= 2
2 =3
and 29 29 1 29
3 nucleate
Starch
Formed 9 9 1 9
Pollen
Shed 10 10 1 6 4
Totals 56 56 1 4 48 4

£e



TABLE II

Dichanthium annulatum 3182

= == T 5 mﬁg.mm.?- \ 7 g‘ T lf-, e %%
Stage of | Number Number| Average Sacs Immature 4= 5= Embryos Embryos [Embryos
Microspore] of ovules of | Number of Not or Nucleate]Nucleate -in in not
or fnalvzed Sacs | Sacs Per )| Analyzable | Tindeveloped. Sacs Sacs |Apomictic-|Sexual= | Typed
Pollen Ovule Sacs Type Sac |Type Sac
e o ; - — e = .- e = ——

1 nucleate

and 23 27 1.1 4 9 12 2
1 =2
2«3

and 40 52 1.3 8 1 35 8

3 nucleate

-Starch
Formed 36 63 1.8 13 46 3 1
Tollen
Shed 28 45 1.6 10 20 € 3 6
Totals 127 187 1.5 35 10 113 19 3 7

e
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TABLE III

Dichanthium annulatum 4099

7 5 3 7 5?@
Stage of | Number Number| Average Sacs Immature | 4= 5= Embryos | Embryos [Embryos
Microspore|of Ovules cf |Number of Not or Nucleate|Nucleate in in not
or Analyzed Sacs |Sacs Per {Analyzable| Undeveloped Sacs Sacs |Apomictic-| Sexual= | Typed
Pollen Qvule Sacs Type Sac | Type Sag
1 nucleate
and 24 27 1.1 4 i8 5
1 =2
2 <3
and 20 34 1.7 4 17 13
3 nucleate _
Starch
Formed 51 112 2.2 16 1 74 20 1
Pollen
Shed 41 77% 1.9 4 6 19 20 12 7
Totals 136 250 1.8 24 5 115 57 20 13 7

% 9 cases of endosperm only

€z



TABLE IV

Dichanthium gnnula;gg§59§3rr

1 2t 3 4 5 6 7 8 9 10 11
Stage of | Number Number| Average |- Sacs Immature 4= 5= Embryos Embryos |[Embryocs
Microspore) of Qvules of | Number of Not or Nucleate| Nucleate in in not
or Analyzed| Sacs |Sacs Per |Analyzable | Undeveloped Sacs Sacs |Apomictic=|Sexual- {Typed
Pollen OQvule Sacs ' Type Sac |Type Sadq

1 nucleate

and bty 48 1.1 1 7 33 7
1 -2
2-=-3
and 39 51 1.3 2 3 37 8 1

3 nucleate

Starch

Formed 11 12 1.1 ) 9 2 1
Pollen ' -

Shed 9 13 1.4 1 2 1 5 3 1
Totals 103 124 1.2 4 10 81 18 5 3 3

92
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TABLE V

Bothriochloa igtermg@@gwg§55

, 1 2 3| 4 -5 6y - 7 8 9 10 11
.Stage of |Number Number| Average Sacs Immature | 4= 5= Embryos .| Embryos| Embryos
Microsporejof Owvules of Number of Not, or Nucleate| Nucleate in in Not

or Analyzed.| Sacs | Sacs Per |Analyzable| Undeveloped Sacs Sacs |Apomictic=] Sexual~|{ Typed
Pollen ' Qvule ’ " Sacs . Type Sac | Type
1 ) ' ’ Sac
B = S == =il ss
1 nucleéte ’
and 22 30 1.4 2 20 8
1 - 2
2 = 3
and 89 149 1.7 12 7 111 19
3 nucleate
Starch
Formed 24 45 1.8 4 2 25 7 5 2
Pollen
Shed 66 119% 1.8 13 6 22 7 18 6 45
Totals 201 343 1.7 31 35 166 33 23 6 47

% 2 cases of endosperm only

Lz



TABLE VI

Bothriochloa ischaemum 2582

1 21 3 4 5 6 7 8 91 10| 11
Stage of | Number {Number| Average Sacs Immature | 4= 5= Embryos !Embryos |Embryos
Microspore [of Ovules of |[Number of Not or Nucleate|Nucleate in in ~ not
or 'Analyzed | Sacs |Sacs Per |[Analyzable | Undeveloped 8acs Sacs |Apomictic-|Sexual-| Typed
Pollen ' Ovule Sacs Type Sac Type
: - Sac_ _
1 nucleate
and 22 50 2.3 22 11 16 1
1 -2
2 <3
and 22 35 1.6 8 24 2 1
3 nucleate
Starch
Formed 9 9 1.0 1 6 2
Pollen
Shed 55 112 2.0 29 32 12 8 3 28
Totals 108 206 1.9 60 11 78 17 8 3 29

8¢
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stage 1s designated as l-nucleate and 1-2 (1l vegeta=-
" tive and 1 gemerative nucleus).

2., pollen showing division stages of 2-3 or containing
3 nuclei (1 vegetative and 2 generative nuclei).
This stage is designated as 2-3 and 3 nucleate.

3. pollen grains showing starch formation.

4, pollen shed stage.

Number of sacs studied. Columm 3.

Every sac im Column 3 is accounted for in some columm to its right,
Column 5 through 11, If a preparation provided the investigator with no
information at all, it was discarded, and no record appears om these Tables.

Average number of sacs per ovule, GColumn &.

These averages represent the ratio:

number of sacs studied (Column 3)
number of ovules amalyzed (Columm 2)

3242 is the only accession consistently having 1 sac per ovule, The other
accessions show from 1 to several sacs within a single ovule, as many as

7 having been observed in 4099 and 2582. Compared with the constancy in
number of sacs per ovule evident in the diploid, the tetraploids all appear
to show varying degrees of increase im sac number up to the starch formation
stage of the pollen. The hexaploids both show a decrease beatween the 3«
nucleate and starch formatiom stage of the pollen, 4083 showing the least
overall variatiom but 2582 appearing very erratic. Imn the following graph,
the abscissa represents the 4 pollen stages; the ordimate, the number of
sacs pexr ovule. The decrease in number of sacs per ovule in both h@xapl@ids
at pollen stage 3 may be due to the relatively low numbers of sacs available
for those particular amalyses. In additiom, variability 1s evidenced in
2582 in several ways to be indicated later. However, the necessity for

discarding much material and retaining only the analyzable preparations,

)
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which might possess the fewer number of sacs, probably accounts in great
part for this record in 2582. A higher number of sacs per ovule actually
exists at the two intermediate pollen stages in this accession.

Sacs not analyzableo Column 5.

If one or more sacs of am ovule could be analyzed, and it was ob-
served that @ther sac material was present but partially obscured or
torn, these later sacs were counted and tabulated as "unanalyzable".
Since the number of sacs per ovule (Column 4) is based om the total sacs
present, it was %elt that some recognition of these should be made.

Immature or undeveloped sacs. Column 6,

This is a tabulation of sacs which were intact and entire but in
which less than & nuclei were found. 2655 appears to be the omly acces-
sion in which an appreciable number of such immature sa@s'persisted into
and beyond the starch stage of the pollemn, and this é@céssi@ns'and 4083,
the only ones to show significant numbers of immaturé sacs beyond the
earliest pollen stage studied,

Types of embryo sacs., Column 7 and 8.

Two types of sacs were found im all the accéssi@ns except 3242 and
are tabulated in Columns 7 and 8 respectively. It has become comvenient
to fefer to these as the 4-nucleate and 5-nucleate types, but certain
explanations are in order. vfhe 4e-nucleate condition im these materials
appears té be 2 synergids, 1 egg nucleus, and 1 polar nucleus. The 5-
nucleate’ type differs by having 2 polar nuclei and a group of antipodals,
The finding of 5 muclei plus a@tip@dals in all the émbryo sacs of- 3242,
whiéh reproduces by sexual means only, was taken as evidence that a 2
polar condition could be associated with sexuvality. The finding also

that the group of multi-antipodals, bunched and often extruding from
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-the chalazal end of the embryo sac, became easily detached, even to some
extent in 3242 material in which only 2 single sac per ovule is formed
and particularly in mﬁltiésac ovules, led to the decision that a search
for antipodals in every preparation was not necessaryogj It was thought
thét‘the presence of 2 polars, particularly in cases where in addition

2 synergids and 1 egg nucleus were clearly seen, was sufficient evidence
for classifyiﬁg such sacs as of a potentially sexual typé,_ Since all
preparations are not perfect, the finding of 2 polars was comnsidered
adequate by itself.. In the light of Brown and Emery's (14) report of

an occasional 2 polar condition in a 4-nucleate sac, it isipossible that
a small percentage of the sacs in this material has been misclassified.
If 2 polar apomictic sacs do occur in this material, as will be pointed
out later, more types of sacs occur here than hwe been reported in other
apomictic gemera. In the present investigation, sacs containing 2 polars
are classified as of a potentially sexual type. The presence of 2 polars
is QUite evident when it occurs, although it is not always easy to dis-
tinguish between 2 nearly fused polars and one binucleolate polar, the
nucleoli being extremely large and demsely staining. Critical study
usually rgveals the true condition however, the few slides not lending
themselves to accurate amalyses being discarded.

Embryo types. Columns 9 through 11l.

Certain decisions were necessary also in classifying embryos. The

following system was used:

§/A1th@ugh the antipodals are not always lost in the course of the
technique employed, periodical checks were made for the presence of anti-
podals by using & simple aceto-carmine smear technique. This simpler
technique is not adequate for careful analyses of sac nuclei, but the
antipodals were less likely to be lost. It was quite obvious that sacs
with antipodals occurred im all the accessions studied, a conclusion
supported by the finding of antipodals in postfertilization sacs, a stage
which can be studied without the use of the Bradley techmique.



1. Apomictic type embryos. Columm 9.

a.
bO

embryos in sacs containing L polar.
embryos in sacs in the same ovule as a sac
containing a sexual-type embryo.

2. Sexual type embryos. Column 10.

a. embryos in sacs containing 2 polars. The finding
of embryos in 2 polar sacs will be discussed later,
b. embryos in sacs containing antipodals. Again it is

possible that sacs containing antipodals are not
sexual (71). However, from material containing
the two prinecipal types of embryo sacs discussed
here, maternal type and hybrid progeny have been
recovered (20), and it is logical to assume that
what is seen at an embryo sac stage is representsz
tive of the two types of reproductiom.

3. Embryos not typed. Colummn 11.

&a

embryos in sacs mnot containing antipodals and in
which the endosperm was developed so that the num-
ber of polars could not be determined. This repre-
sents an appreciable number of cases, particularly
in the Bothriochloa spp. 2655 and 2582, and in the
Dichanthium 4099. Where embryos can be typed, by
polar number or antipodals, this stage of maturity,
since it represents a more terminal stage im devel-
opment, has some advantages as the preferable stage
at which to determine frequencies of the sexual type
sac. The high frequency of untypable embryos, how-
ever, might detract considerably from comnfidence in
such determinations.

Summary of Data for ALl Accessions, Table VII

Table VII represents a summary in percentages of the data for all

six accessions.

Again Column 3 shows the average number of sacs per
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ovule, and, in additiom the range of numbers encoumtered. The true pic-

ture is probably not represented in 2582, since as previously explained,

preparations are not tabulated from which no analyses were obtained;

whole series were discarded here because the numerous, large and twisted,

vacuolated sacs could not even be accurately counted. The average num-

ber of sacs here is doubtless well over 2 per ovule.

Adding Columns &,

5, 6, and 7 horizontally for each accession should total 100% and show



TABLE VII

SUMMARY OF DATA FOR ALL ACCESSIONS STUDIED

7
Total Average 4-Nucleate 5-Nucleate Unanalyzable
Accession Number of Number of Sacs plus Sacs plus Immature Sacs or Untyped
Number Sacs Sacs Per Apomictic=Type Sexual-Type Sacs Embryos
Studied Ovule and Embryos as Embryos as as % of 2
Range % of 2 % of 2
1
3242 56 (1} 0.0 92.9 7.1 0.0
1.5
3182 187 (L=4) 62.0 10.2 5.3 22.5
1.8
4099 250 (1=7) 54.0 28.0 2.0 16.0
1.2 :
4083 124 (1=3) 69.4 - - 16.9 8.1 5.6
1.7
2655 343 (1=5) 55.1 11.4 10.2 23.3
1.9
2582 (L=7} 42.0 9.7 5.3 43.0

206

He



TABLE VII (Continued)

11

8 2 10 S 12 i 13
Total Number| 4-=Nucleate 5=Nucleate Sacs 7 of Sexuals Multinucleo- Presence
. of Mature Sacs plus plus Sexual- Present As late of
Accession Analyzable Apomictic= Type Embryos Single Condition Polyspermy
‘Number Sacs or Type as % of 8 Sac
' Embryos Enibryos
as % of 8
3242 52 0.0 100.0 100.0
3182 135 85.9 14.1 33.0 #
4099 205 65.8 34.2 37.1 #
4083 107 80.4 19.6 85.0 b4
2655 228 82.3 17.7 33.3 ¢ #
2582 106 81.1. 18.9 40.0 A #

133
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the average composition of the total sacs studied. These percentages are
based up@n the totals in Columm 2. |

Column & and Column 9 are both summations of the sacs and embryos
congidered to be apomictic. However, the percentages in Column 4 are
based on total number of sacs, Columm 2; whereas the percentages in Col-
ume 9 are based on totals of mature analyzable material only, Column 8.
Similarly Column 5 and Column 10 are summations of sacs and embryos con-
sidered to be sexual and are again based upon the totals of Columns 2
and 8 respectively.

The percentagesof sexual type sacs which exist as single sacs in an
ovule are indicated in Colummn 11. The very high percemnt in 4083 is doubt-
Ieésly related to the high number of single sécs of all types, and as
already indicated, all the sacs in 3242 are bbth single and of a sexual
type. The other accessions show similarity here, from 33 - 40% of the
sexual type sacs being singles., Column 12 indicates the occurrence of
muiti=nucle©li. Both hexaploids show this in striking fashion. Binu-
cleolate nuclei are the most frequent type, but 3 or & nucleoli per nu-
cleus are not uncommon. All sac nuclei, synergids, egg nucleus and polars
have been found at ome time or another im this condition. 1Im 4083 when
multiwnucléoli exist, particularly in the polar nucleus, they are usually
of quite different sizes (average measurements indicate .0198 mm, for the
larger and .0079 mm. for the smaller); whereas in 2582 they are both more

frequent and more equal in size. Polyspermy, or the presence of extra-

generative nuclei has been observed im both Bothriochloa spp. Its pos-

sible significance will be discussed later on.,
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Unanalyzable Sacs| — &;Nucleate Sacs
' and Immature Sacs and Apomictic
Untyped Embryos Type Embryos

STAGES( VALUES EXPRESSED AS PERCENT

TABLE VIII

2 3

COMPARATIVE RATINGS OF ACCESSIONS AT VARIOUS POLLEN

4
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5=Nucleate Sacs

and Sexual
Type Embryos

1l Nucleate and 1 = 2

2582 4.0 2655 66.6 4083 - 68.8 3242 50.0
3182 14.8 3242  50.0 4099 66.6 4099 18.5
2655 6.6 3182 33.0 3182 &4, & 4083 14.6
4083 2.1 2582  22.0 2582 32.0 3182 7.4
4099 0.0 4099 14.8 2655 26,6 2582 2.0
3242 0.0 4083 14.6 3242 0.0 2655 0.0
: ' 2 = 3 and 3 Nucleate
|
2582 - 22.2 | 4083 5.9 2655 74.5 3242 100.0
13182 15.4 2655 4.7 4083 72.5 4099 38.2
4099 11.8 3182 1.9 - 2582 68.6 4083 15,7
. 2655 8.1 4099 0.0 3182 67.3 3182 15.4
4083 379 2582 0.0 4099 50.0 2655 12.8
3242 0.0 3242 0.0 3242 0.0 2582 5.7
Starch Formation
3182 22.2 2655 4.4 4083 75.0 3242 100.0
4099 14.3 4099 0.9 3182 73.0 2582 22,2
2655 13.2 2582 0.0 2655 66.6 4099 18.8
2582 iL.1 4083 0.0 2582 66.6 4083 16.6
4083 8.3 | 3182 0.0 4099 66.0 2655 15.5
3242 0.0 -] 3242 0.0 3242 . 0.0 . 3182 4.8
Pollen Shed .
2582 50,9 2655 5.0 4083 53.9 3242 ~ 100.0
2655 48.7 4099 0.0 3182 51.0 4099 40.3
3182 35,5 2582 0.0 2582 35.7 4083 30.8
4099 26.0 4083 0.0 | 4099 33.7 2582 13.4
4083 15.4 3182 0.0 2655 33.6 3182 - 13.3
3242 0.0 3242 0.0 3242 0.0 2655 10,9
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Comparative Ratings of Accessions at Various

Pollen Stages. Table VIII

In Table VIII these same data have been presented in slightly dif-
ferent form. Each heading of a column indicates a classification of
embryo sacs, the four conditions accounting for all the sacs studied,.
The Table was set up. in this fashion:

The percentages are all based on figures in Column 3 (Tables I - VI).

Percentages of Columm 1 (Table VIII) are teken from figures of Col-

umng 5 plus 11 (Tables I = VI). '

Percentages of Column 2 (Table VIIL) are taken from figures of Col-

umn 6 (Tables I = VI). '

Percentages of Columm 3 (Table VIII) are taken from figures of Col-

umns 7 plus 9 (Tables I = VI). ’

Percentages of Column & (Table VIII} are taken from figures of Cole

‘ umns 8 plus 10 (Tables I = VI).

The percentages for any one accession read horizontally in any one
section should total 100% and indicate the average cdmp@Siti@n of these
sacs at any one stage. The four sections of Table VIII represent the
four pollen stages used, so that comparisons of the figures of any one
accession read vertically should indicate in geﬁeral a developmental
sequence. FEach box is ranked from high percentage to low so that shifts

in comparative standing can also be studied.

Estimates of Sexual Potentisl. Table IX

This Table has three parts to indicate a comparison of estimates of
the sexual potential made (&) as percentage of total sacs, (B) as percent-
age of mature analyzable sacs, and (C) as percentage of ovules., These
results will also be discussed further in a later sectionm,

In the course of this investigation several observations have been
made which do not lend themselves to presentation in tabular form.

Since, however, these observations may be of some interest, they
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TABLE IX

ESTIMATES OF SEXUAL POTENTIAL

- .'.'4 ', : :. _:’..', .'..i: 1"."f:,‘_' e e e e e e
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3242

3182 |

4099

4083

2635

2582

(A) % of Total Sacs Having 5-Nuclei or Sexual Type Embryos .

1 Nucleate and
- 1=2 50.0 7.% 18.5 14.6 0.0 2.0

23 and ' T .

3 Nucleate - 100.0 15.4 38,2 15+7 12.8 5,7
Starch ' : . .
Formed . 100.0 4.8 18.8 16.6 15.5 22,2
Pollen’ . K S : T
Shed 100.0 13.3 40.3. 30.8 10,9 13.4

(Bj % of Mature Analyzable Sacs Having 5-Nuclei or Sexual Type Embryos

1 Nucleate and ' ‘ :
L 1=2 100.0 14,3 21.7 17.5 0.0 5,9
2-3 and v e x
3 Nucleagte 100.0 18.6 43,3 17.7 14.6 7.7
Starch ’ ' o
[Formed 100.0 6,0 . 22,1 18.2 18.9 25,0
Pollen " Lol .
Shed 100.0 20,7 54.4 36.4 24,5 27.3
\ . ,
"~ {C) % of Ovules Having S5-Nuclei or Sexual Type Embryos
1 Nucleate and S _ : S
» 1=2 50.0 8,7 20,8 15.9 0,0 4.5
2-3 and :
1 3 Nucleate 100.0 20,0 65,0 20,5 21.3 9.1
Starch ) ' ‘ /
'Jpor?med 100.0 8.3 41.2 18.2 29,2 22,2
F@llem ' ‘
Shed 100.0 21l.4 75.6 44,4 19.7 27.3
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will be mentioned at this time.

1. Relative position of embryo sacs in am ovule,

2, Measurements of sac size.

3. Precocious initiation of embryo development.
As discussed under materials and methods, relative positions of the sacs
are difficult to determime with this technique. In the polyploids, the
sexual type sac with antipodals has often been observed fitted tightly
into the micropyle in the same relative position and relatiomship as
the single sexual sac of the diploid. The apomictic type sacs appear
usually to bé derived from initials close to the micropylar regiom, al-
though occasionally either because of the technique used or as depicting
the actual story, they appear more chalazal Lh position in relation to
the position of the sexual type sac. The best identified l-nucleate sac
initials found in this study were apparently megaspores judging by posi-
tion. It was_ad@ittedly much simpler to find a single enlarged cell and
@tﬁer disintegrating megaspores im the regiom of the micr©py1é than to
observe after smearing a single enlarged somatic cell and to be sure it
was of nucellar origin. Single celled sacs have been observed mot only
in 3242 where this determinatiom is relatively simple but iﬁ'2655, 3182,
and 4083, also. It is known from later stage analysis that in éll these
materials, sexual type sacs are produced; it might, however, be of theo-
retical interest to know if the process of meiosis always @écﬁrs ﬁ@ PLC

duce a megaspore which may or may not continue to functiom.

A few measurements of sac dimensions (length by width) were made omn
the diploid, on a tetraploid, and on both hexaploids. The following ave-

rages in mm., were obtained:
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3242, diploid (sexual sacs) .108 x .076

3182, tetraploid (ap@mi@ti@=typg‘§acs) 149 x ,098

4083, hexaploid (apomictic-type sacs) 173 % 130

2582, hexaploid (apomictic-type sacs) . 265 # . 157
With a few notable exceptions, the sexual type saecs, as would be expected
if they are reduced in chromosome number, at both ploidy levels were some-=
what smaller than the apomictic type sacs of the same material, Measure-
ments were also made of nuclear and nucleolar diameters in 4083 and the

following averages in mm. obtained:

synergid nucleus 0154
synergid nucleolus 0077
egg nucleus .0286
egg nucleolus 0011
polar nucleus .0506
polar nucleolus .0198

The size differences between the various nuclei has been helpful in their
identification. A few instances have been noted where very little differ-
entiation in size has occurred between thé nuclei of a 4-nucleate sac, but
in the vast majority of cases these differemces are very easy to detect.
It is somewhat gquestionable, however, how much measurements on fixed and
smearéd material may mean. The technique employed although "gentle' is
still a squash type method. The existence of multiple sacs also makes the
measurements less reliable particularly, for example, in 2582, where size
determinations of the crowded, twisted, and vacuaolated sacs is mearly im-
possible.

| Finally, the precocious initiation of embryo develcpment should be
considered. The finding in these materials of multi-celled embryos co-
existing in sacs with 2 polars and antipodals forces the conclusion that
here precocious development of the embryc is not restricted to am apo-

mictic mode of reproduction. The data for the sexual diploid are meagre
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at this stage, but both conditions have been found here, the cases in
vwhich the endosperm had undergone mmré divisions than the embryo certainly
predominating, but instances observed of the embryo (up to 19-celled)
pﬁesent in a sgchwhere the polars showed no signs of fertilization. In
these cases either fertilization of egg cell and polars is not always
completely synéﬁr@niied or fertilization has not occurred at all, and
embryo initiation is not dependent upon it. This type of behavi@r‘which
can occasionally occur in the sexual diploid, occurs more frequently in
4099 and 3182, in both of which approximately 50% of sacs studied at
this stage showed the embrj@ to be more advanced than the endosperm. In
4099, 70% of the sacs which showed a more advanced endosperm were sacs
with antipodals. In 2655, 24 out of 32 sacs studied, or 75% sh@weé an
embry@ further advanced in diwisions than the polar(s) or endosperm; in
, o
4083, this‘percentag@ was appr©£imately 80% and in 2582 over 90% of the

sacs with embryos showed embryo precocity.



DISCUSSION

When this investigation was initiated, apomixis had not been proven

to exist in Dichanthium and Both:iochloa species. It was, however,

s;rqgg%ywsuspected p;}écipally‘bécause‘of the morphological uniformity
of progény obtained i; tﬂe breeding work. Proof of apomixis in both
éomplexes rép%eseﬁted here was eventually obtained (20), and the present
investigation not only provides supporting evidence to this finding but

sheds some light on the mechanisms involved.

General Pattern of Development

In general, apospory (see Preface) has been repor;ed to be the mode
of gametophytic agamospermy followed in these genera (14).‘ The existence
in these»materials of both sexual-type sacs of probable archesporial ori-
éin and apomictic-type saés of presﬁﬁably nucellar origin would make di-
glospory somewhat unlikely. In addition, the position of the sexual sacs
iirectly above the micropyle in the ovule and the general position of the
;pomictic sacs either té one side of the micropyle or occasionally appar-
éntly quite far removed from it would point towards apospory as the most
likely pathway of gametophyte formation. These materials are also c;na

|
sﬁdered to be pseudogamous. Notonly are most aposporic genera also pseu-
dﬁgamous, but considerable direct and indirect evidence was at hand

(Celarier, pers. comm.) to point to such an association existing here.
| .

B%eeding experiments had indicated that some of the material reproduced

exclusively by sexual means; some were facultative apomicts, and some

43
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appeared to behave as obligate apomicts. The specific accessions chosen
then represented these three modes of reproduction as well as happening
to represent three ploidy levels and two complexes. 3242, the dipleid,
showed evidence of sexual reproduction only, the tetraploids, 3182, 4099,
and 2655 were considered facultative; and the hexapleoids, 4083 and 2582

had not given rise to any hyvbrid progeny.
" Comparison of Sexual and Apomictic Methods of Reproduction

The characteristics of the female gametophyte in the sexually repro-
duéing Dichanthium contrast beautifully with the situation in the apomicts,
and in thesé materials, these general embryological conditions may be con=
sidered to constitute the principal basic differences between the two
modes of reproduction.

1. Number of sacs per ovule

The most cbviocus comparison involves the production of a single
embryo sac per ovule in the obligate sexual type versus multiple
embryo sacs per ovule in the apomicts. At the time this research
was initiated, D. annulatum 3242 was the only available sexual di-
ploid in these two species. However, a D. sericeum diploid and a
sexually reproducing tetraploid produced at this station were ex-
aminéd, and both were found to possess a single sac per ovule., 1In
all the apomictic Dichanthium species studied an average of 1.1 sacs
per ovule (see Figure 2 and\Table X) was obtained at the earliest

pollen stage studied. At this same stage both Bothriochloa species

showed a tendency towards more sacs per ovule. 4099 "ends up" with
more sacs than 2655, however, exhibiting as seen in the table below

(Table X) the greatest degree of change of any of the accessions,
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4083, with its low number of sacs per ovule (average of 1.2), re-
tains throughout development a relative constancy.which 3242 (a?erage
of 1.0) exhibits to an extreme. Of the apomicts studied, 4099 and
2582 have the highest average number of sacs p;r ovule. 409§ has the
highest frequency of sexual type sacs and 25382, the lowest, if these
frequencies are based upon total sacs. 4099 still retains its posi-
tion, but the large number of unahalyzable sacs raises the rating of
2582 when the frequencies are based on analyzable sacs only. From
these data, however, the frequency of sexual types in the apomicts
does not seem to have much relation to the number of sacs per ovule,
and one would question, therefore, that competitive crowding plays

a significant part in the non-functioning of the sexual type sac.
The rise in the frequency of sexual type sacs in 2582 at a later
stage may indicate either that these sacs are initiateé later in
development than the apomictic type or that competition between the
apomictic sacs themselves at an early stage increases the frequency
of the sexual type later. That both fact©rs probably play a role

is suggested by the following table, since ﬁhe net change in the
number of sacs does not appear to be large in 2582. Viewed in this
fashion the hexaplcids appear to vary the least of the apomicts,
with respect to number of sacs during development through these
stages, one (4083) showing a slight increase in number of sacs per
ovule concurrent with a decrease (68.8 = 53.9) in percentage of
apomictic type sacs, and an increaée (14.6 = 30.8) in percentage

of sexual types, and the other (2582) showing a slight decrease in

the number of sacs per ovule concurrent with an increase in frequency

of both apomictic (32.0 = 35.7) and sexual (2.0 = 13.4) types.
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TABLE X
CHANGE IN NUMBER CF SACS PER QOVULE BETWEEN EARLIEST

AND LATEST POLLEN STAGES STUDIED

Accession Mo. sacs/ovule at No. sacs/ovule at Net Change
earliest stage studied latest stage studied
13242 1.0 1.0 0
© 3182 1.1 1.6 £.5
4099 1.1 1.9 £.8
4083 1.1 1.4 £.3
2655 1.4 1.8 A
2582 2.3 2.0 =.3

The average number of sacs per ovule does not seem, however, to
be correlated with this ploidy level. The one hexaploid, 2582, shows
the highest average,»the other, 4083, shows the lowest average of the
apomicts. Exéept for 4099 which shows some other exceptional behav~
ior patterns, the Dichanthium species, as a group, exhibit a tendéncy

towards fewer Sacs per ovule than the Bothriochloa species and one

might suspect that there is some correlation here between genus and
sac numbers. With the exception of 4099 again the Dichanthium spe-
cies rank in order of sexual potential as they do in average number
of sacs. Whether then 4099 is under control of genetic, physiclogi-
cal, ér other type factors enabling‘the sexual sac to more often
persist and function or whether sexuality is not correlated with
nﬁmbef of sace per ovule remains at this time unknown. Certainly
when the obligate sexual is considered and the high frequency of
segual type sacs in 4083 is recognized, thé potential for sexuality
appears to be in part conditioned by low number of sacs per ovule;
additional factors may be operative in 4099, and still other factors
doubtless determine how much of the potential will be ultimately

realized.
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Embryc sac constituents
The principal difference between the obligate sexual accession
and the apomicts, besides that of sac number, invelves the sac consti-
tuents. The sexually reproducing plants show only sacs of the 5-
nucleate type plughantipodalsn One would expect to find this type
to different degrees in facultati?e apomicts and this is true, the
predominant type beiﬁg, however, the 4-nucleate type. The finding,
however of 5=nuc1eatg sacs in what had been thought to be obligate
apoemicts was somewhat unexpected. As mentioned earlier 2-polar types
with and without antipodals are classified as sexuals. There appeérs
to be strong justification here for associating a 2-polar type with
sexuality both because of such an association in 3242 and because
the 2 polars are usually found in what we have called the 5-nucleate,
not the 4-nucleate type. If 2 polar, 4-nucleate sacs occur in these
ma;erials, they are rare, and three types of sacs would have to be
recognized, 2 types of 4-nucleates and one type of 5=nucleﬁten
Precocicus embryo development and synchronizaticon mechanisms
The finding of precocious embryos developing in 2 polar sacs is
not evidence for apomixis since as already indicated, this condition
cccurs in both apomicts and obligate sexuals. @ood asscciation of
antipodals with‘these embryo=2 polar sacs is alsc frequent. Without
this evidence one might suspect precocious embryos in 2 polar sacs
to indicate either 2 polar apomictic sacs or possibly the presence
of multiénucle@late nuclei; with such evidence, however, we dc not
feel at the present time justified to do other than regard such sacs
as sexual.

It would appear more likely that there is some tendency in these
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materials towafds autonomous initiation of the embryo and that this
tendency, which increases with ploidy level iz genetic. It certain-
ly appears tc be negatively correlated with ability to produce hybrid
progeny and may be a large factor in the failure of all sexual po-
tential to be realized. It may be that the coﬁdition in theses mate
rials is that ﬁhe female temds to develop slightly faster than the
male. This‘would be supported by the fact that they are protogynous
(Dewald, pers. comm.). There is also a tendency f@r autonomous ini-
tiation of development of the egg cell. For dgvelopm&nt to proceed,
however, fertilization of the polar is required; when this happens,
the apomictic embryoc can proceed im its development, but iﬁ the sex-
ual embryo is already "out of reach of fertilizatiom" its develop-
ment stops even when the endosperm is formed. These apomictic ten-
dencies towards faster development in the female and initiation of
embryo development priocr to fertilization are probably enhanced at
the higher ploidy levels so that even though a sexual potential is
present, it camnct be realized. These timing and synchronization
mechanisms are probably quite delicately balanced and may Qell be
under both genetic and environmental influence. Such mechanisms
may be a parpiai explanaﬁidn of the association of aé@mixis-and
polyploidys‘and in our mat@rialé it may be possiblefto visualize
here a trend from sexuality through‘ﬁacultativeness to leigate
dpomixis on such a basisq In addition to observing this precocious
embryd‘deveulc»pm@nt3 however, & reverse tfend was observed in 2582
which could also concelvably play & part‘inaits.obligate apbmictic
bghévior in spite of sexual po&gntialc This ié the fact that at

;hellate pollen shed stage the majority of its sexual type sacs
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were still present in the 5=nucleate stage. Since some evidence from
the earlier stages could be interpreted as indicating later initia-
tion of the sexual type sac, and since competition with the larger
more developed apomictic sacs could conceivably occur to delay de-
velopment, it might be that these sexual sacs are not ready for
fertilization when it occurs. Since both events occur, precocious
embryos and 5-nucleate sacs at pollen shed, it may be assumed that
the feilure of sexual potential to be realized in some of these
species is due primarily to some upset in synchronization or timing
as has been suggested by various investigators for other materials.
Subject as these materials are to envirommental influences, it would
seem entirely possible then that very slight changes could tip these
mechanisms one way or the other. The finding in some materials par-
ticularly 2655 of embryos and endosperm in the same ovules that con-
tain S5-nucleate sacs 1s also suggestive that these sexual sacs,
which presumably are in a better position for fertilization, may

lag behind in development and not be ready to accept this early
fertilization which in all of these cases had occurred before the
shedding of the floret's own pollen., If fertilization of these sacs
could possibly occur subsequently, the apomictic embryos would ob-
viously better the sexual ones competitively. The failure to find
sexual type sacs at the earliest pollen stage inm 2655 is further
support for this late initiation and lag of sexual sacs. It is in-

teresting that both the Bothriochloa species show this festure.

It is suggested here then that the data provide some evidence that
in apomictic materials there is a genetic and/or physiological ten-

dency for upsets in timing and synchronization of the two sexes,
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that usually the apomictic egg nucleus can initiate development
autonomously and precociously and that this tendency is occasionally

exhibited also in the sexual type sacs. In addition in Bothriochloa

there may be a tendency for the sexual type sacs to be initiated
later than the apomictic sacs, and that this retardation in develop-
ment may result in their failure to reach maturity in time for fer-

tilization.
Additional Observations

loi Muiti-nucleoli
i One other possible factor contributing to confusion concerning
the number of sac nuclei is the tremendous size and dark staining
of nucleceli. A multinucleclate condition of one or more sac nuclei
is very prevalent in some materials. This phenomepon has not been
obsefved in 3242, and it is considered herein to be a function of
ploidy level since its prevalence increases in the hexaploids, 2582
and 4083, where occasionally three or more nucleoli per nucleéus are
found., Any significamce of this condition over and beyond correla-
tion with ploidy level is not apparent at tﬁis time. The observa-
tion, already mentiomed, of nuclecli of very different sizes in the
polar nucleus of 4039 is, however, interesting. Until we know more
about the basic physiology of the chromosomes and muclei within the
sac, this and the fact that mot all the nuclei ghow this multi-con-
diti@n at the same time remain unexplained.
202 Polyepermy and fertilizetion of unreduced gametes
| The phenomenon of polyspermy has been observed im both Bothri-

ochloa accessions studied. Instead of the usual 1 vegetative and 2
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generative nuclei normally observed in functional pollen, multiple
generative nuclei are occasionally present here. It is not known
if or how these function, but 4 gemerative muclei frequently occur
previous to starch formation. It might be possible to explain in
this way a hybrid obtained by Celarier (unpubl.) from crossing a
2655 female with a 4099 male in which the progeny plant was a hexa-
ploid and strongly resembled the paternal parent. Multiple embryos
observed within one sac in 2655 might be due to fertilization of a
nucleus other than the egg nucleus by sperm nuclei from more than
one pollen grain or by multiple generative nuclei such as these.
The finding also of hexaploid hybrids (Celarier, pers. comm.) from
crossing of two tetraploids, & phenomenon which apparently occurs
frequently in some materials (50% of analyzed hybrids with 2655 as
female) would seem to be too gommon to be accounted for by polyspermy,
although this is comnceivable. It is more probable in the opinion of
these investigators (Celarier and Harlam, pers. comm,) that these
hexaploid hybrids represent the product of fertilization of the umn-
reduced apomictic sac. Two cases were found im 26535 of proembryos
with 50 #, probably 60, chromosomes in open pollinated materials
which, because of their field position, were not likely to have been
fertilized by pollen cother than from & 20 or 40 chromosome species;
it is presumed that these cases represent instances of fertilization
of the unreduced egg nucleus by a reduced sperm. This again would
indicate that studies need to be undertaken to comcentrate on the
timing and synchronization mechanisms at work in facultative apo~
micts. If these mechanisms were thoroughly understood, it might

be possible to more or less control the production of hybrid embryos
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from unreduced apomictic sacs.
Estimation of Sexual Potential

The frequency of the sexual and apomictic potential has been esti-
mated in these materials by use of the foll@wing scheme:

1. Apomixis (Column 4 or 9, Table VIL): 4-nucleate embryo
sacs (1 polar) plus apomictic embryos.

2. Sexuality (Column 5 or 10, Table VIL): 5-nucleate sacs
(2 polar) plus sexual embryos.

Which figures, those of Column 5 or those of Column 10, are better
indications of potential sexuality is problematic. At present we have
nozway of knowing what the composition of the unanalyzable and immature
sa?s is. If we choose to consider the mature analyzable sacs as a re-
presentative random sample, the percentages in Column 10 are probably
more usuable. The ranking in order of sexual potential remains the
same in either case except for the position of 2582 which apparently
suffers from the huge numbers of unanalyzable sacs it contains. It is
ho?ed that these frequency determinations carry some significance even 1if
errors of interpretation may have been made in some analyses. One might
as& why these average frequencies havebbeen emphasized instead of simply
the situation existing at the fimal pollen stage. A comparison of Coclummn
5 with the lower righthand box of Table VIII may be of some interest in
this connection. The generally higher fr@quencies obpained at this final

poﬂlen stage could be due to:

A. Late initiation of sexual sacs, which is believed to
otcur in some materials, and decrease through competi-
tion of the frequency of apomictic sacs.

B. The untypable and unamalyzable sac group may contain a
higher proportion of apomictic sacs than expected in a
random sample.
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This second possibility makes it inadvisable to use this last stage as
thé best picture of potential sexuality, although this stage is obviously
cléser to the ultimate realization of what type a seed will become. One
is forced to fall back upon the averages. In the second place, the aver-
ages give a better overall picture of what an investigator would have to
wo;k with 1f he were to try controlled methods for imcreasing hybrid pro-

duction.
Disintegration of Embryo Sacs

} Although observations of more than one embryo in one endosperm is
rare, finding several embryos in ome ovule is common im all the apomicts
except 4083 where the frequency of multiple sacs is low., Ultimately,
however , one seed per cvule is ordimarily produced from these plants.
From this viewpocint the estimates of sexual potemtial as recorded in
Table IX-C may be of interest. Although no systematic frequency accounts
of?twinning have been made, such seedlings are apparently recovered in
only a low percentage of cases (Celarier, pers. comm.), approximately 3%
having been recovered in a related accession. Obviously when two or more
sacs are produced per ovule;, disintegratiom of all but one must be the
rule. This disintegration is most easily observed at a post anthesis
stage. Disintegrating sacs have been seen previous to this, and occca-
si?nally even sacs which have progressed as far as endosperm ﬁorﬁation
shéw obviocus signs of going to pieces. In the vast majority of cases,
hm;re.ver9 the sac that is shrivelled and disintegrating accompanies a sac
coﬁtaining a developing embryo and endosperm. This was particularly
eaéy to study in 4099 where small disintegrating sacs carrying antipodals

wefe extremely common in association with large, well developed apomictic
|
\
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sacs with endosperm and an embryo. At this station, Richardson (unpubl.)
re?orts that crosses using 4099 as the female yield epproximately 22.27%
hyibrids° Not only is this a lower figure than any of the estimates
given in this investigatiom for the sexual potential of this accession,
but it might be presumed also that cytological amalyses will reveal that
not all of the 22.27 are sexual type hybrids. Obviously the discrepan~
cies between these two sets of data can be accounted for in part by these
disintegrating sexual sacs, which presumably might be regarded as results
of the upsets in timing and synchronization mechanisms and/or simply the

products of competitive defeat.
|

i Realization of Sexual Potential

There is considerable evidence from the breeding data that Bothri-
ochloa as a complex tends towards a greater degree of obligate apomixis
than Dichanthium. To show such a comparison we might have done better
to5select an accession other tham 2655 which apparently in many respects
adﬁirably represents its name of intermedia. It has served (Richardson,
unpubl.) as a crossing bridge between the two complexes used in this
study, and although as mentioned above, mot all the hybrids obtained us-
ing it as a female are from sexual type sacs, it still reproduces faculta-
tively. B. ischaemum of which 2582 is a representative is generally re-
gayded as an obligate apomict. It is hoped that various characteristics
of§2582 have been sufficiently emphasized to provide partiai explanations
fo; a reproductive behavior quite different from that of am obligate sex-
ua; such as 3242. Although it would be difficult to-deny that certain
ac#essions behave as obligate apomicts, it certainly is of interest that

mévén some of these show an inherent potential for sexuality. Two possible
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factors to cause a higher percent of hybrid progeny from 2655 than from
2582, which from the present data do not differ greatly in sexual poten-
tiél, would be the greater possibility of fertilization by a reduced
sperm nucleus of an unfeduced egg nucleus due in turn to less disturbed
timing mechanisms (in 2655), and unknown physioclogical and/or genetic
factors involved at a hexaploid level (im 2582). The potential for sex-
uality exists also, as we have seen, in 4083 which like 2582 produces
primarily maternal type progeny. More factors to reduce the realization
of sexuality are obvious in 2582 thén in 4083 such as number of sacs per
ov;1e9 later initiation of sexual type sacs, possibly less basic poten-
ti%l to work with. The late flowering habit of 4083 has made’it more

!
difficult to obtain observations at the pollen shed stages, but one can
postulate that genetic imbalance due to ploidy level may be inm part re-
gsponsible, and that timing mechanisms are again effective. In both, the
high frequency of precocious embryos is evident. One can only speculate
as‘tolwhat factors play a part followimg the stages we have considered
in this report, but whatever the cause or causes, one is certainly tempted
to;work out methods for developing the potentials. A comparison again of
thé potentials in the hexaploids just mentiomed with those of 3182 and
2655 are interesting. As far as averages of sexual sacs are concerned,
there is surprisingly little differemnce. One has to assume, since more
hybrids have been recovered using the tetraploids as females, that dif-
feﬁential disintegration of sexual sacs occurs, that a large proportion
of?the hybrids ﬁr@m the tetraplolds are of the unreduced female x reduced
m&le type, whereas the higher frequencies of precocious embrye initiation

inlthe hexaploids may reduce this, and that we know hardly anything about

what happens between pollen shed and seed germinatiom.
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Behavior of Bothriochloa ischaemum 2582

A few words should be said concerning 2582 which in many ways shows
mo%e erratic behavior than the other accessions. The following abnormali-
ti?s have been observed here: polyspermy, adventitious embryony, two
pi?tils,per floret, two ovules per pistil, multiple synergids per sac, as
weil as the numerous contorted and distended sacs already mentioned.
Presumably 2582 is very subject to enviromnmental inflgences and again
various environmental controls should be tried to increase the realiza-

tion of sexual potential.
i

|
i General Remarks

i

10. Implications of this investigation

| If any factors at all have been discovered or suggested in

this investigation as playing a part in the complex and interrelated
physiological system of an embryo sac, it is very likely that many
more such intricate factors remain still unknown and misunderstood.
If this work has done little elge, it will perhaps have indicated

i that it is not always easy to know what questions to ask particularly
'1f the answers be the fundamentai‘ones concerning which guesswork is
futile, and if they be asked of a cell or group of cells as complex
as an embryo sac. This investigation has attempted to obtain basic
information concerning the methods of facultative epomixis for three
principal reasons:

4. To better visualize the actual processes going on at the
reproductive level and to use this information in more
intelligent breeding and selectlon experimentation.

B. To better visualize and plan experimentation at some

contrel level, envirommental, genetical, physiological,
biochemical or all of these.
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C. To provide the basic information for some theoretical
thinking and eventual research into problems of an even
more fundamental nature. '

Obviously numerous unsolved problems have been left at loose ends,
and this particular investigation may have opened up more questions
than it has provided answers for. This is perhaps not regrettable.

Certain information is at hand:

A. A method has been applied that could be used to screen
breeding materials for sexuwal potential.

B. The need for and advantages of rather thorough and pains-
taking analyses indicated.

! C. Certain comparative studies have been pogsible through the
| use of three ploidy levels, two complexes, and two princi-
pal modes of reproduction.,

D. Certain patterns and behaviors have been observed and data
accumulated to lend support to certain hypotheses.

2. Future work
But beyond this perhaps this investigation will help to indi-

cate work that needs to be done. This present type of research,
visual and descriptive to a large extent, can best be utilized as
the foundation upon which to build two bridges, one to better prac=

; tical agricultural efficlency, and one to deeper basic knowledge of
life processes. The imagination of any scientist is more stimulated
by an experimental approach and several roads would seem tc open out
from this point in this particular research.

A. Ezperimentation with controlled environments, both physical
and biochemical.

B, Eubryo culture work as a tool to better understanding of
the processes outlined here and those that follow., As
Wardlaw (70) states, "The activation of the ovum at ferti-
lization, and the nutrition, growth and development of the
embryo, undoubtedly afford a wide field for study."

C. Pollination studies involving chemical extracts and culture
methods to increase our understanding of pseudogamy and
fertilization.
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D. Finally, in its very broad aspects, it seems to the author that
in the embryo sac one has an ideal place in which to tackle in
gome way the immense problem of differentiation. The embryo
sac meets many of the requirements for such complex studies
since "in embryocs we are dealing with cells and tissues, either
in the primary embryonic condition, or in the process of be-
coming differentiated.'" (70)

These problems are complex but they constitute a méeting ground for
the embryologist, the geneticist, the morphologist, the physiologist,
and the biochemist. Perheaps by cooperative efforts of all of these,

more answers to the questions of differentiation will be forthcoming.



SUMMARY AND CONCLUSIONS

In the course of this investigation, an attempt has been made teo
carry out a detailed analysis of the methods of reproduction followed

by selected accessions of the Bothriochloa and Dichanthium complexes

by studying conditions and processes within the female gametophyte.
Bfadley’s (11) smear method was exclusively utilized im order fto demon-
s;rate the practicality of this procedure for studies in the female.
S%ages of pollen development were used as a means for determining come-
p;rable ages of the embryo sacs. Three ploidy levels were represented.
The diploid was found to be an obligate sexual, containing only one
embryo sac per ovule at all developmental stages studied after maturity.
This sac was consistently of the 5-nucleate plus antipodals type. At a
pollen shed stagé, the endosperm generally divided more rapidly than the
embryo, although the reverse situation was also occasionally observed.
The ovules of the polyploids all contained an average of more than
oée embryo sac per ovule, and the sacs were of two types, S-nucleate (see
Types of embryo sacs, RESULTS) and 4-nucleate. At a pollen shed stage,
there was evidence of more précocious initiation of development of the
embryo, and in some accessions, some evidence for lagging in dnitiation
agd rate of development of the sexual sacs. These data are interpreted
aé contributory to the theory that timing and synchronization mechanisms
a?e somewhat upset 1n apomictic reproduction, so that the sexual poten-
tial inherent in a species failse to be realized. The following figure

m%y help in summarizing some of the data:

39
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Leggnd for Figure 3.
The following data were used to plot points in successive columns:
Colen 1. Frequency of sexuals at pollen shed stages as percentage of
| total sacs studied at this stage (bottom righthand box, Table
VIII).
Column 2. Frequency of sexuals at pollen shed stages as percentage of
analyzable sacs studied at this stage (computed from Table
VIII).
- Column 3. Frequency of sexuals computed as averages of all sacs (Column
i 5, Table VII).
Colpmn 4. Frequency of sexuals computed as averages of analyzable sacs
1 {Golumn 10, Table VII).
Column 5. ‘Average percentage non-maternal progeny obtained in pollina-
.tions of émasculated florets using the accessions studied as

; the female (Richardson, 2 years data, unpublished).
| .
1 e o .

! As will be noticed, 3242, 4099,&4@83;$2655;ﬁadd&BBSZuare&cansistento

ly %anked in this order in Columns 2, 3, and 4; 3242, 4099, and 4083 are

con;istently ranked in 1, 2, 3, and 4; 3182 and 2655 switch poﬁitions

in a and'z;‘2582‘remains in fourth position in three columns ang drops

to sixth'iq o;;: It appears that the ovgfall averages of all stages

and those of_ééllen éhed stages only reﬁéer at least similar rankings.

Thé difference iﬁ the sexual potential between the diploid and the poly-

pl%ids is the most striking, but the high‘rating of 4099 is also conspic-

uois. Mére unexpected, however, was,;hé fin@ing of sexual potential in

th; hexaploids, particularly 4083, Since, as indicéted in Column 5, both
| - ! . : .

hegaploids bréea as obligate aé&micts, the search for thé factors which

'

inhibit the realization of potential presents exciting challenges to the
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i

;esearch worker.

% Several observations made on these materials are mentioned in this
;eport which we cannot at present judge as being or not being signifi-
éant. The present dataz suggest that some of the factors conditioning
sexual potential are number of sacs per ovule, type of embryoc sac, fre-
Quency of the sexual-type sac, and additional factors such as may be
éperative in 4099.

Certain factors determining the ultimate expression of potential
?exuality are indicated to include disintegration of sexual-type sacs
éue'to the unbalance of ploidy and to upsets in timing mechanisms re-
%ulting in precocious embryo initiation and/or late initiation and lag-
éing development of sexual sacs. One is led to speculate concerning
the biochemical factors, both genetic and physiological, which form
the basis for these mechanisms and their significance in evolution as
expressed in sexual, facultative, or obligate apomixis. The possible
;xperimental‘appr@aches to the further study of these processes are

humerous and complex but worthwhile both from a practical and a funda-

mental or theoretical viewpoint.
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Embryo sac initial. B. intermedia 2655. 650X

Entire ovule §howing one embryo sac near micro=
pyle. B. intermedia 2655. 70X

Two 4e-nucleate sacs from one ovule. B. intermedia

2655. 650X

Two sacs from one ovule.
360X

B. intermedia 2655.






Plate II |
| Upper left: 4-ngc1¢ate embryo sac. D. gnqglatum 4099. 650X

% Upper right: 4-nucleate eﬁbryo sac. D. annulatum 4099. 650X

Lower left: Snnﬁcleate embryo 'sac. B. intermedia 2655. 650X

Lower right: S5-nucleate embryo sac. D. annulatum 4099. 650X
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Upper left:

Upper right:

Lower left:

Lower right:

Plate III

Embryo and 1 polar nucleus. B. intermedia 2655.

650X "
Endosperm of apomictic sac and disintegrating

sexual sac. D. annulatum 4099. 360X

Ovule with one apomicticetype embryo and endo-
sperm (upper right) and one sexual-type sac
(lower left). B. intermedia 2635. 70X

Embryo and endosperm. D. gnnulatum 4099. 650X
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Plate IV
prer left:; 3-nucleate pollen grain. B. ischaemum 2582. 650X
Center left: Germinating pollen grain. B. intermedia 2655. 650X

Lower left: Multi-generative nuclei in pollen grain. B. ischaemum
f 2582, 650X

UPper right: 1 = 2 nucleate pollen grain. D. annulatum 4099. 650X
R . : S et .

Center upper right: 2 = 3 nucleate pollen grain. B. intermedia
: 2655. 650X ‘

Génter lower right: 2 = 3 nucleate pollen grain. D. annulatum
o ‘ . ‘4099,‘ 650X ’

Lower right: 3-nucleate pollen grain. B. intermedia 2655. 650X
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