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ABSTRACT

dle organizer in a higher plant is similar
hich follows regular cell division cycles
During fertilization, a

A new model of spindle organizers is proposed: The spin
to the centriole of animal cells. It is a unit cell organelle w
and is genome specific. Each genome carries its own spindle organizer.
male spindle organizer enters the egg cell. It may fuse with the female spindle organizer, or either
one may degenerate. In a hybrid, both male and female spindle organizers may exist, and multi-
polar divisions separate different genomes into different groups. The same mechanism can be
used to explain the formation of a polyhaploid from a polyploid. The chromosome behavior
of an individual is believed to be an interaction of chromosome homology and the homology
between chromosomes and their spindle organizers. This model is based on observations of multi-
polar meiosis which occurred in two cultures of diploid crested wheatgrass, Agropyron cristatum
(L.) Gaertn. In these two cultures multipolar meiosis oceurred at every stage after late diakinesis.
The seven bivalents were separated into groups at late diakinesis. More than one equatorial
plate was formed at metaphase I. Each micrometaphase plate behiaved as an independent unit and
had its own anaphase movement. Usually the chromosome complement separated into two
groups with (4-3), (5-2), and (6-1) separations observed in about an equal number of cells. Cells
with chromosomes divided into three or four groups were found less frequently. Multipolar
meiosis may take place at either first or second divigion, Cell plates were formed across each
spindle apparatus, cleaving each group of chromosomes into smaller micro-cells. At the “quartet’’
stage, 4- to 12-ceiled “quartets’ were observed. Pollen stainability was measured at above 75%
in both cultures. Stained pollen grains could be classified into two distinet size classes. Darkly
stained, small pollen grains represented the result of multipolar meiosis and may have been
viable. Multipolar cell divisions provided a mechanism which polyploids might reduce their

ploidy level.

TuE PHENOMENON by which the meiotic or mitotic
chromosome complement is subdivided into two or
more groups that function more or iess independ-
ently within the cell has been deseribed by various
terms including “incompact spindle” (Darlington
and Thomas, 1937), ‘“double-plate metaphase”
(Upcott, 1939; Vaarama, 1949), “somatic meiosis”
(Huskins, 1948), ‘‘reductional groupings’ (Wilson,
1950), ‘“‘multipolar spindles” (Therman and
Timonen, 1950; Knudson, 1958; Walters, 1958),
“gplit spindles” (Upcott, 1939; Nielsen and Nath,
1961), and “complement fractionation” (Thomp-
son, 1962). This phenomenon 1s characterized by
ihe formation of twe or more metaphase plates,
appropriately called “micropiates,” within a
single cell. The consequence of multiple plates
and spindles is the production of daughter cells
with variable chromosome numbers. The {erm
“multipolar spindles” is preferred by this author,
and the overall process shall be referred to as
“multipolar” meiosis or division throughout this
paper.

! Received for publication 17 April 1970.

The author is deeply grateful to Dr. D. R. Dewey who
provided plant materials for this investigation. ITe also
thanks Dr. Dewey and Dr. J. H. Beaman for their critical
reading of the manuseript.

Multipolar divisions have been reported in both
animal and plant species. In animals, they have
been observed in an inbred line of cattle (IXnudsen,
1958), human cancer cells (Therman and Timonen,
1950; 1954), and an interracial Drosophila hybrid
(Koller,.1934.). More frequent reports of multi-
polar divisions occur among higher plants in-
cludmg_ haploid Oryza sativa (Morinaga and
Fukushima, 1934), diploid Zea mays (Beadle and
McClintock, 1928), polyploid Ribes (Vaarama,
1949), Rubus hybrids (Bammi, 1965), Bromus
hybrids (Walters, 1958), and Triticum-Aegilops
hybrids (Li and Tu, 1947).

Multipolar divisions can occur spontaneously,
or they can be induced artificially by temper-
ature shock (Huskins and Cheng, 1950), low
concentrations of colchicine (Ostergren, 1950),
antibiotics (Wilson, 1950), irradiation (Puza
and Srb, 1964), and other chemical agents (IKa-
barity, 1966). Plants with meiotic irregularities
due to polyploidy and wide hybridization appear
to be especially susceptible to multipolar divisions.
Multipolar division is likely more common than
is generally recognized. Huskins (1948) noted
that, “It appears that many cytologists have
observed somatic meiosis in plants. Few suc
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pvations have th‘u published because they 1161
sl “well fixed” and are therefore ugyg]|; Pavk L.—Continued
ae I as of doubtful vatidity.” Recomnif; Y ————
R e divisions has inereased | Enition —_—
e ltipo at ereased in recen
of 1L vol the {l.ulill ‘:11-0 seattered and fraomer ' Numher
yeur™ nd the significanee o this I‘h{‘-ll()lr;l{‘ll.(}l]_ Siiagen Gironpings of
I:ﬂ'\-;ins ohseure. . o A . cells  Percent
""I_]{'l Jeast yart of the diff:culties associated with a Metaphase 1 Normal T 656
“ed deseription and analysis of mulii L (4-3) 4 2
Jotallt™ os from high chromos pomar (5-2) .
ml.lss..\l.l. g SO 1l ; mosome  numbers (p_;) §1 141
" mefotic gularities found in most plants in 3Jg,,‘]|[ - 60 10.5
whieh the phenomenon oceurs. Diploid erested 41{“’“;:“ 6 1.0
eateriss Agropyron  cristatum  (L.)  Gaertn SERE 5 0.5
pru\-idvs an excellent f‘)[)])orlumty tostudy meiosis, Subtotal 514
jt is 8 meiotically regular species with a low  Anaphase T ,
ciromosome ‘{!111111)01', on =14, and lends it- se Normal 03 60.4
<lf to eytologi wal analysis. The recent discovery §i“§"“3"3) 24 15.6
o qwo . cristatum plants that exhibited multi- ('F::T%:EE:?; o o
jolar Me10s1S provided the basis for this study 3 groupse ]?, §3
which  deseribes the sequence of multipolm’- 4 groups? 1 o7
nelosis from late diakinesis through the quartet — — '
«tage and 11)911011 gl’gin formation. The possible Subfotal L
role of multipolar ivision in the evolution Met . .
chromosome number will be discussed, and Ozf e gf-l;r)ml 1‘3; ;;3;
new hypothesis on the nature and action of (5—%) 22’; IS'R
“spindle organizers” will be presented. (6-1) 40 12.2
3 groups 34 10.3
A[ATERIALS AND METHODS—One A. cristatum (2-2-2-1) 1 0.3
plant, CB-9-85, with multipolar meiosis was Others? 13 3.9
discovered during the course of an experiment Subtotal :0._‘):
{ivolving induction of polyploidy (Tai and Dewey, S o
1966). This plant came from seed treated with.a Anaphase IT Normal 115  47.9
01% colchicine solution for 12 hr. Polyploidy (4-3)-(4-3) 35 14.6
was not induced, and there is no evidence to (5-2)-(5-2) 28 IL.1
dicate that the unusual meiosis in this plant (6-1)-(6-1) 33 12:8
resulted from the colchicine treatment. A second piee® _ _'3:: 13-4
A. crislatum plant, CC-37-119, was found to Subtotal 240
eshibit the same type of irregular meiosis. How-
ever, this plant had received no treatment of any “Quartet” stage Normal 128 40.1
type. Meiosis was virtually identical in both Micronucleated™ 87 27.3
plants, and the eytological data of the two are Others' Lﬂf 32.6
Subtotal 319

combined throughout this paper.
Spikes were fixed in Newcomer’s (1953) solu-
tion and stored under refrigeration. Al cytological
observations were made on pollen-mother—cgl s
stained with iron-acetocarmine. Pollen grains
Were stained in an aqueous »KI solution.
Photomicrographs of selected cells were taken

through o phase contrast microscope equippe
with a mounted camera.

ABLE 1. Chromosome groupings at different meiotic slages

Number
| of .
Digkinec:

Kinesis Normal ]23 Q'i’l(_)’
(4-3) i 4.5
(6-1) - )
L N __._
Subtotal w80

a (3-2-2) two cells,

b (2-2-2-1) one cell, (3-2

¢ (3-3-1)-(3-3-1) three cells, (
(4-2-1)-(4-2-1) one cell.

d (3—2~1—I)—(3—2—1—1) one cell,

eSince cytokinesis has taken place after meiosis I,
each daughter cell is considered as a single unit.

f Clells having less than normal number (7) of dyads.
Number of dyads per cell varies from 1-6. These cells
represent the microcells which are possibly the result of
supernumerary cytokineses taking place after multipolar
meiosis 1. (See text for details).

g Cells having less than normal number (7-7)-(7-7) of
chromosomes. Number of chromosomes per cell varies

from ['1-—1)—(6—6). )

n The number of micronuelei per quart
with an average of 1.8 mieronucleus per quartet.

f laving more than 4 spores per “quartet.”” The number
of spores per “quartet’” varies from 5-12. The;’ most
common types are 6-celled and S-celled “quartets with
46 and 44 “quurtcls,” respectively.

(3-3-1) two cells, (4-2-1) two cells.
—1-1) two cells.
3-2-2)-(3-2-2) two cells,

et varies from 1-0
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g 290 A. eristalum plants, CB-9-85
jC-lﬁ?—*llg,‘:l]-c maintained in field ““]"*("I:ilt and
the ivans 1'arm of the Utah Agricultura] 13 S on
ment ggation near Logan, Utah, Xperi-

sprvaTions—Normal meiosis i .
‘(‘?::111}121I‘llbll‘ oo 111:::.11{111‘“{(’:1({“.}1-m'A.(frmhm””
18 : ) : ther diploids, The
14 chromosomes typieally form seven bival »
(hat align themselves on a sing]{; N} valents
Jate (Fig. 1) followed by a 7-7 bipolar ‘.Lllu.l“;""‘ll
] disjunction (Xig. 7) and a UY‘-UIJ'lzumliv‘(-il:p e
(hat gives rise 10 two daughter cells (uﬁw"ﬁ*
seven dyads. Melosis is syn(:l'n‘uniz()dd 50 “tvll'l
sister cells Rroce‘ed simultaneousiy "hl‘imgi] . ‘F‘lt
phase 11 (Fig. 13) and anaphase IT (Fig. 19) N di
{ypical four-celled quartets are formed (1?‘” :)12(

The prophase stages of the two abnor mia‘ll-rj
eristatum plants appeared to be fully regul '
and all.cellS_elltel‘ed diakinesis with seven no};’"m‘(:::{i
appearing bivalents. By late diakinesis occasional
cells, 4 of 130, showed a tendency for the chromo-
somes to accumulate into two groups Casual
examination of diakinesis in these plallts.l‘cVea,ied
no unusual behavior.

The first conclusive evidence of multipolar
meiosis was encountered at metaphase 1. How-
ever, its effects could still be easily overlooked at
{his stage unless one was consciously searching
for irregular behavior. Even with close examina-
tion, only one-third, 197 of 574, of the cells
appeared to be abnormal. The abnormality con-
sisted of clustering of the. seven bivalents into
two to four groups of one to six bivalents each.

TA T—— M1 T (v 1o
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The most, eo .

for 188 of ||l(l'.”;l{.;;“lt:.lfltnf “‘flf-',f'(ill]llllg, BTN AE
Into two groups of 4 :th,:]"‘l’;l [f':'{!]]"i’ Wils separation
3), or 6 and 1 bivy l] B (Fig. 2), 5 and 2 (I'ig.
formed i : alents U;th: 1). Bivalents

med into three groups in six cells (Fi 5
and  four-group associations W‘..L. h{ ig. 4, 5)
”“,Ifi! cells (Iig. 6). ' N P i

1¢ true proportion of abnorm: faphase

:i(‘:llﬂ may be higher than that ';(”{—If':r:}tzlnjril1{)2};]5; 11
H{::;{:::.s]}z'il::g)!i:::}ci rm‘g?rht..‘hlu ‘ftjrfjtitl together during
b b l : .._ppc.u* as a single 1)lutc.’ On the
ther and, a single plate would not likely be
separated into segments unless undue pressure
was 21[)]‘,\][{5(.1 to the cover slip during slide prepara-
tion. Considerable care was exercised to avoid
breaking or disrupting the cell contents as the
slides were prepared. The apparent underesti-
mation of abnormal metaphase I cells is reflected
in the slightly higher proportion of abnormal
cells at anaphase I (Table 1).

The visible evidence of multipolar meiosis at
anaphase I was similar to that at metaphase I
;md merely ‘represented a continuation of the
irregularities - apparent at the earlier stage.
Approximately 40% of the 154 anaphase [
cells examined had abnormal groupings of dyads.
The nature and relative frequency of the groups
were more or less the same as those found at
metaphase [ (Table 1). T'wo-group dyad separa-
tions (Fig. 8, 9) were by far the most frequent,
although three-group (Fig. 10, 11, 12) or four-
group separations occurred in several cells.

Unlike many other plants, cytokinesis in A.

L]
1

Fig. 1-9.—Fig. 1. Normal metaphase I showing fiv
metaphase I with microplates of fowran
with (5-2) separation. X 840 —Tig. 4. Multipola
5. Multipolar metaphase I with (3-3-1) separation.
four groups with a (2-2-2-1) separation. X 340.
Fig. 8. Multipolar anaphase I showing (4-3) s
I with (6-1) separation in each of the origina

Fig. 10-18.—Fig. 10. Anaphase I with (3-2-2) separat
X 780.—Fig. 12. Anaphase I with (3-3-1) separations.
chromosomes forming & single equatc [ -2
tion. X 1250.—Fig. 15. Metaphase II with (5-2) sep
X 1200.—Fig. 16. Multipolar met.aphaso? perpug
typical metaphase I1 morphology- A (4-3) separation 1
(6-1) separation. The gapernumerary Cytogines
spectively. X 740.—Fig. 18. A_mlgl'(:cell with .3._:)-: .‘
polar meiosis and precocious division al an ecarlier stage.

Normal anaphase :
11 and (1-1) disjunctio1
lar anaphase 1I.

Fig. 19-27—Fig. 19-
disjunction in one mieroce
Kinesis. X 900.—Fig. 21. Multipo
cells show (4-4-1) (Arrow 42) an X
may have originated from the intact cell at firs
X 2000.—Fig. 23. Asynchroniz
shows eight single-stranded chromo
celled “quartet”’ with the 6th nucleus out f the LT
are results of multipolar divisions. 8g0.—F 11';.: i
pollen is thought to have developed from o ml(,{l
and small dark (arises from microcell) polien gra

4 meiosis.

somes ot anaphase IL.

II. Supernumerary Cyloxl  has
s illustrated in this picture.
ytokinesis has cleaved the ce
lyad chromosomes &
% 1500.

e IT showing (7-7) disjunction.
1 in another microc
The intact cell show
tively. The one

: s 43) respec (
LG e kg 720.—Fig. 22. Anaphase 11 Microcell w

i Iltipolar meiosis. On a
; 2 % 1200.—Fig. 24.

of the focal depth (open _ .
ifTerent s1zes of pollen grams stalnec

yeell. X 73(}.—-
ins are believe

¢ ring bivalents and two rod bivalents. X 840.—Fig. 2. Multipolar
d three (4-3) bivalents respectively. X 780.—Fig. 3. Multipolar metaphase I
ar metaphase T showing (3-2-2) grouping in a polar view. X 780.—Tig.
¥ 780.—Fig. 6. Metaphase I with seven bivalents separated into
—Fig. 7. Normal anaphase 1 with a (7-7) bipolar disjunction. X 800.—
eparation in each of the original two polar regions. X 750.—Fig. 9. Anaphase
] two polar regions. X 840.

ions. X 840.—Fig. 11. Anaphase 1 with (4-2-1) separations:
% 780.—Fig. 13. Normal metaphase 11 showing seven dyad
yrial plate. X 1250.—Fig. 14. Multipolar metaphase 11 showing (2-2-2-1) separa-
aration. Open arrows point to the supernumerary eytokinesis.

tokinesis has taken place but chromosomes still show
% 1200.—Fig. 17. Metaphase IT of
1 into two microcells with one and six dyads re-
t metaphase 11, believed to be the results of multi-

% 1200.—Fig. 20. Anaphase 1T with (6-6)
¢ll. Open arrows point to the supernumerary eyto-
sa (T-6) disjunction (Arrow #1) and the two micro-
lagging chromosome in the second mierocell
| ith (1-1) disjunction.
ee dyads at metaphase IT and another cell
A normal quartet. X §80.—Fig. 25. A 6-
believed that the supernumerary sporads
| with acetocarmine. The smaller
ined with I;-KI. The large dark

¢ cell has thr
arrow). It s

Fig. 27. Pollen grains sta
d to be viable. X 660.
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cristatum oceurs after first 131t\insi.~4lnnfll .ltlt-.all-‘:'t"-'-ﬁ

» DE ALY microsporoeyte into two secondary
”]'L- 'E:}:I}m'n(’;vlvs. Consequently, the whole of the
:Hi;nll'nlt‘ini ie division takes plm-t: infwo sujr}:lr:llu
sistor cells. In this l'olml't,’l‘l!l'll. sister cell 1s ('un-'
sidered as a single unit. No eritical tth{"l'\’llll.tlllb
were made at prophase IT beeause cells were
seen only rarely at this stage, which apparently
proceeds very I':l])i(“}:. .

Ioffects of the multipolar division at metaphase
[ beeame clearly apparent at metaphase II or
shortly after. The chromosomes of more than
half of the ecells, 186 of 327, oriented themselves
in two or more groups at the cell equator (Iig.
14, 15) in much the same fashion as at metaphase
I. A second supernumerary cytoplasmic cleavage
(Fig. 15, 16, 23) occurred in many of the abnormal
cells at metaphase I1 and gave rise to microcells
with one to six dyad chromosomes (Iig. 16, 17,
18). Other cells, both with grouped chromosomes
and those without, proceeded mto anaphase II
normally with no supernumerary cytokinesis.
Supernumerary eytokinesis could also take place
together with regular cytokinesis after the first
meiotie division, even though it was not observed
in this investigation.

Sister microcells resulting from the supernum-
erary cytokinesis advanced to anaphase I1I more
or less unsynchronized. One cell often remained
at metaphase II while its sister cell proceeded to
anaphase II (Fig. 23). Anaphase II in the other
microcells was not particularly unusual except
for the variable number of chromosomes per
cell (IFig. 20, 21, 22).

The quartet stage reflected the abnormal be-
havior seen at the previous stages. Approximately
60% of the quartets contained micronuclei or
consisted of more than four cells (Fig. 25). The
number of ecells per ‘“‘quartet” 'is apparently
dependent on the number of microplates formed
at metaphase and the frequency of supernumerary
eytokinesis. I'or example, @ double microplate
at metaphase I and supernumerary cytokinesis
in both daughter cells at metaphase II would
produce an S-celled “quartet.” A 12-celled
“quartet” would result from a three-grouped
metaphase I followed by two supernumerary

[Vol. 57

clenvages at metaphase I1. Su_pornum{:rary cyto.
kinesis does not take place in every cel] wit]

multipolar spindles. 1

As might be expected, microspores and polles

grains from the abnormal A. eristalum plants “‘efl
of variable sizes (IMig. 206, 27). More than '.-‘?,f"?
of the pollen stained darkly in [-KI (Table 2')”
Approximately one-third of the stained Kl’itinr:;
were small and likely contained fewer than sevey,
chromosomes per gamete. Plant  CB-9-g3
averaged 1.18 seeds per spikelet under opey,
pollination, whereas normal A. cristatum plants
g]‘o\\‘ill{.’,’ nearby uvcragml 2.55 seeds per S[)i]{{flm,
Seed set on plant CC-37-119 was not determined,

Diccussion—Iragmentary — observations of
multipolar meiosis have been made in several
plant species and hybrids; however, the overall
sequence has never been followed closely in a
low-chromosome number diploid such as 4.
eristatum. The advantages of studying the details
of a complex meiotic irregularity in a plant with
few chromosomes and no additional meiotic
irregularities are obvious. Although the same
mechanism -may not be involved in multipolar
divisions (in all species or hybrids, the basie
process is probably similar.

Thompson (1962) emphasized that after “‘com-
plement fractionation,” each group of chromo-
somes is an independent unit. This point is also
demonstrated in the present study. The percentage
of. multipolar meiotic cells increases from one
meiotic stage to the next, except anaphase II
at which the percentage of normal cells is slightly
higher than the normal cell percentage found at
metaphase II (Table 1). This indicates that multi-
polar meiosis can occur at any stage, and as the
melotic process proceeds, the number of multi-
polar cells gccumulates. It also demonstrates
that once microplates are formed, they are not
regrouped even though they may be positioned
very close to each other at telophase I or II.
M 'ult1p01§u' melosis as an independent event is also
evident in those cells where asynchrony was
observed. Figure 21 shows an intact cell and two
microcells. The totgl number and the distribution
of chromosomes indicate that all three cells

TanLe 2. Pollen statnabilitywith I-K 1 solution in eullures CB-9-85 and CC-37-119

Stained
n . Yellowish
Nll"]bcl‘l qr'-i—[; ent N Sn]a]i ]-Jat.ge c; ]I
ereen Number — Percent  Number Percent N’\tmbe; nmpercmt.
CB-9-85 780 52.09 383 25 9
CC-37-119 810 : 5% * v T . O
54.09 361 24,19, 197 : R
Total 1590 = M.1% 18-1% 1 S
i a3.09, 744 24 .89 4 a.0%
77.89, ° 14 13.89, 252 8.4%
22,29,
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comt® jrom ll,w Hmeprimary - microsporoeyi e
- pultipoliu division oceurs’in one second e,
] 'l,-rnﬁll”"”"-\'“: WIIh_ no influence on the .“:lnlm f“'-\'
Il g el
I'he f"’"_l””““”” of chromosomes into grou .
agother independent operation. If the nw ];h.l':-:
Mol o different stages are added l(llr(l:]lil){‘-!:%
. totnl pumber ol cells with chy &5 icr,
(he : TG i ; 1 chromosomes
,4;-||=u‘nll"-d. into two groups is 473, The cells of
(4-3); (h-2), and (6-1) separations are 1-(;[,1-(15-{.,'110(1
by “I,]n-uxlm:}lt-ly ”mluul numbers  of :"i:%’{-};}.;.
30,4 and  30.0%, respeetively. The 1:111;1\ (’
o u]ivl""""”H il 11\'{!1:11)11511! and imuphuqc 11 'i(:l
wot ineluded In (his ealeulation beeause a mi -‘-m
ol with three chromosomes may r[.quil o
. L s 5 may result either
(rom (1-3) or (3-3-1) scparation.
1 51‘_. |]|(ll'.]l'('l](]l![l| (.)[J(!l‘:lll{lll o'f each microplate
provides 1_-.vulum-.u for the existence of a cell
organelle, the two A, eristalum cultures studied
similar 10 the centriole in animal cells. From’l
evidence reported in the literature and her own
experiment, 'l‘!nnnpsnn (1962) suggested two
origing of multipolar eell divisions. One explana-
tion is that the chromosomes are carried by a
<plit spindle. The alternative is that the chromo-
omes are first grouped and then form their own
split spindles. Neither hypothesis can be proven
[-ylnlngi::ully. No matter whether first the spindles
gplit or the chromosomes group, without centers
at the polar regions for the chromosomes and
spindles to orient themselves at telophase, the
microplates will be regrouped to form a single
pueleus. Although no centriole or similar structure
has been seen in any angiosperm cell (Swanson,
1952), its physical existence is probable.
Based on their observations ©f fincompact
spindles,” Darlington and Thomas (1937). pro-
posed that the spindles are developed through the
cooperation  between centromere . and “pole-
deferminants.” They also indicated that “pole
determinants” exist as diffuse ~particles which
coalesece  or congregate at the moment whgn
spindle poles are normally formed and exist
separately at other times. The polar determinants
have the function of centrosomes and possess
their continuily as single and visible coherent
bodies. Swanson and Nelsoz (1942) attributed the
multipolar  spindles in. “Mentha 10 extra-pole
determinants, probably arising de novo. Super-
numerary centrioles. Wwere ulsi).l:el)(ll't'e(l to be
associated with multipolar divisions 11 animal
cells (Therman and Timonen, 1954; Puza and

Srh, 1964).

The ”H)pin(]l(g m-ganizcr” deseribed by Walters
(1958) is essentially the same as a pole determi-
nant. She suggested that the spindle organizer
may be a compound structure, usually single
and following 2 regular division cycle. 1t 15
however, capable of supernumerary division
under extraordinary conc o substructures

lition int uctu
that may also be effective in spindle organization.
In Bromus hybrids she noted that “one 0

r both
organizers may divide Some separation

again.
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of the new organizer
el Lf:]‘ltllllil'f:'.}rlq;u-rurs, and a number of
(or quantity of t'.‘,,,;I"”[,’::’Ipfjnm"a] to the size
m.ﬁi{]mz“r}is attracted 1o i|'_="h) of each spindle
¢ above I .
or “spin{ll’(\zt ¢:|n:jiri:|];:r:]ffs ‘polar_determinants”
Tone TS an - explai g
chromosome hehavior ; S e
ko behavior and some multipolar cell
divisions satisfactorily. How polar cel
i Gl ac y. However, they all fail
; explain the following facts: (1) multipolar
l)tlv’)lisllllnll. t_lc.cur)s very rarely in a natural diploid
ppusn: 3 s 'y i
often h‘m'o(’l (;ll tl]? r{.,rnupmg ol FHONOSAmES 18
Somes "i‘l-l o v f:,cr‘lomc origin of the chromo-
has been (;héerwl.’(i:nlm' Sel-mrz.l'“m] Of chioiomomes
Bammi. 1¢ served 1n species hybrids n{f' Itubus
ammi, 1965), in an amphidiploid of T'riticum
and Aegilops (i and Tu, 1947), tetraploid
Rhoeo (Huskins and Chouinard, 1950), triploid
Lycopersicum (Gottschalk, in Thompson, 1962).
triploid Rubus (Thompson, 1962), and in other
species.

A new
this cell organelle.
meiosis has never taken place at a stage
than prometaphase I indicates that the grouping
of chromosomes is somewhat linked with the
formation- of spindle fibers. The name “spindle
organizer” is therefore adopted.

1 propose that the spindle organizer is a single
organelle. Its function is similar to that of a
centriole in animal cells. In a somatic cell of a
diploid species there are two organizers functioning
as two poles during mitosis. In a male gametic
cell there is only one spindle organizer. It enters
the egg during fertilization together with u
genome Of chromosomes. This action is similar
to the entrance of a male centriole into egg cellz
in Ascaris and sea urchin species. After the male
spindle organizer enters the egg, it may fuse with
the female organizer to form a single unit. Or
after the entrance of male organizer, either female
or male organizer disintegrates. The disintegra-
tion of male organizer may be more probable
because parallel phenomena have been observed
in animal species. Subsequently, the remaining
spindle organizer may divide again before or
during early mitosis as centrosomes do in animal
cells. The spindle organizer apparently applies
its influence on chromosome behavior through
the fibers connecting the centromere and the
spindle organizer.

1 propose that the spindle organizer is genome

specific. This means that each genome carries 11
ment of

own spindle organizer, and the move :
this genome of chromosomes 18 controlled by 1ts
own spindle organizer. In 2 species hybrid where
different genomes are combined, heterozygous
spindle organizers exist within the same proto-
plast. If either male or female spindle organizer
disintegrates, the affinity between spindle organ-
izers of one species and chromosomes of another
species may be little or none. Therefore, chromo-

model is presented here 10 describe

The fact that multipolar
earlier
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somes without their own spindle organizer \\:!”
move rather randomly, and many of llll‘-lllri“.! l
be lagging. Another possibility is that in a by ]]l .n.
neither spindle  organizer degenerates; rather,
they serve as opposite poles, and the lack of
internetion botween the poles causes the 11:1‘0.;_1_;&11:11‘
chromosome bhehavior. In an amphidiploid cach
chromosome finds its own homologous partner,
and each genome finds its own spindle organizer.
[T the spindle organizers of different  genomes
fuse, normal chromosome behavior is recovered.
If the spindle organizers are not fused and remain
as separate  units, mullipolar division should
result, and the chromosomes will be grouped
according 1o their genomic origing. Apparently,
chromosome behavior in a species is an interaction
of homology between chromosomes and the
homology between chromosomes and their spindle
organizers.

The same reasoning can be used to explain
senome separation in polyploids and colchiploids.
If each genome carries its own spindle organizer
and the spindle organizers do not disintegrate or
fuse, multipolar division will oceur. Apparently,
genome separation in g multipolar division is
gene-controlled. Even in ap autopolyploid a
slight difference in genetic composition may enable
the spindle organizer to recognize its own genome.

Usually a spindle organizer is a single-uni
cell organelle. 1t can be broken by chemical
treatment (Wilson, 1950; Kabarity, 1966), 1r-
radiation (Puza and Srb, 1964), and low temper-
ature (Huskins and Cheng, 1950). 1t may also
be broken spontaneously as observed in culture
CC-37-119 in the presenf study. When a spindle
organizer is broken, multipolar division apises.

A unit spindle organizer usually is broken
randomly. This can be demonstrated by the

random grouping of chromosomes
experiments. It is clear that the
of CB-9-85 and CC-

in induction
spindle organizers
37-119 are single units
broken randomly because the groupings of
chromosomes are completely random. [ believe
that the number of chromosomes attracted to it
is proportional to the size of the broken piece.
Cytokinesis scems to oceur as ap interaction

between any two spindle organizers, No genome

specificity was observed in this regar, Therefore,
wherever there is g spindie organizer, cytokinesis
takes place, cleaving the cytoplasm and keeping
the constant rafjo of one spindle organizer per
cach daughter cell, A the number of spindle
oreanizers increases, ‘{he number of eytokineses
nereases with it, and there will be more micro-
cells, If o double plate fipst metaphase oceypg
an “octet” op S-celled “quartet””’ should bhe pro-’
duced. The close relay ionship bet ween the spind]
pule.‘j and the “division furrow” g diR{'ll:;t]sed i(:
r.lclz_ul by DuPryyw (1968) based on g f-{"w“ hs I
vations wit}, anima| malerials, - ohser
he‘:\‘::!(l\‘: (1957) ()]stervlml 17 bivalens j,
2 urbinellys

(= 50)

1 3
Aster thiybriq

and 4,
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cordifolius (n = 9). If multipolar cell division i
taken into considerat mm,ﬂ_llu_s result is not hay to
explain - eytologi ’“].Iy‘ b]m]]_ar reports can
found in many articles duiElnw; wnh”pla,nt- Cyto-
genetics. In most cases unkm)wn_ has bHeey,
marked as the ::Lluse of these mysterious hybrig
Ty some numbers. ) L
{’hl_l?lﬁlzuz.?::]i[i(:;_mcc of I]‘l_ll]ll]lt}]é}l: {ll‘u'li_-!ll)mi has
not been recognized previously. The existence of
multipolar divisions 15 not mentioned in recent
cytology or cytogenetics textbooks. In a reviey
of haploid angiosperms, Kimber and Riley (19@3)
stated that there was no known technique which
could induce haploidy. . .

In Iig. 26 and 27 stainable pollen grains of
different sizes indicate that some of the microcells
may be functional. More sxgruhczmt diltE_L may he
obtained when the few seeds collected from cul-
tures UB-9-85 and CC-37-119 are planted and
studied. Fertile offspring after “complement
fractionation” in Rubus were also reported b
Thompson (1962). She suggested that multipolar
division provided a method to decref}se the level
of ploidy. Thus polyploidy is a reversible process,
and “ancient polyploids are an untapped reservoir
of variability that can be drawn upon.” Raven
and Thompson (1964) stated that “there appears
to be no theoretical reason or experimental bagig
for excluding polyhaploidy as an evolutionary
mechanism of some mmportance in polyploid
groups or organisms.’” It is apparcnt that in the
study of genome relationships and evolutionary
pathways of g group of plants, the study of
multipolar divisions deserves at least as much
attention as the induction of polyploids by
colchicine treatment. In addition, the significance
of multipolar division to plant genetics and plant
breeding should alse be recognized. Tt could
provide a simple method for obtaining an ipdi-
vidual which ig 1‘10mozyg0us for every gene
locus, It would require only two steps, induection
of haploidy by multipolar ce]] divisions and re-

oubling of the chromosome complement in the
haploids.
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