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INTRODUCTION

VWhile there are several interpretations of the mechanism of
crossing-over, there is a certain weak point in these interpretations,

namely that the cytological data employed for them are mostly those
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obtained from plants or animals in ~wﬂn’ch the phenomenon of crossing-
over has not vet been adequately studied. To obtain a more correct
idea of the mechanism, we should rather seek its cytological basis in
those plants or animals with regard to which we have already a
sufficient knowledge of the phenomenon.

The sweet-pea is a classical material for the study of linkage,
and we have now the fact that there are in this plant most probably
as many linkage groups as the chromosome number, exhibiting cer-
tain definite percentages of crossing-over hetween the groups‘ (PunneTT,
1gz23). ‘

The present investigation had its start in the spring of 1g925. It
was suggested by Prof. Y. Kuwapa, and was intended to' deal specially
with the mechanism of crossig-over. Meanwhile, in 1926, Miss LLATTER'S
rescarch on this material was published, but it seems not to be super-
fluous to publish here the new results we have obtained, which differ

from her results in some important points.

-I. MATERIAL AND METHODS

Material was taken from several garden varietics grown in the
rescarch field of the Botanical Institute, Department of Science, Kyoto
Imperial University. No cytological differences could be found among
these varieties.

Of the various fixatives employed, the following two were found
to be the best for this material after trials in various ways :—

1. Nawascuiw'’s fixative (1% chromic acid 10 c.c., glacial acetic
acid 1 c.c.,, commercial formalin 4 c.c ) was used in combination with
Carnoy’s mixture (absolute alcohol 6, chloroform 3, glacial acetic acid
1 in volume). Preparations made from material fixed in NAWASCHIN'S
fixative after having been trcated with Carxov's mixture for 1-2
minutes were found to be the best for observations of the earlier
stages.  For studies of more advanced stages a more prolonged pre-
vious treatment with Carxov's mixture was required, for instance, 3

minutes for the heterotype metaphase and 5 minutes or more for
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stages of the homotype division. The material, after being fixed for
3 hours in NawascHIN's fixative, was transferred to 30% alcohol directly
without rinsing in water ; dehydration and paraffin imbedding were done
in the usual manner.

2. The Bonn modification of FLEmMING's solution was used with
the previous treatment with Carnoy’s mixture (the same as that men-
tioned above). This method was found to give good results too. A
more prolonged previous treatment with Carxoy’s mixture than the
first method was, however, nccessary in this second method; s—10
minutes for stages of heterotype division, and 1o-13 minutes for
homotype division. After being fixed for 24 hours, the material was
washed in running water for 24 hours, and then, having been dehyd-
rated through graded alcohols beginning with 2.52%, was imbedded
in paraffin in the usual manner.

In both these methods flower-buds in appropriate stages of
development were cut at their apices by the aid of a sharp dissection
needle to open out their calyxes so that the direct contact of the
anthers with the fixatives to be applied might be secured, and then
the buds were plunged into the fixative without any delay. An
exhaust pump was used to drive away air bubbles and the surplus
of cliloroform from the material soon after it had been transferred
from the first fixative to the second.

Sections were cut in various thicknesses varying from 7@ to 154 to
mect necessary requirements, and stained exclusively with HEIDENHAIN'S

iron alum hacematoxylin.

II. MORPHOLOGICAL CHARACTERISTICS OF
SOMATIC CHROMOSOMES

Root tips raised in wet saw dust and fixed in the Bonn modifi-
cation of FLEMMING's solution were used as material.

14 chromosomes are found in the cquatorial plate. They are
rarely found situated in the equatorial plane throughout their whole

length, stretching out straightly from one end to the other, bHut usu-
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ally so oriented that the only part of the chromosomes that always
lies in this planc is the region of the spindle fiber attachment and the
free end parts arc quite out of the plane, generally being directed
more or less irregularly towards the poles (Fig. 1). This latter situa-
tion makes it very difficult to study their morphological characteristics
exactly, but some closer observations in metaphase and anaphase made
clear the following points :—

The 14 chromosomes can be classified into 7 pairs, according to
their lengths and to the number and the position of the constrictions
they carry, or the lengths of the segments between the constrictions.
The paired arrangement of these morphological pairs of chromosomes
in the equatorial plate could not be found in this material (IFigs. 2
and 3).

Each chromosome has a constriction very near the proximal end
(the end nearer to the point of spindle fiber attachment) which causcs
the formation of a very short end segment appearing like a spherical
body attached to this end of the chromosome. This end scgment
vory often splits longitudinally earlier than the other part of the
chromosome and then becomes so much elongated that it loses the
spherical appearance (comp. Fig. 2 with Figs. 3 and 4). Two pairs
of chromosomes have 2 other constrictions and consequently they
consist of 4 segments; all the other pairs of chromosomes have only
one extra constriction, so that they consist of 3 segments. The length
of the corresponding segments differs in different pairs, as the whole
length of the chromosomes is different in different pairs. In Tig. 4
a—c¢ all the chromosomes arc arranged pairwise according to their
lengths.

The spindle fiber is attached at the 2nd constriction in all the
chromosomes (Fig. 5), so that the position of the spindle fiber attach-
ment is i all of them submedian or subterminal according to the
position of the constriction. In the anaphasic chromosomes the cou-
strictions are not so clear as in those of the metaphase but the same

relation as in the metaphase in length between the two parts on both
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sides of the point of spindle fiber attachment is recognizable. The
chromosomes are now bent over at the point of spindle fiber attach-
ment into the form of a V with unequal arms, the apices of the V
being directed towards the pole and the two unequal arms towards
the equatorial region (Fig. 6 and Fig. 7).

When the root tips were treated before fixation with o.75%
solution of chloralhydrate as directed by Sakamura (1gz20) in his
paper, the constrictions in each chromosome became obscure except

the first constriction, which is subterminal in its position (Fig. 8).

III. MEIOTIC PHASES IN POLLEN
MOTHER CELLS

1) Heterotype division

Dresynizelic stage and sviizesss.  Young pollen mother cells are
rich in cytoplasm and of the polygonal shape. The nucleus at an
early stage shows in it a faintly stained reticulum with more densely
stained granules suspended in it (Fig. ¢9). More than one nucleolus
may be found in a certain early stage, but when the reticulum be-
comes more conspicuous, there is always one only. The vacuoles and
crystal-like bodies found by T.arrer (1920) in this plant in the nucle-
olus in this stage could not be observed in the present material. Con-
voluted leptotene threads become then recognizable in the nucleus,
some parts of the thread being thicker than the other part (Fig. 10).
Soon the convolution of the leptotene threads begins to contract and
become separated from the nuclear membrane to form the synizetic
hall, enveloping the nucleolus in its center. After the synizetic con-
traction has reached its maximum, the nucleolus comes out of the
convoluted threads (Fig. 11). In this stage the phenomenon of

33

“ nucleolar budding ” is observed. One or more small nucleolar bodies
are sometimes found on the mother nucleolus, sometimes free from it
in the nuclear cavity {[Fig. 11). IFrom this time onward, the nucleolus

undergoes changes in shape.  Its clear spherical shape is now lost,
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but an irregular amochoid shape becomes conspicuous; in most cases
the nucleolus is fragmented into more than two lumps of 1'1‘1‘(;gulém1‘
shapes.  These lumps take their positions tightly pressed agaist the
muclear wall so as to assume the shape of a concavo-convex lens or
a crescent (Fig. 12 and TFig. 13). The vacuolated state is now very
conspicuous in these nucleolar fragments.

A material connection between the nucleolus and the spireme
thread has been described by some authors, and also in the sweet-pea
by Larrer (1926). The result of the present obscrvations, however,
points to the conclusion that such can not he said to be of gencral
occurrence, though an accidental contact by chance may be found.

As the stage proceeds further, the crescent nucleolus and its
fragments gradually diminish in volume, contract into spherical bodies
once again and hecome free from the nuclear wall, being suspended
in the nuclear substance. In material fixed with Nawascuin's fixative
the nucleolus is stained more densely than in material fixed with
Fremang's solution. The vacuolisation in the nucleoli was obscrved
in this advanced stage only in a few cases in both these different
fixation methods (Figs. 15, 17 and 22).

Postsymisclic stege.  TFrom the stage of synizetic contraction on-
wards the nucleus shows a conspicuous growth in its volume as
well as in the clements contained in it, as can be seen by comparison
of Fig. 12 with Ifig. 13. The synizetic knot now loosens by and by
to have the spireme thread distributed throughout the nuclear cavity,
and thus the nucleus becomes once more filled up with a loose
convolution of pachytene threads (Fig. 13 and Fig. 15).

In the sweet-pea the leptotenc stage is of very short duration
and the nuclear threads are too thin to allow of a correct judgement
about its behaviour. But, as the stage proceeds into the postsynizetic
stages the present material appears to be appropriate for detailed
observation. In observing, care was taken to have appropriate
illuminating conditions. Characteristic features observed in this stage

arc: 1) the double nature of the spireme thread, and 2) the parallel



The Meiotic Divisions in P.M.C.'s of the Sweet-pea 65

disposition of the threads two by two with crossing points at certain
lengths.

The postsynizetic spireme thread consists of two strands twisted
around each other which may be recognized as the longitudinally
split halves. This double nature is observable even in so carly a
stage as that where the spireme is just beginning to spin out of the
svnizetic knot. Sometimes the twisting is very loosc as is seen in a
portion of the spireme shown in Fig. 134, and sometimes it is so
tight that not only is the double nature of the spireme completely
concealded but also this tightly twisted spireme forms a spiral by
further twisting, as is scen in the lower part of the spireme shown in
Fig. 14¢.  The turns of the spiral often present a * pearl necklace”
appearance which may be misunderstood as consisting of a row of
chromomeres (Fig. 144). The most prevalent appearance of the spireme
is that of a rope or two spirals twisted around cach other (Fig. 13 and
Fig. 15). Very often the loose portion is found hetween the two
portions where the twisting is tight, as shown in IFig. 132. The
direction of twisting is often found to be opposite in the portions on
the two sides of the loosely twisted portion.

Parallel disposition of the spireme threads and their crossing at
certain lengths may be rccognized in the later stage of synizesis, but
it can be clearly recognized only after the synizetic knot has become
loose and filled up the whole nuclear cavity (Fig. 15). In this stage
the spireme threads are found associated two by two running parallel
to each other for some distance, at the close of which the two threads
converge to form a cross and run again apart from cach other. Some
examples arc illustrated in Figs. 16 A-— /).

In Fig. 16 4, we scc at @ a crossing point of two spireme threads cach of which
consists of two strands. At the point of crossing, the four arms of the cross are found
lying on one and the samc optical plane, a situation which shows that the two threads ave
set in a more intimate relation to each other than mere contact or superposition, TIn Fig.
16 2, a similar feature of the cross to that observed at ¢ in Fig. 16 A is found at @. At

&, the cross feature itselfl is quite the same as at «, but here the portions of the two spiremes

on both sides of the cross are found on different optical planes and the crossing point between
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them. Yigures &,, 4, and &, are drawings of what is seen in these three successive optical
plancs.  They show that this cross is not a pm'spéctivc, but a true cross. In Fig. 16 C, two
crossing points are seen at « and 6. At ¢ the cross is only perspective; spireme 7 merely
touches the upper side of spireme /7 with its lower side. In Fig. 16 D, two crossing points
are seen at « and @, Between these two points there are two twistings (& and ¢). They look
as il the two spiremes were superposed one on the other, but really they are some distance
apart from each other.

These observations lead us to the conclusion that in these points
of crossing the two spireme threads may be disposed in a more inti-
mate relation to ecach other than mere superposition or contact.

The two characteristic features of the spireme threads described
above, i.e. their double nature and their crossing at cortain points,
become more clear as the stage proceeds further.

Seomentation of spircme, diakinesss and mctaphase. Segmenta-
tion of the spireme threads seems to occur step by step heginning
from so early a stage as that when the spinning of the spireme out
of the synizetic knot is not yet complete, for we can see already in
this stage some free ends of the spireme threads lying in pairs (Fig.
16 A, upper end). Gradual contraction and thickening of the segmented
spireme threads follow then, giving rise to the presentation of a different
aspect of the nucleus from that of the immediately preceding stage
(comp. Figs. 17 and 18 with Fig. 15). The spireme thread becomes
untwisted by and by, probably as the result of the shortening and
thickening of the thread itself. We can distinguish 7 hivalents, cach
consisting of the two parallel spireme segments with a cross-point or
points between them. They are of different sizes and forms which will
he described later in detail. In this stage most bivalents are found
stretched across the nuclear cavity from one side to the other, forming
a radiating figure. At both ends of these hivalents we can very often
observe that the component spireme- threads or the univalents, are
double, a fact which shows the four-stranded nature of the bivalents.
This stage seems to correspond to the ‘second contraction ' or
‘brochonema’ of Latter (1926). The nucleolus is often found in

the central region of the nuclear cavity, but no figure suggesting the
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“central mass” or “knot” as describedl by ILatrer (1g26) in this
material could he found. As the hivalents contract and thicken to
assume compact forms characteristic in the diakinesis and metaphase,
the parts or segments hetween the crossing points take up the form
of rings which show a tendency to be disposed perpendicularly to each
other successively (Figs. 18—z21. Comp. also Figs. 32—354).

In preparations from material fixed hy certain methods of fixation
the spiral structure of chromosomes was observed in the stages of
diakinesis and metaphase (Maepa, 1928).  The structure is to be
considered as owing its origin to the contraction of the chromosome,
or more properly speaking, to the contraction of its matrix accom-
panied by no or far slighter contraction of its chromatic part (cf.
Kuwapa, 1926, p. 3).

The fact that the spireme threads which are found in the carly
postsynizétic stage consisting of two twisted strands and running
parallel two by two with a certain number of crosses between them
develope into the four-stranded hivalents leads us to the conclusion

that in this plant the mode of syndesis is parasyndesis.

Anapliase and telophase.  There is some complication in the mode
of disjunction of the bivalents, and details of the observations will be
described in Section VI, But the general scheme of separation towards
the poles may be mentioned here.  The disjoined univalents are
transported to hoth polar regions 7 by 7. They are pulled at their
point of spindle fiber attachment, so that they are hent at this point
into the shape of a V with unequal arms its apex directed towards
the pole. Each arm is longitudinally split, and the chromosome
assumes the form of an X or double V, the spilt halves remaining
connected with each other only at the crossing point of the X or the
apex of the V (Fig. 27, Fig. 28 and Fig. 29). These shapes of the
anaphasic chromosomes are clearly observable in polar view (Fig. 30e)

or in a somewhat oblique view (Fig. 300). In these cases, we can
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count 4 % 7 =28 round hodies in an optical section (Fig. 30a2) as des-
cribed by WiNGE (1910) in this material.

These chromosomes with 4 arms, are then tightly clumped to-
gether into a group at the pole, although individual arms are still clearly
observable (Fig. 31). The formation of the nuclear membrane follows
then soon and two daughter nuclei are organized without-a cell plate
being formed between them (Fig. 32).

Interkinesis. ‘This stage is of very short duration in this material.
The quadripartite figures of the chromosomes derived from their shape,
the X or the double V, in the anaphase, is retained throughout this
stagé, and no anastomoses among the arms of the X’s or Vs are
formed. One or more nucleoli are found in the nucleus in this stage.

As the nucleus increases in its volume, the chromosomes, which
have been tightly clumped together, become loosened from one another
and are distributed throughout the nuclear cavity. The 4 arms of each
chromosome become elongated and show a clear spiral structure along
their whole length. A slight change in the relative position of the 4
arms of each chromosome may occur, but such changes as to cause
contact or twisting of the arms do not take place in any case (Fig. 33).

In a later stage the arms of the chromosomes hecome thinner
but shorter, presenting the spiral structure very conspicuously (Fig. 34).

A sudden contraction in volume of the nucleus follows then, and
around this contracted nucleus a clear zone becomes visible.  The
chromosomes contract again and assume once more clear X or double

V shapes (Fig. 35 and Fig. 30).
2) Homotype division

Soon after the disappearance of the nuclear membrane, two
spindles each containing 7 chromosomes in the nuclear plate are form-
od at right angles to each other in almost all cases. Every chro-
mosome is now caught by the spindle fiber at the crossing point of
its 4 arms, which is situated on the equatorial plate, each two corres-

ponding arms being so disposed as to be symmetrical with reference
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to the plane of the equator (FFig. 37). The sister longitudinal halves
of the chromosomes then begin to separate from cach other and are
transported to different poles. These processes proceed very regularly
and simultaneously in all the chromosomes in the two spindles (Fig.
38, Fig. 39 and Fig. 40).

The chiromosomes in the homeotypic anaphase resemble in appear-
ance very much those in the somatic anaphase (comp. TFig. 7 with
TFigs. 30 and 40). No longitudinal split is recognizable in these
«chromosomes.  When all the chromosomes have reached the poles,
the nuclear membrane is formed around cach chromosome-group. In
the tetrad nuclei individual chromosomes are observed showing the
single spiral structure for a tolerably long period (Fig. 41 and TFig. 42).

The cytokinesis is accomplished by the furrmvin@ as described by

Larrer (1926, p, 263).

IV. THE CONFIGURATION OF BIVALENTS IN
THE HETEROTYPE DIVISION

There are many types of configuration in the bivalent chromo-
‘somes. Examples are given in Text-fig. 1 /—G, which were drawn
from pollen mother cells that were found in one and the same pollen
sac and escaped from being cut through by the microtome knife.
Among these figures the groups 1, 5 and C are those taken from
one and the same section.  The others are those from other sections.
<ach group consists of chromosomes found in one cell.  Tn the figuves,
the bivalents arc arranged in the order of complexity of their con-
figurations to make it easy to comparc those in the different groups

with one another.
Group .4 (Text-fig. 1 ). I, a quadruple ring) with terminal processes on one side
(right in the figure); 2, a donble ring with a vertical V on one side (right} and two short

processes on the other (left); 3, a double ring with two processes on one side (lefty; 4, a

D By ‘“quadruple ring ® it is here mecant that the bivalent assumes the shape of a chain
consisting of four rings. We find in this plant simple, double, triple, ‘quadruple and other
more complicated rings in this sense.  In the compound rings each component ring is disposcd
at right angles to the adjoining ones,
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Text-fig. T A4—G. Seven groups of bivalent chromosomes from one and the same pollen

6 7

sac. Explanation in the text.

simple vertical ring or loop with two processes on each side; 5, a simple vertical ring or loop
with horizontal V on one side (in the front in the figure) ; 6 and 7, a simple vertical ring or

loop with two processes on one side (in the front in the figures),
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Group £ {Text-fig. 1 B). I, a double ring with two terminal arms on cach side (the
ring on the right hand side in the figure to which the spindle fiber is attached appears like
a spherical body); 2, a double ring with two processes on one side (left) ; 3 and 4, a simple
vertical ring with two short processes on one end (in 3 on the right, in 4 in front) ; §, a cross
with an open space in the middle, suggesting a double cross; 6, a vertical rod slightly bent in
the middle; 7, the same bent to a less extent in the middle.

Group € (Text-fig. 1 €}, 1, a double ring with Jateral processes on one side (left) and
a vertical Voon the other (right) ; 2, a horizontal simple ring with a vertical V on cach side;
3, a horizontal simple ring with a vertical V on one side (right); 4, a vertical simple ring
appearing like a compact mass, with a horizontal 'V on one side (right); 5 and 6, a vertical
rod with two short processes which are attached to one side of the rod in its middle region ;
7y a vcrktical rod showing constrictions.

Group D (Text-lig. 1 D). 1, a triple ring with a horizontal V with very short arms on
one side (left) ; 2 and 3, a double ring, cach part appearing like a compact mass, with a ver-
tical 'V on onc end of the chain (left); 4, a horizontal simple ring with a vertical V on cach
side; 5, a vertical simple ring with two processes on one side (right) and a 'V on the other
(left); 6, a vertical rod, bent near both ends, with a chromatic lump in the middle; 7, a
cross with a long vertical and a very short horizontal arm.

Group &£ (Text-fig. 1 Z). 1, a double ring with a chromatic mass, perhaps a compact
ring, on one side (right) and a small chromatic lump on the other (left); 2, a double ring
with a small chromatic Jump on one side (right); 3, a borizontal simple ring with a vertical
rod on one side (left) and a vertical V on the other (right); 4, a vectical loop with two .
processes on oue side (left) and a 'V on the other (right); 5, a vertical loop with two pro-
cesses on each side; 6, a vertical loop with two processes on one side (right) and a chromatic
lump on the other (left); 7, a cross.

Group £ (Text-fig. T /7). I, a septuple ring with a small 'V on one side {left); 2, a
triple ring with a V on cach side; 3 and 4, a double ring with a 'V on cach side; 5 a double
ring with a vertical V on one side (Ieft); 0, a horizontal simple ring with a vertical 'V on cach
side; 7, a vertical simple ring with two processes on each side.

Group G (Text-fig. 1 ). 1, a triple ring with a vertical V on one end of the chain
(right) s 2, a double ring with a vertical 'V on one side (lceft); 3, a vertical loop with a
horizontal V on each side; 4, a horizontal simple ring with a vertical rod on oue side (left) ;
5, a vertical rod with a lateral chromatic lump on cach side (the rod is constricted in the
middle) ; 6, a vertical rod, bent near both ends so as to asswme the shape of a Z, with a
constriction and two superposed chromatic lumps in the middle@ 7, a rod bent into a 'V

(oblique view).
This result of observations shows that, in the sweet-pea, the

configuration may be different on different occasions even in one and
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the same bivalent. A similar state of affairs has been reported by
Tiscarer (1921-22) in Zradescantia fouminensss, by Newrox (1gz26)
in Zulipa australis and by BeLLine (1920, 1927) in Uvwlarie and
LHhvacintles orientalss.

To obtain some concrete knowledge about the origin of these
configurations carlier stages in the development were followed back.
~The results obtained will be mentioned belew beginning from the
simplest configuration.

1. The case where the component univalents of a geminus arc
attached to cach other only at one of the ends.

In the early diakinesis the component univalents which show
something of a zigzag aspect in structure are conjoined end-to-end
and run rather straight (Ifig. 43 @, 6, ¢), or sometimes more or less
irregularly (Fig. 44 @, &). This relative position of the components
is derived from the oﬁginzd side-by-side arrangement by their opening
out. In the later diakinesis and metaphase they assume as the result
of contraction the shape of a rod or a V (Fig. 43 d, ¢, /, ¢, 7, 7, /), or
an S or a 7 (Fig. 44 ¢, d, ¢, /, &), with or without a constriction in
the middle.  When they are pulled towards the poles they become
clongated into such a form as § or § (Fig. 43 4, 4, w, Fig. 44 7, 7).

2, The casc where the component univalents cross cach other
at one point.

In carly diakinesis the two component univalents intersect at
various angles at some distance from the ends (Fig. 45 a~d). ‘The
arms of the cross may not run straight, but sometimes take irregular
courses (Fig. 45 , Fig. 46 b).

When the CJ/‘oSsing occurs at a point very near onc cnd, the
shorter arms are often found in the metaphase fused into a lump
which is situated in the region of the cquator, and the two longer
arms very much shortened and thickened, so that the whole bivalent
presents a tripartite appeavance (Fig. a5 4=4). When the longer arms
are pulled towards the poles, a vertical rod, with the Jump or two

nnfused processes of the shorter arms superposed on or juxtaposed to
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cach other in the middle, is produced (Fig. 46 /4—#). When the
crossing occurs near the middle of the univalents (Fig. 47 a—¢) they
condense gradually to take in the metaphase the shape of an X
which is vertically disposed with arms situated symmetrically on both
sides of the equatorial plane (Fig. 47 4, ¢, ¢, 7). When the pulling
forces operate from hoth poles, a vertical rod with a horizontal V or
two fairly long processes (Ifig. 47 /4 /%, 4, p, ¢, 7), or a vertical cross
with or without an open space in the rcgion where the crossing takes
place (Fig. 47 4-0) is produced.

The disjunction is attained by the horizontal division plane as
shown in Iigs. 475, 57, 64. The result of this mode of disjunction
will be discussed later.

3. The case where the component univalents are attached to
cach other at their both ends to form a ring. ‘

In diakinesis, the univalents form loops of various shapes (Fig.
48 a~%). In the metaphase they are contracted into rings with or
without an appreciable clear space in the center (Fig. 48 /~4). 1In
the early anaphase, while in some cases the attachment is undone at
one eud, in others it remains as it is at both ends for a fairly long
period. In this latter case the ring, being elongated by being pulled
towards the poles, gives an appearance of two V’s attached to each
other at the free ends of their arms which present a coil appearance
(Fig. 48 [-o0).

4. The case where the two component univalents are attached
to ecach other at one of their ends and cross each other at some
distance from the other.

In the early stage of diakinesis the univalents form a loop with
two free portions of various lengths (Fig. 49 a~d). In a later dia-
kinesis the loop contracts into a ring and the two free portions make
a lump or two short proéesses when they are very short (Fig. 49 ¢,
/e 4 7). and when comparatively long, they form arms diverging
into a V which may be transformed into a rod by the opening out

of the angle of the V (Fig. 49 4, &, 4, ).
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In the metaphase is produced a bivalent of the shape of a vertical
ring with one or two processes (Fig. 49 7, ¢, p) or a horizontal V on
one side of the ring (Fig. 49 ¢), or a horizontal ring with a vertical
rod attached to one side of the ring (Fig. 49 », 5).  Whether the
ring is vertical or horizontal is determined by the position of the point
of spindle fiber attachment. When the spindle fiber is attached to
the portion forming the ring, or the ring is vertical, a figure of two
V’s inversely conjoined with cach other at both free ends of the arms
is produced in anaphase (Fig. 49 # ).

5. The case where the component univalents cross edch other
at two points some distance from the ends.

In diakinesis the univalents form a loop with two free arms at
each crossing point (Fig. 50 a—¢). In the metaphase, when the
spindle fiber is attached at a point on the ring, a vertical ring with
two processes or free arms attached on the equatorial level to cach
side of the ring is produced (IFig. 50 /~%), and when it is attached
to the free arms, a horizontal ring with a vertical rod on onc side
and a horizontal V on the other results (Textfig. 1, C 2, /7 3).

6. The case where the two component univalents are attached
to cach other at their two ends and cross at one point between the
ends.

In the earlier diakinesis the univalents form a bivalent of the
shape of two loops connected in the form of a figure 8 (Fig. 51 a—
¢).  In a later diakinesis the loops contract and thicken to compose
a chain of two rings disposed perpendicularly to each other,—the
“double ring” (Fig. 51 /~k). In the metaphase, the formation of
the double rings is completed (Fig. 51 &0).

7. The case when the two component univalents are attached
to cach other at one end and cross each other at two points.

In diakinesis the univalents form a chain of two loops with two
free arms at one end of the chain (Fig. 52 @, £). In the later diakinesis
and: metaphase these three segments contract into more compact forms,

the loops now being better called rings. Each segment is disposed
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perpendicularly to the other, the segment to which the spindle fiber
is attached taking the vertical position (Fig. 52 /7).

From what has been described above, we can see that there is
a common method of procedure in the formation of the various con-
figurations of the hivalents, and we are able to infer how more
complicated configurations can arise. The method of procedure we
can postulate is: 1) in carlier stages the component univalents may
cross each other at some points. When the crossing points are more
than two, a loop or a chain of loops is formed, the ends of the
univalents remaining free from each other as “arms”: 2) as the
stage proceeds, each loop or segment begins to be disposed in right
angles to the others successively: 3) the loops contract into rtings
and the free segments or the arms into V's: 4) in the metaphase a
chain of as many rings as the number of loops, with or without the
arms attached to the ends of it is produced, each segment being
disposed perpendicularly to the other.  As the leOSSing may occur at
any corresponding level of the univalents, the length of the segments
cut off by the crossing points varies in every case. When the end
segment forming the arms is very short, it is often contracted into a
lump (Text-fig. 1, 2 6) or two processes which are attached to one
side of the adjoining segment.  These two processes are found arranged
side by side, sometimes in the same plane as that of the next segment
(Pext-fig. 1, B 2, /7, and G 6), and sometimes in the plane per-
pendicular to it.

In TFigs. 53 and 34 more complicated bivalents in successive
stages than those described above arc shown. Such cases are of
relatively rare occurrence, and their configurations arc often rendered
indiscernible by the contraction of the segments into more or less
compact textures as shown in Fig. 55. When however, the bivalents
become looser in their texture in late metaphase and meta~anaphase,
it is possible to discriminate details in behaviour of their disjoining
components. The largest number of segments counted in this stage

was cight,



106 TAKESHIGE MAEDA :—

V. THE CROSSING OF THE SPIREME THREADS

The following different types were observed in the mode of cross-

ing of the spireme threads.

a b % d

Text-fig. 2. Schemas showing four different types in the mode of crossing of the spireme
threads. @, Type I; &, Type Il a; ¢, Type II b; 4. Type 111

Type I. The two stranded spireme threads are attached to or
fuse with each other with their inner strands at a point, the outer
strands being quite free from ecach other (Fig. 51 @, Text-fig. 2 a,
Text-fig. 4 @, ). In this case the cross appearance is only apparent.
It does not represent a real cross but merely a “node”. When it is
due to a simple attachment of the threads it will become lost as the
threads contract into the definitive double chromosome or geminus.

Type II. The two inner strands cross each other (a) merely
perspectively (Text-fig. 2 4, Text-fig. 5 @, @) or (b) actually forming
a fusion, the two outer strands being disposed in the shape of an x
and not forming a cross between each other (Text-fig. 2 ¢, Text-fig.
6 a, @). Types [ and II b are not distinguishable from each other
in the spireme stage but the results of observations of bivalents in
the metaphase or in early anaphase, which will be described later,
show both to have a real existence.

Type III. Each strand of a spireme thread crosses each of the
other, one strand of the former being interlaced with that of the
latter successively. In this case the cross is only perspective and not

an actual cross or fusion (Fig. 47 @, Text-fig. 2 &, Text-fig. 7 a. &').
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Types I and II are veay often met with, but type III is of very
rare occurrence. Type I corresponds to that observed by NEwTON in
Tulipa where “ the chromatids touch without interlacing ” (NEwTON,
1926. p. 348, Fig. 31 a).  Tvye II corresponds to the * chiasma”
figures often found in animal spermatocytes.  In plants such a case
has been reported only in a few cases, for example, by DBELLING in
Uolarie (1g20), Hyaciuth {(1927) and Liiem {1928), by NEwTON in
Tolipa (1g26) and by Bascock and Crausex in Crepss (1929).  There
arec two opposing opinions about the origin of the figure. Gra-
xata (1g10), McCrusc (1914), RoseErtson (191g) WenricH (1919),
Witsox (WiLsox and Morcax, 1920) and others maintain the view
that this “ chiasma’ owes .its origin to the secgmental opening out of
the 4 chromatids or strands which have been tightly associated side-
hy-side into two rings disposed perpendicularly to each other, that is
to say, through the reductional plane in one segment and through
the equational plane in the next. Janssexs (1909, 1924), on the other
hand, explains the origin as follows: In some carly stage of meiosis,
at the point where the two two-stranded component threads of biva-
lents cross each other, fracturc occurs and then recombination which
results in the segmental interchange or crossing-over takes place in
the two strands which are actually in contact. Thus they no longer
form a cross, but are disposed in the shape of an x. As a result of
torsion, which subsequently takes place at this point of contact or

i

“node,” the two segments of the bivalent on both sides of the * node”
become so disposed as to lie in different planes perpendicular to each
other. By this torsion, the two intact or non-cross-over strands arc
made to form cither a cross which is merely perspective or an actual

cross or fusion according to the direction of the torsion, but the cross-

$ 2

over strands run in any case along both sides of this “ node” without
crossing or fusing with cach other (Janssens, 19og, Schéma XII-XV.
See also Text-fig. 5 @, @' of this paper). In the swect-pea, as men-
tioned in Sect. I, cach component spireme thread of the bivalent is

composcd of two strands twisted about cach other. Thus, the former
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opinion that the ““chiasma” figure is due to segmental opening out
of the 4 strands through the two different planes can not be applied

in the present case. The

a

origin of the figure is only
apprehensible by accepting
Janssens’ explanation that-it

is due to fracture and recom-

bination occurring between
the two of the 4 strands in
some earlier stage of meio-
sis, and to the subsequent

torsion that takes place on

2 the level of the point of
b ¢

fracture and recombination
Text-fig. 3. Schemas (.‘\[JI ining the process of (lcxt-hg‘. 2 4, Text-fig. 3 6
fracture and recombination or refusion of the
.. . .y - T wr AT A I
two strands; @, original disposition, 4, the and Text-fig. 5 a, (Z)~ Type

recombination for Type II, ¢, the refusion

. ! Iil is only explicable when
for Type IIL

we assume that fracturc
and refusion have occurred in the two inner strands in some earlier
stage, not causing a segmental interchange, but only resulting in
inversion of the relative position of the two strands, the outer strands

being kept in their original disposition (Text-fig. 3 ¢).

V1. THE DISJUNCTION OF THE COMPONENT
CHROMOSOMES OF BIVALENTS AND THEIR
LONGITUDINAL SPLITTING IN ANAPHASE

Now we are faced by the question of how the disjunction of the
component univalents can be attained in such a complicated state of
pairing as described in Sect. V. In the following paragraphs, only
those cases where accurate observations were possible, and only those
facts which may have an important bearing upon the question will be
mentioned.

In cases where the component univalents are attached to cach
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other only at one of their ends the matter of disjunction is very
simple, it being attained at the very commencement of anaphase by
the horizontal separation of the components.

In the case where the bivalents are composed by the more com-
plicated methods of pairing, matters are somewhat different from this.

One of the conspicuous features in these cases with which we
often meet is a clear space which appears in the center of the cross-
ing point of the component univalents. This is sometimes clearly
shown even by the hivalents in an carlier stage (Fig. 47 o). The
end-parts of the univalents which are free from the spindle fiber, split
longitudinally carlier than the other parts when they are very short,
and present an appearance of globules surrounding this clear space
(Fig. 46 Z-0). 'When these end-parts are comparatively long they
are disposed horizontally and when the chromosomes are pulled towards
the poles, hecome widened out so as to take a rhombic shape as shown
in Figs. 47 5, 38 and 64. Very soon the longitudinal splitting becomes
thoroughly completed, and such figures as those shown in Fig. 27
(the chromosome in the middle) and Figs. 59-63 are produced. In
these figures the parallel disposition of the two homologous horizontal
parts is clearly seen. There is no doubt that figures such as those
represented in Figs. 59, 61—63 are derived from those of a double X
or a vertical ring or a rod each with a horizontal V on one side (Fig.
47 #, ¢ and s, Fig. 49 ¢ and Fig. 57), and figures such as those re-
presented in Fig. 60 are derived from those of a vertical ring with a
horizontal V on cach side (Fig. 50 %). The latter is the case that
has been emphasized by Janssesn (1gog, 1924) and by Cuopat (1925)
to be one where the bivalent is divided reductionally in its vertical
parts and equationally in its horizontal parts. It is clear that in the
present material these figures can ouly arise from the relative position
of the 4 chromatid strands shown as Type Ila in Sect. V.

Another conspicuous feature often found in the process of disjunc-
tion of bivalents is shown in Fig. 27 (the chromosome on the left),

Fig. 28 (the chromosome on the right) and Figs. 74~81. In all these
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figures, while three arms of the four of cach disjoining double V-shaped
univalent have alrcady clearly separated from the corresponding arms
of the other, the fourth arms of bhoth univalents still remain attached
to cach other at a point at some distance from their free ends, or
they are connected at this point of each by a short filament which
is pulled out very long towards both poles across the equatorial region.
This figure may be maintained for so long a period that it can be
regarded as affording covidence of the fact that in the prophase the
two arms or strands can be actually fused with each other at the point
of crossing and hence, it leads us to the conclusion that this relation
between the two strands in the carlier stages is maintained throughout
the succeeding stages just before the completion of the process of
disjunction.  As pointed out by Jaxssens in 1g9og (p. 393), such
figures as those just mentioned are of frequent occurrence in the
animal spermatocyte division. In the plant kingdom we find a fine
example in P faba studied by SAKAMURA (1920, p. 8). Te states:
“In der Metakinese der hetrotypischen Kernteilung verhalten sich
cinige gewohnliche Chromosomen so, wie es in den Fig, 17-23 dar-
gestellt ist.  Unterwegs hort das Auseinanderziehen der homologen
Chromosomen plotzlich auf, indem sie noch mit je cinen geivissen Teil
ancinander haften, ......... Meistens aber trennen sich die beiden
Schenkel cines V-formigen Chromosoms nicht zu g¢leicher Zeit von
denen des homologen Schwesterchromosoms, da cin Schenkel sich
frither ablost als der anderer; aus dicsem Grunde zieht sich der cine
sogleich zusammen, wihrend der andere auffallend weiter in die Linge
gezogen wird.  Die M-Tochterchromosomen verhalten sich in der
Metakinese dhnlich wic oben erwihnt. ......... "

When the latter feature is the case, we have two different cases.
The first case is shown in Figs, 66 and 67. The longitudinal halves
of each component univalent of a bivalent arc attached to each other
at the free ends of their longer arms to form a loop. The loop of
cach univalent is attached to that of the other at a point on the

equator. TFigs. 68 and 69 show a slightly advanced stage where the
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loop of the lower univalent is clearly opened out by the disattachment
of the ends, and that of the upper is just heginning.  Figs. 74~76
show these in still further advanced stages. If we econsider these
figures together with that reproduced in Iig. 51 2 and the schema
Text-fig. 2 we can percieve that all these figures represent successive
stages in the process of disjunction of the bivalents of the same origin
in their configuration (of. Text-fig. 4). The origin of such figures has
been interpreted by JansseExs in another way (JANSSENS, 1924, p. 273,
Schéma XXXV).

In the second case one of the longitudinal halves of a component
univalent of a geminus crosses and fuses with that of the other at a
point at some distance from the end, while the other half of the
univalent is attached to that of the other simply at the end (Iigs.
7o-73). Figs. 77-79 show a slightly later stage. It will be clear
from the examination of Text-fig. 6 that such figures are derived from
those earlier figures which belong to the type described as Type II b
in Sect. V. Tt was mentioned in the foregoing that the origin of the
figure of Type II b is only cxplicable by the assumption that in a
certain stage of prophase the segmental interchange must have occurred
between two of the four chromatid strands, while the other two re-
main fused with each other on this level of crossing or interchange
(cf. Text-fig. 2 ¢, Text-fig. 6). Type I and Type II b are quite similar
in appearance in the prophase, but their real existence can be proved
by comparing those figures in the stage of disjunction shown in Figs.
66-6g with those in Tigs. 70—73, or Text-fig. 4 &4, ¢, ¥/, ¢ with
Text-fig. 6 a, b, o ¥, '

Finally there is a case such as that shown in Iiigs. 84-87. In
these figures the 4 chromatids are interlaced so as to have cach
chromatid on one side of the longer arms of the two sister chromatids
tightly attached to cach other, and remain in this state up to a later
stage, giving an appearance like a chain of chromatid loops as is
seen in Figs. 84-86. In Fig. 87 a slightly later stage is represented.

Comparing these figures with those shown in Fig. 47 @ (cf. Text-fig.
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2 d), we are led to the conclusion that this disposition of chromatids
must have been derived from that shown in Iig. 47 @, or conversely
it may be taken as proving the actual existence of such a disposition
of the 4 chromatids in the prophase, i.e. the case shown as Type TT1
in Sect. V. {(cf. Text-ig. 7). The origin of these figures has been
interpreted by JaxssEns in another way (JaNSSENS, 1924, D. 276,
Schéma XXXVI).

VII. CYTOLOGICAL BASIS OF CROSSING-OVER

As mentioned above, the twisted state of the two component
double strands of spireme threads which is observed in a relatively
early prophase becomes lost gradually as the condensation of the
strands proceeds further, and thus the strands may bhecome free from
cach other. While the twisted strands are being untwisted by their
continual condensation, they themselves are compelled at the same
time to take the spiral aspect by the condensation.  If the spiral
begins to be formed during the state when the untwisted strands are
still tightly associated side-by-side, one double spiral will be formed,
and where they have been clearly separated from cach other, two
free single spirals will be produced. In the first case, which is of
rather less frequent occurrence than the second case, there may be
a certain difficulty in the separation of the coiled strands (cf. Kuwabpa,
1926, 1927. ALEXANDER and Bripees 1928), but this has nothing to
do with the disjunction in the bivalent itself, or the phenomenon of
crossing-over.

Besides the twisting mentioned above there is found another
complexity between the two component double strands.  This is the

¢

occurrence of the “ nodes ” or the crosses of the component univalents,
the details of which were described in Sect. V.  The rings formed
with segments of the double strands between the nodes or crossing
points become less obscure in the late metaphase, and the bivalent
sometimes appears like a rod as shown in Fig. 55 fand g This

3

obscurity may involve in it the disappearance of the “nodes” (Type
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I in Sect. V) which is due to contraction of the strands in length.
If all the nodes of a bivalent are constructed by mere attachment of
four strands (Type I in Sect. V), the strands may now separate from
one another without much difficulty. If, on the other hand, some of
the nodes are so constructed as shown in Sect. V as Type T (in the
case of true fusion) and Types II a, b, the segmental interchange
between the strands will result. The possibilitics of crossing-over

which we can infer from the results of our observation are as follows :

@ b
o
Noe |
L
a o & 4. ds

Text-fic. 4. Models and schemas to show the disjunction process of a bivalent having a
crossing point belonging to Type I in Sect. V. "When the attached two strands
scparate in @—a as is mentioned in ¢ we shall have &, and &' in which a seg-
mental interchange between two strands is expected : when it is separated as in
b-b, we shall have @, and d,' in which no segmental interchange is expected.

1) The case when the disposition of the four strands at the
crossing point is of Type I. 1In this case the possibitity of the seg-
mental interchange is to be found only when the strands in contact

with each other actually fuse at the point of contact. When these
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strands disjoin through the plane e—a the interchange will occur, but
when they disjoin through the plane 4-4, no such interchange will
result (Text-fig. 4. cf. Figs. 80-83). In this case the interchange may

be expected to take place between only a pair of the strands.

v

f[-, &/ [_I

Text-fie. 5. The same for a bivalent having a crossing point belonging to Type Il a in
=D S 2 p SIS M
Sect. V. Segmental interchange is expected to occur as mentioned in &, &', ¢
and o',

2) The case when the disposition of the four strands is of Type
II a. In this case there will take place no interchange on disjoining,
because there are no strands which fuse with ecach other. But the
disposition of this type is comprehensible, as discussed above, only by
assuming that a segmental interchange has occurred between two
strands in some early stage of prophase. Thus we should expect as
the final result an interchange between two of the strands, and not
between the other two (Text-fig. 5). This type is the one with which

we meet most frequently in the anaphase,
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Text-fig. 6. The same for a bivalent having a crossing point belonging to Type I1 b in
Scct. V. When the attached two strands separate in a—¢ we shall have , ¢/
in which sepmental interchange between 4 strands is expected : when it is sepa-
rated in - we shall have ¢, and ) in which segmental interchange between two

strands is expected.

3) The case when the disposition is of Type II b. TIn this case
too, as in Case 2) (Type Il a), it is necessary to assume that an
interchange in the carly prophase has taken place between two strands,
so that we must expect an interchange betiveen these two strands.
In this type, moreover, the other two strands actually fuse with each
other, and thercfore there is a possibility of interchange between these
two strands, too, at the time of disjunction (Text-fig. 6 cf. Figs. So—
83). This case is in its result a combination of Cases 1) and 2). All
the four strands may have been interchanged—the four strand cross-
ing-over.

In the case when the disposition of the four strands is of Type

III, no interchange can be expected to take place in the prophase as
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discussed above, and there is no actual fusion between the strands,

and consequently no interchange is to be expected at all (Text-fig. 7).

u

Text-fig. 7. The same for a bivalent having a crossing point belonging to Type IIL in
Sect. V. In this case no segmental interchange is expected as the final result.

a V4

On this cytological basis, we may conclude that in the sweet-pea
the crossing-over may occur in an early stage of prophase as consider-
ed by Wirson, Moraan, Janssexs and others, as well as at the time
of disjunction, as was concluded to be the case by Cnopar (1g23)
from his cytological studies of AZzwmn.

In the present investigation no stage was found which corresponds
to the “ brochonema” of LATTER (1920), a stage which she has found

in this plant and assumes to form the cytological basis of crossing-over.

VIII. SUMMARY

In the somatic mitosis in root tips of the sweet-pea, there are 7
pairs of chromosomes of different lengths. ‘Two pairs are the chro-

mosomes with three constrictions, and the others are those with two
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constrictions. The spindle fiber is attached at the second constriction
in all the chromosomes.

In the nucleus of the young pollen mother cell a faintly stained
reticulum is found with denscly stained granules imbedded in it. TLep-
totene threads become then recognizable. "

The synizetic contraction takes place. A. nucleolus is found lapped
by the convolution of the threads. It sends out buddings in this stage.
When the synizetic knot begins to be spun out, the nucleolus goes to
more than two pieces which are found pressed against the nuclear
wall into crescent forms.

A material connection between the nucleolus and the spiremce
threads is not found to be of general occurrence.

The syndesis takes place after the mode of parasyndesis,

The double nature of the spireme threads and the crossing be-
tween two of these threads which run approximately parallel are found
from the later synizetic stage up to shortly before the metaphase.

The spireme threads undergo torsion, and according to the degree
of it the different portions of them present different appearances.

There are different types in the mode of crossing between the
spireme threads or the component univalents of gemini. In thesc
modes of crossing two features are important from the point of view
of the bearing upon the cytological basis of crossing-over. In the
one, an assumption is necessary to explain its origin, that a segmental
interchange must have occurred in an carly prophase, and the other
indicates that the interchange is to be expected to take place on dis-
junction.  This latter expectation is supported by the observation of
the chromosome behaviour on disjunction.

In the later anaphase the univalent chromosomes assume the shape
cither of double V’s or Xs.

In the interkinesis no anastomoses are formed between the chro-
mosomes, but cach chromosome is clearly distinguishable from the
others throughout this stage. The nucleus contains a nucleolus or

nucleoli in it
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The homeotypic division is carried on in the regular manner.
In the tetrad formation the cytokinesis is accomplished by

furrowing.

In conclusion the author wishes to express his cordial thanks to
Prot. Y. Kuwapa for his guidance and cncouragement throughout

the course of this investigation.
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X. EXPLANATION OF PLATES

All figures have been drawn by the aid of an Arpe’s camera lucida using Zeiss’ apochr.
imm. 2 mm,, and comp. oc. K 18 for outlines and comp. oc. K 12 for the studics in details,
except where otherwise indicated.

Fixation: Figs. 1-8, the Bonn moditication of Fresaing's solution; Iigs. 9, 18-z2,
24, 35, 30, Nawasciun’s fixative; Figs. 10-13, 14 a, 0, ¢, 15, 10 B, 17, 23, NAWASCHIN' !
fixative in combination with previous treatment with CARNOY's mixture {or T minute; Figs.
235, 20, 28, 29, 37-42, NAWASCHINS fixative with the previous treatment with CARNOY's misture
for 3 minutes; Figs. 14 o, e, 10 4, ¢, D, 32-34, the same with the previous treatment for
5 minutes; Fig. 31, the Bonn modification of FLeMMING's solution with the same previous
treatment as NAWASCHIN's hzation for 5 minutes; Figs. 27, 30 4, B, the. same with the
previous (reatment for 15 minates; Iigs. 43-35, NAwAascHIN fixative with the previons
treatment for several different numbers of minutes; Figs. 56-90, the Bonn modification of

Freaving’s solution with the previous treatment for 10 or 13 minutes.

Plate 'V

From cells in root tips
Fig., 1. Side view of metaphase.
IMigs, 2 and 3. The same in polar view.
g 4. 14 metaphasic companion chromosomes aranged in the order of their Iength;

«, from an eurly, 6 and ¢, from a later stage.
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Tig. 5. Individual chromosomes in their process of separation, each showing the point
of spindle fiber attachment at the 2nd constriction.

Fig. 6. Side view of anaphase.

Fig. 7. 14 pairs of anaphasic chromosomes individually drawn from the same group
as that reproduced in Fig. 6. They are arranged in the order of their length.

Fig. 8. A cell from a chloralized root tip with 14 contracted chromosomes; in each

of them only onc of the constrictions is clearly manifested.

"Plates VI—XII

From pollen mother cells

Plate VI

TFig. 9. Two young pollen mother cells, one with three nucleoli and the other with
one nucleolus.

Fig, 10. ILeptotene stage.

Ifig. 11. Synizesis in its height of contraction; nucleolus has a nucleolar budding on it.

Fig. 12. ILater synizesis. Double nature 6f spireme threads and their crossing arc re-
cognizable; nucleolus is lugged into two crescent-shaped pieces which are pressed against the
nuclear membrane.

Ifig. 13, Late synizesis, Double nature of spireme threads is very conspicuous. . and
/4 are portions of the threads drawn with r.gmm. x Ki18.

IFig. 14. Portions of the double spireme threads in the late synizesis showing some
different aspects of doubleness.  Detailed explanation in the text. Magnification: 1.5 mm.
X K18.

Iiig. 15. Hollow spireme stage. The double nature of the spireme threads and theit
parallel disposition and crossing at certain points arc conspicuous throughout the whole length
of the threads.

Fig. 16, T'ortions of the spireme threads in the hollow spiremic stage morc highly
magnified (1.5 mm. X K18); detailed explanation in the text.

Fig. 17. Alater stage; 7 bivalent chromosomics can be distingnished from one another.

Tig. 18. Still later stage.

19 and 20, An carly diakinesis. Some different conligurations of the Dbivalent

chromosomes are secn.
Plate VII
Figs. 21 and 22, Diakinesis. In Fig. 22 the multipolar spindle is visible outside the
nuclear membrane,

Fig. 23. Xarly metaphase with multipolar spindle.

=
g
G

to

1. Metaphase with bipolar spindle.

Figs. 25 and 26. Early anaphase just at the commencement of disjunction.
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Fig. 27. Later anaphase; separation of the longitudinal halves is clear in each disjoining
chromosome. Some bivalents delay in disjoining, the corresponding arms of disjoining homo-
logous univalents still remaining in some way or other aftached to each other in the equatorial
region.

Fig. 28. A slightly later stage than that reproduced in Fig. 27. All bivalent chromo-
somes except one have disjoined and the disjoined univalent chromosomes with their separated
longitudinal halves have reached their respective pole, each assuming the shape of a double
V or an X,

Plate VIII

Fig. 29. ILate anaphase. Each four arms of disjoined univalent chromosomes have
further contracted,

Fig. 30 @ and 5. Chromosome groups in the polar region in the same stage as that
reproduced in Fig. 29; a, polar view, &, the same view somewhat oblique.

Fig. 31. ILater stage. Though the 7 univalent chromosomes are tightly clumped together
with each other in the polar region, each individual chromosome can be clearly recognized.

Fig. 32. Early interkinesis nuclei with clearly separated 7 chromosomes of the shape
of X or double V. Nucleoli are found in each nucleus.

Fig. 33. Advanced stage of interkinesis nuclei. The chromosomes are in the most
clongated state.

Fig. 34. A still further advanced interkiresis; only one of the nuclei in polar view is
shown. The 4 arms of each chromosome have become slender and some show a clear spiral
structure.

Fig. 35. Late stage of interkinesis, just before the dissolution of the nuclear membrane.
Each nucleus is diminished conspicuously in its volume, and pressed into the shape of an
ellipsoid, the longitudinal axis of which is at right angles to the axis of the cell from pole
to pole; a clear zone is visible surrounding each nucleus.

Fig. 36. The same in polar view.

Fig. 37. Homotype metaphase; the two spindles are at right angles to each other,

cach with 7 chromosomes of the shape of a double V or an X.

Plate IX

Fig. 38. TEarly homotype anaphase; all chromosomes are separated from their sister
halves and assume the shape of a single V.

Figs. 39 and 40. Iater homotype anaphase.

Fig. 41. Last stage of homotype anaphase.

Fig. 42. Tetrad: each nucleus with 7 chromosomes of a clear spiral structure.

Fig. 43. Bivalent chromosomes in successive stages of development into the shape of

a rod or V at heterotype metaphase and those in early anaphase; a-¢, early diakinesis, 4, e,
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late diakinesis, /~/, metaphase and Z-2, early anaphase.
Fig. 44. The same developed iuto the shape of S or Z; @, b, very early diakinesis,

c-e, late diakinesis, /, g, metaphase and %, 7, early anaphase,

Plate X

Fig. 45. Bivalent chromosomes in successive stages of development which assume a
tripartite appearance at heterotype metaphase; a-d, early diakinesis, e-g, late diakinesis
and /%%, metaphase.

Fig. 46. The same, but here the bivalents assume at metaphase the shape of a rod
with two shovt transverse arms or processes; a—d, early diakinesis, .e—g, late diakinesis, %-Z,
metaphase and /-0, early anaphase.

Tig. 47. The same for those bivalents which assume the shape of a cross or X at
heterotype metaphase; a-c, early diakinesis, d-7, late diakinesis, j~¢, metaphase and », s,
early anaphase. ’

Fig. 48. The same for those bivalents which assume the shape of a ring; @, &, early
diakinesis, ¢-/, middle diakinesis, g, %, late diakinesis, /~#, metaphase and Z-o, early
anaphase.

Fig. 49. The same for those bivalents which assume the shape of a ring with a V or
a vertical rod at heterotype met‘aphase; a~d, early e-m, late diakinesis, 2-s, metaphase

and #, 2, carly anaphase.

Plate XI

Fig. 50. Bivalent chromosomes in diakinesis and metaphase of the shape of a ring
with two V’s or processes on both sides of the ving; @, &, early diakinesis, c-e, late diaki-
nesis and /=%, metaphase.

Fig. 51. The same of the shape of a chain of two rings: a-e, early diakinesis, /=4,
late diakinesis, and /-0, metaphase. )

Fig. 52. The same of the shape of the double ring chain with a 'V on one side;
a-e, early diakinesis, /-7, late diakinesis and #-7, metaphase.

Eig. 53. The same of the shape of a triple ring chain; a-d, early diakinesis, ¢, /,
late diakinesis and g—]; metaphase.

Fig. 54 4. Bivalent chromosomes in early diakinesis which assume in heterotype
metaphase more complicated configurations than those reproduced in Figs. 43-53.

Fig. 54 B. The same in late diakinesis.

Plate XIIL

Fig. 54 C. Bivalent chromosomes at heterotype mteaphase of more complicated con-

figurations than the triple ring chain.
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Fig. 55. The sarae; the details in the configurations are obscure on account of contrac-
tion of chromosomes.

Figs. 56 and 57. Bivalent chromosomes of the shape of a rod with two processes in
the middle, just at beginning of the disjunction (only their equatorial parts are drawn); the
clear space seen in the center of the figures is very conspicuous.

Fig. 58. A Dbivalent chromosome in the same stage of the shape of a vertical ring with
two processes on one side. On this side the ring shows the same appearance as those shown
in Figs. 56 and 57, while on the opposite side it is opened out, the disjunction having taken
place earlier than on the other side.

Fig. 59. A similar chromosome to that reproduced in Fig. 58 in a slightly later stage.
Note the parallel disposition of the equatorial parts of the chromatid strands.

Fig. 60. A figure in the same stage of a bivalent chromosome which is in metaphase
of the shape of a ring with two arms on each side.

Figs. 61-63. The bivalent chromosomes reproduced in Figs. 59, 60 in a still further
advanced stage ; in these figures one or two arms of the disjoinning V's still remain undis-
joined from the corresponding arms of the other.

Fig. 64. A bivalent chromosome just at the commencement of separation of the longi-
tudinal halves (1.5 mm.XK18).

Fig. 65. The same in an advanced stage -of separation of the longitudinal halves
(1.5 mm. XK 18).

Figs. 66-69, Figures which are to be judged as having been derived from those bivalent
chromosomes in which the mode of crossing between the components belongs to Type I
mentioned in the text. Compare these figures with Text-fig. 4 b, ¢, b/, .

Figs. 70~73. The same in which the bivalent chromosomes are regarded as having
been derived from those whose mode of crossing belongs to Type II b in the text. Compare
these figures with Text-fig. 6 @, 5, 2.

Figs. 74~79. Figures in later stage of the bivalent chromosomes reproduced in Figs.
66-73.

Figs. 80--83. TFigures in later stage than Figs. 74-79, in which the disjunction is
complete or is almost so. Compare these figures with Text-fig. 4, d,, d,, d,', d,/ and Text-
fig. 6 ¢, ¢y ¢y €.

Figs. ’84—87. Figures which are to be judged as having been derived from those bivalent
chromosomes in which the mode of crossing is of Type III mentioned in the text.

Figs. 88-g0. Figures in later stage of those reproduced in Figs. 84~-87. Compare these

figares with Text-fig. 7 ¢, ¢'.
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