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A PRECEDING PAPER‘® discussed the general morphology of several varie-
ties of Allsum cepa L., Allium fistulosum L., and their hybrids.

Because of the high degree of self-sterility in the hybrid, cytological
studies were begun in 1932 in the hope that they might explain the cause
of sterility and possibly indicate whether a stable derivative combining
the desirable characters of the two species might be secured. These in-
vestigations have now been completed on the Yellow Globe Danvers
variety of Allium cepa (pedigree 15-108-1), on a strain of fistulosum
(37-1), and on their hybrid.

METHODS

To secure material containing pollen mother cells at desirable stages,
an anther was first crushed in aceto carmine and examined under low
power. If suitable division figures were found, the remaining five anthers
of a flower were removed and fixed, for at least 24 hours, in a solution of
25 per cent acetic acid and 75 per cent absolute aleohol. They were then
transferred to 80 per cent alcohol, where they may be kept indefinitely.
Material stored for four months and then stained has given better differ-
entiation between chromatin and eytoplasm than material used a few
days after fixing.

When preparations were made from fixed material, an anther was
placed on a slide and covered with a small drop of aceto carmine. The
aceto carmine had to contain a considerable amount of iron; otherwise
the chromosomes were stained very weakly, and differentiation was not
sharp. A curved, blunt needle was used to press out the pollen mother
cells, and the anther wall and all other débris were carefully removed
before the cover slip was added. All excess aceto carmine was wiped off,
the slide examined under low power, and its preparation completed
under observation. Usually the cells were found in masses scattered over
the slide. If the cover slip was tapped lightly with a bent needle, the
pollen mother cells were separated from one another; and further care-
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ful tapping burst the cell wall, allowing the cytoplasm and chromatin to
float free. When the slide was heated several times before being tapped,
the cell walls were more easily ruptured, the cytoplasm became clearer
and was flattened out, and the chromosomes stained more deeply. The
edges of the cover slip were then sealed with a gum mastic and paraffin
mixture to prevent leakage and preserve the slide until it could be ex-
amined. The chromatin in the pollen mother cells treated in this way was
rarely injured. So many excellent normal figures were available that any
questionable ones could be discarded. Unusually fine preparations of
early prophase chromosomes were secured, and especially desirable
slides were converted into permanents after the method suggested by
MecClintoek.® Smears of pollen grains were prepared in the same way.

Camera lucida drawings of the chromosomes were made by using a
Zeiss microscope with binocular attachment, 15X compensating oculars,
and a 90X-1.4 apochromatic objective. The photomicrographs were
taken with a Zeiss photomicrographic apparatus, several different sets
of oculars and objectives being used. In each instance, the magnification
is recorded with the photograph.

CHROMOSOME MORPHOLOGY

The chromosome number of both Allium cepa and A. fistulosum, as re-
ported by several investigators, is 16. Though the chromosomes of the
former have long been a favorite subject of research, opinions as to their
morphology have differed considerably. Schaffner *® shows in his draw-
ings some chromosomes with median attachments; Nemec®? indicates
by his figures that they are median, terminal, and subterminal; Mi-
yake®® shows median attachments, apparently for all; Liindegardh®
in one figure illustrates both median and submedian; and Taylor®®
reports a subterminal pair of chromosomes with a satellite attached to
the short arm. The chromosomes of fistulosum have not received such
widespread attention. Ishikawa‘® described practically all as having
median constrictions, while Strasburger'® gives figures showing both
median and submedian. Such wide diversity of observation is probably
caused by the entanglement of the large chromosomes, which in somatic
plates usually makes it very difficult to observe them free from one
another in the cell. )

In the present study the morphology of the chromosomes was deter-
mined in the pollen grain by observing plates of the first division of the
microspore. As shown by Levan,® the chromosomes of Allium are
usualLy shorter, plumper, and better spaced at this time than during
mitosis of somatic cells. In addition, their morphology can be studied
much more easily, since only one chromosome of each pair is present.
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In figure 1, the chromosomes of the two species are so arranged that
those morphologically similar are opposite each other. For convenience
in discussion, each is given a number, prefixed with the first letter of the
name of the species to which it belongs. This arrangement does not mean
that those placed opposite one another are genetically homologous.

The length of any individual chromosome in the species when meas-
ured in different cells is not constant. This was also found by Levan(®
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Fig. 1.—Chromosomes of Allium cepa (upper) and Allium
fistulosum (lower) (approx. X 2500).

in Alliwm, by Darlington® in Tradescantia, and by Hollingshead® in
Crepis. The variation in total length of the same chromosome might be
caused by improper fixation and different stages of contraction. Besides,
chromosome size may vary in cells of different tissues, as shown by
Hollingshead® in Crepss.

With these difficulties in mind, a method was developed that entirely
avoided total chromosome length. Each chromosome was given an index
number secured by dividing the length of the short arm by that of the
long arm. The measurements were secured from drawings made by pro-
jecting metaphase plates of the first microspore division upon a sheet of
paper with a Zeiss microprojector. The unit of measure employed was
a millimeter. Only those plates were used in which all the ehromosomes
were flattened out. The constriction region is assumed to be located at a
definite point on the chromosome. It should, then, at least at late meta-
phase, divide the chromosome into two arms, from which a constant
index figure can be caleulated, as described above. A chromosome with
an exactly median constriction would have arms equal in length and an
index of 1.0. As the constriction region became more and more terminal,
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the index would approach 0. A total of 88 chromosomes in 11 pollen
grains of Allium cepa and 72 chromosomes in 9 pollen grains of A.
fistulosum were measured in this manner. The index figure for each of
the 8 chromosomes in a pollen grain was computed and arranged in order
from most nearly terminal to median. In this way the chromosomes of
each pollen grain were placed into one of 8 types (the haploid number
of each species). When all the chromosomes were so arranged, in no
instance was a deviation of more than 0.08 found within any lot of the
same type of chromosome. Occasionally an individual chromosome of
one type (table 1) showed an index figure slightly larger than some in
the type above or slightly smaller than some in the group below.
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Fig. 2.—Showing relative positions of insertion regions for
Allium cepa and A. fistulosum chromosomes.

Morphological differences between the chromosomes of the two species
are very slight, with the exception of chromosome ¢, and f, (fig. 1). That
slight differences probably do exist, however, is brought out by the
index-number method just described, and is shown graphically in figure
9. The constriction regions for each cepa chromosome are shown above
and those for fistulosum below the line. Since total length is ignored, all
sixteen constriction regions ean be depicted on one line. The average
lengths of the chromosomes and their index numbers are given in table 1.
When studied in conjunction with the diagram, this table indicates that
differences between some members of the cepa genom are very small.
Because, for example, ¢,, ¢;, and c, are so very similar, it is practically
impossible to be sure that actual differences in length of chromosome and
position of insertion region exist. In ¢; and ¢, there is also a very great
similarity ; but ¢,, which has an index number very close to them, is eon-
siderably shorter and is easily recognized. The smallest chromosome, cg,
with the most nearly median constriction, can be readily distinguished
from the others, as can ¢, because of its conspicuous satellite.

The differences between members of the genom in fistulosum are more
pronounced than in cepa. The satellited chromosome f, is of course easily
recognlzed The next most terminally constricted chromosome, f,, is eon-
s1derab1y longer than f, and f,, which are so similar in length and index
number as to be virtually indistinguishable. The chromosomes f; and fq,
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though very close in index number, differ from each other considerably
in length and are less medianly constricted than f,. The last member of
the set, fy, has equal arms because of its fully median constriction.

A comparison of the chromosomal morphology of the two species indi-
cates that they probably had a common ancestor and now differ from
one another as a result of internal chromosomal changes involving gene
rearrangement and mutations.

TABLE 1

AVERAGE ToTAL LENGTHS AND INDEX NUMBERS OF CHROMOSOMES
oF CEPA AND FISTULOSUM

Allium cepa ' Allium fistulosum
Chromosome No.
Length, mm Index No. Length, mm Index No.
38.8 0.3661 30.2 0.2479
29.5 - 0.5463 39.5 0.4905
31.7 0.5469 29.4 0.5978
31.5 0.5594 31.7 0.6424
42.4 0.7520 36.8 0.7692
38.6 0.7545 29.5 0.7878
28.5 0.7864 32.5 0.8678
18.4 0.8508 31.6 1.0000
Total........ooooooiooiie 261.2 | . 259.4 |

MEIOSIS IN ALLIUM FISTULOSUM

Levan™ has presented a detailed account of meiosis in Allium fistu-
losum. The observations reported in the present paper completely agree
with his. The strain of fistulosum used in this hybrid is probably very
similar to his types 1, 2, or 4. i

In very early prophase, such as A, plate 1, the chromosomes appear to
be synapsing as single threads. The cell represented shows this condition
at several points, but especially at a, where a half twist is very clear. At
this stage it is impossible to follow accurately a single pair of chromo-
somes, or to count the total number of such twists. The observations in
different cells at comparable stages have all shown a similar condition,
as does Levan’s figure 6. Unquestionably, the threads are paired, since
counts have shown from 12 to 14 free ends. In no cell observed could all
16 ends be distinguished, because some chromosome clumping usually
occurs at this time.

A later stage (diplotene) is shown in B of the same plate. Each chro-
mosome now appears to be composed of two chromatids. This is particu-
larly clear at ¢ and b, where there is an exchange of partners. The arrows
converging at ¢ are pointing from what appear to be overlaps, not
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chiasmata. As noted by Belling,® counts of chiasmata frequency very
likely include many overlaps of this type. Open loops are already pres-
ent, and most of the bivalents can be followed from end to end. Careful
counts of the number of strands visible in some of the chromosomes,
made at similar and slightly earlier stages, are recorded in table 2. In

TABLE 2

NUMBER OF CHROMOSOMES OBSERVED AS SINGLE AND AS DOUBLE STRANDS
AT ZYGOTENE AND DIPLOTENE IN ALLIUM FISTULOSUM

Zygotene Late pachytene to early diplotene

Cell No. Single strands | Double strands Cell No. Single strands | Double strands
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two cells at diplotene, both split and unsplit chromosomes were observed.
Probably, therefore, the splitting of the different chromosomes does not
occur simultaneously or at the same rate. This situation is also to be
inferred from figures 7, 8, 9, 10, 11, and 12 of Levan. Succeeding figures
by the same author clearly show four chromatids.

A group of diplotene bivalents is shown in plate 2A4. The two chro-
matids of each chromosome are visible at certain points, and the num-
ber of chiasmata per bivalent is greatly reduced from that of plate 1B.
Terminal chiasmata can be seen at four of the sixteen ends.

At diakinesis, plate 2B, chiasma frequency is still further reduced;
and here, too, in many places, each chromosome is seen to be composed of
two chromatids. No terminal chiasmata are present.

A polar and a sideview of IM are shown in plate 2C and plate 3A.
These are practically identical with metaphase figures of Levan and
show the localization of chiasmata at the constriction region. Although
there appears to be a single chiasma in each bivalent, there are really at
least two—one on each side of the constriction, as is readily observed
when the paired chromosomes begin to separate. Other instances of local-
ization of chiasmata are thoroughly discussed by Levan.
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In both cepa and fistulosum the separation of paired chromosomes ap-
pears to result from an external force rather than a repulsion between
the chromosomes (plate 3, B and C). At the constriction region of several
of the bivalents just beginning to separate, a strong pull is apparently
being exerted from outside the chromosome, resulting in the drawing
out of the matrix to a sharp point. In the anaphase, the configurations of
the chromosomes also support this hypothesis. The pulling out of the
chromosome matrix can be seen here also (plate 3B). At this time it does
not seem likely that any repulsion between chromosomes could account
for this situation. Most of the bivalents of plate 2C seem to have homol-
ogous arms well spread apart, but at least three do not show this eon-
dition. The spreading of the arms might be interpreted as caused by re-
pulsion; but the writers, after viewing many metaphase plates, are
inclined to believe that it is probably fortuitous. The chromosomes are
held together only at the insertion region, and the arms float free in the
cytoplasm. They may be separated or may lie side by side. Judging, also,
from plate 5B, the free arms that are separated are not repelling one
another, since the end of each is bent back toward the other. It is not to
be expected that the free ends of chromosomes which are held together
at some interstitial region will either be spread fully apart or remain
close together. There is evidently a range from lying close to one another
to being fully spread—a range fairly well represented in the bivalents
of plate 2C.

In the anaphase, the split that occurred at pachytene is completed;
and the two chromatids of each chromosome are held together only at the
constriction region (plate 3B). The split that will be completed in the
first division of the pollen grain is not yet visible. Only the satellited
chromosome assumes a J-shape; all others, because of their more or less
median constrictions, are V-shaped.

The formation of dyads and tetrads is entirely normal. In no instance
were micronuclei observed. The pollen grains appeared normal; and
eight chromosomes were found in all grains in which metaphase figures
were seen. ’

THE RELATION OF THE NUCLEOLI TO THE SATELLITED
CHROMOSOMES IN ALLIUM FISTULOSUM

The question of the function of the nucleolus is entirely beyond the
scope of this paper. During our observations, however, there appeared
to be a constant and striking association between the nucleolus and the
satellited chromosomes. Since there has been some doubt as to the exist-
ence of such an association, our observations on this phenomenon in
Allium fistulosum are reported. In plates 4 and 5, 4 and B, this associa-
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tion is clearly shown. In plate 54 the two satellites are lying on the
nucleolus; and in plate 5B this attachment is particularly clear. Though
the satellited chromosomes cannot be recognized in very early stages,
this difficulty is not encountered later, when these chromosomes are
easily identified because of their subterminal constriction, at which the
chiasmata are localized. In this study we have never seen a single in-
stance at diplotene or diakinesis in which the nucleolus or nucleoli were
not associated with the satellited chromosomes. Very probably, this asso-
ciation has existed from the time the nucleolus was reconstituted from
the preceding interphase.

MEIOSIS IN ALLIUM CEPA

The early stages of meiosis in the strain of Allium cepa used in this study
resemble those of A. fistulosum. The early prophase chromosomes appear
to be single threads, and not until diakinesis does any difference between
the two species become apparent. At this stage in A. fistulosum (plate
2B) some localization of chiasmata already appears—a condition not
found in A. cepa. The metaphase bivalents of the two species differ con-
siderably (plates 2C and 3C). In A. cepa the chiasmata are all terminal,
resulting in two general types of bivalent configurations—rings and
rods. In some cells all eight show terminal attachment of both ends; and
the separation of both ends is ‘not simultaneous (plate 3C). This situa-
tion is also a condition of localization, differing from A. fistulosum in
being terminal rather than interstitial. Meiosis in A. cepa is not com-
pletely described here, since it parallels A. fistulosum in all stages, except
that at metaphase the chiasmata are not localized at the constriction
region.
MEIOSIS IN THE HYBRID

In the early meiotic prophase of the hybrid, the chromosomes appear to
be single threads as in the two parents. In these stages it has not been
possible to distinguish any irregularities. At late pachytene and diplo-
tene, however, abnormalities are readily found. Chromosomes of unequal
lengths are paired; and sometimes those approximately equal conjugate
so that each has a long unpaired arm extending well beyond the end of
the other. At diakinesis the bivalents are usually well spaced, and ab-
normalities are easily distinguished.

At IM the bivalents resemble those in cepa (plate 64). None with
chiasmata localized at the constriction region were observed, the general
configuration being rods and rings, even though some of the bivalents
are formed by heteromorphic chromosomes.

The frequency of the bivalent formation at IM in the parent species
and hybrid is shown in table 3. Univalents are occasionally found in both



March, 1935] Emsweller-Jones: Meiosis in Allium 285

cepa and fistulosum. In the hybrid, unpaired chromosomes are consid-
erably more frequent, the number of bivalents in adjacent cells being
variable. In this respect, it resembles hybrids involving species of other
genera, a summary of which is given by Avery.®

At TA separation of paired chromosomes occasionally shows so-called
bridges and fragments. A discussion of these phenomena is reserved for
a later paper, only clean separations being considered at present. In all
the Alliums so far examined, the late metaphase and early anaphase
bivalents are excellent for studying chromatid relations.

TABLE 3
CHROMOSOME PAIRING IN THE HYBRID AND PARENT SPECIES

Frequency
Type of pairing
) O Allium cepa Allium fistulosum
811+0r..... 94 108 107
Ti+21...... 24 3 2
Brr4T 9 1 0
£:3% 0 ) RS 1 0 0
L3 ) SOOI 2 0 0
Total.......... 130 112 109

Plate 6B shows eight bivalents at late IM in a pollen mother cell of the
hybrid. Beginning at the left, the first and sixth show separations in
which long and short chromatids are associated. This same situation can
also be seen in bivalent 2 of plate 6C. Similar figures have been observed
rather frequently. In order to observe details in such bivalents it was
necessary to have them well flattened on the slide. The first in plate 68
shows a type of association that appears peculiar until analyzed. The
chromatids going to each pole are one short plus one long—a fact that
can be determined because the ends of the four chromatids have been
spread apart when flattened under the cover slip, so that two were forced
to the right and two to the left. In bivalent 8 at the extreme right, the
details of chromatid association are not visible, because, when flattened
out, the ends of the four chromatids were not separated. Bivalent 1 of
plate 6C will also result in a separation of long plus short chromatids.
The exchange of partners is especially clear at a. In bivalent 2 the
association of long plus short is also very clear. This situation is not
infrequent in this hybrid. Since chromosomes of unequal lengths are
observed to pair, this type of association would be expected to occur at
random, according to the arrangement of chiasmata between chromo-
somes of unequal length, as illustrated in figure 3. Though Belling’s®
hypothesis of crossing over is utilized, the same end products would
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oceur if Sax’s** explanation were used. In A (fig. 3), the chiasma near-
est each end of the bivalent, formed by the conjugation of (a—a) and
(b=b), causes the first division to be reductional at the proximal (left)
and equational at the distal (right) end. Then, as a result, the crossover

él---; _____ _-[- .................. él

Fig. 3.—Illustrating chiasmata arrangemen't' giving rise to (4) separation of a
long plus a short chromatid; and (B) separation of a long plus a long and a short
plus a short chromatid.

chromatid (a’-b’) goes to the same pole as the shorter noncrossover
chromatid (a—a). To the other pole will be segregated the noncrossover
(b-b) Emd the crossover (b’—a’). If, however, the chiasma nearest each
end of the pair is as in B, the division at both ends will be reductional;
and, in consequence, the two short chromatids will be segregated to one
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pole, and the two long ones to the other pole. The first division is prob-
ably always reductional at the constriction region and both equational
and reductional in the two arms, depending on the number of crossovers
oceurring. Weinrich® has shown a similar situation in Phrynotettiz,
where bivalents with unequal homologues are seen to separate sometimes
with the equal chromatids associated and sometimes with the unequal.

SUMMARY

The morphology of the chromosomes of Allium cepa and Allium fistulo-
sum is found to be very similar. A method for securing chromosome
index number by determining the ratio of the short to the long arm is
presented and affords evidence that the location of the insertion region
is constant.

In the very early prophase of each species and their hybrid, the chro-
mosomes appear to be single threads. In pachytene, these threads are
seen to be double, and some of the nodes afford clear evidence of ex-
change of partners (chiasmata), whereas others are very probably over-
laps of entire chromosomes.

The separation of paired chromosomes at anaphase appears to depend
in part on the operation of some external force that pulls out the chro-
mosome matrix at the insertion region.

At IM in Allium fistulosum the chiasmata are interstitial and are
localized at the constriction region. In cepa they are all terminal. The
hybrid has chiasmata very similar to those of cepa.

Bivalents formed by chromosomes of different lengths are occasionally
found in the hybrid. At IA they occasionally separate with a long plus
short chromatid associated. This condition depends upon the arrange-
ment of the chiasmata at the distal and proximal ends of a bivalent.



288 Hilgardia [Vor. 9, No. 5

LITERATURE CITED

1 AVERY, P.
1930. Cytological studies of five interspecific hybrids of Crepis leontodontoides.
Univ. California Pubs. Agr. Sci. 6:135-167. '
2 BELLING, J.
1933. Crossing over and gene rearrangement in flowering plants. Genetics 18:
388-413.
3 DARLINGTON, C. D.
1929. Chromosome behavior and structural hybridity in the Tradeseantiae. Jour.
Genetics 21:207-286.
4+ EMSWELLER, S. L., and H. A. JoNES.
1935. An interspecific cross in Allium. Hilgardia 9:265-273.
5 HOLLINGSHEAD, L.
1930. Cytological investigations of hybrids and hybrid derivatives of Crepis
capillaris and Crepis tectorum. Univ. California Pubs. Agr. Sci. 6:55-94.
6 ISHIKAWA, C.
1897. Die Entwicklung der Pollenkdrner von Allium fistulosum L., ein Beitrag
zur Chromosomen reduction im Pflanzenreich. Tokyo Imp. Univ. Col. Sei.
Jour. 10:193-224.
7 LEVAN, A.
1933. Cytological studies in Allium IV. Allium fistulosum. Svensk Bot. Tidskr.
27:211-232.
8 LUNDEGARDH, H.
1912. Chromosomen, Nukleolen und die Verinderungen im Protoplasma bei der
Karyokinese. Beitr. Biol. Pflanz. 11:373—424,
9 McCLINTOCK, B.
1929. A method for making aceto-carmin smears permanent. Stain Technol.
4:53-56.
10 M1YAKE, K.
1905. Ueber Reductionsteilung in den Pollenmutterzellen einiger Monokotylen.
Jahrb. Wiss. Bot. 42:83-120. ’
11 NEMEC, B.
1899. Ueber die karyokinetische Kerntheilung in der Wurzelspitze von Allium
cepa. Jahrb. Wiss. Bot. 33:313-336.
12 SAx, K.
1932. The cytological mechanism of crossing over. Jour. Arnold Arboretum.
13:180-212.
13 SCHAFFNER, J. H.
1898. Karyokinesis in the root tips of Allium cepa. Bot Gaz. 26:225-238.
14 STRASBURGER, E.
1900. Ueber Reductionsteilung, Spindelbildung, Centrosomen und Cilienbildner
im Pflanzenreich. Hist. Beitr. 6:1-224.
15 TAYLOR, W. R. '
1925. The chromosome morphology of Velthemia, Allium, and Cyrtanthus. Amer.
Jour. Bot. 12:104-115.
16 WEINRICH, D. H.
1916. The spermatogenesis of Phrynotettiz. Bul. Mus. Compar. Zodl. [Harvard]
60:57-135.



HILGARDIA, VOL. 9, NO. 5 [EMSWELLER-JONES] PLATE 1

Plate 1.—Allium fistulosum : A, zygotene showing unsplit paired chromo-
somes; )B, late pachytene showing split chromosomes and chiasmata. (Approx.
X 950.
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B Cc
Plate 2.—Allium fistulosum : A, late diplotene; B, diakinesis; C, polar view of meta-
phase showing localization of chiasmata at constriction regions. (Approx. X 950.)
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B Cc

Plate 3.—Allium fistulosum : A, side view of first metaphase; B, Allium fistulosum, first
anaphase; C, Allium cepa, first metaphase showing terminal chiasmata. (Approx. X 950.)
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Plate 4.— Alliwm fistulosum : A, zygotene with nucleolus attached to chromo-
some; B, early diplotene. (Approx. 950.)
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B
Plate 5.—Allium ﬁstulosum 4, late diplotene (approx. X 950);
, diakinesis (applox X 1875).
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C

Plate 6.—Allium cepa X Allium fistulosum : A, first metaphase showing terminal
chiasmata (approx. X 950) ; B, first metaphase with two bivalents showing separation
that will result in a long plus a short chromatid to each pole (approx. X 950) ; C, three
bivalents showing unequal chromosomes separating in 1 and 2 (approx. X 1250).
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