INVERSIONS IN FRITILLARIA

By 0. H. FRANKEL

Wheat Research Instilute, Chrisichurch, N.Z.
{(With Plate XV, Forty-Six Text-fignres and One Diagram)

IntrODUOTION

Cyroroeican observations on hybrids have revealed inversion as an
important mechanism In distinguishing related species (Mintzing, 1934;
Richardson, 1936; Upcott, 1987). The occurrence of inversions, however,
is not confined to species hybrids or to derivatives from X-ray treatment
{(McClintoclk, 1931, 1933). They have been found in species of wild grass-
hoppers {Darlington, 19360) and of asexually propagated plants (Smith,
1935; Richardson, 1936; Upcott, 1837 ; Doughty, 1936). Dy Darlington’s
collectior of slides comprising nearly thirty species of Fritillaria, which
was kindly made available for this investigation, encouraged a systematic
search for evidence of inversions in this genus, particularly since strnctural
hybridity due to translocations had been inferred in several species
(Darlingtor, 1936 ). »

Methods of fixation have been described previously (Darlington,
1936¢). All preparations were made by Mr L. La Cour. IHustrations
were made at hench level with a camera lucida at a magpification of
3300 and reduced to 1100, except in Text-figs. 4046, which were made at
1650 and reduced to 550.

T am indebted to Mr L. La Cour and to Mr H. C. Osterstock for the

photographs.

OCCURRENCE OF CHROMATID BRIDGES

For most of the species listed below material available allowed re-
liakle conclusions on the presence or absence of chromatid bridges ab
meiosis and on the frequency of their ocourrence. In general, af least one
hitwadred cells between anaphase I and telophase I have been studied.
An asterisk in the following list indicates a scarcity of material.

Jown. of Genetics XEXIV a4
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Na chromatid bridges were found in the following species

F. imperialis I obligua

F. Melengris Fovecurve 2z
F_ pallidiflora F. oranensis
F_ acmopetala F. gracilis

I pontica F. hispanica
F. Blwesgii F. letzfolia 2z
F. pluriflora® F latifolio 3z
F. Eggeri F. Laradeghensis
I werticillaie . meleagroides
£, Thunbergit £ lanceolala
L. whenanthera F. ruthewica?

Chromatid bredges were found in the following species
F. pudica Su F. dasyphylla Sz
B catroma 2 F.recurve 36

F. dasyphylle 22

InvERSIONS IN FRITIZLARIA DASYPHYLLA 27

F. dasyphylle, like many other species of Fritallaric (Darlington,
19360a) and Lildum {Richardson, 1936), has two pairs of chromosomes
with submedian centromeres {1) and ten pairs with subterminal centro-
meres (8} {Text-fig. 1).

Iz melosis, pairing as a rule is normal for the large majority of the
bivalents. The mean chiasma frequency of 3-5 per bivalent is stmilar to
that of other species of Frutdllaric with free chiasmata. Disjunction in
anaphase | is also normal, with the exception of a very high frequency of
one and rarely two “chromatid hridges” per nucleus (PL XV, fig. 1). No
univalents have been seen in the hundreds of cells studied, at anaphase
or at metaphase.

Richardson (1936) has analysed the expected consequences of
crossing-over in structurally differentiated bivalents. It is evident that
‘the anaphase behaviour of bivalents possessing an inverted segment
facilitates a direct cytological determination of the nterrelations of
successive chiasmata where crossing-over is bigh in the inversion or
hoth in the inverted and in the proximal regions.

The evidence which shows that tnversions may be responsible for the
chromatid bridges in F. dasyphylle is similar to that obtaining for the
hybrid Lilvwm Martagon = L. Honsondi (Richardson, 1936);

! Inversions have sinee been found in another form of I, ruthenicn. €. D. DARLINGTOXN.
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{(a) Inversion loops have been observed in pachytene (Text-figs. 2
and 3). '

(h) Wherever accurate ohservation has been possible, the chromatids
of the bivalents concerned, apart from the bridge, showed symmetrical
distribution (Text-figs. 4-7).

(¢) Acentric fragments, assoclated with a loop chromatid in one
daughter complement at anaphase I, as well as second division bridges
oceur (Text-figs. 9-11). Their frequencies are of comparable magnitude
(Table IO

It is therefore concluded that the chromatid bridges in Fritallaria
dasyphylla are due $o crossing-over in one or more inversions which do
not melude the centromere.

The following evidence iz adduced to show that the majerity of
chromatid bridges are caused by one terminal or neasly terminal mver-

Yok Yooy 1Y o)

3

Text-fg. 1. F. dasyphylle 2v. Anaphase [1. 204 and 105 ihromosomes {(unmarked).
Text-figs. 2. 3. F. dasyphylle 2v. Pachytene loop. :

sion n the long arm of one S-chromosome, whilst a small number are

caused by & subterminal inversion in the long arm of another, possibly

shorter, S-chromesome:

{a) One dicentric chromatid in an S bivalent is found associated with
one short acentric fragment in the preponderant number of cells with
chromatid hridges (Text-figs. 3-6). The lengths of chromatid arms In
comparable cells show good correspondence. The acentric fragment
without a dicentric chromatid which 18 frequently seen in anaphase 11is of
a length similar to $hat of the fragment associated with the chromatid
bridges referred to above. The nearly terminal position of the pachytene
loops (Text-figs. 2 and 3), the high frequency of crossing-over in the
inversion (see Table I), the occurrence of double chromatid bridges
(Text-figs. 16-19), and, perhaps, of two second-division bridges (Text-
fig. 20}, and the absence of evidence of crossing-over distal to the m-
version, indicate that the inversion is terminal or closely terminal and
that therefore the inverted region is as large, or nearly as large, as the
fragment, that is, about one-third of the size of the long arm of the
bivalent.

292
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(b) Amongst the many hundreds of cells studied at anaphase ang
telophase 1 and interphase, not one hag been ohserved exhibiting two

Text-figs. 4-8. F. dasyphylle 2x. Anaphase I. Chromatid bridge with “‘short™ fragment
{inversion 4.

Text-figs. 2, 10. F. dasyphylle 2. Loop chromatid with “short'” fragment.

Text-fic. 11. F. dasyphylle 3z. Anaphese I, second-division bridge.

TABLE 1

Prequencies per pollen mother cell of anaphase configurations u
the bivalent carrying Inversion A

First-division Second-division
' N s . Y
Configuration Absolute Percentage Absolute Percentage Configuration
4 BI+f, 52 477 59 412 BI+],
B Bi+fa 2 1-8 — — Bl+f;
¢ Nodf 21 192 33 231 BULE
D No B, f, — — 1 07 Bitf,
B — —_— — 3* 2:1% Ne B, f,
Tatal 4-F 687 671
I No Snorf 34 313 47 32-9 No Bunor f
1G9 100-0 143 106-0

# Presumahly to be added to B +f).

(separate) chromatid bridges with two short fragments. Since, on the
other hand, the yarely crossmg-over Inversion B (see below) has in three
instances been seen in combination with the short fragment inversion, 1t
is concluded that one single inversion is responsible for all, or nearly ak,
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chromatid bridges with a short fragment. This inversion will heneeforth
be called “Inversion 47,

{¢) A small number of chromatid bridges with a chamctéristimﬂy
larger acentric fragment have been observed {Text-figs. 12-15). Since the
width of the chromatid bridge is inversely corrvelated with the size of
the fragment (Richardson, 1936), the dicentric chromatid is distinctly
narrower and at corresponding stages shorter than that of Inversion 4
(Text-fig. 14). In consequence it tends to break more easily in interphase
(Text-fig. 15). The low frequency of ehiasma formation m this mversion,
the absence of double bridges, and the indication of distal crossing-over
(Text-fig. 14}, point to a small inversion at some considerable distance
from the distal end of an § bivalent. This inversion will be called “In-
version B

12

Text-figs, 12,13, F. dasyphylle 2. Chromatid bridge with “long™ fragment (Inversion B).
Text-fig. 14, F. dasyphylle 2z, Anaphase I, Inversions 4 and 5.
Text-fig. 15. F. dasyphylle 20, Interphase, Inversions 4 and L.

Analysis of chiagsma formation tn the bivalent carrying Inversion A

All types of disjunction to be expected in a bivalent with a terminal or
nearly terminal inverted region have been found.

(1) 4 dicentric chromatid and an aceniric fragment (Text-figs. 4-8).
In morphology and behaviour this configuration is similar to those
described in Lalium (Richardson, 1936). The behaviour between telophase ]
and the tetrad stage shows a large amount of variation (Text-figs. 21~
28). The bridge frequently shows a point of weakness about the centre
(Text-fig. 21). Tt may break there or at some other place, presumably
owing to the formation of the cell wall across the bridge (Text-figs. 22~
23). It may, however, remain intact to the second telophase (Text-figs.
24 and 27). The uncoiling is also subject fo wide variations (Text-figs.
22 and 23).

(2) An acentric fragment ab anaphase I, with a loop chromatid wn one of
the daughter halves (Text-figs. 9 and 10). This configuration gives rise to
a chromatid bridge in the second anaphase (Text-fig. 11). The loop
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chromatid associated with a fragment has been seen in many instances,
In Text-fig. 9 the position of the proximal chiasma can still he seen.
Correspondence of these configurations in both divisions is satisfactory
{Table TC).

(3) Two chromalid bridges i the same bivalent with bwo short fragments
(Text-figs. 16-19 and PLXV, figs. 2and 3) have been seen infew cells, This

P Ay
3;' !
b
ﬂ'U\_f/
»/16 17

> 4
Text-fige. 16-18. F. dusyphylle 22, Telophase I, Double chromatid bridge.
Text-ig, 19. F. dusyphylla 2z, Interphase. Probably double chromatid bridge.

Q5

Text-fig. 20. F. desyphylla 2z. Telophase 1I. Two second-division bridges, presumably

g Py phe 1 5 : ¢ ges, p ably
arising from two complementary chiasmata in the inversion, disparate to one proximal -
chiasna.

configuration is due o two complementary chiasmata in the inversion.
A similar configuration has been described by Smith (1935) in Trellium
erectusm (onee in many bundreds of cells), by Richardson (1936) in Lilwum
wmbellatum, var. erectum, and, probably, by Mintzing (1934, Fig. 24} in
Crepis divaricede X dioscoridds.

(4) Tawo bridges in the second division, with lwo aceniric fragments, are
due to two complementary chiasmata in the inversion disparate to a
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thivd proximal to the inversion {Darlington, 1936a). Text-fig. 20 pre-
sumably llustrates this configuration. Tt is unlikely that the two bridges
in telophase I are due to Inversions 4 and B, since the latter forms a
narrow bridge which breaks at an early stage. Two inversions, with short
fragments which might give rise to this configuration, have not been
seen in any other cell (see above).
TABLE I
Brpected consequences of one or two chiasmate i the inversion
with 0, 1 or 2 clhiasmate provimal to the inversion

A. One chiasma in inversion
Proximal chiasmata

B, BI B BN BN
{a) Q —_ X e — —
&) 1 : comparate — % — — —
{¢) disparate e — — b3 —
(d) 2.1 comparate +1 comparate e X - — —
{e) 1 disparate + 1 comparate — e — % —
(f) 1 comparate + 1 disparate — % — — —
g} 1 disparate + 1 disparate — * — — —
B. Two chiasmata in inversion
Chiasmata in
Proximal chiasmata inversion
() 0 2 reciprocal x —_— =
{z} 1 comparate 9 reciprocal P — — — —
{7) 1 disparate 2 reciprocal % o — - —
{ky 0O 2 complementary — e X o -
(I} 1 complementary—— 2 complementary e —_ pS — —
disparate
{m) 1 complementary— 2 complementary — - X — —
reciprocal
(n} 1 disparate— 2 complementary — e — — x
disparate
{0y O 2 disparate — % _ s
{p) 1 disparate— 2 disparate — o — x -
comparate

The frequencies of the varlous anaphase configurations (Table I)
were defermined in anaphase I and IT respectively; in both divisions
frequencies are given per p.m.c. Their interpretation in terms of chiasma
formation can he approached only with a knowledge of the chiasma
frequency at metaphase. Since it is not possible to identify at metaphase
the bivalent which carries Inversion 4, the chiasma frequencies have
heen determined in the long arm of all S bivalents (Table TII).

TABLE II1
Chiasme frequency at melaphase an the long arm of S biwalents

No. of No. of No. of bivalente with Total pumber  Chiasmata
nuclei bivalents  different nos. of chiasmata of chiasmata  per bivalent
0t r 2 3 4
6 60 0 0 20 25 15 175 2:9
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In not one among the many cells inspected has an S bivalent heen
observed with a single chiasma in the distal region. Hence the possibility
of one chiasma in the inverted region, without any proximal chiasmata
(Table T1{a})), can be excluded. The expected consequences of one
chiasma proximal to the inversion have been explored by Richardson
(1936). They are quoted in Table II (b)~(¢). Diagram 1 aud Table IJ
{(d)—(g) Ulustrate the expectation on the formation of two proximal
chisgmata.

The formation of chromatid hridges in anaphase is modified by
chissmata proximal to the inversion in the following manner:

(1) Any number of comparate (i.e. reciprocal and complementary)
chiasmata proximal to one chiasma in the inversion give a first-division
bridge.

(3) One (proximal) disparate chiasma, irrespective of the vunmber of
comparate chiasmata formed distal to 1t, will cause the formation of g
second-division brdge.

(8) Any chiasma formed proximal to the disparabe chiasma referred
to under (2) causes the formation of a first-division bridge, i.e. “cancels
out” the second-division bridge.

(4) One further proximal comparate, or two further proximal dis-
parate chiasmata, however, restore the second-division hridge.

It remains to discuss the expectation on the formation of two
chiasmata in the Imversion, with or wibthout the formation of proximal
chiasmata (Table II (A)—{p)). The effect of several proximal chiasmata
can be determined by applying the principles set out shove. Hrom the
bivalent configurations in metaphase it can be concluded that twe
chiasmata in the inversion arve in more than half the cells associated with
one or more proximal chiasmata.

Two reciprocal chiasmata in the inversion, irrespective of the forma-
tion of proximal chiasmata, form no bridge, thus being indistinguishable
from the absence of chiasmate in the inversion altogether. Two disparate
chiasmata give one bridge either m the first or in the second division,
depending on the chiasma formation in the prozimal region. Two
complementary chiasmata give rise to two bridges from one bivalent, a
double chromatid bridge at the first division, or one hridge in each ceil at
the second. The latter configuration arises from one proximal chiasma
disparate in relation toboth chissmata in the inversion, or from any other
proximal chiasma, combined with o disparate second proximal chiasma.
Thence it iz possible to estimate directly the proportion of bivalents
forming two complementary chiasmata in the nversion.
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Applying these expectations to the frequencies listed in Table I, the
following conclusion car be dvawn for the bivalent carrying Inversion 4

(1} Double crossing-over in $he inversion is rare. Two complementary
chiasmata have a frequency of about 2:6 per cent (Table 12 and D).

(2) About 33-34 per cent of cells contain no bridge. Hence 30-31 per
cent form no chiasma in inversion A assuming that the frequency of twa

@@Q

28

Text-figs. 21-23. F. dasyphylla 2z, Interphase.
Text-figs. 24-27. F. dusyphylin 20 Telophase IL.
Text-fig. 28. F. dasyphylla 3z, Tetrad.

reciprocal chiasmata in the inversion (Table II (h)-(4)} is similar to that
of two complementary chiasmata {see (1)) (Table I.F).

(3} Two disparate chiasmata in the inversion (Table II (0)-(p))
presumably amount to no more than about 5 per cent, i.e. twice the
frequency of two complementary chiasmata, Thus, since the total
number of single bridges in frst and second division is 65 per cent
(Pable T4 and £ and since at least two and not more than four chiasmata
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are formed in the long arm of S bivalents at metaphase, the bivalent
carrylng Inversion 4 forms one chiasma in the inversion and from one to
three chiasmata proximal to 15 in about 60 per cent of cells. Of this
amount the number of first-division bridges (about 40 per cent} is twice
as large as that of second-division bridges (about 20 per cent). This can
be explained at least partially by the fact that a gecond disparate chiasma
proximal to a {first) disparate chiasma “‘cancels out” the second-
division bridge (Table 11 (g)), and that similar relations obtain also for
three proximal chiasmata. It is doubtful whether this fully explains the
preponderance of first-division bridges, so that there is an indication of a
preponderance of comparate over disparate chiasmata.

Irwersiens in F. dasyphylla 3z, F. pudica 3,
F. recorva 3z and . citrina
In F. dasyphylle, a small number of chromatid bridges were found at
anaphase 1. Owing to the presence of univalents, dicentric chromatids

32 33 34

Text-fgs. 20-31. F. dasyplylle 32. Anaphase L.

Text-figs. 32, 33. F. citring. Interphase

Text-figs. 34, 35, F. pudice 3z, Telophase T and interphase,
only have been comnted. Their frequency is 3-4 per cent. In type they
mostly resemble Tnversion 4 of the diploid form of the same species
(Text-figs. 20-30), but one was found resembling Inversion B (Text-

fig. 28). '
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In F. pudica three bridges were found in forty-thiee cells (Text-
figs. 34 and 85). They are associated with shovt fragments. The frequencyin
F. citring is considerably lower: only two bridges were found in 150 cells
(Text-figs. 32 and 33). Two hridges were seen in I, recurva 3w.

CELL-WALL FORMATION IN TRITILILARIA DASYPHYLLA

Univalents or fragments, lagging in the first or second meiotic
divisions, are usually excluded from the daughter nuclei, either lying in
the plasma of one of these (micronuclel), or forming separate cells
(microcytes)t They have been frequently described in triploid hybrids
and species {e.g. of. Darlington, 1929}, The formation of a separate cell

%

-y

a7

&

Text-fig. 36. . F. dasyphylle 3z. Interphase. Micronuclei.
Text-fig. 37. F. dasyphylia 3. Telophase I. Microcyte, bridge and fragment.

wall may be due to the chance position of the univalent or fragment i
relation to the daughter nuclel, to the reaction between its centromere
(missing in acentric fragments) and the poles (Darlington, 1936a), to its
relative size, or to a combination of several of these elements.

The frequent occurrence of both lagging univalents and acentric
fragraents in F. dasyphylle facilitates the analysis of cell-wall formation
in microspores. In the triploid, they ocour side by side; bub since chias-
mata in the inversion are rare, and further since bridges can as a rule be
recognized as far as the tetrad stage, there is little danger of confounding
centric and acentric units (Text-fig. 37). In the diploid, on the other
hand, univalents have never been seen, either at metaphase or at ana-
phase. All fragments therefore can be assumed to be acentiic.

* In the text-figures the former are drawn in hiack, the later barred.
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F. dasyphylla 3z

When a cell wall i3 formed a$ telophase I, the majority of lagging
univalents are mclnded in one of the danghter cells. A separate cell wall—
with a frequency of about 9 per cent a$ interphase—is formed only when
a univalent is situated in the dividing plane between the daughter cells

Text-fig. 38, 7. dasyphylla 3=, Metaphase II. Microcyte.
Text-fig. 39. F. dasyphylle 2x. Metaphase 1. Microeyte,

close to the periphery. The microcyie receives a wedge-like form {Text-
figs. 37 and 38). Differentiation is sharply defined: univalents lying in
closest proximity to the newly formed cell wall, but not in its plane, are
always meluded (Text-fiz. 36). In several instances a microcyte was
observed containing one half of a divided univalent, whilst the other half,
connected o it, but Iying off the equator of the cell, was excluded from

the microcyte.
%
/\ {

40 43
Text-fige. 40, 41. F. dasyphylle 2x. Telophase I1.

In the second division the mechanism of cell-wall formation is similar
Only units lying in one of the dividing planes receive separate cell walls,
Thus some tetrads contain both micronuclel and micracytes, others only
the one or the other (Text-figs. 42—44). Up to six units have been observed
in one tetrad cell. The pollen grains contaln from 0 to 3 micronuclel
(Text-fig. 45). A microeyte is illustrated in Text-fig. 46, with a nucleus no
larger than the neighbouring micronucleus presumably derived from the
same tetrad cell.
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P, dasyphylla %z
In the diploid, micronuclei are due to the presence of acentric frag-
ments. Their frequency accordingly is much lower than in the friploid.
At interphase, metaphase 1T and telophase II, microcytes have heen

Text-fig. 42. 7. dasyphylle 3z, Tetrad with microcyte and micronuclei,

Text-fig. 43. F. dasyphylla 3z. Tetrad with micronuclei only.

Text-fig. 44, F. dasyphylle 3z, Tetrad with microcytes only,

Texi-Bg. 45. F. dasyphylla 3x. Pollen grain with micronuelei.

Text-fig. 46, F. dasyphylla 3z. Pollen grains and microcyte.
observed in several instances (Text-figs. 39-41). Tetrad material was -
sufficient for accurate observation. The mechanism of cell-wall formation
is analogous to that described for the triploid: only units in the dividing
planes receive a separate cell wall.

Discussion

In view of the fact that acentric fragments may give rise o the
formation of separate cells, 1t cannot be meintained that the presence of
a centromere is a necessary requirement for cell-wall formation. The
evidence for cell-wall formation by acentric fragments as well as by
univalents suggests that it is chiefly or entirvely the position of the lagging
unit in the cell which determines the formation of a separate cell wall,
DUnless 1t ranges in the equator of the cell, l.e. in a position of balance
relative to the major nuclear units, it fails to form an independent cell
wall. Furthermore, it is only those fragments or univalents attaining the
maximum disbance from the danghter nuclel which form microcytes. It
may bhe concluded that only the maximum satisfaction of repulsion
between nuclear units secures the formation of a cell wall.
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SUMMARY

1. In twenty-two species of Frifslloria no evidence of inversions has
been found.

2. In the following species, viz. F. dasyphylle 2z, F. dasyphylle 3x,
. pudica 3z, F. citring and F. recurva 3z, the results of crossing-over in
inversions have been observed.

8. Inversion 4 in F. desyphylle 2z, located at, or near, the distal end
of an S bivalent, has a frequency of about 70 per cent of one or two chias-
mata in the Inversion.

4. The expected configurations for more than one chiasma proximal
to the inversion are analysed.

5. Chiasma formation in the hivalent carrying inversion 4 has been
studied. The frequencies of the various configurations indicate a slight
preponderance of comparate chiasmata.

6. Cell-wall formation by acentric fragments and univalents has
been studied in F. dasyphyile. The formation of a separate cell wall
requires a position of the lagging unit satisfying the maximum repulsion
from both daughter nuclel. The possession of & centromere by the micro-
nnuelens is not apparently indispensable.

The greater part of this study has been carried out at the Johu Innes
Horticultural Institution, London. I wish to acknowledge my gratitude
to Dr C. D. Darlington for the loan of his preparations and for advice and
oriticism during the work,
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EXPLANATION OF PLATE XV

. Tl dosyphyllo 2z, Interphase,

Fig. 1
Tig. 2. F. dasyphyllo 2x. Avaphase I, double chromatid bridge. Identical with Text-fig. 16,

i
Fig. 3. F.dasyphylle 2x. Anaphase I, double chromatid bridge. Identical with Text-fig. 17.
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