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1. INTRODUCTION.

Tre attempt to apply the results of eytological observation in the
field of systematics is difficult because it involves two unsettled ques-
tions: first, the relation of cytology to genetics; secondly, the relation
of genetios to systematics. The former, however, is now a matter of
speculation in detail only, for the principle is conceded. In the past
sceplicism has been justified, for it has been the misfortune of the
chromosome theory of heredity that the chromosomes were discovered
before the theory. Converse propositions based on the one hand on
genetical experiment, and on the other upon cylological observations,
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208  Chromosome Behaviour and Structural Hybridity

have become entangled with some comsequent confusion; for ervors
are inherent in each method, both in observation and inference. Had
genetical theory, based on linkage experiments, advanced to its limits
without any knowledge of the chromosomes, the later discovery of
these actual organs of transmission would have verified prediction so
completely that all objections to the prineiple would have been at once
dissolved.

Later studies have supported the original conelusions with remarkable
consistency. We may therefore assume the general tiuth of the chromo-
some theory and attack the problem of variation directly from a cyto-
logical standpoint, not regarding this method as merely ancillary to the
morphological method in genetics. The basis of our method of approach
must be some such definition as this: Variation amongst individuals s
the ocourrence of differences in their physiological properties correlated with
differences in the permanent structure of thewr cellst.

Not only are we on safer ground in applying such a method of
enquiry to-day, but we are also provided with the means of attacking
the problem more effectively than hitherto. The study of polypleid
tulips and hyacinths has shown that the wnit of behaviour up to meta-
Phase of meiosis is not the whole chromosome but an indefinitely small
part of it. If parts of chromosomes are really capable of behaving
independently we have a means of studying their genetical structure
by observation of the behaviour of their parts. And for the purpose of
drawing deductions from this behaviour, principles that have become
defined by a study of the polyploid tulips and hyacinths seemn again to
be applicable. These arve, fivst, that association takes place ot prophase
between homologous pairs of elements, however the nuclear complement
may be constituted, and, secondly, that association takes place at meta-
phase between parrs of chromatids, two or more chromosomes being
associated merely as the result of exchanges between their constitilent
chromatids. : - ,

Employing these two principles we have a new means of studying
the problem of the organisation of the nucleus. Oenothera naturally
offers itself as the most outstanding example of exceptional organisation,
and I have for this reason endeavoured to show (1929) the conclusions
to be derived from applying to Oenothera the rule of pairing of homo-
logons pavts of chromosomes at meiosis. These are, in short, that

! The proposition here imiplied, namely that all variation is determiued by physical
differences in the nucleus or other permaunent hodies, is capable of beiug tested in ouly
& limited sphere, but this seems no objection to its theoretical validity.
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paternal and maternal chromosomes do not correspond as units, but are
differently made up in opposite sets. Working on an analogons hypothesis
Belling and Blakeslee had arrived at this conclusion in Dature on the
strongest evidence (1924-7). In order to find indirect support from
material cytologically more favourable than Oenothera the present study
of the Tradescantice was nndertaken.

This group, for the most part confined to America, cmbraces species
of which some, like Tradescantia virginiana, arve cxceedingly variable,
while others, like Rhoco discolor, arve relatively constant. Corresponding
with this we find, first, that the relative importance of seecd-production
and vegebative propagation In these species Is very variable; sceondly,
that the hereditary mechanism plays, us will appear, o very differcnt
part in perpetuating the variows ty pes; and, thivdly, that the nechanism
isell s, in the one sase, constant and, in the other, exceedingly variable.

A few mnotes on related studies in Fribillaria and Conuneling are
iehded.

2. Pruviovs Work.

Pradescantio virginaanae has been studied eytologically from many
points of view, bub with results that in the Light of owr present know-
ledge seem inconelusive, Farnmer and Shove (1905) find *that in this
plant the number of chromosomes is not coustant during the heterotype
division, and it certainly varies between bwelve and sixboen,” but they
do not seek any explanation. Miyake (1905) describes fhe associations
of several chromosomes together in terms which indicate regret at their
difficult behaviowr rather than interest in their exceptional propertiest,
S. Nawaschin (1911) finds that bodies of chromatin are not inclnded in
the interphase nucleus, and concluces that these are lost chromosomes;
that there is in fact “chromatin-diminution.”” These bodies may be
either fragments or lost chromosomes. Recently Stow has described
and illustrated (1928) the association of as many as ten chromosomes
end to end at meiosis in Tradescantia virginiane, and finds differences
in degree of associatlon subject to changes of temperatiue.

The accounts of other species invite firther encuiry. For example,
Hance remarks on varlation in chromosome number at meiosis in
Zebrina without offering any interpretation or convinecing illustration.
In Tyadescantia fluminensis, Tischler does not venture (1921) “definitiv
zu entscheiden” that the haploid chromosome number is 12. In Rhoeo,

L “Bei Pradescantiv war die Untersuchung noch scluwieriger weil die Verklebung der
Chromosomen linger dauert und zwar bis zur Bildung der Kernplatte.”
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Suessenguth remarks, first (1920), that the probable haploid number
is 6 and, secondly (1921), that gemini are not formed at meiosis. Belling
(1927) has recorded and illustrated chain-formation in this species, but
hig illnstration seems rather to represent a perfect ring in which one
pair of chromosomes has been scparated by pressuve. Belling’s material
wag probably identical with that abont to be described.

5}

3. MeTnoDS.

The rool-bips examined were fixed in varions modified Flemming
solntions of which the one probably givin

o
o
was of the composition G0 c.e. 1 per cent. chromic acid, 20 ¢.c. 2 per cent.
osmic acid, 25 c.e. B oper cent. acctie acid. Seetious of the Feitilluria

species and the Tradescantic vivginiwna variebles were ent ab o thickness

the most satisfactory resnlts

of 24-30p, the minimum necessary to sceie o moderate proportion of
nneud plates, sinee the chromosomes, whose linths are nearly 204 long,
may Lie almost perpendienlaly on the plate. The other species were
enl af 16 4.

The stndy of pollen mother-cell and pollen-gram divisions was made
enbively from smear preparations (ef. Newton and Darlington, 1929).
The only notable disadvantave of this method in the present work has
been that, while o statistical stndy of varions abnormalitics wonld have
been desirable in several lustances, this has not been possible in con-
neebion wibh the pollen mother-cell divisions, Tor they are nsnally too
bhickly crowded on o slide to “score” rveliably. With the pollen grains,
stabisbical stndics have been possible.

Drawings were made at bench level with a Leitz Abbé camera lucida,
with & Zeiss 15 mm. objective (w.a. 1-3) for 1. wivginione, a Swilt
telangic compensating x 15 eyeplece to give a magnification of 3200,
and, for the other species, a Leitz periplanetic 25 x B eyeplece to give
a magnification of 5700. All drawings, except where specially stated, ave
redunced to a magnification of 2800. Wherever necessary for clearness
nnconnected groups of chromosomes in side views of pollen mother-cell
divisions have been illustrated sepavately.

4 OBSERVATIONS ON ROOT-TIPS.

In several species, inconstant numbers of disproportionately small
chromosgomes are found. These are referred to, for reasons discussed
later, as “fragments,” “£.” In the tables.

Rhoeo discolor. 2n = 12 (Fig. 1).

The attachment constrictions are approximately median except in
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four chromosomes where the smaller of the two segments is less than
half the length of the longer. Two probably dissimilar chromosomes had
siall trabants on the shorter arm, and one chromosome was frequently
scen o have a sceond econstriction very close o the atachment one,
separating, as ib were, an interstitial trabant (ef. Tradescantia vivginaana
vars. and Sparonema fragrans).  Other subordinabe constricbious were
less clear and were ouly oecasionally observed.

Fig. 1 Somatic metaphase from the root-tip of Rhoeo discolor. 2n = 12. « and b, figures
showing “interstitial trabant.”

Tig. 2. Somatic metaphase from the root-tip of Tradescuntia crassifolic- (Kew).,
2n =12 + 2 ff.

Tradescantia erassifolia. 2n =12 4 2 . (Fig. 2).

The chromosomes closely resemble those of Rhoeo. The form in
guestion (from Kew) has two substantial {ragments (cf. the observa-
tions at meiosis) with appazently sub-terminal constriction, and it is
nobeworthy that one of them appears to show an aflinity for a chromo-
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some which has, relatively to all the rest, a curtailed arm (cf. I'. vir-
grmiane, pollen-grain divisions).
Spironema fragrans. 2n = 12 (Fig. 3).
The following chromosome types can be distingnished:
two long pairs (almost identical) with sub-median constriction,
one shorter pair with two sub-median constrictions (cf. Rhoeo and
Tradescantia),

one long pair with sub-terminal constrictions,

one shorter pair with sub-terminal constrietions,

one shorter pair with sub-terminal constrictions and trabants.
Fig. 81 ¢ on p. 264 shows the trabants lying behind the head of the
chromosome.

Fig. 3. Somatic metaphase from the roob-tip of Spironema fragrans. 2n = 12.

Tradescantia virgintana. 2n = 24, ete. (Figs. 4, 5, 64-66).

Most of the forms studied have 24 chromosomes varying slightly
in size with approximately median constrictions. One or two can
frequently be seen with a trabant. This trabant is so small that its
behaviour is probably exceptional, and the illustration (Fig. 81) shows
the difficulties that are encountered in studying it. This gquestion will
be referred to later in discussing the strueture of the chromosomes.

The “interstitial trabant’ has been observed in a mumnber of forms;
it is probably obscured in many plates by special conditions of arrange-
ment. In one form, Medium Blue (No. 4), one chromosome was found
with a nearly sub-terminal constriction and shorter than any of the other
chromosomes in this or other forms of 7'. virginsana (Fig. 4 a, cf. account
of meiosis, Figs. 41 k and ).

Two forms were found with 25 chromosomes, and four forms with
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two, three, four and five fragments respectively. These have usually
sub-terminal constrictions in which the small segment is of the size of
a small trabant. The studies of meiosis and pollen-grain divisions, where
correlated, show that these fragments are usually constant in the somatic
cells of the plaut.

Pig. 4. Fig. 5.
Tig. 4. Somatic metaphase from the root-tip of Lradescantia virginiuna var. monlung.
9n = 24 + 2 fi. a, chromosome with short arm from Medium Blue (No. 4).

Tig, 5. Somatic metaphase from the root-tip of T'radescantia virginiana, Chelsen secdling B.
2n = 25,

Fig. 6. Somatic metaphase from the root-tip of L'radescantic virginiana var. brevicaulis.
2n = 18.

A large plant of Medium Blue (No. 1) was divided into eight roots,
of which six gave the following different results in respect of number
of fragments: (i) 4, (iii) 5, (v) B, (vi) B, (vii) 6, (viii) 5 (Fig. 69 d-A).
Since the number of chromosomes was the same in every sample, and
since the fragments varied about a mean of 5, the most likely con-
clusion is that 5 is the original number, and that 4 and 6 have appeared
as a result of somatic loss and gain. This possibility is snggested by the
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occastonal behaviour of the fragment at mitosis in lying to one side of
the plate.
T'radescantia virginiana var. brevicaulis. 2n = 18 (Fig. ).

The chromosomes of this form resemble those of the tetraploid
1. virgingana forms in general character but ave slightly smaller. It
has three chromosomes with trabants. The dificrence of chromosome
number which malkes the distinction from the tetraploids possible is
-also the one which makes its perpetuation by normal seed-production
tmpossible, so that the question of its specific rank may he conveniently
passed over.

Tig. 7. Somatic metaphase from the root-tip of Treleasia brevifolin. 2n = 24.
g -

Treleasia brevifolia. 2n = 24 (Fig. 7).

The chromosomes resemble those of some vars. of 7radescantic
vginsana, bub there are three or four with constrictions more nearly
terminal than is usnal in that species.

Zebving pendula. 2n = 24 (Fig. 8).

The number suggests a tetraploid relationship to the first three
species, and the numbers of the different chromosome-types broadly
agree with this assumption. These consist of

4 with median constrictions (much the longest),
8 with sub-terminal constrictions,
12 with terminal constrictions (trabants).
Those of the second class have different sizes of distal segment.
Tradescantio navicularis. 2n = 32 (Fig. 9).

This species differs from the foregoing in not falling into the six-
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series, and in all its chromosoies having sub-terminal constrictions. In
the bnlk of its chromosomes it seems to approximate to 7' virginianae
(2n = 24). (This species was referred to éarlier (1929) as 7. navicola.)

Fig. 9.

TFig. 8. Somatic mebaphase from the root-tip of Zebrina pendula. 21 = 24.
Fig. 9. Somatic metaphase from the root-tip of T'radescantic naviculuris. 2n = 82,

Tig. 10. Somatic mefaphase from the roob- tip of Tradescantia geniculala. 2n = 32.

Tradescantia gentculata. 2n = 32 (Fig. 10).
Although the chromosome number is the same as that of 7. nawi-
cularis, the chromosomes of the two species evidently do not correspond.
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individually. The chromosomes of 7'. geniculata are markedly smaller,
and eight of them have median or sub-median constrictions.

Dichorisandra thyrsifiora. 2n = 38 (IPig. 11).

The complement resembles that of 7. navicularis, but numerous
chromogsomes have sub-median coustrictions. Probably as a somatic
variation a rool-tip with 36 chromosomes was found (cf. pollen-grain
counts).

Fig. 12, Somatic metaphase from the root-tip ol Coleoirype nalalensis. 2n = 36.
Tig. 13. Somatic metaphase from the root-tip of Tradesconiio fluminensis. 2 = 60.
Coleotrype natalensis. 2n = 36 (Fig. 12).

The complement resembles that of 7' geniculaia, and eight chromo-
somes have sub-median constrictions.

Tradescontia fluminensis, 2n = 60 (g, 13).
Green and variegabed forms of this specics were identical. As Tischler
observes (1921) in giving the haploid number as 12, or perhaps more
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(“weil manche Priparate mit der Interkinese mir einc gréssere Zahl
als 12 Chromosomen vortinschten ™), the size of tlie nuelens is no greater
than in Rhoeo. Fifty-fonr of the 60 chromosomes are no bigger than the
fragments commonly found in other species of Tradescantia, and have
for the most part the sub-ferminal constriction characteristic of these.
The remaining six are longer and also have sub-terminal constrictions.

Tig. 14. Somatic metaphase from the roob-tip of Tinantic fugay. 2n = 68.

Fig. 15. Fig. 16.
Fig. 15. Somalic metaphase from the root-tip of Cyanotis somaliensis. 2n — 28.
Tig. 16. Somatic metaphase from theroot-tip of Commelina benghalensis. 2n = probahly 68.
Tinantio fugex. 2n = 68 (Fig. 14).

The chromosomes resemble those of the last species, but the six of
the large type are wanting.

A selfed seedling had the same chromosome number as its parent.
In the pollen mother-cell divisions 34. bivalents were formed (see
Section 7 (iv)). Connections were sometimes observed between one or
two pairs (Fig. 82). Evidently 34 is to be regarded as the haploid
number of this species.
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Cyanolis somaliensis. 2n =28 (Fig. 15).

Chromosome Behaviowr and Structural Hybridity

The chromosomes individually and as a whole are smaller thau in
any oflier species of the Tradescantice that I have examined. Six have
sub-median constrictions; in many of the others the smaller element is

a trabant.

TABLE L

Sumanary of Chromosome Counts.

Tradescantic virginiana L. (U.S.A.) varioties and sub-speeics.

20 (root-tip unher)
A

n (pollon-grain niumber)
A

r N r )
Chromosomes  fragients  Chromosouies Fragments
Medimm Blne (No. 1) 24 4, 5 and 61 10144 0-51
» (No. 4*) 24+ — 10-13 (found onco)
Small Red* 24 —_ 11-12 —
Taplow Crimson 24 ¢ — —
hirsuta™ 24 — 11-13 (found once)
albe (Kew) 24 — 11-13 (Connd once)
Pale Blue ? — 12 —
albe (Aldenham) ? —_ 11-12 {found once)
Chelsea scedling (No. 1) 24 — — —
. (No. 2) 25 —_ — —_
Iracleata® 24 — 11-12 —
haemilis 24 3 — —
montant 25 2 11-14 0~2
congesl 21 — 11-13 —
creernlea (double) 2 1 — -
delicata 24 — — —
refleat 24 — — —
felacine 24 — — —_
rulna 24 3 — —
Irevicaulis® 18 — 7-11 (fonnd 7 times)
Chromosome
Species number Distribution
Rhoeo discolor TTanee™, 1, T 2n=12 Moxico
Pradescantia erassifolie Cav ¥, f, 2n =12 + 2. South Americn
Spivonema fragrans LindLt In=12 Moxico
Prelewsio brevifolic Roset Zn = 24 '
Zebrina pendule Schuitzel®, 1, T Zn=24 s
Pradescantic navicularis Ovtgies™, | In-=32 Pern
. geniculata Jueq.f On = 32 Tropical America
Coleotrype nudulensis C. B. Clarkot 2n = 36 Natal
Dichorisendra hyrsiflora Mikeat, § 2n =38 Brazil
Tradescanti fliaminensis Voll.t 2n = 60 Brazil to Argentino
. ,,  Variogated 2n= 60 —
Tinantin fugaa®, 1 2n =08 Tropieal America
. sclfed seedling 2n = (8 —
Cyanotis somaliensis C. B. Clarkof 2n = 28 . Alvica

Commelina coelestis Witk §

C. benghelensis 1.
¢ nadiflore 1.

# Pollen mothor-cell divistons examined.

2n = 90
2n = 68
2n = 56

Hinstrated in the toxt.
1 Pollen-grain divisions examined.

Mexico
Tropical Asia and Afviea
Tropies
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Commelina nudiflora. 2 = 56.
Commelina benghalensis. 2n = probably 68 (Tig. 16).
Commelina coelestis. 2n == 90 (Iig. 17).

These three species resemble Tinantia fugax very closely in the size
and Shapc‘ of their chromosomes. In C. beughulensis, with the same
number, the chroniosomes with median constriction are more numerous.

\)L,,/«/\\'g (gg

Itig. 17. Somatic metaphase from the root-tip of Commeling coclestis. 2n = 90.

5. OBSERVATIONS ON PorunN MorHER-¢RLL DIVISIONS.

The following accomnt deals more particularly with paiting at meta-
phase of the first pollen mother-cell division in three diploid species,
Pradescaniia crassifolia, 1. racteate and Rhoco discolor, and two poly-
ploid specics, Tradescaniza virginiona and Zebrina pendule. Other
related observations are briefly referred to.

(1) Tradescantia crassifolia.

Thus magenta-flowered form from IKew has 12 chromosomes and
two {ragments in somatic divisions, and usually forms six recognisable
bivalents at metosis. The fragments, as such, are univalent and may
either lic free (Fig. 18), or one (Iig. 19) or both (IFig. 20) can probably
be associated with a particular part of one of the bivalents; the ome
wterstitially, the other termmally. '

The bivalents take the form of rods, rings or crosses, that is to say,
speaking in terms of chiasmata, the chromosomes may he associated
by one or two interstitial or more or less “terminal” chiasmata.

The fragments usually pass to the pole nndivided, and split at the
second division. Bub three presmmably half-fragments have been scen
in one second division and one in the sister-cell. They are sometimes
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lost in the cytoplasm. Three fragments have been seen at the first
metaphase, one presumably a new one resulting from a change at
prophase.

Association occurs occasionally between the bivalents (Fig. 19) giving
an apparently reduced haploid nnmber.

Fig. 19.

Fig. 20.

Trigs. 18-20. Metaphase of the first division in Tradescantic crassifolic (Kew).

Fig. 18. Side view: 6 bivalents and 2 nnivalent fragments.

TFig. 19. Polar view: 2 hivalents associated and one fragment associated with the middle
of a bivalent.

Tig. 20. Side view: both fragments paired,

(1) Tradescantio bracteatnl.

This form, for the preparation of which I am indebted to Dr O.
Meurman, resembles 7. erassifolic m its chromosome behaviowr at
meiosis. Six bivalents are usually found at metaphase, but occasionally
pairing may fail in one and we find two univalents (Fig. 21). In the

* Dr Randolph kindly tells me that this is a white-flowered form that he has obtained
from Nebraska. His description agrees with 7', bractenie Small, illnstrated in Britton and
Brown’s fllustraled Flora, 13z, p. 510 (1898). I have not exmmined somatic divisions.
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case illustrated one of these is attached to one of the bivalents inter-
stitially.

The pairs may show various kinds of attachments with one another
(Tig. 22). These are of two types, genetically considered: the first
indicates that the four associated chromosomes coutain the same
element vepeated four times (with probable inversion of a segment),
t.e. they are tetrasomic (¢ and ¢); the second, that all four chromosomes
are differently constituted, so that no element need be assumed to be
present move than twice (a, b and d). The certain determination of these
novel and variable forms is hatirally not possible in every instance, and
I cannot thevefore judge in what proportion of the cells they oceur.
The general iinpression is that between b and 15 per cent. of divisions

have abnormalities of this kind.
_ 4
b ¢ d e

TFig. 21. Tig. 22.

Tigs. 21 and 22. Metaphase of the first division in Tradescantia bracleala.

Fig. 21. Side view showing one cliromosome associated laterally with one chromatid of
a bivalent, and ity fellow unpaired.

Fig. 22. Side views of five types of association of pairs of bivalents (see toxt).

(ii1) Rhoeo discolor.

In the simplest case a ring of 12 chromosomes is formed at meta-
phase (Figs. 23, 24, 32 and 33). But, probably as a result of one or more
of the chiasmata between chromosomes breaking down before metaphase
(for only complete rings have been seen at diakinesis), a chain (Fig. 25)
or chaing of chromosomes frequently take the place of the-ring at
metaphase. Of the proportion of cases in which these several results
obtain I can again give only a general impression. It is as follows:
ring, ca. 30 per cent.; one chain, ca. 45 per cent.; two chains, ca. 20 per
cent.; three chains, ca. b per cent. These proportions indicate that the
occurrence of one break, or failure of chiasma (as the case may be),
diminishes vather than increases the echance of a second occurring. -

The 12 chromosomes may be divided into the several chains in any
proportions; where two chains are present the combinations 11 4 1

Journ. of Gen. xx1 15
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(Fig. 26), 10 4 2 (Figs. 27 and 31), 9 + 38, + 4 (Fig. 28), 7 + b5 (Fig. 29)
have been observed ; where three chains, 7 + 3 - 2 and 6 -+ 4 - 2.

At early metaphage the 1ing or chain of chromosomes begins to
arvange itsell with reference to the spindle and evidently all the chro-
mosomes do not establish their relationship simmitaneously. Rather the
inflnence of the spindle appears to be felt first independently at various
parts of the ring. A chain of 12 that is illustrated (Fig. 30) seems to
show that in three places the snecessive chromosomes in the chain are
already orientated so that alternate members will pass to opposite poles.
It is interesting in this case to notice that the independent behavionr

Fig. 23. Complele ring of chromosomes at metn;}haso of the first division in Rhoeo discolor;

alternate chromosomes orientatoed towards opposite poles. x 5700.
of different parts of the chain need not be expected to interfere with
the regular orientation and disjunction of alternate members in the
intervening parts of the ring. In other words, the three movements
agree. This is not by any means a 1ule; indeed only in a bare majority
of divisions are all the alternate members found to be turning to opposite
poles (as in Fig. 23).

Where we have alternate members turning to the same pole at one
point this irregnlar orientation must also ocenr at some other, whether
on the same side (Figs. 32, 64) or on the opposite side (Figs. 24, 36).
This principle applies for genetical purposes whether the ring 1s closed
or open.

‘Where two chains are formed. the non-disjunetional arrangement is
less frequent, and where three chains were fonnd the arrangement was
always regular, an argnment in favour of believing it the result of faihwe
of the spindle relationships to agree in different parts of the long chain.
The different chains themselves also usually agree where the nnmbers
are odd; where the numbers are even each chain has its end members
pointing to the opposite poles, and it is therefore impossible to tell in
the absence of o size differentiation whether the two chains agree ov



Trig. 24. Tig. 25,
Tigs. 24 and 25. Polar views of wetaphase of the first divisiou in Rhoeo.
Fig. 24. Complete ring with two nou-digjunctional pairs at opposite sides.

Tig. 25. Broken riug; all paivs disjunctioual.

)

O

Tig. 28. Tig. 29.

Tigs. 26-29. Side views of metaphase of the first division in Rloeo, showing diffeveut
vesults of the double hreakiug of the viug after diakinesis.
Trig. 26. Configuration of 11 + 1.
Tig. 27. Configuration of 10 + 2.
Fig. 28. Configuratiou of 8 + 4 (nou-disjuuction in the four).
Tig. 29. Coufiguratiou of 7 + 5.

Tig. 30. Early netaphase in Rhoco: three clivomosomes iu the chaiu of 12 showing marked
relatiouship with the spindle.



TFig. 33. TFig. 34.

Figs. 31-84. Side view of metaphase of the first division in Rhoeo showing different
non-disjunctional arvangements.

Tig. 31. Configuration with 10 + 2; oue chromosome left on the equator (cf. Fig. 35).

Fig. 32. Double non-disjunction on the same side in a ring.

Tig. 33. Quadimple non-disjnnetion; three cases on one side, one on the other.

Fig. 34, Donble non-disjunction on the samue side in a chain.

Fig. 35. Fig. 36.

Tig. 85. Anaphase of the first divigion in Rhoeo, two chromosomes left lagging on the
eqnator. ' ‘

Tig. 36. Anaphase of the first division in Rhoeo after donble non-disjnnetion oun opposite
sides. :
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arc really non-disjunctional. The more usual agreement, where the
numbers are odd, supports the view that the occurrence of chaius is due
to breaking of the ring after diakinesis. As many as four non-disjuue-
tional arrangements may oceur along & chain of 12 (Iig. 33)."

Following nou-disjunction the associated chromosomes remain at-
tached at anaphase (Fig. 36) and metaphase of the second division
(Fig. 37); even at the second anaphase half-chromosomes may be seen
to be attached to different halves passing to the opposite pole after
they have separated from their sister half-chromosomes.

Tig. 37. Metaphase of the second division in Rloeo following double nou-digjunction on
the samne side: indicated by attachments of half-chromosomes; 7 + 5.

In about 40 second divisions in which both plates were examined
three had the aberrant nuwmbers 7 and 5 (Fig. 37), none had divided
nnivalents. Where, as frequently happens in the ring or chain (Fig. 31),
one chromosome has been lying on the equator between two turned to
opposite poles (cf. Oenothera biennss, Cleland, 1926) this chromosome,
may evidently lag at anaphase (Fig. 33), and perhaps occasionally divide
(as a “univalent”) at the first division.

(iv) Zebrina pendula.

The chromosomes are much contracted lengthwise at meiosis so that
exceptional associations, apart from those affecting the large chromo-
somes, are not so easily distinguished as in the other species described.

Apart from the usnal formation of bivalents, including two large
ring or rod pairs, one exceptional process is worth recording. In a small
proportion of divisions these large chromosomes enter into one or two
ring associations of the type illustrated (Fig. 38 @ and b). These rings,
which are identical, each consist of two chromosomes larger than any
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of the others, and two chromosomes of ‘approximately half their size.
The ring may consist of chromosomes united end to end, or the larger
pair may be associated at an interstitial chiasma. Now, if reference is
made to the somatic division llustrated (Fig. 8), it will be seen that the
identity of the large chromosomes (which have median attachment at
melosis) 18 unmistakable: they are the four long chromosomes with
median constrictions. They correspond morphologically, and form rings
of four as might be expected from their tetraploid number. But they
never form a ring by themselves, that is, of four morphologically similar

R

a

lug 38. a. Side view of metaphase of the first division in Zebrina pendule; 8 pairs and
2 rings of 4; terminal chiasmata only.
b. Single ring of four from another division showing medial chiagma.

chromosomes. Probably therefore the two rings and their constituents
have no relationship, and the morphological evidence of tetraploidy in
the somatic chromosomes is entirely irvelevant.

The later course of division is generally irregular, as described by
Hance. The “restitution” nuclei” of Rosenberg have been observed.
A stronger growing form, still under investigation, has 24 chromosomes
at metaphase of the second pollen mother-cell division, and is therefore
relatively tetraploid.

(v) - Tradescantia virginiane and related forms.

Diakinesis has been less thoroughly examined because at this stage,
although connections between chromosomes are more strongly apparent
than at metaphase, 1t 1s morve difficult to know WhOD a connection is
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significant. The constant relationship of all the chromosomes with the
spindle at metaphase enables one to tell from their attitude whether
they are free or attached.

The association of the chromosomes at diakinesis and metaphase is
for the most part terminal or approximately so. Occasionally, however,
chromosomes arc engaged in an obvious interstitial chiasma which may
be sub-terminal (Figs. 42 ¢ and 44 f) or median (Fig. 47). This is perhaps
a property of the individual pair of chromosomes, notwithstanding the
fact that a string of four chromosomes may be associated at chiasmata
at varying distances from the end, for such a string may consist of
dissimilar chromosomes (Fig. 41 1).

Tig. 39. Tradescantic virginiane, Medium Blne (No. 4): 8 bivalents, 2 “trivalents,” 2 uni-
valents. One unegual pair at the left-hand side; the second apparently nnequal pair
is dno to the chromosome not lying flat. One rod bivalent passes through a ring
bivalent to which a third cliromosome is attached laterally. ‘

When the association is actually what would be described as “end-
to-end ” its nature is shown to be in no way distinet from an ordinary
chiasma (cf. Newton and Darlington, 1929), first, by the fact that the
separate connecfions of the two pairs of chromatids are usually dis-
tingunishable and, secondly, by the frequent observation of the two
bodies which are distal to the chiasma (Fig. 46). In other words grada-
tions occur between the theoretical position of the “terminal chiasma”
and that of the interstitial chiasma.

In this way it is usnal to sce the chromosomes at diakinesis asso-
clated in pairs, lours, eights, and even tens, to form simple rings or
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strings (cf. Stow, 1928). In most varieties, on an average, three rings
of Tour are formed, the rest of the chromosomes being associated in
palrs. The nmber of fours varies [rom oue to six, One or bwo univalents
are frequently found, usually together with trivalents. 1t is to be noted
that where, in o ring, one of the conuections of the ordinary double
chiasma at one end has been broken, the chromosomes ab this point
ave usually pulled further apart than at the other chiwsma where o
donble connection is retained (Fig. 40). The first modification of the

Tig. 40. 7. virgintana, Mcdiom Blae (No. 4): 2 “octavalents,” one a branclied chain with
a quadraple chiasma, the other a hranched string with two triple chinsmata, 4 bi-
valents, one amr unequal rod pair, another a ving with one imperfect chiasiia at which
the chromosontes are more widely separated than at the perfect one.

ordinary chiasma that deserves mention is the case where three of four
chromosomes, instead of two, ave ussoclated ab w madtiple clausina (see
Fig. 84, p. 268). In these chiasmata one chromatid of each of the
chromosomes involved is associated bterminally with a chromatid of
anotlier chromosome, and the second chromatid with a chromatid of a
thivd chromosome. These associations are somelimes strilingly clear
(Figs. 41 and 42, b and d); in other cases the relationship can ouly be
inferred, owing to the chromosomes concealing their own connections,
one chromatid lying over another (IFig. 40). Probably failure of a con-
nection in double as well as multiple chiasmata is due to another chromo-
sonte ot chromosomes having broken away from a still larger association.
"This occmrrence corrobovates the suguestion that wetaphase pairing is
(e to attraction between chiromatids vather than between chromosomes.

Multiple chiasmata are the regular ineans of association of the
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Fig. 41. 7. virginiana: a¢-¢ and. g-I, Medium Blne; d—f, Small Red.
w—d. Various associations of fonr by multiple and simple chiasmata.

“Association of four, simple and interstitial chiasmata.

Branched ring of six with one multiple chiasma.

Ring of four with one pair attached by a lateral chiasma. )

The same configuiation as f bub with the ring hroken and the multiple chiasma
imperfect (a.connection. between the free chromatids of the two chromosomes
marked X has been broken).

. The unequal pair.

The unequal pair associated with two others in a chain.

Fig. 41.
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Tig. 42. T virginiane: a-e, g-k, var. humilis, f, var. hirsulu.

A double zing of four, an interstitial chiasma separating the two loops.

An agsociation of four at a perfect quadruple chiasma. )

The same configuration as ¢ bnt with both loops open.

Triple ehiasina, terminalisation nearly completo.

’l?ri{)lc associntion corresponding to an eavlior stage of d in which one pair is
joined by a still interstitial chiasma; terminalisation incompleto.

Association of cight consisting of ving of fonr, ehain of three and singlo ehromosomae
joined at a quadimple chiagma.

Simple ring of eight without non-disjunction.

Bivalent in which ahnormal lacuna shows in one chromosome—porhaps the result
of a structural change ab prophase. )

k. ragment with an execoptional mmeqnal pair from the samoe cell,
(o) ]
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branched strings, double rings and other complex configurations (Fig.
41 f) so frequently found at metaphase.

Stow (1928) has reported that the formation of compound hodies ab
meiosis in Tradescantia and other plants is affected by the temperature.
In order to test this couclusion, separate lots of the form Airsute were
kept (i) in a stove house at a temperature of 20-25° C. and (ii) in an
ice box at a temperature of 8-10° C. for two days and the pollen mother-
cell divisions then examined. In-each case, on an average, three quadi-
valents were formed with oceasional sexivalents!, trivalents and so on,
as in the material growing out of doors (in July). The only difference
found was in the occwrence of fragments not ordinarily observed.

Tig, 43. . virginiane var. brevicoulis: 6 brivalents, one with two interstitial chiasmata,
and three with triple chiasmata.

In the form Medinm Blue (No. 4) in which one chromosome was formd
shorter than the rest and with a relatively sub-terminal constriction,
sometimes an unequal pair (Fig. 41 %) and sometimes a string of four
(Fig. 41 1) containing one shorter than the others can be seen, although
the difference is not great enough to be determined with certainty in
all cells.

In all the forms examined, while guadrivalents and bivalents are
the usual associations found, univalents, trivalents and combinations of
higher numbers than fowr are frequently found. As a result the distri-
bution of the chromosomes at anaphase is irregular. The strings of
chromosomes do however, as a rule, so arrange themselves that alternate
members pass to opposite poles (as in the diploid Rhoco and Oenothera).

1 The term “sexivalent” clearly can have no genetical significance in a form which
is assumed to be a tetraploid. Similmly the other cognate terms lose their genebical
meaning in this and comparable plants. T prefer to nse them lere in a purely descriptive
sonse rather than invent another set of terms, for the Hmitations of their proper use must
ab present remain quite undefined.
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Wig. 44. D virgindana var. brevicowlis: trivalents (except f).
«. Impertect triple chiasma.

b, Triple ring with two friple chiasmata.
¢ Interstibial and terminal chiasmata (cf. iy, 42 e).
d.

The same with a closed ving; the result therefore of triple paiving along
hali of the chronosotne. :

Lwo brivalents perliups associated laterally.
p

Association of six involving an buperfect lateral chinsma which is part of a triple
chiasiua.

ab least

Trig. 44, 1. virgindene var. brevicowlls. Restipution aucleus with 18 chromosomes, oue
pair still assoclated al a sub-terminal chiasma. One chromosome shows a new
anonialous lacuna or coustriction,
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In brevicaulis, whose chromosome complement is morphologically
triploid, the formation of trivalents (Figs. 43 and 44) is much more
regular than 1s the formation of quadrivalents in the tetraploid forms of
T. virginiang. These, as shown in IFig. 84, p. 268, Nos. 12, 13, are
probably formed on the same principles as the compound bodies in the
tetraploids, and, as a rule, are associated by meauns of multiple chias-
mata. Associations of more than three can be formed (Fig. 44 f). As
many as four univalent chromosomes have heen found at the first
metaphase, and divisions are naturally very irregular in regard to
nmumerical segregation. A restitution nucleus has been found (Fig. 45).

The first type of abnormality in all these forms is therefore the
association of chromosomes in greater munbers than the chromosome
nwmnber of the plant would suggest as being homologous on an ordinary
polyploid hypothesis. The second type of abnormality is less frequent
but equally significant. Certain chromosomes in various forms have the
potentiality of pairing with morphologically non-corresponding parts of
other chromosomes, that is to say, the end of one chromosome is seen
attached, terminally; nsually by only one chromatid, with an interstitial
part of another (Figs. 39, 41 d, and 44 f). We have thus what must be
called a lateral chigsma. In Medivm Blue (No. 4) and in brevicaulis, for
sxample, one chromosome 13 frequently scen attached to the middle of
another chromosome which itself s usually associated tn a bivalent or
quadrivalent ring.

The third type of abnormality s where the ends of the two chro-
matids of one chromosome are patred, the first with the end of a chro-
matbid of another, the sccond with an interstitial part of a chromatid
of the sceond chromosome (Ifig. 49,  and £). This is virtually a triple
chinsma which may be perfeet or tmperfect, and must result from in-
version and reduplication of a section of one chromosome. Hig. 84,
p. 268, shows how this result can be obtained from triple pairing and
terminalisation in Tradescantza and in Aucube, where Meurman has algo
obscrved it (1929).

Where. reduplication of this kind is.supposed to have ocourred in
Drosophila the segmentally tetrasomic diploid progeny were non-viable.
This'is not the case in Tradescantia, for the pairing in 7'. bracteata
probably indicates segmental tetrasomy. Tn 7. virginiana reduplication
would not be comparable for, the general condition being tetraploid, it
wotld lead merely to segmental pentasomy.

The behaviowr of the three fragments of 7. humilis is subject to
interesting variations in this and in other connections: they may all
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‘appear as nnivalents ab the first metaphase and divide at anaphase
(Fig. 48 0): two of them way pair together, the third being left as o
nnivalent (Mg, 48 ¢): the members of the pair may divide irvegularly

Fig. 46. 7. virginioma var. bumilis: diakinesis; one associntiou of ten; oue of six, with
2 very clear sub-terminal chiasina; one of four, with oue haviug a laterally associated
fragment; one hivaleut; bwo {rec {ragments.

Tig. 47. 1. virgindana var, humilis: an association of six iuvolving one interstitial ehiasma;
T two fragmeuts paired laterally, with- corresponding parts of a paived ring; four
cundrivilents, onc bivalent ring with imperiect chiasmata.
(ig. 48 d), this being possibly associated with the fact that they nsnally
divide earlier than the ordinary chromoesomes. The homologous pair
may be recognised ab somatic divisions (Iig. 48 ). The members of the
pair may ussociate severally, or, when paired with one another, with
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different parts of probably different, or non-corresponding, whole chromo-
somes. When one has been associated terminally with a whole chromo-
some, in spite of the extreme disparity in size of the two bodies, they
may be seen separating to opposite poles, as in the case of the ordinary
paiving of fragments, rather before the other chromosomes (Fig. 49 d).
In one case (Fig. 49 f) the terminal pairing of the fragment has appa-
rently prevented the ordinary pairing of the whole chromosomes at one
point and interrupted the normal formation of a ring of eight. The pair
is evidently homologous with an interstitial portion of a pair of whole
chromosomes, as well as with the ends of one or more others. Thus they
may be seen associated at corresponding points with the members of a
bivalent (Fig. 47), or one may be associated at one end terminally with
one chromosome and at the other end laterally with a second which is
itself paired terminally with a third (Fig. 49 b). A fragment terminally

e 0%
B &d s 0. :8 32

G d [

Tig. 48. T'. virginiana var. humilis.

[

[~

a. Three somatic fragments from the root-tip.

b. Three fragments from a single first division anaphase, dividing as univalents.
c. Bivalent fragment at metaphase of the first division.

d. Irregular division of bivalent fragment at first division anaphase.

e. Bivalent and univalent fragment from a single first division metaphase.

associated may take part in a triple chiasma exactly as a whole chromo-
some would (Fig. 49 ¢). It is possible that the fragments correspond to
the portion of the chromosome with which they pair laterally between
the point of lateral attachment and the nearer end.

Fragments have frequently been observed at melosis which are of
irregular occurrence and do not correspond with any present in the
somatic tissue (cf. Section 6 (i)). In one case where a large fragment
was found, apparently degenerating, a markedly unequal chromosome
pair by its side gave a clear indication of its origin by loss (Fig. 42 k).
A single observation (Fig. 42 %) seemed to show that a structural change
had occurred interstitially in a chromosome, for the definite lacuna of
well-marked boundary seen in the middle of this chromosome is entirely
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exceptional. Although ordinary constrictions do not show at meiosis it
is possible .that this observation may be corvelated with that of new
constrictions at the pollen-grain divisions, and that these constiictions
ave therefore the result of structural changes, translocation and the like,
at meiosis (cf. Section T (iii)).

P

I

i

! a b

Tig. 49. T. virgindana var. humilis. Paiing of fragments and exceptional pairing of
ohromosomes.

a. Bivalent fragment associated terminally with one chromosome of a bivalent.
b. Tragment associated laterally with one member of a “trivalent,” terminally with
" & fourth chronosonie.
¢. Fragment associated in o triple chiasma, with two whole chromosomes forming
part of a “quadrivalent.” . .
d. Fragment separating from & whole chromosome, with which it has beeu paired,
at anaphase. :

e. Single fragment paired as in Fig. 47.
J. Chain of eight with o fragment paired terminally.
g- “Trivalent” showing an imperiect lateral-terminal chiasma supposed to resuls

from the triple paiving of reduplicated segnients of one chromosome with the
corresponding segment of a second.
h. : Perfect lateral-terminal chiasma in an association of six.
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6. OBSERVATIONS OF POLLEN-GRAIN DIVISIONS.

(i) General.

The pollen-grain divisions in many of the forms under consideration
offer a more favowrable field for the study of the somatic chromosomes
thaxu do the root-tips, and a more aceurate means of studying the results

Fig. 50. First pollen-grain division in Dickorisandra thyrsiflora, anaphase; n = 19,

<
A

Fig. 51. Tig. 52.

Fig. 53.
Tigs. 51-53. Tirst pollen-grain division in Rhoeo discolor.
Fig. 51. Metaphase; n= 6. Fig. 52. Metaphase; n= 17, Fig. 53. Anaphase; n="17.

of recuction than the second pollen mother-cell division. It has usually
been possible to correlate the observations of pollen-grain divisions with
those preceding meiosis (as well as with those of the root-tips), but in
the case of Medinm Blue (No. 1) this unfortunately was not possible. The
root-tips were however examined in all cases, and the results show that
Jonrn. of Gen. xx1 16
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the behaviour of the chiromosomes and fragments at the pollen mother-
cell divisions in this individual must be in a general way analogous to
that observed in humailis.

Fixation gave variable results as is shown by the contraction of the
chromosomes exhibited in some of the illustrations. These differences are
perhaps responsible for the differences in the obviousness of the extra
constrictions sometimes found. The second constriction next to the poiut
of attachment (Fig. 58) probably corresponds to a constant condition,
for it has been observed in the pollen graing of tetraploid and tripleid
forms and in the root-tips of 7. wirginiana (Fig. 4), Rhoes discolor
(Fig. 1, o and b) and Spironema fragrans (Fig. 3). The form it was
observed to take at anaphase in brevicaulis is particularly remarkable,

%

Fig. 54. Fig. 55.
Tigs. 54 and 55, First pollen-grain division in Tradescantia crassifolic.
Fig. 54. Prophase; n= 6 + £,
a. A new long fragment from another prophase.
b. Clwomosome from a prophase, showing large trabant not found in parental cells.

Tig. 55. Motaphase; n= 6 + 3. One chromosome has a large trabant or newly attached
fragment (of. Fig. 45).

and almost suggests that it is a side branch of the chromatin thread.
The possibility that other anomalous constrictions found in other divi-
sions are the result of particular behaviowr of the chromosomes con-
cerned at the preceding meiosis cannot be overlooked, especially where
this behaviour is so abnormal as in these forms. Variations in rumber
of the members of the ordinary sporophytic complement, both whole
chromosomes and fragments, are shown in the tables. Apart from these,
new chromosome forms appear, sometimes corresponding in size to the
ordinary fragments, and sometimes (in four recorded cases)' corre-

1 In many more cases the chromosomes may have suffered loss without showing any
recognisable alteration. ‘
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sponding to the ordinary chromosomes, and recognisably different only
in oue arm heing shorter than any in the sporophytic complement
(Fig. B8). These must be counsidered the product of fragmentation at
melosis.

In certain types extra-nuclear bodies, probably of degencrating
chromatin material, were found at metaphase (Iig. 76), though whether
these correspond to whole chromosomes or to fragments cannot he said.
They are no doubt the accessory bodies referred to by Nawaschin (1911)
as occwrring uotably at the sceond division.

’:,’;
Y
7*

Tie, 56. First pollen-gvain division in 7. wvirginiana var. albe, Aldenham. Metaphase;
= 11+ {. TMragment is new and possibly connceeted with the shortened arm of an
adjacent chromosome.

The fragments in the pollen grains of Medimmn Blue (No. 4), the indi-
vidual most extensively studied, showed frequently and clearly a pecu-
liarity that T have also observed in 7. crassifolie, viz. the terminal
association of onc of the halves of the fragment with one of the halves of
an ordinary chromosome (Figs. 60 and 61). This association is so charac-
teristic that it can hardly be withont significance. I it is an artifact it
is difficult to understand why only one of the halves is attached and
not both of them; whereas if it is the actnal nnion of a fragment
with one of the chromosomes, this vesult would be expected, for the o
sepurate halves of the divided chromosome thread night well act inde-
pendently during the vesting stage or at least in early prophase.

(1) Chromosome-Nwmber Frequencies.

Conuts have been made of the numbers of chromosomes and frag-
ments in pollen-grain divisions of the various forms of Tradescantic
16-2
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serginiana (veluding brevienulis), 1'. crassifolie and Rhoeo discolor. The
[froquencies obtained agree with what the observation of the pollen
mwother-cell divigions wonld lead one to expect, provided allowance is
made for special genetical conditions in the pollen grain. In Rloeo, for
example, the proportion of cells with seven chromosomes secms too high
to regard as directly determined at melosis, for, taking into considera-
tion an equal number of non-viahle pollen grains with five chromosomes,
1t corresponds with a nwmerically unegual segregation (r.e. two non-
digjunctions on the same side of the plate) in 30 pev cenb. of cases.
This 18 much too high to agree with obscrvations of either the frst or
the second division, and wounld appear to indicate a reduced viability of

e

Figs. 57-63. Pirst pollen-grain division in Z'radescantia virginiang Medimn Blue.
Ligs, 57-01, mutaphase. Tigs. 62 and 63, anaphase.

Pig. 57. =12 24.

the bhaploid six-chromosome pollen grains relatively to the seven-
chromosome grains. This 18 not surprising, for on the interchange
bypothesis (Darlington, 1929), as in Oenothera, this type of non-disjune-
tion will always give vise to genetically complete n -+ 1 gametes, while
non-digjnnction on opposite sides will give 1ise to genetically defective
n gametes'. With a farther proportion of siwes, therefore, corresponding

1 Double non-disjimetion on opposite silew giving zenetically defective “haploid”
gameles will be:

AL CD BRLOFE HIE (un L) MN (1on-viahlo)

B DE (uo /1y A1l KL.TAI T NA (non-viable)
Dounble non-digjunction ou bhe suae side giving oue viable w + 1 gamete, and one de-
tective n — 1 gameto, will be:

4B diD. Dk G HE KL AN (viabl)

TTUBC (o Dy kF TG (e Ky LA N (non-viahle)
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to the sum of the numbers of five (hypothetical) and seven (observed)
types, included to represent genebically defective haploid gametes, the
two sets of observations are in agreement.

Fig. 58. n= 12 4+ 4 ff. Note one chromosome which has been truncatod and its resem-
blauce to part of the chromosome with the second median constriction.

Tig. 59. n=12 + 4 ff.

The observations by Winge on Vallisneria (1927) and Belling on
Uvularia (1925) of the division of pollen-grain nuclet with less than the
supposed haploid number of the plant in question is important as indi-
cating a different type of chromosome organisation. Belling is inclined
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to think his proportion of n —1:nm:n 4 1 gametes (namely 1:96:6
or 7) indicates merely that the n — 1 gametes are slower in development
than the others. This argument seems to be ruled out in Uvularia by
his observation of # -+ 1 and n — 1 grains dividing side by side; nor is
it sufficient in Rhoeo, for both late and early pollen grains were examined
and, although (see Section 6 (ii)) the proportion of n + 1 pollen grains
varied according to the period, none was found with # — 1. The most
reasonable conclusion seems to be that (i) in Uwvularia the viability of
1 — 1 gametes is greatly reduced, and (ii) in Bhoeo 1t is still more re-
duced, perhaps to zero. It must be remembered that in pollen-grain
frequencies at the primary division we have the mildest test of genetic
competence that can be applied. It seems none the less significant of
either a low degree of differentiation or of a polysomic condition when
gametes, short of a considerable proportion of their complement, can live
to divide.

The chromosome number frequencies in the pollen grains of tetra-
ploids evidently vary about 12 as a mean. Similar variation in gamete
production has been found in the tetraploid cherries (Darlington, 1928).
The pentasomic form monfana has a slightly higher mean, ag would be
expected. The frequency in Medium Blue (No. 4) B (a single preparation)
has a lower mean, although the root-tips had the tetraploid number of
chromosomes. This is therefore either the result of the loss of a chromo-
some in the somatic tissue, or of taking an exceptionally early or late
sample of the population. The fragment frequencies, which as far as

TABLE 11.
Medinm Blue (No. 1). (2n = 24 + § f£.)

Nwuber of chromosomes
Nuwber of

}

fragments 11 12 13 14

0 — i — 1 —_

1 1 10 2 —

2 3 19 7 1

3 6 12 — —

4 — 3 - —_

5 — 2 — —

Totuls for Sepurate Smeurs.
Number of chromosonies Number of fragments
[ A T

Total 11 1213 14 0. 1 2 3 4 5
Slide 10 11 —_ 8 2 1 — 7 1 2 1
Slide 11 41 7 29 5 1 8 16 13 2 1
Stide 14 19 3 13 3 — — 5 10 4d - —
Grand totel: 71 10 50 10 1 113 33 18 4 2
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STABLIG HITL
Nunber of chromosomes
Othor "Petraploids: ’l() L 12 3 WHv Totul
Hmall Rod — 5 17 — —_— 22
Palo Blue . . 49 —_— — 49
bractealc — L |5 e — 13
congeslo e 4 i4 5 — 28
hirsula — BEd) 12 L —- 16
albe (Kow) — 3 & IS — 3
albe (Aldenliam) — L 6 —_ — 7
Medinm blue (No. 4):
Slide A:
with extra-nneclear bodics 1 8 1 — —\'
withont extra-nuclear bodics — 14 1 — — )
Slide B: 63
with extra-nuclear bodies — 3 32t 1 —
without oxtra-mmclear hodies — 2 — —
* One had an extra-nuclear body. 1 One lhad a {ragiient.
TABLE IV,
monlana. (20 = 25 + 2 {I.)
Numbeor of chromosomes
r —A- )
11 12 13 14 Total
1 fragment — 4 2 2 8
2 fragments 2 2 3 — ki
Total: 2 6 5 2 15
TABLE V,
brevicoulis. (2n = 18.)
Nuwmber of cliromosomes
r A~ Al
7 8 9 10 11 Total
Smear 181 («) 3 5 24 10 — 42
» 181 () 1 1 2 1 — 5
. 183 () o 6 3 3 —_ 2
» 184 (@) o L 1 7 4 13
Potal: 4 13 30 21 4: 72

(Distribuied ab random 7 had fragments and 8 had extranclear bodies,)

TABLIS V1.

Rhoeo discolor.

Numbor of chromosomes

[ A Y
5 6 7 Total
— 37 gt 45

A

One with a fragmoent.

Zichrina pendule: n = 12; 3 connts,
Dichorisndre Uyrsiflora: = 13 (Fig. 50); 2 counts.
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TABLE VII.
Tradescentia crassifolia.
Number of parental {raginonts
AL

Number of - N
chromosomes 0 1 2 3 4 Total
6 ks 20 3 1 1 30
7 — 1 o — o 1

* QOue had a new typoe of fragient (g, 54 «).

TABLE VIIL
Swmmary of Telraploid Tradescantia.

Numbor of oliromosomes
AL

10 11 12 13 14 Total

Medium Blue (No. 1) — 10 50 10 1 71
» No.4) B  — 3 34 1 — 38
Small Red — 5 17 — — 22
Palo Blue — — 42 — —_ 42
atba {Aldenham) — 1 6 — — 7
alba {(Kew) — 3 9 1 — 13
hirsuta — 5 12 2 — 19
bractecta —_ 1 12 — — 13
congesta — 4 14 5 — 23
Total —_ 32 196 19 1 248
Medinm Blue (No. 4) B’ 1 22 2 — — 25

possible are intended to exclude the fragments not already present in
the parent plant, show a similar random variation, but in one or two
details the results are unexpected. First, in Tradescantia crassifolia a
number greater than that in the parent was twice found. This would
ocour as a result of what we may call “double reduction,” where both
the chromatids of one chromosome pass into the same nucleus at the
second telophase®. The possibility of such an occurrence in quadrivalents
of a tetraploid Dahlic has been considered by Lawrence (1929). This
might well result from the small size of the univalent fragment in the
one case, and from the normal course of quadrivalent pairing and sepa-
ration in the other.

The second point is that an apparent inverse correlation is noticeable
between chromosome number and fragment number, both in Medium
Blue (No. 1) and in the variety montena. From the observation of meiosis
where fragments ocour {in huwmilis) I can find no mechanical explanation

! Longloy (1927) desoribes the produotion of % + 2 {f. by 2a 4 1 {. parents as the rosult
of “non-digjnnotion,” but the application of this term to the failure of an equational
division—a division, that is, of olements that havo never been soparatc—szeems a liftlo
oonfusing
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of this association, but o genetical explanationis nob far bo scel. A given
fragment may carry material thab is already represented four times, as

SZ

.S

Fig. 60. 2 = 13 (no {ragments); note '1110131&10115 dissimilarity of two half-chromosomes at
5 o’clock.

- Chromosome {rom another metaphase in which onc-half of a fragment is apparently
joined to one-half of the chromosome.

YNy @

mﬁk

g, 61w = 1t 4 216 Note chromogomo as in Ifig. 60 «.
«. Third oxample of uncqually attached {ragment.

most ol the material in the ordinary chromosomes of the tetraploid
must be. But it is more likely, especially if any of the fragments are
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bivalent (as with the pair in Awumilis), that the same material is only
represented again two or three times in the large chromogomes; in other
words that the chromosomes which have actually suffered fragnienta-
tion are still present, deficient in the material which is carried by the
fragments.

Tig. 63. n= 12 + 2ff. New {ragments, two larger than normal, two smaller, are
failing to divide.

In this case a set of six chromosomes in this plant need not be
supposed to be a full complement in the absence of particular [ragments.
Therefore in certain pollen grains where the complement is short of 12
the presence of some of the fragments will be necessary to viability, and
from these pollen counts a class will be eliminated with few fragments
and less than 12 chromosomes. It follows that there is no simple inverse
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correlation, but that we probably have here three separate factors
operating: (i) an original higher proportion of pollen grains with chromo-
some numbers below the mean, owing to loss at meiosis, (ii) an original
higher proportion of pollen grains with fragment numbeys below the
smean for the same reason, (iii) the elimination of pollen graing with
certain fragments missing and with less than the diploid number of
chromosomes. A deficiency in certain of the haploid combinations from
brevicaulis would similarly account for the excess of its 10-chromosome
pollen grains,

In 7. crassifolic variations occirred that could only be attributed
to changes at meiosis. Large trabants not occiwwring in the parental
cells or in other pollen grains appeared in several divisions (Figs. 54 b
and 55). In one cell a fragment with a sub-terminal constriction was
found (Fig. 54 «), longer than those found in the parent. One pollen
grain, with seven chromosomes and a normal fragment, was evidently
the result of non-clisjunction. Occasionally attached to the end of a
chromosome at prophase is a small mass of nucleolar material that
might be mistaken for a trabant.

7. GENERAL OBSRRVATIONS.
(1) Fragmeniation in Tradescantia and Fritillaria.

From the present studies of fragmentation in Tradescantia the
following conclusions can be derived: ‘

(i) Fragments arise at the prophase of meiosis, and not, as in
Uvulario (Belling, 1925), at anaphase.

(i1) Fragments arise as a result of the splitting of a chromosome at
any point along its length, so that in size the new fragments may bear
any proportion to the whole chromosomes (Figs. 63, 71 and 74).

(ii1) New fragments sometimes develop attachment constrictions
which are evident at the first post-meiotic division. All those which
do so bear a certain relationship in size to the whole chromosomes.
Those which do not are larger or smaller and can be seen degenerating
at meiosis or at the first post-meiotic division.

(iv) All fragments found in the population of varieties and seedlings
studied agree in size with those new ones which are found to develop
attachment constrictions (Figs. 64—66).

(v) The pairing of fragments at meiosis is irvegular but shows that
they may be homologous either with terminal or with interstitial por-
tions of whole chromosomes, as well ag with one another.
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Suminarising these conclusions, we find that while fragments (as is
the case with polyploids) can arise almost without restriction, they can
only be perpetuated subject to two important restrictions, the one
mitotic, the other meiotic. Other cases where fragments have been
stodied extensively, even more extensively than here, yield less decisive
results in regard to the homology of the fragments and the conditions
of their survival. In Crepis, for example, Nawaschin (1926) has found
{fragments and corresponding losses of parts of chromosomes, but the
clagsification of types of chromosome change based on these discoveries

Figs. 64-66. Somatic metaphascs from the root-tip of Tradescantia virginianm.
Fig. 64. Var. caerulea fl. pl. 2n = 24 + 11

seems to some extent empirical, for snch structural changes as probably
occur in Crepis express themselves at meiosis (Nawaschin, 1927), not in
exceptional types of association but in a failure of pairing altogether?.
Similarly in Zea the material has not been favourable for the genetical
identification of the fragments, and the remarkable abnormalities found
by Kuwada (1915, 1919) and Randolph (1928) remain to some extent
unexplained. For example, Randolph has found four supernumeraries

1 This is doubtless connected with the fact that even under the niost favourable con-
ditions—of pairing betweeu identical cliromosomes—only w single chinsma is established.
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which may form a quadrivalent or any smaller association. Yet it -is
scarcely credible that, in addition to the diploid complement, there

Tig. 66. Var. Medium Blue (No. 1). 2n = 24 + 5 {I.; fragments numbered.

should be four homologous elements corresponding to one part of the
diploid set. It scems more likely that these observations, and those of
Kuwada, who fonnd variations in the nwinber of bodies at meiosis, are
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comparable with those of Tradescantia bracteata and T'. crassifolic, where
" five bodies are often formed instead of six. The behaviour of the Zea
fragments therefore points to the occurrence of segimental interchange
(see Section 7 (vil)).

The development of an attachment constriction in a new chrommosome,
as found by Nawaschin in Crepis (1926), is seemingly an essential con-
dition of mitotic life, and we therefore have the new types of chromosome
in Tradescanite limited to (1) those which have suifered loss but retain
their old attachment constriction, (i) those fragments which develop
a new attachment constriction, and these have a certain limited range
of size. The effect of this size restriction is seen in the species of Trades-
cantie with higher numbers and smaller chromosomes than Tradescantia
virginiana, a question I will rettrn to later.

It is interesting to find from a study of the somatic ehromosomes in
the genus Fritillaria conditions rather similar to those suggested in
Tradescantie. In a variety of F. imperialis, the permanent complement
of which has already been studied and deseribed by Taylor (1926), six
small fragments have been found (Fig. 69, a—c). These are of a limited
size range and bear the same proportion to the major chromosomes as
do the fragments in Tradescantic. When we consider the permanent
complement however we do not find in either genus the extreme dis-
parity of size that exists between the major chromosomes and the super-
numeraries or fragments of Tradescantia or Frilillaric. For example, in
. imperialis (Fig. 67), F. Meleagris and F. latifolic (Fig. 68 ¢) there
are 12 pairs of chromosomes, 2 with sub-median constrictions, and 10,
about hallf the length, with sub-terminal constrictions. In the related
species, . ruthenica, there are only 9 pairs of chromosomes (Fig. 68 b)
but the types are vepresented in diffevent proportions, 5 sub-median,
long, 4 sub-terminal, short. Reference to the illustrations will show that
the two species correspond closely if we assume that three of the sub-
terminal pairs of F. ruthenica have broken in the middle to give six short
sub-terminals. The analogy between this case and that of the relation-
ship of Tradescantic virginiana and T. navicularis is fairly close, and
shows that similar processes are at work in the two genera.

The second type of restriction, imposed by conditions at meiosis, is
probably not applicable to these two genera alone. Work on Hyacinthus -
(Darlington, 1929) showed that the number of chiagmata, on which the
pairing at metaphase seemed to depend, was proportional to the size of
the chromosomes, so that although the long type of chromosome nsnally
had three or four chiasmata the short ones rarely had more than one.
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The same type of variation size and chiasma frequency apparently oceurs
in Dwvulgria (Belling, 1925). Tt scemed to follow from this that the

o
«:\3‘(; =

SR

s 07. Somatic metaphase from the roob-tip of Fritillaria imperialis; 2n = 24 + 6 I,
Four chromosomes with sub-median, 20 with sub-terminal constrictions.

®

I

=

85

Wig. 8.

number of ehiasmata was msuflicient to permib of the regular formation
of trivalents aund quadrivalents by the short type. To express this
otherwise, chiagma-lotmation th yecinthas 1s {ithed o secure regular

TI‘



Fig. 650.

Fig. 68. Somatic metaphases from the root-tips, a, of Fritillaria latifolia (20 = 24> and

b, of I. ruthenice (2n = 18). Individual chromosomes picked out frow a comtpleto
side view. Types marked (sub-mecian, m)

or numhered : T-5 with suh-median, 6-8 with
sub-torninal constrictious. ,
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patring in the diploid of the various types of chromosomes hebween
which there is a great discrepancy of size, hecause the longer ones have
mumerous chiasmata; hub it is not fitbed to seewre the regular formation
of chingmata, and regular association, hebween three ehromosomes of
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Tig. 69, Somatic fragments from root-tip metaphases drawn separately.

the short Lype.

t-c. Prilillaria dmpericlis, 6 fragmoents,

d—e. Pradeseantic virgingane var. Medinm Bino, No. T (vii), 6 fragmentbs.
Jo Medinm Blue, No. 1 (viii), 5 fragments.

¢. Medinn Blue, No. T (vi), 5 fragments.

h. Medinm Blue, No. 1 (), 4 fragments.

L. Paplow Crimson, 4 fragments.

I Monlune, 2 fragmonts.

This conclusion is in accordance with the observations of Gotoh (1924)
and Belling (1925) on Secale, and Longley (1927) and Randolph (1928) on
Zea, Tu cach of these eases small fragmented chromosomes fail to pair

Jonrn, of Gen, xxi 17
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regularly with presumably homologous partners: their chiasma-frequency
is too low. The behaviour of the fragments in Tradescantic is still stronger
evidence In favour of the same conclusion, for the size difference between
fragments and whole chromosomes is still more pronounced. Pairing
of the homologous fragments is a relative rvarity. It is therefore a
working covollary of the prineciple that metaphase pairing is determined
by the random formation of chiasmata at diplotene, that gross changes
in the size of chromosomes will interfere with the regularity of their
pairing at meiosis.

This means that, in so far as sexual reproduction is important in
maintaining the species, fragmentation will be restricted so that only
such of its products will survive as can pair regularly at meiosis. The
fact that we have forms of Tradescantia virginiane with fragments that
do not answer to the requirements of meiosis merely emphasises the
unimportance of sexunal reproduction in preserving this species. We may
remark, parenthetically, that the same conelusion is to be drawn from
the relatively auto-polyploid condition of 7'. virginiane. Its chromosome
sets, although of course differentiated (more structurally than genetically
perhaps), may be said to be more or less indifferently differentiated. It
does not affect the question of the conditions under which its relatives
have probably varied, and such species as I'. navicularis and T'. flumi-
nensis have developed their characteristic chromosome forms. These
species arve probably detived from ancestors reproducing by seed-pro-
duction, while T'. virginiana itself has drifted into an evolutionary back-
water in which vegetative propagation has hecome excessively important.
In a seed-producing species, emz’lgj as Rhoeo, chromosome structure could
change effectively only asVaSSmohanged in Fritillaria, by the breaking
of chromosomes into two almost equal halves. It cowld not change by
production of the mitotically satisfactory small fragments because these
are incapable of regular pairing at meiosis. It is for this reason no doubt
that the related species with 24 to 38 chromosomes (Zebrina pendule,
Dichorisandra thyrsiflora and I'. navieularis) show two types of change
relative to Rhoeo and T'. wvirginiena, namely, loss of small parts, and
bisection of the whole chromosome: but they do not show the swrvival
of the fragments found in 7'. wirginiane. Such species as Tradescaniic
Jouminensis and Tinantio fugax (most of whose chromosomes closely
resemble the fragments of 7'. virginiana) have arisen probably through
such intermediate types as 1. navicularis, and not divectly by the survival
of small fragments. For each chromosome type there are two possible
types of fragmentation that we must distinguish : effective and ineflective.
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We do not know how far fragmentation of chromosomes occurs al
random in other groups, buf it is evident that the restrictions o which
it is subject alter the moment of origin must serionsly limit its im-
portance. T have carlier remarked, in considering Rébes (1929), thal,
fragmentation, when effective, is to a greab exteunt incompatible with
freedom of hybridisation. Thix is indicated by Seiler’s vesults with
Plragmatobia and Loungley’s with Zea, where irregulavitios in the segre-
aation of [ragments follow their paiving, in the one case, wifil whole
chromosomes, in the other, with fragments like themselves. 1t is nob
therefore smrprising fhat in many great plaut wencra, such as flosa,
Rubus, Prunus, Ribes, Avena and Triticum, where hybridisation and
seed-production play an important part, cffective fragmentation is
absent. Menrman’s criticisin (1928) of the remark Ghat fragmentation
was of litfle phylogenetic cousequence in these groups, on the ground
that, he had actually found fragments in Ribes, does not. moeet the case.
[t is not that fragments do nol occur. Ti is that, ocomrring, they will
bend to be eliminated in the course of sexnal reproduction hy the con-
ditions of meiosis: fragmentation is therefore ineflective.

[t ix not clear how far gross changes of stincture ave distinet from
genetical changes or “nmtations,” but it seens evident that, whatever
effect nmmtations may have on limiting hyhridisation, the effect of xtruc-
bural changes, fragmentation as well as others, must be at least as
drastic. 1t is only where such changes have developed nnder strict
genetical control, as in Oenothera and Rhoeo, that they are compatible
with moderate vegularity of segregation. Where, as in Blakeslee's Dulura
hybrids or in Hikansson’s (fodetia anoena-G. Whitneyi cross, the sepa-
rated products of structural change are brought bogether auain, the
result is irvegularity in meiosis or even complete sterility.

<

(i) Chromosome Size and Clell Size.

Vaviation in size of corresponding chromosomés in material from the
same individnal can as a rule he put down to varialion in the efficiency
of fixation, for the shapes of the chromosomes in bhese cases themselves
indicate snel variation. Tt is, for example, [airly clear thab fixation in
the pollen grains of Tvadescantia is not comparable with that obtained
in the root-tips. There is contraction in the lengbh of the eliromosomes,
and the three trabants characteristic of the triploid, and the fonr of the
tetraploid, root-tips (althongh not always visible on account of the
chromosomes lying in the line of vision) are not often found in the
pollen grains; althongh they shonld always be clear. In Hyacintlus

17 -2
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TABLE IX.

Measurements of Longest Chromosomes.

Root-tips Pollen grains

Treleasia brevifolia {dn) 10-6p —
Rhoeo discolor (2n) 10-Gp T3
Spironema fragrans (2n) 13 1p -
Zebrina pendule (4n) 14:0p —
Tradescantia crassifolie. (2n) Tdodpo Tod
T. virginiana forms (4n) 188, 156
T. brevicaulis (3n) 144G p (@) 13-0pt

(b) 76
Hyacinthus orienlalis — 21 21

* TInferior Axation; shapo of chromosomes not at all comparable with root-tip material.

1 CE Table V.

Figs. 70-76. Metaphases of the first pollen-grain division in Tradescantia
virginiane vor. brevicaulis.

Fig. 70 Smear 184; n = 10.
Fig. 71. Smear 181; n = 9, large new fragment degencrating,

ortentalis, on the other hand, I have found root-tip fixations and chromo-
some sizes in the pollen grain closely comparable. There seems no reason
to doubt that the size of the chromosomes is really the same in root-tips
and pollen graing, and that differences between them are incidental to
fixation.

In Tradescantia brevicaulis, however, one preparation of pollen grains?

1 Smeanr 183.
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proved to be quite distinet from the others both of pollen grains and
of root-tips from this individual. In this preparation 12 divisions were

W)

Fig. 72. Smoar 181; n = 9. New coustrictions in scveral chromosomes.

£
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Tigs. 78-76. Smear 183; small chromosomes at the same magnificabion
as the other illustrations (x 2800).
Trig. 73. n= 8.
g, 74. n = 8 4 £. (now fragment of normal size, not degenerating).
Tig. 75." n = 8}, one chromosome has suffered fragmentation at the point of attachment.
PFig. 76. n= 10+ b. Bxtra-nuclear body of dogenerating chromatin material. One
chromosome shows a second constriction of a type occasionally seen. Two chromosomos
have similar trabants not seen elsewhere in pollen grains or root-tips.

examined, four of which are illustrated (Figs. 73-76). They show the
same type of segregation as is found in the other smears (see Table I)
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and the pollen grains are of the same size, allowing for slight differences
between individual grains. Moreover, the same differences in the quality
of the fixation occurred in this slide as in the others. Smears 183 and 184
were both fixed in Benda’s solntion.

The only possible explanation of this difference seems to be a somatic
mutation governing the size of the nucleus as a whole. It is the more
interesting in this individual which must, it would seem, be regarded
as a hybrid between a diploid and a tetraploid (see Section T (vi)), for
the size of its chromosomes 1s actually intermediate between that of its
diploid and tetraploid relatives.

The change considered here 1s essentially one of bulk and has no
relation to the change in shape at meiosis deseribed in Maithiola (Lesley
and Frost, 1927) where change in bulk is not involved. It i1s never-

0
..ul/ {__,

L]

b C

0\

Tig. 7. Anaphase group from the fiyat pollen.grain division in the variety
brevicaulis; n = 9. Note “mberstitial trabant.”

theless possible that the chromosomes of this mutant form might be
more than proportionately shorter at meiosis. Some such change in the
mags of the chromosomes as a whole must have played a part in the
evolution of chromosome form in the Zradescantioe, to judge by the
comparative size of the chromosomes in species of this group. For
example, although chromosome form in Rhoeo is strictly comparable with
that in Tradescantia virginiona, the chromosomes as a whole are de-
finitely smaller, and in Cyanotis somaliensts we seem to have an extreme
exainple of the same type of change. Variations of this kind ave suggested
by Heilborn in Carex (1924), but it 1s not clear from the simple study of
the pollen mother-cell divisions what part fragmentation may have
played in prochicing changes of chromosome size in this genus.

In order to test whether this difference of chromosome size was
assoctated with change in cell size, pollen grains of both types in which
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metaphase divisions had been counted were drawn in outline, with the
results shown (Fig. 78). The size of the grains i1s of a regularity that
could scarcely have been expected. Of the seven pollen grains of
smear 183 illustrated, five are not markedly smaller than the pollen
grains from the other slides that were comparable m regard to chromo-
some number, the one with nine chronosomes and a fragment cannot be

9 .
181

9

181

/

; e 10
181
0 11 11
. 183 182 -2 10
—— S~ 11 181
184
o e

Tie, 78, Pl oublines of pollen grains ab the thine of lirst mitosis with
the nunihoers of bheir ehiromosome conplements,

Tradeseanlic virginiond var, brevicoadisy o= T-11. No. ol slide (181—4) inserbed on ench
pollen grain.
b. Au extra-nueloar hody present.

Jo A fragmoent. e Sizo oxeoptional. <. Chromosome complement illustratod,
said to Lave anobher comparable with it, and only the seventh, the one
with ten chromosomes, shows an apparently reduced size. I eonclude
that the change in chromosome size is independent of any gemeral
genetic change, and the observations support the view that it 1s due to
a single factor mutation.
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Taking the observations as a whole, insufficient though they are for
any final conclusions, we may consider the variation in pollen-grain
size in relation to chromosome number. The chromosomes of brevicaulss
being of approximately equal size we should expect, other things being
equal, increase in pollen-grain size from 7 to 11 chromosomes. Such
observations of pollen-grain size as have been carried out in relation to
chromosome number indicate a very close connection hetween the two.
Belling fomnd in Uwvularia (1925) that diploid pollen grains were 1-25
(3.c. approximately v/2) times the diameter of haploid. De Mol’s (1928)
single illustrations of haploid, diploid and tetraploid tulip pollen grains
show a proportion in diameter of 1:1-38:1-6 respectively. Thus, al-
though the diploid is larger than the expectation, the haploid and tetra-
ploid are approximately in the volume proportion of 1:4. This is the
case so far as the extreme types are concerned, but all five pollen grains
with 8 chromosomes are smaller than any of the three with 7 chromo-
somes, while those with 9 chromosomes are not significantly larger.
Thus, unlike the results of cross-fertilisation in fishes and echinoderms,
the variation here shows the immediate effect of a change in the nucleus
on the metabolism of the cell (cf. Loeb, The Organisn as a Whole).

This “sag” in the cell-size curve seems to be in accordance with the
view that growth depends on the balance between chromatin elements.
We are here dealing with the simplest type of variation in genetic
balance, in which different proportions of the chromatin material are
merely reduplicated. For the pmrpose of comparing the degrees of un-
balance a satisfactory method in this case seems to be to consider the
balance of every possible pair of chromosomes, and to take the relation-
ships of every pair as of equivalent importance (for the chromosomes of
brevicaulis do not vary in length more than one-fifth). Thus between
4, B, C, D, I and I' there are 15 different relationships of pairs; in the
T-chromosome individual (pollen grain) of the constitution, for example
AA4ABCDEFT, five of these relationships are abnormal, ten normal; in the
8-chromosome AABBCDEF indivdual the one relationship between
4 and B is normal and also the six between C, D, F and F, while eight are
abnormal. In this way the scale of unbalance of the pollen grains varying
in number from 6 to 12 will be: 0/15, 5/15, 8/15, 9/15, 5/15, 0/15.

If the degree of unbalance follows any scale of variation such as this
the drop in cell size between the 7- and 8-chromosome types is explained.

Further, it will be seen that a fragment may increase unbalance or
diminish it. If, in this example, the fragment is a triplication then the
unbalance will be sharply increased, especially with the lower chromo-
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some numbers. If it is only a duplication it will slightly increase the
unbalance with echromosome numbers of 6, 7 and 8 and reduce it with
chromesome numbers of 9, 10 and 11. Hence the difference of size
between the two “9 -+ £ pollen grains in opposite directions may mean
merely the difference between duplication and triplication.

COCIOCD
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Tig. 79. Plan outlines of pollen graius at the time of fivst mitosis with the numbers
of their chromosome complements.

w. T, virginigne var. congesta; n = 11-13.
b. . virginiene, Medium Blue, No. 1; = 11-14. x 620.

The obvious weakness of the simple scale of unbalance is that it
does not allow for the importance of the relationships of the fractions
of the chromatin material that have been reduplicated, being probably
greater than the relationships of those that have not. The complement
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with 11 is shown to be as unbalanced as that with 7, whereas it probably
is not. This does not affect the question of the sag between 7 and 9 in
the curve ol size, bhut, when we come to congider the pollen grains of the
betraploids, we have this and another complicabion, for some have non-
reduplicated chromosomes (Fhose with 11) and others have taplicated
chromosomes (bhose with 13). Morcover the samples of the pollen geains
of the tebraploids examined, from the number-frequencies and correla-
Blony disenssed aleeady, are evidently very seleebive. 16 s not therefore
surprising that the pollen grains ol congesta (g, 79 ¢) show no signilicant

Fig. 80. Plan outline of drawings of pollen grains of Rhoeo discolor. Tho top two rows
are from & slide having 6 and 7 chromosome pollen grains in the proportion of 11 : 6.
The botlom two rows are from two slides in which the proportion was 12 : 1 and
G : 1. The numboer of chromosomes is given in each outline.

difference between the nmnber-types and those of Medium Blue (No. 1)
(Fig. 79 D) but a slight advantage to the diploid pollen grains (with two
fragments).

We may conclude therefore that the evidence from brevicaulis shows
a sharp differentiation hetween the mewnbers of the chromosome com-
plement in Tradescantia, but that the variation in size of the pollen.
grains with numbers from 8 to 10 shows that the degree of differentiation
of the several chromosome types is not equivalent.

Two more sebts of observations on pollen-grain size may be noted,
although the conclusions to be derived from them are more or less
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negative. In Rhoeo there was no significant difference between pollen
grains with six and those with seven chromosomes, nor were there two
distinet types with six, as might have been expected ou the analogy of
the genetic conditions in some ring-forming Oenothera species. Size was
fairly constant in particular smears but vavied much between different
smears (Fig. 80). This can be attributed to the difference in the character
of the sample because the slide with large pollen grains had a higher
proportion with seven chromosomes. It is plausible that the average
period of development should be different in the two classes. Karly
and late samples would then give difflevent proportions of the bwo classes:
they would also give a different vange of sizes.

A Targe number of drawings of pollen grains of triploid hyacinths
(the ehromaosomne constitution of which has been already deseribed,
Darlington, 1926} also gave inconclusive results.  Parbicular number-
Eypes were extbremely variable in size, although a diploid pollen grain
was definitely larger than any with intermediate nunbers. Considerable
differences were noticeable between the variebies sbudied in general size.

In conneetion with the cceurrence of o physiological diflercutiation
between the properties of the clromosomes it is worth while considering
that variations in the degree of this differentiation in different species
may be due to variations in the kind of structural change taking place.
For example, reversal with rveduplication will increase the difference
bebween chromosomes; translocation with reduplication will reduce them.

(i) Structure of the Clyomosomes and Trabands.

At the fivst metaphase of melosis in 7' vurginiana | found an apparent
gpiral structure such as has been frequently seen here and elsewhere.
16 1 secu, as Belling has observed, in chromosomes that have been
Pressed in smearing. A study of the somatic chromosomes suggests that,
in accordance with the conception of a spiral structure, they appear to
be cylindrical at the ends. This is particularly clear in early metaphase.
This interpretation is in agreement with the frequent appearance of
division at the ends of.the chromosomes at anaphase—the appearance
of anaphase duality so often referred to (Darlingtoun, 1926). Fov if a
hollow translucent cylinder is examined in the plane of its axis it appears
as though in section, that is, like two parallel rods. The trabaut generally
found in 7I'. virginiana appears to be too small to affect the normal shape
of the end, and the illustration (Fig. 81) shows how it may auise from a
definite poiut iu the cylinder wall, not corresponding in the two hali-

1 Cf. Seotion 6 (i).
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chromosomes. The explanation of the appearance that seems most
natural in this case is that the point to which the trabant is attached is
the point at which the spiral thread ends its coil. Wheve the trabant is
larger the connection that it has with the rest of the ¢chromosome becomes
physically analogous to an ordinary constriction.

Other illustrations (Fig. 81) show varlations in their appearance
which may make the determination of small trabants difiicult.

The attachment of {ragments to chromosomes, or rather hall-lrag-
ments to half-chromosomes, at the first division of the pollen grain, and
the similarity in appearance between this attachment and an ordinary

1

Fig. 81, Forms of trabants and satellitea,
ty by . In Tradescantio vieginiane. oo In Spironcima fragrens, 0 5700,

conslrickion, suggests that constrictions may arise from struelural
changes of this kind. New abtachment constrictions appearing alter
fragmentation cannot be supposed bo have such an origin, but the
subordinabe consbrictions inight, and the cccurrence of these immediately
next bo the attachinent constriction in Rhoco, Spironena and the triploigl
and tetraploid Zradescantia varictios is therefore ol particulur interest
in conneckion with the assumption of segmental interchange made 1n
some of these forms.

(Gv) Chromosome Pairing and Chiasina Formalion.

The material has not proved satisfactory for the study of the stages
of prophase hebween diplotene and diakinesis and the stll carlior stages
of pairing have not been particularly examined. A characteristic
zycotene was however found in Tradescantic virginiana and Coleolrype
natalensis. This interpretation is corroborated by the appearance in the
tetraploid of pairs of paired threads, as in tetrasowmic Iyacinthits
(Darlington, 1929), and in the triploid (L. wirginiana var. brevicaulis) ol
double and single threads lying side by side. Thus the observations by
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Miyake (1905) and Hance (in Zebrine, 1915), of paragynapsis in this
group, are confirmed. Bélar (1928) is also in agreement with this con-
clusion, for he shows microphotographs of the normal bouquet stage in
1. virginiana, and this he regards as the clearest sign of parasynapsis.
The behaviour of all species at metaphase is also in agreement with
the view that parasynapsis is general in the group. Thus in Tradescantic
crassifolia (Figs. 18-22), 1. nawicularis (Fig. 83) and Linantia fugaz
(Fig. 82) the metaphase bivalents are commonly of the cross and ring
shapes typically following the maintenance of interstitial chiasmata
established at a parasynaptic diplotene. The position in Zradescantic
virginsana and Rhoeo discolor is, from the theoretical point of view, less
simple. Association at metaphase is, in the former species, largely, and in

g, 82, Tig. 83,

e 82, Miakinesis i Pencentive fugee. 31 bivalents: one possible association of a pair
of hivalents.

Mg, 83, Diakinesis in Tradescontic aaeicaluris, Six separate hivalents fo indicate forma-
fion of inferstitial chiasmata.

the latter species entirely terminal, so that the prineiples of metaphase
paiving lound in Hyacintbus, Tulipa, probably Liliww (Belling, 1927),
and many other genera of plants by the random formation of chiasimata
at diplotene cannot directly apply. Terminal association i 2/lipe and
Iyacinthus was, however, shown to answer to the same theoretical ve-
quirements as interstitial association. In the latter this was by an ex-
change of partners amongst the chromatids, o chizsina; in the lormer
the segment distal to the chiasma is reduced fo the minimum; we have
a termanal chiasma. Divect observation as well as theoretical avgnuments
ave in Tavour of the same conclusion in Tradescantic. In the livst place
the association of the chromosonmes can wsually be seen to be double,
consisting of one connection bebween cach pair of chromatids, and these
connections may be more or less thickened u the middle (g, 42 d),
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as thongh the distal segments were not, in these cases, reduced to the
minimum. Oceasionally (always where the attachment is lateral—
Fig. 41 ¢) a chiasma can be seen to be single or “imperfect.” In these
cases, as has been pointed out, the chromosomes ave often definitely
further pulled apart at this end than at a perfect chiasma at the other
end (Figs. 40, 41 @). At anaphase the doublencss of the normal attach-
ment is again clearly visible, one pair of chromatids often separating
hefore the other. The same observations apply where more than two
chromosomes are associated at one point, a phenomenon which will be
diseussed in greater detail later.

In Tradescantic virginiana, although the terminal chiasma is the
most usual form of association, every gradation actually occurs between
this and an ordinary interstitial chiasma. The most obvious explana-
tion therefore of the greater frequency of terminal chiasmata is offered
by the possibility of a movement of chiasmata after diplotene, such as
has been deseribed in Phrynotettia (Wenrich, 1916), and is suggested by
many observations of meiosis in both plants® and animals. This move-
ment in Tradescantio must always be towards the end of the chromosome
or perhaps more properly away from the attachment constriction. Obser-
vations (unpublished) on slides, of the late W. C. F. Newton, ol the
very favourable material of Fritillaric Meleagris (anpublished) have
shown that the post-diplotene stages in this species are characterised by
a regular movement of chiasmata fowards the attachment constriction.
The opposite movement, which T will call “terminalisation,” affords a
sufficient and indeed the only explanation of the exceptional metaphase
configurations found in Tradescantia.

The movement of terminalisation is analogous % no-other process
at division except that by which the two halves of w clzremosome come
together at the metaphase of mitosis, their movemens @i fpgion passing
away from the attachment constriction. The analogy is perhaps not
without value, for, on the view that chromosomes are associated at
metaphase of meiosis merely by the changes in association of their halves,
the condition at metaphase of meiosis is essentially the saine as that in
metaphase of mitosis; the attraction is between half-chromosomes in
each case. The difference results from the different conditions at pro-
phase. ‘

The simplest of the exceptional attachments vesulting from terminali-
sation is the mulliple chiasma. Herve, following pairing of three or four
chromosomes as observed in Hyacinthus and Tulipa, chiasmata formed

1 As, {or example, Rosenherg’s illustrations of Droscra (1905); cf. Bélat (1928).
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at random would be terminalised so that the chromosomes are all united
at one point (cf. Fig. 84, 11, 13, p. 268), and instead of each chromosome
being associated by a single chiasma with another, by a double change of
partners, that is, so that n chromosomes are tnited by 2n — 2 changes,
the number of changes is reduced to #n. Tt has been observed that
trivalents are formed much more regularly in triploid Tradescantia than
quadrivalents in the tetraploid. The reverse is the case in the long
chromosomes of Hyacinthus (in which there is no effective terminalisa-
tion), and the difference is explained by this terminalisation of several
chiasmata, for it will be seen (Fig. 84) that terminalisation in one direc-
tion of fowr symmetrical chiasmata between four chromosomes (the most
frequent arrangement in Hyacinthus) will give two bivalents; only when
the chiasmata are formed asymmetrically (as they must always be with
three chromosomes) will a quadrivalent or trivalent result. Thus the
quadrivalents in Tradescantia are usually of a different type from the
trivalents. They result from the temninalisation of chiasmata in opposite
directions to give a ring of chromosomes which are probably not all
corresponding at both ends. It is by the separation of one or two
chromosomes from a multiple-chiasma association that the imperfect
chiasmata joining bivalents probably arise (cf. Fig. 41 4 where chromo-
somes marked X have unattached chromatids, 47).

Approximately median interstitial chiasmata, observed occasionally
in T'. virginiana, are presumably the sign of a failure of this terminalisa-
tion. A possible explanation of this failure is not far to seek. The middles
of some chromosomes are known to correspond with the ends of others
(see below), and changes in the correspondence of two chromosomes,
segments of which are pairing, may occur: the homology may change
(or cease) as a result of translocation at a point between the segments
that are associated and the ends of the chromosomes. Terminalisation
from chiasmata formed in such segments would therefore be impossible,
for it would require association of non-homologous chromatids. But,
1t may be remarked parenthetically, if the movement of terminalisation
has normally to overcome any resistance, it may in these cases be strong
enough to breal the crossing chromatids and canse crossing over between
them. This explanation of approximately median chiasmata is sup-
ported by the observation of the group of six (Fig. 47) in which an end
on one stde of the chiasma is homologous with the end of a second patr,
while the ends on the other side are homologous with the ends of a third
pair. Unless the plant is segmentally hexasomic there is probably a
change of homology in the course of the middle pair of chromosomes.



Fig. 84. Diagram illustrating probable chinsma behavionr in Tradescantia resuliing from
terminalisation downwards.

l-4, Pairiug of two similar chiromosomes.

1. Diplotene: interstitial chiasma,

2, Metaphase: metaphase withont terminalisation.
3. Melaphase: suh-terminal chiasma.

4. Metaphase: terminalisation complete.

5-7. Paiving of o {ragment or uon-chromosome with the middle of a whole chromo-
sonie.

5. Diplotene: interstitial chinsma.

6. Melaphase: lateral chiasma, perfeet.

7. Melaphase: lateral ehinsma, tmperfeet (one attachment hroken).
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Probable multiple chiasmata have been illustrated in Dalure by
Belling (without comment), but the second abnormal form of association
is apparently new. The end of one chromosome (or {ragnient) is asso-
ciated with the middle of another by a laleral chiasma. Obviously
terminalisation is here only possible in so far as one partner is concerned.

Thirdly, we have the mixed lateral-terminal chissma found in ducube
by Mewrman (1929) as well as herve in Zradescantic. This very excep-
tional configuration is also intelligible without any additional assumption
other than that already advanced with evidence in Drosophile by
Morgan, Sturtevant and Bridges (1927). They have indicated that
crossing-over at their coincident median loei between normal and in-
verted portions of a chromosome leads to reduplication. Now if such a
reduplicated segnient is long enough it will follow from our hypothesis
that triple pairing will take place and give rise to chiasmata such as
those found in the tulips and hyacinths, where chromatids of one chromo-
sonie, or in this case segnients of a chromosome, exchange partners with
chromatids of both the others. Terminalisation in such a case will result
in association of the chromatids of one chromosome with different points
in the chromatids of the other (Fig. 49, y and A).

Itwill be observed that in these cases, as inordinary lateral chiasmata,
the association is usually “imperfect,” that is ouly oue of the two pairs
of chromatids remains in union (Fig. 49 ¢). This is no doubt due to the
fact that the spiudle foree will in these cases exert an unequal strain on
the two sides of the chiasma, owing o the two chromosomes not lying
parallel. In these cases the chromatids of the interstitially associated

Tig. 84 (continued).
8-11. Pairing of four similayr chromosomes.
8. Diplotene: symmetrical formation of four chinsmata.
9. Metaphase: terminalisation ecomplete, two hivalents formed.
N.B. If terminalisation of (8) takes place in hoth dircctions a ring vesults.
10. Diplotene: formation of three chiasmata hetween the four cliromosomes.
11. Metaphase: terminalisation complete; formation of a quadruple chizsma.
12-13. Paiving of three similar chromosomes.
12. Diplotene: three chiasmata.
13. Metaphase: terminalisation completo: formation ol triple chiagsmadba.
N.B. If terminalisation of 10 or 12 takes place in hoth dircctions a string of four
chromosomnes results.
14-15. Pairing of one chromogome with a segment of another reduplicated as a result
of inversion.
14. Pachytene: chromatids of two paired segments liave exchanged partners and onc
pair of chromatids is paiving with the third segment.
15. Diplotene: formation of two chiasmata hetween tho tlirco segments.
16. Metaphase: terminalisation complete; formation of an imperlect lateral-terminal
chiasina.

Jonrn. of Gen. XxX1 18
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chromosome are nsnally seen to be pulled apart by the strain of the
connection of one of them with a chromatid of the other chromosome.

Terminalisation, where one of the paiving chromosomes is shorter
than the other (i.e. where the end of one corresponds with the middle
of the other), mnst lead to the formation of the lateral chiasmata ob-
served in Tradescantia. Where this ocenrs we may properly conclude
(see Introdnetion) that the portions of the two chromosomes, or of the
chromosome and fragment concerned, are homologouns, and that in these
cases there has been a loss or reversal of a portion of one of the chromo-
somes leading sometimes to other changes of structure.

The observed rarity of this exceptional lateral pairing may be sup-
posed to depend on two circumstances. First, each chromosome in
T. virginiana, on a tetraploid hypothesis, is represented fonr timesl.
Where fonr corvesponding segments arve present the association of a
particular pair can be expected only in one case in three, and the other
associations may be normal in that corresponding parts of chromo-
somes will associate. Secondly, portions of chromosoines which thus
correspond anomalonsly as a result of reversal and interchange may be
very short, and, as was shown in Hyacinthus, the frequency of chiasma-
formation, and hence, in short trivalents or very short bivalents, of
metaphase pairing, is proportional to the length paired at pachytene.
Thirdly, a small fragment has a disproportionately small chance of
finding its partner at zygotene, for pairing at one end of a chromosome
leads to pairing thronghont its length. We may therefore conclude that
the principles addnced from the behavionr of the tulips and hyacinths
are by no means incompatible with different behavionr in Tradescantia.

(v) The Hypothesis of Structural Hybridity.

Belling has concluded from his important work on Datura (1924-T)
that, on the assnmption that the two ends of a chromosome have specific
abtractions, interchange of segments between non-homologons chromo-
somes nmst have taken place. The premises on which Belling has ad-
vanced this hypothesis are considerably strengthened by the observa-
tions on polyploid Tulipa and Hyacinthus, for here it is evident that the
attraction of every pasticle of a chromosome is specific. I have therefore
felt justified in extending this hypothesis to Oenothera where it seems
to afford an adequate explanation, directly of the cytological behavionr
in this group, and indivectly of the genetical behavionr. It was in order

1 Actually this simple assumpfion can be only approximately true; some segments
are probably represented only twice or three times, others perhaps more than four times.
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to test the possibility of the further application of this method to
T'radescantia that the present study was undertaken. But Belling himsell
hasg in another connection expressed what seems a rather different view
from that on which he has based his conclusions in Datura. For example:
“In T virginsona,” he says, ““the 24 nunivalents are in one plant examined
united more or less into rings of four but the presence of a continuons
chain is not excluded. Such junctions of non-homologous chromosoines
postulate diffevent attractions for one end of each of the two homologues,
which attract certain non-homologous chromosomes at this end.”

Since pairing at metaphase is the final criterion of the homology of
chromosomes this seems to involve a contradiction in terms. If on the
other hand we asswume, as Belling has assumed elsewhere (and there is
nothing in these observations to interfeve with the assumption), that
the pairing of chromatin material at meiosis is the sole eriterion of its
homology, so that in fact all elements pairing at meiosis are regarded
as homologous in so far as they pair, and, conversely, all bodies that are
homologous are regarded as capable of pairing, in so far as they are
homologouns, then the anomalous forms of association must be taken to
show an exceptional organisation of the chromosomes relative to one
another.

Summarising, we find the following types of association that are not
intelligible directly in terms of diploid or polyploid pairing of homologous
whole chromosomes:

(i) The end-to-end association in one ring of all the members of the
chromosome complement (ring-formmation in Rhoeo) or association of
chromosoines in smaller groups but still involving a greater number than
can be supposed to be homologous on a polyploid hypothesis (Trades-
canlia VIrgIniana).

(1) The association of morphologically dissimilar pairs of chromo-
somes (ring-formation in Zebrina).

(i) The association of the end of onc chromosome or fragment with
the middle of another (pairing by lateral chiasimata in 7', virginsane and
T. crassifolia). i '

(iv) The association of a fragment with different parts, inberstitial
or terminal, of different whole chromosomes (1. wrginiana var. humalis).

(v) The pairing of the same end of one chromosome simultaneously
with two different points on another chromosome (lateral-terminal
chiasmata in 1. virginiana).

(vi) The associations of four chromosomes at one peint in a diploid
(T. bracteata). _
18-2
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These observatious show, first, that the difierent parts of a chromo-
some behave independently in pairing at prophage, thus corroborating
the conclusion dervived from the polyploid tulips and hyacinths. They
show, further, that the chromosowmes in these species do not correspond
as wholes, but that the separate elements that go to make up their
chromosome complewents are differently arvanged in the opposite sets
of the same individnal. These plants ave, in fact, struciural Lybrids.

The differences that constitute their hybridity can be classified
according to their probable mode of origin. The simplest case (from the
observational althongh not from the evolutionary point of view) is that
of Rhoeo in which the condition is evidently the same as in Oenothera,
already described in detail as the result of segmental interchange be-
tween non-howmologons chromosomes (Darlington, 1929).

The analogy in chromosome behavionr between Rhoeo and Ocnothera
is renarkably cloge. In Rhoeo irregnlarities such as non-disjunction arve
parallel in every way with those described by Cleland in Ocnolliera
(1926). They are however more frequent, and this is perhaps dne to
the position of the attachinent constriction in some chromosomes being
more nearly terminal in Rhoeo than in Oenothera. In Oe. Lamarckhinna
and Oe. maricata® I found that all the chromosomes were constricted
approximately medianly. Apart from the attachment constriction,
subordinate ones and one pair with large trabants were fonnd n each
species. ,

The only clear difference in behaviour of the two species is in the
brealage of the ring after diakinesis in Rhoeo, and this is probably due
to the enormously greater bulk of the chromosomes in Rioco, for they
must nevertheless be supposed to be joined by connections, chiasmata,
of the same strength as in Oenothera.

The general behaviour of Tradescaniia virginiana can clearly be put
under the same head, the diflevences being due to two circnmstances:
first, gelf-fertilisation has very probably rednced the degree of strnetural
hybridity; secondly, heing a polyploid, without shavp genetical differen-
biation of ibs sets of chromosomes, no associaion of parficular pairs can
be eonstant. Under these condiions it is not possible to distinguish

between stinple franslocation aud reeiprocal franslocation or interchange.

The ocaurrence ol Lebrasomic paiving in the “diploid” 7. bracteala s
however evidence of siinple Granslocation leading to veduplication. The
formation of a lateral-terminal ehiasma has alrcady been vefevred fo as
the nataral result of reduplication [oflowing tnversion. The formation

E Raised from seed Kindly provided by Professor Hennor.



C. D. DARLINCGTON 275

ol lateral chiasmata in general indicates simple inversion ol the segment
between the chiagsma and the end ol the chromogoma:.

The hehaviour of Zebrina pendula could be nuderstood as that of a
tetraplotd segmentally interchanged Gype, but a sinipler explanation is
that the four long chromosomes consist ol two non-lomologous pairs
A-Aand B-B, and that the fonr short chromosomes with which these
are capable ol forming the rings arc the products of loss, thus:
(A-w) (A-x) and (B-y) (B-y).

Aucuba japonica, according to Meurman’s detailed account of pairing
(1929), appears to be closely analogons to 2'radescantia virginiana. Both
are tetraploids showing evidence of the pairing of chromosomes that are
not homologous as wholes. But Aucuba shows this phenomenon more
strikingly because the pairing chromosome types as in Zebrine are
distinet in form. Thus chromosomes structurally dissimilar are, in part,
genetically identical, and it is possible to show that, althongh the plant
is tetraploid, rings of four do not always consist of identical chromo-
somes. In Tradescantia there is no direct morphological evidence. But
where a ring of four chromosomes can occur in a diploid no two of
these can be wholly identical. In the same way, where a ring of eight
chromosomes can occur in a tetraploid, it {ollows that no four of these
can be wholly identical. Interchange must have occurred. There it a
further analogy between the two species in the evidence of another type
of chromosome change. The pairing of one chromosome with the middle
ol another by a lateral chiasma in Tradescontia indicates inversion. In-
version followed by crossing over should lead to reduplication, and the
observation of the terminal pairing of the two chromatids of one chromo-
some with defferent points in a second (in both Aucuba and Tradescantic)
indicates inversion followed by reduplication.

Pairing in the tetraploid Aucuba and Tradescantia virginiana affords
a different type of test of the interchange hypothesis from that afforded
by the diploids, Rhoeo and Oenothera. For here we are dealing with
chromosomes every element of which has three possible mates, while in
the diploids there is only one. Pairing is subject to a limited degree of
[recdom instead of being absolutely determined. But of these three
possible associations only one is capable of being maintained thronghout
the chromosome. We cannot, and do nob, have trivalents and quadri-

alents like those described by Belling in normal triploid and tetraploid
Datwra where hoth ends of all three or four chromosonies are associated

i what arc presumably triple or quadruple terminal chingmata.
I in Rhoco we have the extreme type of o structural hybrid in a
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fertile diploid, strictly comparable with Oenothera, at the other end of
the scale we have structirally homozygous types like Tinantia, and
possibly some forms of Tradescantia virginiana, resulting from continued
self-fertilisation (such -as, perhaps, Pale Blue which produced only
diploid pollen grains). Between the two, every possible type of structural
vaviation seems to occur. These observations therefore provide us with
a bridge between Oenothera and the rest of observed material. They
enable us to see the accepted normal and abnormal in truer proportion,
so that the one appears, more extraordinary, the other perhaps less so,
than is commonly imagined.

 Three possible methods are indicated by which interchange, the most
complicated modification of structiwe suggested, could take place in
this group. The first is by the loss of [ragments, such as those observed,
fromn non-homologous &hromogomes, thelr preservation at cell division,
and their ultimate reunion with the remainders of different chromosomes.
This seems to be taking place in the pollen grains of Tradescantia. The
second is by translocation of an interstitial element from one chromo-
some o a corresponding part of one not homologous with it. This, leading
to reduplication in the next generation, would vender possible the paiving
of homologous elements intercalated in non-homologous chromosomes.
Crossing-over would then give segmental interchange. The third is hy
douhle translation such as that referred to by Muller in Drosophile
(1928). Here, 70 cases of translocation were detected in the progeny of
rayed individuals. In two instances, which Muller considers a chance
frequency, double translocation occwrred simultaneously. If this hap-
pened to he reciprocal, and the chance oceurrence of these phenomena
would lead one to expect this in a small proportion of cases, we should
have segmental interchange.

The possibility that the first (observed cytologically) is the actual
method of the third (inferred genetically) cannot be ignorved, since
Muller has evidence that the change is not always effected, or comn-
pletely effected, at the prophase of meiosis. From sporadic somatic
reunions such ‘as those described sectorials would vesult if the free
segments were incapable of regular division at mitosis. This 18 pevhaps
preferable to considering the change as affecting only a fraction of a
chromiole.

The hypothesis of struetural hybuidity that I have put forward i
regard to Oenothera was based on the principle, adduced particularly
from work on the polyploid hyacinths and tulips, that parasynapsis of
homologous parts of chromosomes followed by chiasma-formation is n
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general a condition of meiosist. The hypothesis was supported by obser-
vations on Datura, Drosophile and probably Rumex. It is now supported
by the following new observations:

(i) As in the Onagraceae, parasynapsis, on which the hypothesis
depends, is general in this growp, and the resulting chiasmata are the
means of metaphase pairing and ring-formation.

(i) As in-the Onagraceae, irregular types of ring-formation occrr in
some forms (ef. Hikansson’s Godeite hybrids) and perfect ring-formation
in others.

(i) The occurrence of fragments, their methocl of pairing and that
of the whole chromosomes indicate every conceivable rearrangement of
chromosome structure in these species. The only one of these rearrange-
ments which is compatible with high fertility in a diploid is evidently
segmental interchange. For the reswlting ring-formation is the only

1 Acceptance of the view that the general phenomenon of pairing of cliromosomes at
the wotaphase of meiosis is conditioned by a physical relationship of thie pairs—the
formation of a chiasma—must nceessarily depeud on what oue regards as evidence of &
physical relatiouship. In this regard the exceptious to the rule of pairiug by chiasmata
are perhaps not so many as cerbain more or less accepted interpretations of meiotic
phenomena divectly suggest.

I havo already attemipted to show that eud-to-end association can always be intor-
proted in this way. The occurrence of *“imperfect” and “multiple” “terminal chinsmata”
in P'radescantia strengthens this interpretation, for it is incompatible with any alternative
hypothesis. Similarly “secondary pairing” (Datlingtou, 1928), although not usually (at
least, in polar views) established by a visible physical connection, can he seen in the mosb
favonrable observations to be merely an extension of the method to wore than two
chromosomes. Ibs continuance in the second divisiou is only marked where the interphase
is short (cf. Meurman, 1929; Lawrence, 1929). Bélai has suggested (1928, footnote, p. 198)
that the wide separation at the prophase of weiosis in certain Diptera is perhaps com-
parable with the separation of the halves of chromosomes at interkinesis. In each case
we may supposo that a permaneut physical connection is maintained, ag in the case of
the terminal chiasma, although the couditions are unfavourable to its demonstration.
Kenneke’s observations on Tephrites (1924) are perhaps comparable to iy own on Prunus,
where secondary paiviug appeared strouger at metaphase than at diakinesis owing to the
physical connection being usually obliterated at tlie latter stage.

Finally it will be seen that the behaviour of the fragments in hwmilis (which agrees
both in the method and frequency of pairing with the chiasma hypothesis) is strikingly
like that worked ount hy Wilson (1905) in some Hewiplera for microchromosomes and
idiochronosomes. In regard to these different workers hiave had different resnlts (Wilsoun,
1907) in the same species (as might well oceur in Tradescandia). The bnllk of the phenomena
observed by Wilson would seem to agree as well with the assmuption that the pairing of
the m-chromosomes was infrequent and coubitmons, as with the assnmption that it was
regular bt momentary; it is theu possiblo to snppose it the result of chiagma formation.
Admittedly such anomalons pairing of particular chromosomes is well autheuticated in
many gpecies of animals as leading to more or less regular segrogation, but this abuor-
mality does not extend to the whole complement.
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alternabive bo ordinary paiving as o means of regular segregation of
albernative elements. Where other irvegularibies oceur—as in Lradescanto
erassifolic and 1. bracleala-—=the consequence must be an timpaived fer-
tility. Cousequently if they have ocewrred in Lhoeo the results have
not been preserved. ‘

(iv) Trauslocation, ol which there is evidence, and fragmentabion,
the occurrence aud results of which have heen observed; are showu to
provide alternative means by which segmental interchange could take
place. Moreover Muller’s observations have showu a correlation hetween
the various types of chromosome change. Where all the observable types
Liave been seen we may therefore expect to find evidence of those such
ag interchange which cannot, perhaps, be directly observed.

(v) The principle on which the application of the theory of seg-
mental interchange to ring-formation most directly depends, namely
that of the independent pairing of chromosome-parts, is abundantly
confirmed by the behaviowr of fragments as well as of whole chromo-
somes in the Tradescantive.

(vi) Observations on Adwcuba, Companule and Pisum (see later)
comparable with these on the Tradescaniice show that stiructural
hybridity is not an isolated phenomenon, and that therefore observa-
tions of behaviour in widely different groups such as have been brought
under consideration are relevant to the Oenothera problem.

(vi) Parasynapsis and Telosynapsis.

The practical difficulties in the way of regarding ring-formation as
the result of structiwal hybridity in a parasynatpic plant ave not there-
fore very considerahle. The theoretical difficulties have already been
discussed in some detail (Darlington, 1928) but the alternative hypothesis
of telosynapsis (a hypothesis, for its statement involves many assump-
tions) bas not been examined closely enough.

The theory of telosyuapsis, that is, of the pairing of chromosomes
end-to-end to form, according to some writers, a “continuous spireme”
ol alternately miaternal and patermal chronosomes, rests on Lwo kinds
of obscrvation: fitst, of the supposed formation of such a gpireme ot
prophase; scecondly, of the formation of rings at mietaphase derived from
this spireme. The first of these is founded ou untrustworthy evidenee, as
admitbed by many of those who earlier upheld the telosynaptic inter-
pretation. Tt has never been supporbed by observations of favourable
mabeeial, and the observations themselves 1 some eases contradict the
inberpretation that is ostensibly dertved [romn them (Darlington, 1929).
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The second is, in the light of the hypothesis of strnctural hybridity,
conrpatible with parasynapsis and terminalisation.

It would seem that the weakuess of telosynapsis, from the theoretical
as.well as the observational point of view, is partly realised by those who
still maintain ibs strength. For example, Gates (1928) has declared that:
“The distinctions between these two methods of chromatid-formation
and separation (belosynapsis and parasynapsis) are not so fundamental
as is generally supposed.” Let us examine what these distinctions are:

Parasynepsis {universal)

Pairing al melaphase resulls from the
specific abtraction and association of the
homologous olements of the chromosomes
at prophase.

Formation of bivalenls is the result of the
assoeiation of chromatids in different pairs
at different poinbs along theiy length, i.e. of
the development of chiasmata observed to
he formed at diplotene and maintained
until metaphase.

Ring-formation is the resnlt of the pair-
ing of homologous elements in a particular
kind of structural hyhrid that has arisen
hy segmental interchange hetween non-
homologous chromosonies. The processes hy
which segmental interchange can ho effected
have been determined hy hoth genetical
and eytological ohservation. Its results
in hoth diploids and polyploids verify
genetical and cytological expectations.

Telosynapsis (oceasional)

Pairing at melaphase vesults from an un-
defined attraction which affects sonretimes
homologous pairs and sometimes non-homo-
logous pairs of chromosomes, according to
rales invented ad hoc, which require the
assumption, amongst others, of two kinds
of non-homologous chromosomes, those
whiech will pair and those which will not.

Formation of bivalenls is (sometimes) the
result of sogmentation of a continoons
spireme, which takes place sometimes com-
pletely, sometimes incompletely, according
to no understood rules,

Ring-formalion is perhaps the result of
“lack of attraction between homologues re-
salting from hyhridity” (Gates, 1927), or
“failare of the spiveme to complete its seg-
mentation” (Gates, 1927), or it is determined
hy “a genetic character inherited according
to Mendelian laws” (Cleland, 1927), or it is
a sign that “the chromosomes in tho vings
are relatively muoel more heterozygous than
those which are paired™ (Cleland, 1927).

T submit that these distinctions, in so far as telosynapsis can be said

to have any form, are fundamental cytologically and genetically. They
are also immediately important, for the attempt to apply this sell-
regulating hypothesis of telosynapsis to genebics has resulted in serious
confusion. For example, Shull (1928) has justly pointed out the wealk-
ness ‘of the Gates-Cleland assumption “that the chromosomes are not
only arranged in pairs but have a definite position within the pairs,”
or, as Shull says, “that chromosomes of maternal and paternal origin
alternate with each other in the civele in a definitely fixed order.” Shull
shows that this assmnption, embracing as it does the current view
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of the homology of whole chromosomes, satisfies certain genctical ro-
quiremonts bub does nob sabisly others of cqual or greater importance.
This would seem to show that the asswmplion of telogynapsis is un-
warrantable. Bub Shull, sccing no alternative assumpbion, jumps to the
conclugion that not mercly is-the wssunmption had bul the observwlions
themselves “have no very fundamental significance.” Shull has thus
involuntarily destroyed by reductio ad abswrdam cither telosynapsis or
the chiromosome theory of heredity. The former, in the presence of a
satisfactory alternative, will be more readily sacriliced.

Regardivg this alternative of parasynapsis as the aniversal mode of
conjngablon, we can now apply the same rules to the observation of
metosts i all animals and plants. 16 15 similarly possible to scele the
same corrclations bebween cytological and gencbical hehaviour uni-
versally.

(vil) Structural Change wnd Species-Formalion.

The relationship of the various kinds of structural change of the
nucleus in the diflerent species studied can be usefully considered in
relation to their method of reproduction.. For it is clear that these pro-
cesses must affect segregation and seed-fertility profoundly. The four
different species studied rvepresent four different types in this respect.
The diploid Rhoeo is perfectly adapted, like the ring-forming Ocnothera
species, to producing a high proportion of seed of its own hybrid con-
sbitution. In both species hybridity is probably maintained by a kind
of balanced lethal system. In Tradescantia crassyfolia and T'. bracteata,
however, the various abnormalities must reduce seed-production to
negligible proportions if they reproduce themselves normally. Zebrina
though apparently tetraploid is completely sterile (Hance, 1915), and is
reproduced vegetatively. In a polyploid, however, much grosser irregu-
larities may occur than in a diploid without ruining fertility. To take
a crude example, in 7', virgindana (triploid and tetraploid) pollen grains
have been found, viable enough to divide, with chromosome numbers
of from 7 to 14. In Rhoeo on the other hand only those aberrants with
an excess of chromatin material ave viable. A single deficiency is, so far
as the pollen-grain studies show, immediately fatal; variation is ve-
stricted. Tt is partly to its lack of this control and partly to its generally
vegetative method of reproduction that I would attribute the occwrrence
in 7. virginsana of every kind of structwral variation in the nucleus,
such as fragmentation, reversal and translocation, associated with
varying fertility. In the diploid Rhoco seleetion in sced-produnction has
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imposed a rule. The plant under investigation proved to be fertile and
sclf~compatible. Six sclfed seedlings were raised from it.

The nnclear instability of 7'. virginianc is associated with the greatest
morphological diversity. Eaily systewmatists have conveniently included
markedly disbinet forms under this name. More recently Bush (1904),
for example, has distinguished 18 different species from Texas alone;
these would probably all resemble the types described cytologically and
would be interfertile in so far as they were fertile at all. It need hardly
be said that noue of them would be cousistently true-breeding, and some
of them, such as 1. brevicaulss Ral., if the same as my triploid form, would
be entively incapable of reproducing themselves as such.

Thus seed-production fills an eutirely diffevent réle in Rhoeo and in
Tradescantia virgtneane. Both ave hybrids, but in one seed-formation
is a tneans of exact perpetuation of the hybrid type; in the other it is
merely an instrument for securing variation in that type, which is exactly
reproduced by vegetative means alone.

These studies do not lead to any definite conclusion with regard to
the systematic relations of the tetraploid T'radescantic virginianae and
its diploid (Z'. bracleate) and triploid relatives. Doubling of chromosome
number in a form very much like 7'. breclecte (which I have uoforbu-
nately not been able to exanine as to its somatic chromosomes) would
yield a form resembling 7', virgindana except in having smaller chromo-
somes. In this connection the supposed somatic mutation in the
triploid brevicoulis is important, for this tiiploid is approximatbely
intermediate in chromosome size between its probable diploid and
tetraploid parents. The sport is in the direction of the diploid
parent and its occwrence shows that we need not attach too much
importance to the size difference between the chromosomes of two
parental types. The tetraploid could actually be stpposed to be derived
from a ring-forming type like Rhoeo, although the reduction in ring-
forma*ion and the appearance of new kinds of behaviour indicate that
the structural changes we now see going on have been taking place
freely for some time since any such doubling took place.

It is not very difficult to see (ef. Section 7 (1)) how the continuance
of fragmentation in a tetraploid like T'. virginiana might give rise, by a
process very much akin to “wnpacking,” to a new form no longer having
any of the characteristics of the tetraploid, either in the number or the
behaviour of the chromosomes. The ditection and method of the change
must depend largely on the mechanical conditions of fragmentation and
fragment survival. Such a process can take effect without the aid of
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hybridisation in any special sense, for the change will depend on irregu-
larities at meiosis whose results can be perpetuated owing to the plant
being polyploid, and do not depend on any original hybridisation.

We have already referred to the mutually exclusive effect of hybrid-
isation and structural change. It is only where, either natuzrally or arti-
ficially, the two come to overlap that we can expect to find evidence of
structural hybridity. This evidence can only be obtained, where changes
of bulk are notinvolved, by observation of behaviour at meiosis. Present
knowledge can therefore only very vaguely indicate the importance of
structural changes in species-formation. Recent work however has pro-
duced striking advances in this direction.

Consider first the examples already known or suggested. They occur
in eight orders of Angiosperms, as follows:

(i) Onmagraceae: Oenothera and Godetio, Gates (1908), Schwemmle
(1924), Cleland (1927) and Hékansson (1925).
(ii) Solanaceae: Dalwra Stramoniumn, Belling and Blakeslee (1924-8).
(iii) Commelinaceae: Tradescantiac, Rhoeo and Zebrina, Miyale
~ (1905), Belling (1927) and in the present study.
(iv) Polygonaceae: Rumex acetosella, Kihara (1927). .
(v) Cornaceae: Aucuba joponice, Meurman (1929).
(vi) Hydrocharitaceae: Vallisneria spiralis, Winge (1927).
(vii) Leguminosae: Piswm sativum, Hakansson (1929).
(vii) Campanulaceae: Campanule persicifoli, A, . - Gairdner
(nnpublished).
Miss Gairdner tells me that in a double white V‘Lllety “of Campanula
persicifolia, & diploid, she found a ring of fonr chromosomes which usually
resembles the ring illustrated as the first stage of ring-formation in
Oenothera on the interchange hypothesis (Dailington, 1929).

Winge’s observation of the occasional oceurrence of & double chromo-
some in a presumably diploid species of Vallisneria points to the forma-
tion of a diploid association of four chromosomes.

Kihara’s observations on Rumex aceloselle on the other hand admit
of and even compel a hexaploid interpretation in so far as paiving is
between similar chromosomes associated to the number of six only.
It is only the occasional occmrrence of larger associations that requires
an interchange 1111,311)1 etation.

To this list should perhaps be added: Zea (see Section 7 (i)) where
Kuwada (1915, 1919) and Randolph (1928) have found variations in
pairing analogous to those resulting from segmental interchange in a
‘polyploid; Lebistes where Demerec (1928) has suggested an analogy be-
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tween Winge’s results and the behaviour of Oenothera; Drosophila where
genetical observations supporting the assumption have been made, par-
ticularly as a result of X-ray treatment (Morgan, Stwrtevant, and Briciges,
1925, and Muller, 1928).

These obsevvations are not likely to represent the occurrence of
structural change in true proportion. Firsh, on account of such change
not favowring hybridisation. Secondly, the observations here veferved
to are the result of prolonged and detailed study, or of the study of
particularly favourable material. For example, abnormalities of the kind
observed in Tradescantic would for the most part pass unnoticed were
the chromosomes of the size most frequently found in the Dicotyledons,
and the occasional observation of such associations as those found in
T. erassifolic nndev less favowred conditions could scarvcely be under-
stood unless anticipated. Fragments of a size proportional to those found
in Tradescantio would be hardly visible in Prunus where the chromo-
somes are no more than one-hundredth as large. Thirdly, observation is
simplified in Tradescantia by the fairly regular process of the terminalisa-
tion of the chiasmata. And finally, most plants studied cytologically
are the product of the union of germ-cells of closely related individuals
or even of the same individual. Observation of such plants can throw
little light on the differences that distinguish incipient species except in
cases where struetural hybridity is maintained by a genetical mechanism
of elimination. When, however, systematic cytological study of inter-
racial hybrids has been undertaken, as in the remarkable work of
Blakeslee and Belling (Blakeslee, 1927), the result has been to show a
close correlation between racial differentiation and stimctural change in
the chromosomes. Particular races are identifiable by their structure
relative to that of other races. We may therefore take it that inter-
change and other forms of structural variation are much more wide-
spread than cytological observations at present indicate. These varia-
tions will usually be associated with, and divectly or indirectly the means
of, genetical variation.

The frequency with which structural change seems to ocewr in
Tradescantio virginiana and the important part it seems to have played
in the development in certain forms—as fragmentation in Tsnantia and
segmental interchange in Rhoco—do not enable us to decide whether
structural change is responsible for hybuidity or hybridity for structural
change. But the distinction between evolution by hybridisation and
evolution by deficiency, reduplication, and other apparently spontaneous
changes in chromosome structwre, although perhaps possible on genetical
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grounds, has no physiological significance. For both mean change by a
rearrangement of materials, by an alteration of balance; both are opposed
in principle to the qualitative change suggested by the word “mutation.”

8. SUMMARY.

The primary object has been the study of strticture and variation
in the chromosome complement, particularly by observation of chromo-
some behavionr at meiosis and its results in the gametophyte. As in
Oenothera, the principles of behavionr worked out in polyploid Tulipa
and Hyacinthus are made to provide the basis' of a stiuctural hypo-
thesis. These prineiples, viz. that paiving of chromosomes at meiosis is
determined by the formation of chiasmata between them at diplotene
and that this follows the side by side association in pairs of their homo-
logous parts, are corroborated by the observations of pairing at meta-
phase.

From a study of the somatic chromosomes in a number of species of
the Tradescantice (see Summary, p. 218) it appears that two types of
change ave taking place independently in this group: reduplication of
the whole chromosome set (polyploidy) on the one hand, and breaking
up of a whole or part of it (fragmentation) on the other.

Pollen mother-cell divisions were studied in three diploid species,
Rhoeo discolor, Tradescantia crassifolic and T'. bracteata, two tetraploid
species, T'. virginiane and Zebrina pendula, and one triploid 1. virginiana
var. brevieaulis. In these, various anomalous types of association oceur,
such as (i) the association of two ends of one chromosome with ends of
two chromosomes which themselves will not associate (ring-formation
in Rhoeo); (i1) the association of the end of one chromosome with the
middle of another (lateral pairing in Tradescantia virginiana); (i) the
assoclation of a fragment with different parts, interstitial or terminal,
of different chromosomes (1'. virginianc var. humilis); (iv) the associa-
tion of morphologically dissimilar chromosomes (ring-formation in
Zebrina and paiving in T'. virginiana); (v) the paiving of the same end
of one chromosome simultaneously with two different points on another
chromosome (7'. virginiana vay. humilis).

These various associations are shown to be compatible with the
method of pairing found in polyploid Twulipa and Hyacinthus if we
assume, apart from polyploidy and fragmentation, (i) translocation of
segments from one chromosome to another, (i1) segmental interchange
between non-homologous chromosomes, as first suggested by Belling;
(iii) inversion of segments of chromosomes followed by reduplication of
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parts of them; (iv) a process of terminalisation of chinsmata between
diplotene and diakinesis which gives rise to the nmltiple and lateral
chiasmata deseribed and explained in detail (diagram, g, 84).

The various types of abnormal chromosome behavionr obgerved at
melosis ocour as & result of a condition of structiral hiybridity which
may be couveniently distinguished by ifs symptoms (cytological and
genetical) from other plienomena seen in zygotes prodiced by the nnion
of dissimilar gametes.

The possibilities of segregation were examined at meiosis in some
forms (particnlarly in Rhoeo, which is analogous in this as in every other
respect to the ring-forming Oenothera species); but a fuller study of this
problem was possible from the first division in the pollen grain, of which
chroniosoine counts were tabnlated from several species and varieties
(p. 242). These show raudom frequencies abont the half-nmuber as a
mean. The geuetical conditions in the life of the gametophyte affecting
these results are disenssed, especially in vegard to the behaviour of
fragments. The mechanical conditions affecting the origin, snrvival and
behaviour of fragments at mitosis and meiosis are also exainined in the
hight of the observations (Fradescontia and Fritillaria). Althongh frag-
mentation may occnr very generally, mechanical as well as physiological
conditions are shown to Hmit its importance as an agent of variation.

The somatic rennion of fragments with chromosomes is described as
a possible means of translocation and interchange. Other changes of
chromosome stineture observed at, and following neiosis, may have a
gsimilar significance. Reason is shown for supposing that interchange is
but one special form (answering to certain genctical requircments) of
struetnral changes in chromosomes, and that snch changes are of wide-
spread occenrrence in association with genetic variation and, in a certain
seuse, the means of it.

Other observations are inclnded bearing on the origin of constrictions,
changes in chromosome size, the relation of chromosomie balance to cell
size in the pollen grain, and the stimetnre of the chromosome.

As already stated, T am obliged to Dr 0. Menrman for permission
to use his preparations of Tradescantia bracteata, and to Professor
O. Renner for kindly providing seeds of Oenothera species. I am also
indebted to the Director of the Royal Botanic Gardens, Kew, and to
the Crirators of the Cambridge Botanic Garden and the Chelsea Physick
(Glarden for the nse of material provided by them.
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