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A compound X chromosome is composed of two euchromatically complete, or
almost complete, X chromosome elements attached to a single centromere
(Novitski 1954) ; compound X’s are symbolized C(1). The subject of this paper
is the tandem compound ring X chromosome, C(1) TR, which is composed of two
euchromatically complete X chromosome elements in tandem sequence with a
single centromere. The ends of the two elements are attached to each other to
form a continuous ring. Because the elements are in tandem sequence, the synap-
tic configuration of the compound is a spiral. A paired tandem ring in the two-
strand stage is shown in Figure 1. In addition to the tandem ring, there are five
other compound X chromosomes: (1) the attached-X (or reversed metacentric),
C(1)RM; (2) the tandem metacentric, C(1)TM; (3) the reversed acrocentric,
C(1)RA; (4) the tandem acrocentric, C(1)TA; and (5) the reversed ring,
C(1)RR.
Taken together, the results from compound-X experiments have not yet been
rationalized. Attached-X chromosomes (see, for example, BEApLE and EMERsoN
1935; WeLsHONs 1955) behave according to expectations based on studies of free
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Ficure 1.—A tandem compound ring X chromosome in the two-strand stage, with the markers
used 1n these experiments.
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X chromosomes. Tandem metacentrics (STurTEVANT and BeapLe 1936; Novir-
skr 1951; LinbsLey and Sanprer 1965) and tandem acrocentrics (INoviTsKI
1954; SanpLER and LinpsLeY 1963) also exhibit distributions of tetrads of various
ranks comparable to free X chromosomes. They are unstable, however, in that
exchange between their component arms generates single X derivatives. In the
females that carry tandem compounds, the recovery of these single X chromo-
somes 1s sensitive to the presence of a Y chromosome or Y-chromosome fragment,
the single X chromosomes being recovered more frequently when the mother
carries a Y chromosome than when she does not (Novitski and SANDLER 1956).
It has been shown (LinpsLey and SANDpLER 1965) that the data from females
bearing tandem metacentrics are consistent with the view that newly generated
single X’s are lost from, or fail to become included in, the zygote nucleus and
that this loss is much higher in the progeny of mothers with no Y chromosome.

Reversed acrocentrics (SANDLER 1954) and reversed rings (SANDLER 1957)
exhibit a number of peculiarities. First of all, the exchange distribution is abnor-
mal in that there is a high frequency of no- and two-exchange tetrads and few,
if any, of rank one. Second, in both cases it has been shown that the presence of
a whole or partial Y chromosome in the compound-bearing female markedly
increases double exchange. In the case of reversed rings, evidence has been ad-
duced which suggests that whereas the ring suffers no viability complications,
only about one third of the rings from the no-exchange tetrad class are recovered
—the other two thirds being inviable. Finally, although the abnormal tetrad
distribution mentioned above normally characterizes reversed acrocentric com-
pounds, a marked change occurs if the long arm of the Y chromosome is appended
to the compound as a second arm: the tetrad distribution becomes similar to that
of free X or attached X or tandem metacentric or tandem acrocentric chromo-
somes, and the effect of a homolog on double exchange is reduced or absent
(SanDpLER 1958).

The tandem ring is the only compound-X chromosome type that has not been
subjected to extensive analysis. The first tandem ring was synthesized by Novrr-
sk1 (1954), but it lacked heterozygous markers and was therefore of limited
utility. Consequently, we have synthesized new tandem rings heterozygous for
appropriately positioned markers and have examined their meiotic behavior.

In addition to providing a basis for comparison with other compound types, an
analysis of the consequences of exchange in tandem rings is of special interest in
two ways. First, in common with other ring chromosomes, expectations vary
according to the assumptions made about the occurrence and frequency of sister-
strand exchange. Thus, it is possible to test various assumptions about sister-strand
crossing over, particularly the notion that nonsister exchange involves only the
two newly synthesized chromatids of the tetrad with sister-strand exchanges
which are frequent enough in every region to randomize the strands between
successive exchanges (LinDEGREN and LinpEGREN 1937; ScuwarTz 1953). This
property is of particular importance because the data from Drosophila for single
rings (L. V. Morcan 1933; Novitskr 1951, 1955) and for double rings in
reversed sequence (SAnNDLER 1957) are inconsistent with the LiNDEGREN-
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ScHWwARTZ assumptions, although consistent with the assumption of no sister-
strand crossing over. Data from a ring in maize, however, are consistent with the
sister-strand assumptions, but not with the conventional model (Scawartz 1953).
In nonring chromosomes, the two sets of assumptions are indistinguishable
(WemnsTeEIN 1936).

Second, although it has been recognized for a long time that ring chromosomes
might form interlocked complexes during replication and crossing over, no clear
evidence exists in favor of this possibility. Tandem rings represent another in-
stance in which this matter can be examined. Furthermore, tandem rings have
the special property that certain exchanges lead to the anaphase separation of a
centric ring from an acentric ring, a situation that might have unique conse-
quences.

The data from the present study indicate the following: (1) tandem rings
from different constructions behave alike with respect to the exchange distribu-
tion, but differ in the proportion of tandem rings transmitted to the progeny;
(2) in the absence of a Y chromosome or Y fragment in the compound-bearing
females, there is a reduction in the frequency of double exchange tetrads to less
than half that observed from females that carry a Y; (3) the tetrad frequencies
in tandem rings closely approximate those of free and attached X chromosomes,
especially those of tandem metacentric and tandem acrocentric compound X
chromosomes; the coefficient of nonrandom disjunction approximates unity as it
does for the other tandem compounds; (4) as with other rings in Drosophila, no
sister-strand exchange occurs; (5) the progeny of females that carry a tandem
ring and a Y chromosome show no evidence that interlocked complexes, if indeed
any are formed, have any effect on the recovery of the various meiotic products;
(6) second-anaphase double bridges do not invariably lead to zygote mortality,
and in a fraction of the cases they may be eliminated from the egg nucleus to
produce nullo-X, nullo-Y ova; and (7) the results from females bearing tandem
rings and having no Y chromosome, although not rigorously analyzable with
present techniques, do indicate a variety of responses of the compound to the
absence of a homolog.

Synthesis of Tandem Rings

The tandem ring chromosomes used in these experiments were synthesized in
two steps. First, a tandem metacentric compound X chromosome was constructed;
then the free ends of its arms were joined to form the tandem ring. The origin
of the tandem metacentric has been described by LinpsLey and SAnNpLER (1965).
Briefly, females were made heterozygous for (1) an inverted chromosome marked
with sn and g and carrying the left end of In(7 )sc¢® marked by the normal allele
of y, and the right end of In(f )EN with its recessive y allele and with Y as a
second arm, and (2) a chromosome in normal sequence marked with y, cv, v, and
sd and carrying distally the B® duplication. This is known as the tandem acro-
centrigenic BS duplication [i.e., Dp(1;1)BTAG; see LiNpsLEY and SANDLER
1963]. These X-Y*, In(1)sc**ENZ%, sn g/Dp(1;1)B’TAG, y cv v sd BS females
were X-irradiated with approximately 1500r and crossed with y males. These
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+

Freure 2.—The origin of the tandem compound ring X chromosomes used in these investi-

gations. Only two of the four strands are shown. Heavy lines represent heterochromatin, light
lines euchromatin.

crosses produced rare matroclinous exceptions, some of which proved to be
C(1)TMB* formed by crossing over between Y* of X-Y¥, In(1)sc**ENF and the
proximal heterochromatin of Dp(1;1)BSTAG (Figure 2). Lines of two such
tandem metacentrics, C(1)TMB®9-1 and C(1)TMB%9—4. were established. Their
cytological structure and genetic behavior have been described previously
(LinpsLEY and SANDLER 1965).

Progeny of the cross C(1)TMBS, In(1 )sc**EN®Dp(1;1 )BSTAG, sn gy cv v sd/
09 X YSX-Y" In(1)EN, v f B/0 8 were examined for the presence of y females,
i.e., compound-bearing females that had simultaneously lost ¥+ and Bf from the
tips of the two arms of C(1)TMBS. These were presumptive C(1)TR-bearing
females formed by the exchange shown in Figure 2. Examination of a large num-
ber of progeny from both C(1)TMB*9-1 and C(1) TMB*9-4 females revealed
that 9-4 produced many more tandem rings than 9-1 and that C(1) TMBS/y+-Y"
(y*+-Y" = FR-2) females produced more tandem rings than C(1) TMB#/0. These
facts are demonstrated in Tables 3 through 6 of our previous paper (LINDsLEY
and SanpLER 1965). The more abbreviated symbol TR will be used frequently
in place of C(1) TR in the text below.

Cytology of Tandem Rings

The cytology of the chromosomes used in the two stages of the synthesis of
TR has been described by LinpsLEY and SanprLEr (1965). In mitotic figures the
TR is a large ring with two euchromatic segments, which are often divided into
chromatids separated by two undivided heterochromatic regions, one pericentric
and one interstitial. The pericentric heterochromatin, which is the only hetero-
chromatin carried by single ring derivatives [symbolized R(1)]} of TR, may be
recognized as having the same morphology as that of C(1) TMB%9-—4, the tandem
metacentric from which it was derived unchanged. The interstitial heterochro-
matic segment resembles the distal heterochromatin of Dp('1;1 )BT AG more than
that of In(7)sc®; this is a necessary, but not sufficient, observation for proving
that the TR-generating exchange was euchromatic, as diagrammed in Figure 2,
rather than heterochromatic.

In salivary configurations the two elements of C(1) TR synapse to form a spiral
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double ring, which is generally indistinguishable from that found in a cell hetero-
zygous for a ring X chromosome or a long inversion such as Irn(1)EN. Occasion-
ally, a figure is encountered in which the interstitial heterochromatin is pulled
away from the chromocenter, and then the spiral nature of the chromosome
becomes apparent.

Ezxpected Behavior of Tandem Rings

The expectations will be developed based on two different models of crossing
over. The first model, the orthodox one, supposes that crossing over occurs exclu-
sively between homologous strands and that there is neither strand preference
nor chromatid interference (i.e., that exchange at any level involves a random
pair of homologous strands). The alternative model (LiNDEGREN and LINDEGREN
1937; Scuwartz 1953) states that homologous exchange involves only newly
synthesized chromatids; sister-strand crossing over, which perforce involves a
new and an old strand, is postulated to occur so that in a chromosome segment
between two homologous exchanges the number of sister exchanges is sufficiently
high to make the chances of an odd or an even number of exchanges virtually
the same (i.e., the probability of an effective sister-strand exchange is 509%).
The double exchanges which are exclusively two-strand are thus converted by
sister-strand exchange into two-strand, three-strand, and four-strand doubles in
the ratio of 1:2:1.

No sister-strand exchange: The products of no, single, and double exchange
between homologous elements of a tandem compound ring X chromosome are
shown in Figure 3. The strands involved can be attached either to the same centro-
mere, 1.e., reciprocal exchange (Exchange A, Figure 3), or to sister centromeres,
1.e., nonreciprocal or diagonal exchange (Exchange B, Figure 3).

Three types of monocentric X-chromosome derivatives are produced by TR-
bearing females: the single ring, the double ring and the triple ring. We have
presented results which suggest that the single ring generated by exchange in
tandem metacentric compounds is frequently lost, this loss in turn leading to the
producton of a nullo-X ovum (LinpsLEY and SaNDLER 1965). When such an
ovum is fertilized by X-bearing sperm, an exceptional patroclinous male, which
differs from a regular patroclinous male in lacking a maternal Y chromosome,
is produced. A similar loss of newly generated single rings in TR crosses may
lcad to reduced ring recovery and may provide a source of exceptional patro-
clinous males. There are three kinds of double ring products; the first is a hormo-
zygous TR which is homozygous for regions that were heterozygous in the
parental TR. The remaining two products, referred to collectively as nonhomo-
zygous TR’s, are (1) the transposed TR, which has the same gene content as
the parental TR but in which the phase of the markers (i.e., the coupling rela-
tions) is altered as a result of diagonal two-strand double exchange (Exchange
AE, Figure 3) and (2) the matroclinous TR, which is identical to the parental
TR in both gene phase and content. Finally, the triple ring is consideredto result
in zygote mortality when the coefficient of nonrandomness is low enough to per-
mit its inclusion in the functional egg nucleus.
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Ficure 3.—The centric meiotic products of tandem compound ring X chromosomes with no,
single, and double exchange (assuming no sister-strand crossing over). The tetrad types from
which each product may be derived are indicated.

Dicentric compound ring chromosomes are formed that contain 2, 3, or 4 X
chromosomes. The centromeres divide these rings into two segments, the first
containing 1 and the other 1, 2, or 3 X chromosomes. The dicentrics form double
second-anaphase bridges, which are referred to as 1:1, 2:1, and 3:1 double
bridges. SturTEVANT and BeapLE (1936) considered second anaphase bridges to
be lethal, but later Novitskr (1955) postulated that whereas 2:1 and 3:1 double
second anaphase bridges are lethal, the symetrical 1:1 bridges are excluded from
the egg nucleus and give rise to exceptional patroclinous males. Our recent data,
however, suggest that 1:1 double second anaphase bridges generated in tandem
metacentric compounds are lethal (LinpsLeY and SANDLER 1965).

The four products of meiosis in C(1) TR/y*-Y" females following the various
types of exchange shown in Figure 3 are shown in the last four columns of
Table 1. In column 2, E; is the frequency of tetrads of rank 7, in which 3 E; = 1;

1
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the coefficients of E; are based on the assumption that there is no strand prefer-
ence and no chromatid interference. In columns 3 and 4, the parameter c is the
coefficient of nonrandomness (Novirsgr 1951); the probability of recovering a
single ring in the functional egg nucleus is ¢, when the ring separates from a TR
at second anaphase and ¢, when it separates from a triple ring. The unsplit TR
centromere proceeds toward one pole at the first division, and all egg nuclei devel-
oping from that pole are considered presumptive X-bearing ova whether or not
they contain an X chromosome (columns 3 and 4, Table 1). Similarly, egg nuclei
developing from the other half of the first meiotic division (columns 5 and 6,
Table 1) are considered presumptive Y-bearing ova whether or not they carry
¥y YL

The terms in Table 1 are collected in Table 2 (columns 1 and 2) to yield
expressions for the expected frequencies of the various types of ova produced by
C(1)TR/y* Y* females. The types of zygotes produced when these ova are ferti-
lized by sperm from YSX-Y:/0 (=XY/0) males are shown in columns 3 and 4
of Table 2 where p and 1—p represent the frequencies of functional XY-bearing
and nullo-XY sperm, respectively; p may be estimated directly from the propor-
tion of daughters among the progeny of normal females crossed to XY /0 males.
If the data are corrected for any inequalities in the proportions of XY-bearing
and nullo-XY sperm by multiplying by p/(1—p) the numbers of flies observed
in classes resulting from fertilization with nullo-XY sperm, then the expression
for each zygotic class is a function of E;, ¢,, and ¢, multiplied by ¥, p. Considering
ratios of classes or groups of classes leads to equations in £;, ¢;, and ¢, alone.

Sister-strand exchange: The expectations from the LINDEGREN-SCHWARTZ
model of sister-strand exchange are developed in Figure 4 and Tables 3 and 4 in
much the same way that the expectations based on standard assumptions are in
Figure 3 and Tables 1 and 2.

The regions of a double ring for which the consequences of sister-sirand ex-
change must be considered are those uninterrupted by a homologous exchange.
In a no exchange tetrad the entire chromosome represents one such region. A
single exchange involves two points on the circumference of the double ring
(i.e., homologous points on the two component X chromosomes); thus in one
exchange tetrads there are two regions of sister-strand exchange, each compris-
ing half the circumference of the double ring. Each additional exchange sub-
divides two preexisting regions and thus increases the number of regions of sister-
strand exchange by two [in other words, the number of regions in which sister-
strand exchange must be considered is 2 (where 7 equals the rank of the tetrad)
when i > 0, and 1 when i = 0].

A comparison of Figures 3 and 4 reveals that the two hypotheses predict
identical arrays of monocentric products, but according to the sister-strand-ex-
change hypothesis, there will be one type of dicentric compound ring that is not
among those expected from the orthodox model of exchange. This ring is composed
of four X chromosomes and will produce a 2:2 double second anaphase bridge. Un-
fortunately, this ring is not a directly scorable product. The sister-strand exchange
model also predicts a unique acentric (i.e., an acentric double ring) which is
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Frcure 4—The centric meiotic products of tandem compound ring X chromosomes with no,
one, or two exchanges, according to the sister-strand crossing-over model described in the text.
The tetrad types from which each product may be derived are indicated.

also unscorable. Thus, there are no qualitative differences in the scorable yield
predicted from the two models. Examination of column 2 in Tables 2 and 4,
however, shows that the expectations from the two models differ quantitatively.
Tandem rings recoverable from presumptive X-bearing ova are half as frequent
from the sister-strand-exchange model as from the orthodox model. This differ-
ence provides a basis for discriminating between the two models.

Differences Among Tandem Ring Lines

A number of presumptive C(1) TR derivatives from each C(1)TMB" line were
selected and crossed to XY/0 males; the results of these crosses are presented in
Table 5. Although the progenies form a homogeneous sample with respect to the
ratio of patroclinous males to single-ring-bearing progeny, the presumptive TR-
bearing females recovered from C(1)TMB®9-1 differ from those recovered from



655

RING X CHROMOSOMES

Vi = a4 4 Vi = k44 Y4 = Buwt a[dug Y = Juu1 o8urg e poqe

Y= K44 i =k 44 (*o—1) % = y.I snodLzowopy T2%4 = Burr o[8uig B poq

Y = q ko4 o= k44 (Yo—1)%; = y I snodLzowory T5%4 = Jurt o[Burg Fet poe

R O Y=k 44 %; = o8puiq a[qnop 1| ‘A% pqe

Yh o ke A Y =k 44 ¥4 = Suwux oj8uig ¥ == Guwx sjBurg Saar sqe

VIO Y=gk A Y4 = y.I sno8Lzowoy Yy = y.I snodLzomoly ‘qe po

N =nK 44 Y =k 44 % = o8praq 91qnop 1:3 e Pq

Vi = k44 V= k44 (F2—1)% = Buw opdiry, ®a%; = Fuu o[Bmg ‘as oq

A Vi =k 44 %4 == o8pLiq Squop 1:3 RS pe

Yy =k 44 V= k44 (F9—1)% = Suwt opdu], ¥0%4 = Buu o[Buig a2t oe

Y=k 44 Vi =k 44 %4 == ofpuq oqnop 1:1 N.ﬁm qe

VA = ak 44 =Ko A % == 98puaq S[quop %3 ,ﬁq P

=gk +4 Vi =k 44 9} = e3puq J[qnop g5 e o

Y= ke A Y =nk A %, == 98pLIq 2[qUOp ]:¢ “gag q

Vs = k44 Vi =k 44 % == 98plIq Aqnop 1:¢ A% e

Y= k44 Vi = k44 Y4 = 41, pesodsuedy, Y4 == Y.L snout[ooajey Egag 0 qav

Yo =nk-44 =k +4 %y = a8puaq s[quop |:¢ ‘A qe

Yy =k 44 Vi = 1K 44 (fo—1)% = Buwt epduy, %o%} = Buwm opdurg v q

Vs = k44 Vi =k 44 %; == o8prq a[qnop 1:g YqY J

Yy =k 44 Y =Ko+ A (*9—1) % = L snourponey f0%; = Burr ojfmg e 0 v

Vi = A4 A YA =k 44 % = 98pLiq a[quop g5 °q% e 0

V=19 1y W Y4 = .1, SHOUI0LBIAL P4 = Y1 SnouroonieAy 0% ) 0

e e », Asusnbaip 91819 JBISISUON

aueld UOIIAIP DHORIL PUOIAG oueid UOTSTATP STICTOUL PU0IDg pue juey —

suepd UDISIAID SO 541

snaonu 982 [BUOTIOUNY SYI UT PAPILIIUI B¢ [[TAM Yor3 Jer) L1T{1geqoad 91f) PUE SISOIOW JO $INPOIJ

ad4y JaA0ss007y

sod £y penay,

¥ 24n814 Ul UMOYS 24D P2AJOAUT SADA0SS04]) SAIWBS 7 L 4. &/ Y L] )0 U2 uopounistp wonfas puv
‘lapowt 430 BUISSOLI PUDLIS-LDISIS TLDNYIG-UIFIPULT FYl 07 Fuip.uooow 2Fupyaxs fo saousnbasuo))

¢ A'IdV.L



L. SANDLER AND D. L. LINDSLEY

656

[eme] sfew snoutpoxed rengoy Cat+'a+"D% 1k +4

BT e Ca%+"a%) % a8pLIq d[quop 1:¢

Teypey [ewe] CaN+" A% o8pLIq 9[qnop &g

Temey e T Cah+am % 98pLIq d[qnop 1:3

(Lt eyeT Cay) % o8ptiq o[qnop 11

o[ewWoYela N [ee] CaCo—nHh+'ao—1 %1% Bus opdray,

aTewt Surreaq-Juri-a(durg aleway Surreeq-Suri-a(8urg [P Cot+ro+ 18 g Co+") %1% Buwx s[8urg

o[ewra} Surieaq-yf [, -Sno3AZowo] a[ewafRIS]A] (B (fog—e) 1% .1, sno8 £zowo

aTeway Surreaq-y I,-pesodsuer], aTewdjeIvAl CCa3e/1) % Y.L pesodsuex],

a[eursy Sutieaq-y J -SNOUT0ey S[eWAIRISIA [ase/1+'aCo—1) %+ "% 1% Y.L SNCUR0NEIN
dy = d = xx £ousnbarg adA1,

urads Jo serousubaay pue sad£ T,

s159U9800 JO $)ONPoIJ

¢ 2]q [ wo4f usyv} $155U2500 0 519NPoLd * 9 0/AX X & 7L +E&/HL([)D 55040 Y1 Aq paonpo.ud Ausfosd mizy

v AIdV.L



RING X CHROMOSOMES 657
TABLE 5

Progeny produced by putative TR-bearing females (recovered from the cross C(1)TMB*S/0
females X XY, v { B/0 males) crossed with XY*/0 males

Progeny
Parent Single-ring-bearing

Putative TR-bearing

Source TR-bearing Patroclinous females Females Males

TMBS female males* ¥y B/+ ¥

9-1 911 39 0 8 7
91-2 43 0 9 5
91-3 20 0 3 4
91-4 26 1 6 4
91-41+ 17 0 2 2
91-6 9 0 5 1
91-7 6 0 1 3
91-9 5 0 4 4
91-11 18 0 11 9
91-12 20 0 5 1

9-4 94-1 118 30 31 29
94-2 135 12 37 23
94-3 69 0 13 15
944 4 0 0 0
94-5 6 0 0 4
94-6 108 0 35 41
947 75 3 12 9
94-8 112 2 37 25
94-9 106 17 22 21
94-10 61 1 25 10
94-11 64 16 18 14

* v B for 9-1 derivatives and v f B for 94 derivatives.
+ The » daughter of female 914,

C(1)TMB%9—4 in two respects: (1) the mean numbers of progeny produced by
females carrying 9-1 and 9-4 derived TR’s are 30 and 124, respectively; (2) only
one among nine presumptive TR-bearing females from C(1)TMB%9-1 (91-4)
produced a TR-bearing daughter (914—1), and she in turn failed to transmit her
TR, whereas seven out of 11 TR-bearing females from C(1) TMB9—4 produced
TR-bearing daughters; we chose to establish lines from two of these progenies
(94-1 and 94-2). In other words, the tandem ring-bearing females from the two
lines differ in both fecundity and transmission of the TR.

In addition to the difference in transmissibility of TR’s between TR-bearing
females from C(1)TMB%9-1 and 9-4, it can be seen that there is considerable
variability among C(1)TR94-bearing females. This variability seems to be a
property of the TR’s derived from C(1)TMB%9-4, because subsequent testing of
the TR-bearing daughters of C(1)TR94—1 and C(1)TR94-2 exhibited similar
variability (e.g., 10/25 daughters of female 94-1 failed to produce TR-bearing
daughters). Lines do, however, seem to become more uniform with successive
generations.

C(1)TMB*%9—1 is characterized by a low incidence of TR generation, and the
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TR-bearing females which are generated very rarely transmit a TR to their
progeny. These two observations are probably manifestations of the same phe-
nomenon (i.e., the reduced transmissibility of TR chromosomes derived from
C(1)TMBS9—1 whether they are newly generated or preexisting). The tandem
rings from C(1) TMB¥*9-4, on the other hand, exhibit a higher transmission both
as newly generated and as preexisting chromosomes. This behavior difference
between tandem rings from C (1) TMB*9-1 and C(1) TMB39-4 must be attributed
to differences in the structure of the two tandem-ring-generating metacentric
chromosomes. These two chromosomes are identical in structure except that at
the base of the arm in normal sequence C(1) TMB®9~1 has almost twice as much
heterochromatin as C(1)TMB%9—4 (LinpsLEY and SanNDpLER 1965). This hetero-
chromatic segment is invariably included in newly generated TR’s, and the extra
pericentric heterochromatin in C(1) TMB#®9-1 must be responsible in some way
for the lower recovery of the TR’s produced; it does not, however, appear to affect
the recovery of single ring derivatives of either C(1)TMB%9-1 or its derivative
tandem ring (see Table 5, and Linpsiey and SANDLER 1965, Table 12). The
cause of the lower fecundity of TR females from C(1)TMB%9-1 compared with
those from C(1)TMB%9—4 must also reside in this increment of heterochromatin.
Moreover, since these two tandem metacentrics are themselves regularly trans-
mitted (LinpsLEY and SanpLER 1965), it may be concluded that the differences
In transmissibility between the tandem rings are due to structural differences
that are important only when the chromosome is a ring.

There are now data from three independent constructions of TR chromosomes,
those from C(1)TMB%9-1, C(1)TMB*9-4, and C(1)TR made by Novirskr
(1954) from a tandem acrocentric compound X chromosome with Y* as a second
arm by attaching the free end of the compound and the second arm. The results
of crosses of C(1)TR/0 females carrying each of these TR’s are given in Table 6.
It can be seen that although the proportion of single-ring X chromosomes re-
covered is about the same for all three lines, the recovery of compound-bearing
females is highest (169,) in TR’s from C(1) TMB39-4, considerably lower for
Novirskr’s TR (99%), and even lower for TR’s from C(1)TMB%9-1 (1%). Thus,

TABLE 6

Comparison of the results from crosses of females carrying tandem compound ring X chromosomes
of different origins. The cross, in all cases, is: C(1)TR/0 females X XY /0 males

Source of TR
C(1)TA* G(1)TMBS94+ C(1)TMBA9-1%
Class of progeny No. Percent No. Percent No. Percent
Patroclinous males 8224 100 15912 100 203 100
Matroclinous-TR bearing females 735 9 2611 16 1 1
Single-ring-bearing females 1844 22 3404 21 54 27
Single-ring-bearing males 2095 25 1675 11 40 20

® The details of the origin of this TR and the data are given in Novitskr (1954).
+ The data are given in ertenso in Table 8.
t The data are summed from Table 5.



RING X CHROMOSOMES 659

Novirskr's tandem ring has a transmissibility which is intermediate between

those of C(1) TMB9-1 and C (1) TMB*9—4.

EXPERIMENTAL RESULTS

Females carrying C(1)TR, In(1)EN-+t, y sn gy cv v sd were crossed with
YSX-YY, In(1)EN, y B/0 males. The results of these crosses are presented for
C(1)TR/y*Y* in Table 7 and for C(1)TR/0 in Table 8. Because the markers
carried by the single rings indicate unambiguously the phase of the markers in
the maternal TR, we were able, without bias, to confine our attention to rings
marked as indicated above (see also Figure 1).

TABLE 7

Results from cross C(1)TR,In(1)En+,y sn gy cvvsd/yt+.YL
females X Y8X.YL, In(1)EN, y B/0 males

Observed number

Class of progeny Phenotype 941 94-2

Regular patroclinous males B 5006 2830
Exceptional patroclinous males y B 734 393
Regular nonhomozygous-TR-bearing females y 947 483
Exceptional nonhomozygous-TR-bearing females + 4 1
Regular homozygous-TR-bearing females ¥y cv 5 0
rv 20 8

y sd 1 4

ycov 14 10

yvsd 11 9

yevvsd 5 2
¥y sn 11 9

ve 20 10

ysng 18 13

Regular single-ring-bearing females ¥y B/y + 1857 1235
Exceptional ring-bearing females B/+ 1 3
Regular single-crossover-single-ring-bearing males yevvsd 271 155
yvsd 269 127

ysnuvsd 370 231

ysnsd 304 184

ysngsd 163 123

ysng 279 193
Exceptional single-crossover-single-ring-bearing males  sn v sd 1 0
snsd 2 0

Regular-triple-crossover-single-ring-bearing males yevg 0 1
¥y sd 1 0

Exceptional triple-crossover-single-ring-bearing males cog 1 0
snuv 3 0
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TABLE 8

Results of the cross C(1)TR, In(1)EN-+, y sn gy cv vsd/0
females X Y8X.YL In(1)EN, y B/0 males

Observed number

Class of progeny Phenotype 94-1 94-2
Patroclinous males ¥y B 7363 8549
Nonhomozygous-TR-bearing females ¥ 1553 944
Homozygous-TR-bearing females ¥y cv 0 0
yv 16 11
y sd 7 2

yevv 8 6

yvsd 6 5

yevvsd 5 3
¥ sn 5 2

ve 13 15

ysng 6 4

Single-ring-bearing females v B/y + 2099 1305
Single-crossover-single-ring-bearing males yevvsd 128 92
yvsd 147 9

ysnvsd 176 121

y snsd 203 135

ysngsd 95 74

ysng 221 192

Triple-crossover-single-ring-bearing-males yecov 1 0
yuv 1 0

e 2 0

¥y sd 0 1

Other males y 0 4

Additional classes of progeny: Several classes of progeny that were not dis-
cussed in the section on expected behavior of tandem rings appear in Tables 7
and 8. Both tables include small numbers of single rings resulting from triple
exchange. Because tetrads of rank greater than two represent less than two per-
cent of all tetrads, they are not considered in the analysis of the results, and triple
exchange single rings are pooled with single exchange rings in our computations.
The progenies of C(1)TR/y*+Y" mothers contain some exceptions. Primary non-
disjunction of the TR from y*-Y* produces disomic exceptional ova that contain
the TR or its single ring derivative and y*-Y¥, and nullosomic exceptional ova,
which contain no sex chromosome element. C(1)TR/y *-YT ova produce scorable
progeny when fertilized by nullo-XY sperm as do R(1) /y T-Y* ova when fertilized
by either XY-bearing or nullo-XY sperm. The resulting exceptional progeny are
extremely rare. Nullosomic exceptional ova produce exceptional patroclinous
males when fertilized by XY-bearing sperm. Exceptional progeny derived from
the disomic and nullosomic products of primary nondisjunction should occur with
comparable frequencies, but as shown in Table 7, the number of exceptional
patroclinous males recorded is immense compared to the other exceptional classes.
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Additional sources of exceptional patroclinous males will be considered in the
analysis of the data.

It may be noted in Table 7 that among triple crossover single-ring-bearing
progeny, the majority are primary exceptions. Since disomic exceptions are
extremely rare among all other classes of progeny, we presume that these par-
ticular cases arose from unpredicted events rather than from the simultaneous
occurrence of two rare but predicted events (e.g., the cv g male could be a recom-
binant between y+-Y" and the acentric ring formed by exchange between sn and
v).

Finally, the four ¥ males recovered from C(1)TR94-2/0 and listed at the end
of Table 8 were found among the progeny of a single cross, and they probably
represent a cluster of patroclinous males with a B reversal.

Estimation of sperm frequencies: In the analysis of the data from Tables 7 and
8, we must consider the frequency of ova fertilized by XY-bearing and nullo-XY
sperm. It has been shown that the nullo-XY sperm production by YSX-YZ/0 males
is in excess of that by Y¥X-Y"/y+-Y" males (SaNDLER and Braver 1954, so that
in crosses using YSX-Y:/0 males, classes resulting from fertilization by XY-
bearing sperm are conventionally corrected upward. However, when sister
females carrying either C(1)TR94—1 or C(1) TR94-2 were crossed with YSX-YL,
In(1)EN, y B/y*t-Y" and YSX-YY, In(1 JEN, y B/0 males, the recovery of single-
ring-bearing progeny was 344 females to 351 males in XY/y+-Y* crosses and 114
females to 110 males in XY/0 crosses. These results, coupled with those of
LinpsLEy and SanprLer (1965) and Merriam (personal communication) ob-
tained at the same time on the same Y3X-YY, In(7)EN, y B stock, indicate that
XY-bearing and nullo-XY sperm function with equal frequency in the crosses
summarized in Tables 7 and 8; therefore, no correction need be made.

Measurements of recombination: In this section we will consider the reliability
of the observed frequencies of the various types of progeny produced by TR-
bearing females. First, it seems that the observed frequency of homozygosis is
very close to the total frequency. This follows from the facts that (1) the arrange-
ment of markers (Figure 1) is such that any TR simultaneously homozygous for
more than one recessive allele has a TR homozygous for at least one recessive
allele as a complementary product, either of the same exchange or of a com-
plementary one, (2) progeny tests of females homozygous for single markers
from an identically marked tandem metacentric chromosome indicate that about
95% of them have a complementary product homozygous for at least one
recessive allele (see Table 7 in LinpsLeEy and SanpLER 1965), and (3) the
distribution of crossing over in tandem rings (the crossover distances are almost
identical with those of the similarly marked tandem metacentrics given in Figure
6 in LiNDpsLEY and SANDLER 1965) is such as to suggest that few, if any, double
crossovers are missed entirely.

A second point to note is that the relative viability of the single-ring-bearing
classes is the same as that of the patroclinous male class. This can be shown
as follows: females heterozygous for In(7)dl-49, y w B and either YSX'Y",
In(1)EN, ¥ B or R(1)94-1 (the single ring derived from C{1)TR94-1) or
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R(1)94-2 were crossed to YSX-YY, In(1)EN, y B/y+Y" males. Each of these
crosses produced In(?)dl-49, y w B/y+-Y" sons in addition to YSX-Y¥, In(7)EN,
¥ B/ytY%, and R(1)94-1/y+-Y“ and R(1)94-2/y+-Y" sons, respectively. The
following ratios were observed: XY/y+- YL : In(1)dl-49/y+Y" = 1230:1577 =
0.78; R(1)94~1/y+-Y" : In(1)dl-49/y+Y* = 515:672 = 0.77; R(1)94-2/y+-YL :
In(1)dl-49/y+ Y% = 912:1149 = 0.79. Similarly, the ratios of R(1)94-1/XY
daughters and R(1)94-2/XY daughters to Ir(1)dl-49/y+-Y" sons were 515:672
=0.77 and 965:1149 = 0.84. Because the ratios of XY-, R(1)94~1-, and R(1)94-2-
bearing sons or daughters to a common genotype were comparable, we can con-
clude that their relative viabilities are comparable and that the single ring classes
require no viability correction.

Finally, there is one exchange product, the transposed tandem ring, that is not
immediately scorable. A transposed TR is a nonhomozygous TR in which all the
markers of its parental TR are present but in which their coupling relations have
become changed. It is the product of reciprocal double exchange (i.e., exchange
involving strands attached to the same centromere) and results from 1/16 of the
two-exchange tetrads. Transposition frequency may be determined by progeny
tests of nonhomozygous-TR-bearing daughters, because the marker content of any
three different single-ring derivatives of a TR heterozygous for known markers
uniquely determines the phase of the markers (LinpsLEY and SANDLER 1965).
Among 206 nonhomozygous-TR-bearing daughters of C(1)TR/y*-Y* mothers,
16 carried transposed TR’s; among 126 nonhomozygous-TR-bearing daughters of
C(1)TR/0 mothers, four carried transposed TR’s. We may thus ascertain from
the ratio of homozygous to nonhomozygous TR’s observed in Tables 7 and 8 that
these samples of nonhomozygous-TR-bearing females corresponded to roughly
25 and 6 homozygous-TR-bearing females, respectively. Thus, the expected ratio
of homozygous to transposed TR’s of 2:1 (see Table 2) is approximately realized.

Analysis of C(1)TR/y+Y" data

A cursory examination of the TR data presented in Tables 7 and 8 reveals
marked differences between the behavior of C(1)TR/0 and C(1)TR/y*+-YT
females. In the absence of the homolog, the following occur: (1) the reduced
frequencies of both homozygosis and transposition indicate reduced exchange
values; (2) C(1)TR94—1 and C(1)TR94-2 behave differently from each other as
to the relative frequencies of recovered compound-bearing females; single-ring-
bearing females and single-ring-bearing males; (3) both lines show reduced single
ring recovery in comparison to the C(1)TR/y+-Y" results; and finally, (4)
nullo-X presumptive X-bearing ova are not distinguishable from the presump-
tive Y-bearing ova. For these four reasons, we confine our initial analysis to the
data from C(1)TR/y*+-Y" females (Table 7).

It is instructive to consider first a tetrad analysis performed perhaps crudely
but simply. We examine the data in Table 7, summed over the two compounds;
we consider only single rings recovered in females; we ignore all of the excep-
tional classes; and to further simplify, we suppose (as experience indicates is
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approximately true) that both coefficients of nonrandom disjunction are equal
to unity (i.e., ¢; = ¢, = 1 in the equations given earlier). Thus, there were 171
homozygous females observed, which means (because homozygous TR = 14E;)
that there were 8 X 171 = 1368 presumptive X-bearing ova derived from oocytes
with two-exchange tetrads; these were distributed among 171 homozygous TR’s,
171 nonhomozygous TR’s, 513 single rings, and 513 double second-anaphase
bridges. The remaining 2579 single-ring-bearing females (the 3092 observed less
the 513 from two-exchange tetrads) represent 14E,; consequently, there were
2 x 2579 = 5158 presumptive X-bearing ova derived from oocytes with one-
exchange tetrads, 2579 single rings and 2579 double second-anaphase bridges.
Finally, there were 1259 nonhomozygous-TR-bearing females (i.e., the observed
1430 less the 171 products of two-exchange tetrads), which represent all the pre-
sumptive X-bearing ova from oocytes with no-exchange tetrads. Since there is a
presumptive Y-bearing ovum for every presumptive X-bearing ovum, the 7785
presumptive X-bearing ova enumerated above (1368 from E., 5158 from E,, and
1259 from E,) imply that there were 7785 presumptive Y-bearing ova, which
should have been recovered as regular patroclinous males; 7836 were actually
observed. These calculations lead to the following estimated tetrad distribution:
E,=0.16, E, = 0.66, E, = 0.18. Thus, from the surviving products of presump-
tive X-bearing ova we are able to predict almost exactly the observed number of
presumptive Y-bearing ova. The above procedure amounts to estimating the
number of presumptive X-bearing ova from the following sum: nonhomozygous
TR + 7 times homozygous TR + [(1 +¢,)/c,] times [single-ring female —
(1 + 2¢;) times homozygous TR].

Thus, the most striking feature about this analysis is that it accounts for all
the eggs in the experiment. That is—supposing as we must that (1) the regular
patroclinous male class, which is produced by y+-Y'-bearing eggs fertilized by
XY-bearing sperm, gives a measure of the number of presumptive X-bearing ova
and (2) that there is no strand preference or chromatid interference—the re-
covered products of the TR represent all the products there were. Furthermore,
since there is no room to correct any of the surviving classes upward without
causing the estimated number of presumptive X-bearing ova to exceed the ob-
served number of presumptive Y-bearing ova, there is evidently no loss of
theoretically recoverable products from the TR from either inviability or special
difficulties caused by the complexity of the chromosome configuration, such as
the formation of mutually interlocked complexes leading to lethality. Thus, the
1127 observed exceptional patroclinous males cannot be derived from theoretically
recoverable classes, and we can therefore conclude that they come from oocytes
with double second anaphase bridges, of which there were an estimated 3092 in
these experiments.

It should also be noted that any significant change in the assumption that
¢; = ¢; = 1 would increase the estimated number of presumptive X-bearing ova
and would cause it to exceed the observed number of presumptive Y-bearing ova.

Novrrskr (1955) pointed out that tandem rings are of special interest with
respect to the existence and genetic consequences of interlocked ring complexes
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formed at meiosis, because several types of interlocked complexes are possible
products from tandem rings, including some involving acentric rings (see Figure
3). He showed, however, that interlocking, if it occurred at all, has little genetic
consequence. The results of this paper also show that interlocked complexes with
genetic consequences do not occur with an appreciable frequency in tandem rings.
It must be, therefore, that tandem rings possess some mechanism that prevents
mnterlocked complexes from forming or that resolves them once formed.

Assuming that (1) the equations in Table 2 appropriately describe the be-
havior of tandem rings, (2) the exceptional patroclinous male class is derived
from a fraction of the double second anaphase bridge classes (i.e., they do not
enter into the calculation), and (3) no viability corrections are necessary, we per-
formed tetrad analyses by automatic computer for C(1) TR94-1 and C(1) TR94-2
separately. The results are given in Table 9. Here we can see that except for
minor differences, the two TR lines behave alike and have an exchange distri-
bution close to that reported for the structurally similar tandem metacentric com-
pound X chromosome (ie., E,=0.18, E;, = 048, E, = 0.33; LinpsLEY and
SanprLER 1965), with ¢ values approaching unity as they also do in the case of the
tandem metacentric and the tandem acrocentric compounds. Thus, it appears
that when a newly generated single X chromosome separates from a tandem
compound X chromosome at second anaphase, the probability of recovering the
single X is generally very close (or exactly equal) to unity.

The analysis up to this point has been done according to the conventional rules
of crossing over (i.e., no strand preference, no chromatid interference, and no
sister-strand crossing over). We may now consider whether the data are also con-
sistent with the LiNnpEGREN-ScHWARTZ model of crossing over.

We can proceed here most simply by noting in the equations given in Table 4

TABLE 9

The exchange distribution in C(1)TR chromosomes tested in C(1)TR/yt- YL fermales

TR line
94-1 94-2
Class of progeny Observed Expected* Observed Expected*

Regular patroclinous males 5006 5004 2830 2888
Nonhomozygous-TR-bearing females 951 950 484 453
Homozygous-TR-bearing females 105 110 64 89
Single-ring-bearing males 1664 1163 1014 1051
Single-ring-bearing females 1860 1857 1238 1148

< 0.94 1.00

c, 0.97 1.00

E, 0.17 0.14

E, 0.63 0.59

E 0.20 0.27

2

* These are least squares expectations computed by machine for the equations and data given in Tables 2 and 7. The
exceptional patroclinous males were not considered. All parameters were constrained to values between 0 and 1; Z E;

was unity; ¢, ¢,, E;, E,, and p (the frequency of XY-bearing sperm, which did not depart greatly from 0.5) were
estimated.
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that according to the sister-strand-crossing over model, the sum (V) of all the
viable types derived from presumptive X-bearing ova is

V =Y%E, T LE, + RE; + c.(YWE, + %E,),
while that of the lethal classes, L, is

L=14E,+ 34E, + 5%%E, — c.(W4E, + 1BE,).
Thus, the difference

L~V = (%E, +LE,) (1—c.),

which will be 0 when ¢, =1 or E, = E, = 0, and otherwise positive. In other
words, the viable classes must always be equal to or less than the lethals. How-
ever, from Table 7 it can be seen that the viable classes exceed the lethals, or
regular patroclinous males minus the viable classes, by 897 (2916 — 2019) for
C(1)TR94~1 and by 742 (1786 — 1044) for C(1) TR94-2.

Thus, as with single rings (Morcan 1933; Novrrski 1951, 1955) and reversed
compound rings (SAnpLER 1957) in Drosophila, tandem rings produce progenies
inconsistent with the assumption of sister-strand crossing over but consistent with
those of the orthodox rules.

It has already been shown that the exceptional patroclinous male class, which
results from the fertilization by XY-bearing sperm of presumptive X-bearing ova
that did not receive an X chromosome, must come from products that would have
been lethal had they received an X centromere. These products are the triple-
ring and the three classes of double second anaphase bridges (see Table 2). How-
ever, since ¢, in these experiments was virtually unity, the probability that the
presumptive egg nucleus will receive a triple ring, 14 (1—c¢.)E,, is close to zero,
and the exceptional patroclinous males must therefore come largely from the
second anaphase bridge classes. It is now of interest to inquire from what type or
types of bridges, and with what frequencies, nullo-X eggs are produced. To gain
insight into this question, it is desirable to examine the frequency of exceptional
patroclinous males coming from tandem ring derivatives in which either the
exchange distribution or the array of lethal products or both are altered. To this
end, females carrying C(1)TR94-2 were irradiated with approximately 2000r
of X rays and their daughters were testcrossed so that we could look for induced
stabilizations of the compound (i.e., for compounds producing few or no single
rings). Seven stable compounds were recovered, and they were analysed cyto-
logically to ascertain the cause of the stability.

Five of the stable derivatives were identical, and each exhibited a small inver-
sion-like loop extending from 1F to 5E. From the very low incidence of single-
ring generation and from the fact that the single rings formed always carried
In(1)1F;5E, we can infer that the stabilizing event was an asymmetrical ex-
change between the 1F region near the centromere and the 5E region near the
interstitial heterochromatin. This exchange produced a ring of the salivary chro-
mosome constitution

[1A—5E|1F—1A | 20— 5E|1F—20).
Here the centerpoint designates the position of the centromere, and the vertical
lines new associations. This configuration is convertible to a single ring by an
exchange in region 1F-5E and reversibly convertible to other double-ring con-
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figurations by other types of exchange (see Novirskr and Braver 1954) . Recovery
of five identical stabilizations indicates a premeiotic origin, either spontaneous or
induced. We designate this compound C(1)94-2A.

A sixth stable derivative, C(1)94-2E, carried a complicated duplication in
region 10-11, which has so far proven refractory to salivary analysis.

The seventh stabilization is a reversed ring, C(1)RR94-2F, which apparently
arose by asymmetric exchange between the interstitial heterochromatin and the
region of the pericentric heterochromatin between 1A and the centromere. Thus,
the two X’s are joined at their left ends by interstitial heterochromatin and at
their right ends by the centromere.

Finally, an eighth spontaneous stabilization, C(1)A, was recovered by H
ARMENTROUT; it apparently arose through an asymmetric crossover between the
component arms of C(1)TR94 in region 6F2-7A1, producing a ring of the
salivary chromosome constitution

11A—6F2|6F2—1A|-20—7A1|7A1—20|.

In addition, mitotic chromosome analysis has shown that all stabilizations are
still ring chromosomes.

The results from crosses of females carrying these stabilized compounds,
both with and without y+-Y, are compared in Table 10 with the data from
C(1)TR94-2, the tandem ring from which the stabilizations were derived. The
degree of stabilization is evident from the reduction in the size of single-ring-
bearing classes which is accompanied by increased recovery of double-ring-bear-
ing females. The proportion of double rings recovered in every progeny from
stabilized C(1) /y*-Y" females exceeds the 509, maximum that can be expected
from the sister-strand exchange model which results when E, = 1 and one-half
the double rings are lost by sister-strand exchange. A comparison of the results

TABLE 10

The results from crosses of females carrying the various stabilized double-ring derivatives of
C( 1)TR94-2 with and without y+ - YL by XY, y B/0 males. For comparison, the
data from C(1)TR94-2 (Tables 6 and 7) are also given

Progeny
Regular Exceptional

Constitution of patroclinous patroclinous males C(1) R(1) R(1)/+

parental female males No. Percent females males females
C(1)TRHM4-2/y+ - YL 2830 393 14 558 1014 1238
C(1)TR4-2A/y+ . YL 19737 2025 16 12183 54 114
C(1)TR942E/y+ . YL 3069 366 12 1753 23 247
C(1)RR94-2F/y+ . YL 5158 544 11 2701 0 0
C(1)TR94-2/0 8549 o . 992 706 1305
C(1)TR94-2A/0 12117 S . 7000 85 124
C(1)TR94-2E/0 1185 S . 720 8 54
C(1)RR94-2F/0* 2112 S . 923 0 0
C(1)A/0 831 o . 416 0 0

* Data from Sanprer (1965).
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from the various lines reveals that in these chromosomes, which must have vari-
able tetrad distributions as well as different arrays of bridge products, the inci-
dence of exceptional patroclinous males is effectively constant, varying only from
11 to 149 This constancy provides further evidence that nullo-sex-chromosome
ova do not arise regularly from any particular class or combination of classes of
meiotic products that would otherwise be viable, and these ova must therefore
come from the anaphase bridge classes. ‘

Moreover, since the various ring types tested produce structurally different
kinds of bridges (e.g., reversed rings produce only 2:2 bridges, whereas tandem
rings produce 1:1, 2:1, and 3:1 bridges), the constant frequency of exceptional
patroclinous males implies that no one type of bridge regularly gives rise to
nullo-X ova, but rather that these ova come from a fraction of all (or most) bridge
types. Since total bridges (see Table 2) are 14E; + 34E. for tandem rings and
W E, + 1% E, for reversed rings (Novrrskr 1954), it is evident that this total will
not vary greatly with exchange distribution (even though the classes will change)
provided that E, is low. This relation explains the constancy of the exceptional
patroclinous male class, even where the exchange distribution varies. Also, from
the estimates of £, and E, and the observed number of exceptional patroclinous
males, it follows that 389 of the bridges from C(1)TR94-1 and 449 of those
from C(1)TR94-2 produce nullo-X eggs.

Analysis of C(1)TR/0 Data

In crosses of C(1)TR/y+-Y™ females, the y+-Y:-bearing eggs (which are re-
covered as regular patroclinous males) give a measure of the expected total of
presumptive X-bearing ova; that is, they represent the class with which all other
classes are compared. In C(1)TR/0 crosses, the patroclinous male class contains,
in addition to the presumptive Y-bearing ova (i.e., the presumptive non-X-bear-
ing ova), presumptive X-bearing ova from which the X has been lost, making a
rigorous analysis impossible and others hazardous. While this difficulty is present
in any cross involving compound X’s, it is especially troublesome in the case of
the tandem ring because (1) as has been shown in the preceding section, a sub-
stantial fraction of the second anaphase bridges gives rise to nullo-X eggs, and
(2) the absence of y*-Y* evidently has a drastic effect on the exchange distribu-
tion, making it impossible to utilize the estimates of E; from C(1)TR/y+-Y*
crosses.

This latter point follows directly from the fact that the frequency of homozy-
gosis is a direct measure of double exchange and is sharply reduced in the absence
of the homolog (Table 11). That this is a real effect on exchange and not indica-
tive of strand preference or chromatid interference is indicated by the same reduc-
tion seen in the frequency of transposition in the absence of y*-Y¥ (see measure-
ments of recombination above). Although this effect is sufficient to indicate that
the absence of a homolog in the TR-bearing female affects the exchange distribu-

tion by reducing E,, it provides no information on the concomitant changes in
E.and E,.
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TABLE 11

The effect of the presence of y+-YL in the compound-bearing female on the frequency
of homozygosis in tandem compound ring X chromosomes

L Percent homozygosis* for
Constitution of

parental female cv sn v g sd
C(1)TRY94-1/0 0.8 0.7 2.2 1.2 1.1
C(1)TR94-1/y+-YL 2.3 2.7 4.7 3.6 1.6
C(1)TR94-2/0 0.9 0.6 2.5 1.9 1.0
C(1)TR94-2/y+.YL 2.2 4.0 5.3 42 27

* Homozygosis is computed here as the number of females homozygous for the marker divided by the total number of
TR-bearing females.

It has been noted previously that reversed acrocentric compound X chromo-
somes (SANDLER 1954) and reversed compound ring X chromosomes (SANDLER
1957, 1965) also show a markedly reduced frequency of double exchange tetrads
in C(1)/0 as compared to C(1)/y*+-Y* females. In the case of reversed acrocen-
trics, this effect is seen in those compounds that also show an abnormal exchange
distribution characterized by a deficiency of rank 1 tetrads. But when the long
arm of the Y chromosome is appended as a second arm to the reversed acrocentric,
both the abnormal exchange distribution and the effect of the homolog on ex-
change disappear; this suggests that the two effects are causally related (SANDLER
1958). However, both the tandem ring compounds analysed here and the deriva-
tive reversed ring, C(1)RR94-2F (Sa~prEr 1965), exhibit nearly orthodox tetrad
distributions, although showing a marked effect of the homolog on exchange.
Apparently, then, the two anomolous phenomena are causally distinct, and the
Y arm on the reversed acrocentric affects both of them.

Yet another complication exists in the analysis of results from C(1)TR/0
crosses. It has been shown by Linpstey and SanNpLER (1965) that single ring X
chromosomes, newly generated by tandem metacentrics (including the tandem
metacentric from which these TR’s were produced), are lost with a variable
frequency with the consequent production of nullo-X eggs. In the present analy-
sis, this has the double consequence of adding yet another unknown component
to the patroclinous male class; and at the same time, reducing the single ring
class, rendering it unusable, in a simple way, for computing exchange values.

Finally, and for reasons completely unknown to us, C(1)TR94-1 and C(1)
TR94-2, although behaving alike when tested with y*-Y™, behave quite differ-
ently in the absence of a homolog. A part of this difference—specifically, the
relative recovery of patroclinous males:compound-bearing females:single-ring-
bearing females—can be explained in terms of differing amounts of single ring
loss; this will be shown below. However, we must also consider the very curious
difference in the recovery of single rings in females as compared to male in
C(1)TR94-2. This difference is seen both in the extensive data given in Table 8
and in the initial female (94-2) whose progeny are recorded in Table 5. This
effect is especially peculiar because the ratio of single rings recovered in females
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as compared to males represents the viability of the rings in the two sexes and/or
the ratio of XY-bearing to nullo-XY sperm from the male. Because the latter is
almost certainly approximately 1:1, it appears that a large proportion of the
generated single rings are not recoverable as sons from C(1)TR94-2/0 females.
The reduced recovery of single-ring-bearing sons cannot, however, be explained
by the presence of a lethal that has appeared in the C(1)TR94-2 stock, because
(1) the markers from the TR appear in single-ring-bearing males with the ex-
pected frequencies relative to one another and (2) the deficiency of ring-bearing
males seen in the progeny of the original C(1)TR94-2/0 females (Table 5) dis-
appears when y*+-Y" is introduced into the female (Table 7).

If this last effect is ignored (i.e., if the single-ring-bearing females are used as
a measure of the recovery of single rings), then it is possible to interpret the
C(1)TR/0 data by assuming that (1) there is a probability of single ring loss
leading to nullo-X eggs that is peculiar to each line and occurs only in the absence
of a homolog, (2) ¢; = ¢, = 1, as was the case when y+-Y was present, and (3)
the probability that a second anaphase bridge will give rise to a nullo-X egg is
the same as when y+-Y* was present (38% for C(1)TR94~1 and 449 for C(1)
TR94-2; see above).

From the equations given in Table 2, if we allow ¢; = ¢, = 1, r to be the fraction
of second anaphase bridges that give rise to nullo-X eggs and s to be the fraction
of loss of newly generated single rings (also leading to nullo-X eggs), then

Nonhomozygous-TR-bearing females = E, + 14E,

Homozygous TR-bearing females = 14E,

Single-ring-bearing females = (1—s) (KE, + 3%E,)

Patroclinous males = E; + E, + E, + r(1KE, + %E,) + s(%RE, + R%E,).

Solving, we find for the case of C(1)94—1, where r = 0.38: E, = 0.24, E, = 0.68,
E,=0.08, and s = 0.09, and for the case of C(1)TR94—2, where r = 0.44: E, =
0.14, E, = 0.79, E. = 0.06, and s = 0.50.

Thus, it can be seen that the C(1)TR/0 data are interpretable in terms of
single ring loss. However, it is again evident that in the absence of a homolog,
C(1)TR94-1 and C(1)TR94-2 differ markedly; here the difference lies in the
amount of ring loss that one must assume (it is nevertheless interesting that the
two tetrad distributions remain similar, as was the case when y Y was present).
Since both lines arose from the same tandem metacentric compound X chromo-
some by an exchange between the tips of the elements (see Figure 2). we can
conclude that the difference between them must reside in the interstitial hetero-
chromatin and, further, that one or both of the TR’s arose by a heterochromatic
exchange.

In previous investigations of the fate of second anaphase bridges from tandem
metacentric compound X chromosomes, it was concluded that they are always,
or almost always, lethal. Bridges from tandem metacentrics are either two centro-
meres connected by one chromatid strand or a 1:1 double bridge of the same con-
stitution as the 1:1 bridge produced by tandem rings. In the case of tandem rings,
it is clear that some 409 of the bridges in general are not lethal but instead give
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rise to nullo-X eggs. To reconcile these two observations it is necessary to suppose
that either the nonlethal double bridges in the tandem ring are a fraction of only
the 2:1 and 3:1 types or that a fraction of the 1:1 double bridges in tandem meta-
centrics behaves as Novitsgl (1955) postulated (i.e., give rise to nullo-X eggs).
The inclusion or exclusion of a fraction of the 1:1 bridge class as nullo-X eggs
would not materially affect the calculations presented in the case of either tandem
metacentrics or tandem rings.

Finally, it should be noted that tandem rings, in common with single and
reversed rings, are recovered with a much reduced frequency in females homozy-
gous for 3G, an autosomal recessive that eliminates meiotic exchange (SANDLER
1965). It seems, in fact, that in a variety of circumstances (e.g., with ¢3G, in the
absence of a homolog, and from particular constructions) tandem compound ring
X chromosomes are transmitted with a reduced frequency. What, if anything, is
common to these circumstances is completely unknown.

We are most grateful to Mgs. AveriL RoseNFELD and to Mr. Josepr Orem for all the hours
they spent helping to collect the data presented here.

SUMMARY

Well-marked tandem compound ring X chromosomes were synthesized and
their behavior studied. The results lead to the following conclusions: (1) Tandem
rings of different origin have different probabilities of transmission; rings with a
common origin have the same transmission probability. (2) The data are con-
sistent with the conventional rules of crossing over and inconsistent with the
LinpeGREN-ScuwarTz model of sister-strand crossing over. (3) Tandem rings
exhibit an exchange distribution similar to those of free X’s, attached X’s, and
tandem acrocentric and tandem metacentric compound X chromosomes. (4) As
with other tandem compounds, when a single X separates from a compound
double or triple X chromosome at second anaphase, it is included in the functional
egg nucleus with a probability close to or equal to one. (5) Approximately 409
of the double second-anaphase bridges are excluded from the functional egg
nucleus, producing nullo-X eggs. (6) The data are such as to exclude, at least
when the compound-bearing females carry a Y chromosome, any significant loss
of single or double rings due to the formation of interlocked complexes. (7) The
presence of a Y chromosome in the compound-bearing female results in a dou-
bling of the frequency of two-exchange tetrads as measured by homozygosis. (8)
In the absence of a Y chromosome, the fraction of recovered tandem rings and
derivative single rings changes; a model based on the loss of newly generated
single rings is consistent with the data.
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