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ABSTRACT

Genetic organization at the base of the X chromosome was studied through
the analysis of X-ray-induced deficiencies. Deficiencies were recovered so as
to have a preselected right end “anchored” in the centric heterochromatin to
the right of the su(f) locus. “Free” ends of deficiencies occurred at any of 22
intervals in Section 20 and in the proximal portion of Section 19 of Bridges’
(1938) polytene chromosome map. The distribution of 130 such free ends of
deficiencies induced in normal, In(?)sc?, and In(1)w™* chromosomes suggests
that on the single section level, genes are flanked by “hot” or “cold” sites for
X-ray-induced breaks, and that occurrence of the hot spots is dependent on
their interaction with the fixed-end sites in the centric heterochromatin. In
the light of these results, it is argued that long heterochromatic sequences
separate the relatively few genes in Section 20, and thus endow it with sev-
eral characteristics typical of heterochromatic regions. Section 20 is con-
sidered to be a transition region between the mostly heterochromatic and
mostly euchromatic regions of the X chromosome; the differences between
them are suggested as being merely quantitative.

FINE—structure analysis of the chromosomal level was used to define a long

array of linearly arranged complementation units at the base of the X chromo-
some for mutagenic analysis of X-ray and EMS-induced lethal mutations
(LirscayTz and Fark 1968, 1969) and in the characterization, by means of
recombination, of two short subsegments on both sides of the boundary between
Bridges’ (1938) polytene chromosome Sections 19 and 20, (Lirscmyrz 1971,
1975). In this article, analysis of the distribution of X-ray-induced deficiency
breaks at the base of the X chromosome will be presented in order to reveal the
arrangement of heterochromatic and euchromatic sequencies in a short chromo-
some segment,

Section 20, the base of the Bridges’ X-chromosome map, has been the subject
of several studies concerned with the genetic organization of chromosomes. Kaur-
MANN (1946) and Cooper (1959) assigned to this section a heterochromatic
nature, primarily because of its conspicuous high breakability. Cooper called
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upon cytological evidence regarding the location of aberration breakpoints in
mitotic and polytenic chromosomes to establish this point. Recently, ScHALET
and LErevre (1973) reopened the question of the heterochromatic nature of
Section 20. On the basis of their cytogenetic study of lethal complementation
units and deletions that map to Section 20 (20A to 20D-E), they argue that this
Section should no longer be considered heterochromatic, and the polytene
chromosome heterochromatic-euchromatic junction, if any, is located at or proxi-
mal to 20D-E. However, I have suggested (Lirscuyrz 1971) a working hypoth-
esis according to which no heterochromatic-euchromatic junction at all exists,
and that the base of the X is composed of heterochromatic segments of different
lengths alternating with euchromatic ones. This hypothesis was based on the
detection of a “hot spot” for X-ray-induced breaks in the middle of a region
that encompasses the 30 most proximal genes in the X chromosome. This “hot
spot” was surmised to be associated with a comparatively long, intercalary het-
erochromatic segment that, through ectopic pairing, forms a ‘“site” for X-ray-
induced chromosome breaks and reunions (Lirscayrz and Farx 1968).

If this hypothesis is valid, one should be able to show that (1) more than one
“hot spot” is intercalated in Sections 20 and 19, and (2) the preferential break-
point is indeed dependent on a heterochromatin-heterochromatin interaction.
Implied in this hypothesis is that in addition to “hot-spots,” “dead” spots occur
that are more or less refractory to X-ray breakage. Experiments will be described
that fulfil these prerequisites.

Deficiencies at the base of the X chromosome were selected so as to have their
right ends fixed in the proximal heterochromatin to the right of su(f) (suppressor
of forked). The distal breakpoints were allowed to occur in any of 22 contiguous
intervals as defined by lethal gene mutations to the left of su(f). The distribution
of the distal “free” ends was studied in a normal-sequence X chromosome and
in two different inverted chromosomes (see Figure 1).

In(1)sc® and In(1 )w™*, the inverted chromosomes, differ from the normal with
respect to the position of the proximal heterochromatin in which the preselected
(fixed) end break may occur. In(1)w™* also differs in respect to the amount of
heterochromatin available for the induction of the fixed-end breaks (Figure 2).

MATERIALS AND METHODS

The following Drosophila strains were used:
(a) Marked chromosomes: y; ¥? f su(f); y2sc;we f su(f).
(b) Inverted chromosomes and balancers: In(1)scé, sct; In(1)w™4, y w™; FMé6; In(1)dl-49.
(¢) Y-chromosome derivatives: Ymal+; y+mali26; BSY; w+Y.
(d) In(1)sctlsceR, dI49, y w® B, This bb~ inverted chromosome was used to classify su(f)-bb~
deficiencies.
For detailed descriptions of the mutants and chromosomes, see LinpsLey and Grern (1968).
Recovery of Df(1) su(f) mutations: Although su(f) males and females are phenotypically
normal, it was found (LinpsLey and GreLL 1968) that the Df(1)su(f)/su(f) genotype is char-
acterized by such visible phenes as narrow and rough eyes, spread wings and confluens-like wing
veins, fine bristles and late emergence, as well as low viability. Thus, su(f) deficiencies could
be easily and directly recovered among the F, progeny of X-irradiated males. Accordingly,
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Freure 1.—The distribution of 130 “free ends” of su(f) deficiencies. Sections 19E-F and 20.

(a) Intergenic intervals defined by lethal gene mutations. Su(f) marks the most proximal
interval. Order of genes that is not evident from overlapping deficiencies (e.g., X-3, P19) con-
forms to that of ScrareT and Lerevre (1973).

(b) Parallel arrangement of polytene chromosome sections after Scwarer and LEFEVRE.

(c) Schematic visualization of “heterochromatic” and “euchromatic” sequences in Section 20.
Significance of comparisons.

(1) The differences between the number of breaks in Section 20 vs. 19 in the three chromo-
somes, excluding interval 11 breaks.

For the normal chromosome p < 0.01 (x,2 =7.54) for In(1)sc® p < 0.05 (x,2=—4.07)

and the w™4 p < (x,2 = 15.003.

(2) Since there is no question as to the hot spot in interval 11, breaks in this interval were
excluded from the calculation. Even so, on the assumption of an expected Poisson distribution,
p = 0.0074 for getting a zero-break site in Section 20 and p < 0.0001 for three zeroes in this
Section. p < 0.005 for having a site with 15 breaks or more. If the three zeroes are excluded
(and the expected number of breaks per site is 6.75), p < 0.05 for getting 15 or more breaks in
any of the remaining 8 intervals.

(3) Homogeneity test for the distribution of breaks in normal and In(f)scs chromosomes in
Section 20 yields (x,2 = 14.497) p < 0.005.

(4) Comparison of interval 11 breaks in the normal and In({)w™+ chromosome: 21 out of
41 breaks in the normal and 3 out of 18 breaks in the w™* chromosome. p < 0.025 (x,2 = 6.129).

¥?sc/Y and In(1)sc8/Y males were X-rayed and crossed en masse with y® fsu(f) females.
X-irradiated In(1)w™+ males were crossed with w® f su(f) females. Two- to four-day-old males
irradiated with 3400r were used throughout. Parents were discarded after four days. Recovered
Df(1)su(f)-bearing chromosomes, almost all of which are lethal, were balanced to either FMé
(for the normal sequence) or In(1)dl49 (for the inverted chromosomes). The Df(?)su(f) dele-
tions so recovered along with y or sc mutations in the In(f)sc? or w and w-N in In(1)w™*
chromosome were also employed in the study of heterochromatin dominant male-sterility factors
to be reported elsewhere.

Mapping procedure: The left breakpoint of the su(f) deficiency may reside at any point
distal to su(f) and can be accurately determined by allelism tests with lethals located to the left
of su(f) and “covered” by the duplication Ymal+. Some 22 intervals in which breaks could
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Figure 2.—Schematic representation of the normal and inverted chromosomes used in this
study. Heterochromatic blocks are marked after Coorer (1959).

occur were defined by an array of recessive lethal gene mutations previously described
(Lirscuyrz and Fark 1968; Lirscuyrz 1971) (see Figure 1). The fact that very likely not all
possible intergenic intervals were studied does not affect the results, as will be discussed below.
Some corrections of our map have been published (ScHaLer and Lerevre 1973) while other
left-right localizations, e.g., lethal B2/4 vs. W4 or X3 vs. P19 are yet to be established by over-
lapping deficiencies. Important as they are, these uncertainties in no way affect the analysis or
conclusions.

In practice, the mapping of a specific su(f) deficiency involved crossing females heterozygous
for the su(f) deficiency to males hearing known lethal gene mutations covered by Ymal+ and
determining whether the lethal/deficiency heterozygote was lethal or viable.

Some of our earlier nonselected deficiencies such as [(7)B12 (intervals 11-22 in Figure 2)
or [(1)B57 (intervals 16-22) were helpful in the analysis, as were the w+Y duplication, which
covers intervals 1-5 and the y+Ymali2¢6 duplication, which covers all lethals from su(f) to

E54.

RESULTS

Distribution of breaks in a normal sequence chromosome

Among 47 su(f) deficiencies induced in normal sequence X chromosomes (see
Table 1 and Figure 1A B), 40 have their unselected left breakpoints in Section
20 (intervals 1-12). Of these, 21 or 529 of the total number of Section 20
breakpoints, occur in interval 11, the major “hot spot” for X-ray-induced
breaks that had been identified previously (Lirscryrz and Farx 1968, 1969;
Farr 1973). Note, however, that in earlier experiments, deficiencies were not
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preselected, but rather comprised a fraction of unselected lethals covered by
the Ymal+ duplication. In addition to the 21 breaks in interval 11, 19 other
deficiencies had their left breaks located in Section 20. Of the 10 possible intervals
where breakage might have occurred, only four were realized. Intervals 7 and 9
could thus conceivably qualify as minor “hot spots” secondary to the major one
in interval 11. No less important is the fact that certain intervals appear to be
refractory to breakage, e.g., 5, 8 and 10. Only seven deficiencies extended to the
left of interval 11, and one of these mapping in interval 12, might yet be in
Section 20. Of the remaining six, four were located in interval 18 and two have
their ends distal to the mapped region. Although the number of deficiencies
recovered in this part of Section 19 is insufficient for a firm conclusion, there is
a definite suspicion that a “hot spot” exists in interval 18 (Figure 1).

Is there any kind of selection that tends to favor certain types of deficiencies?
In a region where deficiencies exist for all subsegments, we cannot invoke haplo-
msufficient genes. Length of deficiencies will not serve either. For a deficiency
with a nonselected end at unit 11, there were available 10 shorter locations to
choose residency. For those ends residing in units 7 or 9, five other intervals
closer to the fixed end were available, but obviously rejected.

Another source of error could be the unsaturated map we have employed.
In its extreme, this argument bears the possibility that about 20 “hidden” genes
are located within the limits of the main ‘“hot spot” in unit 11. This is nearly
impossible in the light of the extensive mapping (more than 200 mutations)
that took place. Moreover, ascertaining the “hot spots” as being heterochromatic
segments is more dependent on the lack of breaks in other sites than on their
abundancy in one site. Thus, the arguments still hold if, say, one or more Mende-
lian genes are recovered at interval 10, or more complementation units will
divide the other “hot spots” into two or three breakable sites. In this respect, it
is not important whether between E54 and Q456 there are six complementation
units or only two, since no breaks are located between R9-13 and Q464.

Distribution of breaks in In(1)sc® chromosome

Among 65 deficiencies induced in the sc? chromosome, 51 have their unfixed,
or left ends, in Section 20. Of the 51 Section 20 breaks, 38 (709%) occur in the
major “hot spot” located at interval 11. The distribution of breaks among the
other more proximal intervals of Section 20 appears to be different from that
for deficiencies induced in the normal sequence chromosome (see legend for
Figure 1). Breaks were found to occur in three more intervals, but no preferen-
tial breakage in intervals 7 and 9 is evident. More sc® breaks were found in inter-
vals 12 and 18, two breaks in intervals 14 to 17, but again none in the last four
intervals. Four deficiencies extended to the left of the mapped region.

Distribution of breaks induced in the w™* chromosome

Under the same experimental conditions, the proportion of induced su(f)
deficiencies recovered in w™ chromosome is only one-quarter of that recovered
in the normal and sc¢? chromosomes (see Table 1). Conceivably, this may be due
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TABLE 1

Mutagenic data for the recovery of Df(1)su(f) mutations after exposure of males to 3400r

Number of Percent of Percent
tested Df(1)su(f)  Df(1)su(f) su(f)bb- of breaks
chromosomes mutations studied deficiencies in Section 20
Normal 43,300 92* 47 20% ~90
In(1)sc8 50,230 103* 65 459% ~83
In(1)wm+ 30,544 21 18 —_ 100

*15% of the F, Df(1)su(f)/su(f) females are sterile, about 109 died before eggs were laid,
and some were discarded or not analyzed in this study.

to the shorter heterochromatic region to the left of su(f) available in w™ for
breakage. Moreover, all 18 su(f) deficiencies recovered in this chromosome fall
within the limits of Section 20 and were thus “covered” by the y+Ymal*¢ dupli-
cation (see Figure 1). However, the 18 unfixed ‘“‘ends” distributed themselves
equally among seven intervals. In contrast to the normal and sc¢? chromosomes,
where at least 50% of the unselected breaks were found to occur in interval 11,
only about 159 of w™ deficiencies fall within this major “hot spot.” Clearly,
the distribution of breaks among the potential breakable intervals is strongly
affected by the amount of heterochromatin available for the fixed end and
may well depend on its “state.”

Altogether 130 deficiencies having their “fixed” end in the centric hetero-
chromatin and “free” ends in Sections 19 and 20 were studied. Most of the “free
ends” reside in Section 20, although no selection against longer deficiencies is
operative in this region. When mapping data for all 130 deficiencies are com-
bined, the occurrence of “hot” and “cold” spots in Section 20 is evident. The
incidence of sites with as many breaks, as in intervals 7, 9 and 11, or of sites
with no breaks, as in intervals 5, 8 and 10, cannot be explained on the basis of
chance alone (see legend for Figure 1). The occurrence of the “hot spot” in
interval 18 of Section 19 is significant and most probably identical with the
breakpoint for X-ray-induced fragments detected by Farx (1973) in this region.
The lack of more breaks prevents the identification of other “cold” spots and
minor “hot spots” in Section 19.

DISCUSSION

Susceptibility to breakage and specifically to X-ray-induced breakage and
“ectopic pairing” or “nonspecific pairing” have long been considered charac-
teristics of heterochromatin (HaNNam-Arava 1951; Sman, Lakmotia and Rao
1973). The distribution of X-ray-induced breaks was correlated with ectopic-
pairing regions, and as a result several major “hot spots” along the X chromosome
were considered to be intercalary heterochromatin. Lee (1975) has recently
reviewed the evidence that correlated KaurManN’s (1946) “major” hot spots for
chromosome breakage (and rejoining) with hot spots for hybridization of repe-
titious DNA. If KaurmanN’s major hot spots are envisaged as regions of inter-
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calary heterochromatin, it is legitimate to ask whether shorter sequences of varied
lengths are interspersed among all genes along the euchromatic portion of the X
chromosome. This cannot be studied cytologically, since even the major hot
spots are not resolvable in mitotic chromosomes as heterochromatin. One way to
study the nature of intergenic intervals would be to perform analysis of X-ray-
induced breaks on the fine-structure level.

The analysis of 130 deficiency ends presented here reveals a highly nonrandom
distribution of breaks among genes in Section 19 and 20, thus uncovering sev-
eral hot and cold spots that space single genes.

Since, however, all right-hand breaks reside in the proximal heterochromatin,
the nonrandom distribution alsc indicates an interdependency between the
region in which the “fixed” ends are anchored and the sites where the “free”
ends preferentially reside. This interdependence is further illustrated by a com-
parison of the distribution of breaks in the normal and inverted chromosomes.
The Section 20 breaks in sc* are evenly distributed among the potential break-
points, if interval 11 is omitted from the calculation (see legend for Figure 1).
If the w™ breaks are compared with the normal, the proportion of su(f) defi-
ciencies is drastically reduced in accord with the length of centric heterochro-
matin available to the left of su(f) (see Table 1 and scheme in Figure 1). In
addition, and most important, a significant reduction in the fraction of breaks
in interval 11, which disappears as a hot spot, is observed, and no “hot” spot is
evident among the other potential breakpoints. “Cold” spots, however, remain
as in the other chromosomes.

Interdependence of deficiency end breaks with a resultant nonrandom dis-
tribution could be inferred from data on w-N (white-Notch region, 3C1-2 to
3C7). Of w deficiencies induced in the w™* chromosome, LEFEvRE, RaTTY and
Hanxks (1953) observed that 609 were w-IN and 409 w deletions only (see
Figure 2). Here, only 3—4 euchromatic bands separate w and N, but more than
40 are available for the distal breaks to occur before deletion length reaches a
critical size of 50. Euchromatic deficiencies longer than this are generally domi-
nantly lethal. This highly nonrandom distribution indicates again an inter-
dependence between a breakpoint in the centric heterochromatin and a second
breakpoint between w and N. Indeed, when In(1)zt%% was studied, compara-
tively few w deficiencies could be recovered, while N deficiencies were as
frequent as in normal-sequence chromosomes (M. M. Green, personal com-
munication). In(7)z+%% has its left breakpoint immediately to the right of
white and its proximal breakpoint in 12B (Sorsa, GREEN and BEErmAN 1973).
This, according to my interpretation, deprives the w gene of its flanking inter-
calary heterochromatin.

Thus, the most reasonable explanation of our results is that heterochromatic
(ectopic pairing) segments with various breakability potentials flank small
groups of genes (or every gene) in Sections 19 and 20. The intercalary segments
interact with the heterochromatic blocks to the right of su(f) according to their
length, thereby uncovering “hot” and “cold” spots. We wish to suggest, however,
that such a distribution of hot and cold spots is not unique for Section 20. The
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same pattern will be found all along the chromosome if other Sections are
brought next to a large heterochromatic block to provide one “fixed” end region
and if enough breaks are analyzed. Section 20 is unique only in possessing rela-
tively long intercalary heterochromatic sequences and in being adjacent to a
large heterochromatic block. As expected, analysis of deletions in Section 19 and
20 that have no breaks in the proximal heterochromatin or in the major hot spot
has failed to reveal clustering of breakpoints (G. LeFEVRE, personal communica-
tion). For other Sections brought next to the proximal heterochromatin, identifi-
cation of “hot” and “cold” spots will depend only on the resolving power.
Conversely, were Section 20 located elsewhere, the spaced “minor” heterochro-
matic sequences (in the absence of “fixed” end selection) may well react with
each other or with other flanking sequences, with resulting random or seemingly
random distribution of length. This tendency can be observed in the w”* chromo-
some, where the breaks occur, but no “hot spot” is evident.

Yet the possibility that a hot spot may be the consequence of a highly break-
able sequence within a given gene cannot be eliminated. Moreover, since we
define the breakpoints by complementation test, we do not have positive evidence
that the breakpoint occurs exactly where it is mapped, i.e., between genes rather
than through them. It is possible to envisage a situation whereby the breakpoint
1s associated with a small inversion that also confers lethality so that the allelism
test will be misleading. However, breaks in highly breakable unique sequences
within genes, if they exist, should not be dependent on interaction with hetero-
chromatin, and minute abberations associated with breakpoints would be hard
to demonstrate.

The relations between sequences of different “hot spots” could not be easily
deduced from the cytogenetic studies. In the present experiments the fixed ends
could occur to the left or to the right of 5b. About 209 of all the normal-
chromosome su(f) deficiencies and 45% of the sc® of the su(f) deficiencies that
are listed in Figure 2 (and Table I) include bb. They thus have their right break-
point in the heterochromatic blocks 74 and AB. Yet the distribution of their
distal breakpoints is completely similar to that of su(f) nonbb deletions (i.e.,
those occurring in block hC and hD). No preference for a particular hot spot on
the X chromosome by any of the autosomal breakpoints is indicated by Kaur-
MANN’s study of X-A translocations nor by LiNpsLEY’s analysis of a nonselected
class of established X-A (Lindsley 1965) or X-Y translocations (NicoLerTI and
Linpsiey 1960). In fact, hot spots on the X chromosome for X-Y and X-4 trans-
locations frequently overlap. Similarly, Coorer (1964) observed that blocks hB
or hC and hD are nearly symmetrically paired with the ¥ chromosome during
meiosis, despite the fact that heterochromatin has been shown not to be homo-
geneous in molecular composition (Peacock et al. 1973) or staining properties
(Hormquist 1975) and, moreover, to share families of repeated sequences with
other euchromatic regions (WeNsINk ez al. 1974). HorLmaquist (1975) rightly
suggested that base composition alone is insufficient to account for all facets of
heterochromatin behavior, and his analysis tacitly supports the notion that the
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differences between the so-called heterochromatin and the so-called euchromatin
are basically quantitative, a conclusion reached also by Coorer (1959). The
difference could be due mostly to the organization (amount and mode of distribu-
tion) of middle repetitive sequences (of whatever base sequence) among the
unique ones,

The heterochromatic nature of Section 20

In the light of what has been discussed thus far, it is justified to re-examine
the conclusion drawn by ScraLeT and Lerevre (1973) that Section 20 is euchro-
matic, that 20E is the approximate location for the eu-heterochromatic junction
and that assignment of breaks by Kaurman~ (1946) or NicorerTiand LiNpsLEY
(1960) to heterochromatin is incorrect. The argument that lethal genes occur
in Section 20 is in itself no evidence for the euchromatic nature of the region,
since su(f) and bb, which, according to these authors, are in heterochromatin,
are not different from other genes, repetitive and otherwise, known to reside in
euchromatic regions. Furthermore, Mendelian genes are known to occur in the
centric heterochromatin of other chromosomes, e.g., Y-fertility factors, It in D.
melanogaster and pe in D. virilis (see CoopEr 1959 for review). Cytologically,
ScuALET and LEFEVRE argue that in the case of ¥** (a s¢® chromosome that was
broken in 20A where the X chromosome was capped by 2L), no centric hetero-
chromatin is observed in orcein-stained chromosomes from ganglion mitoses.
Block hD encompasses ca. 10% of the X chromosome DNA; Section 20 (maxi-
mum 19 bands) is expected, if heterochromatic, to occupy only the distal 10%
of hD; and 20A is only V5 of Section 20. It is hard to see how one can positively
exclude the existence of such a small segment if it were heterochromatic, espe-
cially in a rearranged chromosome. The same criticism applies to their analysis
of y*15, which the authors themselves note that the evidence for lack of hetero-
chromatin is not compelling. Contrary to Coorer (1959), who used the same
technique, ScraLET and LeFEvrE failed to detect any loss of heterochromatin
in Dp(1;f)3 and correctly pointed out (see also LirscmyTz 1971) that the dupli-
cation covers most genes in Section 20. The crucial point, however, is that if
Section 20 is euchromatic, as they argue, they should have presented positive
evidence for the occurrence of the euchromatic portion of this duplication. Thus,
positive proof or disproof of the cytological nature of such a small segment is in
my judgment, beyond the resolving power of the orcein-squash method.

In my view, there is no single hetero-euchromatic junction in Section 20. Long
heterochromatic sequencies of various molecular natures are only seldom sepa-
rated by Mendelian genes (bb, su(f), etc.) in the proximal part of the X chromo-
some. Moving distally, more genes intermingle with the heterochromatic
sequences. some of which replicate to give rise to the cytological picture of Sec-
tion 20 (or B heterochromatin if the reader wishes; Gari 1973). The breaks
assigned by Kaurmann (1946) and Nicorertr and Linpsiey (1960) as het-
erochromatic were probably so, no matter if Section 20 is not a formal part of
the central heterochromatin that is not replicated in polytene chromosomes.
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Being loaded with heterochromatin, Section 20 is a transitional region endowed
with distinctive features of recombination (Lirscuyrz 1975), breakability and
band organization.

I wish to express my appreciation to Pror. M. M. Green for his valuable discussions and
helpful comments on the manuscript, and to Dr. A. BarLzs for his invaluable help in the statisti-
cal analysis.
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