tracks (Fig. 1) show that the character of
the magnetic anomalies is generally
smoother and of longer wavelength for
the approximately east-west trending
tracks than for the north-south trending
tracks.

The Mesozoic sequence of magnetic
anomalies from M9 (~ 121 million years
old) through M25 (~ 153 million years
old) are symmetric about a ridge formed
at the time of anomaly M9. These seg-
ments appear to be offset left-laterally
from east to west and to be normal to the
Davie fracture zone, but more magnetic
data is required to confirm this and to
determine if oblique sea-floor spreading
occurred. The Jurassic magnetic quiet
zone is observed on both sides of the
ridge axes landward of magnetic anoma-
ly M25. We identified a large amplitude
magnetic anomaly on both landward
sides of the Jurassic quiet zone. This
anomaly may represent the ocean-conti-
nent boundary, as has been proposed for
similar magnetic anomalies bordering
other passive continental margins [for
example, the magnetic anomaly off east-
ern North America (/8) or anomaly G
bordering the South Atlantic margin
(19)]. The magnetic anomalies are dis-
turbed in places by seamounts and is-
lands in the southern part of the basin.
Some of the islands have experienced
volcanism since the Miocene (20).

The magnetic data point to the motion
of Madagascar relative to Africa being
from the north, with the Africa-Mada-
gascar separation beginning during the
time of the Jurassic quiet zone (~ 165
million years ago) and ending at a time of
formation of anomaly M9 (~ 121 million
years ago). The Africa-Madagascar sepa-
ration thus began at about the same time
as the breakup of Gondwanaland and the
separation of North America from Afri-
ca. We used the Mesozoic time scales
(21) for dating these anomalies, and de-
rived half-spreading rates of 1.7 to 1.8
cm year~!. We note that the results of
recent deep sea drilling in the North
Atlantic on the older parts of the Meso-
zoic sequence may reduce the age as-
signed to magnetic anomaly M25 and the
Jurassic quiet zone (22) and hence in-
crease the spreading rates.

Deep Sea Drilling Project (DSDP) site
241 (23) is located on the lower continen-
tal rise off northeastern Kenya and
southeastern Somalia in the Jurassic qui-
et zone and just landward of magnetic
anomaly M25. A multichannel seismic
section from our recent Vema cruise
across this site (24) is shown in Fig. 3.

Relative motion between Madagascar
and Africa ceased ~ 121 million years
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ago, about 25 million years before cre-
ation of the purple reflector [Early Sen-
onian (Fig. 3), corresponding to the age
of the oldest sediment recovered during
drilling]. Schlich et al. (25) and Simpson
et al. (23) conclude, primarily from the
drilling results, that the continental mar-
gin off northeastern Kenya and south-
eastern Somalia has been evolving pas-
sively for at least the last 90 million years
and argue that it is unlikely that Mada-
gascar occupied a position adjacent to
that part of Africa during those 90 million
years. Our marine magnetics data and
seismic analysis are in good agreement
with these drilling results (23, 25).
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Fragile Sites in Chromosomes: Possible

Model for the Study of Spontaneous Chromosome Breakage

Abstract. The tissue culture condition that is required for the type of chromosome
breakage seen at most fragile sites, namely, the absence of folic acid and thymidine
in the medium, greatly enhanced micronucleus formation in proliferating lymphocyte
cultures from normal individuals. This suggests that chromosome breakage at fragile
sites and the apparently spontaneous damage that gives rise to micronuclei are

controlled by the same mechanism.

Fragile sites are heritable points on
human chromosomes. Expressed as non-
staining gaps during metaphase, they are
places where the chromosomes are very
susceptible to breakage (I). The best

evidence for this phenomenon is the for-
mation of multiradial figures at meta-
phase, which arise from breakage and
malsegregation of the chromosome frag-
ment distal to the fragile site (2). Fragile
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sites can be detected in preparations of
lymphocyte chromosomes if the lympho-
cytes are grown in a tissue culture medi-
um that is deficient in folic acid and
thymidine (1).

Chromosome breakage in proliferating
cells gives rise to micronuclei (3). The
finding that micronuclei may appear
more often in individuals with fragile
sites than in individuals without them
suggests that chromosome fragments re-
sulting from breakage at such sites are
eliminated by micronucleus formation
(4). We report that, in lymphocytes from
normal individuals, more micronuclei
are formed when the cells are grown in
medium lacking folic acid and thymidine
than when they are grown in medium
containing either of these compounds.

Blood from healthy volunteers was
used to establish lymphocyte cultures.
Each culture contained blood (0.2 ml),
phytohemagglutinin (0.1 ml), penicillin
(100 U/ml), and 5 ml of minimum essen-
tial medium free of folic acid and thymi-
dine and supplemented with S percent
fetal bovine serum (/). Replicate cultures
were grown in this medium or in the
same medium containing folic acid (5
mg/liter) or thymidine (10 mg/liter). After
5 days micronucleus frequency reached
a maximum (4) and the cells were har-
vested by standard techniques. Slides
were randomized and coded and micro-
nucleus frequency was determined by
examining 500 interphase nuclei per cul-
ture. Only nuclei that showed evidence
-of blastic transformation were counted.

The average frequency of micronuclei
in lymphocytes grown in medium with-
out folic acid and thymidine was 4.4
percent, compared to 0.4 percent in me-
dium with folic acid or thymidine (Table
1). Micronucleus frequency varied in ac-
cordance with the concentration of folic
acid and thymidine in the culture medi-
um (Fig. 1). The dose-response relation
is very similar to that seen for the

Table 1. Frequency of occurrence of micronu-
clei in cultured lymphocytes from normal
volunteers. The lymphocytes were cultured
for 5 days in minimum essential medium con-
taining folic acid (FA; 5 mg/liter) or thymidine
(T; 10 mg/liter), or neither. Values are per-
centages.

Do- Nei-
nor Age Sex FA T ther
1 12 F 1.7 0.9 6.6
2 23 M 0.2 0.6 6.

3 32 F 04 0.0 4.4
4 40 F 0.0 0.0 1.0
5 18 F 0.2 0.6 3.6
6 22 F 0.0 04 3.4
7 55 F 0.4 0.2 2.9
8 37 F 06 04 5.8
9 35 M 0.2 0.6 5.0

Mean 0.4 0.4 4.4

expression of fragile sites under identical
culture conditions (1).

The influence of culture medium com-
position on spontaneous (5) and induced
(6) chromosome breakage has been doc-
umented but has not generally been rec-
ognized to be of the magnitude reported
here. An increase in the frequency of
random and nonrandom gaps and breaks
has been reported in chromosomes of
lymphocytes cultured under conditions
suitable for fragile site expression (7-9).
Some of the more common nonrandom
damage includes gaps and breaks at
Iqter, 2923, 3pl4, 6q26, 9ql13, and
13gter. These regions can mimic true
fragile sites but have not been shown to
be heritable or to give rise to the triradial
figures that characterize fragile sites, and
they are usually seen in only a small
portion of chromosomes in metaphase
(9). Investigators of chromosomal aber-
rations or micronucleus formation will
need to take the concentration of folic
acid and thymidine in the culture medi-
um into account.

The suppression of chromosome dam-
age in lymphocytes cultured under the
same conditions that suppress the

5
[&]
>
c
g,\ A, &, — Volunteer 8
ES o, o, ——— Volunteer 9 .
5 2 Fig. 1. Relation between mi-
>.fé cronucleus frequency in 5-
g day-old lymphocyte cultures
qg’ and concentration of folic acid
2 “w. and thymidine in the medium
w o for volunteers 8 and 9.
S = A
0 T T T T T T T T 1
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T T T T T T T
o] 2 4 6
Thymidine (mg/liter)
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expression of fragile sites suggests that a
similar mechanism underlies both the
chromosome damage resulting from frag-
ile sites and the apparently spontaneous
damage exhibited by normal individuals.
Expression of fragile sites probably de-
pends on a reduced amount of thymidine
monophosphate during the late stages of
DNA synthesis. This can be achieved by
reducing the concentration of folic acid
and thymidine in the culture medium to
virtually zero (/); by adding methotrex-
ate, an inhibitor of folate metabolism, to
folic acid—containing medium (/0); or by
adding fluorodeoxyuridine, an inhibitor
of thymidylate synthetase, which con-
verts uridine monophosphate to thymi-
dine monophosphate (/1, 12). This inhi-
bition can be overcome by adding excess
thymidine but not excess folic acid (/7).
Perhaps there is a general class of chro-
mosome breakage, of which the heritable
fragile sites are special cases, that results
from a deficiency of DNA precursor
substances. Further studies of the mech-
anism by which heritable fragile sites are
expressed may lead to a wider under-
standing of the mechanisms of spontane-
ous chromosome damage.
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