lacking symbionts (14), and more genera of
carbonate platform gastropods became ex-
tinct than did those from other regions and
environments, even within the tropics
(15). These data argue for habitat selectiv-
ity, but only for carbonate platforms and
associated lagoons in the tropics. Certain
microplankton groups also suffered greater
extinction in the tropics than in polar
regions (16), but here too the pattern may
reflect disruption of particular habitats rath-
er than a true latitudinal gradient (17).

Taken together, our analyses indicate
that the end-Cretaceous mass extinction
was a globally uniform event. Although this
result does not verify bolide impact or any
other proposed cause of the extinction, it
does rule out mechanisms having purely
regional or latitudinal effects.
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Interaction of the San Jacinto and San Andreas Fault
Zones, Southern California: Triggered Earthquake
Migration and Coupled Recurrence Intervals

Christopher O. Sanders

Two lines of evidence suggest that large earthquakes that occur on either the San Jacinto
fault zone (SJFZ) or the San Andreas fault zone (SAFZ) may be triggered by large
earthquakes that occur on the other. First, the great 1857 Fort Tejon earthquake in the
SAFZ seems to have triggered a progressive sequence of earthquakes in the SJFZ. These
earthquakes occurred at times and locations that are consistent with triggering by a strain
pulse that propagated southeastward at a rate of 1.7 kilometers per year along the SJFZ
after the 1857 earthquake. Second, the similarity in average recurrence intervals in the
SJFZ (about 150 years) and in the Mojave segment of the SAFZ (132 years) suggests that
large earthquakes in the northern SJFZ may stimulate the relatively frequent major earth-
quakes on the Mojave segment. Analysis of historic earthquake occurrence in the SUFZ
suggests little likelihood of extended quiescence between earthquake sequences.

Historically, large earthquakes have oc-
curred in the SJFZ in 1899, 1918, 1923,
1937, 1954, 1968, 1969, and 1987 (see
Table 1 for source parameters and refer-
ences). These earthquakes were preceded
by the moment magnitude (M) 8 Fort
Tejon earthquake of 1857 that ruptured
~360 km of the SAFZ from near Cholame
to Cajon Pass with 3 to 9 m of right slip (1)
(Fig. 1). At its southeastern end, the 1857
rupture probably terminated in the Cajon
Pass area (1, 2). The SJFZ branches from
the SAFZ in the Cajon Pass area (Fig. 1);
northwest of the pass the SAFZ accommo-
dates right slip of ~3.5 cm year™! (3),
whereas southeast of the pass it accommo-
dates ~2.5 cm year™! (4, 5), with ~1 cm
year~! (6-8) accommodated by the SJFZ.
Although attention previously has fo-
cused primarily on the SJFZ and SAFZ as
separate mechanical entities, structural and
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geodetic evidence clearly shows that the
fault zones are closely linked. For instance,
the 1857 rupture terminated to the south-
east near the area where the SJFZ branches
from the SAFZ; this coincidence has been
appreciated in notions of fault zone segmen-
tation (9-11). In this report, I investigate
the triggering of large earthquakes in either
fault zone by large earthquakes in the other.

The primary data for this analysis are the
recorded dates of occurrence, the epicenters
and rupture lengths, the seismic moments,
and the down-dip rupture widths of large
earthquakes in the SJFZ (Table 1). The
dates and times of occurrence and the
epicenters of the large earthquakes in the
SJFZ were obtained from compilations of
historical accounts of major ground shaking
(12-14) and from the catalog of instrumen-
tally determined earthquake locations as-
sembled by the California Institute of Tech-
nology and the U.S. Geological Survey. In
some cases, the epicenters used are from
relocation studies (15, 16). The rupture
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lengths for the earthquakes were obtained
from reports of surface rupture, aftershock
locations, and source process time where
available. The down-dip widths of the rup-
ture zones were estimated from the hypo-
central depths of the main shocks and from

studies of the seismicity and strain in the
fault zone (17).

When the large earthquakes in the SJFZ
are plotted by origin time and epicenter, a
consistent relation emerges (Fig. 2). From
the northwest end of the fault zone near the

Flg. 1. Map of the SJFZ and SAFZ
in southern California. L.A., Los
Angeles. Modified from (29).
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Flg. 2. Plot of the locations of large
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Table 1. Source parameters of the SJFZ and SAFZ earthquakes dis-
cussed. Dates are given as year, month, day; locations are latitude,
longitude, with degree and minute values given when known; M is

termination of the 1857 San Andreas rup-
ture to near the southeast end of the fault
zone, a line with a slope of 1.7 km year™!
passes through or near seven of the nine
earthquakes plotted, including all of the
largest earthquakes. (The 1923 and 1969
earthquakes, which plot farthest from the
line, are reasonably explained as related to
local stress concentrations at the ends of
the large 1899 to 1918 and 1968 earthquake
sequences, respectively.) One explanation
for this migration is that the 1857 rupture
on the SAFZ initiated a strain pulse at the
southeast end of the 1857 rupture that
propagated southeastward along the SJFZ
and triggered large earthquakes as it passed.
Because not all segments of the fault zone
ruptured after the passage of this strain
pulse, it appears that only those segments
already sufficiently close to failure were
triggered by the transient strain increase.
Segments that did not break may have
broken earlier, independently of this strain
pulse and before it arrived. Such ruptures
may include poorly located earthquakes in
1890 and 1892, which possibly occurred in
the central SJFZ (12).

The 1948 Desert Hot Springs earth-
quake, which occurred on or near the
northern end of the Indio segment of the
SAFZ (13, 18) (Figs. 1 and 2), also oc-
curred at a time and place that are fairly
consistent with triggering by the proposed
strain pulse. This correlation suggests that a
strain pulse traveled along the southern
SAFZ as well but triggered only one earth-
quake.

Earthquake migration has been observed
previously. A famous example is the se-
quence of earthquakes in the strike-slip
North Anatolian fault zone during the years
1939 to 1964 (19-21). The sequence began
with a magnitude (M) 7.9 earthquake. The
westward migration rate of the next three
M 7.0 to 7.4 events, whose rupture zones

moment magnitude; M is magnitude; M, is intensity magnitude; M_is local
magnitude; M, is the moment in dyne-centimeters x 1025, L is rupture
length in kilometers; and Z is hypocentral depth in kilometers.

Date Location M M, Z References
1857, 1, 9* San Andreas M8 ~700 =360 10to 15 (1,2)
1858, 12, 6 San Bernardino M ~6 (12)
1890, 2, 9 Central SUFZ M 6.3 ~15 (12, 32)
1892, 5, 28 Central SUFZ M 6.3 (12)
1899, 7, 22 Cajon Pass Mme.7 (12)
1899, 12, 25* ~33°47', 117° 00’ M 6.7 ~15 255 (12, 32)
1918, 4, 21* ~33° 52, 117° 02’ M6.8 14+5 275 7+5 (13, 14, 32, 33)
1923, 7, 23* ~34° 05', 117° 20’ M6.3 2605 11t018 12+2 (13-15, 32, 33)
1937, 3, 25* 33°27.9', 116° 24.9' M56 05+02 81 3+2 (13, 16, 32, 34, 35)
1948, 12, 4* 33°55.2', 116° 28.9' M_6.5 13 12 (13, 18)
1954, 3, 9* 33°17.7', 116° 10.6' M6.3 24+03 14 9+4 (13, 16, 34-36)
1968, 4, 9* 33°11.4', 116° 07.7’ M6.7 11 +1 36 +3 10 = 1 (32, 37-44)
19609, 4, 28* 33°20.6', 116° 20.8' M57 0.4 0.1 12+2 (34, 44, 45)
1987, 11, 24* 33°00.0', 115° 50.9' M6.6 10.5 + 0.5 27 91 (46-49)

*These dates are plotted on Fig. 2. The other entries may have occurred in the SJFZ, but their locations are poorly known.
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abutted, was ~150 km year~!. However,
the migration rate for the entire sequence of
ten M 5.9 to 7.4 events, which contained
unruptured gaps between some rupture
zones, was ~40 km year™! (21). Also, eight
M 5.9 to 7.3 events migrated eastward from
the initial 1939 earthquake at a rate of <10
km year~! (21). Another migration of large
crustal earthquakes occurred during the
years 1923 to 1970 on the Japanese island of
Honshu. After the M 7.9 Kanto earth-
quake, nine M 6.0 to 7.3 earthquakes
occurred in a generally northward progres-
sive manner, with intervening unruptured
gaps with an average migration rate of ~10
km year—! (22). Other examples of earth-
quake or strain migration in the Japanese,
California, and circum-Pacific regions in-
clude 3 km year~! for M = 5.0 events (23),
20 km year™! for M = 6.0 events (22), 60
km year~! for M 7.5 to 8.3 events (22), 60
km year~! for M = 7.9 events (24), 150 to
270 km year™! for M = 8.2 events (22),
and 20 km year™! for tilt events (25).

The question is whether these observa-
tions indicate the action of a predictable
physical mechanism or are the product of
random chance. Because most migrations of
M = 6 earthquakes were immediately pre-
ceded by great M = 7.9 earthquakes, the
migrations may be a physical result of the
considerable strain release from the great
earthquake ruptures (22). Models of propa-
gating deformation that results from fault
rupture indicate that for propagation speeds
on the order of 100 km year™! or more,
elastic interactions of adjacent rupture seg-
ments in a fault zone will predominate,
whereas at lesser speeds the viscoelastic
properties of the lower crust and upper
mantle play the principal role in the slow
propagation of the deformation front (24,
26, 27). This relation implies that the
observed 1.7 km year™! migration rate of
the historical M 5.9 to 6.8 earthquakes in
the SJFZ resulted from slow strain redistri-
bution by viscoelastic processes in the lower
crust and upper mantle after the great 1857
SAFZ earthquake.

As of 1987, the strain pulse had traveled
to the southern end of the SJFZ; if it
continues propagating southward, the next
major fault it encounters will be the Impe-
rial fault (Fig. 1). The northern half of this
fault ruptured in 1979 and 1940, while the
southern half has not ruptured since 1940
(28). Rupture of the southern Imperial fault
in 20 to 40 years would be consistent with
triggering by the strain pulse.

The earthquake record for the past mil-
lennium on the Mojave, Corrizo, and Indio
segments of the SAFZ has been revealed by
studies at Pallett Creek, Wallace Creek,
and Indio, respectively (Fig. 1). At Wal-
lace Creek, the slip rate has been deter-
mined as 3.4 cm year™!, the surface slip

during the 1857 earthquake was 9.5 m, the
surface slip during the earlier two major
earthquakes was 12.3 m and 11.5 m, and
the calculated recurrence intervals range
from 240 to 450 years (I, 3). At Pallett
Creek, the surface slip during the 1857
earthquake was 4 m and the recurrence
interval for the past nine major earthquakes
averages 132 years (range from 44 to 332
years) (I, 29). At Indio, the recurrence
intervals since A.D. 1000 range from 150
to >300 years, averaging ~250 years (30).
On the basis of the observation that the
Mojave segment (Pallett Creek) experi-
ences major fault rupture about twice as
often but with one-half the surface slip as
the Carrizo segment (Wallace Creek), Sieh
and colleagues (29, 31) proposed that the
earthquake cycle on the Mojave segment
includes alternating Carrizo plus Mojave
and Mojave plus Indio ruptures. That is,
they suggested that the Mojave segment
ruptures twice as often as either the Carrizo
or Indio segments because it is included in
the southern end of Carrizo ruptures and in
the northern end of Indio ruptures.

I suggest another possibility, namely,
that earthquakes in the SJFZ may stimulate
the relatively frequent earthquake occur-
rence in the Mojave segment of the SAFZ.
The geometric continuity of the SJFZ and
the SAFZ near their intersection suggests
that deformation on the northern SJFZ
should influence deformation on the Mo-
jave segment of the SAFZ. To investigate
this effect, I compared the time scales of the
earthquake cycles in the two fault zones. In
the SJFZ the characteristic slip in the sec-
tions that contained the largest historic
earthquakes was ~150 cm (for the mea-
sured moments and rupture lengths and a
rupture depth of 10 km) (Fig. 2 and Table
1), and the long-term slip rate in the fault
zone has been ~1 = 0.2 cm year™! (6-8),
therefore, rupture of these sections should
recur about every 150 + 30 years. If the
historic slip is representative of the slip that
occurs all along the fault zone in one
complete seismic cycle, then all of the
segments of the SJFZ should rupture about
every 150 years. This period is similar to the
mean recurrence interval of 132 years for
rupture of the Mojave segment of the
SAFZ. If on the average of every 150 years
large earthquakes rupture the segments of
the SJFZ that abut the Mojave segment of
the SAFZ, then the concentrated stress
increase could help induce rupture of the
Mojave segment on a similar time scale.

The Anatolian earthquake sequences
during the past two millennia were inter-
spersed with periods of quiescence of ~150
years (19, 20). It appears that the North
Anatolian fault zone ruptures during a rel-
atively short time in a sequence of large
earthquakes and then becomes quiet for an

SCIENCE ¢ VOL.260 ¢ 14 MAY 1993

REPORTS

extended period. In contrast, the historic
record suggests that the pattern on the SJFZ
will be different. During the 90-year period
of 1899 to 1987, scattered segments that
total about one-half of the length of the
SJFZ have ruptured; at this rate all segments
of the fault zone should rupture in less than
180 years. This period is similar to the
~150-year recurrence time calculated
above for rupture of the SJFZ. Thus, at least
at the current rate of segment rupture, we
should not expect an extended period of
quiescence to follow the historic earth-
quake sequence in the SJFZ.
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Detection of HIV-1 DNA and Messenger RNA in
Individual Cells by PCR-Driven in Situ Hybridization
and Flow Cytometry

Bruce K. Patterson, Michele Till, Patricia Otto, Charles Goolsby,
Manohar R. Furtado, Lincoln J. McBride, Steven M. Wolinsky*

Human immunodeficiency virus type—1 (HIV-1) DNA and messenger RNA sequences in
both cell lines and blood obtained directly from HIV-1-infected patients were amplified by
polymerase chain reaction and hybridized to fluorescein-labeled probes in situ, and the
individually labeled cells were analyzed by flow cytometry. After flow cytometric analysis,
heterogeneous cell populations were reproducibly resolved into HIV-1—positive and —neg-
ative distributions. Fluorescence microscopy showed that the cellular morphology was
preserved and intracellular localization of amplified product DNA was maintained. Reten-
tion of nonspecific probe was not observed. Analysis of proviral DNA and viral messenger
RNAin cells in the blood of HIV-1-infected patients showed that the HIV-1 genome persists
in a large reservoir of latently infected cells. With the use of this technique it is now possible
to detect single-copy DNA or low-abundance messenger RNA rapidly and reproducibly in
a minor subpopulation of cells in suspension at single-cell resolution and to sort those cells

for further characterization.

Interactions between HIV-1 and its host
cell extend across a wide spectrum, from
latent to productive infection. The virus
can persist in cells as unintegrated DNA
(1), as integrated DNA with alternative
states of viral gene expression (2), or as a
defective DNA molecule (3). Determining
the fraction of cells in the blood that are
latently or productively infected is impor-
tant for the understanding of viral patho-
genesis and in the design and testing of
effective therapeutic interventions. Deter-
mining the number of infected cells in a
heterogeneous cell population and the pro-
portion of those cells that are transcription-
ally quiescent requires the unambiguous
identification of low-abundance proviral
DNA and viral mRNA at single-cell reso-
lution (4, 5).

Detection of rare cells containing specif-
ic nucleic acid sequences has been con-
founded by the low copy number of the
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target sequence, variation in sequence spec-
ificity, and the inability to isolate these
cells from a heterogenous population. Rare
target sequences can be detected in vitro
with quantitative polymerase chain reac-
tion (PCR) (6, 7), but the product DNA
signal is averaged for the number of input
cells that are lysed; thereby the association
with individual cells is lost. Although con-
ventional in situ hybridization can unam-
biguously identify target sequences in a
single cell, a low copy number target se-
quence may not be detected. The combina-
tion of PCR with in situ hybridization
allows the target sequence to be amplified
above the limit of detection while main-
taining the cellular architecture (4, 5), but
a large number of microscopic fields need to
be surveyed by a trained observer to dem-
onstrate a rare affected cell.

Flow cytometric detection of DNA se-
quences in nuclei has been attained by
means of fluorescein-linked DNA probes
complementary to total genomic DNA (8)
ot highly repetitive chromosome-specific se-
quences (9). Flow cytometry has also been
used to detect fluorescein-labeled probes hy-
bridized in situ to high-abundance a-actin
mRNA (10) or ribosomal RNA (I1) in
populations of cells. The bcr-abl fusion gene
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has been detected in the human K562 my-
eloid leukemia cell line by flow cytometry
after in situ nested-PCR amplification using
fluorescein-labeled primers (12). Unfortu-
nately, multiple amplification reactions,
poor retention of product DNA within the
cell, and the potential for mispriming by this
technique frequently compromise both sen-
sitivity and specificity. Detection of rare
nucleic acid sequences in a minor subpop-
ulation of cells in suspension by flow cytom-
etry has not been demonstrated.

To detect single-copy proviral DNA or
low-abundance viral mRNA in a subpopula-
tion of cells in suspension, we used PCR-
driven in situ hybridization with fluorescein-
linked oligonucleotide probes and flow cy-
tometry. Intracellular DNA and RNA se-
quences were preserved in situ with a
nonaldehyde, noncross-linking, water-solu-
ble fixative [Streck Tissue Fixative (STF);
Streck Labs, Omaha, Nebraska], and the
cell membrane was permeabilized with pro-
teinase K (1 pg/ml). Specific intracellular
nucleic acid sequences were amplified by a
PCR protocol in which bulky digoxigenin-
linked deoxyuridine 5’-triphosphate (dUTP)
was used to produce a product DNA that
remained in place in situ. Product DNA was
then hybridized in situ with an internally
conserved, fluorescein-labeled oligonucleo-
tide probe, and the cell suspension was
analyzed by flow cytometry.

To demonstrate PCR-driven in situ am-
plification of viral sequences in cells in
suspension, we amplified proviral DNA se-
quences in HIV-1-infected 8E5/LAV cells
(13), which contain a single copy of provi-
ral DNA, by PCR with HIV-1-specific
primers and digoxigenin-linked dUTP (14).
The cell suspension containing known ra-
tios of 8E5/LAV cells and uninfected pe-
ripheral blood mononuclear cells (PBMCs)
was centrifuged onto microscope slides that
had been treated with Denhardt’s solution.
Cells were visualized by light microscopy
after immunohistochemical staining (15)
with alkaline phosphatase—conjugated anti-
digoxigenin (Fig. 1A). A 100% sensitivity
and a 98% specificity was attained on the
basis of duplicate 500-cell counts. Each
experiment was done in triplicate. Nonspe-
cific alkaline phosphatase—conjugated anti-
digoxigenin staining was not detected.

The procedure was optimized for hybrid-
ization of fluorescein-labeled oligonucleotide
probes to cells in suspension under condi-
tions of high stringency (10). Oligonucleo-
tides with fluorescein-linked nucleotides po-
sitioned at 10- to 12-nucleotide intervals
were synthesized by phosphoramidite chem-
istry (16). Intracellular product DNA was
hybridized to either the specific viral probe
or a noncomplementary probe in situ (17).
Intracellular HLA-DQa product DNA se-
quences hybridized to either complementary



