The present flow configuration can b~
used with essentially any fluorescence
microscope having incident illumination,
whether inverted or upright. Thus, the
high speed of the water in the jet (~ 10
m/sec) and the laminar character of the
flow on the cover slip allow the system to
be oriented in any direction. The great
spectral width of the mercury lamp and
the large selection of filter combinations
available make this type of instrument
suitable for a wide variety of stains.

With this flow configuration it is pos-
sible for the nonspecialist to assemble,
from components that are standard
equipment in many laboratories, a flow
cytometer that is superior to most with
respect to both resolution and simplicity
in use and that is capable of making cel-
lular DNA measurements with a CV on
par with or better than the best systems
commercially available.

Note added in proof: Recently our in-
strument has consistently yielded DNA
histograms with a CV below 1.0 percent
8), demonstrating that its resolution is
better than this value.

HARALD B. STEEN
Tore LiINDMO
Department of Biophysics,
Norsk Hydro's
Institute for Cancer Research,
Montebello, Oslo 3, Norway

References and Notes

1. P. K. Horan and L. L. Wheeless, Jr., Science
198, 149 (1977).

. W. Gohde, in Fluorescence Techniques in Cell
Biology, A. A. Thaer and M. Sernetz, Eds.
(Springer Verlag, Berlin, 1973), p. 79; J. W.
Gray, D. Peters, J. T. Merrill, R. Martin, M. A.
Van Dilla, J. Histochem. Cytochem. 27, 441
(1979).

. P. J. Crosland-Taylor, Nature (London) 171, 37
(1953); M. A. Van Dilla, T. T. Trujillo, P. F.
Mullaney, J. R. Coulter, Science 163, 1213
(1969); P. F. Mullaney, M. A. Van Dilla, J. R.
Coulter, P. N. Dean, Rev. Sci. Instrum. 40, 1029
(1969).

4. W. A. Bonner, H. R. Hulett, R. G. Sweet, L. A.
Herzenberg, Rev. Sci. Instrum. 43, 404 (1972);
T. Lindmo and H. B. Steen, Biophys. J. 18, 173
(1977).

5. We are indebted to O. Sgrensen for constructing
the stabilized power supply.

6. B. Barlogie, G. Spitzer, J. S. Hart, D. A. John-
ston, T. Biichner, J. Schumann, B. Drewinko,
Blood 48, 245 (1976).

7. The resolution was independent, that is,
CV = 1.5 percent, of the angle « between the
water jet and the cover slip in the range o = 15°
to 30°; the resolution remained better than
CV = 3 percent up to « = 90°, that is, vertical
incidence. With o = 20°, the distance between
the point where the cells hit the cover slip and
the optical axis of the microscope could be var-
ied from 200 to 300 um without affecting the res-
olution. The resolution was independent of the
driving pressure of the water jet over the range 1
to 4 kg/cm?. No special preparation of the cover
slip was needed. The limit of resolution ap-
peared to be determined primarily by the stabil-
ity of the light source. With the 25-V d-c power
supply stabilized to within = 1 mV, the peak
channel number of a reference sample remained
constant within = 1.5 percent for several hours.
The pulse amplifier was operated with a time
constant of 2 usec. Its linearity, as judged from
the position of the particle doublet peak, was
within 1 percent.

8. T. Lindmo and H. B. Steen, in preparation.

[ ]

w

14 November 1978; revised 8 January 1979

Strontium-Calcium Thermometry in Coral Skeletons

Abstract. The strontium to calcium ratio of skeletal aragonite in three genera of
reef-building corals varies as a simple function of temperature and the strontium to
calcium ratio of the incubation water. The strontium/calcium distribution coeffi-
cients of coral aragonite apparently differ from the corresponding coefficient of in-
organically precipitated aragonite. With some care, coral skeletons can be used as

recording thermometers.

Discordant interpretations have been
offered to explain the ratio of Sr to Ca in
coral skeletons and the variation of that
ratio. The extremes of those interpre-
tations may be summarized as follows.
(i) Corals precipitate Sr and Ca in the
same ratio as these elements occur in
seawater (/, 2). (ii) Corals precipitate Sr
and Ca in a ratio which varies with tax-
onomy, metabolism, growth rate, or oth-
er biological parameters (3, 4). (iii) Cor-
als precipitate Sr and Ca in a ratio which
reflects the seawater ratio modified by a
temperature-sensitive Sr/Ca ‘‘distribu-
tion coefficient,”” which describes the
proportional discrimination of the pre-
cipitate for Sr coprecipitation in the
aragonite (CaCO,) crystal lattice (5).

We carried out controlled laboratory
experiments to test the field observations
which led to the interpretations summa-
rized above (6). Our preliminary findings
demonstrated that there is a linear rela-
tionship between the Sr/Ca ratio in skele-
tons of reef-building corals and the am-
bient water temperature at which the
precipitation of skeletal aragonite oc-
curred; that the relationship is not direct-
ly growth-rate dependent, except insofar
as temperature and growth rate are re-
lated; and that there are apparent dif-
ferences in the Sr/Ca ratio among coral
taxa.

We have since examined field data in
order to validate our laboratory findings,
and we report here field and further labo-
ratory results. These results are easily
interpreted in terms of a Sr/Ca distribu-

Table 1. Analysis of variance of Pocillopora
Sr/Ca ratios (x10% among collections, be-
tween corals at a collection site, and among
replicate analyses within corals.

Degrees Sum of Mean
free?(fom squares  square F
Among collections
6 1.4172 0.2362  40.7 (signif-
icant at
P < .001)
Between corals
7 0.0406 0.0058 0.57 (not
signif-
icant)
Within corals
28 0.2840 0.0101
Total
41 1.7418
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tion coefficient which apparently differs
from that of aragonite precipitated in-
organically from seawater. Moreover,
we have revised the absolute values of
our initial Sr/Ca ratios on the basis of
what we believe to be an accurately de-
termined Sr/Ca ratio for an internal (cor-
al) standard. Our results suggest that the
discordant interpretations of the ob-
served Sr/Ca variation are largely attrib-
utable to analytical limitations.

Skeletons of the finely branching coral
Pocillopora damicornis were obtained
from the Pacific coast of Panama (7).
These corals had been stained in their
ambient environment with alizarin red S
and then left there to grow at tempera-
tures continuously monitored with re-
cording thermographs. Growth after
staining was visible as white coral tips
above the pink-stained portion of the
skeletons. We analyzed the Sr/Ca ratio
of the unstained tips of these corals by
atomic absorption spectrophotometry (6,
8). The coral Sr/Ca ratios obtained by
this procedure were adjusted by com-
parison with a coral aragonite standard
for which a Sr/Ca value has been estab-
lished by mass spectrometry. Samples of
that standard were routinely analyzed
with each batch of coral skeletal Sr/Ca
samples.

Because between-tip Sr/Ca variations
within a single colony of the Panama cor-
als proved not to differ significantly from
variations between repeated analyses of
single tips, we pooled tips within sub-
sequently analyzed coral colonies with
confidence that we were not losing infor-
mation about intracolony variability. We
then assessed other levels of variability
in the coral Sr/Ca ratio. Table 1 pre-
sents an analysis of variance designed to
examine sources of variability among
coral collection sites (9) (that is, large-
scale environmental variation), between
paired coral heads from the same site
(small-scale environmental variability or
biological differences among corals, or
both), and among triplicate analyses of
ground-up skeleton from individual coral
heads (analytical precision). The analy-
sis demonstrates that 81 percent of the
total variability (the sum of the squares
among collections divided by the total
sum of the squares) represents large-
scale environmental variation; 16 per-
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cent of the variation is analytical. The
precision of a single analysis of the Sr/Ca
ratio is about 1.0 X 10~ (the square root
of the mean square within the corals).
The between-coral variability within
sites is insignificant. We conclude that an
environmental signal and analytical im-
precision account for the observed varia-
tion in the Sr/Ca ratio of P. damicornis.

We then analyzed these Panama data
along with data obtained from the tips of
P. damicornis colonies collected from
well-characterized collection sites at
Oahu, Hawaii, Midway, Johnston,
Enewetak, and Guam islands (/0). The
analysis thus includes corals from the
same species but genetically isolated
populations. The Oahu corals include
collections from five controlled-temper-
ature experiments (6, 8) and three field
collection sites. Samples from one to five
field collection sites were available for
each of the other locations. Because in-
tercolony variability at a collection site
had proven to be insignificant relative to
the analytical precision (Table 1), we av-
eraged analyses from individual collec-
tion sites to improve within-site analyti-
cal precision. Figure la presents a scat-
ter diagram with the geometric mean
regression line (//) relating temperatures
to the skeletal Sr/Ca ratio of P. dam-
icornis. The equation for this line is
(Table 2)

Sr/Ca x 10°= 11.01 — 0.071 7 (1)

where the temperature T is in degrees
Celsius. The Sr/Ca ratio of seawater is
approximately 8.6 X 1072 (5), and so Eq.
1 yields the following temperature-de-
pendent distribution coefficient K [Table
2 and (0)]:

K =127 - 0.0083 T )

Corals were grown experimentally for
1 month in seawater at 25°C and with the
Sr/Ca ratio of that water elevated by an
average of 40 percent above ambient lev-
els by the metered addition of a SrCl, so-
lution to the seawater flowing through
the aquarium. The tips of the coral skele-
tons were enriched to a Sr/Ca ratio of
12.9 x 1073, corresponding to a K of
1.07 and close to the predicted value
(Eq. 2) of 1.06. Thus, the skeletal Sr/Ca
ratio of Pocillopora is directly dependent
upon 7 and the Sr/Ca ratio of seawater.
We have examined the effects of other
variables on this ratio. Over the past sev-
eral years, we have grown corals for pe-
riods of 1 to 6 months under laboratory
conditions of altered light dose and pho-
toperiod, various concentrations of in-
organic plant nutrients, lowered salinity,
and enhanced water motion; by altering
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these independent environmental vari-
ables, we have altered the coral growth
rate. None of the aforementioned envi-
ronmental variables other than T and the
seawater Sr/Ca ratio demonstrably af-
fects the Sr/Ca ratio of the corals. Nor do
we find support for the suggestion (3, 4)
that growth rate directly affects the Sr/
Ca ratio of the coral skeleton, although
there is a relationship between T and
growth 6, 7).

We have sufficient field and laboratory
data to examine the relationship between
T and the Sr/Ca content of two other cor-
al genera (Fig. 1 and Table 2). Porites
(Fig. 1b) (including P. compressa and P.
lobata from the Pacific Ocean and P. as-
teroides from the Caribbean) shows a re-
lation between T and the Sr/Ca ratio that
does not differ significantly from that of
Pocillopora. Three species of Porites
from several locations in Pacific Ocea-
nia, the Australian Great Barrier Reef,
and the Caribbean Sea, thus, are all well
characterized by a single regression line.

Montipora verrucosa (Fig. 1c) yields a
regression equation which is somewhat
less well defined than those of the other
two taxa but which shows significantly
(P < .05, analysis of covariance) higher
Sr/Ca ratios than the other two corals.
Limited data for Acropora, in the same
family as Montipora, indicate Sr/Ca ra-
tios close to that of Montipora. An aver-
age regression slope calculated from We-
ber’s data (3) for the T dependence of the
Sr/Ca ratio in 22 genera of corals is very
close to the relationship we establish
(Table 2 and Fig. 1d), although Weber
concluded that T did not exert primary
control on the Sr/Ca ratio of coral skele-
tons.

Kinsman and Holland [Table 2 and
(12)] reported a K value for inorganically
precipitated aragonite of

K =124-10.0045T 3)

The regression lines describing the K
values for coral aragonite as determined
by both Weber (3) and us are below the

Table 2. Summary of the regression equations for Sr/Ca x 103 (R) versus temperature (7) and the
temperature-dependent distribution coefficients (K) calculated from these equations.

Coefficient Number
Data set R}/grcs;l s of determi- of obser- KTV :;g;ls
nation vations
Pocillopora R = 11.01 — 0.071T 0.77 32 K = 1.27 — 0.0083T
damicornis
Porites sp. R =10.94 — 0.070T 0.71 22 K = 1.27 — 0.0081T
Montipora R = 11.64 — 0.089T 0.63 18 K = 1.35 — 0.0104T
verrucosa
Our coral R = 11.32 — 0.082T 0.60 72 K = 1.30 — 0.0094T
average
Weber’s coral R = 10.84 — 0.081T 1368 K = 1.26 — 0.0098T
average (3)
Inorganic R = 10.66 — 0.039T K = 1.24 — 0.0045T
aragonite
2)
Fig. 1. Relationship be-

tween the temperature at

and immediately preceding °o

collection and the Sr/Ca ra- i R0 i o

tio of the outermost por- 9.0} o, O oty b . RON 071-05
tions of the skeletons of Pocillopora % AN Porites © °\J
three coral taxa sampled Seawater i Seawater

8.6

during this investigation:

1.00

(a) Pocillopora, (b) Po-

rites, and (c) Montipora,
the average fit through
those points; and (d) We-
ber’s (3) coral average. For
comparison, the relation-
ships between temperature
and the Sr/Ca ratio of

9.8

Sr/Ca x 103

9.4

Sr/Ca distribution coefficient
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line determined by Kinsman and Holland
and steeper than their line. The absolute
difference between the values of Kins-
man and Holland and the coral data
might represent minor laboratory cali-
bration differences in the accurate mea-
surement of the Sr/Ca ratio of aragonite.
In fact, on the basis of what we believe
to be an accurate determination of the
Sr/Ca ratio of an internal coral standard,
we have revised our own initially deter-
mined Sr/Ca values (6, 8) upward by
about 13 percent. A 5 percent downward
revision of the data of Kinsman and Hol-
land (or further upward revision of our
data) would bring their curve largely into
the cloud of our data points, but there
would still be a slope difference between
the line for inorganic aragonite and that

of the corals. The coral aragonite Sr/Ca

K value converges on the inorganic
aragonite K value below the T at which
reef-building corals survive. Even with
uncertainties about analytical accuracy,
the process of coral aragonite formation
must differ significantly in its products
from the process of inorganic aragonite
precipitation. We assume such a dif-
ference to be due to biological mediation
in the aragonite Sr/Ca precipitation (),
although the mechanism remains unre-
solved at this time (/3).

The Sr/Ca ratio in skeletons of reef-
building corals has the potential to be
used as a recording thermometer, if vari-
ations in that ratio through the coral
skeleton are measured in conjunction
with the chronological record preserved
in coral density bands (/4). There are
several points of reservation regarding
quantitative application of this ther-
mometer.

The range of the reported Sr/Ca ratios
in corals is relatively large, we suspect in
part because of problems in determining
that ratio accurately even within a single
laboratory. It is not clear, for example,
whether the minor difference between
Weber's regression equation (3) and ours
(Table 2 and Fig. 1d) represents labora-
tory calibration differences, inaccuracy
in his rather coarsely averaged temper-
ature data, taxonomic differences, or
some combination of the three. In our
laboratory we have overcome the accu-
racy limitation by routinely comparing
analyses with a control standard, well-
mixed aragonite powder from a single
colony of Porites. Qur regression equa-

tions can only be regarded as “‘accurate’” .

relative to the Sr/Ca ratio we accept for
that standard, although we have gone to
some effort to establish the absolute Sr/
Ca ratio of that standard. We believe that
it is presently impractical to compare ab-
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solute coral Sr/Ca ratios or the corre-
sponding T estimates among laboratories
without rigorous intercalibration.

The range of T used to examine the
relationship between Sr/Ca and T can al-
so introduce significant problems in the
use of this thermometer. Goreau (2) ex-
amined discrete samples of a massive
coral (Montastrea annularis) which had
grown for 2 years in the T range 26.5° to
30°C; he concluded that there was nei-
ther a significant 7 signal in the Sr/Ca ra-
tio nor a significant difference between
seawater Sr/Ca and coral Sr/Ca. Were
we to restrict our available data set to
comparable T, we would derive a skele-
tal Sr/Ca ratio of about 9.1 x 1073 (that
is, only slightly above that of seawater)
and apparently a very weak 7 depen-
dence in that ratio. With such a restrict-
ed data set, we might therefore have also
concluded that the coral Sr/Ca ratio
shows little relation to T. The absolute
offset between our data and Goreau’s
may represent a real taxonomic dif-
ference or another example of inter-
laboratory differences.

The problem, of course, is that this T
range is insufficient, relative to the 7 co-
efficient of K and present analytical reso-
lution of the ratio, to permit one (o rec-
ognize the functional relationship that
clearly exists. The corals we have used
span much of the survival T range for
these taxa (indeed, with relatively local-
ized exceptions, for most other taxa of
reef-building corals as well).

The Sr/Ca ratio of the coral taxa exam-
ined changes an average of 8 X 107 per
degree Celsius. The single-analysis pre-
cision of our Sr/Ca analysis is about 1074,
so our T resolution based on individual
analyses is about 1°C. If the T depen-
dence of K had as gentle a slope as deter-
mined for inorganic aragonite (/2), our T
resolution would be about 2°C. We be-
lieve that the precision of individual
analyses can eventually be improved. In
the meantime, replication is the most sat-
isfactory method to gain adequately de-
tailed 7 resolution from coral Sr/Ca ra-
tios.

The use of skeletal Sr/Ca ratios as a
thermometer may be potentially upset by
diagenetic alteration of the coral skele-
tons. That problem needs to be consid-
ered, but it should be no more of a
practical barrier to sclerothermometry
(thermometry based on the use of coral)
than it is to isotopic dating of coral skele-
tons. Some coastal settings may be sub-
jected to altered Sr/Ca seawater ratios
from runoff or groundwater inputs. This
problem should be minor on most ocean-
ic reefs.

The Sr/Ca thermometer does not pres-
ently appear to be limited by random or
otherwise inexplicable biological varia-
bility, although there is evidence for tax-
onomic differences in coral Sr/Ca ratios
3, 4). Bulk coral samples may not accu-
rately reflect long-term mean water 7T
rather, the corals will bias their bulk
composition toward conditions of maxi-
mum growth rate. Detailed samples
within annual density bands (/4) should
yield reliable chronological T traces.

Corals sample the Sr/Ca ratio of sea-
water in a biologically mediated but
quantitatively simple fashion that is re-
sponsive to T and the Sr/Ca ratio of that
water. Utilization of corals as recording
thermometers is feasible but must be ap-
proached with some caution.

S. V. SMITH
Hawaii Institute of Marine Biology,
University of Hawaii,
Post Office Box 1346, Kanoehe 96744
R. W. BUDDEMEIER
R. C. REDALIE
J. E. Houck
Hawaii Institute of Geophysics,
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vy-Aminobutyric Acid, a Neurotransmitter, Induces

Planktonic Abalone Larvae to Settle and Begin Metamorphosis

Abstract. y»Aminobutyric acid (a simple amino acid and potent neurotransmitter
in human brain and other tissues of higher animals) and certain of its congeners
rapidly and synchronously induce planktonic larvae of the red abalone, Haliotis ru-
fescens, to settle and commence behavioral and developmental metamorphosis.
These naturally occurring inducers of algal origin apparently are responsible, in
part, for the substrate-specific recruitment, induction of settling, and the onset of
metamorphosis of abalone and other planktonic larvae upon specific algae which
provide naturally favorable habitats for the young of these species in coastal waters.
These observations provide a convenient experimental model for further analysis of
the basic molecular mechanisms by which environmental and endogenous factors
control the recruitment and development of planktonic larvae. Halogenated organic
pesticides significantly interfere with larval settling, as quantified in a new bioassay

based upon these findings.

One of the most highly specialized ad-
aptations to life in the sea has been the
evolution of reproductive strategies
based upon the planktonic (drifting) dis-
persion of larvae. Planktonic larvae of
many benthic (bottom-dwelling) aquatic
species are induced to settle from the
water column and begin their genetically
programmed metamorphosis to adults by
substrate- or environment-specific chem-
ical triggers, the precise nature of which
has remained largely obscure (/).

To gain a better understanding of the
molecular nature of such factors con-
trolling the specific settlement (recruit-
ment) and reproductive efficacy of ma-
rine planktonic larvae, to better under-
stand the evolution and distribution of
marine species, and to more efficiently
control elements of the global protein re-
source represented by the marine plank-
ton, we have undertaken experiments
with larvae of the large marine snail (gas-
tropod mollusk) Haliotis rufescens, the
California red abalone. Members of this
herbivorous genus represent an econom-
ically important and protein-rich food re-
source in many areas of the world (2).
Gravid adults of the species chosen may
be obtained throughout the year; repro-
duction and early larval development
can be controlled conveniently by a
simple chemical method (3).

Present techniques for commercial
and experimental cultivation of abalone
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under artificial conditions result in high
postlarval mortality (4). This mortality
primarily results from microbial over-
growth as a secondary consequence of
an abnormal retardation of metamor-
phosis and development under artificial
conditions; this retardation appears to
reflect the absence of some naturally

Fig. 1. GABA-dependent induction of behav-
ioral and developmental metamorphosis is
demonstrated and conveniently measured in
small glass vials (diameter, 2.2 cm) containing
portions of 100 to 300 competent, swimming
larvae of H. rufescens (in 10 ml of filtered sea-
water at 15°C). GABA was added to the two
vials on the right (to a final concentration of 1
mM) 3 minutes before the photograph was
taken; the two vials on the left received no
additions. Microscopic examination (at x20 to
x40) shows virtually all of the larvae in the
presence of GABA to have settled and as-
sumed plantigrade attachment and locomo-
tion on the glass; none are attached to glass in
the absence of GABA.

0036-8075/79/0427-0407$00.50/0  Copyright © 1979 AAAS

required morphogenetic inducing sub-
stance (or substances) (5). Accordingly,
we have sought to identify naturally re-
quired biological inducers of behavioral
and developmental metamorphosis of
the planktonic larvae and to resolve from
these the biochemical entities respon-
sible for the required induction.

Juvenile abalone (1 to 20 mm) of sever-
al species are found in naturally occur-
ring coastal ‘‘nursery grounds,’”’ con-
sisting of rocks covered with crustose
red algae (5-7). Small juveniles can be
found on these algae in local densities
that are orders of magnitude greater than
those in surrounding and otherwise simi-
lar habitats lacking such algae. Experi-
ments performed under controlled condi-
tions confirm the significance of this as-
sociation, proving that larvae of H.
rufescens show preferential settlement
(substrate-specific recruitment) on crus-
tose red algae including species of Lith-
othamnium,  Lithophyllum,  Hilden-
brandia, and their close relatives; feed-
ing, metamorphosis, and growth of the
newly settled abalones ensue rapidly on
these algae and their associated epi-
phytes (5, 7, 8). Under conditions in
which larvae exhibit quantitatively re-
producible substrate-specific settlement
in response to these natural algal induc-
ers, it has been possible to assay and
identify simple chemical triggers of this
activity.

Uniformly competent swimming lar-
vae of H. rufescens are produced in the
laboratory by controlled fertilization and
cultivation after the peroxide induction
of synchronous spawning in male and fe-
male adults (3). These swimming larvae
exhibit substrate-specific settlement in
response to the crustose coralline red al-
gae Lithothamnium spp. and Lithophyl-
lum spp. (Table 1) and the crustose non-
coralline red Hildenbrandia spp. (7); sig-
nificantly less settling is observed in
response to the foliose (branching) coral-
line red Bossiella sp. No settling is ob-
served under the conditions of this ex-
periment when larvae are exposed to a
variety of clean inorganic surfaces or
those coated with diatoms, bacteria, oth-
er algae, or various juvenile inverte-
brates (Table 1) (7).

Extracts of the crustose coralline red
algae contain inducers of settling but
prove toxic to the larvae in high concen-
trations; both toxic and settling activities
are proportional to the concentration of
extract added. Neither denaturation of
the extract by boiling nor digestion with
proteolytic enzymes inactivates the in-
ducers of settling. As seen in tests per-
formed with a limiting (nontoxic) amount
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