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Biotechnology in the Marine Sciences 
Rita R. Colwell 

Genetic engineering holds extraordi- clone their genes, so that the stage is set 
nary promise for the marine sciences, for the realization of genetic engineer- 
The potential of the world oceans to feed ing's potential in the marine sciences. 
and sustain humankind has been ad- A dramatic example of the potential 
dressed during the past few decades, that biotechnological application offers is 

Summary. Genetic engineering applied to the production of fish, molluscs, algae, 
algal products, and crustaceans in natural environments and hatchery systems is still 
at the rudimentary stage. Cloning systems for producing commercially important 
chemicals, pharmacologically active compounds, and metamorphosis-stimulating 
substances present in marine organisms are being sought. Attempts are being made 
to develop useful drugs from the sea, including antineoplastic, antibiotic, growth- 
promoting (or -inhibiting), analgesic, and antispasmodic agents. Immediate commer- 
cial applications can be expected from engineered systems involving polysaccharide 
and specialty chemical production, with marine microorganisms as the source of 
genetic material. 

including reports of a huge food source 
represented by krill in Antarctic waters 
and by fishery stocks in offshore waters 
of the world's continents (I). 

Genetic engineering is being applied to 
develop the products of fish, molluscs, 
and crustaceans in natural environments 
and hatchery systems, although real re- 
sults are still scant. Streisinger et al.  (2) 
have produced clones of homozygous 
diploid zebra fish (Brachydanio rerio). 
Successful aquaculture of many species 
of invertebrate animals and large popula- 
tions of shellfish at the larval and inter- 
mediate stages has made it possible to 

that of marine pharmaceuticals. In a 1977 
conference, "Drugs and Food from the 
Sea: Myth or Reality," investigators de- 
scribed cardiotonic polypeptides from 
sea anemones, an adrenergic compound 
from a sponge, and potential antitumor 
agents from Caribbean gorgonians and 
soft corals (3). More recently, Rinehart 
e t  a / .  (4) described antiviral and antitu- 
mor depsipeptides from a Caribbean tu- 
nicate. Extracts prepared from the Ca- 
ribbean tunicate, an ascidian or sea 
squirt of the family Didemnidae, inhibit 
growth of DNA and RNA viruses, as  
well as  L1210 murine leukemic cells. 
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These depsipeptides-termed didemnins 
after the name of the tunicate family, 
Didemnidae, from which they are isolat- 
ed-are closely related but vary in activi- 
ty. The discovery indicates that the sub- 
phylum Tunicata or Urochordata (phy- 
lum Chordata) may be an abundant 
source of bioactive compounds of phar- 
maceutical interest (4). Another tuni- 
cate, of the genus Trididemnum, when 
extracted with a mixture of methanol and 
toluene (3:1), showed activity against 
herpes simplex virus, type 1, grown in 
CV-1 cells (monkey kidney tissue), indi- 
cating that the extract inhibited the 
growth of the virus. This antiviral activi- 
ty may also include antitumor activity. 
When tested against other viruses, es- 
sentially all extracts of the tunicate col- 
lected at a number of sites showed activi- 
ty in inhibiting both RNA and DNA 
viruses. The suggestion that the extracts 
might also have antitumor properties 
was evidenced from their high potency 
against L12 10 leukemic cells. The novel- 
ty of the didemnins results from a new 
structural unit for a complex of depsi- 
peptides, hydroxyisovaleryl propionate, 
and a new stereoisomer of the unusual 
amino acid statine (4). 

In a review of compounds from the sea 
that act on the cardiovascular and cen- 
tral nervous system, Kaul(5) pointed out 
that drugs of high pharmacologic activity 
from nature have, in fact, been unsur- 
passed by synthetic compounds. Drugs 
from nature, predominantly from plants, 
include morphine, atropine, and digitalis 
glycosides. Marine animals and plants 
have yielded cardiovascular-active sub- 
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stances, and these include histamine and 
N-methylated histamines of the sponge 
Verongia fistularis (6), asystolic nucleo- 
sides from the sponge Dasychalina 
cyathina, and the nucleoside spongosine, 
isolated from Cryptotethya crypta, lead- 
ing to useful drugs as a result of the 
activity of spongosine. 

Several marine organisms already pro- 
vide useful compounds: fish liver oil 
provides an excellent source of vitamins 
A and D; insulin has been extracted from 
whales and tuna fish; and the red alga 
Digenia simplex has long been used to 
prepare an antihelminthic agent. Bacteri- 
ologists, for many years, have incorpo- 
rated agar and alginic acids into labora- 
tory media. The fact that it has been 
uneconomical to extract and purify ma- 
terial from organisms that have to be 
captured in large quantities from remote 
corners of the world, coupled with the 
general lack of knowledge concerning 
the basic chemistry of many marine nat- 
ural products, has limited these sources 
for the development of useful drugs. 
Genetic engineering can change this situ- 
ation dramatically, by revealing the vast 
and diverse genetic composition of ma- 
rine life for pharmacological application. 

Marine Toxins 

Of particular interest are toxins pro- 
duced by marine organisms. A toxin is a 
substance having a specific functional 
group arranged in the molecule or mole- 
cules and showing strong toxic physio- 
logical activity (7). Many toxins have 
potential applications as  a drug or phar- 
macological agent. Where direct use as a 
drug is not feasible, because of potent or 
harmful side effects, some toxins can still 
serve as  models for synthesis o r  im- 
provement of other drugs. Drugs pro- 
duced by marine organisms are being 
screened for antibiotic, growth-promot- 
ing (or -inhibiting), hemolytic, analgesic, 
antispasmodic, blood-pressure regulat- 
ing, antiviral, and anti-inflammatory ac- 
tivities. 

Two successes demonstrate the poten- 
tial. Tetrodotoxin, which can paralyze 
peripheral nerves, is valuable because it 
inhibits the sodium permeability of nerve 
membranes and has been useful for elu- 
cidating the excitation mechanism. Both 
saxitoxin and tetrodotoxin have been 
used to study structure of the sodium 
channel of membranes (8). 

A second success is an insecticide 
developed from nereistoxin and widely 
marketed in Japan since 1966. Fishermen 
are familiar with the fact that flies die 
when they come into contact with the 

dead specimens of the marine annelid 
Lumbriconereis heteropoda commonly 
used as bait. The toxin was first isolated 
in 1934, and once its structure was deter- 
mined, a new insecticide, PADAN, was 
developed from nereistoxin (9). Cartap 
hydrochloride is one of the synthesized 
derivatives. Active against the rice stem 
borer and other insect pests, it does not 
appear to be toxic to warm-blooded ani- 
mals, and resistant strains of insects do 
not readily develop (7). 

Hashimoto (7) has compiled an exten- 
sive literature summarizing information 
about marine organisms causing food 
poisoning or having the capacity to pro- 
duce a toxic sting or bite or are poison- 
ous, as  in the case of the toxic marine 
flagellates, for example, Gonyaulax and 
Gymnodinium spp. The vast array of 
marine animals and plants covered in the 
compendium includes algae, coelenter- 
ates (that is, jellyfish), echinoderms, cor- 
als, sea anemones, molluscs, algae, flag- 
ellates, nemertines, annelids, and other 
invertebrates, and fish (10-1 7). Research 
on marine toxins or bioactive substances 
in marine organisms has increased in 
recent years, and a number of mono- 
graphs and reviews are available, includ- 
ing those of Russell and Saunders (13); 
Baslow (14); Martin and Padilla (15); 
Scheuer (16); Marderosian (17); and 
Youngken and Shimizu (18). Recently 
ciguatoxin, palytoxin, and halitoxin have 
also been investigated and provide inter- 
esting new information (19). 

Hybridoma technology offers a valu- 
able tool for characterizing the marine 
toxins (20). It was used in our laboratory 
to produce monoclonal antibodies to the 
enterotoxin of Vibrio cholerae, a brack- 
ish water and estuarine bacterium caus- 
ing cholera and apparently related to the 
Vibrio sp. producing palytoxin (21, 22). 
Monoclonal antibodies against cholera 
toxin were produced to obtain highly 
specific antiserums to cholera toxin (23). 
Halitoxin, a toxic mixture from several 
marine sponges of the genus Haliclona, 
has been isolated, partially purified, 
spectrally characterized, and chemically 
degraded, yielding a proposed chemical 
structure for the toxin (24). The toxin has 
proved to be a complex mixture of high 
molecular weight and can be isolated 
from the sponges Haliclona rubens, H .  
viridis, and H ,  erina. The sponge ex- 
tracts are detectably toxic for fish and 
mice (LD50 of approximately 275 mglkg) 
and also inhibit the growth of Ehrlich 
ascites tumors (14, 25). Thus, the hali- 
toxins may prove to be an antitumor 
agent or agents. The hybridoma ap- 
proach to characterizing these com- 
pounds should permit wider screening 

for the distribution of the toxin among 
various sponges and lead to subsequent 
isolation and testing (21). 

Similarly, lophotoxin, a new neuro- 
muscular toxin from several Pacific gor- 
gonians of the genus Lophogorgia, has 
been purified (26). Originally discovered 
during a search for chemical defense 
adaptations of marine organisms, the 
toxin occurs in horny corals or gorgoni- 
ans (sea fans and whips, phylum Cni- 
daria, order Gorgonacaea) in tropical or 
subtropical waters, and exhibits cytotox- 
ic, ichthyotoxic, and antibacterial activi- 
ties. Lophotoxin inhibits nerve-stimulat- 
ed contraction without affecting contrac- 
tion evoked by direct electrical stimula- 
tion of the muscle. The data suggest that 
the epoxylactone and furanoaldehyde 
groups in the molecule may be responsi- 
ble for the potent biological properties of 
lophotoxin. 

Palytoxin, an extremely poisonous, 
water-soluble substance from zoanthid 
coral of the genus Palythoa ( 2 3 ,  has 
been described and its structure elucidat- 
ed (21, 22, 28-30). Palythoa species are 
abundant in most tropical waters and 
many Palythoa species have been re- 
ported to be moderately toxic (28). Paly- 
toxin was used by natives on Maui to tip 
their weapons as a defensive advantage 
against invaders from the island of Ha- 
waii. The toxic nature of zoanthids of the 
genus Palythoa was discovered by Cier- 
eszko and Attaway in 1961 (31). The 
component responsible for the toxicity, 
palytoxin (PTX), was isolated several 
years later independently by two groups 
of investigators (24, 32). 

The molecular size of the toxin is 2681 
daltons, with three nitrogens in the mole- 
cule (29), and an elemental composition 
of C129H223N3054, The complete stereo- 
chemical structure has been described, 
with the toxin representing an entirely 
new class of natural products. Its biogen- 
esis is not clear, but the structure of this 
complex compound has been determined 
(27, 30). Palytoxin is a linear arrange- 
ment of 115 carbon atoms with 8 methyl 
groups and 40 hydroxyl groups. As was 
pointed out by Fenical (l9),  unusual fea- 
tures of palytoxin are two cyclic ketal 
constellations which are part of 11 ether 
linkages. 

Palytoxin contains no repeating units, 
as  is common in medium-sized mole- 
cules in nature. It is neither a peptide nor 
a terpene, but, rather, more like the 
polyether antibiotics. Some of the non- 
adjacent carbons along the chain are 
interconnected by ether, ketal, and he- 
miketal linkages, with no carbocyclic 
rings in the molecule. Palytoxin is similar 
in potency to ricin, a polypeptide toxin 
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found in castor beans. Although not 
quite as  deadly as  the toxin of Clostridi- 
urn botulinurn, it exerts its lethal effect 
when administered intravenously in low 
concentrations to laboratory animals. 
Palytoxin influences calcium and potas- 
sium ion transport in nerves and the 
heart. Animals undergo paralysis and 
heart failure. The mechanism of the car- 
diovascular effects of palytoxin has been 
reviewed (33). 

A fascinating aspect of palytoxin is 
that it is synthesized by a marine Vibrio 
species growing symbiotically with the 
coelenterate Palythoa and apparently re- 
lated to Vibrio cholerae. This vibrio re- 
portedly is only mildly pathogenic for 
humans (21, 22), causing an influenza- 
like illness, and is rapidly attenuated in 
laboratory culture, losing its ability to  
make toxin. The Palythoa species con- 
taining the toxin grows in a tide pool 
along the coast of Maui not far from 
Hana. By land, the tide pool is virtually 
inaccessible, and native fishermen avoid 
that part of the coast (21, 22). Thus, 
palytoxin represents an interesting and 
highly challenging candidate for cloning 
of the gene (or genes) synthesizing the 
toxin [see (34)l. 

A very interesting compound, bryosta- 
tin, which has antitumor properties, has 
been isolated from marine animals of the 
phylum Ectoprocta, specifically Bugula 
neritina. The extremely low dose for 
antineoplastic activity suggests that 
bryostatin may have other potentially 
useful pharmacological or microbiologi- 
cal activities, sufficient to merit its use as 
a biochemical probe (35). 

The applications of marine toxins are 
limited, and it is mainly in the area of 
understanding functions that the toxins 
have an interest. At the present time, 
strategies are needed for collecting, cul- 
turing, and screening marine organisms 
from which bioactive agents can be iso- 
lated and characterized. The need to 
study the fundamental chemistry, to de- 
termine the structures or new com- 
pounds, as has been done for bryostatin 
(35) and palytoxin cannot be overempha- 
sized (30). The immediate successes are 
most likely to occur with discoveries of 
novel antineoplastic agents, antibiotics, 
and anti-inflammatory agents produced 
by marine bacteria, plants, and animals. 

Industrial Chemicals 

In the short term, marketable products 
from the sea may come first from marine 
polysaccharides, carotenoids, and spe- 
cialty chemicals; these would include 
unusual sugars, enzymes, and algal lip- 

ids. Seaweeds are more important eco- 
nomically than is generally realized, 
since they are used as human and animal 
food, in medicine and agriculture, and as 
a source of raw materials for numerous 
industries. Carrageenin is prepared from 
the red seaweeds and is widely used as 
an extender in foods and related prod- 
ucts, from evaporated milk to tooth- 
paste. Agarose, another poly saccharide, 
is widely used in electrophoresis and 
chromatography analyses in the labora- 
tory. Applications of genetic modifica- 
tion in seaweeds to commercial utiliza- 
tion and culture has been reviewed (36). 
Abbott and Cheney (37) have estimated 
that most people living in developed 
maritime countries today, directly or in- 
directly consume or come into contact 
with some form of algae daily. In gener- 
al, the application of genetic modifica- 
tion or improvement techniques to sea- 
weed culture is recent, but somewhat 
limited, the most common being simple 
strain selection, such as screening of 
wild plants for desirable traits such as  
fast growth. Protoplast fusion-somatic 
hybridization techniques are now being 
applied to agar-producing seaweeds (35). 
Specialty chemicals from salt-tolerant 
microbial systems, notably the polysac- 
charides, as  well as  enzymes and lipids, 
offer great potential in the immediate 
future. 

In addition to alginates, chitin, and 
agarose, other compounds and rnetabo- 
lites have been reported, including spa- 
tene diterpenoids from the tropical ma- 
rine alga Stoechosperrnurn rnarginaturn, 
and many other unusual algal products 
not observed from terrestrial sources 
(38). Fenical (19) has provided a useful 
discussion of natural products chemistry 
in the marine environment. 

A new polyether derivative of okadaic 
acid, a C38 fatty acid, has been isolated 
from Halichondria (syn. Reniera) okadai 
Kadota, a black sponge commonly found 
along the Pacific coast of Japan, and H. 
melanodocia, a Caribbean sponge found 
in the Florida Keys (39). The structural 
features of okadaic acid suggest that it 
belongs to the class of compounds 
known as ionophores, hitherto known 
only from terrestrial microorganisms. It 
is likely that okadaic acid is a metabolite 
of an epiphytic microorgafkm, rather 
than of Halichondria spp. Also, howev- 
er,  structural studies of the marine toxins 
palytoxin and ciguatoxin indicate that 
the two compounds have many structur- 
al features normally associated with ion- 
ophores. In fact, okadaic acid has been 
isolated from the dinoflagellate Procen- 
trum lima, a likely progenitor of okadaic 
acid (39). 

Sponges and gorgonians have been 
useful sources of biologically active 
metabolites because they are frequently 
abundant, permitting pursuit of trace 
metabolites. These unusual compounds 
may be pathway intermediates and also 
offer potential sources of new chemicals. 
An antimicrobial sesterterpene-1, called 
palauolide, has been described (40). 

Sea hares offer the advantage of being 
rich sources of interesting metabolites, 
but the ultimate source of such metabo- 
lites is not always clear, often proving to 
arise from algae. Recent work on phar- 
macologically active substances associ- 
ated with sea hares, coelenterates, and 
sponges has been summarized by 
Schmitz et al. (24). Notable are the ex- 
tracts of the sea hare Aplysia dactylo- 
mela which show both cytotoxicity and 
in vivo antitumor activity, as  well as a 
variety of halogenated metabolites. 

Recently the cloning and expression of 
sea urchin histone genes have been re- 
ported (41). The molecular biology of the 
sea urchin embryo has also been exten- 
sively studied (42). Thus, the cloning of 
genes of marine animals has begun. 

The developments in molecular genet- 
ics in propelling industrial microbiology 
into new dimensions of activity have 
been described by Demain (43). Directed 
search for biologically active natural 
products (other than antibiotics) in the 
marine environment, especially those 
described as  being confined to marine 
organisms (28), can open an entirely new 
source of industrial chemicals. What is 
needed immediately are new and novel 
screening strategies for such products 
(44). 

Biotechnology Applications in 

Aquaculture 

In the United States, most of the tradi- 
tional fisheries are being harvested at or 
near maximum sustainable yields. Ap- 
proximately 60 percent of the fisheries 
products consumed in the United States 
are imported, representing a trade deficit 
in excess of $2.5 billion. Mariculture 
offers good potential for reducing this 
deficit. Exploiting microbial sources of 
protein at the larval stages and during 
larval metamorphosis and growth can 
reap enormous benefits and profit. 

Thus, interest in aquaculture is on the 
rise, and that interest has meant in- 
creases in our knowledge of marine biol- 
ogy and the technical expertise to apply 
discoveries in marine biology to aquacul- 
ture. The National Sea Grant College 
Program has been at  the forefront of 
many of this country's advances in aqua- 
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Table 1. Chemical inducers of specific settlement of invertebrate larvae. 

Invertebrate Inducer 

Barnacles Arthropodins (proteins) 
Coelenterates Iodinated proteins 

Lag-phase bacterial products 
Sponges Pseudomonas lectin 
Oysters Iodinated proteins 

Thyroxine 
L-Dopa 
D-Dopa or melanin 
Isochrysis 

Bivalves y-Aminobutyric acid 
Algal Phycoerythrobilins 
Coral mucus 
Chlorine compounds 

Sea urchin Low molecular weight bacterial by-product 

culture and marine biomedical research. 
Research has been under way for more 
than a decade on marine shrimp, fresh- 
water prawn, crawfish, blue crab, brine 
shrimp, salmon and other finfish, oys- 
ters, clams, abalone, and scallops. A 
major problem of mariculture is disease, 
predominantly microbially mediated in- 
fections and epidemics. Agents that are 
common hatchery complaints include in- 
fectious pancreatic necrosis (IPN), 
Egtved and other viruses, and Vibrio and 
Aeromonas among the bacteria (45). 
Many causes of disease and loss of 
hatchery stocks are still not yet known, 
nor are controls of epizootics yet avail- 
able. 

On the Atlantic coast, work on dis- 
eases in salmon has focused on IPN. The 
antigenic relationships of various IPN 
isolates are being studied to develop 
polyvalent antiserums and effective vac- 
cines against the virus. Temperature- 
sensitive mutants of the virus have also 
been isolated to provide genetic informa- 
tion and possible sources of attenuated 
virus strains for use in live vaccines. 

An extract from Ecteinascidia turbin- 
a d a  (Ete) has been shown to enhance the 
hemocyte function of invertebrates, such 
as  blue crabs (Callinectes sapidus), cray- 
fish (Procambarus clarkii), and prawns 
(Macrobrachium rosenbergii), possibly 
rendering the animals more resistant to 
infection (46-50). Interestingly, intra- 
peritoneal injection of Ete renders eel 
strongly resistant to Aeromonas hydro- 
phila and appears to create the potential 
for phagocytic activity. Ete also causes 
changes in the concentration of peripher- 
al blood leucocytes (46-50). 

Many species of shellfish and finfish 
are available in culture, providing excel- 
lent opportunities for selection and gene 
manipulation. Production, stabilization, 
and delivery of vaccines, whether by 
hybridoma technology or genetic engi- 

Refer- 
ence 

neering, will enhance productivity from 
the egg through the larval stages, a t  
present a high-risk portion of the life 
cycle. 

Stock assessment of migrating fish and 
species identification remain unresolved 
issues in fishery management. A method 
for comparison of mitochondria1 DNA 
(mtDNA) from different individuals of- 
fers an opportunity for mapping the 
mtDNA genome and is being explored 
(51). The method of using restriction 
digests to analyze mtDNA has permitted 
investigation of evolutionary relation- 
ships among species and conspecific 
populations. When applied to marine 
fishes and invertebrates, analysis of 
mtDNA offers a possible mechanism for 
assessing the population structure of ma- 
rine fishes. 

The use of genetic marking, by intro- 
ducing selected genetic traits into fish, as 
opposed to mechanical tags, is yet anoth- 
er avenue for marine genetic engineer- 
ing. Fish wander over long distances 
without barriers to their movements, but 
now there can be a way to detect sub- 
populations or specific independent 
stocks by the very precise methods that 
yield unequivocal results. 

Marine plants also offer special oppor- 
tunities, and genetic engineering of os- 
moregulation is being studied (52). Plants 
that are halophytes can be useful in 
agricultural areas where the soil has be- 
come too salty for conventional agricul- 
ture, and application to marine and estu- 
arine grasses can prove beneficial in 
managing erosion and shoreline losses. 

Biofouling 

Fouling of surfaces in the marine envi- 
ronment is a costly burden for any opera- 
tion carried out in or near seawater. 
Biofouling occurs in progressive steps 

from the initial primary film to attach- 
ment of invertebrate animals capable of 
boring and digesting the surface (53). 
The ability of bacteria to find, attach, 
adhere, elaborate specific film-forming 
substances, an'd regulate expression of 
all these functions is fundamental to the 
fouling process. Fortunately, the tools of 
genetic engineering are well-suited to 
analysis of the properties of bacterial 
cell-surface components, since specific 
genetic elements determining the struc- 
ture of specific polysaccharides and 
polypeptides can be isolated and the 
mechanism of cell-surface association 
probed so that appropriate steps for in- 
tervention can be taken. 

Another facet of the biofouling issue 
should also be considered. Larvae of 
invertebrates prefer to settle on surfaces 
coated with microbial films (Table 1). 
Graham et al.  (54) have shown that set- 
tlement and metamorphosis do not occur 
in the absence of microbial films, in the 
case of the tube-forming polychaete, 
Janua (Dexiospira) brasiliensis, which is 
a small (2 to 3 mm), hermaphroditic 
polychaete abundant on various sur- 
faces, especially on Zostera (eelgrass). 

Planula larvae of the medusa Cassio- 
peia andromeda settle on a substrate, 
attach, form a pedal disk and undergo 
metamorphosis, that is, they elongate, 
segregate stalk and calyx, and develop a 
hypostome and tentacle anlagen (55). 
Pedal-disk formation and metamorphosis 
are initiated by a substance or  sub- 
stances produced by a marine Vibrio 
species. The inducing factor is released 
into the culture medium by the bacteria. 

For  commercially important shellfish, 
such as the American oyster Crassostrea 
virwinica, enhanced larval set and meta- 

v 

morphosis can be critical to a successful 
hatchery operation. A few years ago, a 
unique bacterium, LST, was isolated 
from tanks containing oyster larvae at 
the mariculture unit in Lewes, Delaware. 
It appears to be a member of a new 
genus, especially since its DNA does not 
hybridize with that of Vibrio, Pseudomo- 
nus, o r  other related strains. LST has 
since been repeatedly isolated from oys- 
ters and oyster beds, where it is believed 
to be associated with induction of settle- 
ment and metamorphosis of the oyster. 
The strain adheres very strongly to 
cultch and other hard surfaces, forming 
microcolonies on the cultch. In sufficient 
numbers, notably during the decline 
phase of growth, the bacterium produces 
a pigment product which attracts oyster 
larvae and may effect larval development 
and metamorphosis. Such relationships 
between bacteria and invertebrates are 
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known to occur in the marine environ- 
ment, as for example, the sponge Hali- 
chondria panicea and Pseudomonas in- 
solita (56). 

The LST pigment appears to  be  mela- 
nin and it, or its precursors including L- 

dopa, may act as  a metamorphosis-in- 
ducing agent for oyster larvae (57). The 
pigment, concentrated and partly puri- 
fied by centrifugation, precipitation, and 
dialysis, is heterogeneous, with molecu- 
lar sizes ranging from 12,000 to 120,000 
daltons. 

Planktonic larvae of benthic inverte- 
brates settle and metamorphose in re- 
sponse to specific substances or condi- 
tions in their environment (58). In the 
absence of such substances, metamor- 
phosis can be delayed indefinitely. In 
only a few cases has the metamorphosis- 
stimulating substance been isolated and 
identified. Barnacle larvae metamor- 
phose in response to  contact with a spe- 
cies-specific arthropodin, a soluble, 
tanned protein present in the cuticle of 
adult barnacles (59). Iodinated proteins 
are active on coelenterates (anthozoan 
planulae and scyphozoan scyphystomae) 
(60). The same class of compounds has 
been isolated from the mantle cavity of 
adult oysters and stimulates metamor- 
phosis of oyster larvae (61). Bivalves and 
gastropods (larvae of the pink abalone) 
can be induced to metamorphose in the 
presence of gamma-aminobutyric acid a 
peptide almost identical to one of the 
main neurotransmitters in the human 
brain (62). A fragment of the molecule 
induces larvae of the abalone to meta- 
morphose to the juvenile form. Thereaf- 
ter, early growth sets in, triggered by 
insulin and growth hormone produced by 
the animal. The findings of Morse and 
associates (62) provide exciting new re- 
sults and the promise of cloning the 
genes controlling growth and synthesis- 
accelerating peptide hormones. 

Bacteria mediate metamorphosis of 
coelenterates (Hydractinea planulae lar- 
vae) and the sea urchin-in the latter 
case, in association with a 1- to 5-kilodal- 
ton protein. A carbohydrate produced by 
Pseudomonas marina stimulates inverte- 
brate development via lectin interaction 
(63). Thus, several specific chemical in- 
ducers have been described to date, 
which trigger invertebrate morphogen- 
esis. 

Another fascinating aspect of the mo- 
lecular biology of marine invertebrates is 
protochordate allorecognition. Colonial 
tunicates, unlike vertebrates, undergo 
transplantation in nature. Rejection or 
acceptance of colonies has been shown 
recently by Scofield et al. (64) to be 

controlled by a single gene locus with 
multiple alleles. The same genetic region 
apparently maintains polymorphism by 
preventing fertilization between gametes 
sharing alleles. Marine invertebrates also 
have a histocompatibility system that is 
involved in immune recognition of tissue 
antigens and rejection of transplanted 
allogenic organs, tissues, and cells, a 
system comparable with a mammalian 
major histocompatibility complex with 
its controlling gene system (64, 65). 

Conclusion 

The few examples offered here illus- 
trate an immense potential of biotechnol- 
ogy for the marine sciences, but they 
scarcely begin to reveal opportunities 
which lie ahead. There exists a strong 
foundation for exploitation of biological- 
ly active compounds already known to 
occur in the sea and for further explora- 
tion into the recesses of the world oceans 
for compounds and food sources as yet 
undiscovered. 

The greatest opportunity of all is rep- 
resented by the applications of genetic 
engineering to the marine sciences to 
pursue the untapped gene pool repre- 
senting transport systems for minerals, 
metal concentration, novel photosyn- 
thetic systems, and marine pheromones 
by marine animals. The advent of genetic 
engineering may bring to reality the po- 
tential of the oceans to serve as  a signifi- 
cant source of protein on a scale not 
heretofore predicted. The scale of rnan- 
agement and stock breeding for domestic 
animals can now be duplicated for fish 
and shellfish-providing an even greater 
advantage, compared with domestic live- 
stock, since the generation time and mat- 
uration cycle is significantly shorter for 
these marine species. 
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RESEARCH ARTICLE 

Mineralogic Information from a New 
Airborne Thermal Infrared 

Multispectral Scanner 

A n n e  B .  K a h l e  a n d  Alexander  F. H. Goetz 

In the past decade, research in geolog- 
ic remote sensing (1) has focused mainly 
on the development of techniques to 
exploit data obtained in the visible and 
near-infrared region of the spectrum ex- 
tending from wavelengths between 0.4 
and 2.5 pm (2). This region contains 
spectral features associated with elec- 
tronic transitions in the transition metals 

tains diagnostic spectral emission fea- 
tures for silicates. In silicate rocks there 
is a broad minimum in emissivity be- 
tween 8 and 11 pm, the reststrahlen 
band, which results from interatomic 
stretching vibrations of silicon and oxy- 
gen bound in the crystal lattice (5) ;  the 
depth and position of the band is related 
to the crystal structure of the constituent 

Abstract. A new six-channel aircraft multispectral scanner has been developed to 
exploit mineral signature information at wavelengths between 8 and 12 micrometers. 
Preliminary results show that igneous rock units can be identiJied from their free 
silica content, and that carbonate as well as clay-bearing units are readily separable 
on the digitally processed images. 

in minerals and overtone vibrations in 
minerals containing hydroxyl and car- 
bonate ions (3). Airborne and space- 
borne multispectral scanners obtain im- 
ages in this region by measuring reflect- 
ed solar radiation, and the spectral infor- 
mation has been used extensively in 
geologic mapping (2, 4). 

Now, a new airborne instrument, the 
thermal infrared multispectral scanner 
(TIMS), has been developed. With this 
instrument it is possible to obtain spec- 
tral emittance data in the thermal infra- 
red, that portion of the electromagnetic 
spectrum which is dominated by thermal 
radiation from the earth's surface. In 
particular, the 8- to 13-pm region con- 
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minerals. The band center has been 
shown (5) to move to longer wavelengths 
and decrease in intensity with decreasing 
quartz content and the concomitant in- 
crease in mafic mineral content. Sheet 
silicates (clays) also have an aluminum- 
oxygen-hydrogen bond bending mode 
feature in addition to the silicon-oxygen 
stretching features. Carbonate emittance 
spectra are essentially featureless in this 
wavelength region. 

Early attempts to  use multispectral 
image data in the thermal infrared (6) met 
with limited success because only two 
channels of data were available and the 
radiometric sensitivity of the instrument 
was inadequate. A sensitive instrument 

is required because the contrast in spec- 
tral emittance among rocks is usually 
less than 0.15, while the visible and 
reflective infrared regions exhibit con- 
trasts of 0.5 or greater. Kahle and Rowan 
(7) were successful in obtaining data in 
six thermal infrared channels with an 
aircraft scanner over the East Tintic 
Mountains, Utah. While results were 
promising, the scanner was dismantled 
shortly thereafter and the experiment 
could not be repeated. 

The TIMS is a six-channel scanner 
with high radiometric sensitivity that 
consists of a 19-cm diameter Newtonian 
reflector telescope mounted behind an 
object-plane 45" flat scanning mirror and 
followed by a Czerny-Turner spectrome- 
ter (8). In the focal plane, the entrance 
slit to the spectrometer acts as the field 
stop and defines the instantaneous field 
of view of 2.5 mrad. The total field of 
view scanned is 80". A six-element mer- 
cury-cadmium-telluride dector array, 
cooled by liquid nitrogen, is mounted at  
the exit of the spectrometer. The nomi- 
nal spectral bands covered are 8.2-8.6, 
8.6-9.0, 9.0-9.4, 9.4-10.2, 10.2-11.2, 
and 11.2-12.2 pm. The sensitivity ranges 
between 0. l o  and 0.3"C noise-equivalent 
temperature change at 300 K. This sensi- 
tivity is comparable to a noise-equivalent 
change in spectral emissivity of 0.002 to 
0.006. 

Some of the first flights with the TIMS 
have been over sites previously studied 
with other remote sensing instruments: 
Death Valley, California, and the Cu- 
prite mining district in Nevada (Fig. 1 ) .  
The image data are highly correlated 
from one spectral channel to the next, 
mainlv because the radiance measured 
has a strong dependence on surface tem- 
perature. The diagnostic information in 
the multispectral data, however, lies in 
the emissivity variations as a function of 

The authors are, respectively, the supervisor and 
senior research scientist, of the geology group, Jet 
Propulsion Laboratory, California Institute of Tech- 
nology, Pasadena 91 109. 

SCIENCE. VOL. 222 




