
Fish as Model Svstems 

Fish represent the largest and most diverse group of 
vertebrates. Their evolutionary position relative to other 
vertebrates and their ability to adapt to a wide variety of 
environments make them ideal for studying both organis- 
mic and molecular evolution. A number of other charac- 
teristics make them excellent experimental models for 
studies in embryology, neurobiology, endocrinology, en- 
vironmental biology, and other areas. In fact, they have 
played a critical role in the development of several of these 
disciplines. Research techniques that enable scientists to 
make isogenic lines in a single generation, create and 
maintain mutants, culture cells, and transfer cloned genes 
into embryos signal an increasing role for fish as experi- 
mental models. 

D ARWIN'S THE ORIGIN OF SPECIES EMPHASIZED T H E  IM- 

portance of systematic and zoogeographic studies and, as a 
result, ichthyologists like David Starr Jordan became major 

figures in American evolutionary thought. At the turn of  the 
century, Jacques Loeb, Thomas Hunt  Morgan, and others felt that 
Louis Agassiz's dictum to "study nature, not books" should include 
experimental manipulation as well as natural history ( I ) .  In the next 
decades, as fish were used t o  probe the secrets of nature, a few 
species emerged as particularly useful models. 

Fish models have been exploited by essentially every biological 
discipline (2-4). Because there are more than 20 disciplines and 
thousands of fish species, I have chosen a few representatives to  
commu~licate the flavor of this research. I will also point out some 
instances where fish have played particularly important roles in 
specific disciplines (for example, neurobiology) and enumerate some 
advantages of these model systems. 

Advantages of Fish as Models 
Fish are the oldest and most diverse vertebrates. They evolved 

around 500 million years ago, and today there are more fish species 
than all other vertebrates combined. Research with fishes provides a 
conceptual framework and evolutionaqr reference point for other 
vertebrate studies. They live in a wide variety of habitats that range 
from fresh to  salt water, from cold polar seas to  warm tropical reefs, 
and from shallow surface waters to  the intense pressures of  the ocean 
depths. Elucidating the evolutionary strategies and mechanisms that 
fish use to adapt to  these diverse environments is one of the exciting 
challenges for modern biologists. 

Many fish species are amenable to  both field and laboratory 
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experiments and are easily raised and bred under laboratory condi- 
tions. There is extensive animal husbandry information available 
from hundreds of years of  practical experience by fish farmers, 
hobbyists, and aquaculturists. Many fish are much less expensive to 
buy and raise than their mammalian, avian, reptilian, or amphibian 
counterparts. They are generally the most fecund, some producing 
hundreds of eggs on a periodic basis, whereas others produce 
thousands. These eggs are usually large and externally fertilized, and, 
because some are transparent, embryonic development can be easily 
followed. Historically, these advantages and the economic impor- 
tance of some fish have made them favored models for such studies 
and, as a consequence, the detailed embryology of many species has 
been carefully documented. 

Fish are useful models for genetic manipulations. There are 
several highly homozygous strains, and general methods for obtain- 
ing new strains and mutants have been established. For example, 
inbred strains of medaka (Oryzias latipes), top minnows (Poeciliopsis 
lucida), and others have been produced by classical repetitive 
inbreeding. In addition, naturally occurring hermaphroditic (Rivulus 
mavmoratus) and gynogenetically reproducing fish are available. 
Some scientists have imitated nature, successfully producing gyno- 
genetic diploids in the laboratory. Streisinger and his colleagues (5, 
&), for example, introduced methods for large-scale production of  
homozygous diploid zebrafish (Bvachydanio revio). With this simple 
technique, eggs were activated by sperm having DNA that had been 
inactivated by ultraviolet irradiation, then the maternal haploid 
genome was duplicated. The first cell division is then prevented by 
heat stress o r  hydrostatic pressure; however, subsequent cell divi- 
sions are allowed to proceed without intervention. Thus, the 
offspring is a diploid homozygote with the maternal genome. 
Because of the unusual sex-determination characteristics, the off- 
spring are both males and females, so that normal breeding can 
continue in the next generation. This general approach has been 
applied to  other fish, but some require hormones to produce males. 
A novel variation on  Streisinger's theme used active sperm to initiate 
development of  trout eggs with DNA that had been photoinactivat- 
ed (7). 

Mammalian models range from small species (for example, mice, 
rats, and guinea pigs) to  large ones (for example, cows, sheep, and 
primates), each of which may be used to answer different types of 
scientific questions. Fish represent an even more diverse morpholog- 
ical group than mammals and, thus, the choice of a particular model 
depends on the question being addressed. Large fish, such as 
dogfish sharks (Squalus aca~thus), the electric ray (Torpedo califovnica), 
winter flounder (Pseudopleuvonectes amevicanus), rainbow trout (Orz- 
chovhyrzclius mykiss), and carp (C)jpvirzus cavpio), tend to be used in 
studies where experimental manipulations are significantly facilitat- 
ed by the larger size or distinct adaptation of the organ systems of 
the fish, for example, the historic advances with the fish kidney 
model. Although a number of these large fish have also been the 
focus of genetic analysis, the time required for sexual maturation and 
the cost of  maintaining a large number of genetic stocks have made 
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them less useful than for other studies. On the other hand, a number 
of small fish species with shorter life cycles, such as zebrafish 
(Bvachydanio rerio), medaka (Oryzias latipes), killifish (Fundulus hetevo- 
clitus), guppies (Lebistes reticulatus), mollies (Poecilia formosa), platy- 
fish (Platypoecilus maculatus), and swordtails (Xiphophovus hellevi), may 
be used as models for even the most sophisticated genetic analyses. 

Recently, a number of researchers have successfufiy microinjected 
cloned DNA into fertilized fish eggs and, in some cases, the 
transferred gene has been integrated into genomic DNA, the protein 
has been expressed, and the transferred gene inherited in a Mende- 
lian manner (8). For example, studies with growth hormone 
constructs indicate significant enhancement of growth in transgenic 
fish. Because the first generation offspring of these transgenic fish 
are usually genetic mosaics, some of their F1 offspring may carry and 
express the foreign gene, whereas others may not. This phenomenon 
is dramatically illustrated in Fig. 1. 

Neurobiology 
For decades, neurobiologists have found fish to be excellent 

models. In fact, most biologists and physicians over 40 years of age 
had their first exposure to vertebrate neuroanatomy when they 
dissected the brain and cranial nerves of the dogfish shark. Compar- 
ative r~eurobiology can provide insight about the human nervous 
system and its role in health. Fish models can lead to understanding 
of vertebrate neurology in general and provide perspective by their 
fundamental evolutionary relationship with other vertebrates. Our 
present concept of vertebrate color vision, for example, was signifi- 
cantly influenced by a series of classical studies on fish retina (9). 
Certain progressive neurological diseases are best understood in the 
context of the evolutionary states of the nervous system in which 
evolutionarily "higher" central nervous system functions are lost 
first, then sequentially "lower" evolutionary states, with the order 
being reversed during recovery (10). Bullock has provided several 
examples that are consistent with that hypothesis (10). 

Prosser described neurobiology as the neuronal basis of animal 
behavior, determined by neural circuits that are controlled by cell- 
to-cell communications, including chemical coupling through neu- 
rotransmitters (3). Most neurotransmitters are amino acids, their 
derivatives, or peptides. Acetylcholine (ACh) is a combination of 
choline (from serine) and acetyl coenzyme A. Acetylcholine is 
perhaps the most universally recognized neurotransmitter among 
nonneurobiologists. It is widespread among most taxa and performs 
a variety of important functions. Research on the ACh receptor and 
the Na' channel of fish has played a critical role in the development 
of neurobiology. 

Approximately one-third of vertebrate neurons respond to ACh. 
In the brain, there are at least two types of ACh or cholinergic 
receptors, muscarinic and nicotinic. The most important studies on 
the nicotinic receptor have used fish models. The electric organ of 
the ray, Torpedo califovnica, contains cholinergic neurons that inner- 
vate electrocytes that develop from myotubes but have 1000 times 
more ACh receptors than muscle cells (11). The abundant ACh 
receptor has been extensively characterized, including the cloning 
and sequencing of all four of its protein subunits (12). Moreover, 
this receptor has been reconstituted in artificial membranes, and its 
role has been elucidated in the disease myasthenia gravis (13). These 
studies on the ACh receptor are an important success in molecular 
neurobiology and a model approach. 

Another example in which research on fish has paved the way for 
molecular approaches to neurobiology is provided by the studies on 
the voltage-controlled Na' channel. This integral membrane pro- 
tein is responsible for the extremely rapid depolarization associated 

with propagated action potentials in nerve and muscle cells of 
animals from many phyla. Studies of Na' channels have guided 
research into other voltage-controlled channels, such as K+ and 
ca2' channels, that are even more widespread and functionally 
diverse. 

The Amazonian electric eel, Electrophorus electricus, like the electric 
ray, Toyedo califovnica, is well endowed with electroplax tissue for 
delivering strong electric shocks to both predators and prey. Exten- 
sive research during the 1950s and 1960s on the electric organ of 
this fish resolved a conflict between bioelectric and biochemical 
interpretations of the nervous system. Since that time, this fish has 
been a favorite model for other neurochemical studies. For example, 
because the electric organ is such a rich source of Na' channels, it 
was used as a tissue source for the purification of the first Na' 
channel (14). This Na' channel was also the first from which 
essentially normal functional activity was successfully reconstituted 
(15). Those studies on fish Na' channels have become the model for 
studies on other channels (16). 

As was the case for the ACh receptor, a fish Na+ channel was the 
first of such molecules to be cloned (17). The primary structure 
revealed four repeating homologous units, each of which contains a 
unique sequence in which five to seven positively charged lysine or 
arginine residues occur at every third position, with most of the 
intervening positions occupied by polar residues (Fig. 2). Because of 
the similarity between this sequence and the hypothetical structure 
of the voltage-dependent gating machinery for the channel (18), it 
was proposed that this macromolecular machine was a transmem- 
brane structure that underlies the intermembrane charge movement 
that triggers opening of the channel, referred to as gating current. 
This concept is central to all proposed structural models that attempt 
to account for Na' channel function (19). 

The unusual S4 sequence identified in the eel Na' channel is not 
unique. Nearly identical structures have now been identified in 
essentially every other voltage-controlled channel that has been 
cloned and sequenced: two more Na' channels from rat brain (20) 
and one from Dvosophila (21), the Shakev K' channel from Drosophila 
(22), and the dihydropyridine receptor from rabbit skeletal muscle, a 
putative Ca2+ channel (23). The presence of an S4-like sequence has 
been used to identify genes coding for voltage-controlled ion 
channels (Fig. 2). Work on the electric eel has directly shaped our 
present understanding of the molecular structure and function of 
these and perhaps all channels gated by membrane voltage. 

Endocrinology 
Approximately 400 million years ago, the ancestors of modern 

bony fishes (teleosts) invaded fresh water and diversified. A few 
hundred million years later, new species returned to the ocean and 
proliferated; afterward, new teleosts reinvaded fresh water. Today, 
some fish are restricted to either fresh water or salt water and otheis 
spend part of their life in each environment. Freshwater fish are in a 
Na+-poor environment and have evolved mechanisms to retain salt. 
~ l t h o u ~ h  they do not drink water and their skin is relatively 
impermeable, a significant influx of water occurs across the gills, 
which is eliminated as a dilute urine through the glomerular kidney. 
Salt lost in the feces and urine is replaced from food and by active 
Na' uptake at the gills. The opposite situation exists for saltwater 
fish, which must conserve water and exclude salt. They drink water 
and eliminate excess ions either at the gills or through feces; urine 
output is minimized. Fish that migrate between fresh and salt water 
must, therefore, regulate these mechanisms in order to survive (24). 

Pickford and Phillips (25) showed that hypophysectomized killi- 
fish, Fundulus heteroclitus, failed to survive when transferred from salt 
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Fig. 1. The carp in this figure are the F, ofipring of mosiac transgenic 
parents. The larger individual is transgenic and carries and expresses a 
mammalian G H - ~ c ~ ~  whose exprcssi& is driven by a mctali&hionein 
promoter. The smaller individuals in the fieure arc the iarecr individual's 
;lontransgenic siblings. This photograph w& provided by 2. Zhu of the 
Institute of Hydrobiology, Academics Siica in the People's Republic of 
China, and senior research scientist of the Center of Marine Biotechnology, 
University of Maryland. 

water to fresh water but did survive when injected with prolactin 
(Prl). The rapid loss of Na' at the gills was essentially halted by Prl 
injections. This and other papers by Pickford and her colleagues set 
the stage for delineating of the role of Prl in the complex process of 
osmoregulation. Although all the details are not yet known, in at 
least a few fish species (24), Prl appears to stimulate active Na+ 
uptake, inhibit CI- excretion, retain Ca2+, enhance production of 
dilute urine by inhibiting water reabsorption, and facilitate Na' 
retention by suppression of a Na+,K+-ATPase (24, 26-29). In fact, 
when fish migrate from fresh water to salt water, the Na+,K+- 
ATPase can increase by as much as an order of magnitude (29). 

Pickford also studied the growth-promoting effect of growth 
hormone in hypophysectomized killifish (30). Since growth hor- 
mone (GH) and Prl arose from a common evolutionary precursor 
(31), it should not be surprising that there were repom of overlap- 
ping biological activities (32, 33). However, it was eventually shown 
that Prl and GH from the same species had mutually exclusive effects 
(33). In trout (33), GH functions in a manner opposite to Prl in 
osmoregulation; it enhances Na+,K+-ATPase activity and Na+ 
exclusion at the gills. When some fish migrate from salt water to 
fresh water, Prl increases, GH decreases, and Na+ is retained by the 
reduction of Na+,K+-ATPase activity. When they migrate from 
fresh water to salt water, the opposite is true and growth is 
accelerated because of increased GH concentrations (24). 

The detailed mechanism of this control and its applicabil- 
ity to other species (24) is not yet known, but the availability of large 
quantities of biosynthetic GH and Prl from cloned cDNAs (35) 
should provide adequate material to study these mechanisms. Now 
that the fish GH gene structure is known (31) and the Prl gene 
structure is beiig elucidated, the mechanisms controlling gene 
reeulation shouldfbllow. These molecular studies as well assimilar 
&om on other pituitary hormones (36), hormones from the 
hypothalamus (37), and other endocrine hormones, signal that a 
new phase in fish endocrinology has begun. Moreover, these tools 
can be used on other fish species to explore evolutionary variations 
on this theme of osmoregulation. 

Developmental Biology 
Modem developmental biology tends to focus on (i) embryonic 

pattern formation, including the movement and eventual fate of 
specific cells (38); (ii) the mechanisms responsible for developmental 
stability; (iii) the expression of specific genes during development, 
including their regulatory mechanisms; (iv) agents responsible for 
initiating new developmental programs and shifting the timing of 

developmental events; (v) sex determination; (vi) the mechanisms of 
cellular and tissue differentiation; and (vii) the mechanisms that 
control organ system development (38). Although many of these 
topics can be addressed in a variety of organisms, a vertebrate is, 
clearly, needed for questions relating to typical vertebrate develop- 
ment. For previously mentioned reasons, fish have been favorite 
models of embryogenesis for over a century. For example, the 
killifish, Fundulus heteroclitus, and the medaka, Oryzias latipes, played 
central roles in embryology in the United States and Japan, respec- 
tively. In a recent review of fish developmental genetics (39), the 
authors emphasize that gene regulation is intrinsically tied to 
evolutionary adaptation. 

In the absence of an extensive array of laboratory mutants, 
researchers have taken advantage of interspecific fish hybrids, uni- 
sexual fish, and species derived from polyploid ancestors. The use of 
interspecific fish hybrids to study the fate of alleles and gene 
regulation is an in vivo analog to the in vitro somatic cell hybrid 
technique commonly used to study gene regulation in mammalian 
cell culture. The application of this approach has been reviewed by 
Whitt (40). He has shown that the greater the evolutionary distance 
between the parental stocks of hybrids, the greater the frequency of 
expression of abnormal characters; also maternal alleles are generally 
expressed at their normal time, whereas paternal alleles are delayed 
(40). With the recent advances in genetic techniques to manipulate 
fish genomes, the mechanisms responsible for these interesting 
observations may be examined. 

Shifts in the timing of developmental events (heterochrony) have 
also been studied with fish models. These shifts can sometimes be 
traced to a single locus. For example, Kallman has shown that 
differences in the time required to reach sexual maturity in the 
swordtail, Xiphophorus manrlatus, is a b c t i o n  of a single locus that 
regulates luteinizing hormone-releasing hormone (41). 

Some investigators have shown that developmental rate and time 
required for hatching are correlated with specific enzyme-encoding 
loci that presumably play a role in the timing of developmental 
events. For example, DiMichele and Powers (42) showed that 
developmental rate and hatching in the killifish, Fundulus heteroclitus, 
was highly correlated with genetic variation of the "heart" locus of 
lactate dehydrogenase (Mh-B). The homozygote for one allele, Mh- 
Ba, consumed oxygen faster and hatched earlier than the homozy- 
gote with the other allele, L d h - ~ ~ .  Recently, DiMichele (43) showed 
that oxygen consumption was altered in a predictable way by the 
type of lactate dehydrogenase microinjected into fertilized eggs, 
indicating that the enzyme had a direct effect on development. 
Development and hatching differences have been observed for other 
loci in Fundulus (44) and trout (45, 46). 

One of the major drawbacks to the use of vertebrates for 
developmental studies has been the paucity of mutants. For exam- 
ple, because of the nature of mammalian development, the problems 
associated with identifying and isolating mutants have been both 
costly and difficult (47). On the other hand, the zebrafish has been 
an unusually successful model for generating and analyzing develop- 
mental mutants (48). The success of the zebrafish system is largely 
the result of methods that (i) allow developmental mutants to be 
identified in a single generation, (ii) engender completely isogenic 
stocks in a single generation, (iii) permit the cryopreservation of 
gametes, (iv) make possible the artificial creation of mutants, and (v) 
enable the formation of transgenic fish (8, 49). 

The movement and eventual fate of cells during development can 
be studied by direct observation of unmarked or marked cells (38). 
The latter is usually accomplished by introducing one of several 
nontoxic tags that facilitate observation. Kimmel and his colleagues 
(50) have used direct observation of unmarked cells, of cells tagged 
with fluorescent dyes, and of genetic mosaics to study the lineages 
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channel, but it is not yet known how many subunits are 
necessary to form a functional channel. (D) Conservation 
of the S4 region among voltage-controlled channels 
described in text and pictured in (A to C). Positively 
charged amino acids (arginine = R, lysine = K) regular- 
ly spaced with nvo (mostly nonpolar or hydrophobic) 
intervening residues. Solid lines encircle identical amino 
acids; dotted lines denote conservative replacements, iM, 
methionine; V, valine; I, isoleucine; A, alanine; G, 

glycine; S, serine; T, threonine; Q, glutamine; N, asparagine; D, aspartate; E, glutamate. Adapted from (19). 

and eventual fates of embryonic cells. They have shown that 
blastomere lineages are indeterminate but lineage restriction exists 
after gastrulation. However, it is not yet clear that postgastrula cells 
are irrevocably committed. 

The studies of Grunwald and his collaborators illustrate the power 
of Streisinger's method for isolating and analyzing developmental 
mutants (51). One of Grunwald's mutants causes degeneration of 
later developing central nervous system components but does not 
affect early primary neural tissue. This and other studies on zebrafish 
mutants are providing insights about vertebrate development that 
could not have been as easily perceived with vertebrate models. 
Zebrafish are becoming a powerful tool to study vertebrate develop- 
ment, and recent molecular studies on fish neuropeptides (36), 
hormones (31, 35, 37), and homeobox genes (52), coupled with the 
ability to make transgenic zebrafish ( 8 ) ,  promise an expanded role 
for zebrafish in developmental biology. 

Aquatic Toxicology and Carcinogenesis 
Research 

Fish models cannot replace mammals for research into mammali- 
an physiology, but they can offer an inexpensive and, in some 
instances, more acceptable alternative for chemical carcinogen test- 
ing. Fish are particularly useful for the assessment of water-borne 
and sediment-deposited toxins where they may provide advanced 
warning of the potential danger of new chemicals and the possibility 
of environmental pollution. Recent public awareness of increasing 
contamination of the oceans and the potential associated health risks 
should encourage further research in aquatic toxicology. 

Russel and Kotin (53) were the first to suggest a correlation 
between pollution and incidence of fish tumors. Those correlations 
were emphasized when an outbreak of liver cancers in cultured 
rainbow trout was traced to the presence of an aflatoxin in their food 

Fig. 2. (A to C) Models for the membrane-spanning 
regions of three voltage-controlled ion channels. The S4 
region of each domain is segment 4. Both the Na+ 
channel from Electrophorous electric organ (Fig. 2A) and 
the dihydropyridine receptor (a putative Ca2+ channel) 
from mammalian skeletal muscle (Fig. 2C) have four 
pseudo-subunit domains, each of which has six trans- 
membrane segments. A gene product from the Shaker 
locus of Drosophila (Fig. 2B) is composed of only one 
such domain, which is homologous to domain IV of 
Na+ and Ca2+ channels. This orotein codes for a K' 
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(54). Recently, hepato-cellular carcinomas have been found to be 
significantly elevated in the winter flounder (Pseudopleuronectes ameri- 
canus) from Boston Harbor (55) and in the English sole (Pleuronectes 
vetulus) from Puget Sound (56). The latter study suggested that the 
tumors might be the result of excess polycyclic aromatic hydrocar- 
bons in the sediments. The elegant studies of Hendricks et a/. (57) 
demonstrated that, indeed, the polycyclic aromatic hydrocarbon, 
benzo[a]pyrene, was capable of inducing hepatomas (58). 

The ability to induce neoplastic lesions in fish tissues has inspired 
innovative methods for detecting chemical carcinogens. One partic- 
ularly novel test involves the use of fish embryos. In this test, 
fertilized eggs from rainbow trout (59) or medaka (60) are exposed 
for a short period to a defined concentration of a toxin. After 
removal, the embryos are allowed to develop, and evidence of 
tumors is recorded. This is a highly sensitive test that, in some ways, 
is superior to the analogous test in rodents. The main advantages 
and disadvantages are discussed elsewhere (59, 60). 

In addition to chemical carcinogens, viruses have been suggested 
as potential causes of fish neoplasms. For example, Papas and his 
colleagues suggested that lymphosarcomas in the northern pike were 
the result of a C-type virus (61). Kimura et al. (62) and Sano et a/. 
(63) indicated that lesions or tumors in salmon could be induced by 
exposure to some herpes viruses. 

The discovery that melanomas could be generated in hybrid 
crosses between swordtails (Xiphophovus hellevi) and platyfish (Platy- 
poecillrs maculatus) opened a new area of melanoma research (64). 
After this discovery, a number of scientists analyzed the genetic basis 
of this interesting phenomenon (65). Platyfish have melanin pig- 
ment patterns that are coded by specific color genes. For example, 
one strain has a black pigmented spot or  spots on the dorsal fin, the 
expression of which is controlled by an allele of a sex-linked locus. If 
a female is crossed with a melanin-lacking male swordtail, the 
offspring will have abnormal melanization that will often lead to 
melanomas. Anders et a/. (66) described the color gene as an 
oncogene and suggested that it was correlated with c-svc. This "color 
oncogene" is controlled by at least one regulatory locus and a host of 
environmental and physiological factors. 

There have been other oncogenes studied in fish and some have 
been analyzed at the molecular level. The vas gene was cloned from 
goldfish liver DNA (67), and the c-myc gene was isolated and 
characterized from rainbow trout (68). Each of these showed a 
remarkable similarity to their mammalian and avian counterparts 
(68). 

Schartl and Peter (69) demonstrated progressive growth of fish 
tumors when malignant melanotic melanoma tissue, from the 
swordtail fish, Xiphophouous, was transplanted into thymus-aplastic 
nude mice. Moreover, while the tumor adapted to the physiological 
conditions of the mammalian host, it retained its fish-specific 
morphology and biochemical specificity. In a recent study, winter 
flounder tissues that contained histopathological lesions were as- 
sayed for oncogenes by transfection of the DNA into mouse 
fibroblasts. The transfected fibroblasts induced subcutaneous sarco- 
mas when transferred into nude mice, and there is some evidence 
that these sarcomas may contain fish c-K-vas oncogenes (70). 

Biochemical and Genetic Adaptation 
Comparative physiologists and biochemists are interested in the 

mechanisms that organisms use to adapt to environmental stress. 
Fish are particularly good models because they live in a variety of 
habitats and must adapt to environmental parameters, like tempera- 
ture, pressure, oxygen, pH, and salinity, which are easily measured 
and controlled under laboratory conditions. Hochachka and So- 

mero (4) pointed out many of the adaptive mechanisms and 
strategies of aquatic animals. 

Temperature is a useful parameter to illustrate biochemical adap- 
tation. Fish are cold-blooded organisms, and their success involves 
adaptations to changes in environmental temperature. This is ac- 
complished by a host of metabolic, physiological, and behavioral 
changes (3, 4). Like many organisms, fish use heat shock genes in 
response to elevated temperature (71), but for extreme cold, some 
have evolved a novel set of antifreeze genes to encode proteins that 
keep their blood from freezing. DeVries (72), who discovered anti- 
freeze proteins (AFP), found that polar fish express these genes all 
year, whereas temperate species, like winter flounder, express AFPs 
only in winter (73). This seasonal variation is an excellent system to 
study the role of environmentally regulated gene expression. 

AFPs of Antarctic fish are composed of repeating units of Ala- 
Ala-Thr with a disaccharide, galactosyl-n-acetylgalactose mine ,  
glycosidically linked to the threonine (74). Winter flounder AFPs 
differ in that they do not have disaccharides. The flounder express an 
alanine-rich helical protein whose primary, secondary, and tertiary 
structures have been determined (74-76), and the elegant mecha- 
nism by which these proteins bind micro-ice crystals and lower the 
freezing point of the blood has been formulated (75). Recently, the 
DNA sequences encoding these genes have been elucidated (76), 
and microinjection of the gene into other species has been successful 
(8). Now the tasks of understanding the regulation of this gene 
family and delineating the molecular mechanisms involved in the 
transfer of information from the environment to the target tissue 
remain. 

The potential adaptive role of genetic variation at enzyme- 
synthesizing loci has been the subject of intense investigation for 
almost three decades. Indeed, few subjects in biology have been 
more debated than the evolutionary significance of protein polymor- 
phism~ (77). Most of the debate centered around two contrasting 
views: the "selectionist" and "neutralist." Proponents of the first 
idea assert that natural selection maintains protein polymorphisms, 
whereas those of the second school argue that the vast majority of 
such variation is selectively neutral. In 1974, Lewontin (77) summa- 
rized the failure of evolutionary biologists to resolve this important 
issue. Since that time, a number of researchers have addressed the 
controversy with renewed vigor and with the sophisticated tools of 
molecular biology (78). 

A few in vitro studies of enzymes have suggested selection, 
however, there is little corroborating evidence at other levels of 
biological organization (78). My colleagues and I are addressing the 
significance of genetic variation in the killifish, Fundulus heteuoclitus. 
Using temperature, pH, oxygen, and salinity as model environmen- 
tal variables, we are investigating a series of allelic isozymes for 
evidence of natural selection at several levels of biological organiza- 
tion. We have analyzed enzyme kinetics, protein structure, gene 
sequences and their regulation, cell metabolism, oxygen transport, 
developmental heterochrony, swimming performance, population 
biology, zoogeography, and have carried out laboratory and field 
selection experiments (44, 78, 79). Based on the results of some of 
those studies, DiMichele predicted heterochrony and mortality 
differences between phenotypes as a function of temperature and 
salinity, and some of those predictions were realized as he found 
hatching time and mortality differences for both single and multilo- 
cus phenotypes at high temperatures (43). Moreover, those that 
survived the highest temperature regime were also the most com- 
mon phenotypes at the warm southern extreme of the natural 
distribution of the species. Although this multidiscipline approach is 
just beginning to bear fruit, it already appears that some enzyme loci 
are maintained by natural selection while others are not. 

Another example of this approach is the work of Vrijenhoek and 
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his colleagues, who have shown dramatic differences in survival 
among populations of the fish genus Poeciliopsis (80, 81). In addi- 
tion, laboratory and field selection experiments reveal the action of  
natural selection on  genetic variants marked by four enzyme- 
encoding loci. Using acute cold, heat, and hypoxia, variables that 
mimic seasonal environmental stress, they demonstrated that allo- 
zyme diversity and survival were intrinsically linked (81). It  will be 
exciting t o  explore the biochemical and molecular basis for this 
phenomenon in the future. 

Elucidating the array of mechanisms that animals use t o  adapt t o  
diverse environments is one of the exciting challenges for modern 
biology; fish provide excellent models to  meet that challenge. 

REFERENCES AND NOTES 

1. Loeb worked extensively with fish and was first author on 70 publications on 
Futtdulus heteroclitus alone. Using the same species, Morgan published seven papers 
on the regeneration and identification of embryo-forming regions [see, for 
example, T.  H.  Morgan, Science 28, 287 (1908)l. They both worked on marine 
organisms in Woods Hole, MA, and Pacific Grove, CA. 

2. W. S. Hoar and D. J. Randall, Firh Physiology (Academic Press, New York, 1969- 
1984), vols. 1-10, 

3. C. L. Prosser, Comparative Animal Physiology (Saunders, Philadelphia, PA, 1973); 
Adaptational Biology: Molecules to Organisms (Wiley, New York, 1986). 

4. P. W. Hockachka and G. S. Somero, Biochemical Adaptation (Princeton Univ. Press, 
Princeton, NJ, 1984). 

5. G. Streisinger, C. Walker, N. Dower, D. Knauber, F. Singer, Nature 291, 293 - - 
(1981). 

6. G. Streisinger, Natl.  Cancer Inst. Monogr. 65, 53 (1984). 
7. G. H .  Thorgaard, P. D. Scheerer, J. E. Parsons, Theor. Appl. Genet. 71, 119 

(1985). 
8. Z. Zhu, G. Li, L. He, S. Chen, Z. Angew.  Ichthyol. 1, 31 (1985); Kexue Tongbao 

31, 988 (1986); D. Chourrout, R. Guyomard, L. M. Houdebine, Aquaculture 51, 
143 (1986); R. A. Dunham, J. Eash, J. Askins, T. M. Townes, Trans. A m .  Fish. 
Sac. 116, 87 (1987); G. L. Fletcher, M. A. Shears, P. L. King, M. J. Davies, C. L. 
Hew, Can.  J. Firh. Aquat. Sci. 45, 352 (1988); N. D. Maclean, D. Penman, Z. 
Zhu, BioTechnology 5, 257 (1987); G. W. Stuart, J. V. McMurry, M. Westerfield, 
Development 103, 403 (1988); T. McEvop et al. ,  Aquanrlture 68, 27 (1988); K. 
Ozato et al., Cell D ~ y e r .  19, 237 (1986); T.  T.  Chen et al., 1989 U C L A  Symposium 
on Transgenic Animals, in press; T. T.  Chen et a l . ,  Aquaculture, in press; P. Zhang et 
al. ,  Mol. Reprod. Dev . ,  in press; D. A. Powers, L. I. Gonzales-Villasenor, P. Zhang, 
T. T.  Chen, R. A. Dunham, Ar lH  Symposia on Transgenic Animals, in press. 

9. N. Daw, J .  Physiol. 197, 567 (1968); J. T .  Schmidt, Trends Neurosci. 4, 111 
(1982); M. K. Powers and S. S. Easter, in Fish Neurobiology, R. G. Northcutt and 
R. E. Davis, Eds. (Univ. of Michigan Press, Ann Arbor, 1983), vol. 1, pp. 377- 
404. 

10. T.  H.  Bullock, in Firh Areurobiology, R. G. Northcutt and R. E. Davis, Eds. (Univ. 
of Michigan Press, Ann Arbor, 1983), vol. 2, pp. 362-368. Bullock emphasized 
that Hughlings Jackson pointed this out almost 100 years ago. See A. M. Lassek, 
The Unique Legacy o f D r .  Hughlings Jackson (Thomas, Springfield, IL, 1970). 

11. V. P. Whittaker, Neurochem. Res. 12, 121 (1987). 
12. M. Noda et a l . ,  Nature 302, 528 (1983); A. Devillers-Thiery et a l . ,  Proc. Aratl. Acad. 

Sci. U . S . A .  80, 2067 (1983); M. Noda et a l . ,  Nature 301, 251 (1983); LM. 
Mishima et al., ibid. 307, 604 (1984); M. A. Raftery, M. W. Hunkapiller, C. D. 
Strader, L. E. Hood, Science 208, 1454 (1980). 

13. E. Heibronn, in Handbook of .Weurochemistry, A. Lajtha, Ed. (Plenum, New York, 
1985), vol. 10, pp. 241-248; M. Schumacker et al., Nature 319, 6025 (1986). 

14. W. S. Agnew, A. C. Moore, S. R. Levinson, M. A. Raftery, Proc. Aratl. Acad. Sci. 
C . S . A .  75, 2606 (1978). 

15. R. L. Rosenberg, S. A. Tomiko, W. S. Agnew, ibid. 81, 5594 (1984). 
16. V. Flockerzi et al., Nature 323, 66 (1986). 
17. M.  Noda et a l . ,  ibid. 312, 121 (1984). 
18. C. LM. Armstrong, Physiol. Rev .  61, 644 (1981); W. F. Gilly and C. M. Armstrong, 

J .  Gen.  Physiol. 79, 965 (1982). 
19. W. A. Catterall. Science 242. 50 11988). 
20. M. Noda et al..'.Wature 312.'188 '11986) 

> - - -  \ -  - - ,  
21. L. Salkoff et al. ' ,~~cience2%, 744 (1987). 
22. B. L. Tempel, D. M. Papazian, T. L. Schwarz, Y. N. Han, L. Y. Jan, ibid., p. 770. 
23. S. B. Ellis et al., ibid., 241, p. 1661. 
24. While this is an accepted generality, it is built on a very few species. There is 

evidence that other hormones are also involved and, in some species, alternate 
mechanisms may be used. See n'. S. Hoar and D. J. Randall, Eds., Fish Physiology, 
vol. 10, part B, Gills: Ion and Water Trans& (Academic Press, New York, 1984); H. 
A. Bern, A m .  Zool. 23, 663 (1986). 

25. G. E. Pickford and J .  G. Phillips, Scietice 130, 454 (1959). 
26. G. E. Pickford and J. n'. Atz, The  Physiology of the Pituitary Glaiid of Fishes (New 

York Zoological Society, New York, 1957). 
27. K. Fiedler, Zool .  Jahrb. Abt .  A l k .  Zool. Physiol. Tiere 69, 609 (1962). 
28. V. Blum and K. Fieldler, Gen .  Comp.  Btdocrinol. 5, 186 (1965); 0 .  Riddle, J .  .Vat/. 

Cat~cer Itist. 31, 1039 (1963); Animal Behav. 11, 419 (1963), and references 
therein. 

29. G. De Renzis and M. Bornancin, in Fish Physiology, vol. 10, part B, Gills: Ion and 

Water Transjr ,  W. S. Hoar and D. J. Randall Eds. (Academic Press, New York, 
1984), pp. 65-104. 

30. G. E. Pickford. Bull. Binaham Oceanopr. Coil.  14  (no. 2). 5 (1953); ibid., p. 46 
31. Growth hormone gene sequence anddiscussion Gf ev01;tion are  in^. B. ~gel lon,  

S. L. Davies, T. T. Chen, D. A. Powers, Proc. Natl.  Acad. Sci. U . S . A .  85, 5136 
(1988); other articles on evolution are W. L. Miller and N. L. Everhardt, Endocr. 
Rev. 4 ,  97 (1983); E. P. Slater, J. D. Baxter, N. L. Eberhardt, A m .  Zool. 26, 939 
(1986); and references in both. 

32. D. C. W. Smith, Mem.  Sac. Endocriitol. 5, 83 (1956); W. S. Hoar, in T h e  Pituitary 
Gland. G. W. Harris and B. T.  Donovan. Eds. (Buttenvorths, London, 19661, vol. 
1, pp. 242-294. 

33. W. C. Clarke, S. W. Farmer, K. M. Hartwell, Gen .  Comp.  Etidocrinol. 33, 174 
(1977). 

34. W. C. Clarke, H.  A. Bern, C. H .  Li, D. C. Cohen, Endocrinology 93,960 (1973); B. 
A. Doneen, Gen.  Comp.  Endoninol. 30, 34 (1976); C. S. Nicoll and P. Light, ibid. 
17, 490 (1971). 

35. S. Sekine et a l . ,  Proc. Natl.  Acad. Sci. U . S . A .  82,4306 (1985); L. B. Agellon and T. 
T. Chen, D N A  5, 463 (1986); L. L. Gonzalez, P. J. Zhang, T. T. Chen, D. A. 
Powers, Getie 65, 239 (1988); C. S. Nicoll et a l . ,  Gen .  Comp.  Endocrinol. 68, 387 
(1987); Y. Kuwana et a l . ,  Agric. Biol. Chem.  52, 1033 (1988); S. Song et a l . ,  Eur. J .  
Biochem. 172 (no. 2), 279 (1988); L. B. Agellon, S. L. Davies, C. Lin, T.  T .  Chen, 
D. A. Powers, Mol. Reprod. Dev .  1, 11 (1988). 

36. N. Kitahara et al., Comp .  Biochem. Physiol. B 9 1  (no. 3), 551 (1988). 
37. Y. Okawara et a l . ,  Proc. Aratl. Acad. Sci. U . S . A .  85, 8439 (1988). 
38. J. P. Trinhaus, Cells into Organs: The  Forces that Shape the Embryo (Prentice-Hall, 

Englewood Cliffs, NJ, 1984), p. 1; A m .  Zool. 24, 673 (1984); J. E x p .  Zool. 118, 
269 (1951); T. Betchaku and J .  P. Trinkaus, Atn.  Zool. 26, 193 (1986). 

39. G. H.  Thorgaard and F. W. Allendorf, in Developmental Getietics of H&her 
Organisms, G. M. Malacinski, Ed. (Macmillan, New York, 1981), pp. 363-391. 

40. G. S. Whitt, A m .  Zool. 21, 549 (1981); lso+ymes: C u w .  Top .  Biol. Med. Res. 10, 1 
(1983). 

41. K. D. Kallman, Copeia 1983, 755 (1983). 
42. L. DiMichele and D. A. Powers, Nature 260, 563 (1982); Physiol. Zool .  57, 46 

(1984); ibid., p. 52. 
43. L. DiMichele, personal communication. 
44. , D. A. Powers, J. DiMichele, A m .  Zool. 26, 201 (1986). 
45. F. W. Allendorf, K. L. Knudsen, R. F. Leary, Proc. Aratl. Acad. Sci. U . S . A .  80, 

1397 (1983). 
46. J. E. Wright, J .  B. Heckman, L. M. Atherton, in Isozytnes, vol. 3, Developmental 

Biology, C. L. Markert, Ed., (Academic Press, New York, 1975), pp. 375-401; R. 
G. Danzmann, M. M. Ferguson, F. W. Allendorf, Dev .  Genet. 5, 117 (1985); J. H.  
Knudsen, R. F. Leary, M. Talluri, Genetics 107, 57 (1984). 

47. There have been a number of important developmental mouse mutants isolated 
over the last 20 years, but they cannot be easily maintained, and lethal genes are 
almost impossible to isolate and maintain. 

48. Reviewed by C. B. Kimmel and R. W. Warga, Trends Geiiet. 4 (no. 3), 68 (1988). 
49. C. Walker and G. Streisineer. Genetics 103. 125 11983): S. Chakrabarti. G. 

Streisinger, F. Singer, C. W&e;, ibid., p. 109; G. strei'singe;,k. Singer, C. waikei, 
D. Knauber, N. Dower, ibid. 112, 311 (1986). 

50. C. B. Kimmel and R. D. Law, Dev .  Biol. 108, 78 (1985); ibid., p. 94; C. B. 
Kimmel and R. W. Warga, Science 231, 365 (1986); Nature 327, 234 (1987); , , 

Dev.  Biol. 124, 269 (19c7). 
51. D. Grunwald, C. B. Kimmel, M. Westerfield, C. Walker, G. Streisinger, Dev.  Biol. 

126, 115 (1988). 
52. H. G. Eiken, P. R. Njolstad, A. Molven, A. Fjose, Biochem. Biophys. Res. Commun.  

149, 1165 (1987); P. R. Njolstad and A. Fjose, ibid. 152, 426 (1988). 
53. F. E. Russel and P. Kotin, J. Natl.  Cancer Inst. 6, 857 (1957). 
54. Reviewed by M. C. Mix, .Marine Environ. Res. 20, 1 (1986). 
55. R. A. Murchelano and R. E. Woke, Science 228, 587 (1985). 
56. D. C. Malins et al., J .  Natl.  Cancer ltist. 74, 487 (1985). 
57. J. D. Hendricks, T. R. Meyers, D. W. Shelton, J. L. Casteel, G. S. Bailey, ibid., p. 

839. -. 

58. Induction of fish tumors has been demonstrated in a variety of fish and with many 
carcinogens. For example, R. 0 .  Sinnhuber, J. D. Hendricks, J. H.  Wales, G. B. 
Puunan, Atin. N .  Y .  Acad. Sci. 298, 389 (1977); M. E. Schultz and R. J. Schultz, 
J .  Hered. 73,43 (1982); Exp .  Mol. Pathol. 42,320 (1985); M. F. Stanton, J .  Natl.  
Cancer ltist. 34, 117 (1965); K. Aoki and H .  Matsudaira, ibid. 59, 1747 (1977); Y. 
Hyodo-Taguchi and H .  Matsudaira, ibid. 73, 1219 (1984). 

59. J. D. Hendricks et al. ,  Natl.  Cancer Inst. Monogr. 65, 129 (1984). 
60. J. E. Klaunig, B. A. Barut, R. J. Goldblatt, ibid., p. 155. 
61. T. S. Papas, J. E. Dahlberg, R. A. Sonstegard, Nature 261, 506 (1977). 
62. T. Kimura, M. Yosimizu, M. Tanaka, Firh Pathol. 15, 149 (1981). 
63. T. Sano, H. Fukuda, N. Okamoto, F. D. Kaneko, Btill. Japatl Sac. Sci. Firh. 48, 

1159 11983). ~, 
64. C. Kosswig, Z .  Indukt. Abstammurigs. Vererbtittgsl. 47, 150 (1928); G. Haussler, 

Kliri. Wocheitschr. 7, 1561 (1928). 
65. There are hundreds of papers that should be cited here; these represent onlv a few 

examples. H. D. Reed and M. Gordon, A m .  [. Cancer 15, 1524 (1931); ~ . ' ~ e v i n e  
and M. Gordon, Cancer Res. 6, 197 (1962); F .  Anders, Experieiitia 23, 1 (1967); A. 
Anders, F. Anders, K. Klinke, in Getietics and .C.lutagenesis ofFish, J .  H .  Schroder, Ed. 
(Springer-Verlag, Berlin, 1973), pp. 33-52; A. Anders and F. Anders, Biochiin. 
Biophys. Acta 516, 61 (1978); K. Ozato and Y. n'akamatsu, D~yerentiatiotl 24, 181 
(1983); A. Permutter and H .  Potter, J .  Caricer Res. Clitl. Oncol. 114, 359 (1988). 

66. R. Anders, M. Schartl, A. Barnekow, A. Anders, Adv .  Cancer R e f .  42, 191 (1984). 
67. N. Nemoto, K. Kodama, A. Tazawa, P. Masahito, T. Ishikawa, D@rentiatioii 32, 

17 11986) - \ - .  

68. R. J. Van Beneden, D. K. Watson, T .  Chen, J.  A. Lautenberg, T.  S. Papas, Proc. 
.Vat/. Acad. Sci. U . S . A .  83, 3698 (1986); Murine Eitviron. R e f .  24, 339 (1988). 

20 OCTOBER 1989 ARTICLES 357 



69. IM. Schartl and R. U. Peter, Caticer Re.<. 48,  741 (1988). 
70. J .  Stegeman, personal communication. 
71. IM. Koban, personal communication. 
72. A. L. DeVries, thesis, Stanford University, Stanford, CA (1969); Scietlce 172, 

1152 (1971). 
73. Reviewed by: A. L. DeVries, in Fish Physiology, vol. 6, Etivirotir~~erital Relatiotls arid 

Behavior, W. S. Hoar and D.  J. Randall, Eds. (Academic Press, Xew York, 1971), 
pp. 157-190; Atinli .  R e v .  Phyriol .  73A (110. 4), 627 (1983); R. E. Feeney, Arn .  
Sci .  62, 712 (1974); C. L. Hew and G. L. Fletcher, in Circ~ilatioti, Respiratiori arid 
.C.letabo/isi;i, R. Gilles, Ed. (Springer-Verlag, Berlin, 1985), pp. 553-690. 

74. J. A. Raymond, P. Wilson, A. L. DeVries, Proc. .Vat/. Acad. Sci .  L 7 . S . A .  86, 881 
(1989). 

75. For example, A. L. DeVries, J. Vandenheede, R.  E. Feeney, J .  Biol .  Chern .  246, 
305 (1971); Y. Lin, J. G. Duman, A. L. DeVries, Bioci~ern. Biophyr.  R e f .  Cotnniliti. 
46, 87 (1972); D.  S. C. Yang, M. Sax, A. Chakrabartty, C. L. Hew, !Vatlive 333, 
232 (1988); A. Chakrabartty and C. L. Hew, r'vfarirle C a n .  J .  Z o o l .  66,403 (1988). 

76. For example, Y. Lin and J.  K. Gross, Proc. !Vat/ .  A ( a d .  Sc i .  U . S . A .  78, 2825 
(1981); P. L. Davies, A. H .  Roach, C. L. Hew, ibid. 79, 335 (1982); B. Gourlie ei 
a / . , J .  Biol .  C h e r ; ~ .  259, 14960 (1984); P. L. Davies et a l . ,  ibid., p. 9241; G. K. 
Scott, G. L. Fletcher, P. L. Davies, Cai1 .J .  Fish.  Aqirat. Sci .  43, 1028 (1986); G. K.  
Scott, P. L. Davies, IM. H .  Kao, G. L. Fletcher, J .  .C.lol. Evo l .  27, 29 (1988). 

77. R. C. Lewontin, T h e  Ger~e t ic  Basis o fEvol ! i t ior~ary  Chatlge (Columbia Univ. Press, 
New York, 1974). 

78. Reviewed by D. A. Powers, in .Yew Directiorls i'n Pi~yriological Ecology, M. Feder, A. 

Bennet, W. Burggren, R. Huey, Eds. (Cambridge Univ Press, Cambridge, 1987), 
pp. 102-134. 

79. A. R. Place and D. A. Powers, J .  Biol .  C i ~ e r n .  259, 1299 (1984); ibid., p. 1309; 
Biochern. Gerlei. 16, 577 (1978); Proc. .Vat/. A m d .  Sci .  C . S . A .  76, 2354 (1979); R. 
J. Van Beneden and D.  A. Powers, J .  Biol .  Chern. 260, 14596 (1985); rMo/. Biol .  
Evo l .  (no. 2), 155 (1989); I. J.  Ropson and D.  A. Powers, ibid., p. 171; D. L. 
Crawford, H .  R.  Costantino, D.  A. Powers, ibid. (no. 4), p. 369; D. Brown, I. 
Ropson, D. A. Powers, Heredity 79 (no. 5),  359 (1988); D. A. Powers e t a / . ,  A t n .  
Z o o l .  26, 131 (1986); D. A. Powers, P. Dalessio, E. Lee, L. DiMichele, ibid., p. 
235; D. A. Powers. L. DiMichele, A. R. Place, Isorymes,  10, 147 (1983); R. J .  Van 
Beneden, R.  E. Cashon, D. A. Powers, Biochern. Getlet .  19, 701 (1981); R. E. 
Cashon, R. J .  Van Beneden, D. A. Powers, ibid., p. 715; D. A. Pourers and A. R. 
Place, ibili. 16, 593 (1978); L. DLMichele and D. A. Powers, Scietice 216, 1014 
(1982); L. I. Gonzalez-Villasenor and D.  A. Powers, Evo/ii i ior~, in press; I. Ropson, 
D. Brown, D. A. Pourers, ibid. ,  in press. 

80. J. Quattro and R. Vrijenhoek, Scierlce 245, 976 (1989). 
81. R.  Vrijenhoek, personal conlmunication. 
82. I thank D. Mazia, D. Epel, W. Gilly, D. Crawford, and M. Powell for their helpful 

comments on this manuscript. In addition, I would like to thank R. Vrijenhoek, J 
Stegeman, Z. Zhu, M. Koban, and L. DiMichele, who provided unpublished 
infornlation. Finally, I would like to apologize to the hundreds of outstanding 
researchers whose excellent work on fish models could not be acconunodated. I 
could have just as easily written the entire paper using a completely different set of 
examples, without mentioning all the exciting work on fish models. 

Stabilization of Z DNA in Vivo by 
Localized Supercoiling 

Biological processes such as transcription may generate 
domains of supercoiling on a circular DNA. The existence 
of these domains in Escherichia coli was investigated by the 
ability of Merent lengths of (CG) tracts, cloned up- 
stream or downstream from the tetracycline resistance 
gene ( te t )  of pBR322, to adopt the Z structure in vivo. 
Segments as short as 12 base pairs adopt the Z form when 
cloned upstream from the tet gene (Eco RI site), whereas 
no Z DNA was detected when this sequence was cloned 
downstream (Sty I site), even with a 74-base pair (CG) 
tract that requires less supercoiling than shorter tracts for 
the B-Z transition. Hence the localized supercoil density 
in pBR322 can be as high as -0.038 and as low as 
-0.021 at Merent loci. These data demonstrate the 
existence of the Z structure for commonly found natural 
sequences and support the notion of domains of negative 
supercoiling in vivo. 

T HE POLYMORPHIC NATURE AND FLEXIBILITY OF DNA IN 

response to local environmental conditions has been well 
documented ( 1 ) .  Left-handed Z DNA as well as other non- 

B DNA structures, such as cruciforms and triplexes, are induced by 
negative supercoiling in recombinant plasmids. These structures 
have been extensively investigated in vitro ( 1 ) .  

Recent studies demonstrated the existence of Z DNA in living 
cells (2, 3). Furthermore, the B-to-Z structural transition causes 

deletions (4). These discoveries contributed substantially to the 
long-standing hypothesis that DNA structural microheterogeneity 
plays a key role in cellular processes. However, Z DNA was found in 
vivo only in alternating CG [ (CG)]  inserts longer than 40 to 45 bp 
(2, 3), which are uncommon in naturally occurring sequences (5 ) .  

Transcription can be a major contributor to the level of DNA 
supercoiling in bacteria (6-8) and yeast (9,  10). The actual local 
supercoiling in vivo may be highly positive, highly negative, or 
negligible, depending on the position of promoters, the rate of 
transcription, and the efficiency of supercoil removal by topoisomer- 
ases (8, 11). The waves of negative supercoiling generated behind 
the transcription machinery can be sufficient to transiently induce 
non-B DNA structural transitions (1 1 ) .  

In this article we describe a more sensitive assay that detects 
shorter regions of left-handed Z DNA in vivo. Osmium tetroxide 
(Os04) was used to probe the structural distortions at the B-Z or Z- 
Z junctions at the base pair level, directly inside Eschevichia coli 
HB 10 1. Tracts of (CG) as short as 12 bp adopt the Z conformation 
in vivo when located upstream from the pBR322 tet promoter but 
not when cloned downstream from the tet gene. This discovery of 
short, naturally occurring segments undergoing the B-to-Z transi- 
tion has significant biological implications. Indeed, long (CG) 
stretches, which are permanently in the Z form, would not be 
regulated, whereas the existence of small Z helices, which are more 
sensitive to slight changes in available free energy, would offer 
greater opportunities for their involvement in biological regulatory 
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