LIFEISIN THE STARS

Thomas Easton

To the writers and readers of sciencefiction, lifeisthe materiad of fantasy and speculation: How did it
begin? Did it just happen? Did an dien astronaut once visit Earth and leave our ancestorsin hislitter?
Can it be madein the laboratory? If so, what Utopian or horrifying visons might it make possible? Isit to
be found on other planets of other stars?If it is, what forms might it take? When we reach the farther
depths of space, will we meet intelligence? Will these other beings be ones whom we can love, with
whom we can talk, from whom we can learn? Or will they be the Stuff of nightmares?

Tothebiologist and chemigt, lifeis a phenomenon of interacting chemica reactions, and what they cdl a
living system is characterized, like Achilles ship, by acontinua renewal of its substance. To them, lifeisa
guestion to be studied in the laboratory, and though they cannot answer all the questions of the
science-fiction world, they can say, “ Y es, it may be possible to make lifein the laboratory,” and, “Life
probably does exist on other worlds.” Indeed, J. B. S. Haldane said in October 1963, “ Some of us, or

of the next generation, will try to make aliving organism.” He could say this because we now havea
nearly complete— in principle— understanding of how lifefirst arose on Earth. We can even judtify the
clam that the chemigtry of the universeis such that lifeisinevitable wherever certain broadly defined
conditions hold.

Furthermore, thisinevitable life may be much like that found on Earth. The organic compounds of which
our world' sliving systems are built consst mostly of the e ements carbon, hydrogen, oxygen, nitrogen,
sulfur, and phosphorus, and these organo or bioelements are among the most abundant eementsin the
universe. However, while life may be expected to develop* around readily available materias, this does
not imply that there isanything necessarily inevitable about " life as we know it,* based upon water and
oxygen and proteins. There mugt, after al, be worlds where water cannot be liquid and where the
chemistry of lifewould have to be fitted to some other solvent. And even here on Earth there are afew
kinds of bacteriathat do not use oxygen.

What does appear to be inevitable is that wherever water can be the solvent, life will be based upon
amino acids and their polymers, the proteins, for the experiments of those chemistsinterested in the
problem of the origin of life have strongly indicated that, early in the -history of any watery planet with
some energy supply, proteinswill be formed in large enough quantity to support the development of life.
Accordingly, we can expect that on many of the ten billion Earth-like planets estimated to lie among the
billion billion planets of the hundred billion billion starsin the observable universe thereislife whose
chemical basisissimilar to that of our own. And afew of these planets are bound to hold intelligent life.

Although the source of life has been agod and obsession of philosophy and religion aslong as man has
exigted, it was not o very long ago that men believed that living animals could and did arise from dirt,
dime, the seg, and rotten meat without the aid of parents. It was even thought, quite serioudy, that when
asweaty shirt was put into a closed vessal with ahandful of wheat grains, the vapors combined to form
full-grown mice, and that lambs were formed within certain fruit. It was not until the Seventeenth Century
that Francesco Redi demonstrated that maggots came from fly eggs rather than from rotten mesat done
and began the debunking of the myths. Other skeptica investigators soon reduced the question of
Spontaneous generation to that of microorganisms, such as bacteriaand molds, ruling it out for al higher
formsof life.



In 1864, however, Louis Pasteur provided strong evidence that spontaneous generation did not occur at
al—strong enough, in fact, to win a prize offered by the French Academy of Sciencesfor asolution to
the argument. By drawing the neck of an ordinary round-bottomed flask out into an S-shape long enough
to keep the dust in the air from drifting through the neck to asupply of nutrientsin theflask, he
demondtrated that even microorganisms dways arise from otherslike themseaves. Unfortunately, thiswas
the beginning of the dogma, “Life dwaysand only arisesfrom life” This“law” of nature hampered the
seriousinvestigation of the origins of life for many decades, reducing the status of any scientist who even
thought of the question to that of a dilettante.

But the question was and isred. Because the Earth has not away's been, there could not ways have
been life on Earth. So how did it get here? Arrhenius, in 1908, begged the question with the concept of
panspermia, according to which life reaches any world astiny drifting sporesarisng esewherein the
universe. Heignored the question of how thefirst pores arose, and he failed to recognize—unlike
Charles Darwin, Aleksandr |. Oparin, and others—that a necessary prerequisite of the origin of life
anywhereisits absence. Darwin even went so far asto suggest that perhaps the then-current disbdlief in
spontaneous generation was not justified and that it might indeed occur. In an 1871 |etter to afriend, he
remarked,

“Itisoften said that dl the conditionsfor thefirst production of aliving organism are now present, which
could ever have been present. But if (and oh! what abig if!) we could conceive in somewarm little pond,
with al sorts of ammonia and phosphoric sdts, light, heet, eectricity, et cetera, present, that aprotein
compound was chemically formed ready to undergo still more complex changes, at the present day such
matter would be instantly devoured or absorbed, which could not have been the case beforeliving
crestures were formed.”

Spontaneous generation, then, might still occur, but it would not be detectable and it would scarcely
matter to the world.

The questionisredl, and it cannot be put off by appeding ether to panspermiaor to theintervention of
some dien astronautt. It cannot even be left in the lap of God, for divine intervention isthe last resort of
the ignorant, and the origin of lifeisa problem we can hopeto ‘ solve by ourselves. Indeed, scientists
have been finding recently thet it is possible, and even likely, that under the conditions presumed to hold
on the primordia Earth, the basic chemicds of life would have been formed solely from the laws of
chemistry and would then have evolved into more complex compounds which would have givenriseto
gructures extremely reminiscent of cdlls.

All dements are produced by the “cooking” of hydrogen in the enormous fusion reactorswe cal the
dars, and the physics of the fusion reactionsis such that the formation of the lighter e ements—the
so-called biodlements—is vastly more probable than that of the heavier ones. Released into space by
novae, flares, and stelar winds, these dements and afew others, such as silicon, magnesium, calcium,
and iron, form the basic material from which the planets are built. These raw materidsform vast clouds of
gas and dust in space, and there they undergo chemical reactions which produce many compounds—
including amino acids—once thought to be produced only by living things. Occasiondly, as has been
reported for formaldehyde, such compounds occur in concentrations as high as one thousand molecules
per cubic centimeter, which, though it is only one ten-million-billionth as many molecules asthereareina
cubic centimeter of air, isahigh concentration indeed for the vacuum of interstellar space.

Figure 1: A very schematic representation of the primordial Earth. The atmosphere contains
many gases, only a few of which are at all common today. The seas contain these same gasesin
solution together with many salts. The energy which drives the reactions turning these chemicals



into more complex ones, eventually leading to proteins and living cells, comes from lightning,
fromthe sun, aslight, heat, and ultraviolet, and from the Earth itself, as heat and radiation.

Accordingly, the atmosphere which envel oped the newly-formed Earth five billion years ago would have
been composed of water vapor, carbon monoxide, carbon dioxide, methane, ammonia, hydrogen sulfide,
sulfur dioxide, and afew of the rest of the gases derivable from the lighter eements. There would have
been no oxygen at dl, of course, for there would have been no plantsto makeit, and the air of that
long-gone erawould have been anoxious, toxic brew few organisms aive on Earth today could survive.
Stll, it wasthe brew which gave Earth life.

The Earth itself, as soon asit had cooled enough to have a solid crust and liquid seas, would have been
very different from what it istoday. There would, of course, have been no sedimentary rocks, no coa, no
oil, and no fossils. The hot rains might have been acid from the volcanic fumesthat filled the air. The
rocks would not have been the familiar red and brown we know today; they had not yet been exposed to
oxygen, and the unoxidized iron in them would have | eft them colored black and green. The ultraviolet
light from the sun would not have been screened by ozone, for that must come from oxygen. But the seas
(comforting thought!) might have been no less sdty than they are now; dl the st leached by rain and
groundwater from Earth’s rocks since then may be well represented by the salt beds | eft behind by
dried-up sess.

Some of the energy that entered this system can be attributed to background radiation, about three times
the present vaue, to meteoritic shock waves, and to cosmic rays. But most of the energy would have
come from the dectrica discharges, the lightning, that must have thundered astormy accompaniment to
the vol canoes and earthquakes of acalming planet, from the volcanic heat and heat from the Earth’s
core, and from the heat and ultraviolet of the sun. These are the energiesthat in time transformed the
chemicdsof the primordia atmosphere into the life we know. And other worlds, of other stars, must
sharethem, asthey must sharethe interstellar starting point. If less energy is available to them, aswhen
they circlefarther from their sars, thereis il no reason to think that life cannot arise on them; it must
only take longer to do so, for chemical reactions are stopped only by acomplete lack of energy.

How did life begin? The philosophers and the biol ogists phrased the question, but they were not
equipped to answer it until 1913, when W. Loeb exposed mixtures of carbon monoxide, carbon dioxide,
ammonia, and water to eectrica discharges and obtained glycine, one of the amino acids crucid tolifeas
we know it today. He did not perform his experiments with any intention of imitating the conditions of the
primordid Earth, but hisresults did indicate how the first complex organic compounds could have been
formed.

Not until 1953, however, was atruly close approximation to the primordial atmosphere tested. Then
Stanley L. Miller, working with Harold Urey at the University of Chicago, exposed mixtures of methane,
ammonia, water, and hydrogen to dectrica discharges and obtained many organic compounds, including
severa amino acids.

Since that time, numerous experiments, using many combinations of the chemicals thought to have
occurred in the non-oxidizing primordia atmosphere and dl of the possible energy sources, have shown
that primordia atmosphere to be capable of giving rise to most of the chemicaswe now find in living
things. The chemists have even found that some of the reactions that produce this wealth of pre-biotic
materia seem to be most fruitful when the energy sourceis heat and the reactions occur on or about hot
dry sand or lava. When the heat is applied to solutions of the gasestypical of the primordia atmosphere
and various sdtsin water, the same reactions may occur at much lower temperatures, even well below
the boiling point of water. And even though the complex organic molecules are subject to destruction by
the same energies that produce them, they can survive in the deegper waters of the seas, washed out of



the air and off the hot dry shores by the rains and waves, stored away from excessve heat and ultraviolet
until the next reaction on theway to life.

Figure 2: A sketch of the general type of hardware used in many of the experiments performed to
evaluate the potential of the presumed primordial atmosphere to produce organic material. The
reaction vessel would contain a mixture of such gases as carbon monoxide, carbon dioxide,
ammonia, formaldehyde, methane, ethane, hydrogen, and hydrogen sulfide. The collection vessel
would contain water which would, as the experiment progressed, come to resemble a dilute broth
of many of the organic compounds thought to be necessary for the formation of the first living
cell. The energy applied to the reaction vessel would be heat, ultraviolet light, visible light,
electrical discharges, or radiation.

The famous “dilute soup,” or broth, of the early seas would thus have contained many of the dementary
building blocks of life. But how were these building blocks assembled into the larger molecules of which
cdlsarebuilt? Thisquestion is best illuminated by the study of proteins, for though there are data bearing
on the prebiotic formation of nucleic acids, fats, and carbohydrates, the polymerization of amino acids
into proteins and protein-like moleculesis best understood. Because of their role as enzymesin cells,
proteins have been considered as essentid to, and even characterigtic of, life, and when the chemists
began to look for “organic’ chemicas arising from the primitive-Earth conditions, they focused on amino
acids, which also seemed the easiest to produce.

Their efforts have resulted in the abiotic (without life) synthesis of al of theamino acidsfound in living
things and the demondtration of asmple, plausible way in which they can be linked together, or
polymerized, to form proteins. In the mid-1950s, Sidney Fox, now of the University of Miami, exposed a
dry mixture of assorted amino acids to temperatures of 120 to 200°C and found that they readily
polymerized. Furthermore, if phosphoric acid was added to the mixture, the polymerization would occur
at temperatures aslow as 60°C, and that finding made it possible to declare that thisway of polymerizing
amino acids was entirely consistent with our picture of the early Earth. If amino acidsformed in the
atmosphere or the sea were deposited on rock by rain or waves, or perhaps by the evaporation of pools,
and then dried, volcanic or solar heat would have been enough to produce from them long protein-like
molecules. The conditions would have been particularly suitable along volcanic shores, of which there are
gill many on this planet.

The product of thisreaction was called “proteinoid” because of its strong resemblance to natura protein.
Not only did it show many of the physica properties of protein, including amolecular size comparableto
that of small protein molecules, but it aso proved to nourish bacteria, be digestible by the same enzymes
we use to break down protein, show weakly enzyme-like activitiesin anumber of the reactionsimportant
to metabolism, and have abiologica effect amilar to that of one hormone which controls coloring in some
animals. These propertieswere not, of course, al shared by dl proteinoids, for Fox could vary the
properties of the proteinoid by varying the amino acidsin theinitia mixture, thus changing their
susceptibility or resemblance to enzymes and conferring or removing their hormonal activity.

In generd, the proteinoids are strikingly reminiscent of the proteins of life. It has been said that they are
“sufficiently like protein in ageneral sensethat (they) could have served asthe raw materid from which
the powerful and highly specific contemporary enzymes evolved,” and they might have served as
“multifunctiona pro-toenzymes,” an* *urprotein’ ... possessing nonspecific properties common to al
proteins’ today.1* They invite oneto picture thefirst cell asbuilt of proteinoid, every molecule of its
substance agenerdized enzyme of very low efficiency. The early seaswould have held most of the
substances necessary for itslife, and it would have processed them inefficiently, and hence dowly. But if



nothing ese, that first cell would have had time; it arose, after dl, perhaps four billion years ago, abillion
years before the first fossils of single-celled bacteriaand a gae appear in the rocks of the Earth. And all
that it had to do in that billion yearsto inherit the Earth was to acquire the abilities to grow and divide and
change with the generations.

1* “Quoted from p. 172 of "Molecular Evolution and the Origin of Life,”by S. W. Fox and K. Dose,
Freeman, 1972.

But how likely isthat first cell? Many object to theideathat life could be formed without a Creator, even
from acomplex stew of chemicasidentica to those found inliving cdlls. They argue that the odds against
the right amounts of the right chemica's coming together, in theright spatid arrangements and a the same
time, arejust too grest. However, these people make the error of thinking that thefirst cell had to be as
complicated as modern cells. They forget that that first cell—in aworld lacking aseafull of molecules
identical to those within it, aseafull of “ spare parts’ ready for incorporation directly into the cell—would
not have required much of the machinery amodern cell needsto live and-grow. They do not stop to think
that in aworld where the environment is so richly laden with the chemicas of life, the only difference
between acdl and its environment may be that the cdll isabit of the environment walled off from the rest
by amembrane. And this could be enough to begin thelong road of evolution: that first cell need, only be
ableto reproduce itsdlf.

Gerhard Schramm, of the Max-Planck-Ingtitut fur Virusforschwng, has remarked, quite truthfully, that”
oncethereis some sdlf-reproducing system, whether acell or amolecule, the argument of unlikeliness of
any fina system just does not hold. If that initia salf-reproducing system can undergo some only dightly
improbable change that makes it better able to reproduce itsdlf, then that system’ s descendants will come
to be more numerous than the descendants of those systems without the' change. A succession of such
changes, each one dtering the syslem allittle and so changing the nature of what is changed, may thus
lead to some virtudly infinitely improbable state, such asabrain cdll, aheart cell, or aparasitic anoeba

But there are other ways than salf-reproduction to explain the evolution of relaively complicated systems.
A cdl isnot composed smply of molecules; but also of complex subsystems, some of which we call
organelles, and the formation or evolution of acell or any other complex system isvastly more probable
if it can be built from its component parts. For the modern cell, these parts are the mitochondria, the
energy-producing “engines’ of the cdl, the chloroplasts, which in plantstrap and convert into useful form
the energy of the sun, and severa other structures serving specialized functions. If, eons ago, severd
independent cells had taken to living together as parasites or symbiotes within the cytoplasm of one of
their number-away of life which can be found today in some protozoans—then the devel opment of the
modern call might have been hastened, as some think, when these cells became speciaized to serve
different essentia functions of the whole. Reproducing within and with the “master” cdll, they would have
represented little or no load on the genetic- apparatus of that cell and would thus have freed it for higher

things

Thefirst cdl itself would have been more probable for the prior existence of the complex proteinoids and
other molecules. It has been known for some time now that the eectrical charges on the parts of a
protein molecule can dictate its overall shape and itsinteractions with other molecules, and that the
resulting structure can be very specific. The best examples may be the way in which collagen molecules
come together to form thefibers of cartilage and tendon, and the way in which the separate molecules of
the protein that makes up the coat of avirus associate to form that structure; and no other.

The question that remains, then, iswhether proteinoid molecules show these same interactive properties.
Andif they do, will they form anything resembling acell?



The answer to both questions, of course, isaresounding “yes!” Sidney Fox found that if one gram of his
proteinoid was dissolved in either hot or cold water, with or without other substances present, and
alowed to stand, about one billion small spheres, aout one micron (one millionth of ameter) in diameter,
areformed. And thanksto the nature of the primordia Earth, these spheres could have been formed in
great profusion every time dry proteinoid was washed off some rocky ledge by awave or rain.

These microspheres are hollow, with double walls of proteinoid smilar to the double membrane of a
cdl, and they are not-smple bubbles: not only do they readily withstand mechanical disturbances such as
centrifuging, but they contain a portion of the solution of proteinoid from which they were formed. They
are about the size of some bacteria, and they respond to certain stains very like the bacteria. Like cells,
they show osmosis, swelling when the fluid around them is diluted and shrinking when it is concentrated.

The enzymic properties of the proteinoid are till apparent in the microspheres, so that they may even
seem to carry out some of the metabolic reactions of atrue cell, and if other substances are added to the
proteinoid before the microspheres are formed, the smilarity to acell can be much greater. For example,
if nucleic acids are added, the resulting structure will incorporate amino acid compounds much like one
key part of the cellular machinery, the ribosome, astructure of protein and nucleic acid which guidesthe
formation of proteinsfrom just such compounds.

Microspheres do not, of course, contain anything like the genes which alow modern cellsto change with
the generations, but they will divide. If the acidity of the solution containing them, or the pressure, is
changed, they will split into two microspheres of gpproximately equa size. If they areleft sanding in their
solutions of proteinoid, they will, like yeast cdlls, form smdl buds which enlarge, split off from their
parent, and grow by absorbing proteinoid from the solution. The former method of division follows
certain physica lawswhich are dso followed by modern cells, but only the latter method has been shown
to go on for severd generations; and there is no reason not to expect the process, if thereis agood
supply of proteinoid, to go on forever.

The microsphereisthus agood modd of thefirst cell, or protocell, but it isnot so only becausgitisa
hollow sphere with a membrane similar to that of acell. Nor isit agood model only because it shows
cdl-like activities, such as something resembling metabolism and cdll divison. What does makeit so
promising isthat every time amicrosphereisformed, alittle bit of the surrounding solution, of the dilute
broth of the primordial sea, istrapped inddeit. And that bit of broth may contain any or dl of the,
various chemicaswhich arefound in cellstoday. A microsphere could thus be formed with alittle nucleic
acid ableto replicate itsdf, perhgps with alittle help from the proteinoid of the microsphere, or witha
molecule smilar to chlorophyll that would enable it to use the energy of the sun without having to wait for
that energy to transform the smple chemicals of the atmosphere into more proteinoid.

Furthermore, every accident of nature that resulted in even one microsphere being formed would result in
literaly billions of them. And each one would be aseparate “ experiment” at making acell. Thereisthus
little reason to wonder that the virtualy infinite number of triesover the eonsresulted inacdl. If lifewas
possbleat dl, it wasdl but inevitable.

But even with theincluson of nucleic acids and chlorophyll, the microsphereisnot yet acdl. If werecall
the definition of life given at the beginning of thisarticle, asaphenomenon of interacting chemica
reactions, we can see that the microsphere does not fit. The chemica reactions upon which its existence
depends dl occur in the outside environment. The microsphere exists only because the structura materia
it usesfor growth can be drawn from the seasaround it. To, “live’ it must have some way of trapping
energy, either from light or from other chemical compounds; some way of making itsown proteins and
other compounds, and someway of passing on its“blueprint” to succeeding generations.

All of these could have been attained in time. Once there is a microsphere that can reproduceitself, asby



budding, everything becomes possible. That first microsphereincludes abit of its environment; its buds
contain fractions of that bit; and the buds grow by drawing proteinoid from the sea around them and
incorporating other molecules ether into their structures or into the fluid within them.

Outlines of the subsequent evolution of microgphereinto cell range from vague discussions of how the
environment, proteinoids, and nucleic acids might have interacted in amolecular analogy of learning,
which might later have somehow become true genetic heredity, to rdlatively frank confessions of
ignorance. The development of aprotocell from a protoprotein is now understood— it can be
demonstrated— but the devel opment of the modern cell from the protocell, the microsphere, is shrouded
inmystery. The greatest sumbling block isthe question of; how the nucleic acid genetic system was
developed for though there are indications that nucleic, acids can aso be formed under primitive-Earth
conditions, only nucleic acids extracted from modern cells have been combined with microspheres, with
the suggestive results previoudy noted. We can only suppose that the first combination of a protocel and
a“gene’ wasthe result of chance. Perhaps one of the stray moleculesincorporated out of the
environment and into some ancestral microsphere sinterior fluid wasanucleic acid molecule.

To become atrue cdll, however, to lead to rats and cats and oak trees and men, that nucleic acid
molecule must have been able to dictate the construction of a protein molecule that could help it
reproduce itsdlf, much as certain enzymes— the polymerases— help the nucleic acids of modern cells
reproduce. Such afortuitous combination must be rare, whether in prehistory or atest-tube, but given
that nucleic acids were there and that microspheres did exist in vast profusion, it must have happened.
And while such anucleic acid may not be linked to the life of its microgphere by anything , morethan its
inclusion, it and its protein partner will be passed on through al succeeding generations of microspheres.
It will be subject to mutation, and it may thus become severa different nucleic acids, each one dictating
the construction of adifferent protein and each one hel ped to reproduce by the origina protein. Some of
these proteins will be better enzymes than the proteinoid molecules, and as the microsphere s proteinoid
molecules, collected from the environment, are replaced by “homegrown” proteins, the microsphere will
become more nearly acel. Its structure will become linked to the nucleic acidsit carries, and when one
such cdl acquires some way of trapping energy, it will be independent of the primordia environment. It
will no longer haveto rely on the availability of “ready-made’ complex molecules. It will be ableto make
itsown from simpler materias, and it may even do so by breaking down the amino acids and proteinoids
around it to get the basic building blocks it needs. It isat this point that Darwin’ s observation of what
would happen “in somewarm little pond” becomestrue; the origin of lifeisno longer possible..

Laboratory experiments have thus shown how life might plausibly have arisen on Earth. With waves and
tides and hot rocks and solar evaporation to concentrate the amino acids and proteinoids found in the
seas and to turn them into the precursors of life, with lightning and heat and radiation and ultraviolet light
to turn smple moleculesinto more complex ones, with the physics and chemistry of the universeitsdf to
produce the necessary dements and S mple compounds in gppropriate amounts, it may even be said that
life on Earth wasinevitable, that it had to appear as soon as a microsphere was formed with just the right
bit of nucdeic acid within itsdlf.

The experiments dso strongly indicate that we are not alone. If life wasinevitable on Earth, then how
much less so can it be on other worlds? If a planet is large enough not to loseits atmosphere and the
necessary initial materids, if it has enough of an energy supply, from sun or interna heet or radiation, if it
has time enough, then life may be inevitable there, too. In fact, we are now waiting for our probesto
reach Jupiter and report back on the presence of the molecules, and the possibility, of life there.



The dreams of the science-fiction writers are not only dreams. We have aready made in the |aboratory
something that must have preceded life here on Earth; it may not be long before we actualy make acell.
We can predict that life, and even intdlligent life, will be found on other worlds. We can predict thet its
chemicd basswill besmilar to ours, at least if itsplanet of originisat dl smilar to Earth. We cannat,
however, predict its gppearance, for there does not appear to be anything inevitable about our anatomy.

Nor can we predict itstemper, its gods, its motivations. WWhen we reach the stars, we may meet friends
and dlies. We may increase our knowledge, our experience, and the variety of our lives. Or we may
meet our nightmares.

Whatever happens, the effects on our history and culture will be profound. “Lifein atest-tube” has been
caled sacrilege when it was only afetus brought to life outside the womb. What will be the reactions of
the fundamentaiststo acell that did not come directly from the hand of God? How will they respond if
the scientists can evolve that cdll and its descendants into plants and animas and, perhaps, intelligent
beings? And what will happen to racism and prejudice when the * different” are of no relationship
whatsoever to man? Will it increase beyond measure as we turn our hate and fear on our creetions and
neighbors? Or will it vanish entirely asthe greater contrasts with new intelligences, with new and
wonderful faces and colorsand body shapes, with “stranger” stranger, throw our weaknesses into our
awareness?
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