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Thinking of Bielogy

The Meaning of Life

BY LIN CHAC

haps the only field in which there is no general

agreement on the abject of its study. As beginning
biology students quickly learn, adding the suffix “-logy” to
most words instantly creates an area of study. However,
although most biologists come to appreciate the difference
between ichthyology, parasitology, embryology, paleontal-
ogy, and even malacology, many have difficulties when
challenged with defining biology. Biology is the study of
life, but what is life? Some people enumerate metabolism,
reproduction, homeostasis, genetics, and other character-
istics often listed in introductory textbooks, but such
checldists only understate the difficulty of defining life.
Just walk the halls of any biology department and ask
whether viruses are alive.

Attempting to define life evokes a sense of frustration in
many biologists. Why define the obvious? Why complicate
the simple? In this respect, defining life reminds ane of
Justice Potter Stewart’s struggle to define pornography in
Jacobellis v. Ohio, 378 US 184, 197 (1964). Like pornogra-
phy, life may not present any easy shorthand definition,
but most people feel that “they know it when they see it.”
Such feelings are not imagined. Consider, for example,
taking a group of students to an archeological excavation
and asking them to identify human artifacts among the
rock debris. Most would be able to recover some artifacts
without much training. Based on past experience, they will
have formed a mental reference of potential human arti-
facts. Comparisons to this reference clue the students and
provide them with intuition as to what is an artifact. Of all
of the passible random shapes that rock debris can
achieve, the prabability is simply too small that ane could
be shaped like an arrowhead. Thus, if it looks like an
arrowhead, it is likely to be an arrowhead. In this case, it is
not life that they discover, but manifestations of the
human form of life. Nonetheless, the process cauld be the
same if they were looking for life.

The use of a reference, and the assumption that random
forces are highly unlikely to have generated objects that are
so similar, is the basis of the first modern definition of
life-——that of Erwin Schrodinger, whao proposed in a 1943
series of lectures that life is negative entropy. Schrodinger
later published these ideas as the book What Is Life?

B iology i{s unique among the sciences in being per-
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(Schrodinger 1967}. Interpreted more broadly to include
other characteristics of life, such as morpholagy, and not
just entropy changes in chemical reactions, Schradinger's
definition implies that the characteristic feature of life is
its ability to exist in improbable states (Lederberg 1965).
Thus, the reference or baseline abave which life rises is
randomness. Such a definition is useful. It allows for the
identification of human artifacts or dinosaur footprints.
The similarity between ancient rock striations and mod-
ern mineral accretions by cyanobacteria led to the conclu-
sian that stromatolites and life existed 3.5 billion years ago
{Schopf 1992}. Because microscopic structures on a Mart-
ian meteorite resemble terrestrial microbes, it was suggest-
ed that microbial life existed on Mars (McKay et al. 1996).
In an earlier proposal to identify Martian life, considera-
tion was given to looking for L- and pD-amino acids on Mars
{(Lederberg 1965). Because terrestrial life uses only L-amino
acids, the conjecture was that Martian life should also be
biased toward one enantiomer or the other, although not
necessarily to the L form.

However, although negative entropy is useful as a broad
definition of life, this definition is not secure {Lederberg
1965). It can always be challenged because an abjotic
process could have produced the presumed sign of life. A
case in point is the 1976 Viking mission to find life on
Mars. One of the studies completed on Mars by the mis-
sion was the Labeled Release experiment (Levin and Straat
1977). A. small drop of solution containing "*C-labeled
nutrients was applied to a sample of Martian soil, and any
generation of labeled gas was monitored. For a control, a
duplicate soil sample was heated to 160 °C for 3 hours
before the addition of the nutrients. In such an experi-
ment, a positive result for life is the generation of labeled
gas in the experimental sample but not in the control sam-
ple, where any life would have been killed by the heat treat-
ment. Terrestrial soil samples consistently give positive
results, and Viking samples on Mars did so as well. None-
theless, the Viking result is interpreted to be likely an arti-
fact and not a sign of life (McKay et al. 1998). Abiotic fac-
tars, such as an inorganic oxidant, are suspected to have
produced the labeled gases in the Martian Labeled Release
experiments.

The problem with negative entropy is that it is not an
exclusive definition. Randomness is an inadequate base-
line because, although life is less probable than a random
event, not all improbable states are life. Had the Viking
mission sampled Martian soil for L- and D-amino acids
and found anly ane enantiomer, the concern would still be
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Figure 1. Expected gas release in a serially transferred Labeled
Release experiment. If the release were due to the activity of
an inorganic oxidant, then the amount of gas should decline

exponentially with each transfer as the oxidant, being
nonreproductive, is diluted (open circles). If a biotic agent

produced the gas, then the amount should not decline because
the agent will reproduce and replenish its numbers after each
transfer and dilution (solid cireles). Units for gas release are
arbitrary and are not included because they would be relevant
onily as a relative scale for comparing the oxidant and a biotic
agent within this figure. Units for time are also arbitrary but
are included to provide a scale for comparison with Figures 3

and 4.

whether an abiotic source could have produced that pat-
tern. Because the identification of extraterrestrial life is a
major scientific milestone, no evidence for Martian life is
acceptable until all alternatives are ruled out. In effect, the
chaice is to be conservative and bias the judgment against
false positives. The same bias was evident when critics
rejected mare recent reports of microbes on a Martian
meteorite {Bradley et al. 1997). Abiotic factars—this time
natural deposition and bad camera angles—were again
implicated. Debates over what constitutes extraterrestrial
life may be more critical than debates over what consti-
tutes terrestrial life, but claims of terrestrial life based on
the observation of a nonrandom pattern can be equally
challenged. For example, despite the fact that they have
modern and living counterparts, stromatolites have also
been attributed to abiotic factors (Grotzinger and Roth-
man [996). _

The evaluation of life in all of these examples is techni-
cally difficult. However, it may well be that the problem is
not the search itself but rather the failure to identify an
adequate definition of life. Negative entropy may be useful
as a cancept of life, but it fails as a useful definition. In this
article, [ review two alternative definitions—life as repro-
duction and life as evolution by natural selection—and
assess their value by a gedanken, but technically realistic,
experiment that reenacts the Viking mission. [ argue that
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defining life as evolution by natural selection fares the best
by being the least likely to yield false pasitive results. Thus,
[ propose that evolution by natural selection is the best
operatjonal definition of life and that it should be applied
in future searches for extraterrestrial life.

The operational test

An aperational definition requires a defining test. Let that
test be a reenactment of the Labeled Release experiments
of the Viking mission. These experiments showed that if
Martian soil is mixed with a solution containing labeled
nutrients, labeled gases are released. The release of gases
resembles the behavior of life-bearing terrestrial samples.
However, as indicated above, this positive result is neces-
sary, but not sufficient, to reveal the presence of life.
Although it repraduces an improbable event and satisfies
Schrodinger’s negative entropy definition of life, the result
suffers from the danger of false positives. Thus, the criteri-
on is set. Are there definitions of life that fare better and
yield fewer false positives?

Life is reproduction

Reproduction is perhaps the most popular definition of
life. Three current introductory textbooks {(Purves et al.
1998, Camphbell et al. 1999, Solomon et al, 1999) list it as
ane of the major features of life. However, how well does
it fare when used as the definition of life in a new Labeled
Release experiment on Mars?

It is easy to incorporate the definition of life as repro-
duction into a new Labeled Release experiment. In the
original experiments, a solution of labeled nutrients was
added to a soil sample. For the present task, consider the
converse experiment: adding a soil sample to a flask con-
taining the nutrient solutian. If the causative agent were in
the soil, labeled gases would have been emitted just as in
the original experiment, and equivalent results would have
been obtained.

The first design was technically simpler and made no
difference in the original Viking mission, but the converse
approach is needed for the new Labeled Release experi-
ment. To illustrate why, suppaose that the labeled gases
emitted in the original Labeled Release experiments on
Mars were indeed due to inorganic oxidants in the Mart-
ian soil sample. Imagine, then, that after the gases are
emitted, a small aliquot of the solution, which now con-
tains Martian soil, is transferred to a new flask containing
fresh solution. No new Martian soil is added to the new
flask; the only soil that can be added has to come in the
aliquot from the first flask. If the addition is done correct-
ly, the amount of inorganic oxidants in the second flask
will be less than in the first. Because an inorganic oxidant
cannot reproduce, less gas will be emitted in the second
flask. If the source of the gas is inorganic, the amount of
gas emitted in each successive flask should decline expo-
nentially as the transfer process is repeated (Figure 1). By
contrast, a microbe under an equivalent treatment will be



able to make up for the dilution by reproducing. As a
result, the same amount of gas will be generated in the
successive flasks (Figure 1). This latter outcome (measured
as the number of cells generated and not the amount of
gas released) is in fact observed daily as microbiclogists
serially transfer cultures of bacteria in the laboratory
{Atwoad et al. 1951, Chao and Levin 1981},

Thus, life as reproduction improves on Schrodinger’s
definition of life by excluding non-reproducing abiotic
agents, The required modification to the original Labeled
Release experiments is slight. It is necessary only that gas
release be monitored over time as the sail samples are cul-
tured and serially transferred. However, this definition of
life is also not immune to false positives. By depending on
reproduction as the criterion, it can be fooled by abiotic
autocatalytic systetns.

Autocatalytic reactions

Autocatalysis requires that a given factor be able to convert
substrate(s) or precursor(s) into a new factor of the same
type. Thus, if A is the factor and B is the substrate(s), the
reaction

A+B—o2A+C

is autocatalytic (C is a byproduct(s] that may or may not
be generated). In relation to the Labeled Release experi-
ments, A corresponds to a putative abiotic agent, B to the
nutrient(s}, and C to the labeled gas that is released.
Because A is now able to increase in number, gas will be
released in the new flask, so long as some A is passaged dur-
ing serial transfer. Autocatalysis satisfies the serial transfer
criterion because it mimics biclogical reproduction.

Many autocatalytic systems exist that are clearly not {ife.
Many synthetic peptides and oligonucleotides are autocat-
alytic {Wilson 1998). For exatnple, a 32-amino acid peptide
with a structure based on a yeast transcription factor auto-
catalyzes its own synthesis by joining a 15-amino acid and
a 17-amino acid fragment (Lee et al. 1996). Although the
32-amino acid peptide is of biotic origin, it is itself not life.
A purely physical system of autocatalysis 1s the Oregonator
mechanism for the Belavsov-Zhabotinskii reaction (Field
and Noyes 1974), in which a molecule of bromous acid
reacts with a bromate ion (along with other reagents} to
generate two molecules of bramous acid. For an evolution-
ary biologist, the most illustrative autocatalytic but abiotic
systern is fire (Maynard Smith 1986). Like life, fires can give
rise to fires. Every time a torchbearer lights a new torch,
fire is effectively being serially transferred. But fire is clear-
ly not life, which then takes us to the last definition of life.

Life is evolution by natural selection

Unlike life, fires lack heredity. In other words, fires lack the
ability to acquire the characteristics of their “ancestors.”
For example, although fires vary in color, temperature,
and size, their characteristics at any instant depend only
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Figure 2. Observed mean performance of the bacterium
Escherichia coli it long-term serial transfer. Performance,
which is shown relative to that at the start of the experiment,
corresponds to the ability of a bacterial population to
reproduce and survive within a flask. The increase in
performance is the result of evolutionary changes in the
population. These results show the characteristic increase after
approximately 30 days, which is approximately the time
needed for novel beneficial mutations to appear and become
the majority genotype in the population. An increase in mean
performance is detectable only after beneficial mutations have
become sufficiently common. Figure adapted from Lenski et
al (1991).

on their environment. A hot fire is hot because of its cur-
rent supply of oxygen and fuel, not because the “ancestor”
flame of the match that started it was hot. Thus, like does
not beget like, and fires do not evolve by natural selection.
Similarly, current autocatalytic systems of peptides and
oligonucleotides still lack heredity and are thus also
unable to evolve. Is life, then, evalution by natural selec-
tion? How well does such a definition fare when chal-
lenged with a mission to Mars?

A brief survey of three recent biolagy textbooks also
finds a consistent description of evolution by natural
selection as one of the major characteristics of life (Purves
et al. 1998, Campbell et al. 1999, Solomon et al. 1999). The
first farmal use of this feature of life as a defining charac-
teristic was most likely by Hermann J. Muller (1966). 1t is
again easy to incorporate this definition into a Labeled
Release experiment. As Atwood et al. {1951) first demon-
strated, if a population of bacteria is serially transferred
for many hundreds of generations, the bacteria will evolve
and become better adapted to the laboratory culture. The
time course of adaptation can be monitored by measuring
population parameters such as total density, growth rate,
and lag time within a flask. The routine outcome, as illus-
trated by the more recent results of Lenski et al. (1991}, is
that fitness or total performance (the compounded effect
of total density, growth rate, and lag time) evolves to high-
er values after approximately 30 days (Figure 2).
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Figure 3. Expected changes in gas release in a long-term,

serially transferred Labeled Release expeviment, If the release

were by an agent capable of reproducing but incapable of
evolving by natural selection, then the amount of gas

produced within each flask should remain constant with time
(open circles). If the agent were able to reproduce and evolve,
then the amount of gas could increase with time (solid circles),

However, any increase would be expected to take place only

after a time period of no change (see Figure 2)—that is, after
a period longer than that in Figure 1. One line is arbitrarily

drawn to start above the other to avoid overlapping the

symbols. As in Figure 1, the units for gas release are arbitrary
and omitted. The units for time, which are also arbitrary, are

included for comparison with Figures 1 and 4.

Thus, the definition of life as evolution by natural selec-
tion predicts that Martian life should behave in the same
manner as bacteria if the Labeled Release experiments
were serially transferred for a large number of generations.
The number of generations would have to exceed the
number used in the life-as-reproduction experiments (see
Figure 1} to allow for evolution. Total density, growth rate,
and lag time of the Martian life could potentially be mea-
sured by following turbidity within a flask, but monitoring
the release of labeled gases could also suffice. If evolution
is accurring, the total amount of gas released per flask
could increase with time (Figure 3). Alternatively, if finer
time-scale measuremnents are possible, then the lag time to
the first detection of released gas within a flask could alsa
serve as an indication of evolution. However, lag time is
expected to decrease, not increase, with time {Figure 4),

Because evolution is unpredictable, life may not always
respond as anticipated by Figures 3 and 4. Instead of
increasing the amount of gas released or decreasing the lag
time, Martian life could evolve a different response and
give a false negative. The possibility of false negatives is
minimized if additional responses, such as the rate of
exponential increase in gas release (see Figure 4), are mon-
itored. However, if a Labeled Release experiment produces
results such as Figures 3 and 4, the conclusion would be
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that Martian soils contain life. But are false positives less
likely when evolution by natural selection is used as the
definition of life?

False positives and false negatives
Choasing whether it is better to risk false positives or false
negatives is not necessarily an objective process. If the
issue is a new and tasty but patentially harmful artificial
sweetener, extremely wary consumers might want to bias
their judgment against false negatives during safety test-
ing. That is, they may prefer to lose a good sweetener than
to mistakenly accept as safe one with harmful side effects.
However, the company marketing the sweetener may feel
otherwise. The company has more to lose with a false neg-
ative and may want a2 more even balance between the like-
lihood of false negatives and false positives. A less scrupu-
lous company may want to bias the judgment against false
positives. Cansumers who are more concerned with pre-
venting weight gain than with ensuring their health may
likewise want a bias against false positives.

Because 1 have cast the test of the three definitions of
life in the contentious arena of extraterrestrial life, it is
understandable that most critics and judges have chaosen
to evaluate the data with an extreme bias against false pos-
itives and, hence, a necessarily high acceptance of false
negatives. Such a bias against false positives is best sum-
marized by Carl Sagan’s edict (www.pbs.orgfwgbh/nava/
aliens/carlsagan.html) that “extraordinary claims require
extraordinary evidence” However, this bias would proba-
bly be warranted even if the judgment did not concern
extraterrestrial life. Drawing the line demarcating terres-
trial life and non-life is also sufficiently contentious that
ane would want to avoid false positives. Thus, the first two
definitions of life—as negative entrapy and reproduc-
tion—fail the test because they produce too many false
positives. That is, there are too many examples of obvious
non-life that could satisfy either definition.

By contrast, the third definition of life—as evolution by
natural selection—does not vield a high rate of false posi-
tives. No known abiotic agent could ever give patterns
similar or analogous to thase in Figures 3 and 4. Based on
our knowledge of terrestrial chemistry and biology, the
ability to change and improve in the manner predicted in
the figures can be the result only of evolution by natural
selection. And, on Earth, evolution by natural selection is
the exclusive characteristic of life. On this basis, false pos-
itives are not possible if the definition of life is evolution
hy natural selection.

It is always possible that somehow, whether on this
planet or another, an abiotic factor with properties totally
unknown to us will be able to generate a pattern indicative
of evalution of natural selection. However, if such a factor
exists, the burden should be to explain why it is abiotic.
Why not call it life? If it can evolve by natural selection,
then—neo matter how unlike life it is and regardless of
whether it is extraterrestrial or not—it should have the



potential to change, to evolve, and to become any form of
life. It is for this same reason that viruses are life. The fact
that viruses require a living cell to reproduce is irrelevant
to deciding whether they are life. In fact, humans them-
selves could not repraduce if they could not consume liv-
ing cells. In any case, the definition of life as evolution by
natural selection is at least less vulnerable to false positives
than any other definition. Thus, it fares best in a challenge
to search for extraterrestrial life.

Introductory biology textbooks stili define life as a
checklist of characteristics (Purves et al. 1998, Campbell et
al. 1999, Salomon et al. 1999}, The three characteristics [
have considered in this article—nonrandomness, repro-
duction, and evolution—are included, but the use of a
checklist differs from the approach [ have presented of
using a single operational definition. The use of a single
definition is motivated in part because the decision of
whether Martian life exists requires an all-or-none out-
come. But a single definition may be actually more appro-
priate than a checklist because it is more accurate. For
example, textbaoks often list homeostasis as a characteris-
tic of life. Although homeostasis may in fact be as funda-
mental to life as evolution, the two are not equivalent.
Homeostasis is the product of evolution, but evalution is
not the product of homeostasis. The same is true for any
other characteristic of life. Evolution is the only character-
istic of life that explains the rest {IDabzhansky 1973). Evo-
lution unifies biology.

Although the modifications to the original Labeled
Release experiment were presented here simply to demon-
strate a point, there is no reason why they could not be
carried out in future missions to Mars. They are simple
and in fact could probably have been included in the orig-
inal Viking mission. Indeed, in hindsight, the original
Viking mission may have been as limited by definitions as
it was by technical canstraints. A better definition of life
could have yielded better experiments. However, because
current plans may call for Martian sail to be retrieved for
analysis on Earth, deploying a modified Labeled Release
experiment on Mars may not be necessary. Analyzing the
samples on Earth relieves many of the technical con-
straints and makes it possible to analyze the samples by a
much larger battery of tests, However, it may be that the
most revealing test of all will still be an evolutionary
experiment. After all, what would make a bigger stir? No
nucleic acids, but a suspicious sample that evolves? Or
Martian nucleic acids that cannot evolve? Which is less
likely to be a false positive?
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are omitted; units for time are arbitrary but are included for
comparisot.
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