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ABSTRACT A number of theories propose that RNA, or
an RNA-like substance, played a role in the origin of life.
Usually, such hypotheses presume that the Watson–Crick
bases were readily available on prebiotic Earth, for sponta-
neous incorporation into a replicator. Cytosine, however, has
not been reported in analyses of meteorites nor is it among the
products of electric spark discharge experiments. The re-
ported prebiotic syntheses of cytosine involve the reaction of
cyanoacetylene (or its hydrolysis product, cyanoacetalde-
hyde), with cyanate, cyanogen, or urea. These substances
undergo side reactions with common nucleophiles that appear
to proceed more rapidly than cytosine formation. To favor
cytosine formation, reactant concentrations are required that
are implausible in a natural setting. Furthermore, cytosine is
consumed by deamination (the half-life for deamination at
25°C is '340 yr) and other reactions. No reactions have been
described thus far that would produce cytosine, even in a
specialized local setting, at a rate sufficient to compensate for
its decomposition. On the basis of this evidence, it appears
quite unlikely that cytosine played a role in the origin of life.
Theories that involve replicators that function without the
Watson–Crick pairs, or no replicator at all, remain as viable
alternatives.

Among the most commonly encountered ideas concerning the
origin of life is the one that it involved an ‘‘RNA world’’ at an
early stage (1). The term was coined by Gilbert (2), who also
stated ‘‘The first stage of evolution proceeeds, then, by RNA
molecules performing the catalytic activities necessary to
assemble themselves out of a nucleotide soup.’’ The existence
of such a soup has generally been taken for granted. For
example, Eigen and Schuster (3) wrote ‘‘The building blocks of
polynucleotides—the four bases, ribose and phosphate were
available too under prebiotic conditions. Material was avail-
able from steadily refilling pools for the formation of polymers,
among them polypeptides and polynucleotides.’’ The experi-
mental evidence to date, however, does not appear to support
such claims.

Many problems have arisen with both the prebiotic synthesis
and the stability of ribose (4–9). To avoid the need for ribose,
some authors have preferred to invoke an RNA-like polymer,
with a simpler or more accessible backbone, at the start of life
(6, 10–16). A pre-RNA world would have come first, during
which some substance of this type carried out the genetic
functions later taken over by RNA. In the great majority of
these theories, Watson–Crick pairing of A with U and of G
with C is retained as the basis of genetic template recognition.

These suggestions still presume that the bases adenine,
cytosine, guanine, and uracil were readily available on early
Earth. I have argued that this presumption is not supported by
the existing knowledge of the basic chemistry of these sub-
stances (4, 17). If the availability of the Watson–Crick pairs at

the start of life appears implausible, then more attention must
be given to theories that employ a very different replicator or
no replicator at all.

To provide a firm basis for this conclusion, I have under-
taken a series of reviews in which I consider in detail the
chemical evidence for the availability of the Watson–Crick
bases at the start of life. In a previous paper, however, I
concluded that current information concerning the availability
and chemical properties of adenine did not support the idea
that it was used in a replicator at the start of life (17). In this
publication, I wish to consider the prebiotic syntheses and the
stability of cytosine.

RESULTS AND DISCUSSION

Absence of Cytosine in Meteorites and Electrical Spark
Discharge Experiments. The isolation of adenine and guanine
from meteorites has been cited as evidence that these sub-
stances might have been available as ‘‘raw material’’ on
prebiotic Earth (18). However, acid hydrolyses have been
needed to release these materials, and the amounts isolated
have been low (17–19). Traces of uracil have also been
reported in such analyses (20), but no cytosine at all.

The formation of a substance in an electric spark discharge
conducted in a simulated early atmosphere has also been
regarded as a positive indication of its prebiotic availability
(21). Again, low yields of adenine and guanine have been
reported in such reactions, but no cytosine (22). The failure to
isolate even traces of cytosine in these procedures signals the
presence of some problem with its synthesis andyor stability.

Proposed Prebiotic Cytosine Syntheses. As bonds from
carbon to a hetero atom are more readily constructed than
carbon–carbon bonds, cytosine syntheses have usually com-
bined a three-carbon fragment with another bearing a urea-
like carbon. The most prominent C-3 fragments used have
been cyanoacetylene and its hydrolysis product, cyanoacetal-
dehyde. These processes are discussed separately below.

Syntheses based on cyanoacetylene.As shown in Fig. 1(Fig. 1),
Ferris et al. (23) reported that 0.2 M cyanoacetylene (I) and 2
M cyanate (II) reacted together readily at 30°C to give
trans-cyanovinylurea (III) and unidentified products. Conver-
sion of trans-cyanovinylurea to cytosine (with the cis isomer as
a likely intermediate) took place readily at pH 11 or greater.
In a more direct preparation, cyanate and cyanoacetylene were
heated together at 100°C for 24 hr. In a typical run at low
concentration, 0.025 M cyanoacetylene and 0.05 M cyanate
(the stoichiometry requires two cyanates per cyanoacetylene)
afforded 6% cytosine. The maximum yield observed over all
circumstances was 19%.

Questions arise, however, concerning the availability of the
reactants on early Earth. Cyanoacetylene can be produced in
a spark discharge in a CH4yN2 mixture as the second most
prevalent product (up to a maximum of 8.4% of the principal
product, HCN) (23, 24). This mixture, which introduces carbonThe publication costs of this article were defrayed in part by page charge
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in reduced form but excludes ammonia and water, is an
unlikely candidate for Earth’s atmosphere at the time of the
origin of life. That atmosphere was ‘‘. . . probably dominated
by CO2 and N2, with traces of CO, H2, and reduced sulfur
gases’’, unless a volcanic source of methane and ammonia was
present (25). By contrast, when ammonia (24) or hydrogen
sulfide (26) are included in spark discharge experiments, little
cyanoacetylene is produced. The aspartic acid and asparagine
that are formed under those conditions arise to some extent
from the reaction of cyanoacetylene with HCN and ammonia
(27).

An extensive solution chemistry for cyanoacetylene with
simple nucleophiles has been recorded. Ammonia (28), amines
(29–30), thiols (31), HCN (32), and ‘‘the commonly used
alkaline buffers’’ (23), react rapidly at room temperature or
lower with cyanoacetylene. In certain cases, e.g., the reaction
of cyanoacetylene with phosphate, the product hydrolyzes to
afford cyanoacetaldehyde (Fig. 1, IV) (33). But for many
reactions of cyanoacetylene, the products appear stable or
react further to afford further transformation products. The
rates of reaction of cyanoacetylene with simple nucleophiles
appear more rapid than its reaction with cyanate, but no direct
competition experiments have been reported. In the absence
of other nucleophiles, cyanoacetylene is hydrolyzed by water to
cyanoacetaldehyde. The half-life at pH 9 and 30°C has been
estimated as about 11 days (0.03 yr) (34).

The prebiotic availability of cyanate also is undetermined. It
can be produced by hydrolysis of cyanogen (23), a simple
substance that may be widely distributed elsewhere in the
universe, as it has been detected in the atmosphere of Titan
(35), and related nitriles are prominent components of inter-
stellar clouds (36). No simulations have been carried out to
estimate the formation of cyanogen under plausible early
Earth conditions, however. Cyanogen’s stability in aqueous
solutions is limited because it is decomposed by both base and
acid. At 25°C and pH 9 (the usual pH for HCN oligomeriza-
tion), cyanogen’s half-life can be estimated from existing data
(37) to be less than 30 sec. Cyanogen or cyanoformamide (an

intermediate hydrolysis product of cyanogen) can replace
cyanate in its reaction with cyanoacetylene, affording cyanovi-
nylurea at lower yields. At pH 8 and room temperature (9 days
reaction time, 0.1 M reactants), yields of cyanovinylurea were
2.9% from cyanoformamide, 3.0% from cyanogen, and 4.7%
from cyanate.

Small amounts of ammonium cyanate also exist in equilib-
rium with urea (ref. 38, and see below) but these quantities
would appear insufficient for the synthesis. A reaction of 1 M
urea with 1 M cyanoacetylene (100°C, 20 hr) afforded 4.8%
cytosine, but no cytosine was detected when reagent concen-
trations were reduced to 0.1 M (23). Much higher concentra-
tions of urea than of cyanate are needed for cytosine synthesis.
Urea might have been more available than cyanate on prebi-
otic Earth, however, as its formation in electric discharge
experiments under an atmosphere of N2, CO, and H2O has
been reported (39).

Apart from the questions concerning its availability, cyanate
is unstable in aqueous solution, hydrolyzing to ammonium
carbonate with a half-life of ‘‘. . . at most a hundred years’’ (23).
For these reasons, the authors concluded that ‘‘it is difficult to
see how concentrations (of cyanate and cyanoacetylene) as
high as 0.01 M could have accumulated in the primitive ocean.’’

Syntheses based on cyanoacetaldehyde. The synthesis of cy-
tosine from cyanoacetaldehyde (Fig. 1, IV) and urea (V) was
reported by Robertson and Miller (40). The authors described
this reaction in the following terms. ‘‘Here we show that in
concentrated urea solution—such as might have been found in
evaporating lagoons or in pools on drying beaches on early
Earth—cyanoacetaldehyde reacts to form cytosine in yields of
30–50%, from which uracil can be formed by hydrolysis. . . The
previous lack of plausible prebiotic syntheses of cytosine and
uracil has led some other authors to suggest that other bases
were used in the first genetic material. These reactions provide
a plausible route to the pyrimidine bases required in the RNA
world.’’ This reaction is closely related to the synthesis of
cytosine from cyanoacetylene and urea (23) described above.
Robertson and Miller (40) noted this in a correction: ‘‘Re-
placing cyanoacetylene by its hydrolysis product cyanoacetal-
dehyde gives essentially the same yield, suggesting that the
cyanoacetylene reaction may have gone through cyanoacetal-
dehyde.’’

The Robertson-Miller procedure was conducted by heating
1023 M cyanoacetaldehyde with varying urea concentrations
(expressed as molality) in a sealed ampule at 100°C. For kinetic
purposes, the reaction was stopped after 5 hr. The rate
equation contained first-order and second-order terms in urea.
The half-life in 1 molal urea can be calculated from their
equation as 180 hr. In 10 molal urea, it is 67 hr. The maximum
yield was determined from much longer runs and expressed as
the sum of uracil (formed by deamination) and cytosine. This
sum rose sharply with urea concentration at low concentration
(about 20% in 5 molal urea) and then leveled off to about 33%
in 20 molal urea. The yield of cytosine alone, reported only for
a reaction run in saturated urea (120 molal), was 53%. An
Arrhenius plot of their data gave a heat of activation of 28.2
kcal (1 cal 5 4.18 J). At 25°C, the half-life would be 300 yr with
1 M urea and 15 yr with 20 molal urea (the maximum
concentration attainable at that temperature).

An obvious difficulty with this reaction is that the formation
of cytosine and the subsequent deamination of the product to
uracil (see below) occur at the about the same rate when urea
concentrations are 1–2 M. Robertson and Miller (40) noted
that 40% of cytosine was deaminated after 120 hr at 100°C and
that in saturated urea, cytosine yields fell after 30 hr because
of deamination. It is clear that the yield of cytosine would fall
to 0% if the reaction were extended for a number of half-lives.
This provides no difficulty in the laboratory, where one can
start with a urea concentration of one’s choice and monitor the
time carefully. On early Earth, the following circumstances

FIG. 1. Principal proposed prebiotic routes to cytosine. The hy-
drolysis products of the reactants and of cytosine are included in the
scheme.
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would be needed: An isolated lagoon or other body of sea
water would have to undergo extreme concentration, to per-
haps 1025 of its initial volume. This reduction in volume would
be needed to bring urea from a concentration of 1024 to 1025

M assumed for many substances in a prebiotic ocean (see
below) to that necessary for the reaction. It would further be
necessary that the residual liquid be held in an impermeable
vessel, for reasons described below. The concentration process
would have to be interrupted for some decades (assuming a
temperature near 25°C) with the urea concentration near
saturation, to allow the reaction to occur. At this point, the
reaction would require quenching (perhaps by evaporation to
dryness) to prevent loss by deamination. At the end, one would
have a batch of urea in solid form, containing some cytosine
(and uracil). This sequence cannot be excluded as a rare event
on early Earth, but it cannot be termed plausible.

The above circumstances do not provide the only barrier to
the success of the reaction. Questions arise about the avail-
ability of cyanoacetaldehyde. Browne (41) termed it ‘‘. . .
another quite common component of sea water that owes its
formation partly to lightning bolts.’’ Robertson and Miller (40)
justify its prebiotic availability as a hydrolysis product of
cyanoacetylene, which in turn is ‘‘. . . produced from a spark
discharge in a CH4yN2 mixture [23, 24] and is an abundant
interstellar molecule.’’ As we have explained above, however,
the questionable availability of cyanoacetylene and its reac-
tivity to a broad variety of common nucleophiles make it an
unreliable source for cyanoacetaldehyde.

Cyanoacetaldehyde also is vulnerable to reaction with a
number of chemicals considered to be prebiotic. Its reaction
with cyanide has been described theoretically (42), although it
apparently has not carried out experimentally. Cyanoacetal-
dehyde is in equilibrium with a dimer (23), which then reacts
readily with thiols (43). Its reaction with amino groups of
proteins (44) suggests that simple amino acids will also com-
bine with it. The great chemical activity exhibited by both
cyanoacetaldehyde and its precursor suggest that little of
either will persist in prebiotic media, even before the start of
a concentration process. The synthesis of Robertson and Miller
(40) was carried out with the exclusion other possible prebiotic
chemicals that might have interfered. Furthermore, no exper-
iments were reported to assess the effect of concentrated brine
(expected from the evaporation of seawater) on the synthesis.

In the case of cyanoacetaldehyde, however, one disruptive
chemical could not be excluded: water. Although it is more
stable than its precursor, cyanoacetaldehyde is subject to
hydrolysis to acetonitrile and formate, with a half-life of 31 yr
at 30°C and pH 9 (34). This rate makes the reaction compet-
itive with cytosine formation at the lower end of the range of
urea concentrations studied (40). When a combination of 0.1
M urea and 0.1 M cyanoacetaldehyde were heated together
earlier by other workers (34), no pyrimidines were detected.
We deduced earlier that an extreme concentration process (to
about 1:105) was necessary to bring urea to a concentration
suitable for reaction with cyanoacetaldehyde. But unless that
concentration took place very rapidly (years, not decades) on
a geologic time scale, any initial cyanoacetaldehyde would be
unlikely to survive the process.

Urea would also be at risk during a lengthy evaporative
process. It exists in equilibrium with a small amount of
ammonium cyanate (Ke at 60°C 5 1.04 3 1024) (38). This
equilibrium will be shifted to the right continually by further
hydrolysis of cyanate to carbonate and (in an open system)
escape of ammonia. The cytosine synthesis of Robertson and
Miller was carried out in a sealed tube, which prevented
ammonia loss. The rate constant for urea decomposition at
60°C is 2.6 3 106zs21 and the half-life is 30 days. The half-life
at 25°C has been estimated at 25 yr (27). This is comparable
with the rate of cytosine synthesis in concentrated urea
solutions, but of course decomposition could take place during

the concentration phase as well. Other substances likely to be
present on early Earth could also consume the urea during the
concentration process. When 0.1 M glycine and 0.1 M urea are
heated together in a sealed tube at 100°C for 10 hr, .50% of
the glycine is converted to N-carbamoyl glycine. The car-
bamoylating agent is cyanate, formed from the urea (45).
When a similar reaction was run in an open system to facilitate
ammonia loss, half of the urea was destroyed after 5 hr at 90°C
and pH 7 (46). Diglycine, oligoglycines, and diketopiperazines
were other reaction products. These reactions appear more
rapid than cytosine synthesis and take place at lower urea
concentrations. Unless amines and amino acids were excluded,
they would presumably prevent cytosine synthesis.

The combination of circumstances described above limits
the cytosine synthesis from urea and cyanoacetaldehyde to
circumstances in which concentrated urea can be employed
from the beginning, competing nucleophiles can be excluded,
and the time can be controlled carefully.

Deamination of Cytosine. As we saw in the previous section,
the spontaneous deamination of cytosine and its derivatives in
aqueous solutions provides an obstacle in prebiotic prepara-
tions of these substances. This reaction was first reported from
our own laboratories (47–48). It takes place at a sufficient rate
in single-stranded DNA for it to constitute a genetic hazard
(49–50). Cells are normally protected from the reaction by the
repair enzyme, uracil-DNA glycosylase, but in the absence of
that enzyme, enhanced mutagenesis occurs (51).

The most detailed studies of the deamination of cytosine and
cytidine have been carried out by Garrett and Tsou (52). They
reported that the reaction occurs at all pH values but is
minimal in the range 6–9. Acid catalyzes the reaction by
protonation of cytosine, and base speeds it by direct attack on
cytosine. A variety of buffers also catalyze the reaction (47, 52)
with bisulfite having a particularly strong effect (53–54). The
data of Garrett and Tsou have recently been extended by Levy
and Miller (55), who estimated, by extrapolation, a half-life of
340 yr at pH 7 and 25°C for cytosine (uncatalyzed reaction).
This corresponds to a rate of 6.5 3 10211zs21. This rate was
increased by common buffers, for example, by 50% in 0.05 M
acetate. The value is roughly compatible with those calculated
by others for the deamination of cytidine and single-stranded
DNA (49, 56–58). The activation energy reported in these
studies is in the range of 26–29 kcalymol.

This situation was summarized some years ago: ‘‘Cytosine
hydrolyzes to uracil rather rapidly and cytidine is hydrolyzed to
uridine at a similar rate. . . This is a real difficulty if it is
assumed that cytosine was required for nucleic acids in the first
organism.’’ (27).

Deamination, of course, is not the only hazard; other
chemical reactions will also deplete cytosine supplies. For
example, exposure to solar UV light on early Earth would
quickly convert cytosine to its photohydrate and to cyclobu-
tane photodimers (both very susceptible to deamination) (59).
Such reactions would place an additional requirement on
prebiotic cytosine syntheses: they must be carried out in the
dark.

Prebiotic Plausibility of Cytosine Synthesis. The assembly
of a cytosine-containing replicator would require several steps
beyond cytosine synthesis as well as the concurrent synthesis of
the other replicator components. We wish to consider the
suitability of the reactions described above for the prebiotic
synthesis of cytosine, not in trace amounts but in the quantities
needed to support further chemical transformations. We must
assume that prebiotic cytosine synthesis took place at a rate
that replaced the material lost by deamination, to maintain a
steady-state concentration. The synthetic requirements de-
pend on the assumptions made about the environment in
which the replicator was assembled.

Synthesis in a global ocean. This concept underlies the
Oparin-Haldane hypothesis, a central paradigm of the origin-
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of-life field (see ref. 27 for a comprehensive list of references).
In this account, the origin of life took place in such an ocean,
sometimes termed ‘‘the prebiotic soup.’’ Possible concentra-
tions for a number of substances such as adenine, ammonia,
HCN, and total amino acids in a prebiotic ocean have been
estimated and fall in the range from 1025 to 1024 M. (21,
60–61). Although an adenine concentration in this range has
been considered as possibly too low for useful prebiotic
synthesis (21), we will assume that a steady-state concentration
of 1025 M will suffice. We can then ask what rate of synthesis
is needed to maintain a 1025 M cytosine concentration in the
soup?

If we use the data of Levy and Miller (55) at 25°C at pH 7,
with dilute buffer catalysis (and excluding bisulfite), the rate of
cytosine deamination is 10210zs21 3 1025 M 5 10215 Mzs21.
Cytosine has not been reported as a direct product of atmo-
spheric processes, so we will assume that it is made by the
reactions of two substances, A and B, that are produced
globally and occur in the soup at a concentration of 1025 M.
The rate constant, Ksyn, for this reaction must be sufficient so
that the cytosine produced balances that lost by deamination.
(The synthetic reaction, of course, is second-order, whereas
the deamination of cytosine is pseudo-first-order.) We then get

Ksyn[A][B] 5 10210M2Ksyn 5 10215 Mzs21.

Solving to find the needed rate constant, we find that Ksyn 5
1025 M21zs21 at 25°C. A reaction with this rate constant should
be readily demonstrable in the laboratory at 25°C. If A and B
were at an initial concentration of 1 M, they should react to the
extent of 10% in about 3 hr. Note that in this estimate, we have
assumed neutral pH to minimize deamination. We have also
ignored the possibility that A and B react with other substances
present in the soup. In practice, the required Ksyn is likely to be
higher. The reactions described above for prebiotic cytosine
synthesis did not meet this requirement. They required reac-
tion times of hours at 100°C. In the case of the cyanoacetal-
dehyde–urea combination, reaction at 25°C would require
hundreds of years.

It has been argued that a cold or frozen condition for early
Earth would be more favorable for the origin of life, as it would
slow the decomposition of cytosine and the other bases (55).
It is not obvious that any advantage would be gained by this,
however, as the rate of the synthetic reaction would also be
slowed on a frozen Earth. A careful study of the temperature
profiles of the competing synthetic and degradative reactions
would be needed to determine whether any significant advan-
tage can be obtained by manipulating the reaction tempera-
ture.

Of course, some new combination of chemicals and an
appropriate set of conditions may yet be encountered that
would produce cytosine at the needed rate. This possibility
seems unlikely, because the combinations of substances that
may be present in the soup and react to form cytosine are
limited and have already been explored to some extent.

The ‘‘drying lagoon’’ scenario. This term was used by Rob-
ertson and Miller (40) to describe processes in which reactants
are concentrated in specific geologic environments such as
lagoons, thereby enhancing their reaction rates. Very different
environments could be used to synthesize the different repli-
cator components. After synthesis, the components would be
released into the open ocean, where final assembly could take
place. As the purine and pyrimidine components of a repli-
cator would be prepared in different environments, the rep-
licator synthesis would take place in the open ocean. [This idea
was attributed to Robertson and Miller by Browne (41)].

In this scenario, the concentrations of A and B could be
enhanced greatly by concentration in a drying lagoon or
comparable locale. For example, if A and B were both at 1 M,
the rate would be enhanced by 1010, and a smaller value for Ksyn

might suffice. However, this gain in rate would be largely
overcome by the effects of the subsequent dilution. Deami-
nation would take place on a global scale, but synthesis only
within a limited locale. The available evidence suggests that
volcanic islands constituted the principal land areas on early
Earth, with the continents much smaller than their present size
(62). If this were the case, then much less shoreline would be
available for lagoon formation. No firm data exists concerning
the extent of the ocean and the distribution of drying lagoons
on early Earth, however, so we will use current information for
our estimate. The volume of the oceans at present is 1.3 3 1018

m3 (63). A typical large lagoon such as the Sivash (Crimea) or
the McLeod Evaporite Basin (western Australia) may hold 2 3
109 m3 of water (64–65). If we compare the initial volume of
the vessel in which synthesis is to be carried out with that of the
one available for deamination, we see that the latter exceeds
the former by 6 3 108. Thus, the dilution factor dissipates much
of the advantage produced by concentration of reactants.

Another potent factor acts to penalize the synthesis, how-
ever. The lagoon process would operate in a batchwise manner,
and require the following steps. (i) Formation of a barrier, to
isolate the lagoon from the ocean. (ii) Evaporation of the
lagoon to the optimal size for reaction. If we assume that an
initial concentration of the reactants was 1 3 1025 M, and one
of 1 M was needed, then a concentration of the lagoon to
1y100,000 of its initial volume would be required. (iii) Cytosine
synthesis. (iv) Rupture of the barrier, releasing cytosine into
the sea.

Only the time spent in stage (iii) would be chemically
productive; the remainder would serve to reduce the effective
rate. The geological literature offers no evidence that the other
steps occur with any great frequency:

Coastal lagoons are common on this planet today, but
according to Barnes (64), ‘‘lagoons are rarely completely
isolated from the sea. Characteristically, they have a channel
(or series of channels) through which water is exchanged with
the larger adjacent water body.’’ In cases where a lagoon
becomes isolated, it usually evolves into a freshwater lake or
pond. Alternatively, the ocean may rupture the barrier and
reform a bay.

Commonly, rain, river water, aerosols from the sea, and
seawater seepage replenish lagoons (65). In certain instances,
however, a lagoon may evaporate. This occurs when evapora-
tion exceeds infall through rain and various forms of inflow.
‘‘This condition is found in coastal zones of the semi-arid to
arid belts that girdle the planet between latitudes 15 and 35°’’
(65). Evaporation can then range from 2 to 8 myyr. A well
defined order of salts is precipitated (evaporites), until the
residual brines (bitterns) precipitate sodium chloride and
magnesium and potassium salts when the volume has reached
5% of its initial value (65–66). However, as the density of the
brines rises through evaporation, there is an increasing ten-
dency for them to escape through seepage. Inflow of seawater
also serves to reduce the density differential between the sea
and the brines. The drop in vapor pressure with the increase
in salt concentration also tends to limit evaporation. Evaporite
systems normally approach a steady-state system in which
finite volumes of brine remain. Complete evaporation rarely,
if ever, occurs (66). If further volume reduction does take
place, the brines sink to subsurface levels, where evaporative
loss is suppressed. (65). These fluid inclusions (up to 10% by
volume within halite) may persist through burial, until geo-
logical changes affect the bed (67). If today’s Earth may be
taken as a model for the early one, then, cases of extreme
lagoon concentration (to the extent needed to concentrate a
solute by 105) are rare or nonexistent. This mechanism cannot
be considered as a source that could stock a global ocean with
a particular chemical.

Synthesis in a restricted location. If the chemistry that started
life is confined to a single location, then questions concerning
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global distribution of chemicals or the abundance of a partic-
ular location become unimportant. The origin of life can be
seen as a unique event. Charles Darwin selected a ‘‘warm little
pond’’ as the locale that he favored for the origin of life. Many
other sites have been suggested, for example deep-sea thermal
vents (68), comet ponds (69), and clouds (70).

Unlike the environments described above, a scenario of this
type cannot be excluded by abstract chemical reasoning. In a
publication concerning the cyanate-cyanoacetylene synthesis
of cytosine, for example, the authors speculated that ‘‘Perhaps
cyanate could have concentrated somewhat during the evap-
oration of pools and then reacted with cyanoacetylene from
the atmosphere, but this mechanism is not very convincing’’
(23). They added: ‘‘the instability of cyanate and cyanoacety-
lene restricts severely the range of prebiotic environments in
which such a synthesis could have occurred.’’

Levy and Miller (55) raised the possibility that unknown
concentration mechanisms could have raised the concentra-
tion of cytosine in an environment. Further chemical processes
might then incorporate it into a hydrogen-bonded polymer,
protecting it from deamination (For the protective effect of
nucleic acid secondary structure on cytosine deamination, see
refs. 49 and 71). If a sufficient number of unique geochemical
environments were formed within proximity of one another,
they might conceivably catalyze a number of chemical reactions
which, taken in sequence, would serve to construct a replicator.
This possibility has been illustrated by Arrhenius et al. (72).

A scenario of this type would be more credible for uracil
than cytosine. Once synthesized by the cyanate-cyanoacetylene
reaction, or by another process, uracil would persist for a
considerably longer time than cytosine. The half-life for uracil
decomposition by hydrolysis has been reported to be 12 yr at
100°C and 3.8 3 108 yr at 0°C (55). However, the restrictions
imposed by the instability of cyanate and cyanoacetaldehyde
would still apply. Furthermore, a number of specific catalyzed
processes would still be needed to incorporate uracil into a
replicator. With each of these steps, the fraction of the desired
product in the mixture would diminish, and the amount of
interfering side products would increase. Processes that would
lead to the purification of the desired intermediate can un-
doubtedly be specified, but they would compete with numerous
other natural processes that would have the reverse effect.

A series of productive steps culminating in the synthesis of
a replicator can never be excluded, particularly when many of
the key processes have not been demonstrated. We must
assume that each of them, whether a reaction, a transfer, or a
concentration, would have constraints that would limit its
probability. The events are not linked in any way, as the process
of classical natural selection would take over only when a
functioning replicator had come into existence. The likelihood
of the formation of such a replicator would then be the product
of the probabilities of the various individual steps. If the
replicator was complex, chemically, and the steps numerous,
than an explanation of this type would portray the origin of life
as a highly improbable event. This position has been captured
by Jacques Monod in his book Chance and Necessity (73):

‘‘. . . Life appeared on earth: what, before the event, were
the chances that this would occur? The present structure
of the biosphere far from excludes the possibility that the
decisive event occurred only once. Which would mean its
a priori probability was virtually zero. . . This idea is
distasteful to many scientists. Science can neither say nor
do anything about a unique occurrence. . . If it was
unique, as may perhaps have been the appearance of life
itself, then before it did appear its chances of doing so
were infinitely slender. The universe was not pregnant
with life nor the biosphere with man. Our number came
up in the Monte Carlo game.’’

As scientists, we have not yet been forced into this position.
Alternatives remain yet for the origin of life that do not involve
the difficulties of the chemistry of RNA-like substances.

CONCLUSIONS

The deamination of cytosine and its destruction by other
processes such as photochemical reactions place severe con-
straints on prebiotic cytosine syntheses. If cytosine concentra-
tions are to be maintained on a worldwide basis, then synthesis
must be sufficient to replace depletion. The syntheses de-
scribed thus far do not possess the necessary speed and
selectivity to meet this requirement. The use of drying lagoons
as a site for prebiotic synthesis has been suggested as a remedy:
synthetic rates would be enhanced by greatly increasing the
concentration of the reagents. The lagoon suggestion appears
geologically implausible, however. All schemes in which cyto-
sine is synthesized locally and distributed globally also are
handicapped in that the enormous dilution that takes place
when cytosine is released into a global sea offsets any gain in
synthetic efficiency.

The possibility remains that a set of unique circumstances
produced a batch of cytosine on one or a few occasions on early
Earth. The cyanoacetylene-cyanate path seems the most likely
candidate yet described for such an event, although problems
remain concerning the availability of the reactants. Unless the
cytosine produced were quickly processed, however, such an
event would not be significant for the origin of life. Decom-
position processes would gradually consume the product.

This fate would be avoided if the cytosine were used soon
after it was made. The rate of cytosine deamination is not
affected appreciably when it is part of a nucleotide or single-
stranded nucleic acid, but it is slowed by a factor of 140 on
incorporation into double-stranded DNA (58). Rapid incor-
poration of cytosine into a double-stranded replicator could
best be achieved if all components (coding units and back-
bone) were synthesized under the same set of conditions, and
polymer formation took place in the same environment. To
avoid cytosine loss, this process should take at most several
centuries at 25°C. A change in temperature would not improve
matters unless it could be shown that the synthetic processes
were retarded less, or enhanced more, than the degradative
ones at a different temperature.

Suitable chemistry for such transformations has not been
demonstrated, however, and may not exist. The evidence that
is available at the present time does not support the idea that
RNA, or an alternative replicator that uses the current set of
RNA bases, was present at the start of life. This conclusion
could be reversed if a prebiotic simulation were devised that
produced all of the bases in good yield under a single set of
conditions, by using a plausible combination of water, atmo-
spheric components, and minerals. In the absence of such a
demonstration, more attention should be given to origin-of-life
theories that do not require the four RNA bases: (i) The first
living system used a replicator constructed of more accessible
and stable components. A number of possibilities may exist,
with the clay system of A.G. Cairns-Smith (74) perhaps the best
known. (ii) Life began with cycles of autocatalytic reactions.
Storage and transfer of information at the polymer level came
later. A number of writers have discussed this possibility,
including F. Dyson (75) and S. Kauffman (76). One possible
system has been described in detail by G. Wächtershäuser (77).

I am indebted to Dr. Leslie Orgel for his helpful suggestions
concerning this manuscript.
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