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ABSTRACT Self-replicating molecules set up traveling
concentration waves that propagate in an aqueous enzyme
solution. The velocity of each wave provides an accurate
(±0.1%) noninvasive measure of fitness for the RNA species
currently growing in its front. Evolution may be followed from
changes in the front velocity, and these differ from wave to
wave. Thousands of controlled evolution reactions in traveling
waves have been monitored in parallel to obtain quantitative
images of the stochastic process of natural selection. An RNA
polymerase (RNA-dependent RNA nucleotidyltransferase, EC
2.7.7.6), extracted from bacteria infected by the Qfi RNA
virus, catalyzes the replication. The traveling waves that arise
spontaneously without added RNA provide a model system for
major evolutionary change.

An innovative form of spatially inhomogeneous biochemistry
permits the simultaneous observation of >1000 separate
evolution processes. As a first result, we were able to resolve
a phenomenon of spontaneous creation as a process involving
rapid evolution: de novo synthesis of self-replicating RNA (1)
is shown here to be a statistically reproducible phenomena of
natural selection rather than a single enzyme-instructed
event. The Qf3 replicase enzyme is an RNA polymerase (Mr
215,000, four subunits) isolated from Qf3 phage-infected
Escherichia coli cells (2, 3). The short time (about 30 s) for
replication and its kinetically well-characterized mechanism
(4-6) make the system an ideal candidate for evolutionary
studies. We use massively parallel observations to deal with
the stochastic nature of mutational change and to utilize the
velocity of traveling concentration waves as an accurate
noninvasive measure of fitness.
The process of "template-free" or de novo production of

RNA by the Q/3 replicase (1) is important for our understand-
ing of evolution because it involves the specific creation of
genetic information by a protein enzyme. This would be in
defiance of the central dogma of molecular biology (7) in
which instruction flows only from nucleic acids to proteins.
It is not surprising that the reported de novo production of
RNA caused considerable controversy (8-12), as many mo-
lecular biologists saw contamination by RNA as the only
possible explanation. Images recorded here demonstrate that
a rapid process of evolution takes place, showing that it is
natural selection that creates the specific self-replicating
species of RNA. Since the RNA species acquire their only
biological function of self-replication in the course of an
experiment by changes in their nucleotide sequence, this
process serves as a laboratory model of macroevolution,
which is the irreversible evolution of new species with major
functional and genetic change (13).

Spiegelmann's (14) in vitro experiments established micro-
evolution of RNA templates. Chain initiation, elongation,
and termination are retained in the simplest template-
dependent chemical mechanism consistent with the kinetic

data (4-6). However, the mechanism for template-free syn-
thesis ofRNA is not known. Self-replicating RNA molecules
are produced in vitro in the enzyme solution within hours
after the addition of NTP (1). Later, attempts were made to
rationalize the phenomenon as contamination by RNA in the
enzyme solution or from the air (10-12). Can the template-
free synthesis be purified away or is it an exciting intrinsic
property of the enzyme? Biebricher et al. (8, 9, 11) showed,
using kinetic studies, that the mechanism of template-free
synthesis must be very different from the well-understood
template mechanism. The present work uses measurements
of the probability distributions of reaction rates to show that
the mechanism involves evolution.

Monitoring Evolution in Many Wave Fronts

Spatially extended replication reactions are motivated by
Darwin's emphasis on the role of geographical isolation for
evolution (15) and the requirement of compartmentalization
for higher functional organization (16, 17). In one dimension,
finite diffusion provides strong spatial isolation, so we were
prompted to study molecular replication in a thin capillary
filled with a solution containing the Q,B replicase, NTP mono-
mers, and buffer. In the first experiments, localized amplifi-
cation ofRNA was established by injecting RNA templates at
one location in the capillary. The presence of RNA could be
monitored by increased fluorescence of the intercalating dye
ethidium bromide (18). A region of enhanced fluorescence at
the inoculation site appeared after a short lag, and this region
grew in both directions for hours without weakening in inten-
sity. These traveling waves show a constant velocity with a
sharp transition profile in RNA concentration.
The RNA wave front velocity may be explicitly calculated

in terms of the rate constants of the multicomponent template
polymerization mechanism and the diffusion coefficients of
the species involved (19). We demonstrated that the moving
chemical wave front maintains a controlled exponentially
growing phase in which selection of RNA takes place. The
selective value ofa molecular species is determined by its front
velocity, calculated in the absence of competitors. In the usual
case of high template-enzyme affinity, the front velocity is
found (19) to have the Fisher form (20), 2VKD, where K iS the
exponential-phase replication rate constant and D is the dif-
fusion constant of the template-enzyme complex. In other
cases, more complex expressions involving the rate coeffi-
cients and diffusion coefficients have been found (19), estab-
lishing the tractability ofthis form ofinhomogeneous biochem-
istry for complex kinetics. Typically, the front velocity is on
the order of 2 um/sec or 0.5 cm/h. Measurements of front
velocity have the advantage ofbeing independent ofthe details
of the sigmoidal fluorescence-RNA titration curve. Further-
more, the front velocity can be measured to within a fraction
of a percent, providing unprecedented accuracy in the deter-
mination of selective value.
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We designed an apparatus to investigate the stochastic
nature of evolution (Fig. 1). Instead ofRNA being injected at
one location, RNA may be diluted to concentrations of <1
molecule per cm of capillary (<10-16 M) so that the concen-
tration waves initiated by single molecules may be measured
after a stochastically varying lag period. The measurements
at different locations are independent because of limited mass
transfer by diffusion. This may be used to count molecules.
The spatially resolved fluorescence enhancement by RNA

is recorded at regular time intervals by a CCD (charge-coupled
device) camera. Image analysis is essential to reduce the data
(=109 fluorescence measurements per experiment) to evolu-
tionary parameters. Space-time images of the one-dimen-
sional fluorescence intensity along each of the -70 12-cm
segments of the capillary summarize the time course of the
replication reaction. These images, introduced in Fig. 2, may
be analyzed as described in the legend to yield the appearance
times, growth curves, and changing front velocities of up to
1700 distinct centers of replication in each experiment. The
capillaries may be filled all together or in groups, the latter
providing the opportunity to examine various reaction condi-
tions in a single experiment. The results are stored in a PROLOG
data base which currently contains kinetic information on
about 70,000 replication reactions.
Wave Fronts from Single Molecules

Template-instructed kinetics of replication was investigated
by filling capillaries with an enzyme solution (see Fig. 1) and
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FIG. 1. Capillary reactor. A thin disposable polythene capillary
(0.4 mm i.d. and -12 m long) is threaded back and forth on a steel
frame (1) to produce a rectangular region with 70 parallel capillary
segments each with an observable length of 12 cm. The frame is held
at 30°C from within (2) by fluid pumped from a thermostat. It is
mounted 5 mm above a filtered (4) UV (366 nm) transilluminator (5)
[fitted with a piston-driven programmable shutter (3) with a 12 x 8
cm rectangular opening] and thermally insulated from the light source
below by a UV-transparent sheet of plastic (7) cooled underneath by
a stream of compressed air (6). The capillary was filled with -1 ml
of the replicase solution [50 mM Tris HCl (pH 7.5) containing 10%
(wt/vol) glycerol, 10 mM dithiothreitol, 15 mM ethidium bromide,
8.5 mM MgCl2, 0.5 mM NTP, 5 mM NaCl, and 0.5 ,uM holo Q83
replicase prepared as described (19), the last three concentrations
being varied as described in the text; the MgCl2 concentration varied
with the NTP concentration C = 8 mM + [NTP], and in some cases
small numbers of RNA molecules (in these experiments 86-
nucleotide, MNV11; a gift from C. K. Biebricher) were added]. The
capillary segments are sealed at the ends to avoid thermal expansion.
Assembly of the capillary reactor and preparation of the template-
free solutions were done in a separate room. Throughout the exper-
iments, only disposables came into contact with the solutions.
Pipetting devices were cleaned routinely by soaking in alkaline
cleaning solution overnight and rinsing with prepacked HPLC water.
The entire rectangular region is monitored through a narrow band-
width red filter (FKG 14 510 nm), corresponding to the maximum
wavelength of the RNA intercalation-enhanced fluorescence spec-
trum of ethidium bromide, by a Peltier cooled CCD (charge-coupled
device) camera (1024 x 1024 pixel resolution) equipped with a 35-mm
objective and programmable shutter.

concentrations of template down to an average of one RNA
molecule per capillary. The RNA species used was MNV11,
a single-stranded RNA of known sequence and length (87
nucleotides) (4). Titrations against template were performed
in three single experiments at 5, 10, and 40mM NaCl by filling
groups of capillaries with each solution. Only 5% of the
radioactively determined number of added templates initi-
ated observable RNA traveling waves. We deal from here on
with the effective number of molecules (= number/20). The
first two titrations, shown in Fig. 3 a-f, covered a wide range
of RNA molecules from 10 to 105 and from 100 to 2500
effective molecules per group. The third titration involved
eight concentrations starting with 10 and increasing by fac-
tors of 2 to 1280 molecules per group. Spatially distinct
centers of replication were observed up to the effective
template concentrations along the capillary of 0.5 per mm.
The template titration allowed us to identify two classes of

colonies: those proportional (in number) to the added tem-
plates (class I) and a background of colonies independent of
the number of added templates (class II). The appearance
times for colonies, determined by quadratic regression from
the space-time pictures, are shown for four template con-
centrations in Fig. 4A. These lag times clearly separated
colonies into the same two classes: (i) those appearing early
with a narrow stochastic variation in lag times consistent with
that of a linear birth process (class I) and (ii) those appearing
late with a much wider scatter in lag times (class II). Front
velocities in the template-dependent class I showed very
narrow distributions compared with the broad distribution of
velocities shown in Fig. 4B for the template-free class II.
Individual measurements of front velocities were often to
±0.1%, sufficient to detect a small natural variation in the
template-dependent front velocities.
The validity of the analytic formula for the front velocity

has been experimentally tested. First, the predicted magni-
tude may be compared with experiment. Measured values of
the exponential-phase rate coefficient (0.038 ± 0.002 s-1) at
40 mM NaCl and the measured (3) diffusion constant for the
replicase (0.38 x 10-6 cm2 s corrected for viscosity) for the
conditions of Fig. 4A give a predicted front velocity of v =
2VD = 2.4 ,um/s. The corresponding average measured
front velocity for template-induced replication of 0.82 cm/h
or 2.28 Am/s agrees well with the predicted value.

Secondly, the known linear form of the dependence of
replication time on the reciprocal NTP concentration for
homogeneous reaction kinetics (typical of substrate depen-
dencies for enzymatic reactions with Michaelis-Menton ki-
netics) may be compared with that obtained by measuring
front velocities with the above formula. A Lineweaver-Burk
plot using squared mean front velocities (instead of replica-
tion rate) with five NTP concentrations (1, 0.7, 0.5, 0.4, and
0.32 mM) proved linear, demonstrating in particular that v o
K1/2, with an effective Michaelis constant of 1.3 ± 0.3 mM.
This was similar to the value found for homogeneous kinetics
under these reaction conditions, but a factor of 6 larger than
that reported for Qj3 viral RNA and MNVii under different
conditions (21, 22).
No significant variation of front velocity with enzyme

concentration was found, consistent with the independence
of homogeneous replication rate on enzyme concentration.
Likewise, there is only a weak salt dependence of replication
rates in homogeneous reactions involving MNV11. The lag
times of the template-induced colonies showed little variation
in the region containing a doubled salt concentration (10 mM
NaCl) in Fig. 3 a-c (17 ± 2 min). This was confirmed by an
additional experiment over the range from 5 to 40 mM.

Measurements of Nonseeded Wave Fronts

In contrast to the template-seeded colonies, the template-free
colonies showed a pronounced shift to longer average lag
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FIG. 2. Space-time image of replication waves.
The image shows vertically the time course ofRNA
replication and spread in a short 5-cm segment of a
capillary. The ethidium bromide fluorescence en-
hancement is a monotonic sigmoidal function of
RNA concentration, so the graded colors represent
increasing RNA concentrations from black to or-
ange according to the scale shown in Fig. 2. A wave
front of rapidly increasing RNA concentration
propagates at constant velocity to the left and right
of the positions where two single RNA molecules
seeded the replication. A sharp increase in the front
velocity (marked by the arrow) reflects a single
evolutionary change in the replication rate of the
RNA. (Left inset) A few of the hundreds of fluo-
rescence enhancement images (t = 0 image sub-
tracted) of the capillary segment at successive times
that were used to reconstruct the space-time image.
This was achieved by averaging laterally the fluo-
rescence at each point along the capillary to form
successive single horizontal rows of the image at
successive times. The image is then filtered to
remove the high-frequency noise that is constant in - _
either the temporal or spatial direction. (Right in-
set) Three-dimensional character of the same
space-time image shown by displaying the fluores-
cence intensity as depth in addition to color and using an imaginary sun to illuminate the surface from below. The solution in the capillary is
as described in Fig. 1 but with 10 mM NaCl, 30 mM (NH4)2SO4, 1 ,uM enzyme, and 3 ,uM ethidium bromide. The seeding RNA in this case
was a nonoptimally replicating RNA (a cloned hybrid 133-nucleotide variant provided by C. Biebricher).

times at higher salt concentrations (29, 31, 35, and 45 min) in
the experiment above. Fig. 3 a-d also shows a region with
increased salt in which the average nonseeded lag times have
increased (from 27 min at 5 mM to 40 min at 10 mM NaCl).
More dramatic is the difference with respect to the depen-

dence on enzyme and NTP concentrations of lag times and
front velocities for nonseeded as opposed to seeded RNA
colonies. In two template-free experiments (at 22°C and 100
mM NaCl), the enzyme concentration was varied from 3.6 to
0.4 ,uM by using 10 regions of 13 capillaries each. The lag times
ranged from a basal value of 6.5 h at high concentration to 20
h at 0.6 ,uM with no events recorded even after several days
for 0.4 ,M enzyme. Denaturation of the enzyme, with a half
life of perhaps 10 h under these conditions, is the cause of the
rapid fall off in the number of events at the lowest concentra-
tions. The front velocities showed a broad distribution from
0.1 to 0.5 cm/h independent of enzyme concentration.

Varying NTP concentration from 12.5 mM to 0.32 mM (3.6
,uM enzyme) in two further experiments (at 22°C and 100 mM
NaCl) with template-free colonies produced a steady increase
in lag times from 1.2 to 30 h. The distributions became
steadily broader. Part of this data is shown in Fig. 4B. The
front velocities had broad distributions with a maximum
mean of 0.48 cm/h at 1.0 mM NTP, decreasing to just 0.13
cm/h at 0.32 mM. The decrease corresponds to a factor of
>13 in the mean replication rate of RNA species for a 3-fold
reduction in NTP concentration. The colonies differed widely
not only in front velocities but also in their fluorescence
intensities. Furthermore, a significant number of velocity
changes were recorded in the template-independent colonies.
The above experiments with long lag times revealed strong

evidence of major evolutionary changes in the RNA species
in the course of time (Fig. 3 g-i). Front velocities of slowly
growing species would increase in marked stages. Often,
within a growing colony a secondary brightening of fluores-
cence starting at one point could be seen producing a new pair
of traveling wave fronts growing inside the original colony
(Fig. 3 g and h). When such a wave front reaches the
boundary of the original colony, it may cause a sudden
increase in the exterior front velocity of the colony. Some-
times a hierarchy ofup to four such nested events is observed
(Fig. 3h). In addition, most of the slower growing colonies
have a weak fluorescence enhancement consistent with

smaller concentrations resulting from high inactivation rates
(e.g., by the annealing of templates to form nonreplicating
double-stranded RNA). Fig. 3i shows the variety of behavior
after collision of wave fronts from different colonies. In
particular, increases in front velocity correlated with two
wave-front collisions appear to be frequent. This provides
suggestive evidence for recombination of RNA in this single
enzyme system.

Discussion

Traditionally, biochemists have taken great pains to avoid
spatially inhomogeneous reactions. The present work makes
use ofthe simplification of small concentrations in the leading
tail of a traveling concentration wave, providing a constant
exponential-growth-phase dilution reactor with kinetics sim-
ply related to the ideal homogeneous case. Because the
reactor involves no moving parts, a scale up to thousands of
wave fronts in a single experiment using only 1 ml of solution
proved possible.
The above results show how the spontaneous generation of

RNA in nonseeded colonies is a stochastic process with very
different statistics from the simpler amplification process
from single template molecules. The latter is quite well
described by a simple birth process based on the determin-
istic kinetic mechanism established at high concentrations.
The template-free colonies exhibit a very different mean
kinetics and have a much greater variation in front velocities
and lag times. The images of Fig. 3 g-i show that the cause
of these differences in stochastic behavior is that the forma-
tion of template-free RNA colonies involves a major process
of evolution. We have characterized the intrinsic phenotypic
variation in replication rate arising from this process (e.g.,
see Fig. 4B) and its dependence on reaction conditions.
The direct observation of ubiquitous evolutionary succes-

sion in de novo colonies confirms the many indirect argu-
ments against a contamination cause. Of course the fact that
these experiments were carried out in sealed capillaries with
template-free colonies forming as late as after 2 days of
incubation rules out contamination through the air (12). The
template-free reaction may only be observed when the reac-
tion mix is free of contaminants (see Fig. 1 legend) and the
concentrations of reactants, in particular the enzyme and
monomers, are in the appropriate range. One outstanding
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FIG. 3. Seeded and spontaneous RNA replication waves. (a-c) Spatially resolved fluorescence images at three successive times (22, 31, and
45 min) of waves in 66 capillaries. The lower four regions of these six 11-capillary rectangular regions contain increasing numbers of RNA
template molecules: 10, 100, 1000, and 105 per region. A second class of waves independent of the number of templates may be seen. The top
two regions show 100 templates in two other biochemical environments-lower replicase activity and increased salt (10 mM NaCl). The
fluorescence intensity color scale and distance scale are shown in i. (d-f) Space-time images with increasing numbers of templates: addition
of 100, 500, and 2500 strands ofRNA in the three capillaries of each image. Image d is of capillary no. 14 from the experiment in a-c, whereas
e and f follow capillaries from a separate experiment under identical conditions (10 mM NaCl; see Fig. 1). (g-i) Evolution in de novo RNA
replication waves. Three space-time images are shown of capillaries without added RNA template, under reaction conditions where replication
waves appear up to 1 day. Image g shows the marked variation in velocity and appearance times of de novo replication waves (slanted arrows)
and the initiation of new waves within a weakly growing RNA species (vertical arrow). In h, the hierarchy of successively brighter colonies
(arrow) is most likely associated with mutants with a decreased inactivation rate by double-strand formation. In i, the RNA species growing
from the right undergoes a sudden increase in front velocity as it meets and grows through and beyond another more weakly fluorescent one
(right arrow). This suggests some form of recombination between the two RNA species involved. In this case, the resultant species can invade
a region filled with other de novo products (left arrow). The reaction conditions were as described in Fig. 1 but with (i) the following concentration
changes for g: 10 mM NaCl, 30 mM (NH4)2SO4, 1 AM enzyme, and 3 ,uM ethidium bromide; and (ii) the change of temperature to 22°C for h
and i and the following concentration changes: 100 mM NaCl (h and i), 3.6 ,uM enzyme (h and i), and 0.7 mM (h) and 0.5 mM (i) NTP.

question is why only about 5% of the RNA molecules form
colonies.
The evolutionary interpretation of the above findings is

corroborated by product analyses of the RNA resulting from
these template-free reactions after long incubation. Gel elec-
trophoresis had shown some of the slowly replicating RNA to
be about 40 nucleotides long, shorter by a factor of 2 or more
than the final optimized products (80-140 nucleotides). Short
RNA molecules as short as 25 nucleotides have been isolated
from the de novo reaction and sequenced by DNA amplifi-
cation (23). The appearance of widely differing sequences not
only demonstrates that self-replication may be achieved with
very different sequences but also makes contamination un-
likely as a cause of de novo RNA. If RNA contamination
were the cause, one would expect the sequences to reflect the
dominant replicating species in the laboratory, which they do
not.

A process ofrandom copolymerization, generating the first
replicator, followed by natural selection would explain both
the different sequences found in independent de novo reac-
tions and the sequence homogeneity of individual de novo
populations. Of course, the transition from random synthesis
to replication may involve an intermediate stage of partial
instruction, and the initially "random" synthesis may be
constrained significantly by the replicase.

This means, however, that here is an ideal model system
for studying evolutionary change. The rapid increase in the
size of our data base will no doubt provoke the attention of
evolutionary theorists. As a result of the high population
numbers compared with the reciprocal of the error rate (3 x
10-4) (24, 25) and with the length of the RNA sequence, the
concept of species must be replaced here by that of quasi-
species (26): the multiple-error mutants ofthe wild-type RNA
sequence compose a significant fraction of any stationary
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FIG. 4. RNA front velocities and appearance times. Represen-
tative data is shown from the analysis of replication waves recorded
in the space-time images of single experiments. (A) Appearance
times of distinct RNA colonies with four different effective RNA
inoculation numbers (128, 64, 32, and 16) of molecules per capillary
in 40 mM NaCl. The appearance times separate into two classes:
class I, early appearance with a standard deviation on the order of 2
doubling times, and class II, much later appearance and more
disperse. (B) de novo velocities vs. colony appearance time for four
concentrations of NTP (0.7, 0.5, 0.4, and 0.32 mM). At an intensity
value corresponding to an RNA concentration in the late exponential
phase of growth, a contour of time vs. position is established to
subpixel accuracy by vertical (time axis) linear interpolation of the
intensities in each filtered space-time image. An optimal piecewise
linear fit of the contours is performed by using the t statistic at 95%
confidence in an iterated search over all remaining position subin-
tervals to determine the one with the most significant regression line.
Regression on the resulting line segments give the front velocities
along with error bounds. The appearance times and positions of the
start of each spatially distinct molecular colony are determined by
quadratic regression to the contour in the vicinity of the boundaries
between segments of opposite slope.

RNA population and codetermine the fitness of the wild type.
One nonobvious consequence is that sequence fixation may
occur with an arbitrarily small superiority in replication rate
(27, 28). Recent work on viruses such as influenza and human
immunodeficiency virus (29, 30) have demonstrated the prac-
tical importance of quasi-species theory.

In summary, we have monitored major evolutionary
changes in the replicating RNA that was formed without

added template. This evolution concerns the acquisition of
perhaps the most basic phenotypic property-replication
rate. The events may be monitored in sufficient frequency
and accuracy to allow a clear stochastic characterization.
Experiments with other isothermal genetic amplification sys-
tems are needed. The authors anticipate that further de novo
sequence "instruction" processes will be found in other
enzymic systems that provide the prerequisites for natural
selection. The DNA-dependent T7 RNA polymerase may be
such a candidate (8). The Q1 case demonstrates just how
much natural selection can look like teleological instruction
if the time scale of evolution is made short enough.
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