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The spread of viruses on a homogeneous lawn of receptive hosts provides an opportunity to detect 
the dynamics of their evolution. We have previously found that when repeated virus passages are con
fined to the expanding perimeter of a growing plaque, the appearance and outgrowth of genetically 
diverse strains (all descended from the same parent strain) can be traced along different radii of the 
plaque. As a plaque grows, the random mutation and selection of new fast-growing strains reduce the 
roundness or circularity of the growing plaque. Here we have quantified such changes in growing 
plaques of bacteriophage T7 using a digital imaging system. We find that T7 populations not adapted for 
fast growth exhibit a broader diversity of growth rates than populations adapted for fast growth. These 
results provide a foundation for understanding how viruses exploit mutation and selection processes to 
persist in nature. 
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Viruses owe their persistence in nature to the heterogeneity of their 
populations, which enables them to evade antiviral agents and 
strategies•-••. Several studies have shown that opportunities for 
the emergence of new viral strains arise as viruses are passaged 
between susceptible hosts in both natural"-14 and laboratory1'-1' 

environments. Measuring the heterogeneity of a population sam
pled from a natural or laboratory environment requires that a large 
number of subpopulations be cloned and characterized by geno
type or phenotype. Such measurements are time-consuming and 
labor-intensive, and they become still more involved when one 
seeks to observe the dynamics of such mixed populations. For lab
oratory investigations these challenges can be further complicated 
by impure viral stocks containing scarcely detectable, but signifi
cant, subpopulations20-22 • 

is initiated by the infection of a single host cell by a single virion, 
the stock culture is homogeneous by definition. As favorable 
mutant strains emerge along the expanding plaque perimeter, 
their faster rates along different radii introduce asymmetries into 

In designing experimental systems to characterize the evolu
tion of viruses, we have acquired insights from recent studies on 
spatially resolved replication and evolution of RNA templates"·". 
McCaskill and coworkers followed the in vitro replication of RNA 
templates along thin capillaries containing an RNA-dependent 
RNA polymerase and nucleotide triphosphate precursors. This 
system provided a constant environment for RNA replication 
over a thousand generations as a traveling concentration wave. 
RNA adaptation to faster replication rates could be directly 
detected as increases in the front velocity". Furthermore, carry
ing out the reaction in a massively paraJlel configuration enabled 
them to observe and quantify the stochastic nature of the muta
tional events24 • We have previously reported that the emergence 
of viral mutants in growing plaques, like the appearance of RNA 
mutants in the capillaries, can be spatially resolved at the level of 
both phenotype and genotype". Such high-fitness mutants 
appear at random. We expect their appearance and outgrowth to 
be reflected at any point in time in the overall plaque morphol
ogy. 

In this study we examine the dynamics of viral populations by 
visualizing their propagation in a growing plaque. Since a plaque 
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Figure 1. Plaque growth of bacteriophage T7: wildtype (left panels) 
and a fast-growing mutant (right panels). The mutant was isolated 
from a stab taken at point A of the wildtype descendants, and then 
diluted and plated out as described in the Experimental protocol. 
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Figure 2. Growth rates of plaques initiated by wilcltype (W) and 
mutant (Ml virions. The average radial growth rates for the wildtype 
(0.093 mm/h) and the mutant (0.154 mm/h) were obtained by linear 
regression. 
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Figure 4. Dynamics of populations descended from a single wlldtype 
(W) or fast-growing mutant (M) virion. The population heterogeneity 
has a minimum value of zero for a perfectly circular plaque. 

the plaque shape. Bacteriophage T7 serves as our model system to 
initiate studies of emergent heterogeneity. During the 10•- to 
10'0-fold amplification" of a single T7 virion in a growing plaque, 
a variety of mutant strains emerge along different radii of the 
plaque". They are genetically different than the wildtype and 
replicate more rapidly. In this study, we first demonstrate the fea
sibility of imaging techniques for monitoring and quantifying the 
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Figure 3. Population heterogeneity (PH) for various shapes based on 
area and perimeter. 

expansion of a plaque. We distinguish the mutant from the wild
type by the difference of average growth rates of plaques. Finally, 
we identify the emergence of mutating viruses by comparing the 
plaque morphology based on a simple geometric measure of cir
cularity. 

Results and discussion 
Three images from the growth of a plaque initiated by wildtype 
phage T7 are shown in Figure 1 (left panels). After 8 hours the 
average radius of the plaque increases linearly with time (curve 
W, Fig. 2). The slope depends on the rate of viral replication 
within its host as well as the diffusion coefficient of the virus" . 
Images of a fast-growing mutant stab-isolated from point A 
(Fig. 1 ), a slightly bulged region of the plaque, are shown in 
Figure 1 (right panels). We find that the mutant (curve M) 
grew more than 60% faster than its wildtype precursor (curve 
W, Fig. 2). 

Figure 3 illustrates the values of population heterogeneity 
(PH) for several geometric shapes including two actual plaque 
images. If all virus populations in the spreading perimeter of a 
plaque propagate at the same rate, the plaque should maintain a 
circular shape as it grows; its PH should remain at zero as the 
plaque expands. However, as faster-growing mutants arise ran
domly at different positions along the plaque perimeter, they 
cause deviations from the circular shape. We find that PH 
increases with time as the wild-type-initiated plaque grows; the 
populations become more heterogeneous (Fig. 4) . However, the 
plaque that is initiated by a fast-growing mutant exhibits a low 
PH that remains constant over time; the population is homoge-

NATURE BIOTECHNOLOGY VOLUME 14 APRIL 1996 



© 1996 Nature Publishing Group  http://www.nature.com/naturebiotechnology• 
neous with respect to plaque growth (Fig. 4, curve M). These 
results suggest that a wildtype strain which has not been adapted 
for efficient plaque growth will have a higher probability of gen
erating higher fitness (e.g., faster propagating) mutants than a 
mutant strain that has already been selected for high fitness, as 
one might expect. We anticipate that studies incorporating muta
gens and agents to perturb the virus-host interactions during 
plaque growth will provide further insights into the dynamics of 
evolving viral populations. 

Experimental protocol 
Plaque growth in single layer agar. Established procedures were 
employed in the preparation, preservation, and concentration determina
tions of the bacteriophage and bacteria" 30 • Phage and host strains were 
provided by F. William Studier. To diminish the nutrient and phage fluxes 
in the vertical direction, plaques were grown in single-layer agar as 
described", with minor modifications. Host E. coli was grown at 37°C in 
10 g/L nutrient broth (DIFCO, Detroit, MI) overnight to a concentration 
of about 2X 10' /ml. Diluted phage T7 and 200 µ,l cell culture were added 
to 12 ml of 0.7% nutrient agar ( 10 g/L nutrient broth with 7 g/L Bacto
Agar, DIFCO) at 55°C. The entire mixture was gently vortexed and poured 
into an 8.5-cm petri dish. Phage buffer (10 mM Tris-HCI [pH 7.51, 1 mM 
MgCl,, 0.1 M NaCl, and 10 mg gelatin per liter) was used for the phage 
dilutions. After 5 h of incubation at 37°C, the petri dish was moved to an 
18X24X24-in Plexiglas box, which served as an incubator to carry out 
long-term image acquisition. The incubation temperature was controlled 
to 37±0.2°C by heating the atmosphere inside the incubator with a heat 
blower (Masterflow, PGC Scientifics, Gaithersburg, MD). A proportional 
temperature controller (Digi-Sense, Cole-Parmer Instrument Co., Niles, 
IL) employed a thermistor probe (YSI Series 700, Cole-Parmer) inserted 
beside the sample and it accordingly adjusted the heat output. A variable
voltage controller (Cole-Parmer) independently regulated the flow rate of 
hot air. Sponges saturated with distilled water in recycled pipette-tip dis
penser boxes were placed on the floor of the incubator to minimize evapo
ration from the agar. 

Digital image acquisition. The petri dish was visualized using a charge
coupled device (CCD) camera (Sony XC-711, Industrial Vision Source) con
nected with an eye visual aid lens (Industrial Vision Source). The camera was 
mounted on a copy stand (Kaiser Fototechnik, CRG Precision Electronics) 
that readily adjusted for focusing. To enhance the contrast between the 
plaques and the host lawn, a circular fluorescent lamp surrounding the petri 
dish was used as the light source. The composite video signal from the CCD 
camera was fed to a computer (Power Macintosh 8100/80) for digitization. 
Digitized images with 256 gray levels (0-255) were acquired with a frame 
grabber (Scion LG-3, Scion Corporation) of resolution 640X480 pixels. To 
continuously monitor the sample and follow the time history of plaque 
growth, a dark-field series of digital images were automatically acquired at 
fixed time intervals (every hour in our experiments) and stored on 1.2 GB 
rewritable optical cartridges driven by an external optical disk drive (Magic, 
MacProducts/Third Wave Sales) for processing. 

Image processing and morphological characterization. The public
domain NIH Image program (Wayne Rasband, National Institutes of 
Health) was used to process and analyze the digitized images. We applied the 
built-in macro programming language and wrote our own computer code to 
automate the acquisition and analysis. A new look-up table (LUT) function 
was generated by performing a linear histogram stretch of the acquired digi
tal image to enhance the low contrast. The enhanced image was then con
volved with a 7X7 mean filter to smooth out sharp noise". The spatially 
filtered image was finally segmented to identify individual plaques by select
ing a threshold that separated the background pixels from the pixels for 
a plaque. After identifying individual plaques, the area A and perimeter 
P were measured. The area equivalent radius R, of a plaque is defined as 
K = (Ahr) 112 • The average propagation velocity was found by a linear regres
sion to be the slope of R, versus time. Using a simple geometric measure 
based on the plaque area A and perimeter P, we defined a parameter to char
acterize the population heterogeneity (PH): 

P' 
PH= 4,rA - I (1) 

which has a minimum of zero for a perfectly circular plaque, and approaches 
infinity as the shape approaches a line. 
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