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even without accounting for multiple tests.  From these results, we conclude that the three 
methods do not produce meaningfully different estimates of mean fitness. 
 
Figure 1: Fitness trajectories over time 

 
 
Figure 1: Fitness trajectories for each method, shown separately, have the form w = (bT +1)a, 
where w is fitness, T is time in generations, and a and b are model parameters.  Black circles 
and curve show the Traditional method; blue squares and curve show the ASR method; red 
triangles and curve show the DCC method. 
 
Next, we calculated the coefficient of variation (i.e., the standard deviation divided by the mean) 
for each method at each time point to determine whether they differed in their precision.  We 
then constructed a linear model of the coefficient of variation as a response to time (i.e., 
generation) and method.  Fig. 2 shows the data and linear model fit to the coefficients of 
variation for all three methods.  Table 1 presents the ANOVA table for this model.  There is a 
highly significant tendency for the coefficient of variation to increase in later generations, as the 
evolving bacteria become progressively more fit, as discussed in the Introduction.  However, the 
effect of Method was not significant as a predictor of the coefficient of variation, although a p-
value of 0.0762 is suggestive.  On inspection of the data (Fig. 2), it is clear that any difference 
between the methods is driven by the ASR method having a higher coefficient of variation – and 
thus lower precision – in early generations.  Consistent with that appearance, when we removed 
the ASR method from the analysis and performed an ANOVA on the remaining data, there was 
no suggestion of any difference between the Traditional and DCC methods (Table 2, p = 
0.8802). 
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Figure 2: Coefficient of variation over time. 
 

 
 
Figure 2: Lines are linear regressions on the relevant data.  Black circles and line show the 
Traditional method; blue squares and line show the ASR method; red triangles and line show 
the DCC method.  S1 Fig. shows the confidence bands associated with each regression line. 
  
Table 1: ANOVA on the coefficient of variation across time and comparing the three methods 
used to estimate fitness.   
 

	
   df	
   SS	
   MS	
   F	
   p	
  
Time	
   1	
   0.03672	
   0.03672	
   69.664	
   <0.0001	
  
Method	
   2	
   0.00289	
   0.00145	
   2.743	
   0.0762	
  
Residuals	
   41	
   0.21610	
   0.00053	
   	
   	
  
 
 
Table 2: ANOVA on the coefficient of variation across time and comparing the Traditional and 
DCC methods.   
 
	
   df	
   SS	
   MS	
   F	
   p	
  
Time	
   1	
   0.03068	
   0.03068	
   70.035	
   <0.0001	
  
Method	
   1	
   0.00001	
   0.00001	
   0.023	
   0.8802	
  
Residuals	
   27	
   0.01183	
   0.00044	
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We can also express the differences between these methods as follows. The regression line for 
the coefficient of variation based on the ASR method is always higher than at least one of the 
other two methods (Fig. 2), and therefore it is never the best method, at least for the system and 
generations analyzed here.  By contrast, the Traditional and DCC methods yield coefficients of 
variation, as inferred from the regression lines, that are very similar and always within the 95% 
confidence interval of one another (S1 Fig).  Which of these two methods gave a lower point 
estimate of the coefficient of variation varied over time, but the difference was not significant 
(Table 2). 
 
An alternative way to assess whether the differences in the coefficient of variation between the 
methods are statistically significant involves bootstrapping the data, as detailed in the Methods 
section. Fig. 3 shows that the observed differences in the coefficient of variation among the 
three methods are no greater than would be expected by chance if there were no differences 
among the methods. 
 
Figure 3: Histogram of bootstrap analysis. 

 
 
Figure 3: Histogram showing the distribution for the bootstrapped sums of squared differences 
in the coefficient of variation for 3 arbitrary groupings of the combined data.  The dark arrow 
indicates the difference for the actual grouping of the 3 methods employed.  The light arrow 
shows the most extreme 5% of the sums of the squared differences.   
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Over the range of fitness changes that we observed in the LTEE, neither alternative method for 
assaying fitness (ASR or DCC) outperformed the Traditional method.  Given its extensive prior 
use in this study system [1,2,17], we therefore prefer to use the Traditional method for fitness 
competitions that span this range.  It is important to note, however, that the ASR or the DCC 
method might turn out to have higher precision in systems that exhibit larger fitness changes 
than the system studied here, as suggested by the regression lines in Fig. 2.  The LTEE has, to 
our knowledge, run for many more generations than any other evolution experiment, but the 
extent of fitness improvements has been less than that seen in some other shorter-duration 
experiments. The relatively limited fitness gains that have occurred during the LTEE reflect the 
fact that the experimental environment is quite benign; also, the ancestor of the LTEE had been 
studied by microbiologists for many decade [23] and was thus probably already well-adapted to 
general laboratory conditions.  Other experiments conducted for fewer generations, but 
performed under more stressful conditions or founded by less-fit ancestors, might reach fitness 
differences where these or other alternative methods would be helpful.  Table 3 summarizes the 
duration and range of fitness improvements reported in a number of other evolution experiments 
that used a variety of microorganisms including bacteria, fungi, and viruses (see also Table 2.3 
in [24]).   
 
Table 3: Selected evolution experiments 
 
Reference	
   Organism	
   Generations	
   Wf	
  /	
  Wi	
   Wf	
  -­‐	
  Wi	
  
This	
  study	
   E.	
  coli	
   50,000	
   1.88	
   3.5	
  /	
  day	
  
[25]	
   E.	
  coli	
  at	
  32C	
   2,000	
   1.10	
  

	
  	
   E.	
  coli	
  at	
  42C	
   2,000	
   1.19	
   	
  
[26]*	
   E.	
  coli	
   1,100	
   1.98	
   0.23	
  /	
  h	
  
[27]**	
   Saccharomyces	
  cerevisiae	
   300	
   1.80	
  

	
  [28]	
   Aspergillus	
  nidulans	
   800	
   1.48	
  
	
  [29]	
   phage	
  Φ6	
  with	
  bottleneck	
  =	
  10	
   100	
   1.26	
  
	
  

	
  
phage	
  Φ6	
  with	
  bottleneck	
  =	
  1,000	
   40	
   2.03	
  

	
  [30]	
   phage	
  G4	
   180	
   1.18	
   3.8	
  /	
  h	
  

	
  
phage	
  ID2	
   600	
   2.55	
   13.5	
  /	
  h	
  

 
* Mean calculated from four replicate populations 
** Value estimated from figure 
 

Conclusion: 
 
We performed 480 assays to compare three different methods for estimating the relative fitness 
of bacterial competitors. The three methods generated results that were not meaningfully or 
significantly different in terms of either their mean values or dispersion.  The only suggestion of 
a meaningful difference was that the ASR method appeared worse than the other two methods 
in the early generations, when the fitness gains of the evolved bacteria were still fairly small.  
Therefore, we see no compelling reason to adopt one of the alternatives to the Traditional 
method when analyzing systems that have achieved fitness gains less than or similar to those 
measured in the LTEE over its first 50,000 generations. 
  

Supporting Information Captions: 
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S1 Figure: Temporal trends in the coefficient of variation across replicate assays for the three 
different methods used to measure fitness.  Black circles show the Traditional method; blue 
squares show the ASR method; red triangles show the DCC method.  The solid colored lines 
show the linear regressions based on the corresponding data.  The dashed colored curves 
show the 95% confidence bands for the regressions for the three methods: A) Traditional, B) 
ASR, and C) DCC.  The points and regression lines are the same across all three panels, but 
the confidence bands are shown separately for clarity. 
 
S1 Table: ANOVAs of fitness for three methods, by generation.  Analyses of variance of 
measured fitness values for the three methods, analyzed separately for the various generations 
examined. 
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