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Abstract 

We cannot measure the effect of detrimental mutations directly in the real world because there is no way to "deactivate" them. Instead we can study the effect of detrimental mutations on evolution with the Avida simulator. In this paper, we define nine experiments that measure the effects of detrimental mutations at different mutations rates.

Introduction

Detrimental mutations are a fact of life in the evolution of the natural world. It is not clear what effect detrimental mutations have on the process of evolution. It is impossible to measure their effect directly because there is no natural system in which mutations do not occur.

Additionally, we observe defects in the natural world that persist in otherwise successful organisms. Genetic defects in humans, such as Huntington's disease, persist despite presumed evolutionary pressure to dispose of them. Learning the effects of detrimental mutations on evolution and their persistence in successful organisms may lend insight to the problem of, for instance, genetic defects in humans.

The Avida software platform makes it possible to study the evolution of digital organisms [1]. Avida digital organisms reproduce and evolve under many of the same pressures as natural organisms. While these digital organisms are different from natural organisms, the process of their evolution can be studied and general principles can be applied to the evolution of natural systems.

In Avida, it is possible to “turn off” mutations judged detrimental by the system. This feature allows us to study the effect of detrimental mutations on an evolving system by comparing the evolution of a system with detrimental mutations and a system without such mutations.

Since we observe detrimental mutations persisting in the natural world, we expect to discover that detrimental mutations have a indirect positive effect on evolution. That is, mutations that are, in the short term, detrimental may lead to superior adaptions in the long term.

Initial Hypotheses

We define three hypotheses to describe why detrimental mutations exist despite selection pressure to eliminate them.

Null hypothesis - Detrimental mutations never confer competitive advantages to organisms in any way. The only reason defective genes are produced or persist in organisms is because selection pressure is too low for the timespan to weed them out. This hypothesis predicts that if detrimental mutations were eliminated, then the overall fitness of organisms would always be higher compared to the fitness of organisms that experience detrimental mutaitons.

Hypothesis 1 - The most important factor in the evolution of fitness is a high mutation rate. Detrimental mutations make up the majority of mutations. If detrimental mutations are removed, then evolution would slow down because the rate of mutation would be dramatically lowered. This hypothesis predicts that organisms without deterimental mutations will adapt more slowly than organisms that have detrimental mutations.

Hypothesis 2 - Detrimental mutations persist in organisms because they can make the evolution of complex functions possible. That is, the process of evolution in a static environment is essentially hill-climbing. The elimination of detrimental mutations implements a greedy hill-climbing algorithm – which can miss global maxima by getting stuck at local maxima. This hypothesis predicts that complex functions such as EQU or XOR will evolve more slowly or will not appear at all in organisms with detrimental mutations.

Methodology

We use Avida 2.0b3 compiled for x86 Linux. The environment is a 60x60 matrix which runs for 100,000 updates per experiment. The included seed organism is used to start each experiment. Unless otherwise specified, all parameters are set to their defaults.

The first parameter we change is the method in which detrimental mutations are handled. Detrimental mutations can be handled in three ways: the organism with the mutation is sterilized, the organism with the mutation is reverted to its parent's original state, or no action is taken. We tested all three methods. When we revert organisms, we also turn on the FAIL_IMPLICT option to prevent organisms from "cheating". Cheating organisms, in this case, do not even attempt to create correct copies of themselves, as avida will take care of that for them.

Throughout the rest of this paper, we will refer to experiments with mutation reversions as "Revert" experiments, experiments with sterilizations "Sterile" experiments, and experiments that take no action mutation as "None" experiments.

The second parameter varied is the mutation rate. We define three mutation rates for our experiments: “low”, “medium”, and “high”. By default, Avida defines the mutation rate probability for copying, insertion and deletion to be 0.0075, 0.05, and 0.05 respectively. We define these rates as the "medium" mutation rates. We define the “low” mutation rate to be half that of the medium (0.0003 and 0.025 respectively) and the “high” mutation rate to be double that of the medium (0.015 and 0.1 respectively).

With two parameters varied with three possible values each, nine experiments are defined. The nine genesis files which define these experiments are available at [2]. At regular intervals we recorded the average fitness of organisms and the number of tasks each organism performs. We also collected historic information at the end of each experiment to trace mutation rates.

Supplemental experiments were performed to study the effect of detrimental mutations on evolution in a dynamic environment. In these experiments, each of the nine original experiments are preserved. However, before simulation update 50,000, only the following tasks were rewarded: NOT, AND, OR, NOR, and EQU. After simulation update 50,000, the following tasks were rewarded: NAND, ORNOT, ANDNOT, XOR. This setup mimics a dynamic environment in which a dramatic change in the environment occurs. 

On a 2.4 Ghz machine, each experiment took, on average, nine hours to complete. A typical run of all nine experiments took approximately 82 hours. We ran 8 normal experiments and 2 supplemental experiments. These experiments took approximately 820 hours (34.16 days) of computation time. This does not count time spent recovering from Avida segmentation faults or redoing experiments in which the early members of the population died out completely.

Results

Observations on Mutation Rates and Amount of Detrimental Mutations

We sampled two sets of experiments out of the eight total to gain a preliminary understanding about what kind of mutations are most prevalent - beneficial, detrimental, or neutral. We count mutations indirectly by counting individuals in lineages via historical information and recording which descendents have higher, lower, or the same fitness as their parents. This is not a count of the absolute number of mutations, but should should the general trend of the effects of mutations.

For None experiments, detrimental mutations dominate mutations. Across mutation rates, detrimental mutations account for over 50% of all mutations. The amount of beneficial and neutral mutations vary - but both tend to be around 25%.

For Sterile experiments, the amount of detrimental mutations increases. The percentage of detrimental mutations is as low as 50% and as high as 80%! Beneficial mutations were relatively rare, typically accounting for less than 25%  and as low as 3%.

For Revert experiments beneficial mutations account for over 50% of mutations while detrimental mutations account for more than 25% of mutations. This is interesting considering no detrimental mutations should be occuring at all! Some of these organisms with lower fitness are organisms that were caught via FAIL_IMPLICIT. Other organisms may include those that change themselves without the benefit of mutation.

Genetic diversity in Revert and Sterile environments is lower than in None environments. Revert experiments only see about one-tenth as many organisms (1000) than do None experiments (10,000). Sterile experiments have half the genetic diversity of None  experiments (5,000).

Observations on Fitness for Low Mutation Rates in a Static Environment 

None experiments had the highest overall fitness in a low mutation rate environment.  None organisms are significantly more fit than either Revert or Sterilize for the last 80,000 updates.  On average, detrimental mutations allow the organisms to reach an average fitness that is almost twice that of those that revert or sterilize detrimental mutations.  Reverts and sterilization runs finished with similar average fitness, though revert is slightly ahead.  

Organisms in the low mutation rate environment were able to accomplish all but the 

most complex of tasks.  The computation of AND is not prevalent in the system at the conclusion of the run.  EQU was successfully computed by only a few of the Sterile organisms. Revert and None organisms could not acquire the task in 100,000 updates.  No organism created using a low mutation rate could complete the XOR task at the conclusion of any run. 

Observations on Fitness for Medium Mutation Rates in a Static Environment

In a medium mutation rate environment, the None organisms finish as the most fit. Revert and sterile organisms finish with fitness that is orders of magnitude below the None organisms.  The Sterile runs are more fit than the reversion runs in this case, unlike the low mutation rate environment.

Virtually all the organisms in every run could do NOT, OR, ORN, ANDN, and NOR after 100,000 updates. AND and EQU were the most difficult to obtain. However, if one organism in the system developed EQU, all the organisms would perform EQU by the end of the run.  

With None experiments, 2000 of the 3600 organisms could do all the tasks (on average).  XOR is the least common, appearing in 2000 organisms.  EQU is evolved by 2400. The most common tasks are NAND and ORN, appearing in 3300 organisms each.  

In the Revert environment, either all the organisms in the system (3600) could do a task, or none of them could.  An average of 1600 organisms could perform the EQU operator. Approximately 2600 could perform XOR.  

Steriles acquired every task.  About 1800 organisms could perform XOR and EQU. Approximately 3200 organisms had evolved AND.  All 3600 organisms finished capable of all other tasks. In Sterile experiments, each organism was capable of performing at least six tasks.  Almost half of the runs finished with all organisms able to do EQU and XOR as well. Only one experiment ended without AND. 

Observations on Fitness for High Mutation Rates in a Static Environment

The high mutation environment created surprising results.  In this case, the Revert experiments resulted in the most fit organisms.  The None organisms come in a relatively close second (an order of magnitude smaller) and the Sterilie runs finished least fit.  

Very few of None organisms evolved and maintained XOR and EQU. Only 1000 organisms evolved XOR, and just 1600 achieved EQU.  The most common task is NOT, acquired by 3000 organisms.  The rest of the tasks appear in 2500 or more organisms, with the exception of AND.  This task is only performed by about 2200 organisms.

All revert organisms had evolved NOT, NAND, ORN, OR, and NOR.  An average of 1800 organisms were capable of XOR and EQU.  2700 had developed AND and 3200 acquired ANDN. Sterilizes are also able to acquire all tasks, though the XOR and EQU are rare.  Only 500 organisms eventually evolved EQU, and 1000 acquired XOR.  NOT, NAND, ORN, OR, and NOR are the most common, appearing in almost 3400 organisms.

On three separate occasions, a high mutation rate resulted in extinction.  This occurred only with Sterile and None experiments.  In all cases, the population lasts less than 200 updates.  

Observations on Fitness for Low Mutations in a Dynamic Environment 

For runs using a low mutation rate, the Revert and Sterilize organisms finish orders of magnitude higher than None organisms.  Revert and Sterilize finish with almost identical fitness.  At update 50,000, the Revert organisms were hurt the most by the change in environment.  The average fitness dropped almost 3.5 orders of magnitude. Sterile organisms, on the other hand, benefitted the most from the change, climbing to a fitness eight times their average prior to the change.  The None organisms were not hit very hard by the change, but also did not benefit as much from it.  

Each experiment type performed the same tasks before and after the environment change. Specifically, after the change, all organisms performed NAND and ORN. There was little difference among the tasks performed by each type of organism.

Observations on Fitness for Medium Mutations in a Dynamic Environment

At a medium rate of mutations, Revert and Sterile finishes higher than none, with just edging out Sterile. At the point of change, reversions dropped in fitness by 5 orders of magnitude, sterilization by almost 12, and None dropped by only one order of magnitude. Sterile organisms rebounded the quickest.  Almost instantly, Steriles quadrupled their average fitness. 

Interestingly, None organisms had evolved all tasks before update 50,000, whereas revert and sterile only evolved some. Yet Rterile and Revert move on to dominate None.

Observations on Fitness for a Dynamic Environment with High Mutations

Sterile organisms dominated the high mutation rate environment, finishing two orders of magnitude above reversion organisms. They outperformed None organisms by an order of magnitude.  The fitness of the Sterile organisms remains below that of the Revert until update 80,000.  At this time, Sterile climbs about to about eight times the fitness recovered after the environment change.  

None organisms evolve all tasks but not in consistently high numbers. Sterile also evolves all tasks. Reverts do not evolve all tasks – including equals. However, Revert does recover very quickly from the environmental change. This is consistent with behavior in the static environment where a single organism may evolve a new task and the environment is quickly overrun by this organism.

Conclusions

Each original hypothesis was proven wrong to some degree. The null hypothesis was incorrect for low to medium mutation rates. Hyptothesis 1 was shown to be incorrect at high mutation rates. There does not seem to be a strong correlation between detrimental mutations and the evolution of complex features, so we discard hypothesis 2 also.

We observe that in a static environment, as mutation rate is raised, Revert organisms raise their relative fitness level. When the mutation rate is high enough, Revert organisms beat the overall fitness of None organisms. None organisms and Sterile organisms stay in their same relative positions for each mutation rate.

We posit a new hypothesis: the cost of detrimental mutations and the benefit of genetic change due to mutation are two separate factors that influence organism fitness. The mutation rate changes which factor is more important. At low mutation rates, the cost of detrimental mutations is outweighed by the need for mutations to drive evolution. Sterilizing or reverting mutations eliminates the majority of mutations and negates the benefit of change. 

As the mutation rate increases, the cost of detrimental mutations increasingly outweighs the benefit of evolutionary change. Sterilizing organisms in this case only increases the penalty of detrimental mutations. Reverting organisms eliminates the cost of detrimental mutaitons entirely while still allowing for change. Reversion also eliminates the chance of early extinction.

The results from the dynamic environment seemingly contradict the results from the static environment. Dynamic environments should be studied in more depth in the future. However, it is our hypothesis that these results are artifacts of the dynamic environment experiments and do not necessarily contradict earlier results. We believe this for two reasons.

First, these experiments were not run as many times as the static experiments. Therefore, they do not have as much statistical significance as do the static experiments. Our first two static experiments, in fact, gave contradictory results. Only after several experiments did a pattern emerge.

Second, we cannot fairly compare these experiments to the static experiments. In the static experiments, organisms had 100,000 updates to reach an equilribrium. In the dynamic experiments, we essentially ran two static experiments of 50,000 updates each. We believe that the results may have turned out more in line with our earlier static experiments had we run the dynamic experiments for, say, 200,000 updates.

Future work should concentrate on resolving these issues and exploring evolution without detrimental mutaitons in a more complex, changing environment. A more complex environment would mimic the natural world more closely and may yield interesting results.

Appendex A – Visualizations

To visualize the experiments, we took the log of the results of each experiment and averaged each results vector to get the final graph.
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