
Response to selection and evaluating selection
strategies

Jessica Rutkoski

October 25, 2016

1 Even more on response to selection

1.1 When selection is different for males and females

Selection may be different for males and females. If that is the case, the
total response is the mean of the selection response for males and females:
R = 1

2
Sf + 1

2
Sm. For example, in phenotypic mass selection, selection after

flowering will only be on the female parent, and response will be R = 1
2
Sf +0.

It is also possible that the selection accuracies or intensities may be different
for males and females. To determine the expected response to selection in
this case, calculate the expected response separately for males and females
and then take the average.

1.2 Response per unit time (rate of genetic gain)

A typical breeding cycle where selection is among families or lines consists
of 1) generating progeny from selected individuals, 2) creating families from
those progeny (for example: inbred families or half-sib families) 3) evaluating
the families and selecting new parents. The length of time that this requires
is the breeding cycle duration.

So far we have only been discussing the response to selection per breeding
cycle. This is good to know, but breeding programs and breeding schemes
have different breeding cycle durations so to compare them it is more inter-
esting to know the response per year or another unit of time. It also allows
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us to determine how many years it will take to achieve a desired level in a
certain trait with a given breeding method.

To express the expected response to selection, per unit of time, we divide
the expected response by the breeding cycle duration. For example if the
response per cycle is 50kg and the breeding cycle duration is 5 years, then
the response per year, aka. rate of genetic gain, is 10kg per year.

1.3 Selection across multiple age groups

In breeding programs, sometimes the selection candidates will not all go
through all the same stages of the breeding program in the exact same way
and in a given year, the selected individuals may have different ’ages’. For
example, in a breeding program where selection is among lines, in generating
the lines, some progeny may go through selfing generations in the greenhouse
while others may be selfed in the field. The group that was self-pollinated in
the field may have a longer breeding cycle duration than the group that was
self-pollinated in the greenhouse.

As another example, some breeding programs have 2-3 years of advanced
testing prior to selection of new parents. Some individuals may be selected
as parents in the second year, and some may be selected in the third year.
Individuals selected in the second year will have lower accuracy of selection
and shorter breeding cycle duration compared to the individuals selected in
the third year.

When there are multiple age groups in your breeding populations, if you
estimate best linear unbiased predictors (BLUPs) across the entire popula-
tion, then it is best to select the best individuals using the BLUP values
without regard the age. BLUP already takes into account the varying levels
of information on the individuals due differences in age. Later in the course
we will talk more about BLUP, and other advantages to using BLUPs for
selection.

To estimate the overall response per unit of time. Estimate the superiority
S, for each age group i that new parents are selected from. Then estimate
the breeding cycle duration, L, for each age group i. Next, estimate the total
response as the weighted average of the response from the individual age
groups. Then, estimate the total generation interval as the weighted average
of the generation intervals across all age groups.
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1.4 Multi-stage selection and the Bulmer effect

In multiple stage selection, two or more selection events occur before new
parents are selected for intermating. The overall gain from each selection is
the sum of the gain from the individual selection events.

R =
∑

R (1)

It is important to take into account the effect of selection on the variance.
The effect that selection has on the variance is called the Bulmer Effect. It is
caused by the creation of linkage disequilibrium between loci due to selection.

2 Comparing breeding strategies

Many actions can be taken to improve gain from selection. Population sizes
could be increased, thereby increasing the intensity of selection. Selection
candidates could be evaluated across more environments or they could be
replicated more within environments, or the breeding cycle time could be
reduced. Most of these changes come at an additional cost, but budgets are
generally inflexible, thus its important to compare breeding schemes consid-
ering a fixed budget. For example if marker-based selection costs $20 per line
and phenotypic selection costs $10 per-line. The number of individuals that
can be evaluated under marker-based selection will be half the number of in-
dividuals that can be evaluated under phenotypic selection. This will in-turn
affect the percent selected from the population and the selection intensity.
When comparing marker-based selection in this case, the selection intensities,
selection accuracies, and breeding cycle durations should be considered.

In some species, inbreeding is not desirable because of inbreeding depres-
sion or because of concerns about reducing genetic variance too quickly. In
these cases, breeding schemes are compared also considering a fixed rate of
inbreeding. Lastly, one needs to decide if the objective is short or long-term
gain and how much variability in response to selection can be tolerated. A
lower effective population size will maximize short term gain, but it will
reduce the long-term gain and it will make response to selection less pre-
dictable.
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2.1 Relative efficiency

Relative efficiency is metric sometimes used to compare two breeding strate-
gies. Relative efficiency of breeding strategy 2 compared to breeding strategy
1 is:

RE2.1 =
R2/L2

R1/L1

Where R2 is the response per breeding cycle of strategy 2, L2 is the breed-
ing cycle duration of breeding strategy 2. When RE2.1 > 1 then breeding
strategy 2 is better than breeding strategy 1. Say you want to compare
marker-based selection with phenotypic selection

3 Long vs. short term gain

Increasing rates of short term gain often come at the expense of long term
gain. Thus, the objective (long-term gain vs. short-term gain) should be
determined from the beginning. In theory, all the favorable alleles eventually
will become fixed, and no more progress can be made. Many of the favorable
alleles will be lost due to drift. The chance of fixation of the favorable allele
at locus depends on its starting frequency, the effect of the allele, the effective
population size, Ne, and the intensity of selection, i. The Ne and the selection
intensity are the key factors that we can control to maximize the total gain.
However, increasing the number selected almost always requires a decrease in
the selection intensity. Selecting the top 50% is the best compromise between
Ne and i if the goal is the maximize the total gain (over the very long term)
(Robertson, 1960, Proc. Roy. Soc. London, B).

With additive genes the theoretical maximum response is shown to be:

Rmax = 2Neih
2σP

where ih2σP is the predicted response per cycle. This theoretical maximum
cannot be achieved by optimizing the breeding program, it is what would be
achieved if there were an ’impossibly large’ number of loci affecting the trait.
Although this is a purely theoretical concept, its still useful for understanding
what factors affect the maximum response and for comparing with actual
measurements of maximum response from selection experiments.

If the goal is short term gain, a small Ne in favor of larger selection
intensity is recommended. According to a simulation study by Bernardo,R.
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Moreau,L. and Charcosset, A. (Crop. Sci. 2006), To maximize total gain over
a certain number of cycles the Ne should be equal to the number of cycles.
However, when choosing an Ne its important keep in mind that smaller values
will lead to higher variation in response.

Figure 1: The value for the number selected that lead to maximum response
vs. the number of cycles of the selection program. The slope of the line is ap-
proximately 1, indicating that the number selected should be approximately
equal to the number of cycles of breeding. Figure adapted from a simulation
study by Bernardo,R. Moreau,L. and Charcosset, A. (Crop. Sci. 2006)

4 Variation in response to selection

Generally plant breeding selection experiments are not replicated because of
the large investment in resources that would be required. In small animals,
such as mice, and in Drosophila, replicated selection experiments are more
feasible. These selection experiments have demonstrated a large variability
in realized response to selection. For example, in a selection experiment for
six-week weight in mice, three populations were selected for increased weight,
and three populations were selected for decreased weight. The populations
were kept genetically isolated. The results of the experiment are shown in
the figure below (figure 4) where the actual response at each generation is
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plotted against the cumulative selection differential (the sum of the S’s) each
generation. The left panel shows the overall response of all populations com-
bined, and the right panel shows the responses for individuals populations.
As you can see there is a large variability in responses.

Figure 2: Ten generations of two-way selection for six-week weight in mice
(Falconer, 1973), generation means, measured as deviations from controls
are plotted against cumulated selection differentials. a) All six replicates
combined. b) Each replicate plotted seperately

Part of the observed variation in response is due to error when measuring
response, but part is due to drift variance. The variance of total response
because of drift can be predicted as:

σ2
R = tσ2

A/Ne (2)

This (equation 11) is actually the drift variance on an unselected population,
but it is a good approximation for drift variance with selection (according
to Hill, 1980. Selection Experiments in Laboratory and Domestic Animals).
where t is the number of generations σ2

A is the additive genetic variance and
Ne is the effective population size. Thus, selecting fewer number of individu-
als leads to more variability in response (drift becomes more powerful). This
expected variability in response may be another factor that will influence
your choice of effective population size Ne
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