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Group size planning for breedings of
gene-modified mice and other organisms
following Mendelian inheritance
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Frank Brand?, Achim Tresch"?¢ and Thorsten Buch®3¢X

Colony management of gene-modified animals is time-consuming, costly and affected by random events related to Mendelian
genetics, fertility and litter size. Careful planning is mandatory to ensure successful outcomes using the least number of ani-
mals, hence adhering to the 3R principles of animal welfare. Here we have developed an R package, accessible also through an
interactive public website, that optimizes breeding design by providing information about the optimal number of breedings
needed to obtain defined breeding outcomes, taking into account specific species, strain, or line properties and success prob-
ability. Our software also enables breeding planning for balanced male-to-female ratio or single-sex experiments. We show
that, for single-sex designs, the necessary number of breedings is at least doubled compared to the use of all born animals.

While the presented tool provides preset parameters for the laboratory mouse, it can be readily used for any other species.

Accordingly, work with gene-modified rodents, mostly

mice, has undergone an explosive development. Today

a wide array of different mouse strains and genetically defined
lines are used in biomedical research worldwide. Mouse Genome
Informatics counts 64,000 entries for mouse lines"”. A total of 12.6
million rodents per year are used for the creation and maintenance
of gene-modified lines in the European Union alone™*. Now, most
projects require mice with combinations of modified alleles and
not only single mutants. Such models facilitate precision research
by answering scientific questions regarding gene function in
organs, cell types and their interaction with age and environment.
Obtaining mice with complex genotypes requires targeted breeding
strategies. Some of the animals born from such breedings cannot
be used for research or further breeding because they do not carry
a genotype that can be experimentally exploited. Such animals are
usually killed since gene technology legislation prohibits any use of
gene-modified animals outside of science. While it is not possible
to altogether avoid such surplus animals®, efforts are being made
to keep the number of animals required for a breeding program as
small as possible for ethical, practical and financial reasons. In some
legislations, such breeding optimization is even a legal requirement*.
The practice of killing animals because they do not carry spe-
cific traits or are not needed has come under scrutiny in laboratory
animal science’®, farming”'* and zoos''"'*. The causes of unwanted
surplus animals in laboratory animal facilities have been identified
and include genetics of breeding, sex preference and the inability
to match supply with demand®. Unfortunately, the frequency of
expected genotypes according to Mendelian genetics'>'® does not
deterministically translate into actual breeding outcomes. Stochastic
fluctuations in allele distribution, fertility (some breeding pairs

Q nimal-based studies are essential for biomedical research.

will produce no offspring), in utero viability of the different geno-
types, and litter size (number of pups born or weaned per litter)
have a large influence on breeding outcomes. Neglecting these fac-
tors often results in unnecessary breeding delays and scientifically
unjustified animal use. In this Article, we describe a software pack-
age that enables researchers to plan mouse breeding projects based
on a given success probability, derived from Mendelian genetics,
fertility and litter size, and that integrates these parameters together
with their stochastic effects in a probabilistic framework.

Results

Components of breeding outcome prediction and their stochas-
tic behavior. Typically, setting up breedings of mice harboring
genes of interest located on different chromosomes is planned with
the help of the Punnett square (Fig. 1a), which is based on Mendel’s
laws of inheritance. It yields expected genotype frequencies of off-
spring from genetically defined parents' (Fig. la), and various
online Punnett square calculators are available to determine such
allele frequencies'”". It should be kept in mind that, if the breed-
ing outcome does not follow classical Mendelian frequencies (for
example, due to embryonal deaths'”?"), the probabilities of occur-
rence may need to be adjusted from the Mendelian frequencies
(Fig. 1b,c, 0.2). For instance, given a fixed litter size, the number of
mice in any given litter that are homozygous for the null allele of a
gene of interest (—/—) from parents that are heterozygous (+/—) for
that gene follows a Binomial distribution with a Mendelian success
probability of c=0.25 (Fig. 1b). The actual number of successes (for
example, —/— mice) observed in a single litter or small samples may
thus differ substantially from the expected Mendelian outcome due
to such unavoidable random fluctuations. Furthermore, litter size
itself is a variable that can either be a positive number (size of the
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Fig. 1| Stochastic effects in breeding. a, Top: Mendelian model of the outcome of a single breeding of two heterozygous animals. + and — denote different
gene alleles occurring with probabilities g and p, respectively. Theoretical frequencies of the +/+, +/— and —/— offspring are g?, 2pg and p?. Bottom: an
outcome of single breeding is depicted as a random draw from the theoretical distribution above. b, Probability that out of six offspring exactly X animals
will have the desired —/— genotype, given the probability ¢ = p? of the —/— genotype is 0.25 or 0.2. ¢, Example of the number of animals born out of a
single breeding when taking into account fertility: there is a non-zero chance that O animals are born (1—fertility). d, Distribution of —/— animals born for a
genotype frequency of 0.25, for 10 (gray) or 3 (light gray) breedings, respectively.

litter when the breeding is successful) or zero when the breeding is
unsuccessful. The frequency of breeding success (productive breed-
ing pairs) is known as fertility and depends on strain and husbandry
conditions® (Fig. 1c). To model the breeding process mathemati-
cally, we collected data from eight different mouse strains/lines,
bred at the Laboratory Animal Service Center of the University of
Zurich, to obtain the empirical distributions of the respective litter
sizes. Considering only successful breedings, we found that the litter
size distribution of most strains could be approximated by a Poisson
distribution (Fig. 1c and Supplementary Fig. 1). The fraction of suc-
cessful breedings (fertility) for each mouse strain, as included in
our calculator, is obtained from the values reported by The Jackson
Laboratory’'. An additional parameter to be taken into consider-
ation is the effective fertility, which comes into effect when the age
of the experimental cohort is fixed to a short time interval, such as
birth within 1, 2 or 3 days (ref. **).

Prediction of the required number of breeding pairs for single
target genotypes. Having specified the components required for
a group size prediction of a genetically defined animal breeding
program, we next derived the distribution of the target offspring
number as a function of the number of breedings (Fig. 1d and
Supplementary Fig. 2). The probability of successfully obtaining
the desired number of pups with the genotype of interest from a
specific combination of parental animals can then be quantified. In
the 1980s, M. Festing proposed a method for modeling the prob-
abilistic outcomes in fertility and litter size*’. Based on the distri-
bution of the target offspring number, we can perform power and
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sample size calculations that prove to be more accurate than pre-
vious methods (Supplementary Methods). Further, our solution
reduces the number of required breedings for obtaining a specific
breeding outcome compared to the solution described by Festing
(Fig. 2a), as exemplified for a breeding program with 0.25 Mendelian
outcome, a litter size of 7% and 70% strain fertility. These reduc-
tions can exceed 60%, indicating the magnitude of improvement
that can be achieved using our method (Fig. 2a, top). We also show
that the simplistic use of the expected target animal number derived
from Mendel’s laws combined with average litter size underes-
timates the required number of breedings dramatically (Fig. 2a,
Mendel), explaining the frequent reports of difficulties to obtain
sufficient animals for a particular experimental setup (unpub-
lished observation, T.B.) or the necessity to include an undefined
‘fudge factor’>**. While breeding success close to 100% may seem
to be optimal from a planning perspective, we do not recommend
setting the desired success probability overly high (for example,
above 0.95) since a further increase in confidence becomes increas-
ingly costly in terms of additional breedings and hence animals.
(Fig. 2b and Supplementary Fig. 3). For successful breeding pairs
that are continued to be used, not the strain fertility but rather a
manual fertility of 100% may be applied, thus leading to smaller
numbers of required breedings.

Prediction of the required number of breeding pairs for out-
comes requiring multiple genotypes or sex. Often, multiple
genotypes need to be produced by the same set of breeding pairs,
for example, identical numbers of +/4+ and —/— animals from
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Fig. 2 | Performance of breeding models, in the case of an average litter size of 7 and a mouse fertility of 70%. a, Bottom: minimal number of breedings
(y axis) needed to obtain the desired number of offspring (x axis) with 90% confidence, as calculated by three methods: the naive expectation due to
Mendelian frequency (set to 100%; Supplementary Methods), the gold-standard textbook model suggested by Festing, and our method, denoted as
Poisson. Top: relative surplus of breeding (in %) obtained by the textbook method (Festing), measured against our method (bottom). b, Minimal number
of breedings needed to obtain a certain number of offspring (x axis) with a defined probability of success (y axis) using the Poisson method. ¢, Minimal
number of breeding (contour lines) required in a setup where groups with two different genotypes need to be produced by the same breeding (90%
confidence). The required numbers of animals from the two genotypes, that appear at a frequency of 25% each, are denoted on the x and y axis. d,
Minimal number of breeding required to obtain offspring of specific sexes with 90% confidence, given that both female (F) and male (M) pups are born
with equal probability. Shown are three scenarios: required X offspring need to be of the same sex (only X males or X females (purple)); X offspring can be
of any sex (brown); required X offspring need to be balanced cohorts of each sex (that is, X/2 male and X/2 female pups, green).

+/— parents. To guarantee the same success probability as for the
single target genotypes, additional breedings are required in such
situations (Fig. 2¢).

The same calculations apply to group-size planning for obtaining
defined numbers of animals of both sexes. While some experimental
designs require all animals to be of the same sex, alternative designs
can include both sexes (and account for sex-specific effects)®.
A group-size planning for the inclusion of both sexes at identi-
cal numbers increases the required breedings only slightly over
the simple use of all males and females born, without a fixed ratio
(Fig. 2d). However, when only one sex is required, the necessary
number of breedings doubles®' (Fig. 2d) compared to the use of all
born animals.

The BreedingCalculator software package. To facilitate appro-
priately powered breeding for the user, we incorporated algo-
rithms and data for sample size calculation into our R package
‘BreedingCalculator’, available at GitHub.

When the experimental setup aims for offspring of a single
genotype or simply at a total number of born pups, one may use
the singleGenotype function to calculate the required number of
breedings. The parameters ‘confidence, ‘birth_days, ‘n_offsprings,
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‘sex_distribution, ‘desired_genotype_p, and ‘strain’ or ‘litter_aver-
age’ and ‘fertility’ may be defined (Fig. 3a,c and Box 1).

However, when the breeding setup aims to obtain offspring of
multiple genotypes from the same breedings, it is better to use the
multiGenotype function to calculate the required number of breed-
ings. Here the distribution of the predicted frequencies of the geno-
types is given through ‘genotypes_p’ and the additional parameter
‘genotypes_N’ allows the researcher to specify how many animals of
each genotype are needed (Fig. 3b,c). The ‘method’ should be usu-
ally set to ‘poisson’ unless the aim is to compare the results with
the published method from M. Festing (method set to festing’).
The number of pups expected to be born can be obtained by the
function expectBorn. Finally, confidence changes, as a function of
the number of breedings, can be visualized by probabilitiesPlots to
facilitate finding optimal parameters. The breeding calculator sup-
ports a standardized output into pdf format for documentation. We
provide simplified, interactive access to this package on the website
https://www.ltk.uzh.ch/en/Breeding.html (Fig. 3d)*.

Discussion
Optimization of breeding protocols for reduction of animal use is

an ethical obligation mandated within the commonly applied 3R
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n_breedings_single <-
singleGenotype(confidence_p = 0.9, birth_days =
2, desired_genotype_p = 0.25, n_offsprings =10,
sex_distribution = "unimportant", strain =
"manual”, method = "poisson", litter_average = 7,
fertility = 0.8) S
® 2day

n_breedings_single2 <- ®3days

singleGenotype(confidence_p = 0.9, birth_days =
2, desired_genotype_p = 0.25, n_offsprings =10,

C57BL/6S -

sex_distribution = "balanced", strain =
"C56BL/6J", method = "poisson")
Mouse strain
b n_breedings_multi <-
multiGenotype(confidence_p = 0.8, birth_days =
14, genotypes_p = ¢(0.25, 0.5, 0.25), genotypes_N
=¢(10, 0, 10), sex_distribution = "all one sex",
strain = "FVB/N")
> n_breedings_multi
[
Birth_ Sex_ Strain
days | distribution
1 Balanced [129/SvJa A/J|C3H/HeOuJ| DBA/2)
2 Unimportant|  AKR/J C56BL/6J | FVB/N
3 Allone sex | BALB/cJ |C57_BL/10| SJL/J
SnJ
>4 C3H/HeJ | CBA/CaJl

Breeding Calculator

Confidence level:

Birth span (days)

© 4ormore

Sexes of the offspring

Show Intro

Note: If you just need one genotype, you may also go for
asingle genotype option (1in the field below) and specify its proability (say, 0.25).

How many different offspring You have chosen the following parameters of the breeding.

Birth span (largest age difference between the first and the last born pup): 4
days.

Sex distribution in the litter: Balanced: Half of the pups should be female,
the other half should be male.

Mouse strain: CS7BL/6J (fertility 84%, average litter size 7.0)
Number of different offspring genotypes in the litter: 3

3

Required
pups
genotype A

Probability

genotype A
025

10

quired number of pups for
Genotype A of probability 25%, required number of pups 10
Genotype B of probability 25%, required number of pups 10
Genotype C of probability 50%, required number of pups 0

Required
pups
genotype B

Probability
genotype B

025
10

Result:

For the breeding to yield the required number of pups

of each respective genotype, with the success probability 90%, one will
require at least 15 matings.

Required
pups
genotype C

Probability

genotype C
05

9 The plot below shows how the success probability for the given breeding

setup s affected by the number of matings.

submit & calculate 100 W
7, "%

Confidence in successful outcome (%)

15 20
Number of breedings

Fig. 3 | The breedingCalculator software package and the Breeding Calculator website. a, Shown is the use of the ‘singleGenotype’ function of the
‘breedingCalculator’ package in R. Example parameters are a power of 90%, a period of 2 days within which birth should occur, the number of required
offspring, namely 10, a design accepting any male/female balance (top) and balanced sex design (bottom) with equal numbers of males and females
required for the experiment, a frequency of the needed genotype of 25%, and manually added strain parameters (top; litter size of 7 and fertility of 80%)
or use of strain information in the package (bottom, C57BL/6J). b, Shown is the use of the ‘multiGenotype’ function. Example parameters are a power of
80%, a period of 14 days within which birth should occur, a frequency of the genotypes in the litter, namely 25%, 25% and 50%, the number of required
offspring from the two genotypes of interest (10 each) in a one-sex design and use of the FVB/N strain. ¢, The table shows important parameters that can
be chosen in the ‘breedingCalculator’ package, such as birth span, sex distribution and strain. d, Screenshot showing the use of the Breeding Calculator
website at https://www.Itk.uzh.ch/en/Breeding.html. Example parameters are a power of 90%, a period of >4 days within which birth should occur, a
balanced sex design with equal numbers of males and females required for the experiment, the C57BL/6 strain, the number of different genotypes in the
litter (3), the frequencies of the three genotypes (25%, 25% and 50%), and the number of pups required for the two genotypes needed (10 animals for
each genotype). The result is indicated in purple. The graph indicates breeding success as the result of the chosen parameters as a function of the number
of breedings. The 90% and 95% thresholds are indicated with the recommended 15 breeding pairs highlighted in purple.

(replace, reduce, refine) principle®. Yet, the very basic biology of
mammalian genetics and associated stochastic breeding processes
inevitably create surplus animals that cannot be further used in
experiments or breeding. We have developed an R package that sup-
plies the optimal solution, that is the least number of required breed-
ing animals, depending on required breeding outcomes and strain
characteristics. Our algorithm uniformly performs better than pre-
viously published tables and schemes (for example, refs. ). We
removed from the workflow any form of guesswork commonly
done by scientists to adjust for self-experienced randomness. Also,
by using appropriate group-size calculations for breedings, experi-
ments are more likely to be conducted as planned, thereby improv-
ing reproducibility and research efficiency, and reducing financial
costs. At first glance, it may seem that powered breeding planning
increases the number of animals produced for an experiment. But
this is not the case, because in cases in which the planning is not
adequate and the desired number of animals is not reached a new
breeding round will be required. In this case, there is a risk that ani-
mals from the first round remain unused because, for instance, they
would be too old or of too different age compared to the new cohort.

When experiments are performed with cohorts obtained
through multiple breeding rounds, batch effects can be a threat. If
such batch effects are expected to be negligible or can be corrected
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for, so-called adaptive designs with multiple breeding rounds and
interim evaluations are an option to save, on average, even more
animals. Such designs are common, for example, in clinical trials
where costs per sample are high”. They can be adapted to the ani-
mal breeding process. Our software serves as a building block for
such adaptive designs, as it can determine the probability of success
(of obtaining enough animals) in each breeding round, which in
turn is used to calculate the expected number of matings required.
Optimal planning enables the required number of animals to be
achieved while minimizing the number of excess breeding attempts.
Incorporation of our software or the underlying calculations into
husbandry software may facilitate even better planning of breeding
in the future.

With our package, we aimed to cater to the needs of the large
community of researchers that use gene-modified mice. Thus, we
incorporated into the software package preset parameters for com-
monly used mouse strains. However, the calculator can also be used
for other species, when the respective parameters are available. The
calculator could in principle also be applied for trio breedings (one
cage with two dams and one male), as these types of breeding usu-
ally exhibit similar performance to duo breedings-*. The main
concern lies in the possibility of subfertile or infertile males leading
to reduced fertility values in our calculator; this can be particularly
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Box 1| Definition of parameters used in the breeding
calculator. We refer here in general to the online calculator.
The respective parameters of the R package are indicated in
parenthesis and italics

Number of required animals (genotypes_N): the number of ani-
mals at weaning age that can be obtained with the set confidence.

Confidence: likelihood of successfully obtaining the required
number of animals.

Mendelian ~ success  probability  (desired_genotype_p):
percentage of offspring of the desired genotype determined, for
example, by the Punnett square. Likewise, deviations from the
classical Mendelian percentages can be used (for example, due to
partial fetal death).

Fertility: percentage of breeding couples of a particular strain/
line that give birth to at least one litter and bring the pups to
weaning age; if animals at different age need to be used (for
example, fetuses, newborns or aged), this number needs to be
adjusted accordingly.

Litter size (litter_average): the mean litter size at weaning age
for a particular strain or line; if animals at different age need to
be used (for example, fetuses, newborns or aged), this number
needs to be adjusted accordingly.

Sex (sex_distribution): The researchers can choose to use all
animals of either one sex or both sexes. In the latter case, they
can choose to use either equal numbers of males and females (a
balanced design) or all male and female animals.

If the sex ratio of a particular breeding deviates from the 50%
norm, ‘all animals’ should be used in the sex settings. Sex can then
be treated as a gene with two alleles in a heterozygous (males)
with homozygous (females) cross and respective parameters set
(for example, 0.4 and 0.6 for the two possible outcomes).

Birth span (birth_days): this parameter gives the age span that
the offspring produced from the breedings are allowed to have
for use in subsequent experiments or other purposes. Unless the
researchers want to perform a study with a particularly narrow
age range (1, 2 or 3days) the value should be set to 4 or more
(however, the upper limit is approximately 3 weeks since after
that period a next generation of pups may be born).

problematic in trio breeding where an infertile male will impact two
breeding dams, which would affect the resulting outcome substan-
tially. Since there is usually no information to which extent females
or males cause unsuccessful breedings, this may be corrected simply
by slightly decreasing the strain fertility (1% or 2%).

While the unequal use of sexes in animal experimentation has
been a topic of discussion*~® and statistical solutions regarding
experimental designs have been suggested”’, we here provide evi-
dence that restricting experiments to one sex unnecessarily leads to
additional breedings and hence unused offspring beyond a simple
doubling.

In conclusion, we have developed a statistical method supported
by software to accurately predict the minimal number of breeders
required to obtain experimental or breeder cohorts. The method is
readily accessible to the public via GitHub and a web application.
Our solution thus facilitates the reduction of surplus animals during
breeding and hence supports adherence to the 3R principles also in
breeding.

Online content

Any methods, additional references, Nature Portfolio report-
ing summaries, source data, extended data, supplementary infor-
mation, acknowledgements, peer review information; details of
author contributions and competing interests; and statements of
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