© 1997 Nature Publishing Group http://www.nature.com/naturegenetics

new techn%gy

Theoretical and empirical issues for marker-
assisted breeding of congenic mouse strains

Paul Markel!, Pei Shu!, Chris Ebeling?, George A. Carlson?, Deborah L. Nagle!,
John S. Smutko! & Karen J. Moore!

Congenic breeding strategies are becoming increasingly important as a greater number of complex trait
linkages are identified. Traditionally, the development of a congenic strain has been a time-consuming
endeavour, requiring ten generations of backcrosses. The recent advent of a dense molecular genetic
map of the mouse permits methods that can reduce the time needed for congenic-strain production by
18-24 months. We present a theoretical evaluation of marker-assisted congenic production and provide
the empirical data that support it. We present this ‘speed congenic’ method in a user-friendly manner to
encourage other investigators to pursue this or similar methods of congenic production.

Mouse models continually support the successful genetic analyses
of complex human diseases. Many of these models centre on un-
ravelling the genetic differences between the inbred strains of
mice. For example, several linkages of quantitative trait loci
(QTLs) have already been detected in mice for such complex con-
ditions as alcohol sensitivity, atopy, diabetes, autoimmunity and
obesity'~’. This current wave of dissecting complex diseases in the
mouse has brought about the need for efficient ways of moving
(introgressing) genomic sections from one strain to another, cre-
ating congenic strains®’. Congenic strains are traditionally devel-
oped by continually backcrossing a donor strain that harbours a
gene or genomic region of interest with a recipient inbred
strain®?. According to Mendel’s laws, it is expected that, on aver-
age, half of the unrelated genomic material will be transmitted to
a subsequent backcross generation. Ten generations of backcross
matings result in mice heterozygous for the locus of interest that
are approximately 99.90% recipient genome and carry an intro-
gressed region of interest®®. The introgressed region is then made
homozygous by intercrossing, resulting in a congenic strain. This
congenic strain theoretically represents a genetic background
identical to that of the recipient inbred strain with the exception,
on average, of the 20-cM introgressed donor genomic region of
interest. This traditional method of congenic production can take
upwards of 2.5-3 years to complete.

The speed and efficiency of developing congenic strains are
now greatly enhanced with the recent completion of a microsatel-
lite-based murine map. Microsatellite markers can be used to fol-

Table 1 ¢ Traditional congenic breeding strategy

Generation Average % % recipient
heterozygous genome
(D/R) segments + SD
F, 100.00 50.00
N, 50.00 + 7.07 75.00
N3 25.00 £ 5.00 87.50
Ng 12.5 x3.54 93.75
Ng 6.25+ 2.5 96.88
N¢ 3.13+1.76 98.44
N 1.56  1.25 99.22
Ng 0.78 + .88 99.61
Ng 0.39+0.63 99.81
Nio 0.20 + 0.44 99.90

low the inheritance of the region(s) or gene of interest. In this
fashion, the researcher is not entirely dependent upon pheno-
typic information in the selection of appropriate breeders.
Moreover, the optimal breeder can be selected on the additional
criterion that it harbours the least amount of donor genome. The
latter technical advantage effectively reduces the number of gen-
erations necessary to construct a congenic strain. We have used
such marker-assisted congenic-strain production to produce a
series of congenic strains harbouring the Apoe null allele!. The
Apoe knockout mouse offers a promising model for study of the
genetic components in the development of atherosclerosis'®12.

Animals homozygous for the Apoe knockout spon-

Table 2 » Marker-assisted congenic breeding strategy

taneously develop a wide range of lesions on a nor-
mal diet. We have undertaken the production of

% recipient genome

several congenic lines of mice carrying the Apoe

Backcross Average % D/R % D/R segments . . .
generation segmgnts/t D in ‘bes‘c'g male of ‘best’ male knockout in order to identify QTLs that modulate
the development of atherosclerotic lesions.
Fq 100+ 0 100 50 Here we discuss the theoretical and empirical
mz ?g?g izgg ﬁgg gggg issues concerning marker-assisted development of
Ni 5.98 +2.44 1.95 99.03 congenic strains. In the first section, we develop
Ns 0.98 +0.98 ~0 ~100 the statistical expectations for a marker-assisted

The prediction is based on 20 male carriers of the target gene screened. Hence, 1.65 standard
deviations from the mean can be acheived. Each generation is propagated from the 'best’

male of the previous generation.

congenic breeding design. In the following sec-
tion, we compare the theoretical expectations with
the empirical results of a marker-assisted breeding
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of the Apoe null allele congenic strains. Our approach is straight-
forward, lending itself to practical application and interpretation
for a real laboratory setting.

Marker development

We carried out marker evaluation to compare allele size between
the 129/Sv] strain and each of the following inbred strains:
C57BL/Ks], BALB/cBy], C3H/He], DBA/2}, FVB/NJ and CAST/Ei.
Our goal was to obtain a series of polymorphic markers at approx-
imately 10-cM intervals that were not subject to preferential
amplification. A set of such markers was established for each strain
pair. In light of recent papers that describe the differences between
the various 129 inbred mouse strains'314, 129/Sv] DNA was not
ideal to for marker development, as we intended to work with a
129/Sv ter-Apoe donor strain. However, we did not find that many
of our chosen markers were negated during the production of the
congenics because of the 129 substrain differences.

Using these markers, we performed genome scans on all N,
generation mice at approximately 20-cM intervals. We also
scanned the subsequent N; generation at 20-cM intervals, but the
set of markers was interspersed between the markers used in the
N, generation. In effect, this results in an approximately 10-cM
interval genome-wide scan. Additionally, it facilitated a finer
assessment of double recombinants. A few true double recombi-
nants were detected at the Nj analysis stage, but most of those
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Fig. 1 This cartoon shows the produc-
tion of a congenic strain using the
conventional ten generations of
backcross (left) versus the ‘speed’
congenic method described in this
paper (right). Yellow indicates the
donor genome, blue the recipient
genome. The yellow boxes containing
‘Apoe’ represent the target region of
introgression.

were spurious and resulted from incorrect genetic map order of
the markers. This was because genome scanning and congenic
production do not constitute a genetic mapping technique but
depend upon established genetic maps. Moreover, when we
began this analysis, the MIT/Whitehead murine genetic map had
not been error-checked.

Statistical expectations

For practical purposes of theoretical computations (Tables 1,2), we
assume about 50 segments or linkage groups for measuring the pro-
portion of recipient genome (R) retained with each backcross gener-
ation. The traditional approach for congenic strain development®?
follows the average proportion of heterozygous donor/recipient
genome (D/R) that is eliminated with each round of mating. The
percentage of D/R is reduced, on average, by 50% with each subse-
quent generation (Table 1).

The expected change in genomic material for a backcross mating
can be predicted with a normal approximation of the binomial dis-
tribution. The binomial distribution in this case indicates that each
backcross mating can result in linkage groups that either remain
heterozygous (D/R) or are fixed homozygous for the recipient
strain (R/R). Let n=D/R segments for generation ‘N, p=prob-
ability that a D/R segment is fixed R/R and g=probability that a
D/R segment remains heterozygous. The average number of D/R
segments in the subsequent generation is equal to py . 1) =HnD-
The standard deviation is equal to 6y 4 ;)= (Hxpq) /%

Note that the standard deviation decreases exponentially with
each backcross generation (Table 1). From the number of D/R seg-
ments one can calculate the percent recipient genome: (100% —
1/2 (%D/R)).

Table 3 « Theoretical potential

Number of Potential reduction in
male carriers D/R (standard deviation)
5 0.85
10 1.29
15 1.50
20 1.65
30 1.84
40 1.96
50 2.06
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Table 4 « Empirical data

Recipient  Backcross Estimated No.Male Potential Estimated Estimated % Observed avg. Observed Observed%
strain generation avg. % D/Ra  carriers  gain (2)b % D/Rfor  recipientgenome % D/R among % D/Rfor  recipient genome
best male¢ for best maled male carriers best male® for best male
BALB/cBy) N, 50.00 4 0.68 39.9619.24 27.27 86.36
N3 13.64+3.21 10 1.29 9.50 95.25 10.60+1.26 7.69 96.15
(10.26) (94.87)
Ng 5.13+1.48 14 1.48 2.94 98.53 5.71x1.17 3.82 98.09
Ng 1.91+0.78 9 1.22 0.96 99.52 2.98+0.56 1.79 99.11
C3H/He! N, 50.00 17 1.56 44.21£7.73 31.88 84.06
Ny 15.94+3.40 8 1.13 12.10 93.95 13.73+3.64 8.48 95.76
Ny 4.24+1.38 10 1.29 246 98.77 8.52+2.21 4.32 97.84
Ns 2.16£0.82 5 0.85 1.46 99.27 3.00+0.94 1.18 99.41
C57BL/Ks N, 50.00 8 1.13 43.411+4.34 37.92 81.04
N3 18.96+2.52 7 1.07 16.26 91.37 18.31x3.77 12.66 93.67
Ny 6.33+1.42 5 0.85 5.12 97.44 6.57+2.53 2.07 98.96
Nsg 1.0420.55 4 0.68 0.67 99.66 1.55+0.64 0.59 99.70
CAST/Ei N2 50.00 5 0.85 45.4516.43 36.36 81.82
(42.42) (78.79)
N3 21.21+4.01 21 1.67 14.51 92.74 17.3513.64 8.93 95.54
N4 4.47x1.41 1 — — — 8.24 8.24 95.88
N5 4.12:1.10
DBA/2) N, 50.00 17 1.56 45.59+6.80 34.17 82.92
(40.00) (80.00)
N3 20.00+4.08 2 0 20.00 90.00 20.63+0.63 20.00 90.00
N, 10.00+£1.77 14 1.48 7.38 96.31 10.20+2.60 6.56 96.72
Ng 3.28+1.01 9 1.22 2.05 98.97 3.49+1.32 1.24 99.38
FVB/NJ Ny 50.00 13 1.41 45.05+5.59 35.71 82.14
(38.10) (80.95)
Ny 19.05+3.89 16 1.56 12.98 93.51 12.35+3.16 7.77 96.12
Ny 3.89+1.37 12 1.39 1.99 99.00 5.21+1.41 3.43 98.29
Ng 1.72£0.70 4 0.68 1.24 99.38 1.2220.59 0.54 99.73

afstimated average % D/R is estimated on the basis of the results of the ‘best’ male from the previous generation. The standard deviation is based on the binomial distribution for
the particutar number of markers used in the previous generation, and is converted to a percentage of those markers. PThis value is a function of the number of available male car-

riers and is expressed as 'z

', assuming a standard unit distribution. This value of z reflects the potential reduction in donor genome by sampling a single extreme male. “(estimated

average % D/R) - [(standard deviation)(z)]. 4100% ~ (estimated % D/R for best male). ®Parentheses indicate the percentage of recipient genome of the mate used to breed the sub-

seqent generation when the "best’ male was not used.

Conventional congenic-strain production requires ten genera-
tions of backcrossing and should achieve a strain carrying 99.90%
recipient genome (Table 1). It can take upwards of 2.5-3 years of
breeding to accomplish this. However, the number of generations
necessary for developing a congenic strain can be reduced if a
mouse is selected at each generation that retains significantly
fewer D/R segments than expected by chance and is then used to
propagate the next generation. With polymorphic DNA markers
across the whole genome, the heterozygosity for (D/R segments)
of each backcross mouse can be monitored. The male carrier with
the lowest number of D/R segments is selected. For practical
breeding purposes, we mate a male so that efficient use is made of
the chosen ‘best genotype’ — that is, the male is mated to multiple
recipient females. Clearly, this male also needs to be carrying the
target gene from the donor strain. In general, each mouse repre-
sents 1/n of the normal distribution. The expected number of
male carriers in each generation is equal to 0.25 n (that is, half the
offspring are male and half of those carry the target gene). Hence,
provided that the male can produce 80 offspring, there will be
twenty male carriers of the subsequent generation to be screened
for D/R distribution. Assuming a normal distribution of D/R seg-
ments among the progeny, it follows that the ideal male (retaining
the fewest D/R segments) comprises 1/0.25 n of the lower tail of a
normal distribution. With a standard normal distribution, this
percentile is represented by a standard deviation (expressed in
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standard units ‘z’) from the average retention of D/R segments for
a particular generation. Again, starting with 80 progeny, this per-
centile is 5%, which is equivalent to a standard deviation of 1.65.
Thus, starting with 80 offspring, (0.25)%(0.05)n mice should
result in one ideal male breeder retaining 1.65 standard devia-
tions fewer D/R segments than expected on average for each gen-
eration. With this scheme of breeding and DNA marker—assisted
selection, the number of generations theoretically necessary to
produce a congenic strain is five. The theoretical figures for the
scheme described above are shown in Table 2.

For practical reasons, it is not always experimentally possible
to produce twenty male carriers, the target number that sup-
ports an opportunity for selecting the ideal male carrier that has
1.65 standard deviations less D/R than the mean. Instead, each
backcross mating will produce a particular number of male car-
riers from which the ‘best’ male carrier will be selected (that is,
the one that carries the fewest D/R segments). For these practi-
cal reasons, the expectated maximal reduction of D/R segments
needs to be estimated a new in each backcross generation on the
basis of the actual number of males obtained. Potential results
for donor-genome reduction are presented in Table 3 as a func-
tion of incrementally different numbers of progeny.

Theoretical expectations and empirical results compared
We have put the above theory into practice in the production of
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multiple congenic strains carrying the Apoe gene knockout
allele’®. During the production of these congenic strains, each
backcross mouse was genome-scanned at an effective marker
density of approximately 10-cM intervals. The results obtained
can be seen in Table 4. The first column of this table indicates the
recipient inbred strain to which the Apoe knockout allele was
transferred. The second column indicates the generation of
backerossing. The third column is the estimated average percent
of D/R genome, based on the male from the previous generation
that was used for propagation. The standard deviation associated
with this mean is based on the number of markers yet to be fixed
(that is, to be made R/R) in that male carrier. The fourth column
represents the number of male carriers genome scanned for each
generation. The fifth column indicates the potential reduction in
D/R genome (expressed in standard units, ‘z’), based on the
number of male carriers for a particular generation. The next
two columns represent the estimated percent D/R, and conse-
quential percentage of recipient genome, for the ‘best’ male, as a
function of columns 3 and 5 (see below). The final three columns
represent the actual observation of heterozygosity for male carri-
ers genotyped for a particular generation.

Depending on the number of male carriers genome-scanned
in each generation, we multiply the standard deviation (given in
the third column) by the potential gain (z, fifth column), esti-
mating the percent of recipient genome of the potentially ‘best’
male breeder. We compare our estimate of the potentially ‘best’
male to the observed data (that is, the estimated percentage of
recipient genome for ‘best’ male versus actual percentage of
recipient genome for ‘best’ male). For example, in the recipient
strain BALB/cBy] at generation N2, the actual ‘best’ male is
86.36% recipient genome. As a result, we expect the N3 estimated
average percentage of recipient genome to be 100—(100-
86.36)/2=93.2% (which is equivalent to 13.64% D/R) and that
of the ‘best’ male to be 95.25% recipient genome if we scan the
ten N3 male carriers. The ‘best’ male that was produced from
that generation was actually 96.15% recipient genome. Likewise,
the ‘best’ male from the scan of the N, offspring was expected to
be 98.53% recipient genome, based on the genome scan of four-
teen carriers. The actual percentage genome of the ‘best’ male
was 98.09%. There are many examples of ‘best’ males carrying a
higher percentage of recipient genome than predicted.
Conversely, on several occasions, we also observed less gain than
predicted —for example, the N5 C57Bl/Ks and the C3H/HeJ N,.
However, most of the estimated ‘best’ males and actual ‘best’
males have very similar percentage of recipient genome.

Additional observations can be made if we compare what we
observed in Table 4 with the ‘ideal’ situation as predicted in
Table 2. Males with a greater percentage of recipient genome than
predicted by the ideal situation described in Table 2 are often ob-
served, even though the number of male carriers scanned was
often less than the ideal twenty. An extreme example of this is in
the N, generation of the BALB/cByJ, in which only four male car-
riers were genome-scanned and yet the ‘best’ male observed had
86.36% recipient genome. Under ‘ideal’ conditions of scanning
twenty male carriers, it was predicted that the ‘best’ male would
have an 80.84% recipient genome (Table 2). The fact that we were
able to advance the percentage of recipient genome so far by scan-
ning only four male carriers reflects the fact that the 1.65-stan-
dard-deviation gain from twenty male carriers is the minimal
gain that could be expected. The 1/0.25-n tail of the distribution
can actually be a 1.65-SD gain or better; that is, the actual reten-
tion can appear anywhere in the tail of the distribution beyond
the expected boundary of the standard deviation. None of the
congenic strains in Table 4 reached the theoretical value at N; as
presented in Table 2. In contrast to the data in Table 2, which do
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not account for keeping a target segment heterozygous, the data
presented in Table 4 account for keeping the Apoe locus D/R. The
number of markers used for the genome scan was, on average
(depending upon the strain), 155. One of these is the Apoe locus.
Therefore, 1/155 markers (0.66%) will be heterozygous, limiting
the percentage of recipient genome to 99.7%. Both the C57BI/Ks
and the FVB/N]J reached this empirical maximum at N5. The rea-
son why the other strains did not quite achieve this percentage of
recipient genome reflects that in no case did any of the strains
truly follow the ideal number of twenty male carriers produced in
each generation. However, it can be seen that in a true laboratory
setting, where ideal theoretical numbers of mice cannot always be
bred, five generations of backcrossing can reach the same, or bet-
ter, percentage of recipient genome as Ng-Ng of a traditional con-
genic-breeding scheme (Table 1). The global effects of this
marker-assisted breeding regimen compared to the traditional
methods are shown in cartoon form in Figure 1.

It should also be noted that the greatest gain of genome scan-
ning is at the beginning of the backcrossing program. The mag-
nitude of the standard deviations is exponentially greater in
these earlier generations than in the final stages of congenic de-
velopment (Table 2). Hence, although the genome scan of the N,
generation is more labour-intensive than scanning of subsequent
generations, having to cover the whole genome, it is also the
most productive.

From the experience gained during this study, a few adapta-
tions to the protocol outlined above are recommended. It is pru-
dent to put both the ‘best’ and ‘second best’ male into breeding at
each generation. This should help circumvent any potential
problems of low viability. For example, the N3 CAST ‘best’ male
did not breed well and gave rise to only one male carrier. This
severely reduced the probability of finding a male carrier that
harboured the theoretically ideal percentage of recipient genome
with which to carry on the subsequent generation. More acutely,
a situation can arise whereby the chosen ‘best’ male does not
breed at all, ceasing the continuation of the congenic strain. This
was the case with the N, CAST. The problem of viability is not as
acute during conventional congenic production because multi-
ple matings are underway at each generation. If anything, high
viability is probably inadvertently but fortuitously selected dur-
ing conventional congenic production. A second advantage of
mating both the ‘best’ and ‘second best’ males is that if twenty
male carriers are not produced by the ‘best’ male, male carriers
from the ‘second best’ male can be added to the pool for genome
scanning. This simply attests to the fact that it is best to strive for
twenty male carriers from a previously marker-selected parent,
even if it is not the best parent. When we did this, a better subse-
quent-generation male was sometimes obtained from the ‘sec-
ond best’ male than from the ‘best’ male. Obviously, the ideal
situation of twenty male carriers (Table 2) from only the ‘best’
male of the previous generation is desirable, but laboratory con-
ditions are often not ideal.

Conclusion

We have successfully used a marker-assisted congenic breeding
strategy to move the Apoe null allele to multiple inbred strain
genetic backgrounds. The goal of this study was to move a single
specific locus to new genetic background. However, the method
employed is equally pertinent to moving genomic regions.
Indeed, more than one donor locus or region can be moved
simultaneously (K.J.M., unpublished data). This marker-assisted
breeding strategy can dramatically reduce the number of genera-
tions necessary to develop a congenic strain, and a congenic
strain can now be established in 15-18 months. We have pro-
vided simple guidelines for the construction of congenic strains,
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incorporating genotyping data with criteria for the selection of
male carriers for subsequent breeding. An investigator can either
calculate these values exactly with the formulas we have given or
use the information in Tables 2 and 3 as a general rule of thumb.
We now encourage other investigators to pursue this or similar
methods of congenic production to introgress interesting loci
into multiple genetic backgrounds in order to add to the already
fertile resource of variant mouse strains pertinent to the study of
complex human diseases.

Methods

Study overview. A null allele of the Apoe gene was generated (A. Plumb,
personal communication) with the J1 ES-cell line, which is 129/Sv (+Tyr
+p, Ter) derived. This Apoe null allele was then maintained on a 129/Sv
(+Tyr +p , Ter) strain. We transferred this Apoe allele into inbred strains
BALB/cByJ, C3H/HeJ, DBA/2], CAST/Ei, C57BL/Ks and FVB/NJ by a
breeding regimen commonly called ‘speed congenic production. Mouse
breeding was carried out by the McLaughin Research Institute.

Genotyping. The differentiation of the Apoe null allele from that of the
wild-type allele was determined under the following PCR conditions: 1.4 pl
of x10 PCR buffer, 1.12 ul of ANTP (2.5 mM), 0.15 U Tag polymerase,
0.16 ul (158 mM) of primer A (5'-CTCTGTGGGCCGTGCTGTTGGTCA-
CATTGCTGACA-3"), 0.2 pl (126 mM) of primer B (5-CTCGAGCT-
GATCTGTCATCTCCGGCTCTCCC-3") and 0.56 pl (45 mM) of primer C
(5~CGCCGCTCCCGATTCGCAGCGCATCGC-3"), 2.0 pl (20 ng) ge-
nomic DNA and 8.45 pl water; the total volume is 14 ul. Primers A and B
identify the wild-type allele. Primers A and C identify the null allele.

A set of genetics markers was generated for the genome screen of each
recipient strain. Markers were selected for screening from the MIT/White-
head mouse map (Stein, L., Kruglyak, L., Slonim, D. & Lander, E. unpub-
lished software, Whitehead Institute/MIT Center for Genome Research,
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1995). Three or four markers were tested for polymorphisms between the
strain 129/Sv] and the six recipient strains from each 10-cM interval across
the genome. The DNA for all six recipient strains was obtained from the
Jackson Laboratory. This analysis gave rise to approximately 150 usable
polymorphic markers for each of the strain combination, resulting in a map
density of roughly 10-cM intervals.

In the N, generation, a genome-wide set of markers at 20-cM intervals
was used. For the N generation, a second genome-wide set of markers was
created that were interspersed between those markers used in the N, gen-
eration. For subsequent generations, markers were used only in regions
that remained heterozygous (D/R) in the parent.

A list of the SSR markers used in this study and an indication of which
are polymorphic between 129/Sv] and each of BALB/cByJ, C3H/He],
DBA/2J, CAST/Ei, C57BL/Ks and FVB/N] are to be incorporated into the
Mouse Genome Database at the Jackson Laboratory. In the interim, the
authors will provide hard copies of the information upon request.

The PCR cocktail was 1.4 pl of x10 PCR buffer, 1.12 pl of dNTP
(2.5 uM), 0.2 U Tag polymerase, 1.05 ul of primers of each forward
(6.6 UM) and reverse (6.6 UM), 1.0 pl (20 ng) genomic DNA and 8.35 ul
water, the total volume being 14 pl. The PCR conditions were 94 °C for
2 min, 94 °C for 40 s, 55 °C for 50 s and 72 °C for 30 s, for 30 cycles. The
products were run on a non-denaturing 8% acrylamide gel at 45 W, room
temperature, for 3 h. After electrophoresis, the gels were stained with
SYBR Green 1 and scanned on a fluorimager (Molecular Dynamics)!>.
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