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Abstract
Background: Recombinant inbred (RI) strains are an important resource for mapping complex
traits in many species. While large RI panels are available for Arabidopsis, maize, C. elegans, and
Drosophila, mouse RI panels typically consist of fewer than 30 lines. This is a severe constraint on
the power and precision of mapping efforts and greatly hampers analysis of epistatic interactions.
Results: In order to address these limitations and to provide the community with a more effective
collaborative RI mapping panel we generated new BXD RI strains from two independent advanced
intercrosses (AI) between C57BL/6J (B6) and DBA/2J (D2) progenitor strains. Progeny were
intercrossed for 9 to 14 generations before initiating inbreeding, which is still ongoing for some
strains. Since this AI base population is highly recombinant, the 46 advanced recombinant inbred
(ARI) strains incorporate approximately twice as many recombinations as standard RI strains, a
fraction of which are inevitably shared by descent. When combined with the existing BXD RI
strains, the merged BXD strain set triples the number of previously available unique
recombinations and quadruples the total number of recombinations in the BXD background.
Conclusion: The combined BXD strain set is the largest mouse RI mapping panel. It is a powerful
tool for collaborative analysis of quantitative traits and gene function that will be especially useful
to study variation in transcriptome and proteome data sets under multiple environments.
Additional strains also extend the value of the extensive phenotypic characterization of the
previously available strains. A final advantage of expanding the BXD strain set is that both
progenitors have been sequenced, and approximately 1.8 million SNPs have been characterized.
This provides unprecedented power in screening candidate genes and can reduce the effective
length of QTL intervals. It also makes it possible to reverse standard mapping strategies and to
explore downstream effects of known sequence variants.

Background
Recombinant inbred (RI) strains have been an important
resource for investigation and genetic mapping of Mendelian and quantitative traits in the mouse over the past sev-

eral decades [1]. Conventional mouse RI strains are
developed by crossing two inbred parental strains and
repeatedly mating the resulting siblings for 20 generations
or more to ensure that they are at least 99% inbred [2].
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The resulting strains have a genome with an average 4-fold
increase in recombination compared to a single generation genetic map [3,4]. RI strains are especially useful for
mapping complex traits, since they create an immortalized mapping population that allows researchers to phenotype as many animals per genome as desired over
extended periods of time. Multiple phenotypic data
points per genome lower the effect of environmental
noise. This facilitates more precise phenotypic estimates
invaluable to mapping complex traits with low to moderate heritability, including such traits as CNS architecture
[5], alcohol related phenotypes [6,7], basal locomotor
activity [8], body weight, growth rate, litter size, and sex
ratio [9].
The replicable nature of RI strain data is also useful in
examining phenotypes using multiple behavioral, pharmacological, physiological, and biochemical techniques,
all of which may yield valuable information about the
identity of underlying genetic differences. In addition, RI
strains are uniquely valuable in examining the interaction
of genes with environments, a property which has greatly
encouraged their use in the plant genetics community, but
which has not yet been exploited by experimental mammalian geneticists.
Because the inbreeding necessary for RI generation takes
4–5 years, and exploitation of newly generated strains
requires a relatively dense linkage map, the development
of a novel strain panel requires considerably more effort
for less immediate return than the phenotyping and
sparse genotyping effort associated with even a reasonably
large conventional intercross or backcross. This high initial barrier has kept the number of mouse RI strains low
and increased the popularity of mapping strategies utilizing segregating crosses. The resulting lack of power has
given RI strains a poor reputation among some mouse
geneticists – a reputation that in turn provides an unfortunate dis-incentive to the creation of adequately powered
strain sets. However, when lines can be inbred by selfing,
as is the case with Arabidopsis [10], sunflower [11,12],
beans [13], tomato [14], and maize [15-17], and/or cost
of multi-generation crosses is lower as in Drosophila melanogaster [18] and C. elegans [19], large RI sets are common.
In the case of maize, for instance, a set of approximately
1000 strains is currently available, and loci of small effect,
in addition to epistatic interactions, can be readily
detected and mapped [17].
The number of recombinations archived per strain, while
considerably higher than the number available in members of an intercross or backcross, necessarily limits the
usefulness of a small RI strain set for fine mapping of
Mendelian and quantitative traits. Given a sufficiently
dense linkage map, an ideal RI-like mapping resource
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would include considerably more recombinations per
strain as well as a larger number of strains. A higher density of recombination, especially in combination with an
RI-based mapping paradigm like the RI intercross (RIX)
mapping proposed by Threadgill and colleagues [20,21],
might also reduce the number of strains necessary to
achieve a given level of total recombination density, similarly reducing the expense associated with maintenance
of a large RI colony. RIX mapping involves generating F1
crosses between RI strains. Since the parental genotypes
are known and homozygous, the genotypes of the resulting offspring are fixed and easily ascertained for a given
pair of strains.
Development of a high recombination density population useful for fine mapping of quantitative traits generally requires multiple generations during the course of
which recombinations accumulate in the population. This
is certainly the case for the advanced intercross line (AIL)
approach [22,23]. Unfortunately, AILs, while a useful
mapping tool, are not a stable resource that can be indefinitely used by the community. Having invested considerable time and energy in the creation of AIL populations
generated by crossing B6 and D2, we decided to create
derivative inbred lines in the hope that these lines would
permanently archive a large number of the unique recombinations present in our AIL populations. The resulting
lines, some of which are described here, are similar to conventional RI lines but offer noticeably higher recombination densities. In addition to facilitating new studies,
these strains can be used to revise and extend results previously published in the BXD RI strain set.

Results
By inbreeding animals from two separate B6 × D2 AIL
populations, we have developed a large set of BXD ARI
lines, each with more recombinations than an equivalent
BXD RI line. Fig. 1 outlines the breeding protocol, which
is described more completely in the methods section. Fig.
2 shows the recombinations present on chromosome 15
in the currently genotyped subset of the ARI population.
The complete set of genotypes for this subset [see additional file 1: genotypes.xls], in addition to a later generated, small number of paired genotypes for nearly the
entire ARI strain set [see additional file 2: genopairs.xls],
and a very recently generated less dense set of genotypes
for nearly all strains [see additional file 3:
286newgenotypes.xls] accompany this paper. Additional
genotypes will be made available at http://www.ner
venet.org/papers/ari.html. For simplicity, we have
referred to the lines derived from the Princeton AIL as
Group A and those derived from the University of Tennessee Health Science Center (UTHSC) AIL as Group B,
regardless of the institution where the strains were actually inbred.
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breeding
1
schematic
ARI breeding schematic. This figure shows the breeding history, genetic derivations, and genotyping status of the BXD ARI
strain set. We commonly refer to animals derived from the BXD AIL generated at Princeton University as "Group A" and animals derived from the BXD AIL generated at the University of Tennessee Health Science Center as "Group B." Group A animals are shown in gray. Genotyping refers to our dense, 588 marker effort. Nearly all strains in both groups are genotyped at
268 loci across the genome.

Current status
The Jackson Laboratory currently has a total of 34 BXD RI
strains available from live stock. We have added 46 BXD
ARI strains, for a total of 80 BXD RI strains, many of which
will be available by the time of publication. These strains
more than double the number of BXD-based RI strains
commonly accessible. Table 1 describes the strains, their
current availability, and their genotyping status. 17 BXD
ARI strains are fully genotyped and currently available. As
of January 7, 2004, a total of 7 strains (6 available) are
inbred at F20 or higher and all but 6 strains are inbred to
at least F14 (92% of the genome fixed in both parents
[2]). Table 1 and Fig. 1 outline the average status and his-

tory of the full strain set. In addition to the genotype data
analyzed here [see additional files 1: genotypes.xls and 2:
genopairs.xls], we have very recently completed a less
dense (268 markers) set of genotypes for nearly all BXD
ARI strains, which is available for the convenience of
potential investigators [see additional file 3:
286newgenotypes.xls] but it is not analyzed further here.
Heterozygosity
The number of heterozygous intervals, as well as the total
length of heterozygous regions is shown in Table 2. Our
initial calculation of heterozygosity simply involved summing the length of the heterozygous regions in each strain
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Previously described BXD strains

ARI BXD strains

Figure
ARI
chromosome
2
15
ARI chromosome 15. Chromosome 15 in 22 genotyped ARI strains and the 34 BXD RI strains. Dark grey regions are
homozygous B6, white regionsare homozygous DBA, and light grey regions are heterozygous. All BXD data are taken from [4]
and are publicly accessible via http://www.nervenet.org/papers/bxn.html. Number of recombinations per strain is displayed
below each strain. Where heterozygous regions were present, the number of recombinations was calculated based on the
smallest number of recombinations that might ultimately be resolved from that pattern. For example BXD47 has 0 recombinations rather than 2. Even discounting additional recombinations from resolution of heterozygous regions, the ARI animals
have a considerably larger number of recombinations, 3.0 per strain compared to 1.3 per strain in BXD animals for Chr 15.
BXD37, BXD41, BXD47, and BXD58, are now extinct.

Table 1: ARI Strains, Current Inbreeding and Availability

Strains BXD

Parental AIL

AIL Gen.

Inbred at

Inbreeding
Generation

Strains
Genotyped

Generation
Genotyped

Availability

43–52
53–56
57–66
67–68
69–94

Princeton
Princeton
UTHSC
UTHSC
UTHSC

G10
G14
G9
G10
G10

Princeton
Princeton
Princeton
UTHSC
UTHSC

18
14
16
16
15

Yes
No
Yes
Yes
Yesb

F9-F13
N/A
F8-F10
F8-F9
N/A

7/9a
Pending
8/9a
2/2
Pending

aBXD47,

BXD58, and BXD72 are now extinct. BXD71, BXD81, and BXD82 have no offspring and are likely to become extinct, so are not counted
towards the total number of strains. bGenotyped only at a small set of closely spaced marker pairs and a moderately dense set more recently
generated set of 268 markers

and dividing by the entire length of the genome. These
fractions are reported as actual heterozygosity in Table 2
[see additional file 1: genotypes.xls], and compared with

expected heterozygosity as calculated by Green's method
[24]. It is important to note that both actual and expected
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Table 2: Heterozygosity and Genotype mis-assigment

Strain BXD

Inbreeding
Generation

Heterozygousa
Intervals

Heterozygous
Region (cM)

Expected %
Heterozygotes

Actual %
Heterozygotes
(Individual)

Actual %
Heterozygotes
(Population)

43
44
45
46
47
48
49
50
51
52
57
58
59
60
61
62
63
64
65
66
67
68

13
11
12
9
13
13
11
11
12
11
11
9
10
10
9
9
8
8
8
8
9
8

6
12
13
46
43
72
8
20
8
14
10
28
5
30
33
24
22
24
69
18
14
21

37
61
73
232
226
442
26
101
44
103
61
169
31
188
148
119
123
178
370
130
116.5
124

6%
10%
8%
14%
6%
6%
10%
10%
8%
10%
10%
14%
12%
12%
14%
14%
16%
16%
16%
16%
14%
16%

2%
4%
5%
15%
15%
29%
2%
7%
3%
7%
4%
11%
2%
13%
10%
8%
8%
12%
25%
9%
8%
8%

3%
6%
8%
24%
24%
45%
3%
11%
5%
11%
6%
17%
3%
20%
16%
12%
12%
18%
38%
14%
12%
12%

aHeterozygosity

here refers to individual heterozygosity except as specified.

heterozygosity here refer to individual heterozygosity
rather than population heterozygosity.

(G9) or 9.2 cM (G10). Other intervals involving average
spacing below 3 cM behaved similarly (data not shown).

We also assessed heterozygosity in our second, smaller set
of genotypes [see additional file 2: genopairs.xls]. We
chose a subset of 13 markers previously genotyped in 16
Group A and Group B strains. Overall heterozygosity in
this subset of loci decreased by the time the second set of
genotypes were generated, from a directly measured individual level of 12% in the original genotypes to 7.5%
(averaging individual male and female results).

Total recombinations
The average number of recombinations for currently genotyped strains at the current 588 markers/strain genotyping resolution is 77 recombinations/strain (78 in
genotyped Group A and 75 in genotyped group B).
Number of recombinations resulting from transitions
between homozygous genotypes as well as an estimate of
recombinations resulting from remaining heterozygous
patches and an estimate of the number of recombinations
detected at the current BXD RI strain set genotyping resolution is given in Table 3. The latter estimate takes into
account the fact that approximately 11% more recombinations are detected at the current 936 marker resolution
of the BXD RI set than are detected with an evenly spaced
set of 588 markers in the same set. Applying this result to
the ARI strain sets results in an estimated average of 85
recombinations/strain once these strains are fully inbred
and genotyped at a similarly high marker resolution.

Increased resolution in ARIs
The relationship between F2 recombination rates (per
meiosis rates) and observed recombination rates for
recombinant inbred strains derived from advanced intercross-like progenitors at various generations has been
described [25]. For densely spaced markers (less than 1
cM), we expect our ARIs to achieve 2.1 (G9-based), 2.3
(G10-based), and 2.8 (G14-based) times the resolution of
a standard RI. This agrees well with our results. For the
113 markers with spacing between 1.0 and 1.5 cM (averaging UTHSC and MIT positions), for instance, the average spacing was 1.14 cM and the observed average
recombination fraction was 9.3 cM (G9) or 9.0 cM (G10).
This agrees quite well with the calculated values of 8.7 cM

Unique recombinations
1Determining the number of unique recombinations per
strain is rather difficult given the complex breeding history of the AIL members serving as ARI progenitors. 2Table
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Table 3: Estimated total recombinations per ARI line

Straina

Homozygous
Recombinationsb

1/2 Heterozygous
Recombinationsb

Total Recombinations

Proportional Estimate at
936 Markers/Strain

43
44
45
46
47
48
49
50
51
52
57
58
59
60
61
62
63
64
65
66
67
68

53
42
73
42
44
56
53
39
37
56
64
53
73
53
53
22
67
69
44
56
72
55

9.5
26.5
6
28
32.5
23.5
20
26
68
18.5
5.5
10
12.5
47
42
65
7.5
18
8
13
13.5
21.5

62.5
68.5
79.0
70.0
76.5
79.5
73.0
65.0
105.0
74.5
69.5
63.0
85.5
100.0
95.0
87.0
74.5
87.0
52.0
69.0
85.5
76.5

69.2
75.8
87.4
77.5
84.7
88.0
80.8
72.0
116.2
82.5
76.9
69.7
94.6
110.7
105.2
96.3
82.5
96.3
57.6
76.4
94.6
84.7

aBXD47

and BXDA58 are extinct. bHomozygous recombinations refers to the number of transitions between homozygous markers of differing
genotype. Heterozygous recombinations refer to the number of transitions between a homozygous marker of either genotype and a heterozygous
marker. Estimated recombinations at 936 markers/strain estimates recombination density at this higher resolution for comparison with the BXD RI
strain set.

Table 4: Estimated total and unique recombinations per genotyped ARI strain

G9 (12 strains)

Conservative estimate,
adding missed inbreedingderived recombinations
only
Proportional estimate,
including missed AIL and
inbreeding-derived
recombinations
Experimental estimate
using closely spaced pairs
of loci
Estimated total
recombinations at 936
markers per strain
aFold

G10 (10 strains)

Recombinations per Strain

Densitya

Recombinations per Strain

Densitya

59.7

1.4

61

1.5

67.3

1.6

69.1

1.7

77.6

1.9

86.6

2.1

84.3

2.0

86.6

2.1

change in strain recombination density compared to the currently available BXD RI strains. (BXD RI density equals 1.0)

4 summarizes the methods used to estimate the number
of additional recombinations. All ARI strains will have
recombinations derived from the AIL progenitors and
from inbreeding. 3The total number of recombinations

present in the AIL populations used as progenitors is constant, and an increasing number of samples drawn from
that constant pool will inevitably result in drawing the
same recombination multiple times as the number of
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strains increases. 4Because of this, the number of unique
recombinations archived per ARI line will necessarily
depend on the number of strains analyzed, especially as
sampling of recombinations present in the AIL is saturated. 5In all analyses of unique recombinations we have
considered only strains that have been fully genotyped for
a common set of markers.
The conservative estimate of the number of unique
recombinations was determined as described in the
methods section. This estimate assumes that only two
recombinations, each representing a transition between
genotypes in a given direction (B6 to D2 or the reverse),
can be unique, regardless of the number of lines considered. For the current marker density, this method results
in an estimate of approximately 48 recombinations/line
in genotyped animals. Adjusting for additional inbreeding-derived recombinations missed by the lower density
marker set by adding 12 recombinations per line gives an
estimate of 60 recombinations per line. This estimate is
quite conservative, and can be taken as a minimum estimate of the number of recombinations in each ARI strain
in the initial strain sets inbred at Princeton. This estimate
can be directly compared to the number of recombinations in the BXD RI strain set genotyped with 936 markers
[4] (41.4 recombinations per line) since the method corrects for both resolution and reductions in unique recombinations detected using the minimal estimation method
at current ARI genotyping resolution.
The proportional estimate considering both additional
inbreeding derived recombinations and additional AILderived recombinations is more likely to be a reasonable
estimate of the actual number of unique recombinations
since it includes an estimate of the additional AIL-derived
recombinations missed by the minimal estimate. Since an
average of 29.2 recombinations are detected by
application of the minimal estimation method to samples
of the lower density genotyped BXD RI strain set, compared with the full estimate of 41.4 recombinations per
line in this strain set, the ratio of full resolution to low resolution detected recombinations is 1.42:1. Application of
this ratio to the minimum estimation method gives the
proportional estimate of 67.3 and 69.1 recombinations
per line in the Group A and Group B strain sets, respectively. This is relatively close to the estimate of total
recombinations, suggesting that only 13% and 11%,
respectively, of recombinations are likely to be duplicates
in the current strain sets.
The proportional estimate is still somewhat lower than
the estimate generated using a set of pairs of closely
spaced loci [see additional file 2: genopairs.xls]. Even in
these extremely small intervals, which averaged 0.48 ±
0.12 Mb, some intervals contained transitions in more

http://www.biomedcentral.com/1471-2156/5/7

than one direction, which must be independent. Our first
set of analyses using these pairs of loci examined unique
recombinations in the subset of currently genotyped
strains. We were able to analyze 9 of the 10 currently genotyped Group A animals, which have a total of 13 recombinations in our intervals, 11 of which were unfixed
transitions, and no non-unique recombinations. In two
cases, a single interval contained unfixed transitions in
both directions, but otherwise there was only one recombination per interval. The resulting estimate of 0% redundant recombinations is clearly optimistic since it is based
on one fewer strain than the currently genotyped set and
since we know that there are common recombinations in
the starting population. However, it does serve to indicate
that there is probably very little redundancy and suggests
that there will also be relatively little redundancy between
these strains and the additional 4 Group A strains.
Estimating unique recombinations in the currently genotyped Group B strains was more difficult since we were
only able to analyze 9 of the 12 currently genotyped
strains directly. In order to estimate the fraction of unique
recombinations in the full set of 12 strains we randomly
selected 3 strains from the other available Group B strains.
The average result from 500 such partially random sets
was 92% (77.6) unique recombinations per strain.
In addition to estimating unique recombinations in the
currently genotyped strains, we are interested in understanding the saturation of unique recombinations in the
larger set of ARIs, most of which belong to Group B. We
currently have genotypes for a total of 35 Group B strains.
In this strain set, a minimum of 65% of the recombinations will be unique, accounting for the fraction of heterozygotes likely to resolve as recombinations. Fig. 3 shows
the relationship between population size and unique
recombination frequency for a variety of intermediate
numbers of ARI lines.
In our ARI population we estimate that we will have, on
completion of inbreeding, archived a total of approximately 1100 recombinations in the 13 Group A strains
and 2800 (at least 1700 unique) recombinations in the 33
Group B strains. Combined with existing RI strains, these
strains provide a total of approximately 5300 recombinations – a 3.8-fold increase in the total number of recombinations available in this strain set. We estimated unique
contribution for the Group A animals from the simulation
of 13 member Group B strain sets (86%), which should be
quite conservative given the larger number of animals at
each generation and the fact that 4 strains accumulated 4–
5 additional generations worth of recombinations in the
AIL before inbreeding. Therefore the Group A strains
should contribute at least 1000 unique recombinations,
for a total of 2700 unique recombinations archived in 46
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Group B Strains

Figure 3 size and unique recombinations in the UTHSC ARI lines
Population
Population size and unique recombinations in the UTHSC ARI lines. Fraction of unique recombinations as a function
of number of strains wassampled in the set of UTHSC-derived strains. We derived each data point in this highly conservative
estimate by randomly sampling the indicated number of strains from the UTHSC-derived strain set, using 100 samples per data
point. Up to one directional transition from B6 to DBA and the reverse was scored for each marker interval and the total was
divided by the number of intervals with more than 0 recombinations. Heterozygous regions were handled as described for Fig.
2. Fraction of unique recombinations depends on a number of variables including AIL population size, so other crosses may
differ.

strains. When combined with the approximately 1400
recombinations available in the 34 BXD RI strains we have
a total of approximately 4100 available unique recombinations, approximately 3-fold the previously available
number.

ARI lines, we have at least doubled the number of available recombinations in the BXD RI background. The additional 26 strains will approximately triple the number of
unique and nearly quadruple the number of total recombinations available for analysis in this background.

Discussion

BXD ARI advantages
The advantages and issues involved in utilizing RI strains
for mapping have previously been extensively discussed
[26-28]. The ARI strains retain many of these characteristics. The chief advantages of ARI strains versus conventional RI strains, however, are greater potential mapping
precision and lower cost per archived total and unique
recombination, both of which stem from the higher
recombination density. We estimate that the set of 46 ARI
strains will ultimately provide a number of unique,

We have generated a novel set of 46 RI lines based on progenitors from two B6 × D2 advanced intercrosses. These
lines have considerably more recombinations than the
BXD RI set of lines, archiving an estimated 2.1-fold more
recombinations per line. Over the subset of 22 genotyped
ARI lines, the ARI strains archive a minimum of 1.4-fold
and an estimated 1.6-fold to 1.9-fold increase in unique
recombinations per line. Even using the more conservative estimate and considering only the 20 well-genotyped
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characterized recombinations equivalent to at least 90
conventional F2-derived BXD RI strains – a considerable
saving in facility space and costs per archived recombination. The increased recombination density in these strains
is also ideal for mapping techniques such as RIX mapping,
providing better mapping resolution with a greater fraction of useful strains. We strongly recommend this
method as a means of developing a long-term resource
from any currently existing advanced intercross lines.
In addition, extending the number of available BXD RI
strains allows researchers to take advantage of the extensive work that has already been done using these strains
and their parental lines. Since the BXD RI strains were also
the largest previously available mouse RI population, they
have been extensively phenotyped. At least 626 phenotypes, including a large number of alcohol-related phenotypes [6,7,29-32] and a wide variety of observations from
methamphetamine response [33] to stem cell number
[34], have been studied in the currently available BXD RI
strains. These data are easily accessible via the published
phenotypes database and QTL analysis tools that are part
of the WebQTL project [35-37]. The availability, also via
WebQTL, of a large set of forebrain gene expression phenotypes derived from Affymetrix expression studies of the
previously available BXD RI strains further increases the
value of this extended RI set. Previously, the 34 existing
BXD RI strains had the power to reliably detect (power =
0.80, p < 0.0001) only QTLs accounting for 47% of
between strain variance [38]! These additional strains
make it possible to reliably detect QTLs accounting for
only 24% of genetic variance. With a second, independent
population for statistical confirmation (power = 0.80, p <
0.05), the additional strains allow reliable detection of
QTLs accounting for as little as 9% of genetic variance.
Having more strains available will also give us sufficient
power to characterize some simple epistatic interactions
for loci with relatively large effects.
Additionally, sequence data is available for both parental
strains and, by imputation, for all well characterized BXD
RI strains. B6 sequence data [39] is publicly available and
D2 sequence data is available via Celera Discovery System
[40] subscription. Since a QTL should typically relate to a
DNA polymorphism between the parental strains, a list of
all such polymorphisms in a QTL region is a valuable tool.
ARI disadvantages
The chief disadvantage of ARI strains compared to RI
strains is the relatively complicated relationship between
ARI strains and the inability to assume that ARI recombinations are unique, which is particularly important in fine
mapping efforts. Another major disadvantage is that ARI
strains are more difficult and time consuming to create
than conventional RI strains, since they require a well
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developed AIL cross. Also, a given AIL can only be profitably used to create a limited number of ARI strains.
In addition, the AIL population from which the ARI progenitors were drawn is not in Hardy-Weinberg equilibrium. While the overall frequency of B6 and DBA alleles
in the AILs is similar (55% and 53% B6 alleles for Group
B and Group A, respectively), the frequency of alleles at a
given locus varies widely, affecting the likely composition
of the resulting ARI population on a per locus basis. For
instance, the genotypes for the Group A proximal chromosome 4 and the majority of the Group B chromosome
10 are almost entirely B6 derived.
In our analysis of heterozygosity and evaluation of unique
recombinations (using the set of pairs of very closely
spaced markers), there was a larger than expected number
of cases where one parent had a B, H or D, H genotype
while the other was B, B or D, D. These cases represent a
considerable fraction of recombinations in the ARI
population, and are somewhat surprising given the
inbreeding of most of these strains, suggesting that either
heterozygotes have some selective advantage or that a
small number of genotyping errors have occurred. Unfortunately in most cases there are not flanking markers close
enough to meaningfully check these data and distinguish
between these possibilities. These cases increase heterozygosity of the population, decrease unique recombinations, and generally provide a conservative bias to these
measures.
Early genotyping and heterozygosity
Full inbreeding (20 generations) of a mouse inbred line
takes an average of four to five years, though the great
majority of inbreeding is accomplished in the first half of
that time. In order to gain several potential years of useful
analysis and to make our strains available to the community more quickly, we genotyped a total of 22 strains relatively early in the inbreeding process. Naturally, there are
a significant number of heterozygous regions still present,
and, in fact, there was considerable variation in the
number and size of these regions between lines, suggesting that some lines, BXD48 and BXD65 for example, may
actually have experienced several generations of cousincousin, rather than brother-sister mating. Ultimately this
will only serve to increase the number of recombinations
in these strains, but proximally they have fewer defined
recombinations.

Ultimately, we will re-genotype all strains after full
inbreeding is achieved. Early genotypes greatly facilitate
the current usefulness of the strains, but must be treated
with caution. For instance, heterozygous regions in these
strains should be treated as unknown regions, and
researchers should be aware of potential mis-assignment
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of homozygotes in a small number of cases. Likewise, caution should be exercised in comparing phenotypes
between animals at intermediate stages of inbreeding and
animals comprising the resulting fully inbred lines,
though for highly polygenic traits this will be less important. An easy precaution is to take DNA samples from phenotyped animals and confirm genotypes at loci of interest
via pooled genotyping if needed. For applications where a
somewhat higher noise level is tolerable, early genotyping
is a valuable means of accelerating the usefulness of RIlike lines by several years. We have, for instance, successfully used 20 ARI lines in a small QTL mapping study of
alcohol preference (manuscript in preparation). There
was some indication that a QTL was present for 4 of 8 previously observed QTLs [41] in this small set, a reasonable
result given that some of the previously observed QTLs
may be false and that we do not expect to reliably detect
real QTLs of modest effect size with this limited number
of strains.
Unique recombinations and saturation of the AIL-derived
recombination pool
The ARI strains archive a large number of recombinations
per line. However, making ARI strains based on AIL progenitors is not a fully extensible strategy for making strains
with high recombination densities. Since there is a limited, constant pool of AIL-derived recombinations, only
inbreeding-derived recombinations will be novel once
sampling of the AIL-derived recombinations is saturated.

In the currently genotyped lines the saturation level is
quite low – between 0% (Group A) and 8% (Group B).
This is reasonable considering that the initial pool from
which the ARI progenitors were drawn consisted of 90–
100 animals in the case of Group A and 40–60 animals in
the case of Group B. The degree of saturation is an important issue for other investigators considering creation of
similar strains from pre-existing AILs, since eventually the
process will yield returns of unique recombinations
approaching F2-based RI strains. Group B includes a total
of 33 strains, and can serve as a partial model for this decision, albeit an imperfect one because different AILs will be
based on different family sizes, breeding schemes, and
generations.
Since it is difficult, in the absence of extremely precise genotyping information, to determine which recombinations
are unique, we developed several approaches to this problem. Ultimately, the true average number of unique
recombinations present in the genotyped ARI lines will
fall between the average determined using our conservative estimate (59) and the estimated total average number
of recombinations (85). It is more likely, however, that
the number of unique recombinations will resemble our
proportionate or experimental estimates given the known
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number of total recombinations. That is, the conservatively corrected estimate serves as a reasonable minimum
number of recombinations/strain that can be expected for
our current strain set, while our best guess at the actual
number of recombinations is considerably higher.
In either case, it is clear we have not yet reached a point of
seriously diminished return on the creation of new ARI
lines. Investigators considering this approach can expect
to generate at least 30–40 valuable strains from a single
AIL population.
A similar heterogeneous stock based approach
A similar approach to the problem of archiving large numbers of recombinations per strain would be to use a heterogeneous stock (HS) [42] as a progenitor. This approach
would have a recombination density likely to be superior
to an AIL-based approach, especially for longstanding HS
populations, and has the additional advantage and complication of incorporating chromosomal segments from
multiple strains. Because of the incorporation of input
from many strains, mapping with these strains is likely to
be both more versatile and more complex. The limitations
of this approach with respect to expense, time of initial
establishment, determination and treatment of unique
recombinations and eventual diminishing returns, are
quite similar to ARI lines. Additionally, however, detection of rare alleles could be problematic.

A seemingly similar approach using a HS population has
been taken by Bennett and colleagues (Bennett, personal
communication), who created a large 76 strain RI population (LXS) from a pair of inbred strains (ILS, ISS) derived
from a randomly mated HS population based on 8 progenitor strains. This HS population was used to select populations that differed with respect to long and short sleep
time in response to a hypnotic dose of ethanol [42] and
members of these selected populations were subsequently
inbred. Because this effort started with two fully inbred
strains and immediately commenced inbreeding, it is
actually much more similar to an F2-based standard RI
approach than to an AIL-based approach or the theoretical HS-based approach above. These RI strains will be
extremely useful, especially in research on alcohol-related
phenotypes.
Improving on the ARI model
Ideally, an RI-like mapping population should maintain a
high density of archived, fully independent recombinations. One approach to generating such a population
would be to start with 2n F2 × F2 breeding cages, where n/
2 is the desired genome expansion prior to inbreeding.
Breeding would then proceed as illustrated in Fig. 4.
Briefly, each of the F2 animals carries an independent set
of recombinations. The 2n initial crosses generate an
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Figure
New
RI-like
4 breeding scheme
New RI-like breeding scheme. Novel proposed method for maximizing unique recombinations archived in a 2-way RI-like
cross. The breeding scheme shown above and discussed more generally in the text results in a single strain with 75% more
unique recombinations than a standard RI strain. This example begins with 7 generations of crosses (parental intercross and F1
× F1 cross not shown) prior to inbreeding. All recombinations generated using this method are independent.

independent set of F3 animals that will carry half of the
recombinations present in the F2 population in addition
to recombinations from the current generation cross. In
each subsequent generation there will be a total of 2n/2g,
breeding cages per line where g is the number of generations following the initial F2 cross. Each F3 animal can
then be crossed with another F3, and so on. Since these
animals share no common ancestors, all accumulated
recombinations will be independent, and since at each
generation half of the novel recombinations will be
passed to the following generation, the genome expansion should proceed at a predictable rate of n/2. As an
example, with an initial set of 32 crosses per resulting
strain it should be possible to achieve a 2.5-fold expansion from pre-inbreeding breeding in addition to the
usual inbreeding expansion. This is not as large an expan-

sion as that of the current ARI lines (approximately a 75%
improvement on the usual 3.3–3.4-fold expansion from
inbreeding), but all recombinations will be independent
and unique, so the technique is extensible to any desired
number of strains. While the initial number of breeding
cages and animals per line may seem excessive, this
number decreases rapidly, and investigators can set up
lines sequentially to minimize needed space and funding.
Another, potentially even more valuable approach is the
creation of RI-like lines based on a number of initial progenitors larger than two. Such lines will include a more
dense set of recombinations than the typical two progenitor approach and will allow analysis of a wider array of
traits, especially given the rather limited diversity of a
cross incorporating two parental strains that may often
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already share common ancestry. A large number of such
strains would be a suitable community-wide resource for
efficient fine mapping of complex traits, analysis of epistasis, and a wide variety of other interesting approaches and
questions that currently await an appropriate tool. Of
course, the proposal above is compatible with multiple
strains by generating a population as described with each
pair of animals to be included. The outputs of the population would replace the F1 animals in the multi-way cross
for any cross design. The 1K Collaborative Cross proposed
by the Complex Trait Consortium (CTC) uses such a
design [43].
Strength in numbers
The cross proposed by the CTC has another important
aspect – it would consist of at least 1000 independent
lines. As has been amply demonstrated in plants and
other organisms, RI strains have many advantages as a
mapping resource when a sufficient number exist to adequately power the investigations in question. This strain
set, 80 lines in combination with the original BXD RI
strains, will be the largest and most recombinant strain set
available in mice but will still be much smaller than the
strain set available in maize. If this strain set and the 77
member LXS strain set show promise at all, relative to the
much smaller strain sets currently available, they should
be considered proof-of-principle for a much larger enterprise. The sketchy reputation of RI-based complex trait
mapping in the mouse genetics community will evaporate
rapidly if we borrow a leaf from our colleagues in the
plant genetics community and create a tool adequate to
the statistical requirements of our desired results.
Availability of strains
We intend to make the BXD ARI lines widely available to
the academic community. The first set of lines available
will be those inbred at Princeton, as these are already
extensively genotyped. Since the Princeton facility has a
number of pathogens, which prevent export to most other
animal facilities, we have rederived all but four of these
strains and are establishing breeding colonies in the SPF
facility at UTHSC. Once these colonies are established,
strains will be made available to the academic research
community both prior to and after complete inbreeding.
We expect that at least 17 genotyped strains will be available by publication, with the remaining densely genotyped strains available within a few months. Subject to
breeding constraints, we intend to make additional strains
available as rapidly as possible.

Conclusions
Over the past decade, complex trait mapping has become
considerably more sophisiticated. Part of that sophistication has involved a shift from early RI-based approaches
that were primarily useful for detecting loci of large effect
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to segregating populations and multi-stage approaches to
mapping. These approaches, and others including consomic or chromosome substitution strains (reviewed in
[44]) using existing knockouts as congenics [45,46] multiple cross mapping [47] and others are extremely valuable tools for complex trait geneticists, but ultimately a
more powerful community-wide resource is needed. The
currently existing RI lines incorporate many of the characteristics of such a resource, but do not offer the necessary
variability, power, or resolution to be a general-purpose
mapping tool.
The ARI approach outlined in this article is a means of creating a remarkably powerful mapping resource. Making
inbred strains from AILs is not sufficiently extensible to
serve as direct model for the creation of an extremely large
strain set, but in the process of creating the ARI lines we
have learned many valuable lessons that will hopefully
facilitate the creation of such a resource. Perhaps the most
important of these lessons is that the development and
design of tools and resources for the community should
be considered a high priority. Over the long periods of
time that popular mouse models tend to be used by the
research community, a popular strain set will be used by
many investigators, and small improvements in resource
design and maintenance cost can impact the quality and
price of science for many years.
In addition, of course, the current and near-term availability of the ARI strains greatly extends the utility of the popular BXD RI strain set and we expect and hope that these
strains will be useful to a wide variety of investigators in
the coming years.

Methods
The ARI lines described here originated from two separate
B6 × D2 advanced intercross lines, one generated at the
University of Tennessee Health Science Center (UTHSC)
and the other at Princeton University (Princeton). Some
animals from the UTHSC AIL were transferred to Princeton at the G9 AIL generation. These animals, in addition
to the 13 lines derived from the Princeton AIL, were
inbred at Princeton to generate advanced recombinant
inbred (ARI) lines. The remaining ARI lines were inbred at
UTHSC (see Fig. 1). Differences between protocols at the
two institutions have been noted.
Mice
B6, D2, and B6D2F1 male and female animals were
ordered from The Jackson Laboratory (Bar Harbor, ME)
and bred at Princeton or UTHSC as described below. The
Princeton facility harbors several murine pathogens,
including EDIM and MHV, while the UTHSC facility is
specific pathogen free (SPF). All but 4 lines have been rederived and are now housed at UTHSC.
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Advanced intercross generation
At Princeton, B6D2F1 animals procured from The Jackson
Laboratory were bred to generate B6D2F2 animals. F2 animals were randomly chosen and mated to create a G3
population consisting of approximately 45 breeding cages
with two male and two female animals per breeding cage.
Following the G3 generation, breeding followed a version
of the advanced intercross technique described by Darvasi
and Soller [23]. Briefly, at each generation, matings were
chosen to minimize the number of common parents. The
Princeton AIL maintained a rotating breeding schedule to
ensure that animals shared no more than one ancestor in
the previous three generations, and usually no more than
one ancestor in the previous four generations.

The Tennessee AIL was generated in a similar manner,
minimizing common ancestors in each cross, with
approximately 30 breeding cages per generation. One
important difference, however, is that the F1 generation of
the UTHSC AIL was generated from reciprocal crosses of
the parental strains rather than from commercially
acquired B6D2F1 animals. Because of this difference, the
Y chromosome and mitochondrial genome of strains in
the Tennessee AIL may come from B6 or D2 parents, while
the Y chromosome of strains in the Princeton AIL comes
exclusively from the D2 parent and the mitochondrial
genome from the B6 parent. Another important difference
is that, because of the smaller number of breeding cages
per generation, the UTHSC AIL population will have experienced a greater amount of random fixation per generation (in the AIL breeding phase) than the Princeton AIL.
Inbreeding
The 46 BXD ARI strains are currently sufficiently inbred
for most mapping purposes, and have already been successfully used for mapping alcohol preference loci with
good agreement between ARI and RI results (unpublished
result). The strains are an average of 16 generations
inbred, and will require only 4 more generations before
they are formally considered to be fully inbred strains [2].
It should be noted that to conserve cage space and insure
breeding in the both the Princeton and Tennessee
inbreeding programs, two animals of each sex were
selected for each cage at each generation, if available. Care
was taken to ensure that animals selected for breeding
were siblings rather than cousins, but it is possible that
cousins were occasionally selected in cases where litters
were born within 1–2 days of each other. Cousin-cousin
matings slow the increase of homozygosity, so the effective inbreeding generation may be slightly lower than the
reported generation.
Genotyping
A total of 588 microsatellite loci polymorphic between B6
and D2 strains, distributed across all autosomes and the X
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chromosome (average interval between markers 2.5 cM),
were amplified for 10 Group A and 10 Group B strains
inbred at Princeton [see additional file 1: genotypes.xls].
We also generated a set of 30 genotypes to analyze independence of recombinations, using DNA separately taken
from each parent contributing to the subsequent generations. This set [see additional file 2: genopairs.xls] was
genotyped in 9 Group A strains and 35 Group B strains,
consisted largely of 16 pairs of unlinked loci spaced an
average of 0.49 Mb apart (range 0.24 to 0.77). These same
strains were also genotyped across Chr 1 at relatively high
resolution, which may be useful for researchers with QTLs
in this region.
A third set of 286 loci [see additional file 3:
286newgenotypes.xls] was generated for nearly all ARI
strains. This set of genotypes was generated using DNA
pooled from multiple animals from each strain. Since this
set of genotypes was completed after initial submission of
this manuscript, it was not used for analysis but is
included for researchers interested in a broader and more
up to date, though less dense, set of genotypes for these
animals.
Genotyping was performed using a modified version of
the PCR protocol of Love and colleagues [48] and Dietrich
and colleagues [49] described in detail at http://www.ner
venet.org/papers/PCR.html. DNA for the initial genotyping pass was purified from Princeton tail samples using
standard phenol-chloroform extractions from single animals that contributed to the subsequent generations.
Briefly, primer pairs purchased from Research Genetics
(Huntsville, AL) were amplified using a high-stringency
touchdown protocol in which the annealing temperature
was lowered progressively from 60°C to 50°C in 2°C
steps over the first 6 cycles [50]. After 30 cycles, PCR products were run on cooled 2.5% Metaphor agarose gels
(FMC Inc., Rockland ME), stained with ethidium bromide, and photographed. Gel photographs were scored
and directly entered into relational database files.
It is worth noting that since the initial genotype data [see
additional file 1: genotypes.xls] for each strain was based
on a single animal, some of the genotypes scored as
homozygous are fixed in the genotyped animal but not in
the population of two animals actually contributing to the
following generation. A small number of such loci may
ultimately be fixed as the opposite allele (eg. genotyped as
B6, ultimately fixed as D2). Since this will not be an issue
in genotypes of the inbred population, is a small source of
error in any case, and is easily avoided by genotyping
DNA pooled from both parents, it will be of minimal
interest to investigators currently beginning projects in
this strain set and is only relevant to investigators who
have already completed pilot projects using these strains.
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Estimating heterozygosity
For calculation of actual heterozygosity, we assumed that
all points between typed heterozygous loci were heterozygous. Where a single locus was heterozygous, we
assumed that half the distance between this locus and the
surrounding homozygous loci was also heterozygous. For
determination of percent heterozygosity we used the sum
of the distances between the centromere and the terminal
genotyped marker, in all cases using marker positions
from Williams and colleagues [4]. The length of the
genome from centromere to terminal marker of all chromosomes was 1501 cM, which agrees well with an average
of several other estimates of the length of the mouse
genome at 1453 cM [2].

We used a small second set of genotypes, generated several
generations later, to assess the success of our estimate.
This set of genotypes consisted of one marker from each
of the closely spaced pairs mentioned above that had also
been assayed in the earlier set of genotypes. Homozygous
genotypes in this set were compared with homozygous
genotypes in the earlier set, and markers with heterozygous genotypes in either set were discarded.
Determining number of total recombinations
With a sufficiently dense marker map, estimating the
number of recombinations in a fully inbred RI strain is
trivial. In a still partly heterozygous strain, however, the
eventual fixation of heterozygous intervals to either
homozygous state will add a number of recombinations
during the remaining process of inbreeding. A heterozygous region flanked on both sides by the same genotype
(eg BBBHHBBB) will either contribute 0 or 2 recombinations when inbred, depending on which haplotype
(BBBBBBBB or BBBDDBBB) is ultimately inherited,
whereas a heterozygous region flanked by regions of
opposite genotype (eg BBBHHDDD) will yield one
recombination regardless of the inherited haplotype
(BBBBBDDD or BBBDDDDD). In both cases, each heterozygous region contributes an average of one recombination, so each transition from a homozygous to
heterozygous genotype or the reverse will contribute an
average of 0.5 recombinations.

In order to compare the total number of recombination
events detected in the ARI lines to the total number
detected in the BXD RI lines, it is necessary to estimate the
likely recombination density detected with a given
number of markers. In order to accomplish this, we first
reduced the genotyping resolution of the BXD RI set – 936
markers with an average of 41.4 recombinations per line
as reported [4] – to 588 approximately evenly spaced
markers, a number equal to the current ARI genotyping
resolution and the best case scenario for detecting recombinations. At this marker density, there are an average of
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37.4 recombinations per conventional BXD RI line. We
then used the ratio of recombinations at the higher and
lower BXD resolutions to estimate the likely number of
recombinations in the ARI strains at a higher resolution
using a simple ratio:
(BXD high resolution / BXD low resolution) × (ARI low
resolution)
In simulations comparing BXD Chr 1 with two additional
recombinations per strain to unmodified BXD Chr 1,
computing the high density map for the high-recombination genome was always conservative (data not shown)
over a 3-fold change in marker density. Applying the
equivalent ratio to the low density ARI map should likewise be conservative. Intuitively, the set with the higher
density of recombinations is more likely to lose a detected
recombination when any given marker is removed since a
higher density implies a lower mean distance between
recombinations.
Estimated minimum number of unique recombinations
Estimating the number of unique recombinations is more
difficult than estimating the number of total
recombinations because of the complex, shared ancestry
of the ARI strains. While recombinations between any two
markers from the two ARI sets (Group A and Group B) are
certain to be independent, shared lineage from the AIL
will account for some of the recombinations within A or
B sets of lines. As more lines are added, the effects of
shared lineage become more pronounced. While all lines
accumulated independent recombinations during the
process of inbreeding, it is difficult to determine which
recombinations are independent and which are shared.
We have taken a three-part approach to the problem; (1)
estimating the minimum number of unique recombinations per line and adjusting using a conservative set of
assumptions, (2) providing a more likely theoretical estimate of the expected number of recombinations, and (3)
directly estimating the fraction of unique recombinations
using a set of very closely spaced markers.

The minimum number of unique recombinations per line
was initially estimated by counting up to 1 B→D and 1
D→B recombination per marker pair and adding, for
those marker pairs where there were no B→D transitions,
0.5 recombinations for the first (B or D)→ H or H→ (B or
D) transition involving a possible inheritance of an equivalent transition on resolution of the heterozygous region.
Since each heterozygous region is characterized by two
transitions, each heterozygous region contributes one
total recombination on average. The maximum number
of recombinations per marker pair is 2, regardless of the
number of lines sampled, and so this estimate is sensitive
to number of lines considered and grows increasingly
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conservative with the addition of more lines. In order to
conservatively estimate total recombinations and facilitate comparison with the more densely genotyped BXD RI
lines, we used existing genotyping data from the lower resolution BXD RI set described above. From the total low
resolution BXD RI data set, (588 markers) we then tested
200 sets of 10 randomly chosen strains (the genotyped
strains from the A and B strain sets generated at Princeton
each include at most 10 strains). The difference between
the actual number of recombinations detected per BXD
line at maximum current resolution and the number
detected using the minimal method above at a lower resolution represents the minimum number of independent
recombinations undetected in the ARI set due to unidentified unique recombinations and lower marker resolution. This estimate makes the extremely conservative
assumptions that the only uncounted unique recombinations using the minimal method are those derived from
the inbreeding process and that the number of such
recombinations likely to be missed in the ARI lines is the
same as the number in the RI lines. The latter assumption
is also quite conservative given the higher recombination
density and resulting likely higher false negative rate for
unique recombinations in the ARI lines. It is necessary to
consider marker resolution and missed unique recombinations due to application of the minimal estimation
method because these factors are related. For instance, at
an infinite marker density, the number of unique BXD RI
recombinations missed by the minimal estimation
method is 0.
A conservative estimate of the number of unique
recombinations
A more likely treatment of unique recombinations starts
with the minimal method initially described above. However, instead of adding the estimated number of recombinations missed by the lower resolution ARI genotyping
effort, we determined the fraction of recombinations
missed by application of the minimal method and reduction of resolution in the low resolution BXD RI set, as
compared to the average number of recombinations
detected in the full resolution BXD RI set. We then applied
this ratio to the minimal number of recombinations in
the ARI set. This analysis assumes that the fraction of
unique recombinations undetected by the minimal
method at a given resolution is the same between the BXD
RI and ARI sets. While this method is less strict than the
previous method, the assumption is not unreasonable.
Adding non-unique recombinations increases the total
number of detected recombinations, but not the minimal
number. Since the ratio of total to minimal recombinations in the BXD RI line is the ratio when all recombinations are actually unique, it is a reasonable ratio to apply
to the minimal number of detected recombinations,
which are also unique.
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Experimental estimate of the number of unique
recombinations
We experimentally tested these calculations by genotyping 16 pairs of tightly linked loci using DNA samples from
both the male and female that contributed to the next
generation of sibling inbreeding. In pairs of loci with at
least one recombination we totaled the number of directional transitions, counting (B or D) → H and H→ (B or
D) transitions as 0.5 recombinations. Where only one of
the two parents showed a recombination between markers, that transition was counted as 0.5 transition, representing the 50% likelihood that it will be inherited in the
final strain set. Ideally all intervals would have been small
enough to contain at most one unique recombination and
its identical-by-descent counterparts. However, several
intervals contained transitions that differed in direction
and were therefore independently derived. We treated
these intervals as two separate intervals, one for each
directional set of transitions, for purposes of determining
independent recombinations. Where the only contributions were from transitions to or from heterozygotes or
situations where only one parent showed a transition (in
other words, any situation where inheritance of a
transition in the interval was not assured), the contribution of the interval was calculated as the likelihood that
there would be at least one recombination in the interval.
The ratio of total recombinations to intervals is a measure
of the fraction of independent recombinations. This
approach allowed us to estimate the shared recombinations for the entire set of ARI lines in addition to the more
limited set of densely genotyped lines. We also estimated
the shared recombinations for subpopulations of varying
sizes within the Group B population in an effort to define
the population size/unique recombination relationship
for a population based on an AIL of this size by evaluating
1000 randomly generated populations and inspecting
each increment in number of ARI lines.
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