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Introduction
To estimate the genetic variability levels maintained by
inbred lines selected for body weight and to compare them
with a nonselected population from which the lines were
derived, we calculated the per cent polymorphic loci (P) and
marker diversity (MD) index from data on 43 putative loci of
inter simple sequence repeats (ISSR). After 60 generations of
selection and inbreeding by limitation of numbers, P ranged
between 5 and 27.5% and was closely related to the effective
size of each line. The overall genetic differentiation among
them was enough to obtain highly divergent mouse lines in
phenotype by artiﬁcial selection.
According to the model of classic quantitative genetics, it
is not possible to obtain a response to artiﬁcial selection if
the original population does not have additive genetic variance, for example if the initial population belongs to specimens from one strain. Bünger et al. (2001) reviewed longterm selection experiments in mice. In all cases, the selected
lines maintained an effective size (Ne ) > 40 and were
founded from noninbred populations with a wide genetic
base.
The CF1 strain, from which the rodents used in this study
originated, belongs to a population of non-Swiss albino mice
obtained in USA in 1935. During 21 generations of full-sib
matings, they underwent three reductions to one couple. The
last reduction took place at the 21st generation, from which
all the CF1 animals are descended.

∗ For correspondence. E-mail: moyarzab@fveter.unr.edu.ar.

Theoretical inbreeding coefﬁcients of the couple that generated the CF1 strain and of its descendants were close to
one. Since then, consanguineous matings were not allowed
and about 90 generations passed until the two line pairs of
divergent selection for body weight used in the present study
were founded (Oyarzabal and Rabasa 1999).
Given this scenario of inbreeding, successive bottlenecks
and divergent selection, we expected very low or even undetectable levels of genetic variability in the selected lines,
which should be yet lower in subpopulations including
fullsib matings compared with those where consanguineous
matings were avoided. In this study, we estimate the amount
of genetic variability maintained by the two pairs of selected
lines and compare them with those of a nonselected population from which the lines derived. We used DNA segments ampliﬁed with arbitrary primers for ISSR as molecular
markers; since these markers are assumed to be selectively neutral, they should reﬂect the variation resulting
from inbreeding and successive bottlenecks in the process of
divergent selection.

Material and methods
Samples

In 1986, a control population t (with breeders chosen at random) with an effective population size Ne ≈ 40 was founded
with mice from the CF1 outbred strain at the Facultad
de Ciencias Veterinarias (Universidad Nacional de Rosario,
Argentina). Then, two line-pairs of two-way selection for
body weight at 49 days of age (s and h, downward selected
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lines; and s and h , upward selected lines) were founded
from control mice t, drawn from generation 3 for s and s and
from generation 8 for h and h (Oyarzabal and Rabasa 1999).
When the present study was conducted, generation 60 (G60)
for t was breeding.
Selection of individuals consisted of choosing those with
the greatest and smallest weight values in the respective
lines. Mean numbers of weighed animals per generation
were: t, 155; s, 61; s , 75; h, 66 y; h , 80. From these, the animals that left descendents were 25, 16, 12, 18 and 14%, for
t, s, s , h and h , respectively. The standard cumulative selection differentials (DS) at G60, i.e. the sum over the G60
of the selection differential divided by the standard
devia
tion, were: in females, DS(s) = −29.12; DS(s ) = 56.69;
DS(h) = −18.66 and DS(h ) = 53.19 and in males: DS(s) =
−31.34; DS(s ) = 56.15; DS(h) = −23.88 and DS(h ) =
57.26.
After 60 generations of selection, animals of positively
selected lines weighed on average ∼60% more than the negatively selected ones. The mean body weights (W) per line
at G60, in females, were: W(t) = 25.26b ; W(s) = 20.81c ;
W(s ) = 36.63a ; W(h) = 20.82c and W(h ) = 36.67a . In
males, W(t) = 31.06b ; W(s) = 25.92c ; W(s ) = 42.30a ;
W(h) = 25.33c and W(h ) = 42.96a . Different letters in
superscript indicate signiﬁcant difference between lines with
sex (P < 0.05).
Inbreeding was performed by limiting population size
(Ne ≤ 12), including full-sib mating in the ﬁrst generations
of h and h lines, but not in the s and s lines. The population
effective number was calculated as Ne = (4Nm Nf )/(Nm +Nf ),
where Nm and Nf were the numbers of males and females per
generation that contributed offspring to the next generation
(Falconer and Mackay 1996). Increases in inbreeding coefﬁcients (F > 0.90) from the foundation of lines, as well as
the amplitude of the divergence, were similar in both pairs of
divergent lines.
Mice were kept under conventional conditions, following the rules of the Guide for the care and use of laboratory animals (National Research Council. Institute of
Laboratory Animal Resources 1996). Ten mice per line
and sex were euthanized by cervical dislocation (American
Veterinary Medical Association 2007) and their tails were
kept in 80% ethanol for DNA extraction.
DNA extraction and ISSR-PCR procedures

Genomic DNA was extracted from tails, according to
Bruford et al. (1992). A total of 40 ISSR primers were
screened using a representative subset of the different M.
musculus lines. Four of them, (AG)8 Y, (GTG)3 GC, (GT)8 YG
and (TC)9 G (synthesized by Sigma-Aldrich, Buenos Aires,
Argentina), were selected on the basis of the number, spacing and intensity of bands ampliﬁed, but mainly because
those primers were the only ones revealing polymorphism
at least in one strain. The reaction mix was prepared as
described by Bornet and Branchard (2001). DNA was ampliﬁed using a programmable thermal cycler (Eppendorf Mastercycler, Germany) with the following programme: 3 min
at 94◦ C for the initial denaturation, followed by 35 cycles
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consisting of denaturation (30 s at 93◦ C), annealing (1 min
at 50◦ C), extension (1 min 30 s at 72◦ C) and a ﬁnal extension for 10 min at 72◦ C. In each reaction, both a positive
control (including DNA of the same control individual)
and a negative control (including double-distilled water
instead of mouse DNA) were included to test for repeatability of the ampliﬁed bands and contamination with foreign
DNA, respectively. PCR products were analysed by electrophoresis in 1% agarose gels with a TBE buffer system at
6 V/cm for 3 h and stained with 0.005 μg/mL ethidium bromide. Fragments were observed and photographed on a UV
transilluminator.
Statistical analysis

ISSR bands were scored as present (1) or absent (0) and
were used to estimate allele frequencies assuming that each
ISSR band of a given molecular size is the product of a
dominant allele at a given locus. Genetic diversity within
lines (populations) was represented as P. ISSR bands (P
= (ISSR polymorphic bands / total bands) × 100), calculated with the TFPGA programme (Miller 1997) based on
the 99% criterion. Since allelic frequencies can only be
calculated assuming Hardy–Weinberg equilibrium (HWE)
and this information is not provided by ISSR markers, we
performed analyses that do not require converting band
frequencies to allelic frequencies, namely the MDI (Kapralov
et al. 2006), with the software Rapdplot 3.0 (Black 1997).
This index estimates the proportion of unmatched ISSR
bands between pairs of individuals within populations. To
compare the genetic diversity indices of the different populations, nonparametric Kruskal–Wallis tests were performed
using Infostat program (Di Rienzo et al. 2008).
The level of differentiation of each selected line with
respect to the control (t), was calculated with the φST index,
a measure of the standardized variance in allelic frequencies,
using Arlequin (Schneider et al. 1997).

Results and discussion
The four ISSR primers yielded a total of 43 putative loci
in 100 laboratory Mus musculus individuals from ﬁve lines.
Figure 1 shows examples of the polymorphism found in these
loci. Average P values ranged between 5 and 27.5%, under
the 99% criterion (table 1).
The ordering of P by increasing size (P(h) = 5;
P(h) = 7.5; P(s) = 20; P(s) = 22.5; P(t) = 27.5)
shows that values are closely related to the effective size
of inbred lines. The lowest values correspond to pair h,
which suffered brother–sister mates during the ﬁrst generations and then remained with Ne ≤ 12; the next values correspond to the pair of lines s, where the brother–
sister mates were systematically avoided, with Ne ≤
12, and the highest P was obtained for line t, which
was maintained by random mating since the ﬁrst generation, with Ne ≈ 40 (table 1). These results PPIB = P were
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Figure 1. Ampliﬁcation patterns obtained with three of the ISSR primers used to compare inbred lines of M. musculus; s, s , t, h and h refer to the different lines; M,
molecular weight marker.

as expected under the concept of inbreeding effective size,
i.e. a lower degree of genetic variability with increasingly
closely related progenitors (Lynch and Walsh 1998). Mishra
et al. (2002) compared the percentage of polymorphism
obtained using RAPDs as genetic markers (which, in terms
of levels of polymorphism, can be comparable with ISSR) in
M. musculus wild populations, inbred strains derived from
them, and laboratory strains. Inbred strains were clearly less
heterogeneous than their wild relatives, and for the laboratory lines, the percentage of polymorphism ranged from 0 to
31.2. Our values are included in this range. In line with P
values, the index M was signiﬁcantly lower in lines h and h
(P < 0.05) when compared with control (t), s and s lines
(table 1).

According to the Committee on Standardized Genetic
Nomenclature for Mice (1952), because of the requirements to found a strain, the estimate of the genetic variance in the founder generation of a strain must be < 2%.
This assumption has been weakened by several experiments that refuted the genetic homogeneity and stability
of inbred strains. For example, Smits et al. (2004) studied
several inbred strains in rats using single-nucleotide polymorphisms (SNPs) as genetic markers, and observed that
the variability at single-base level was of 6% in 14 Brown
Norway substrains. Moreover, in three substrains of ACI,
the authors found a genetic variation of about 11%, and
in the widely used Lewis (LEW) strain, genetic variation
reached 20%.
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Table 1. Genetic diversity index in ﬁve inbred lines of M.
musculus.
Lines
s
s
h
h
t

P(99%)

M

20.0
22.5
5.00
7.50
27.50

0.0822a
0.0818a
0.0135b
0,0198b
0.0842a

In conclusion, the genetic variability preserved in s, s ,
h and h after so many generations of inbreeding, selection
and drift was enough to originate two highly divergent lines
in external phenotype, with positive lines being 60% heavier than negative ones. This fact makes these inbred lines an
experimental model for studying the mechanisms involved
in the conservation of genetic diversity and for analysing
the role of this polymorphism in the differentiation of inbred
lines.

P(99%), per cent polymorphic loci with 99% criterion; M, marker
diversity index. For M, different letters indicate signiﬁcant differences between lines (P ≤ 0.05).

In the case that is presented here, the response to selection for body weight showed that in the ∼90 generations
of random mating and successive bottlenecks from the origin of strains, several genetic mechanisms allowed the conservation of genetic variability, even during the previous 20
generations of brother–sister matings until strain founding.
In the ﬁrst part, the founder couple should have been highly
heterozygous (Oyarzabal and Rabasa 1999). The relatively
high degree of genetic variability found in the control strain
(t) and the fact that at least part of this polymorphism was
preserved in the divergent lines, support this assumption.
Casellas (2011) argued that a powerful source of polymorphism, for which inbred strains are not exempt, is the phenomenon of mutation. Given the high number of generations
elapsed since the establishment of the initial colony from
a CF1 strain, the occurrence of new mutations as a source
of variability cannot be discarded. Besides, the reproductive
advantage of heterozygotes (Bailey 1982), combined with
indirect balancing selection at linked loci (Frankham 2012)
have been postulated also as powerful mechanisms acting to
counterbalance homozygote ﬁxation due to inbreeding.
The overall φST value of 0.178 indicates a signiﬁcant
(P < 0.05) level of genetic differentiation among strains.
The comparison between each selected line and t, measured
as φST , showed that only h and h lines were signiﬁcantly different from the control (P < 0.05) with values of 0.2789 and
0.1854, respectively. The main differences among these lines
were observed in one locus for primer (TC)9 G, with the allele
‘absent’ ﬁxed in line h and the allele ‘present’ ﬁxed in line
h . Other loci, for primer (GT)8 YG, presented frequencies of
0.05 and 0.4 in lines h and h , respectively; these observations may be of interest for future studies tending to detect
QTL loci in these lines.
Lines s and s did not signiﬁcantly differ from t (φST =
0.0137 for both comparisons). In spite of a very low
genetic divergence revealed by neutral molecular markers,
it was possible to obtain signiﬁcantly different from t with
respect to body weight and other associated phenotypic traits
(Oyarzabal and Rabasa 1999; Bernardi et al. 2010). This
result conﬁrms the idea that quantitative genetic variation
could be maintained by different mechanisms than those
preserving neutral polymorphism.
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