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Abstract
We measured body weight and composition of ~10 male and ~10 female mice from 40 inbred strains.
Body composition was assessed in ~16-wk old mice that had been individually housed and fed a
high-carbohydrate, low-fat diet (AIN-76A) for the previous 8 wk. Carcass lean and fat weights were
assessed using a PIXIMus II DEXA and confirmed by fat extraction assay. There was a nearly
continuous range of body weights, from a strain mean±SE of 11.4±0.2 g (MSM/MsJ) to 39.3±1.8 g
(NON/LtJ). The percentage of body weight that was fat (%Fat) ranged from 16±4% (C58/J) to 39
±2% (NON/LtJ). In general, heavier strains had a higher %Fat (r=0.57) but several light strains were
also quite fat (e.g., SPRET/EiJ, body weight= 15.7±0.6 g, %Fat=26±1%). Males were significantly
heavier than females in 26 strains and significantly fatter than females in 9 strains; only the KK/H1J
strain had fatter females than males. Some of the fattest strains are infrequently used in obesity
experiments, for example the JF1/Ms and CBA/J strains. These data illustrate the diversity of body
weight and composition in inbred mice. They will serve as a reference standard and assist in the
selection of strains for future work.
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Identifying the genes and alleles underlying body size has posed a challenge. There are many
genes involved [22,23] and the effect size of each is usually small [e.g., [15]]. Comparison of
inbred mouse strains makes genetic effects obvious because mice within an inbred strain vary
much less than do mice between strains [e.g., [13]]. Therefore, a detailed understanding of the
variation within and between multiple strains is crucial to help identify alleles that contribute
to body size and composition.

Several mouse strain surveys of body weight have been conducted [e.g., [1,13,15,35]] and
some have also included measures of lean body mass or lipid content [e.g., [13]]. However,
these studies have generally been limited to a subset of common laboratory mouse strains and
thus do not capture the genetic diversity of currently available strains. Body weight records of
~20 inbred strain colonies at the Jackson Laboratory are available [27] but these are not ideal
because measurements were made at different times from different colonies, with different
husbandry, and there is no information about body composition, i.e., fat and lean weight.

The need for a comprehensive survey of body weight and composition has been recognized
and is part of a larger effort to study a variety of mouse traits using a large, standard set of
inbred strains [Mouse Phenome Project, [28]]. Forty strains have been selected for intensive
study based on their frequency of use, genetic variety, and some practical considerations (i.e.,
cost and ease of breeding). Strain survey data for many traits are available electronically, and
several strain surveys for body weight and composition are underway, although they are
focused on disease, e.g., a high-cholesterol diet and atherosclerosis [17]. The current study was
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designed to measure the body weight and composition of healthy male and female mice fed a
standard, high-carbohydrate, low-fat laboratory diet.

1. Methods
1.1. Mice

A total of 790 mice, comprising ~10 males and ~10 females of the following 40 strains were
tested: 129S1/SvImJ, A/J, AKR/J, BALB/cByJ, BTBR T+tf/J, BUB/BnJ, C3H/HeJ, C57BL/
10J, C57BL/6J, C57BLKS/J, C57BR/cdJ, C57L/J, C58/J, CAST/EiJ, CBA/J, CE/J, CZECHII/
EiJ, DBA/2J, FVB/NJ, I/LnJ, JF1/Ms, KK/H1J, LP/J, MA/MyJ, MOLF/EiJ, MSM/MsJ, NOD/
LtJ, NON/LtJ, NZB/B1NJ, NZW/LacJ, PERA/EiJ, PL/J, PWK/PhJ, RIIIS/J, SEA/GnJ, SJL/
J, SM/J, SPRET/EiJ, SWR/J, and WSB/EiJ. The mice were bred by The Jackson Laboratory
and shipped to our institution when they were ~8 wk old. Because of supply problems, a few
mice were slightly older or younger [see [30] for details].

While at The Jackson Laboratory, the mice were housed in same-strain groups and fed Purina
5K52 or 5K54 diet. These are cereal-based diets containing by weight ~18% protein and ~6%
fat (5K52) or ~4% fat (5K54). After they arrived at our institution, the mice were individually
housed in plastic “tub” cages and fed AIN-76A diet. This is a semisynthetic diet containing by
weight 20% protein (casein), 65% carbohydrate (sucrose and cornstarch), 5% fat (corn oil),
and 10% fiber (cellulose), minerals and vitamins. It has an energy content of ~15.9 kJ/g [Dyets,
cat. No 100000; [9]]. After 6–10 days to habituate to laboratory conditions, all the mice received
a series of 13 48-h two-bottle preference tests as part of other experiments [see [31,33]]. They
also had a 40-µl sample of blood collected after excision of the tip of the tail [all procedures
are described in detail elsewhere [30]]. There is no reason to suspect that these procedures
influenced body weight or composition: The taste tests involved drinking non-caloric sodium
or calcium solutions and the mice always had water so they were never forced to drink them.
The amounts of sodium and calcium ingested from taste solutions were trivial compared with
the amounts ingested daily in the AIN-76A diet. Chronic access to similar solutions for several
weeks does not influence body weight or body composition of C57BL/6J mice or Sprague
Dawley rats [[40] and unpublished results].

It was not practical to test simultaneously the 790 mice involved in this experiment. Instead,
they were tested in five squads of 188, 170, 135, 186, and 111 mice, conducted over a 12-
month period in October 2001–2002. The primary consideration determining which mice were
tested in which squad was their availability, so the more common strains were tested in the
earlier replications and the rarer and more difficult to breed strains were tested later. Details
of which mice were tested in which replication are provided on-line, along with a detailed
description of mouse husbandry, housing conditions, and other procedures [29,30]. We did not
attempt to control for seasonal effects.

1.2. Phenotypes
After 45 days in our laboratory, at which time the mice were ~16 wk old, each mouse was
anesthetized with 70 mg/kg ketamine +10 mg/kg xylazine (5 ml/kg) and as much blood as
possible (400–1400 µl) was removed by cardiac puncture (for another experiment). The dead
mouse was then wrapped in aluminum foil and frozen at −80 °C for several months.

Frozen carcasses were allowed to thaw at room temperature for ~1 h and were then analyzed
using a PIXIMus II mouse densitometer (#51601; GE Medical Systems Lunar, Madison, WI).
The PIXImus II uses low energy X-rays to produce high-resolution (0.18 × 0.18 mm pixel)
images. Software included with the machine identifies and estimates the density and weight
of lean tissue, fat tissue, and bone.
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Each carcass was laid out in the prone position on a plastic tray. The limbs were held splayed
apart with tape. The tail was displaced to the mouse’s left so that it was within the X-ray field
but did not overlap a limb. Because the cone-beam X-ray field is only 80 × 65 mm and thus
too small to fit a large adult mouse, the head of each mouse was excluded from analysis; it was
either placed outside the X-ray field or masked using software. The PIXIMus II was calibrated
daily using a plastic “mouse phantom” provided by the manufacturer.

The following data were provided by the machine: weight of lean tissue (LeanWt, g), weight
of fat tissue (FatWt, g), total body weight (BWt, g; the sum of LeanWt+FatWt), and the
percentage of carcass weight accounted for as fat (%Fat; i.e., FatWt/BWt × 100). Bone mineral
density and content were also provided and these results are presented elsewhere [31].

Several procedures were used to assess the reliability and validity of the DEXA measurements.
First, body weights of the 790 mouse carcasses measured with a top-loading balance (accuracy;
±0.1 g) were compared with those calculated by the PIXIMus II. The Pearson correlation
coefficient was r=0.995 and overall means (±SD) were almost identical (23.5±0.7 g for the
top-loading balance versus 23.3±0.3 g for the PIXIMus II). Second, a randomly chosen subset
of two male and two female mice from each strain (total n=160) was reanalyzed with the
PIXIMus II several weeks later (after a second cycle of freezing and thawing). The following
test–retest reliability coefficients were obtained: BWt = 0.98, LeanWt = 0.98, FatWt = 0.98,
%Fat = 0.97. Estimates of precision [i.e., the difference between the initial test and retest
[25]] ranged from −2.9% to 2.2%. Third, the body fat composition of the same 160 mice was
analyzed directly, using a method adapted from that of Ramirez [21]. Each carcass (including
the head) was shaved, autoclaved, homogenized in water, and then dried to a constant weight.
Approximately 2 g of the dried tissue was dissolved in petroleum ether, centrifuged, and the
aspirate removed. This procedure was repeated two more times, and the loss in weight of the
remaining, dried tissue was used as an estimate of fat content. The correlation between
percentage fat determined by this extraction procedure and by DEXA was r=0.95 (n=160).

1.3. Analysis of strain means
Data for each of the four traits provided by DEXA were analyzed separately. Differences
among strains and between sexes were determined using ANOVAs, with factors of Strain and
Sex. Differences between the sexes of a particular strain, or between strains, were determined
using Tukey’s tests. The criterion for significance of these analyses was set at p<0.01.

Estimates of heritability for each sex separately, and for both sexes combined, were calculated
based on the ratio of SSamong strains/SStotal where SS is the sum of squares obtained in a one-
way ANOVA [2]. To characterize the degree of relatedness between measurements, Pearson
correlation coefficients were calculated based on the means for each sex and strain.

2. Results
Fig. 1–Fig. 4 show means (±SEMs) of each strain and sex for the four traits measured by
densitometry. For all four traits, there were highly significant differences among strains,
between sexes, and Strain × Sex interactions (all p’s <0.0000001). Because of the significant
interactions, comparisons among strains were made separately for each sex. All traits had a
more-or-less continuous distribution of strain means across the range of values. There were
between 9–22 overlapping homogenous groups (i.e., strains that did not differ significantly
from each other according to Tukey’s tests). To provide a more concise and simple
identification of outlying strains, we calculated 95% confidence intervals based on the mean
of the 40 strain means (i.e., overall mean±1.96 × standard error of the means), and used these
as criteria to recognize strains with unusually high or low phenotypes. Data for individual mice
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and comparisons of means with other phenotypes are available as part of the Mouse Phenome
Database, Project 103 [30]. Heritability estimates are shown in Table 1.

2.1. Body weight
In males, the range of BWt strain means extended from 12.2±0.9 g (MSM/MsJ) to 46.8±0.9 g
(NON/LtJ) and the overall mean of the 40 strains was 26.3 g. Males of the NON/ LtJ strain
were markedly heavier than those of all the other strains. Other heavyweights included the
AKR/J, BUB/BnJ, BTBR T+tf/J, CBA/J, KK/H1J, and NZB/B1NJ males. The male PWK/PhJ
mice and a group of six “wild-derived” strains (CAST/EiJ, CZECHII/EiJ, MOLF/EiJ, MSM/
MsJ, SPRET/EiJ, WSB/EiJ) had the lowest body weights.

In females, the range of BWt strain means extended from 10.1±0.9 g (MSM/MsJ) to 40.4±0.9
g (KK/H1J) and the overall mean of the 40 strains was 20.1 g. The KK/H1J females were
noticeably heavier than females of all the other strains. The NON/LtJ females were also
noticeably heavier than all the other strains except the KK/H1J females. The BTBR T+tf/J,
BUB/BnJ, NZB/B1NJ and NZW/LacJ strains were also heavy-weights. The lightest females
were the same six wild-derived strains that formed the lightest group of males.

BWt was significantly higher in males than females of 26 strains. There were no significant
sex difference in BWt for the other 14 strains (129S1/SvlmJ, A/J, C58/J, CAST/EiJ, CZECHII/
EiJ, KK/H1J, MOLF/EIJ, MSM/MsJ, NZW/LacJ, PERA/EiJ, PWK/PhJ, SPRET/EiJ, SWR/J
and WSB/EiJ). In no strain were females significantly heavier than males.

2.2. Lean weight
Male mice LeanWt strain means ranged from 9.8±0.5 g (MSM/MsJ) to 26.7±0.5 g (NON/LtJ),
and the overall mean of the 40 strains was 19.1 g. The males with the highest LeanWt were
the AKR/J, BTBR T+tf/J, BUB/BnJ, KK/H1J, NON/LtJ and NZB/B1NJ strains. The male mice
with the lowest LeanWt were the PWK/PhJ and six wild-derived strains.

Female mice LeanWt strain means ranged from 8.2±0.5 g (MSM/MsJ) to 22.8±0.5 g (KK/H1J)
and the overall mean of the 40 strains was 15.2 g. Females with high LeanWt included the
BTBR T+tf/J, BUB/BnJ, KK/H1J, NON/LtJ and NZW/LacJ strains. The females with the
lowest LeanWt were the JF1/Ms and 6 wild-derived strains.

In 26 strains, males had significantly higher LeanWt than did females. The following 14 strains
did not differ between the sexes: 129S1/SvImJ, A/J, C58/J, CAST/EiJ, CZECHII/EiJ, KK/H1J,
MOLF/EiJ, MSM/MsJ, NZW/LacJ, PWK/PhJ, SEA/GnJ, SM/J, SPRET/EiJ and WSB/EiJ.

2.3. Fat weight
Male mice FatWt strain means ranged from 2.4±0.5 g (CZECHII/EiJ) to 20.1±0.5 g (NON/
LtJ) and the overall mean of the 40 strains was 7.2 g. The NON/LtJ males had quite dramatically
more FatWt than did other males. Of the remainder, the AKR/J, CBA/J, JF1/Ms and KK/H1J
males had the highest FatWt. There were 14 strains (including the 6 wild-derived strains) with
FatWt below the 95th percentile confidence interval of the overall mean.

Female mice FatWt strain means ranged from 2.0±0.5 g (MSM/MsJ) to 17.6±0.5 g (KK/H1J)
and the overall mean of the 40 strains was 4.8 g. The KK/H1J females had considerably more
FatWt than did other strains, and the NON/LtJ females had more FatWt than did any of the
other strains except the KK/H1J females. The AKR/J, NZB/B1NJ, NZW/LacJ, PERA/EiJ and
RIIIS/J strains all had FatWt above the 95th percentile confidence interval. There were 15
strains with female means below the 95th percentile confidence interval.
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There were 12 strains that showed significant sex differences in FatWt, with males having more
fat than females in 11 cases: AKR/J, C57BL/10J, C57BR/cdJ, CBA/J, DBA/2J, JF1/Ms, LP/
J, MA/MyJ, NON/LtJ, PL/J, and SEA/GnJ. The exception was the KK/H1J strain, in which
females had significantly more FatWt than did males. FatWt in the remaining 28 strains did
not differ between the sexes.

2.4. % Fat
The %Fat of male mice strain means ranged from 16.4±1.4% (C58/J) to 43.1±1.3% (JF1/Ms)
and the overall mean of the 40 strains was 26.0%. The fattest males (by percentage of carcass
weight) were those from the JF1/Ms and NON/LtJ strains although 10 other strains fell above
the upper 95% confidence interval. There were 17 strains that fell below the lower 95%
confidence interval.

Female mice %Fat strain means ranged from 16.7±1.4% (C58/J) to 43.5±1.3% (KK/H1J) and
the overall mean of the 40 strains was 22.9%. The KK/H1J females had markedly higher %
Fat than did any of the other females. Nine strains fell above the upper 95% confidence interval
and 17 fell below the lower 95% confidence interval.

There were no significant differences between the sexes in %Fat for most strains. However,
for 9 strains, males had a significantly higher %Fat than did females (AKR/J, C57BR/cdJ,
CBA/J, CE/J, DBA/2J, JF1/Ms, LP/J, NON/LtJ, and PL/J). Females had a significantly higher
%Fat than did males in the KK/H1J strain only.

2.5. Correlations among traits
Fig. 5 shows scatter plots and Pearson correlation coefficients for each combination of the four
measures of body composition, with separate correlation coefficients calculated for each sex.
The correlation coefficients for means based on both sexes combined were generally
intermediate between or slightly lower than those of each sex calculated separately. Significant
correlations (at the p <0.01 level) were found for all comparisons except those between LeanWt
and Fat%. There were notably strong correlations between BWt and LeanWt (r=0.94 for both
sexes).

3. Discussion
We measured body weight and composition of 16-wk old male and female mice from 40 inbred
strains. There was a fourfold range in body weight across strains, a three-fold range in lean
weight, a ten-fold range in fat weight, and almost a threefold range in percent fat. Mice raised
with the same diet, in the same types of cages, with the same husbandry procedures can have
a remarkable range of body size and composition.

Most of the variation across strains in body weight could be explained by genetic effects. The
heritability estimate for body weight found here (i.e., 0.86) was almost identical to the value
from another study conducted in our laboratory involving 28 strains of male mice [i.e., 0.87
[1]] and similar or even higher correlations are present between these and other, smaller studies
contributed to the Mouse Phenome Database [28]. Although effort was made to reduce the
effects of unique environment in this study, approximately 10–20% of the variance in body
size was accounted for by this factor. The unexplained environmental variation is unlikely to
be due to measurement error because we obtained nearly identical results using two
measurements of body weight and fatness (DEXA and chemical analysis). A more likely
contributor to the unexplained variance is litter size. Mice with fewer siblings are larger on
average than those with more siblings [8]; we did not attempt to control for this variable. On
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the other hand, litter size is partially determined by genetic effects [12] so equating it across
inbred strains might dilute legitimate heritability.

The discovery of epigenetic effects for traits like coat color, obesity and body size has
challenged traditional approaches used to assess genetic and non-genetic effects [34]. For
instance, embryos exposed in utero to a high-fat, high-density diet are fatter as adults than
those of identical genotype that are not exposed [39]. Therefore, some of the effects on body
weight attributed to genetics could be due to non-genetic maternal effects, such as nutrition
during pregnancy. This confound is well known [4,11,37], but how to parse maternal from
genetic effects is not clear [26]. In the current study, no attempt was made to control for these
effects by embryo transfer or cross-fostering.

Heavier mice are usually heavier because they are fatter. This generalization was true in the
present experiment both for grams of the carcass as fat and for fatness expressed as a percent
of body weight. In other words, most light mice had very little fat whereas heavy mice were
almost half fat by weight. There were exceptions: for instance, the JF1/Ms strain was light and
fat, ranking 21st in weight but 1st out of 40 in percent fat. The other extreme was exemplified
by the BTBR T+tf/J strain, which was heavy but lean, ranking 5th in body weight but 28th out
of 40 in percent fat.

Some studies report sex-dependent QTLs that affect body weight or fatness [e.g., [24]]. To the
best of our knowledge, no studies have intentionally crossed mice that have discordant male–
female differences in obesity, and so the genetics of sex differences in fatness are not well
understood. The data collected here could be used to examine these differences more
systematically. Two strains stand out in this regard; females are fatter than males in the KK/
H1J strain and vice versa in the JF1/Ms strain.

Early mouse investigators noticed that some inbred strains were fatter than others and thus
these strains were used as models of polygenic obesity, [e.g., the KK strain [13]]. In other
studies, two strains were chosen, usually because of their dissimilarity in weight, and their
genotypes and phenotypes compared [e.g. small versus large growth mice, SM/J and LG/J;
e.g., [10], A/J and C57BL/6J, e.g., [7], SWR/J and AKR/J, e.g., [36]]. However, none of these
classic strain pairings involve the strains most different in body weight or fatness among the
40 strains tested here. Our results suggest new QTL studies that explore pairings of inbred
strains with the most extreme phenotypes.

To some extent, the same criticism can be leveled at the Collaborative Cross [6,38]. This
ambitious effort to produce >1000 advanced recombinant inbred strains is based on 8 founder
strains of which 7 were tested here (129S1/SvImJ, A/J, C57BL/6J, NOD/LtJ, CAST/EiJ, PWK/
PhJ, WSB/EiJ). These all fall in the low-to-mid range of the body weight spectrum and
encompass barely half the variation in body weight found in our 40-strain panel [e.g., male
mean body weights, lowest=CAST/EiJ (13.8±0.2 g); highest=NOD/LtJ (28.3±0.7 g)]. It is
likely that some heavy body weight genes will be provided by the founder strain we did not
test, NZO/HILtJ, which is characteristically obese [14]. Thus, the Collaborative Cross may
prove useful for identifying some body weight genes although alleles of genes with the largest
effects on body weight are likely to originate from a single strain.

We found little relationship between the genetic origins of individual mouse strains and their
body size. The lightest strains were derived from mice usually characterized as wild-caught
(i.e., CAST/EiJ, CZECHII/EiJ, MOLF/EiJ, MSM/MsJ, SPRET/EiJ, WSB/EiJ) but these are
among the most genetically unrelated strains available according to SNP parsimony analysis
[19]. The heaviest mice were originally from Japan and New Zealand (i.e., NON/LtJ, KK/H1J,
NZB/BINJ) and these too are not particularly closely related, although they cluster into the
same branch of the mouse family tree [see [19]].
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Genome-wide haplotype analysis of inbred strains has been reported to identify quantitative
trait loci [e.g., [16,19,20]] and we attempted to use the data collected here to do this [32].
However, consistent with other investigators [5,18], we found these approaches are
underpowered and prone to false positives. We suspect that inbred strain haplotype analysis
will be useful for assessing the contribution of candidate genes once these have been identified
but de novo gene identification will require even more than 40 strains to be useful.

Another reason to examine more strains is that the 40 tested here do not encompass all the
available genetic diversity. There are ~400 inbred mouse strains available for study, and some
produced by selective breeding can be up to 30 g heavier than the heaviest strain tested here
[3]. With the sequencing of the mouse genome and expanding resources available for scientists
using mice as model organisms, there is a need for body size and composition data from the
wide variety of currently available mouse strains.

Finally, we stress that the results found here are a single snapshot of mice at a particular age,
fed a particular diet, and raised under particular conditions. There are unmet needs for
longitudinal body composition studies and for comparisons of inbred mice fed diets with other
macronutrient compositions and higher energy content. Nevertheless, the data presented here
[and available on-line [30]] will serve as a comprehensive reference standard for body size and
composition of mice fed a “normal” laboratory diet.
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Fig. 1.
Mean±SEM carcass body weight (BWt) of male (▶) and female (◀) mice from 40 strains, age
~16 wk. Strains are arranged in order from lowest to highest average body weight of males.
Vertical shaded bars are 95% confidence intervals from the overall mean for females (left bar)
and males (right bar). Horizontal lines are standard errors of the mean; these are smaller than
the symbols in most cases.
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Fig. 2.
Mean±SEM weight of lean tissue (LeanWt) from carcasses of male (▶) and female (◀) mice
from 40 strains, age ~16 wk. Strains are arranged in order from lowest to highest lean weight
of males. Vertical shaded bars are 95% confidence intervals from the overall mean for females
(left bar) and males (right bar). Horizontal lines are standard errors of the mean; these are
smaller than the symbols in most cases.
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Fig. 3.
Mean±SEM weight of adipose tissue (FatWt) from carcasses of male (▶) and female (◀) mice
from 40 strains, age ~16 wk. Strains are arranged in order from lowest to highest fat weight of
males. Vertical shaded bars are 95% confidence intervals from the overall mean for females
(left bar) and males (right bar). Horizontal lines are standard errors of the mean; these are
smaller than the symbols in most cases.
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Fig. 4.
Mean±SEM proportion of carcass weight that is fat (%Fat) of male (▶) and female (◀) mice
from 40 strains, age ~16 wk. Strains are arranged in order from lowest to highest average
percent fat weight of males. Vertical shaded bars are 95% confidence intervals from the overall
mean for females (left bar) and males (right bar). Horizontal lines are standard errors of the
mean; these are smaller than the symbols in most cases.
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Fig. 5.
Scatter plots and Pearson correlation coefficients of 40 strain mean values for males (in blue)
and females (in pink) for each combination of four measures of body composition. Fat, %=body
fat content as a proportion of carcass weight. All correlations were highly significant (p<0.001)
except those between lean weight and fat, %.
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Table 1
Heritability estimates for measures of body weight and composition

Measure Both sexes Males only Females only

Body weight 0.64 0.86 0.88
Lean weight 0.68 0.88 0.87
Fat weight 0.58 0.79 0.84
%Fat 0.52 0.69 0.68

Notes: Heritability estimates are based on the ratio of SSamong strains/SStotal. ·%Fat = Fat weight/Body weight × 100. Heritability for both sexes is
noticeably lower than heritability for each sex alone, presumably because the variation between sexes increases total variation.
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