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Abstract. In a previous study, genome-wide mapping of quantitative trait loci (QTL) for five body composition
traits, three bone mineral traits and live weight was performed using whole-body dual-energy X-ray absorptiom-
etry (DXA) data. Since QTL for bone mineral traits were rare, the current study aimed to clarify whether the
mapping results were influenced by the analysed body regions. Thus, the same material (551 pigs) and methods
as in the whole-body QTL mapping study were used. However, for evaluation of the DXA scans, we manu-
ally defined two body regions: (i) from the last ribs to the pelvis (A) and (ii) including the pelvis and the hind
limbs (P). Since live weight was not affected by the regional analysis, it was omitted from the QTL mapping
design.

Our results show an overall high consistency of mapping results especially for body composition traits. Two
thirds of the initial whole-body QTL are significant for both A and P. Possible causes for the still low number of
bone mineral QTL and the lower consistency found for these traits are discussed. For body composition traits,
the data presented here show high genome-wide Pearson correlations between mapping results that are based
on DXA scans with the time-saving “whole-body standard setting” and mapping results for DXA data that were
obtained by time-consuming manual definition of the regions of interest. However, our results also suggest that
whole-body or regional DXA scans might generally be less suitable for mapping of bone mineral traits in pigs.
An analysis of single reference bones could be more useful.

1 Introduction

In a previous study, whole-body dual-energy X-ray absorp-
tiometry (DXA) data were used to perform a genome-wide
mapping of quantitative trait loci (QTL) for the following
nine traits: fat mass, fat percentage (Fat, FatPC), soft lean
tissue mass, soft lean tissue percentage (Lean, LeanPC), live
weight (Weight), soft tissue X-ray attenuation coefficient
(R), bone mineral content, bone mineral percentage (BMC,
BMCPC), and bone mineral density (BMD) (Rothammer et
al., 2014). In total, 72 QTL were mapped and promising can-
didate genes (e.g. ZNF608) could be identified. From these
72 QTL, only seven QTL were associated with bone min-

eral traits (two for BMC and BMD, another five for only
BMC and none at all for BMCPC). Moreover, only two of
these seven QTL were not simultaneously associated with
body composition traits. Since it has been extensively shown
that both weight and obesity correlate with bone metabolism
in humans (reviewed by Cao, 2011; Zhao et al., 2008), as-
sociations of QTL with bone mineral traits could actually
be indirectly caused by associations of these loci with body
composition traits. The number of real bone mineral QTL
would thus be reduced even more. However, this would be
an unexpected result for two reasons: in humans, bone min-
eral traits were found to be strongly influenced by genetic
aspects according to observations in families and twins (e.g.
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Pocock et al., 1987; Soroko et al., 1994; Hernandez-de Sosa
et al., 2014). Furthermore, several QTL and candidate genes
for bone mineral traits have already been identified in dif-
ferent species (e.g. Ames et al., 1999; Beamer et al., 2001;
Xiao et al., 2012; Yang et al., 2012; Willing et al., 2003;
Kaufman et al., 2008), including pigs (Laenoi et al., 2011,
2012; Rangkasenee et al., 2013). In pigs, there has been evi-
dence for a genetic component in the multifactorial leg weak-
ness syndrome, which is associated with osteochondrosis and
bone fracture risk and thus with bone mineral traits (Laenoi
et al., 2011, 2012; Rangkasenee et al., 2013). This syndrome
affects animal welfare and profitableness in swine production
(Fukawa and Kusuhara, 2001). The identification of QTL for
bone mineral traits might therefore contribute to solving this
serious problem (Laenoi et al., 2011, 2012; Rangkasenee et
al., 2013). In contrast to our previous study (Rothammer et
al., 2014), bone mineral measurements in humans by DXA
scan are typically not conducted using a whole-body mode
but restricted to distinct sites, e.g. the femoral neck or the
lumbar spine (Wright et al., 2014). In this context, it has been
shown that measured values can vary “substantially from site
to site” (Arlot et al., 1997). This, in turn, raised the question
of whether the whole-body mode that was used in the previ-
ous study had caused an underestimation of actual QTL num-
bers for bone mineral and possibly even body composition
traits. In order to clarify this question, we repeated the map-
ping procedure for two manually defined body regions and
compared the results among themselves and with the whole-
body results of the previous study.

2 Materials and methods

Since the same material and methods as in the previous study
(Rothammer et al., 2014) were used, the animal set com-
prised 551 pigs that were between 160 and 200 days old and
that were a mixture of the following breeds in various propor-
tions: Large Black, Pietrain, Duroc, Schwäbisch-Hällisch,
Cerdo Iberico (Lampiño variety), European wild boar, and
Hampshire. For all 551 animals, genotype data (Illumina’s
PorcineSNP60 Genotyping BeadChip) and DXA data were
available. Based on these data, a genome-wide combined
linkage disequilibrium and linkage analysis (Meuwissen et
al., 2002) was conducted using 44 611 20-SNP sliding win-
dows. Variance component analyses were carried out at the
midpoint of each sliding window using ASReml (Gilmour
et al., 2009). The underlying mixed linear model included
random QTL and polygenic and fixed effects of sex, hous-
ing, season and age. Finally, the likelihood ratio test statis-
tic (LRT) was calculated using the logarithm of the likeli-
hood estimated by ASReml for the model with (logLP) and
without (logL0) QTL effects (LRT =−2(logL0− logLP)).
For more details on material and methods, see Rothammer et
al. (2014).

In contrast to the previous study, DXA scans were not
evaluated using the standard “whole-body” (WB) setting. In-
stead, two distinct regions were manually defined as shown in
Fig. 1: (i) the region from the last ribs to the pelvis, called “A”
for “abdominal” in the following, and (ii) the region includ-
ing the pelvis and the hind limbs, named “P” for “pelvic”.
As can be seen in Fig. 1, region A includes only the lumbar
spine as the bony fraction and is thus comparable to bone
mineral measurements in humans (according to the Interna-
tional Society for Clinical Densitometry (ISCD), the lumbar
spine is an adequate and often used site for the diagnosis of
osteoporosis or low bone mass in humans; Schousboe et al.,
2013; Wright et al., 2014; El Maghraoui and Roux, 2008).

Moreover, since live weight is not affected by the region-
of-interest analysis, this study concentrated on only eight
traits for each body region (A and P): Fat, FatPC, Lean,
LeanPC, R, BMC, BMCPC and BMD.

Mapping results for regions A, P and WB were evaluated
in two ways: (i) according to the (missing) overlap of signif-
icant QTL and (ii) using genome-wide Pearson correlations
that were calculated based on the LRT values of all 44 611
20-SNP sliding windows for each combination of DXA re-
gions (WB×A, WB×P and A×P). Calculation of genome-
wide Pearson correlations was done for all eight traits sepa-
rately as well as for three distinct combinations (bone min-
eral traits combined, body composition traits combined and
all traits combined).

In addition, a linear regression analysis was performed to
calculate the phenotypic relationship between whole-body
DXA BMD and whole-body DXA fat mass using “Proc Reg”
of SAS® 9.3 software (©SAS Institute Inc., SAS Campus
Drive, Cary, North Carolina 27513, USA).

3 Results and discussion

As can be seen in Fig. 2 and in the complete overview that
is given in Fig. S1–8 in the Supplement, the mapping re-
sults (peak positions) were overall very similar for WB, A
and P even though peak heights varied slightly. In the pre-
vious study (Rothammer et al. 2014) 72 QTL were detected
in total. Eight of these QTL, however, were significant for
only live weight. Thus, 64 QTL were detected for traits that
were also investigated in the current study. From these, 59
QTL could be confirmed either by A (5), P (8) or both
(46). Besides the QTL that had already been mapped for
WB, additional QTL were identified for A (32), P (5) and
the combination of both (8) (see Table S1 in the Supple-
ment for unconfirmed WB QTL and newly identified A or
P QTL). In general, these discrepancies are in most cases not
due to the complete absence of former or the existence of
new QTL but rather to the fact that the peaks of these QTL
are close to the significance threshold (Bonferroni corrected
P value < 0.001). Thus, differences in peak size cause for-
merly suggestive QTL (P < 0.05) to become significant and
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Figure 1. DXA scan showing the manually defined body regions.
This screenshot of a DXA scan evaluation shows the manually de-
fined body regions A (yellow) and P (red). While region A extends
from the costal arch to the pelvis region, P includes the pelvis and
the hind limbs. Moreover, region AB, which was used for an addi-
tional scan and represents A restricted to the bony fraction only, is
marked with a blue dotted box.

vice versa (Table S1). The overall high degree of accordance
between the mapping results was also confirmed by genome-
wide Pearson correlations (Table 1, Fig. 3). Measured over all
traits, the genome-wide Pearson correlation was 0.95 for WB
and P, and 0.89 for WB and A. The genome-wide Pearson
correlation between A and P was, although still high, some-
what lower (0.85). For all traits but FatPC, the same relations
were found when traits were considered separately (Table 1).
For FatPC, the genome-wide Pearson correlations between
WB and A and between WB and P were almost identical
(0.979; 0.978). Generally, it can be assumed that the use of
the (rather) time-saving WB DXA data provides as reliable
and substantial results as the use of the time-consuming man-
ually defined body regions.

However, of the 32 “new” QTL that were mapped for A,
12 (detected for the phenotypes Lean, Fat or R) did not show
a suggestive peak in either the WB data or in P (Table S1).
For these QTL, two explanations are possible: (i) they rep-

Table 1. Genome-wide Pearson correlations of QTL mapping re-
sults between DXA regions. This table shows the correlations be-
tween the genome-wide LRT values of the DXA regions “whole-
body” (WB), “pelvic” (P) and “abdominal” (A) for all traits com-
bined, bone mineral traits combined (bone), body composition traits
combined (body) and single traits.

Pearson WB×A WB×P A×P

All traits 0.894 0.946 0.846
Body 0.922 0.971 0.896
Bone 0.664 0.838 0.571
Fat 0.906 0.969 0.885
FatPC 0.979 0.978 0.959
Lean 0.651 0.908 0.543
LeanPC 0.982 0.986 0.970
R 0.979 0.987 0.967
BMC 0.720 0.920 0.670
BMCPC 0.570 0.582 0.421
BMD 0.639 0.824 0.511

resent QTL with only a local effect or (ii) the DXA scans
and consequently the mapping results were biased by or-
gans and/or intestinal contents that naturally occupy an enor-
mous volume in region A, thus increasing the number of false
positives. Although (ii) cannot be ruled out without detailed
studies of these QTL, the results of a literature study for all
genes annotated to these 12 QTL supports assumption (i).
For 2 of the 12 regions, only uncharacterised genes were an-
notated. The decision about a possible candidate status was
thus hindered. However, in 7 of the 10 remaining regions,
possible candidate genes could be identified: WBSCR17 (In-
ternational Mouse Phenotyping Consortium), SRSF7 (Inter-
national Mouse Phenotyping Consortium), USP28 (Valero
et al., 2001), NNMT (Trammell and Brenner, 2015), ZBED6
(Clark et al., 2015; Markljung et al., 2009), NMNAT2 (Hicks
et al., 2012), ABHD6 (Thomas et al., 2013), PDHB (Sasaki
et al., 2006; Serao et al., 2011) and PSMA2 (Sakamoto et
al., 2009). These are listed in Table 2. These QTL that were
found exclusively for region A might indeed represent QTL
with exclusively or at least predominantly local effects. Thus,
in cases where there is a special interest in a particular region
of the body, manually analysed regions of interest might con-
tribute additional knowledge about locally acting QTL.

In accordance with the results for WB bone mineral traits,
no QTL was found for BMCPC for the manually defined re-
gions A and P. The number of QTL that were detected for
BMC and BMD, however, differed markedly for regions A
and P. While 11 QTL were found for region P, only one QTL
was found for region A.

The QTL for region A was positioned on chromo-
some 13 and was verified three times as it was associated
with bone mineral traits for not only region A (BMD; at
20 010 946–20 621 104 bp) but also region P (BMC, BMD;
at 19 832 456–21 955 312 bp) and WB (BMC; at 19 850 150–
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Figure 2. Comparison of local mapping results of whole-body data with manually defined regions. For chromosome 2 (x axis in Mb),
this figure exemplarily shows the high consistency of the QTL mapping results for the three analysed regions (the whole body (WB), the
abdominal (A) and the pelvic (P) region). Chromosome 2 was chosen for illustration as it harbours the genome-wide most significant LRT
values for all three regions at position 133 237 232 bp. At this position, significant peaks (LRT > 31.275) were detected for the traits Fat,
FatPC, LeanPC, and R (and also Weight for WB) in all analysed regions. However, while Fat was the most significant trait in WB data, R was
most significant for A and P. Thus, this figure shows the mapping results for both (a) Fat and (b) R (soft tissue X-ray attenuation coefficient).
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Figure 3. Graphical representations of the genome-wide Pearson correlation matrices for WB×P, WB×A and P×A. This visualisation
reflects the correlations between different traits and DXA regions. Based on the diagonal, it is obvious that the correlation between WB and
P is even higher than the correlation between WB and A, and between P and A (see also Table 1). Moreover, it is clearly visible that the body
composition traits Fat, FatPC, LeanPC and R are highly correlated independent of the investigated region. Confidence matrices and plots
were constructed using R (R Development Core Team, 2008) and the package corrplot (Wei, 2013). The order of the traits within the matrix
differs according to the first principal components (parameter order set to “FPC”). Besides coloration, dot size also indicates the extent of
correlation (dot size proportional to absolute value of correlation).

20 339 924 bp). In close proximity to the common region
defined by these QTL (20 010 946–20 339 924 bp) lies the
gene CMTM8 (20 414 847–20 549 120 bp). This gene acts as
a candidate tumour suppressor gene (Both et al., 2014) and
is associated with the EGFR (epidermal growth factor recep-
tor) signalling pathway (Jin et al., 2005) which, in turn, is
involved in the suppression of osteoblast differentiation and
inhibition of osteoblastic transcription factor expression (Zhu
et al., 2011). CMTM8 can thus be considered as a candidate
gene for this QTL.

Concerning region P, all 11 QTL overlapped with QTL
that had previously been identified for WB (Rothammer et

al., 2014). Four of these WB QTL, however, had only been
identified for body composition traits, not for bone min-
eral traits (Rothammer et al., 2014). To check the plausibil-
ity of these four QTL, a second literature study was con-
ducted. By thorough screening of all positional candidate
genes, we were able to identify possible bone mineral can-
didate gene(s)/hypotheses for each QTL:

The region defined by the QTL for BMC and Fat at chr3:
11 090 781–11 719 832 bp is part of the critical region as-
sociated with Williams–Beuren syndrome (WBS) (Francke,
1999). This syndrome in humans is caused by heterozygous
deletions of about 1.6 Mb, and one of the numerous symp-
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Table 2. Candidate genes for QTL detected for region A only.

Chr QTL position Phenotype GeneID Description of association

3 14 538 518–15 532 954 Fat WBSCR17 decreased lean body mass in mutant mice (International
Mouse Phenotyping Consortium)

3 107 672 432–108 880 944 Lean SRSF7 decreased lean body mass in heterozygous mutant mice
(International Mouse Phenotyping Consortium)

9 45 9277 52–46 989 664 Lean USP28 preferential expression in heart and muscle (Valero et
al., 2001)

NNMT correlates with adiposity (Trammell and Brenner, 2015)

9 70 779 512–71 704 720 Lean ZBED6 regulates IGF2 expression and muscle growth in pigs
(Clark et al., 2015; Markljung et al., 2009)

9 136 173 120–137 019 760 Lean NMNAT2 axonal growth→ missing innervation
→ reduction in total skeletal muscle mass (Hicks et al.,
2012)

13 43 748 912–44 426 072 Fat ABHD6 selective knockdown protects mice from
high-fat-diet-induced obesity (Thomas et al., 2013)

PDHB Candidate gene for intramuscular fat deposition in pigs
and cattle (Sasaki et al., 2006; Serao et al., 2011)

18 56 485 824–57 128 560 R PSMA2 negative correlation with male BMI (Sakamoto et al.,
2009)

toms in about 15 % of the cases is hypercalcemia (Cagle
et al., 2004). Thus, at least one of the genes in this region
must have an influence on blood calcium levels. In two se-
vere cases of hypercalcemia, patients could successfully be
treated by calcitonin, which increases the renal clearance of
calcium and decreases the activity of osteoclasts, thereby in-
creasing the amount of calcium that is bound in the bones
(Cagle et al., 2004). Consequently, if certain a gene(s) in
this region is (are) important for correct calcitonin release
or function, an influence on bone mineral traits can be hy-
pothesised.

For the QTL affecting BMC and Lean at chr6: 24 770 684–
26 159 346 bp, the genes EDC4 and NFATC3 may serve as
candidate genes for bone mineral traits for the following rea-
sons: according to Seto et al. (2015), the assembly of EDC4
and Dcp1a into processing bodies is critical for the transla-
tional regulation of IL-6, which plays a dual role in bone re-
modelling and bone tumours (Franchimont et al., 2005; Blan-
chard et al., 2009). Additionally, heterozygous EDC4 knock-
out mice showed a change in bone density, though it was
not significant (Origins of bone and cartilage disease project,
2015). NFATC3 regulates the expression of the NF-κB ligand
receptor activator in osteoblasts and is therefore involved in
osteoclastogenesis (Lee et al., 2011).

The gene SNCA is a plausible candidate gene for the QTL
associated with BMC at chr8: 138 766 256–139 846 368 bp
as it was one of the top three genes correlated with bone mass
in rat lines (Alam et al., 2010).

The QTL affecting BMD and Lean at chr9: 26 965 738–
28 366 584 bp includes the gene FAT3, which was among
75 genes that were differentially expressed in human os-
teosarcoma cell lines (Luk et al., 2011). Thus, an involve-
ment of FAT3 in bone homeostasis can at least be assumed.

None of these four P QTL were detected for bone min-
eral traits in WB data. However, there was also one bone
mineral QTL that was mapped only in WB data and not
in either A or P. This QTL affected BMC and Lean and
was positioned at chr12: 41 715 472–44 560 156 bp. Within
this region, there are a number of cytokine genes (CCL1,
CCL2, CCL8, CCL11). It is generally known that immune
cells and cytokines are involved in regulating bone turnover
(summarised in Nicolaidou et al., 2012). Of particular impor-
tance for bone remodelling is CCL2 (also MCP-1), which is
associated, for example, with the recruitment of monocytes
to areas of bone formation and bone resorption (reviewed in
Yadav et al., 2010). Moreover, this QTL reached suggestive
LRT values in both A (30.18) and P (26.46). Of the four QTL
that were significant for only region P, three showed sugges-
tive LRT values for WB data. These facts and the promising
results of the literature search thus affirm the basic ability of
our methodology to map bone mineral traits.

Nevertheless, the mapping results and Pearson correlations
for bone mineral traits, especially BMCPC and BMD, obvi-
ously show less accordance than those for body composition
traits. Explanations for these findings can be (i) bone mineral
traits are less influenced by genetics; (ii) for reliable bone

www.arch-anim-breed.net/60/51/2017/ Arch. Anim. Breed., 60, 51–59, 2017



56 S. Rothammer et al.: Genome-wide QTL mapping results for regional DXA body composition traits

mineral data, body regions must be even more restricted, e.g.
to single bones; and (iii) the DXA method might not be per-
fectly suitable for measuring bone mineral traits in pigs in
general.

Since bone mineral traits, osteoporosis and/or osteochon-
drosis have already been associated with distinct genomic
regions, genes and/or variants in diverse species including
humans, mice and pigs (Ames et al., 1999; Beamer et al.,
2001; Willing et al., 2003; Xiao et al., 2012; Yang et al.,
2012; Rangkasenee et al., 2013), explanation (i) seems to
be rather unlikely. However, a plausible explanation might
be the existence of numerous QTL with only small effects
that could hinder their effective mapping (Bian and Hol-
land, 2015; Heffner et al., 2009). To assess the probability
of explanation (ii), we restricted region A to the bony frac-
tion only (AB; see Fig. 1) and determined DXA values for
20 arbitrarily chosen animals. We then estimated phenotypic
Pearson correlations of region A and AB and found very
high correlations of 0.91 for BMD and of 0.97 for BMC.
Consequently, explanation (ii) is invalid for the lumbar re-
gion. Post-mortem QTL studies on bone mineral traits for
ulna and radius, however, resulted in associated candidate
genes like MMP3 (Laenoi et al., 2012) and KRT8 (Rangkase-
nee et al., 2013). Although the total number of QTL for
bone mineral traits was also low here, scanning single bones
might nonetheless be advantageous. At a first glance, expla-
nation (iii) also seems implausible, especially when taking
into account that DXA scans are still the gold standard for
bone mineral trait measurements in humans. However, there
are important differences between humans and pigs. To begin
with, humans can be precisely positioned in a standardised
way, while the same is much more complicated with anes-
thetised pigs. Since DXA reduces three-dimensional bodies
to two-dimensional images (BMD is measured in g cm−2,
whereas volume is defined as g cm−3), it is sensitive to po-
sitioning errors and also bone size (Carter et al., 1992; Vogl
et al., 2011; El Maghraoui and Roux, 2008). Furthermore,
osteoporosis in humans is not directly diagnosed by BMD
but by the T score, which considers the mean BMD values
and standard deviations of young adults of the same gen-
der and ethnicity (El Maghraoui and Roux, 2008). It can
thus be hypothesised that T scores might serve as more re-
liable phenotypes for QTL mapping than BMD values. How-
ever, since similar values for estimation of T scores based on
BMD are missing for pigs, this hypothesis has not been ver-
ified yet. Based on the fact that the mechanical properties of
bones are determined by BMD and bone microarchitecture,
another shortcoming of the DXA method is its inability to
differentiate between cortical and trabecular bone (Ulrich et
al., 1999; Sornay-Rendu et al., 2006). Moreover, it has al-
ready been shown that increased body fat causes deviations
in BMD measurements by DXA scans and, to a much lesser
extent, also in quantitative computed tomography (QCT) (Yu
et al., 2012). This finding is further supported by the obser-
vation of a medium phenotypic relationship between BMD

and fat mass (R2
= 0.32; RMSE= 0.057 g cm−2) in our own

material. Whole-body BMD increases with growing body
fat mass (DXA BMD= 0.9978+ 5.397×10−6

×DXA Fat).
Since the breeding objectives of some breeds that were used
in this study differ strongly with regard to fatness and lean-
ness, measurements of bone mineral content and bone min-
eral density could indeed be biased and thus hinder effective
QTL mapping. Consequently, it might be useful for mapping
of bone mineral QTL if only crossbreeds between two breeds
(e.g. Duroc×Pietrain as shown in Laenoi et al., 2011, 2012,
and Rangkasenee et al., 2013) or at least similar breeds were
used.

4 Conclusion

All in all, it can be stated that, especially for body compo-
sition traits, the results from a mapping with whole-body
DXA data that were gathered using the time-saving stan-
dard setting were in high agreement with the results obtained
for manually defined body regions of interest. Thus, time-
consuming manual DXA analyses can be restricted to stud-
ies in which local QTL are of particular interest. For certain
bone mineral traits in pigs, however, it might be more useful
to study reference bones by DXA or, for example, alterna-
tively by QCT instead of using whole-body or regional DXA
analysis.
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