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ABSTRACT
Background: The “Habsburg jaw” has long been associated with inbreeding due to the high preva-
lence of consanguineous marriages in the Habsburg dynasty. However, it is thought that mandibular
prognathism (MP) is under the influence of a dominant major gene.
Aim: To investigate the relationship between the “Habsburg jaw” and the pedigree-based inbreeding
coefficient (F) as a relative measure of genome homozygosity.
Subjects and methods: The degree of MP and maxillary deficiency (MD) of 15 members of the
Habsburg dynasty was quantified through the clinical analysis of 18 dysmorphic features diagnosed
from 66 portraits.
Results: A statistically significant correlation (r¼ 0.711, p¼ 0.003) between MP and MD was observed
among individuals. Only MP showed a statistically significant positive regression on F as evidenced
from univariate analysis (b¼ 6.36±3.34, p¼ 0.040) and multivariate analysis (PCA) performed from sin-
gle dysmorphic features (b¼ 14.10±6.62, p¼ 0.027, for the first PC).
Conclusion: Both MP and MD are generally involved in the “Habsburg jaw.” The results showed a
greater sensitivity to inbreeding for the lower third of the face and suggest a positive association
between the “Habsburg jaw” and homozygosity and therefore a basically recessive inheritance pattern.
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Introduction

The “Habsburg jaw,” traditionally considered an example of
mandibular prognathism (MP), owes its name to its high
prevalence in the Habsburgs. The members of this dynasty
are characterised by other signs of facial deformity, including
an everted lower lip, also known as the “Habsburg lip,” and
noses with a dorsal hump and overhanging nasal tip, also
known as the “Habsburg nose,” which are often indicative of
maxillary deficiency (MD) (Peacock et al. 2014). Although MP
is one of the best-known examples of an inherited facial
genetic trait in humans, its genetic basis remains largely
unclear. Some of the first studies on the inheritance of the
“Habsburg jaw” suggest either autosomal-recessive (Downs
1928; Iwaki 1938) or autosomal-dominant inheritance
(Rubbrecht 1939; Stiles and Luke 1953; Kraus et al. 1959).
The influence of a dominant major gene is often concluded
from extensive segregation studies in which prognathism is
treated as a discrete trait (Wolff et al. 1993; El-Gheriani et al.
2003; Cruz et al. 2008). These studies include both simple
segregation analysis of the trait in the offspring of European
noble families, including the Habsburgs, from the examin-
ation of pictures (Wolff et al. 1993) and complex segregation
analysis (CSA) of MP diagnosed from cephalometric

radiographs, dental models, and photographs in contempor-
ary families (El-Gheriani et al. 2003; Cruz et al. 2008).

Presumably because of extremely high levels of inbreed-
ing (�Alvarez et al. 2009; �Alvarez and Ceballos 2015), members
of the Habsburg dynasty had extreme facial phenotypes,
including the “Habsburg jaw” (Grabb et al. 1968; Hodge
1977; Wolff et al. 1993; Richmond et al. 2018). However, the
available information does not allow a conclusion about the
causal relationship between inbreeding and facial deformity.
On the one hand, the high prevalence of the trait in the
Habsburg family could be simply a consequence of low
effective population size, so that it is at low frequency out-
side the Habsburg lineage, but is rapidly increased within
the lineage due to genetic drift. On the other hand, an auto-
somal dominant pattern of inheritance does not support that
the “Habsburg jaw” is an effect of inbreeding. According to
the classic model of inbreeding, a positive association
between facial deformity and the inbreeding coefficient (F)
would suggest that the gene/genes involved in its develop-
ment are recessive because the main effect of mating
between relatives is increasing the homozygosity and there-
fore the expression of recessive phenotypes (Cavalli-Sforza
and Bodmer 1971; Falconer and Mackay 1996; Charlesworth
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and Willis 2009). In fact, empirical evidence shows that the
pedigree-based F is highly correlated with both wide-
genome homozygosity estimated by DNA sequencing
(Hoffman et al. 2014) and the proportion of the autosomal
genome identical by descendent in runs of homozygosity
(ROHs) (McQuillan et al. 2008; Ceballos et al. 2018). In con-
trast, a negative association would support the widely
extended hypothesis of a dominant major gene influencing
the trait. The association, whether positive or negative, is not
expected in the cases of purely additive gene action or dom-
inance effects occurring in opposite directions (i.e. no direc-
tional dominance). Therefore, the study of the relationship
between the magnitude of MP and MD and F among individ-
uals of the dynasty could provide the first indication of a dir-
ect relationship between inbreeding and facial morphology,
as well as useful information on its genetic basis. Because
the variance of inbreeding in the Habsburg dynasty is
remarkably high (F ranging from nearly zero to more than
0.25) in comparison to most outbred human populations
(�Alvarez et al. 2009; �Alvarez and Ceballos 2015), the dynasty
serves as a “human laboratory” in which to investigate
inbreeding effects (Ceballos and �Alvarez 2013). Here, we
study in the “Habsburg laboratory” a total of 18 dysmorphic
features of MP and MD, whose usefulness for diagnosis from
portraits has been previously tested (Peacock et al. 2014), in
order to determine if the “Habsburg jaw” is related to
inbreeding and to investigate its genetic basis.

Subjects and methods

Selection of paintings

A total of 66 publicly available online portraits of members of
the Habsburg dynasty, preserved by some of the most import-
ant art museums in the world (Supplementary Table S1), were
used to carry out the diagnosis of 11 dysmorphic features of
MD and 7 of MP. The successive Spanish Habsburg kings and
their wives were studied: Philip I (1478–1506), Joana of Spain
(1479–1555), Charles I (1500–1558), Isabella of Portugal
(1503–1539), Philip II (1527–1598), Elisabeth of Valois
(1546–1568), Anna of Austria (1549–1580), Philip III
(1578–1621), Margaret of Austria (1584–1611), Philip IV
(1605–1665), Elisabeth of France (1602–1644), Mariana of
Austria (1634–1696) and Charles II (1661–1700), as well as the
parents of Philip I, the Holy Roman Emperor Maximilian I
(1459–1519) and Mary of Burgundy (1457–1482). The first two
wives of Philip II, his double first cousin Mary of Portugal
(1527–1545), and Mary I of England (1516–1558), the cousin
of his father, were not included in the study because the
number of reliable portraits available was insufficient.
The paintings were selected according to two basic criteria:
(1) the availability of high quality images from important art
museums (almost 70% are photographs of paintings currently
preserved in the Prado Museum in Madrid and the
Kunsthistorisches Museum in Vienna), which has allowed
access to reliable information regarding each of the paintings
and their attribution to a particular painter (Supplementary
Table S1); (2) in most cases it has been historically confirmed
that the painter personally saw the individual portrayed.

Clinical analysis

Diagnosis of MD and MP from portraits was performed from
the detection of 11 dysmorphic features for MD and 7 for
MP as previously described (Peacock et al. 2014). The fea-
tures of maxillary hypoplasia were as follows: scleral show
(MD1), exorbitism (MD2), peri-alar hollowing (MD3), promin-
ent nasolabial folds (MD4), narrow nasal base (MD5), convex
nasal ridge (MD6), overhanging nasal tip (MD7), obtuse naso-
labial angle (MD8), thin upper lip vermilion (MD9), overclosed
mandible (MD10), and everted or prominent lower lip
(MD11); the features of mandibular hyperplasia were as fol-
lows: increased thyromental distance (MP1), taut submental
soft tissue (MP2), obtuse gonial angle (MP3), shallow labio-
mental fold (MP4), acute chin-throat angle (MP5), increased
depth of lower facial third (MP6), and soft tissue pogonion
>5mm anterior to zero meridian of Gonz�alez-Ulloa (MP7).
These features can be observed in portraits of members of
different families of the Habsburg lineage and some of them
have been popularly identified as “Habsburg nose” (particu-
larly, MD6 and MD7) and “Habsburg lip” (MD11).

Images were examined independently by 10 maxillofacial
surgeons for the presence of the 18 dysmorphic features.
Each feature was given a score of 1 if present and 0 if not
present or indeterminate. The information on the dysmorphic
features was additively combined into indices of MD and MP,
so that the maximum total score for MD would be 11 and 7
for MP. The number of paintings examined for each member
of the Habsburgs ranged from 2 to 6 with a mean of 4.4.
The investigators examined each painting independently and
each investigator gave a score for each Habsburg by averag-
ing the scores corresponding to the different paintings of
that individual (Supplementary Table S2). The total score for
each king/queen was obtained as an average of the scores
of the investigators.

Statistical analysis

In order to evaluate the impact of inbreeding on MD and
MP, the inbreeding coefficient (F) computed from a large-
scale family tree of the Habsburgs, which included more
than 6000 individuals belonging to more than 20 parent–off-
spring generations, was used (�Alvarez and Ceballos 2015).
The relation of the facial deformity, whether defined as MP
or MD, with F was studied by treating both traits as quantita-
tive characters. Considering a single diallelic locus (B)
involved in facial deformity where B2 allele increases facial
deformity with respect to the B1 allele, and using the scale
of genotypic values: 0 for B1B1; 1þ kð Þa for B1B2 and 2a for
B2B2, where a is the additive effect and k provides a measure
of dominance, the change in mean value in an inbred popu-
lation relative to a panmictic population is: MF ¼ MO �
2pqakð ÞF, where p and q are the frequencies of the alleles
B1 and B2, respectively (Lynch and Walsh 1998). If there is no
dominance and B1 and B2 alleles are completely additive
(k¼ 0), the change of mean value due to inbreeding is not
expected. If the B2 allele, which increases facial deformity, is
completely dominant (k¼ 1), a reduction in facial deformity
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is expected under inbreeding. On the contrary, if the B2 allele
is completely recessive (k ¼ �1), an increase in facial
deformity (i.e. inbreeding depression) should be found.
Considering all the loci that affect the trait, the total
inbreeding effect is 2F

P
piqiaiki: Since the sign of ki may

vary from locus to locus, the occurrence of significant
inbreeding depression requires directional dominance
(Falconer and Mackay 1996; Lynch and Walsh 1998). Note
that k ¼ d/a, where d is the measure of dominance in the
Falconer’s scale.

The magnitude of MD and MP as a function of F was
expressed in terms of the linear regression coefficient (b) and
two rank correlation coefficients: the Kendall’s Tau coefficient
and the Spearman’s coefficient (rs). The nonparametric tests
based on the rank correlation coefficients are useful for
detecting the association between variables in the case of a
non-linear relationship, a possibility that is important to con-
sider (Ceballos and �Alvarez 2013). Both coefficients of rank
correlation were used because they are sensitive to different
types of departure from independence. Thus, Tau coefficient
weights each discordance in rank equally, while rs gives
greater weight to pairs of ranks that are more different
(Sokal and Rohlf 1995). It is known that men of the
Habsburg family were more severely affected by the
“Habsburg jaw” than women (Chang et al. 2006). In the pre-
sent study, differences between sexes were statistically sig-
nificant for MP (t¼ 3.38; p¼ 0.008), but not for MD (t¼ 1.70;
p¼ 0.113). Therefore, the total scores for both deformities
were adjusted for the effects of sex using linear regression,
which resulted in adjusted phenotypes (i.e. residuals) for
kings and queens. In the same way, the analyses of the 18
single dysmorphic features for MD and MP were performed
with scores adjusted by sex.

Given the high correlation observed among dysmorphic
features, principal component analysis (PCA) was performed
on the 11 features of MD and 7 of MP in order to reduce
the data set to a few linearly uncorrelated variables or
principal components (PCs). The raw data of the multivari-
ate analyses were averages of scores from the maxillofacial
surgeons for each single dysmorphic feature; therefore,
PCA was carried out from variables that are approximately
normally distributed. PCA was performed using singular
value decomposition (SVD) of the data matrix (Manly and
Navarro 2017). In addition, it was performed from the sam-
ple correlation matrix instead of the covariance matrix
because the standardisation of the original variables
ensures that they all have equal weight. Although variables
all share a common measurement scale, they showed
important differences in variance, which could be partially
explained by differences in the degree of uncertainty of
the diagnosis that is based on the subjective, although
expert, determination of the presence or absence of fea-
tures of different nature. The PCs values for MD and MP
were used in further analyses to detect variation in the
data that could be related to inbreeding. Most statistical
analyses were performed with SPSS software (IBM SPSS
Statistics v. 20) and the PCA was carried out through the

statistical software R (R Foundation for Statistical
Computing 2011, http://www.R-project.org).

Results

Quantification of facial deformity and association
between deformities

The clinical analysis of portraits of members of the Habsburg
dynasty was carried out in order to quantify the degree of
MD and MP and investigate its relation with consanguinity.
Scores of MD and MP, as well as F previously computed
from a large-scale family tree (�Alvarez and Ceballos 2015),
are given in Table 1. Mean values of MD and MP were
3.59 ± 0.42 and 2.39 ± 0.38, respectively. MD ranged from 1.41
(Mary of Burgundy) to 6.41 (Margaret of Austria) and MP
ranged from 0.84 (Mary of Burgundy) to 5.06 (Philip IV). In
general, the lowest values of MD and MP were observed in
non-Habsburg queens, such as Mary of Burgundy, Isabella of
Portugal, and Elisabeth of Valois. MD was particularly pro-
nounced in Maximilian I, Charles I, Margaret of Austria, Philip
IV and Charles II, but the last four individuals also showed
strong MP. In fact, a statistically significant correlation
between MD and MP among individuals was detected
(r¼ 0.758, p¼ 0.001 and r¼ 0.711, p¼ 0.003 for unadjusted
and adjusted data by sex, respectively). The quantification of
the facial deformity was highly correlated with previously
published information (Peacock et al. 2014) for both MD
(r¼ 0.881; p¼ 0.009) and MP (r¼ 0.842; p¼ 0.017). Since the
clinical diagnosis from different portraits of the same mem-
bers of the Habsburg dynasty was performed independently
by different authors, the high correlation detected between
diagnoses from very different studies suggests that the
methodology is capturing individual variation objectively.
This result supports the hypothesis that fundamental proper-
ties of natural faces are preserved in paintings of the face,
particularly if such representations belong to the Baroque, a
cultural movement characterised by a realistic approach to
the human face (Brown and Garrido 1998), despite differen-
ces between artistic representations and natural faces
(Graham et al. 2014).

Table 1. Scores of maxillary deficiency (MD) and mandibular prognathism
(MP) and inbreeding coefficient (F) for the Habsburg kings and their wives.

King/Queen F MD MP

Maximilian I 0.0003 5.54 2.20
Mary of Burgundy 0.0766 1.41 0.84
Philip I 0.0253 2.25 1.35
Joana of Castile 0.0394 3.25 1.02
Charles I 0.0375 5.02 4.61
Isabella of Portugal 0.1006 1.97 1.42
Philip II 0.1234 3.22 3.03
Elisabeth of Valois 0.0013 1.59 1.15
Anna of Austria 0.1064 2.73 1.34
Philip III 0.2177 3.10 3.17
Margaret of Austria 0.1391 6.41 3.22
Philip IV 0.1145 5.85 5.06
Elisabeth of France 0.0076 2.88 1.27
Mariana of Austria 0.1559 3.56 1.37
Charles II 0.2539 5.13 4.72
Mean ± SE 0.0933 ± 0.0200 3.59 ± 0.42 2.39 ± 0.38
Kings 0.1104 ± 0.0368 4.30 ± 0.53 3.45 ± 0.53
Queens 0.0784 ± 0.0205 2.98 ± 0.56 1.45 ± 0.26
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Association between facial deformity and inbreeding

The relationship between facial deformity (scores of MD and
MP adjusted by sex) and inbreeding for the Habsburg kings
and queens was evaluated in terms of the linear regression
coefficient and two non-parametric rank correlations, which
were used because that relationship could be non-linear. A
statistically significant positive association between the
degree of MP and F was detected through both linear
regression (b¼ 6.36 ± 3.34, p¼ 0.040) and the non-parametric
tests (Table 2; Figure 1). A positive association between MD
and F was also observed, although it was not statistically sig-
nificant (Table 2; Figure 1). Similar results were obtained with
scores from Peacock et al. (2014) (Supplementary Figure S1).
Differences in F among individuals explained 22% of the vari-
ation of MP and only 4% of the variation of MD (r2 ¼ 0.218
and 0.036 for MP and MD, respectively). The effect of
inbreeding on single dysmorphic features of MD and MP was
also investigated (Figure 2). All dysmorphic features of MP
except MP2 showed a significant positive association with F
through the Tau nonparametric test. The regression coeffi-
cients for MP3, MP5, and MP7 were statistically significant,
while MP1, MP4, and MP6 were close to statistical signifi-
cance. Only two dysmorphic features of MD (MD1 and
MD11) were statistically significant (Figure 2).

Multivariate analysis of facial deformity and inbreeding

Most pairs of dysmorphic features of MP showed statistically
significant positive correlations (14/21; 66.7%) while only

30.9% (17/55) were significant in the case of MD. 28.6% of the
correlations (22/77) between MD and MP features were signifi-
cant, although most of them involved MD1, MD10, and MD11.
In general, those features that correlated with F were highly
correlated with each other (Figure 3). Principal component
analysis (PCA) of the 11 dysmorphic features of MD and 7 of
MP was performed in order to reduce the original variables to
a small number of indices or principal components (PCs).
These PCs could be useful to capture effects of inbreeding on
facial deformity in a different way to a previously proposed
index (Peacock et al. 2014), which equally weighs each dys-
morphic feature. The first 3 PCs of MD explained 76.7% of the
variation and the first 2 PCs of MP explained 87.6% of the vari-
ation. The first PC of MP, which explained 66.1% of the vari-
ation, basically corresponds to the index mentioned above
after excluding MP2. Thus, all coefficients of the variables of
MP are positive and nearly equal in magnitude excepting the
coefficient of MP2 (Table 3; Figure 4). The values for the first
PC as a function of F showed a strong and statistically signifi-
cant regression (b¼ 14.10 ± 6.62; p¼ 0.027). According to this,
individuals with high F (over the mean value, F> 0.0933) pre-
sented high values for the first PC while individuals with F
below the mean had lower values for this PC (Figure 4). On the
other hand, the first PC for MD, which accounted for the 48.8%
of variation, did not show a statistically significant association
with F, but the second and third PCs, which explained 14.5
and 14.0% of variation, respectively, showed a significant asso-
ciation with F (Table 3; Figure 4). The variables MD11 for PC2
and MD1 and MD8 for PC3 had a great influence on these PCs
due to their large negative coefficients, which explains the
negative association between both PCs and F (Table 3; Figure
4). However, it is important to realise that the signs of the coef-
ficients of a given PC could be reversed and that PC is still
measuring exactly the same aspect of the data, although in
the opposite direction (Manly and Navarro 2017). Therefore,
the results suggest some effect of inbreeding on MD. In fact,
MD1 and MD11 were the two features of MD that presented
the strongest association with F.

Table 2. Relationship between both deformities, maxillary deficiency (MD) and
mandibular prognathism (MP), and the inbreeding coefficient (F) expressed in
terms of two rank correlation coefficients, the Kendall’s Tau coefficient and the
Spearman’s coefficient (rs), and the linear regression coefficient (b).

MD p MP p

Tau 0.143 0.229 0.390 0.021
rs 0.221 0.214 0.550 0.017
b ± SE 3.56 ± 5.11 0.250 6.36 ± 3.34 0.040

Figure 1. Scores of maxillary deficiency (MD) and mandibular prognathism (MP) as a function of the inbreeding coefficient (F). The regression lines with 95% confi-
dence interval (shaded areas) are shown.
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Discussion

Our species is characterised by an extraordinary facial diver-
sity and an impressive ability to recognise, memorise and
portray faces. However, in addition to the large variation
within and among populations, facial morphology is charac-
terised by a remarkably similarity within families. This resem-
blance suggests the importance of genetic factors in the
development of the human face and is confirmed by the
recent identification of patterns of global-to-local genetic
effects on facial shape highlighted by several loci (Claes
et al. 2018). One of the best examples of an inherited facial
genetic trait in humans is the protrusion of the mandible
(Wolff et al. 1993), a deformity that can be due to true man-
dibular overgrowth (i.e. absolute MP) and poor development
of the maxilla with retrusion of the midface (i.e. relative MP)
(Jacobson et al. 1974). A recent analysis of dysmorphic fea-
tures of MD and MP identified in portraits of the Spanish
Habsburgs kings suggests that the prognathic appearance of
the Habsburg family is largely due to MD (Peacock et al.
2014). This hypothesis is consistent with results from the
cephalometric analysis of Joanna of Austria (1547–1578), a
member of the Habsburg lineage (Lippi et al. 2012; Giuffra
et al. 2014). In the present study, we found that MD and MP
are highly correlated (r¼ 0.711, p¼ 0.003), which suggests
that the “Habsburg jaw” generally is a condition character-
ised by both deformities, although the degree of each one
may be very different in some individuals (Table 1). This

result is consistent with the hypothesis that the “Habsburg
jaw” is primarily indicating a Class III skeletical pattern due to
MD and therefore relative MP (Peacock et al. 2014).

Since the phenotypic correlation between characters is
often an approximate estimate of its genetic correlation (i.e.
correlation of breeding values or additive genetic correlation)
(Cheverud 1988; Roff 1995, 1996), the high correlation
observed between MD and MP suggests a common genetic
basis for these traits, either because both are under the influ-
ence of the same genes (i.e. pleiotropy) or different genes at
linkage disequilibrium. This is consistent with recent evi-
dence of high phenotypic and genetic correlations for many
features of the human face (Cole et al. 2017). However, the
phenotypic correlation could also be due to correlation
between genotypes of different loci caused by the combin-
ation of inbreeding and linkage (Crow and Kimura 1970;
Hedrick 2011). In the case of the Habsburg lineage, pheno-
typic correlations due to inbreeding are even possible with
unlinked loci because individuals vary greatly in their F value
(i.e. non-uniform inbreeding) (Crow and Kimura 1970).

A clear statistically significant positive association between
MP and F among members of the Habsburg dynasty was
detected for the first time (b¼ 6.36 ± 3.34, p¼ 0.040) (Figure
1). In addition, all single dysmorphic features of MP showed
a positive association with F, being statistically significant in
six out of seven (Figure 2). The same trend was observed in
MD, although it is not statistically significant. Two features of

Figure 2. Forest plot of the relationship between F and dysmorphic features of MD (MD1–MD11) and MP (MP1–MP7). Linear regression coefficient and Kendall’s
Tau coefficient of rank correlations are shown.

ANNALS OF HUMAN BIOLOGY 5



MD (MD1 and MD11) showed a significant association with F,
as well as with most dysmorphic features of MP, which sug-
gests its usefulness in diagnosing relative prognathism.
Multivariate analysis (PCA) confirmed these results. The val-
ues for the first PC of MP as a function of F showed a statis-
tically significant regression (b¼ 14.10 ± 6.62, p¼ 0.027).
Regression was also significant for the second and third PCs
of MD, although the meaning of this result is not clear due
to the high heterogeneity of the effects of each dysmorphic
feature on these PCs (Table 3). Our findings show a strong
association between the degree of MP and F and suggest
that the “Habsburg jaw” is enhanced by inbreeding. In

addition, they suggest a greater sensitivity to inbreeding for
the lower third of the face, which is consistent with the
modular nature of the human face and differences in herit-
ability between the upper and lower facial parts (Claes et al.
2018; Hoskens et al. 2018). In comparison with midface struc-
tures, the lower facial parts show low to moderate levels of
heritability (Hoskens et al. 2018). This result could be due to
a higher value of the dominance of the genetic component
of the variation for the lower face, which could explain the
strong observed effect of F on MP. However, it must be con-
sidered that the royal lineage of the Habsburg family is con-
stituted by a small number of individuals. Therefore, it is

Table 3. Principal component analysis of 11 dysmorphic features for maxillary deficiency (MD1–MD11) and 7 for mandibular prognathism (MP1–MP7).
Proportion of the variance (A) explained by each principal component (PC) and coefficients for the first three and two PCs for MD and MP, respectively,
are given.

PC A MD1 MD2 MD3 MD4 MD5 MD6 MD7 MD8 MD9 MD10 MD11 Tau p b ± SE p

1 48.2 0.265 0.333 0.362 0.302 0.321 0.346 0.296 0.083 0.238 0.385 0.273 0.143 0.229 4.59 ± 8.13 0.291
2 14.5 �0.204 0.150 �0.071 0.505 �0.048 0.430 �0.247 0.368 �0.095 �0.132 �0.515 �0.486 0.006 �8.10 ± 3.93 0.030
3 14.0 �0.483 0.097 0.031 0.150 0.069 0.005 0.193 �0.601 0.513 �0.140 �0.221 �0.467 0.008 �7.35 ± 3.95 0.043

MP1 MP2 MP3 MP4 MP5 MP6 MP7

1 66.1 0.436 �0.038 0.432 0.357 0.333 0.435 0.441 0.543 0.002 14.10 ± 6.62 0.027
2 21.5 0.025 �0.780 0.015 0.395 �0.451 0.076 �0.159 �0.067 0.365 �3.11 ± 4.30 0.242

The relationship between each PC and the inbreeding coefficient (F) is expressed by means of the Kendall’s Tau coefficient of rank correlation and the regres-
sion coefficient (b ± SE).

Figure 3. Pairwise correlation coefficients diagram for dysmorphic features of MD and MP. Correlation coefficients (left) and their corresponding probabilities
(right) are shown.
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theoretically possible that not only the prevalence of the trait
but even its magnitude increases as a result of genetic drift in
this particular lineage. Thus, the positive association observed
between F and the degree of MP, as well as in each of the
seven dysmorphic features of MP (Figure 2), could be due to a
random increase in the frequency of alleles responsible for
deformity from one generation to the next. Although this
scenario seems unlikely because the random change due to
genetic drift should correlate with the systematic increase in F
caused by a particular policy favouring consanguineous mar-
riages along the six generations studied (�Alvarez et al. 2009;
Ceballos and �Alvarez 2013), we cannot rule out
this hypothesis.

If the positive association observed between the degree
of MP and F is due to an increase in homozygosis caused by
the occurrence of consanguineous marriages, our results sug-
gest that MP is a recessive trait. This hypothesis contrasts
with segregation analyses, including CSA, which suggest that
MP is under the influence of a dominant major gene (Stiles
and Luke 1953; Wolff et al. 1993; El-Gheriani et al. 2003; Cruz
et al. 2008). It is likely that the reduction of MP to an all-or-
none phenotype in segregation analysis could explain its
tendency to provide a dominant inheritance pattern. Thus,
the possibility that the complexity that underlies the diagno-
sis of “Habsburg jaw” simulates a dominant disorder due to
consanguineous unions has been speculated (Gorlin 1993).

CSA methods generally compare different models of inherit-
ance by a likelihood ratio test and the final choice of a par-
ticular model between equally likely models is often assessed
on the basis of Akaike’s information criteria (AIC). In the case
of the first CSA of MP (El-Gheriani et al. 2003), the auto-
somal-dominant and autosomal-recessive models were not
rejected by the test. The authors chose the first one because
it had the lowest AIC, but the difference observed was small
(El-Gheriani et al. 2003). A similar result was obtained by a
second study using nuclear families with at least one pro-
band (Cruz et al. 2008). When the whole sample broken into
their constituent nuclear families was employed, results were
consistent with a multifactorial component in the pattern of
inheritance (Cruz et al. 2008). Regardless of the chosen
model, the influence of one or a few recessive genes on MP
could not be rejected in either study. Only one CSA did not
detect evidence compatible with the influence of a major
gene, either dominant or recessive (Ko et al. 2013). Other
studies, including genome-wide association studies, suggest
that MP is a complex trait under the influence of a number
of polygenes and environmental factors (Chen et al. 2015;
Dorazynska-Kowalik et al. 2017; Lee et al. 2017; Saito et al.
2017). Therefore, the severity of MP may depend on the
interaction between multiple genes and environmental fac-
tors. It is likely that several factors involved in MP, such as
certain congenital anatomic defects and endocrine disorders

Figure 4. PCA of facial deformity. Plots of 15 individuals of the Habsburg dynasty against values from principal components (PCs). PC1, PC2 and PC3 for MD (top);
PC1 and PC2 for MP (bottom). Individuals with F over the mean value and those with relatively low values are indicated by red and white dots, respectively.
Coefficients of the variables (MD1 to MD11 and MP1 to MP7) are also shown.

ANNALS OF HUMAN BIOLOGY 7



(Chang et al. 2006), are related to the increase in homozy-
gosity associated with inbreeding. In the case of a polygenic
basis, which seems likely, the hypothesis of an increase of
MP as a consequence of inbreeding would be compatible
with the influence of a dominant gene of relatively import-
ant effect as long as the cumulative effect is recessive (i.e.
directional dominance).

Regardless of whether the “Habsburg jaw” is relative and/or
absolute MP, the statistically significant positive association
between the degree of MP and the pedigree-based F among
individuals detected in the present study suggests a greater
sensitivity to inbreeding for the lower third of the face. Results
clearly show that “Habsburg jaw” is related with inbreeding
but the causes of this relationship remain uncertain. The
increase in the degree of MP with genomic homozygosity
seems the most likely explanation, in which case the widely
extended hypothesis of a dominant major gene influencing
the trait would not be supported. However, further studies in
other lineages showing the “Habsburg jaw” are necessary in
order to rule out an association between MP and F due to gen-
etic drift and provide what, to our knowledge, would be the
first evidence of inbreeding depression on the human face.
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