www.nature.com/scientificreports

scientific reports

OPEN

W) Check for updates

The cranium from the Octagon in
Ephesos

Gerhard W. Weber?*/, Petra G. Simkova'?, Daniel M. Fernandes??, Olivia Cheronet?,
Eléd Ury%2, Harald Wilfing?, Katarina Matiasek'2, Alejandro Llano-Lizcano'?,

Pere Gelabert!?, Immo Trinks?*, Katerina Douka?, Sabine Ladstatter?>5, Tom Higham2,
Martin Steskal®® & Ron Pinhasil2

During excavations in 1929, a well-preserved skeleton was discovered in a sarcophagus in the Octagon
at Ephesos (Turkey). For the following century, archaeologists have speculated about the identity of
this obviously notable person. Repeated claim is that the remains could represent Arsinoé IV, daughter
of Ptolemy XII, and younger (half-)sister of Cleopatra VII. To address these questions we undertook
state-of-the-art morphological, genetic and dating analyses of the cranium and further analyses of
bone samples from a femur and a rib of the skeleton found in the same tomb. We confirm based on
genetic analyses from the cranium and the femur that they derive from the same person. “C-dating of
the cranium provides a most likely time range between 205—36 BC. The connection with Arsinoé IV can
be excluded because we confirmed that the individual is a male. The cranium represents an 11-14-year-
old boy who suffered from significant developmental disturbances. Genetics suggest an ancestry from
the Italian peninsula or Sardinia. The fate of the body of Arsinoé IV, who reportedly was killed in 41 BC
in Ephesos, remains open. In contrast, investigations regarding the fate and social background of the
boy from the Octagon can now proceed free of speculation.
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The history of archaeological excavations at the ancient city of Ephesos goes back more than 100 years. The site
represents one of the most important ancient localities in Asia Minor. The Austrian Archaeological Institute
has been active there since 1895'. In 1904, Rudolf Heberdey, Josef Keil and Wilhelm Wilberg uncovered the
Octagon and other buildings along the lower “Kuretenstraf3e” in the city centre of ancient Ephesos®. Due to its
architecture and important location, the Octagon was immediately considered a heroon upon discovery. It took
until 1929 that Max Theuer and Josef Keil were able to open the burial chamber of the Octagon in a further
excavation and discovered a marble sarcophagus. No grave goods or inscriptions were found in the chamber or
on the sarcophagus to hint at the identity of the deceased. The sarcophagus was almost completely filled with
water but revealed a single skeleton at its bottom®. For an unknown reason, Keil only removed the cranium
from the tomb, which was then closed again. The post-cranial remains stayed in the burial chamber, along
with, likely, the mandible. We know with certainty that Keil® took the cranium back to Greifswald (Germany)
where he was a professor of ancient history. After investigating it, he immediately speculated about “the possibly
very distinguished personality” of the individual who was interpreted as being about 20 years old, and likely a
female. Keil did not provide any data, only his and his colleague’s opinions, but he prepared the way for further
speculations®.

The architectural style of the Octagon was subsequently recognized to resemble the Pharos of Alexandria?,
although there are also substantial opinions that argue against an identification as Pharos®. The tentative
construction date might come close to the last decades BC>°. Building upon the particular structural shape
suggesting possible Egyptian influence, the remarkable prominence of the Octagon within the Ephesos urban
area, and upon Keil's anthropological assessment that the person buried in the Octagon was a 20-year-old
female, Hilke Thiir? formulated her hypothesis that the buried person could be Arsinoé IV. She was one of the
five children of King Ptolemy XII who ruled the Ptolemaic Kingdom of Egypt from 80 to 51 BC’. Arsinoé IV is
not only historically important as the (half-)sister of Cleopatra VII, but also because she conducted the siege of
Alexandria in 48 —47 BC against Cleopatra VII, who allied with the Roman emperor Julius Caesar. Arsinoé IV
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lost this battle, was captured, and exhibited in chains in Rome in 46 BC. She was described as scared and weeping
but no distinctive features in her appearance were noted in Rome®. She was then protected in the asylum of the
Temple of Artemis in Ephesos. A few years later Cleopatra VII allied with Marcus Antonius who reportedly®!?
gave the order to execute Arsinoé IV in 41 BC.

As Josef Keil became a professor of Greek and ancient history at the University of Vienna (1936 to 1950),
the cranium from the Ephesos Octagon moved with Keil to his department at the University of Vienna®. Josef
Weninger, who led the Anthropological Institute in Vienna until 1955, published a paper on the morphology
of the cranium in 1953!!. In addition to the classical craniometric measurements, Weninger determined the
age at death between 16 and 17 years, and female sex. Weninger!!' described the development of the cranium as
undisturbed and did not mention any abnormalities other than minor tooth wear, a cranium of reduced height
with almost missing canine fossae, absent incisura malaris and strongly skewed mandibular articulation, and
a reduced maxillary body. He further speculated about a “refined type of human” which could point to higher
aristocracy. With this description, he further fuelled hypotheses towards the skeleton belonging to Arsinoé IV.
The cranium sank into oblivion and remained unregarded until December 2022*. Comparing the cranium with
the label “Ephesos Heroengrab” [translation: Ephesos Heroon] marked on its occipital bone with the images in
Weninger’s 1953 publication'!, it became certain that this was indeed the cranium that Keil had recovered from
the Octagon sarcophagus and had taken to Vienna*.

Less certain is the fate of the post-cranial remains. In 1982, the Octagon was re-visited under the direction
of Hermann Vetters and the grave-chamber was re-opened?. The post-cranium was discovered in two niches
of the chamber’s northern wall, and several bones above the lintel at the inner end of the Dromos (an entrance
passage leading to a tomb)*. If this was indeed the postcranial skeleton that J. Keil had seen in the watered
sarcophagus in 1929%, we can only speculate when and how it got out of the sarcophagus, since no reports are
available regarding this question. In 1993, Hilke Thiir re-entered the tomb and initiated an examination of these
postcranial remains. Finally, in 2007, some more pieces of the postcranium were found in the Dromos!'®13,
among them a rib fragment. Due to the absence of a continuous and conclusive history, the postcranial remains
and the cranium had to be treated as separate individuals until the opposite was proven. Kanz and colleagues
released a conference poster on morphological and pathological analysis of the post-cranium from the Octagon
in 200912, including a soft tissue reconstruction of the unconfirmed Arsinoé IV cranium, even though the
cranium was neither physically nor virtually accessible at that time, except from the few images that Weninger
published in 1953!!. Kanz and colleagues'? estimated the age at death between 15 and 17 years, reconstructed a
body height of 154 cm (+3 cm), and suggested the skeleton was female. According to these authors, the skeleton
appeared slim and fragile and showed no stress markers or signs of heavy labour. A radiocarbon date they
obtained yielded a date range between 210 and 20 BC (94% prob.), and their DNA analyses did not conclusively
reveal any significant data.

Results
The morphology of the Octagon-Cranium
The Octagon-cranium is well preserved (Fig. 1), showing only two larger post-mortal defects in the left and
right temporal regions, and missing outer alveolar rims from the upper left first molar (M') to the third molar
(M?), as well as from the upper right premolar (P?) to the M>. Only the upper left P> and upper left M! are in
situ; the other teeth described by Weninger!! (upper right M' and M2, upper left M?, lower right M ) are missing
and could not be found in the collection of the Department of Evolutionary Anthropology at the University
of Vienna. The mandible is missing and was never mentioned, neither by Keil® nor by Weninger!!, although
Weninger listed a lower right molar which raises the question of its misclassification. The cranium is fragile,
cranial bones are thin, and muscle markers are weak, traits that are compatible with either a female status (which
Weninger proposed) or an adolescent male status. The cranium appears brachycranic (short and broad), and
low in relation to length (chamaecranic) and width (hyper-tapeinocranic). Selected traditional craniometric
measurements are provided in Table 1 in comparison to the values of Weninger!!. Weninger, however, described
the cranium as the opposite, namely dolichocranic!!, p. 167]. The virtual endocast shows an endocranial capacity
of 1428.75 cm? which is within the usual range of modern humans, and a right occipital and a weak left frontal
petalia, which are opposite to the dominant pattern in humans!* (Supplementary Information Fig. S6).
Conspicuous are strong signs of asymmetry and deformations that were not described before. In basal view,
the whole cranium shows a flexion. The occiput is displaced to the left, and the foramen magnum is oriented
obliquely. Both occipital condyles, despite the young age of the individual (see below), show severe pre-mortal
defects on the medial and anterior rims of the articulation surfaces (Supplementary Information Fig. S7). The
deep mandibular fossae are unremarkable but show an extreme angulation to the midsagittal plane (MSP) of the
cranium (Figs. 1f and 2). Left and right sides in addition differ notably by ~ 3 degrees (axial condylar angle left
48.3°, right 51.5°). In a recent sample of 64 symmetric and asymmetric patients from Taiwan, the axial condylar
angle was found to be 74.97° (+6.43° S.D.) for symmetric, respectively 74.04° (+8.71° S.D.) for asymmetric
patients'>, putting the Octagon cranium outside 3 S.D.s of the symmetric and just within 3 S.D.s of the asymmetric
sample. In a study of 82 individuals from Brazil'¢, the mean inclination of the mandibular condylar process was
found to be 65.03° right (+9.05° S.D.) and 63.44° left (+7.90° S.D.). The left-right difference is half of that of the
Octagon-cranium, and the difference in angle, compared to the Taiwanese sample, is smaller, thus the Octagon-
cranium is within — 1.5 S.D. for the right and — 1.9 S.D. for the left side. A further study from Turkey'” reports
a horizontal condylar angle of 25.68° (+9.31° S.D.), corresponding to 64.32° (+9.31° S.D.) axial condylar angle
for 31 healthy control individuals which is very similar to'®. High-resolution pCT-scans (80 pm) of the inner ear
(taken before genetic sampling, see Methods) reveal average size and shape of the preserved auditory ossicles,
represented only by the left malleus and the right incus. Whether the other ossicles got lost in the course of the
last two millennia or their absence is associated with ossicular chain deformities remains open.
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Fig. 1. The cranium from the Octagon in Ephesos. Six norm views: (a) frontal, (b) lateral sinistra, (c) vertical,
(d) occipital, (e) lateral dextra, (f) basal.

Max. Cranial Length (g-op) 178 mm 178 mm
Max. Cranial Width (eu-eu) 145 mm 145 mm
Basion-Bregma Height (ba-br) | 110 mm 110 mm
Min. Frontal Width 98 mm 98 mm
Index Length/Width 81.5 (brachycranic) 81.5
Index Length/Height 61.8 (chamaecranic) 61.8
Index Width/Height 75.9 (hyper-tapeinocranic) | 75.9
Cranial Capacity 1428.75 cm3 1405 cm3
Biauricular Width 116 mm 115 mm
Biorbital Width 95 mm 96 mm
Facial Length 80 mm 80 mm
Ganzprofilwinkel 93° (hyperorthognathic) 93°

Table 1. Traditional distance and volume measurements of the cranium from the Octagon.

The right sutura occipitomastoidea is well visible and in similar condition as the other open cranial sutures.
The left occipitomastoid suture is, in contrast, completely obliterated, leaving no trace of its pathway (Figs. 1f
and 2). This suture commonly fuses in senile age (65+ years'®). This craniosynostosis could partly explain the
cranial deformity during growth, leading to pronounced asymmetry. The virtual endocast also shows signs of
earlier suture closing of the left lambdoid suture compared to the right one, and larger transverse and sigmoid
sinus on the right than on the left side (Supplementary Information Fig. S6). The sphenobasilar synchondrosis
is wide open (~3-4 mm, Fig. 3). The right orbit is located lower than the left one (Fig. 1a) by 1.2 mm (using an
anthropological norm orientation), the nasal septum is significantly deviating to the left in its upper part, as well
as the Crista Galli.

The most striking trait of this cranium is nevertheless the under-developed and abnormally inclined maxilla
(Fig. 1a,b,e). Weninger!! mentioned a “weak maxilla with reduced bony substance” (p. 165) but did not go into
the details of the retracted maxillary position showing a very unusual inclination of the palate and face relative
to the skull base (Fig. 1b & e, Supplementary Information Fig. S8). While basicranial flexion with 137.9° is
well within the normal range of modern humans (127.7 © -153.7 ©), the inclination of the palate to the foramen
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Fig. 2. The completely obliterated left occipitomastoid suture of the Octagon-cranium. On the left panel, the
original status is shown. On the right panel, the position of the right occipitomastoid suture is marked with a
white arrow, and the tentative pathway of the left occipitomastoid suture (red curved line) was copied from the
right side and mirrored.
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Fig. 3. The widely open sphenobasilar synchondrosis, (a) ectocranial surface of the original; (b) cut through
uCT slice representing the midsagittal plane with endo and ectocranial measurements.

magnum with a value of 145.9° is outside of the variation observed in a geographically diverse sample of recent
Homo sapiens (150.2 © -178.0 °) (Fig. 4A, Supplementary Information Tab. S3).

The abnormal position of the maxilla was not recognized in earlier studies, although it is apparent in standard
visual inspections. We performed a state-of-the-art Geometric Morphometric analysis using 23 classic cranial
landmarks (see Methods). Figure 4B demonstrates the exceptional morphology of the Octagon-cranium, as
none of the 42 other crania, sampled from five continents, comes close to its particular shape. We also compared
the Procrustes distances in shape space between the original and the respectively mirrored specimens to
determine the degree of individual asymmetry. The Octagon-cranium is the most asymmetrical in our sample,
with an extreme Procrustes distance of 0.065 (mean=0.032, S.D. = 0.010), thus out of 3 S.D.s from the mean of
asymmetry.

The teeth

In occlusal view, the M! shows an unworn surface without any shiny spots. There is thus no evidence that this
tooth had any static, supporting, or dynamic contact with its antagonist (Fig. 5). This suggests that it was not in
functional use although the M! is generally the first permanent tooth to erupt in the upper jaw. Occlusal fissures,
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Fig. 4. Facial shape and deformations. (A) While basicranial flexion of the Octagon cranium (upper orange
arrow) is well in the range of modern humans (turquois arrows), the inclination of the palate to the foramen
magnum (lower orange arrow) exceeds the values of the comparative sample (blue arrows). The cut cranium
shown is the one from our sample closest to the mean. (B) First and third principal components of the cranial
shape analysis. 23 classic landmarks on crania were used. PC1 explains 18.1% of total variation, and PC3
11.8%. The extremes of related shapes are indicated for each axis. Red — East Africa, pink - South Africa,
orange — Egypt, purple — Australia, brown — South America, green — East Asia, blue - Europe, black - Octagon
Cranium (sample in Supplementary Information Table S3).
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Fig. 5. Bucco-occlusal view of the upper M! and P? still in situ. While the later erupting first premolar already
shows significant wear on the buccal cusp, the first molar displays absolutely no signs of use. Note also the
lingually inclined position of the premolar.

particularly the distal one, are covered by a foreign material. The buccal surface exhibits dental calculus. Subtle
signs of hypoplasia are suggested at the distobuccal and mesiolingual cementoenamel junction. The uCT images
reveal numerous cracks in the enamel and dentin material. Some dark bands closely below the enamel-dentin
junction (Supplementary Information Fig. S9b, S18a, S18b) differ from the common cracks in being broader and
more diffuse. These might indicate interglobular dentin (IGD) which would suggest vitamin-D deficiency!>%.
Initial caries is seen mesially in the former contact area with the P* and on the mesiobuccal root surface. The
P3 is noticeably lingually inclined and presents a black discoloration in the mesiodistal fissure. Subsequent
analyses did not confirm carious demineralization. Brown dental calculus is present on the enamel and mesially
between the buccal and palatal roots. In contrast to the M!, the P presents distinct signs of wear, particularly
a concave deepening on the buccal cusp tip featuring dentin caries, and four cracks initiating from the worn
cusp tip commencing in mesial, distal, buccal, and lingual direction. Fractures that continue along the root deep
below the alveolar bone level can be found on the whole buccal part of the tooth. The unstable condition of the
P3 caused bone resorption on the buccal alveolus wall. We therefore conclude that these cracks emerged ante
mortem (for a more detailed description of the teeth see Supplementary Information).

Altogether, we found mild caries affection, minimal signs of developmental disturbances (hypoplasia), and
no peculiarities regarding roots and nerve canals. Comparing the 3D shape and size of the tooth crowns of
the P? and M! with a geographically diverse sample, there are no peculiarities to report, either in shape or in
size (Supplementary Information Fig. S1, S2, S3, S4 and Tab. S1). From a functional perspective, the complete
absence of wear on the M! compared to the observed wear and fracturing of the P? is remarkable. Strong wear, as
well as fracturing and subsequent alveolar bone resorption, may result from functional overload and improper
occlusal relations. Given the range of age estimated between 11 and 14 years (see below), the M! should have
been in function for five to eight years, while the P* usually erupts four years later; thus, it should not show more
significant wear and damage than the M!. With that in mind, we doubt that the M! had ever been in functional
occlusion with its antagonists. The absence of wear is thus rather not the result of a non-abrasive diet but of a
masticatory malfunction. The vertical orientation of the maxillary arch and the angulation of the mandibular
fossae suggest a vertical maxillary overgrowth and a potentially retrusive undersized mandible.

Age at death

The root growth of the P? was completed. Still, the apex mineralisation was not yet terminated (Supplementary
Information Fig. S9a). According to published standards from modern populations this would correspond to
a male mean (see genetic results) of 11.4 years+ 1.0 years S.D. and a median of < 13 years in a sizable Japanese
sample of orthopantomographs (“R¢” in?!), or a male median of 12-13 years (range 10-14 years) in a large
Turkish sample of panoramic radiographs (“G” in?2).

The roots of the M! were completed and apex mineralisation already terminated {male median 9 years (“Ac”
in?!); male median 11 years, range 10-12 years (“H2” in??)} (Supplementary Information Fig. 9b). The partially
preserved alveoli of both maxillary M?s show that the teeth already erupted, with the distal root developed at
least to three quarters {(Fig. 6; male mean 12.1 years + 1.1 years S.D., median 12 years (“R3/4” in*'; male median
12 years, range 10-13 years (“F” in??}. Weninger!! confirms this state, describing the roots of the two upper M?s
as not yet closed, which cannot be verified due to the absence of the teeth. The lingual wall of the crypt of the
left M? is well visible and shows that the M? was not yet erupted (Fig. 6; alveolar emergence in males > 18 years
in?®). The mean age for an open sphenobasilar synchondrosis in males has been determined to be 12.3 years +2.7
years S.D. in a large Iranian sample of cadavers and was established as a reliable indicator for age estimation®*.
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Fig. 6. The partially preserved alveolus of the upper second molar (M?) and crypt of the upper third molar
(M?) in the left maxilla. The upper first molar (M!) is still in situ.

The Octagon-cranium showed a completely open synchondrosis on the ecto- (3.1 mm), as well as endocranial
(4.3 mm) surface (Fig. 3). This supports the dental age perfectly since a complete fusion is reported between 15
and 19 years in males*>?, starting with the endocranial fusion first. Moreover, open synchondrosis has never
been observed in males after 13 years of age?”. Due to the large variability of this trait, influenced by nutrition,
health status, and growth rate, some authors see it as limited for age determination?s.

Altogether, the dental status and the developmental stage of the sphenobasilar synchondrosis of the Octagon-
cranium suggest an age of the individual in a plausible range between 11 and 14 years. Our cranial estimate
results in a younger age than the 15 to 17 years derived from the post-cranium!? and by the first descriptor of
the cranium (16-17 years in'!). However, we cannot exclude the possibility of developmental differences, which
could have occurred during the past two millennia, or differences between various geographical populations.
Still, we find it highly unlikely that the Octagon individual was already in their late adolescence rather than early
puberty.

Dating the cranium

To radiocarbon date the cranium, we took bone powder from the petrosal bone (see Methods). Sample
pretreatment for bones followed collagen extraction and ultrafiltration protocols outlined in***. We obtained
6.5 mg of collagen from 260 mg of bone (2.5% yield) following ultrafiltration. Sample “C activity was measured
with the graphitization, target preparation and AMS measurement undertaken after!:32.

Calibrating the result using the INTCAL20 (terrestrial) curve®> we obtain a calibrated age range of 355—282
(58.4% prob.) and 231—170 cal BC (37.0% prob.) at 95.4% probability (Fig. S10). The multimodal distribution is
a function of the wiggles in the calibration curve through this period.

Bone collagen 8'°C and 8'°N values were also measured independently using an EA-IRMS (Elemental
Analyser/Isotope Ratio Mass Spectrometer) to a precision of +0.3 per mil relative to VPDB (Table S2). We
observe that the values (8'*C and 6'°N values were —19.1 and 11.3%o respectively) indicate the possibility
of a reservoir effect of the kind caused by the dietary uptake of foods from different radiocarbon reservoirs.
Estimating the precise amount of offsets from the true age is difficult in the absence of isotopic evidence from
other humans or animals in the local site. To correct the radiocarbon estimates we used an endpoint correction
approach. We estimated the §'3C terrestrial carbon endpoint value at — 21%o and — 12%o for marine carbon,
and estimated a~21% possible marine food contribution, based on the measured S813C value we obtained for
this sample. To re-calibrate the radiocarbon result, we used a “Mixed_Curves” approach in OxCal to quantify
this, along with a AR value of — 142+ 66 year****. We included an uncertainty of +10% on the marine food
estimate in the Bayesian model due to the absence of comparative data from the site location and the possibility
of variation in the exact protein component of this individual. We obtained a calibrated range between 205-36BC
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(89.7%), 345-317BC (4.8%) and 12-1BC (1%) at 95.4% probability (Fig. S11), which we conclude is the best
estimate for the age of the cranium. This age is in good agreement with earlier dating results obtained from the
femur midshaft by the A.E. Lalonde AMS Laboratory (Ottawa/Canada, see Methods) which gave a calibrated age
range between 48BC-54AD (95.4%). A further study from Kanz and colleagues'?, also using the femur midshaft,
reports a radiocarbon date range between 210 and 20 BC (94% prob.) obtained at the Vienna Environmental
Research Accelerator (sample VERA-4104), which is also in good agreement with our corrected results above.

Genetic results from the cranium and post-cranium

Genetic analysis was used to evaluate important questions such as the sex, genomic ancestry, and whether
the three different skeletal elements (cranium, femur, rib) belonged to the same individual. Each element was
individually sampled and processed as described in the Methods section. The recovered DNA’s quality and
authenticity was assessed first by calculating the endogenous contents for each skeletal element after removal
of duplicated reads, accounting for 0.02% for the rib, 0.08% for the femur, and 38.42% for the cranium, leading
to average genomic coverages of 0.0002X, 0.0020X, and 1.6656X, respectively (Supplementary Information Tab.
S4). Deamination patterns typical of ancient DNA supported the authenticity of the recovered DNA of all three
elements, with terminal deamination frequencies on the 5 end of DNA sequences of 13% (rib), 19% (femur),
and 25% (cranium) (Supplementary Information Fig. S12, Supplementary Information Tab. S4). Similarly,
contamination estimates on mitochondrial®*® and X-chromosome reads* yielded a maximum of 1.71% (95%
CI 1.54-1.89) for the cranium, well below the typically accepted threshold of 5% in ancient DNA studies
(Supplementary Information Tab. $4).

Genetic sex estimation quickly clarified that the skeleton cannot be attributed to Arsinoé IV since the
cranium and the femur belong to male individuals, while the low amounts of data for the rib are suggestive of
a male as well, although with some uncertainty (Fig. 7C, Supplementary Information Tab. S4). However, due
to the limited amounts of data available for the femur and rib, only the cranium and femur pair had enough
overlapping data meeting the minimum requirements of the relatedness estimators TKGWV23” and READv2*
for the identification of “Identical/Twins”. The results from both methods agreed on that classification (Fig. 7D,
Supplementary Information Tab. S5). Despite the much lower amount of overlapping data, a similar relationship
is suggested for the cranium-rib pair, but the statistical power to support such claim is non-existent. However, the
estimated mitochondrial haplogroup of the rib sample (H536) is ancestral to the cranium and femur’s H5d, with
7 out of 9 polymorphisms shared between the rib and the cranium, providing further support for the individuals
to, at least, be potentially closely related (Supplementary Information Tab. S4). In ancient populations, these
haplogroups have so far been found in Bronze Age Germany®, in an individual from Bronze Age Israel (12198
in’%), another from Etruscan Italy (VET001 in*!), and lastly a Punic individual from Sardinia (MS10577 in*?).

We performed population genomic analyses on the cranium data to understand the possible geographic
origins of the Octagon individual’s ancestry. A principal component analysis (PCA) of a dataset that included
modern and ancient West Eurasians placed the Octagon individual very close to ancient Bronze and Iron
Age genomic variation from Southern Europe, effectively overlapping individuals from the Italian Peninsula
recovered from Etruscan and Roman Imperial contexts*!*>44 (Fig. 7A). Using a recently developed method that
allows the determination of genetic similarity probability maps over time and space using PCA and chronological
data®, we found that the highest similarity probability for this individual’s ancestry can be found in between the
central region of the Italian Peninsula and the island of Sardinia, around 500 BC, matching the location of the
PCA's Etruscan and Early Roman Republic individuals (Fig. 7B). Looking at points in time closer to his death,
based on the *C interval of 205 — 36 BC, we find slightly lower similarity probabilities in that region, but with
the point of highest similarity almost geographically unchanged (Fig. 7B).

To understand if there were statistically significant differences between the affinities of the Octagon individual
and populations from the Italian Peninsula and Sardinia, we ran f4-statistic tests of the form f4 (Mbuti.DG,
Octagon-cranium; Sardinia_BA_Nuragic, Italy_IA_Republic.SG/Italy_Etruscan). The results suggested that
the Octagon cranium was significantly closer to Nuragic Sardinians than to the Etruscan groups (- 5.095 < Z
< — 2.730), whereas for Italy_IA_Republic.SG the result was not statistically significant for |Z| > 3, although
it was still suggestive of more allele sharing with Sardinians (Z = -2.329) (Supplementary Information Tab.
S6). These results support the genetic similarity probability maps and explain the intermediate position of the
highest point of similarity between mainland Italy and Sardinia. We further checked if other Italian, Spanish, and
diverse Balkan groups were closer to the Octagon individual than the Nuragic Sardinians, but the results were
unchanged. The same was true for two other tests using Hellenistic and Roman period individuals from Western
Turkey (— 7.193 < Z < — 6.116) (Supplementary Information Tab. S6).

Lastly, we also investigated the presence of runs of homozygosity (ROH) in the cranium sample using
hapROHY, as a proxy for population inbreeding, but found no segments longer than 4 centimorgans and
therefore no support for such reproductive practice (Supplementary Information Fig. S16).

Discussion

Based on genetic data, the cranium from the Octagon is a male, and thus is not representing Arsinoé I'V. There are
no signs of any sex chromosome disorders such as Klinefelter syndrome or others. All genetic data, including the
uniparental haplogroups, support an origin of his recent ancestry in the Italian Peninsula or Sardinia. These facts
are well compatible with an individual living in Ephesos during the Classical Roman period, two thousand years
ago. Further genetic results from the femur from the Octagon postcranial findings (rib fragment data proved
to be insufficient) suggest that it belonged to the same individual as the cranium. The radiometric '*C-dating,
considering dietary offsets, fits the reported lifetime period of Arsinoé IV. It remains unclear when and how the
postcranium was removed from the sarcophagus and scattered in various other places of the Octagon, which
could have happened during Keil’s excavation 1929 or any time after until 1982. Keil® just confirmed that they
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Fig. 7. Summary of the genetic results. (A) PCA of modern West Eurasian populations with ancient data
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(Single-Nucleotide Polymorphism) numbers in this analysis. (B) Genetic similarity probability maps for
the period of death of the Octagon individual, based on 'C dates, and for three other preceding periods,
where higher similarity probabilities are found*®. (C) Genetic sexing results for the cranium and femur
based on ratios of sequences aligning to the X and Y chromosomes*. Grey areas represent expected XY
and XX distribution ranges, and crossed lines the standard error. (D) Relatedness estimation results using
TKGWV2 (Top) and READv2 (Bottom). The top panel shows the simulated population coefficients after
1500 simulated relationships, based on 1644 overlapping SNPs between the cranium and the femur, that
produced a Halved Relatedness Coefficient (HRC) of 0.409, above the simulated distribution for 1st degrees,
and therefore suggesting an “Identical/Twins” relationship. The bottom panel shows the pairwise results for
the three elements, as well as the result for the cranium-femur pair when restricting the genetic data to only

transversions.

carefully closed the grave chamber (p. 44), but did not mention what happened to the postcranium. Similarly,
the fates of the mandible and the missing teeth remain open.

The morphological investigations of the cranium contradict earlier research and show strong signs of
asymmetry, deformations, and malfunctions. Most strikingly, the maxilla is underdeveloped and abnormally
vertically inclined. The whole cranium shows a basal flexure, the left occipitomastoid suture is completely
obliterated while the right one is still completely open, the occipital condyles show severe defects, and the
mandibular fossae show an extreme angulation in relation to the midsagittal plane of the cranium. The Octagon-
cranium falls entirely outside the cranial morphological variation of a geographically diverse sample, is the
most asymmetric in this sample, and shows the lowest Palate to Foramen magnum angle. The upper first molar
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does not indicate any sign of use, suggesting that it had never been in functional occlusion with its antagonists,
while the later erupting upper first premolar shows an unusual lingual orientation, and wear and ante-mortem
fractures on the buccal cusp which may result from functional overload and improper occlusal relations. The
vertical orientation of the maxillary arch, the strong angulation of the mandibular fossae, and the wear state of the
teeth suggest an underdeveloped mandible, a retrusive mandibular relationship, and masticatory malfunctions.
Based on the developmental stage of the teeth and the sphenobasilar synchondrosis, the tentative age at death of
the individual can be defined in a range between 11 and 14 years.

Pronounced asymmetry and hypoplasia generally reflect genetic and environmental pressures experienced
throughout development. Developmental stress and instability provisionally contradict earlier findings on
the postcranium and cranium. Weninger!! saw the Octagon individual as a person representing “.. a refined,
specialized type of the ancient world of high culture ...” and “..a very distinguished personality...” (p. 168). Our
data cannot be used to draw inferences about social status, but we showed that the development of this cranium
was accompanied by severe problems and disturbances which are compatible with any social strata. Our cranial
results are in mismatch with those from the postcranial analysis, where no signs of illnesses and stress markers
were detected!?.

The cause for developmental disturbances can be manifold. Premature craniosynostosis, for instance, could
possibly be related to conditions such as thyroid dysfunction?®, rickets, and other metabolic disorders**. Due to
the taphonomic processes acting on the upper first molar and the insufficient pCT scan resolution we cannot
confirm with certainty the diagnosis of interglobular dentin (IGD) which could indicate a vitamin-D deficiency
during tooth formation!'®?°. If this was the case, it should have happened shortly before or after birth because
the potential IGDs are found 0.2-0.4 mm below the enamel-dentin junction. A dentinal growth rate of 3-5 um
per day is suggested for permanent tooth formation®, and first permanent molars start to develop around the
30st week after fertilization!. Another genetic disorder, the Treacher Collins Syndrome (TCS), shows several
phenotypic overlaps with the conditions of the Octagon-boy. TCS is autosomal dominant and affects both males
and females. It is frequently associated with a rotation of the occlusal plane, mandibular micrognathia, open-bite
malocclusion, down-slanting eyes, brachycephaly, dental anomalies, and conductive hearing loss®2. Patients with
TCS also show an extreme inclination of the palate to the skull base and an unusual flexion of the cervical spine.
Despite the reasons for such a craniofacial configuration, for a normal view, the head must be extremely raised
in relation to the spine. Avoiding this hyperextension of the cervical vertebrae, on the other hand, would restrict
the gaze to the ground. This could explain the defects on the occipital condyles of the Octagon-boy, despite his
young age (Supplementary Information Fig. S7). The particular craniofacial morphology is further associated
with functional, as well as with aesthetic and subsequent psychosocial problems. The appearance of the Octagon-
boy can probably be conceived similar to a TCS patient. However, the coverage of our genetic sampling was not
sufficient enough to prove genetic disorders such as TCS or others.

The construction date of the Ephesos Octagon is still discussed, but there are reasonable assumptions
that there was a time gap between Arsinoé IV’s murder and the completion of the building of at least several
decades*°. This considerable gap was always a cause for debate as to whether the Octagon was the last resting
place of Arsinoé IV. What we can now say with certainty is that the person buried in the Octagon was not
Arsinoé IV, and the search for her remains should continue. In addition, a wide range of new research questions
are open regarding the origin, fate and social background of the Octagon-boy. Despite a lack of local Anatolian
contemporaneous genetic data, he was possibly a member of the Romans living in Ephesos, and future analyses
of strontium isotopes might help understanding whether he was born and raised locally or arrived from abroad.

The hypothesis that the Octagon was built in honour of Arsinoé IV is no longer a parsimonious one.
Nevertheless, based on its architectural analysis and archaeological interpretation>*!3, the tomb could still be
connected to a person of significant social status somehow linked to the Egyptian cultural sphere. Arsinoé IV is
one such person who would fit this presumed background, but other people, probably currently even unknown
to history, can and should not be disregarded. As our analyses show, should there have been an attempt to disinter
and relocate the human remains of Arsinoé IV into this tomb after its construction was finished, it apparently
was not successful. Why this 11-14-year-old boy suffering from significant developmental disturbances was
buried in such a prominent building within the Ephesos urban area also remains unexplained for the moment.
Even experts 2,000 years later were persuaded that these bones would represent a young, healthy female!'2. We
hope that with our work, the view on Arsinoé IV became less clouded by anecdotes and speculations, and her
and the Octagon-boy’s fate can be unravelled free of bias in the future.

Methods

Micro-CT scanning of the cranium

The Octagon-cranium was scanned on the 21st of December 2022 at the Vienna Micro-CT Lab at the University
of Vienna with a VISCOM X8060 Scanner (71 pm, 130 kV, 330pA, 1400ms). A second scan was performed on
the 3rd of January 2023 for the maxilla and teeth (22 pm, 130 kV, 280uA, 1700ms). The scans were taken before
the genetic and dating sampling to archive the anatomy, and 0.75 mm copper filters were used to protect the
DNA as best as possible.

Geometric morphometric analysis of the cranium

A diverse sample of 42 crania from various geographical populations (East Africa, South Africa, East Asia,
Egypt, Australia, South America, Europe) from the Department of Evolutionary Anthropology, University of
Vienna and the Natural History Museum Vienna was used to include a maximum of morphological variation
for the comparison of cranial shape and angles (Supplementary Information Tab. S3). Tomographic data was
obtained from medical CTs and pCTs. After segmentation of the bony structures, 3D surfaces were extracted and
landmarked in Amira 3D (www.thermofisher.com). The set of 23 landmarks comprises Prosthion, Nasospinale,
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Rhinion, Nasion, Glabella, Bregma, Lambda, Opisthocranion, Inion, Opisthion, Basion, Porion left & right,
Maxillofrontale left & right, Orbitale left & right, Frontomalare orbitale left & right, Torus inferior left & right
(upper edge of orbit at foramen/sulcus or lateral rim of depression), and Alveolus upper M1 left and right (mid
of upper M1 alveolus). For Geometric Morphometric (GM) analysis we used the EVAN Toolbox 1.75 (www.
evan-society.org). A virtual endocast of the Octagon-cranium was also produced in Amira 3D. All Virtual
Anthropology procedures are described in®. For the estimation of the basicranial flexion, we measured the
flexion between the Basion, Sella turcica (midpoint-area), and Foramen caecum® (Supplementary Information
Fig. S15). To determine the inclination of the Palate to the Foramen magnum, four landmarks were digitised
on the flat Lamina horizontalis of the palate and four landmarks on the Foramen magnum (Supplementary
Information Fig. S14). Each set of four landmarks defined a best fit plane and the angle between these planes in
the mid-sagittal projection was measured.

Dating of the cranium

A sample of 260 mg was taken from the Octagon-cranium from the right carotid canal on the 28th of September
2023 by one of the authors (TH) and was further chemically pretreated and prepared at the Higham Lab,
Department of Evolutionary Anthropology, University of Vienna. Sample pretreatment for bones follows
collagen extraction and ultrafiltration protocols outlined in**. The sample was measured at the Keck AMS
facility, University of California at Irvine. For details on aspects of target preparation and AMS measurement
see’12. Radiocarbon dates are reported in radiocarbon years BP (Before Present - AD 1950) using the half-life
of 5568 years. Isotopic fractionation has been corrected for using the 8§!*C values measured on the AMS. §!°C
and 8'°N values are also measured independently using an EA-IRMS (Elemental Analyser/Isotope Ratio Mass
Spectrometer) to a precision of + 0.3 per mil relative to VPDB. These are reported in Supplementary Information
Tab. S2..

An earlier dating was performed at A.E. Lalonde AMS Laboratory, Ottawa/Canada in 2017 using the powder
obtained from the femur midshaft (see Genetics Sampling below). Radiocarbon analyses were performed on a
High Voltage Engineering (HVE) 3MV tandem accelerator mass spectrometer. For the calibration OxCal v4.2.4%
and the IntCall3 calibration curve® were used. Sample pretreating techniques and definitions of material codes
are described in’.

Genetics

Sampling

The genetic sample from the Octagon-cranium was taken at the Pinhasi Lab at the Department of Evolutionary
Anthropology, University of Vienna by one of the authors (OC) on the 10th of January 2023 from the right
cochlea. The femur and rib fragments used in this study originate both from the right side of the individual.
Samples were made available by the Austrian Archaeological Institute. The postcranial skeleton is kept in the
depot of the Austrian excavation house at Ephesos. The femur samples were taken from the midshaft by Gro
Bjornstad cutting a slice of the femur with a hacksaw using protective gloves and cleaning the equipment with
ethanol beforehand. The samples were exported with the friendly permission of the General Directorate for
Cultural Heritage and Museums in Ankara.

The samples were processed in dedicated ancient DNA facilities at the Department of Evolutionary
Anthropology of the University of Vienna. The cranium’s cochlea was sampled using a protocol that allows access
to it from the cranial base with minimal damage®®. For the femur, the same powder obtained for the *C dating
analyses was used (see above). A fragment of the rib was sampled by first cleaning any surface contamination
using a dental sandblaster, and using the same method to isolate a small fragment that was subsequently milled
to homogeneous powder in a Retsch ball mixer mill MM 400 at maximum frequency (30 Hz) for 1 min, with a
10-sec pause after the first 30 s, to avoid heat built up that could damage the ancient DNA.

DNA extraction, library preparation, and DNA sequencing

The DNA from each sample powder was extracted using the protocol developed by Dabney and colleagues®,
but using preassembled high pure viral nucleic acid large-volume kit spin columns from Roche® instead of
the protocol’s original MinElute column apparatus. Double-stranded DNA libraries were prepared according
to a modified Meyer and Kircher®! protocol. Individual libraries were prepared from 12.5 uL extract each, and
intermediate clean-up steps were performed using Qiagen MinElute PCR purification kits to retain very short
fragments (~30-80 bp). Before amplification, real-time qPCR of a small quantity of library (1 pL) was performed
to assess the number of molecules present and choose the required number of cycles for amplification. All
libraries were then double-indexed and amplified using NEBNext Q5U Master Mix DNA polymerase. Before
sequencing, libraries were quantified using Qubit and TapeStation. The libraries were then screened on an
Ilumina NovaSeq SP SR100 XP, and deeper sequenced on an Illumina NovaSeq X SR100 10B XP at the Vienna
BioCenter Core Facilities.

Once the three available skeletal elements — cranium, femur, and rib - passed the initial screening for ancient
DNA quality and authenticity, they were sent for deeper genomic sequencing. A focus was put on producing
enough data for the cranium and femur to have minimum amounts of overlapping data to evaluate their
biological relationship. The rib produced much smaller quantities of data, despite it looking authentic based
on metrics such as DNA fragment lengths and deamination patterns. The library was therefore enriched using
a custom-designed set of baits to allow enough sequencing for further analyses (Supplementary Information
Table S7).

Scientific Reports |

(2025) 15:943 | https://doi.org/10.1038/s41598-024-83870-x nature portfolio


https://www.evan-society.org/
https://www.evan-society.org/
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Data processing and authentication

Library adapters and barcodes were removed from the raw sequencing data with cutadapt (v3.5)%, allowing
for 1-bp overlap and excluding sequences shorter than 25 base pairs (bp). The sequences passing this filter
were aligned to the human reference genome hgl9, with the mitochondrial genome replaced by the Revised
Cambridge Reference Sequence (RCRS), using the “aln” command from the Burrows-Wheeler Aligner (BWA)
(v0.7.17-r1188)%, with seeding disabled by using the argument “-1 1000”. Sequence alignments were then
converted to the SAM format using BWA’s “samse”, and then converted to BAM format with SAMtools “view”
(v1.3.1)% discarding unmapped sequenced by using the argument “-F 4” and restricting to a minimum quality
threshold by using “-q 30”. Next, we used SAMtools’ “rmdup” command to exclude duplicated sequences with
exact coordinates and length.

Sequence deamination damage was assessed with mapDamage (v2.0)®. Contamination was assessed on the
haploid X chromosome of males using hapCon with a threshold of 0.02x or 2000 SNPs®, as well as on the
mitochondrial genome using schmutzi®. Genetic sex and chromosomal aneuploidies for the cranium and femur
were determined by looking at the ratio of sequences aligning to the X and Y chromosomes compared to the
total fraction aligning the autosomes*®. As the data from the rib was produced with a custom-designed set of
baits, sex estimation was based on the expected number of reads for XX and XY individuals. Considering the
number of SNPs for chromosome X (6635) and chromosome 7 (8681), which have similar physical lengths, in
the baits set, an individual with two copies of chromosome X would in theory produce ~24% less chromosome
X reads than those for chromosome 7. In the case of the rib, we obtained 467 reads for chromosome 7, but 46%
less for chromosome X, with 253 reads, suggesting that the individual might have had only a single copy of the
latter chromosome. Chromosome Y had 15 reads aligned to it. However, due to the low amounts of data, capture
bias or contamination could very easily impact these ratios, so we view this result as tentative but not definitive.

Before further analyses, 6 bp were trimmed from the ends of every sequence in order to remove deaminated
bases that could introduce unwanted bias. For this we used the “trimBam” function from the package BamUtil®’.
To estimate Y haplogroups we used Yleaf*® on the alignment files after duplicated reads removal, and for
mitochondrial haplogroups we re-aligned the raw sequencing data to the mitochondrial RCRS using the same
parameters described above, and then used SAMtools “consensus” from version 1.19.2 to create a consensus
sequence that was uploaded to HaploGrep3°%S,

)65

Principal component analysis

The 6-bp trimmed files were used to extract pseudo-haploid genotypes for 1,233,013 positions on the human
genome (“1240K capture set”) by randomly selecting an allele at each position and duplicating it. We used a subset
of 1,004,658 modern®®*” and 23,321,898 ancient West Eurasians®*-41436570-% for principal component analysis
using the “smartpca” tool from the software package EIGENSOFT®. The options shrinkmode and lsqproject
were both set to “YES”, with the latter projecting all ancient individuals onto the eigenvectors computed on the
modern populations. We included a version of each of the 3 samples using transverion SNPs only to evaluate
potential biases caused by deamination within the reads. The output from “smartpca” was then used as input
for Mobest, in order to spatiotemporally map the genetic profile of the Octagon individual®>. Geographical
coordinates and median sample dates for the ancient individual matrix were retrieved from the Allen Ancient
DNA Resource (AADR)%. The template script provided by the authors was used to run the pipeline, with the
final run using a spatial cell size of 10 km, and four times selected in order to investigate the past distribution and
potential most likely origin of the individual’s ancestry: 1000 BC, 500 BC, 250 BC, and 100 BC.

Relatedness estimation

To investigate if the three samples belonged to the same individual we used two relatedness estimation methods.
First, the Thomas Kent Genome Wide Variants version 2 (TKGWV2) method was developed specifically for
ultra-low coverage ancient DNA data, harnessing the power of using population allele frequencies to increase
its accuracy with very little data®’, and so it appropriately suited this project. The second method used was
Relatedness Estimation from Ancient DNA version 2 (READv2), which is an updated version of the most
popular relatedness estimator for ancient DNA, uses pairwise mismatch rates on different windows along the
genome to produce relatedness estimates®s. For TKGWV2, we estimated relatedness both using genome wide
data and the 1240 K capture set. For the former, we used the allele frequency data available from TKGWV2’s
publicly shared data, which contains ~ 22 million bi-allelic SNPs from modern European individuals, as previous
research suggested that they introduce little bias even on past populations back to Neolithic times®”. However,
we also used the 1240 K SNP set with allele frequencies from populations genetically close to the Octagon
individual, (the exact individual labels are presented in Supplementary Information Table S5) based on the
results of the population genomic analyses, in order to confirm the earlier results. For READv2, we used a set of
22 individuals from Bronze Age Sardinia (individual labels in Supplementary Information Table 5) as the base
population to obtain a median relatedness value. To get further confirmation of these results, we also restricted
the READV2 analysis to 260,390 transversion SNPs within the 1240 K dataset and reanalysed the cranium-femur
pair.

f-statistics

To investigate whether the Octagon individual was genetically closer to one population or another, we used f,-
statistics tests, within the software package ADMIXTOOLS®. For the outgroup population we selected Mbuti.
DG, and computed statistics of the form f4(Mbuti.DG, X; Y, Z), with X as the test individual and Y/Z pairs of
populations/individuals to tests against. The options “f4mode” and “printsd” were used.
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Runs of homozygosity

We used hapROH on the genomic data from the cranium (the only sample with more than the minimum
threshold of 400,000 SNPs on the 1240 K set) to investigate runs of homozygosity larger than 4 centimorgans®’
and get an insight into possible recent inbreeding.

Data availability

3D surface data of the cranium and the teeth are available in our Free Data section of the digital@rchive of
Fossil Hominoids (https://www.virtual-anthropology.com/3d-data/free-data/). The raw sequencing data gener
ated in this study have been submitted to the European Nucleotide Archive (ENA) with the accession number
PRJEB83414.
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