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The realization that ancient biomolecules are preserved in “fossil”
samples has revolutionized archaeological science. Protein sequen-
ces survive longer than DNA, but their phylogenetic resolution is
inferior; therefore, careful assessment of the research questions is
required. Here, we show the potential of ancient proteins preserved
in Pleistocene eggshell in addressing a longstanding controversy in
human and animal evolution: the identity of the extinct bird that
laid large eggs which were exploited by Australia’s indigenous peo-
ple. The eggs had been originally attributed to the iconic extinct
flightless bird Genyornis newtoni (tDromornithidae, Galloanseres)
and were subsequently dated to before 50 + 5 ka by Miller et al.
[Nat. Commun. 7, 10496 (2016)]. This was taken to represent the
likely extinction date for this endemic megafaunal species and thus
implied a role of humans in its demise. A contrasting hypothesis,
according to which the eggs were laid by a large mound-builder
megapode (Megapodiidae, Galliformes), would therefore acquit
humans of their responsibility in the extinction of Genyornis.
Ancient protein sequences were reconstructed and used to assess
the evolutionary proximity of the undetermined eggshell to extant
birds, rejecting the megapode hypothesis. Authentic ancient DNA
could not be confirmed from these highly degraded samples, but
morphometric data also support the attribution of the eggshell to
Genyornis. When used in triangulation to address well-defined
hypotheses, paleoproteomics is a powerful tool for reconstructing
the evolutionary history in ancient samples. In addition to the clari-
fication of phylogenetic placement, these data provide a more
nuanced understanding of the modes of interactions between
humans and their environment.

Genyornis eggshell | Australia | paleoproteomics | ancient DNA |
megafaunal extinction

O ne long-standing controversy in animal and human evolution
rests on the taxonomic identity of the eggshell of an extinct
giant bird. Thousands of Pleistocene sites in Australia yield vast
amounts of eggshell fragments, which are typically found eroding
out of sandhills (Fig. 1C) or, more rarely, locally reworked into
beach sediments, and have provided geochemists and archaeolo-
gists with excellent material for geochronological, geochemical,
and paleoclimatic studies (1-3). Some of the eggshells exhibit evi-
dence of having been cooked and then discarded in and around a
hearth. This is revealed not only by visible charring of the eggshell
but also by a specific signature of amino acid decomposition:
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Miller et al. (4) measured amino acid concentrations along a tran-
sect in partially charred eggshell, starting from the blackened end
and moving away from it (see figure 2 in ref. 4). They found that
amino acids were fully decomposed in the burnt end but that con-
centrations increased along the transect. This is consistent with a
high-temperature gradient typical of contact with hot embers and
cannot be attributed to bush fires. Strikingly, burnt Dromaius
(emu, part of ratites and tinamous Palaecognathae) eggshell
appears around 55 ka B.P. and remains frequent through to near-
modern time. A second type of eggshell, which we dub here
“undetermined ootaxon” (UO), bears signs of cooking but only
during a narrow temporal window [50 + 5ka B.P. (4)]. This
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mornithidae, as well as extant landfowl and waterfowl),
Genyornis, and not of the megapode (Megapodiidae, crown
Galliformes).
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Fig. 1. (A) Scaling relationship of eggshell thickness with egg mass for 538 species of extant birds with two estimates for UO (red) included for compari-

son. Megapodes (Megapodiidae) and screamers (Anhimidae) are colored in black and blue, respectively. Fitted line corresponds to phylogenetic general-
ized least-squares regression of eggshell thickness on egg mass (pseudo R-squared: 0.97). Silhouette of Aepypodius bruijnii taken from PhyloPic (Public
Domain). (B) Location of the archaeological site of Wood Point and of the Wallaroo sand dunes. (C) Concentration of surface and near-surface UO egg-
shell recently exposed in the South Australia sandhills. Based on the mass of the Spooner Egg (17), the recovered eggshell represents a concentration of
10 to 13 whole eggs, which we interpret to be a nest. Several such clusters have appeared in the same degrading sandhills revisited over 15 y. All have
the same level of aa epimerization; the optically stimulated luminescence age of dune sand at one such cluster is 55.5 + 2.3 ka (122).

interval is broadly contemporaneous with the spread of people
across Australia, with the earliest robust date of arrival (currently)
estimated at ~65 ka B.P. (5). The simple repeated action of egg
cooking, carried out many thousand years ago, now represents a
unique insight into human—fauna interactions and early anthropic
impacts on virgin landscapes. Whether this behavior also contrib-
uted to the extinction of some megafaunal species is hotly debated
and hinges on the identity of the UO eggshell remains. In one
scenario, the UO eggshell belong to Genyornis newtoni, the last
surviving member of the giant (~200 kg) flightless “mihirungs”
(i.e., Dromornithidae), an extinct clade within Galloanseres
(6-10). Modern Galloanseres comprise Galliformes, which are
land fowl such as chickens, pheasants, quails, and megapodes, and
Anseriformes, which are waterfowl such as ducks, geese, and
screamers. In a contrasting hypothesis, these eggshells belong to a
large (~5 kg) volant extinct megapode (i.e., Megapodiidae) within
the crown Galliformes.

The attribution of UO eggshell [from the site of Coopers
Dune, 50 + 5 ka B.P. (4)] to Genyornis was first proposed by
Williams (11). Despite the lack of direct association between
skeletal remains and UO eggshells, they were in close proximity
and approximately the right size for the egg layer. If the Wil-
liams identification is correct, Genyornis was among the mega-
faunal species that disappeared a few thousand years after the
arrival of people, implying a role of humans in its extinction (1,
4,5, 7). In this debate, the closest parallel would appear to be
the demise of the New Zealand megaherbivore, moa (Palacog-
nathae), which occurred within 150 y of the arrival of a small
group of people (~2,000 individuals), around 1300 to 1500 CE,
as the result of habitat removal and hunting (12-16). However,
the Australian Pleistocene archaeological record reveals the
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near absence of evidence for kill sites or human modification of
Genyornis skeletal remains. This could be due to taphonomic
biases (e.g., sea level rise), but if we accept the classification of
the UO as Genyornis, it most likely implies that mihirung egg
exploitation was routinely carried out by Australia’s first peo-
ple, while hunting was not (4). Could egg exploitation have
become unsustainable and driven Genyornis to extinction?

A different scenario is evoked by the recent challenge to the
identity of the UO eggshell layer and its attribution to an
extinct large megapode such as Progura (17). The hotly debated
(17-19) megapode hypothesis is primarily based on estimates
of a thin eggshell, the eggs being rather small for the estimated
size of Genyornis, and the widespread presence of remains
from the extinct large megapode Progura in Australia. If this
hypothesis is proven correct, it would imply that humans may
have had an impact on the extinction of a volant, mound-
building, relatively small (~5 kg) bird around 50 ka B.P. People
would thus have preferentially targeted eggs in hidden mounds
and burrows rather than collecting them from the ground nests
of large flightless birds, the latter being a typical behavior of
modern humans, who had been exploiting ostrich eggs in Africa
and Asia since at least 120 ka B.P. (20). More importantly,
there would be no direct proof of human-Genyornis interac-
tion, and it is indeed possible that Genyornis had already gone
extinct by the time humans arrived in Australia. A scenario of
human-megapode interaction therefore throws a completely
different light on the debate over human role(s) in Australian
megafauna extinctions, supporting environmental-driven
hypotheses. This would be in line with recent studies, which
have argued that there is no link between the arrival of humans
and the extinction of megafaunas for the global Pleistocene
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record (21) and that Sahul extinctions were chronologically
coupled with hydroclimate deterioration and not with anthro-
pogenic effects (22).

In summary, the debate hinges on two mutually exclusive
hypotheses: either the eggshell belongs to Genyornis, a flightless
member of Galloanseres, or to a Progura-like volant megapode
in crown Galliformes. The key piece of missing evidence is
therefore a morphometric character or molecular marker (or
combination of both) able to unambiguously falsify either
hypothesis. Here, we used three independent approaches in
order to obtain information on the identity of UO eggshell: 1)
comparison of eggshell thickness scaling in UO with that of
over 500 species of extant birds using phylogenetic regressions,
2) hybridization capture and next-generation sequencing of
ancient DNA extracted from the eggshell, and 3) ancient pro-
tein sequencing using high-resolution tandem mass spectrome-
try followed by phylogenetic analyses of “fossil” sequences. The
results are internally consistent, allowing us to resolve the
Genyornis/megapode controversy and bringing to the fore
important implications for the use of biomolecular methods in
archaeology.

Results

Eggshell Morphology. The taxonomy of UO has been debated by
examining a range of morphometrical, microstructural, and
geochemical parameters and datasets (17-19), but the initial
argument was based on a proposed unusual small size and thin
eggshell. The eggshell fragments are 0.95 to 1.36 mm (17), that
is, slightly thicker than that of midsized Palaeognathae [e.g.,
emu, rheas, and cassowaries (23-25)]. Using the eggshell frag-
ment curvature and a range of equations relating body mass
(estimated from skeletal remains of Genyornis) to egg size, the
eggs’ dimensions can be estimated as ~125 x 155 mm (11, 19)
or ~97 x 125 mm (17, 18). Our phylogenetic regression of egg-
shell thickness on egg mass for extant birds (Fig. 14) shows
that for either estimate of egg dimensions, UO eggs fall very
close to the general relationship of these two traits among
birds. All three megapodes in our sample are clear outliers to
that relationship, far below the regression line due to their very
thin eggshells and large eggs (Fig. 14). If the UO eggshells had
a thickness/mass scaling relationship similar to that of extant
megapodes, the eggs would be expected to be further away
from the regression line (i.e., closer in size to those of large
moa [Dinornis, Palaecognathae]). Conversely, the screamers
(Anhimidae)—that is, early diverging Anseriformes—fall close
to the regression line (Fig. 14), making the thickness/mass scal-
ing of UO more consistent with a Genyornis identity.

Other aspects of UO eggs are either not diagnostic or incon-
sistent with the hypothesis of their layer being a megapode.
Their Y-shaped pore structure, for example, is present in mega-
podes but also in other large dinosaur eggs [e.g., flightless
Palaeognathae, sauropods (23, 26, 27)]. UO eggs present a typi-
cal ovoid shape (19), very different from that of megapode
eggs, which are much larger and elongated than those of other
similar-sized Galliformes and have a very large yolk [over 50%
of the egg content (28, 29)]. The thin eggshell of megapodes
also shows a dense horizontal pore network, undocumented in
any other extant birds (30). In extant birds, egg elongation is
correlated with an enlarged yolk (31) and powered flight (32),
and both enlarged yolk and high eggshell conductance are cor-
related with precociality (31, 33, 34). Megapodes incubate their
eggs in mounds of rotting vegetation—or, for some species, in
sand heated by the sun or by geothermal activity (35, 36). These
highly controlled temperature and humidity conditions (36, 37)
contribute to their hyperprecociality and associated egg traits
(35). Therefore, if UO eggs belonged to a giant megapode, that
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species would have had a growth pattern and incubation strat-
egy highly distinct from those of its extant relatives.

It is also worth noting that the concentrations of near-surface
and surface eggshell (“nests,” Fig. 1C) where UO eggshells were
discovered are located in sand dunes devoid of significant organic
matter that could have been used for nest building, rendering the
presence of vegetation mounds unlikely (19). Alternatively, a giant
megapode nesting on that site could have burrowed its eggs in the
sand; this nesting strategy, however, is only found in seven species
(four of which can also use mound nesting and none of which live
in Australia) out of 22 (28). The ancestral megapode is estimated
to be a mound nester, and burrow-nesting megapodes are
inferred to have acquired this strategy only after their Pleistocene
dispersal to islands north of Australia (e.g., New Guinea, Philip-
pines), where vegetative material was then scarcely available (36).
However, since burrowing species cannot readily adjust the struc-
ture of the burrow like that of a mound, using the sun as the sole
heat source for incubation requires a very loose substrate struc-
ture (e.g., volcanic or siliceous sand), and this can only happen
during the dry season when solar radiation is maximal (38). For
this reason, all seven burrowing megapode species tend to either
bury their eggs with organic matter that also contributes to incu-
bation (sometimes near rotting tree roots) or dig their burrows in
volcanic sand so that incubation is in part ensured by geothermal
activity (38, 39). Thus, since solar heating is almost always used in
addition to other heat sources for incubation (39), the lack of veg-
etation in the nonvolcanic sand dunes where UO eggshells were
recovered would always be a constraint on them being incubated
in a mound or a burrow as built by a megapode, especially a giant
one. While the acquisition of a novel nesting strategy associated
with body size increase cannot be excluded, this makes the exis-
tence of a giant Australian burrow-nesting megapode highly
unlikely.

Paleogenomics. Guided by amino acid racemization (isoleucine
epimerization, A/I) data, previously shown to be correlated
with biomolecular preservation in ostrich eggshell (40), 14 of
the most promising samples were selected for ancient DNA
(aDNA) analysis, a strategy previously successful in Madagas-
car (41). While aDNA has been retrieved from million-year-old
tissues (42), the hot climate of Australia is not conducive to the
survival of aDNA in 50-ka UO eggshell (~0.3 Ma thermal
years). An avian /2§ ribosomal DNA (rDNA) mini-barcode
amplified was 100% identical to chicken (Gallus gallus), a com-
mon contaminant, and any avian reads that mapped to various
reference avian mitochondrial genomes (Materials and Meth-
ods) cannot be distinguished from nonendogenous contamina-
tion, as most were identical to domestic Galloanseres (S/
Appendix, Ancient DNA supplementary results). However, no
reads from the laboratory controls mapped to any of the avian
mitochondrial reference genomes used, and reads from the
controls were largely human or bacterial in origin. The phyloge-
nies that were reconstructed from avian mitochondrial reads
show all three samples placed sister to Gallus gallus, indicating
that the chicken is a likely contaminant: if the samples were
truly Galliformes, we would expect them to fall within Galli-
formes but not immediately sister to the chicken (SI Appendix,
Fig. S11 A4, C, and E). When reads assigned to Gallus are
excluded from mapping, we find one specimen is placed within
Galliformes but not sister to Gallus or Megapodiidae (S/
Appendix, Fig. S11B), while two others are both placed within
Anseriformes (SI Appendix, Fig. S11 D and F). A higher pro-
portion of C to T nucleotide misincorporations at both the 5
and 3’ ends of mapped reads was not observed (SI Appendix,
Fig. S12); however, this was expected because the coverage was
so low. As such, we cannot be confident the mapped reads are
truly ancient in origin, and aDNA data remains inconclusive.
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Paleoproteomics. Ancient proteins were successfully extracted
from three fragments of UO eggshell—one from the archaeologi-
cal site of Wood Point, where partially charred eggshell fragments
were found amongst un-burnt fragments (43), and two from sand
dunes near Wallaroo (Fig. 1B). The samples were selected based
upon A/I values (Table 1) because we have previously shown a
negative correlation between the number of identified peptides
and increasing racemization in ostrich eggshells (40). The proteins
were extracted from eggshell powders that had been extensively
bleached in order to isolate the intracrystalline organic fraction
and remove external contamination (40, 44). The tandem mass
spectrometry raw data were searched against all proteins down-
loaded from the National Center for Biotechnology Information
(NCBI) repository, restricting the taxonomy to Aves and including
common contaminants. These preliminary searches highlighted
that the proteome composition was similar across the three sam-
ples and that the top-scoring proteins were neuronal pentraxin,
lactadherin, and C-type lectin (1- and 2-). Neuronal pentraxin is a
Ca-binding protein involved in central nervous system develop-
ment. Lactadherin/milk fat globule-EGF factor 8 (MFGES) is
consistently detected in eggshell proteomes and is involved in
mineralization, particularly in the vesicle-mediated transport of
amorphous calcium carbonate (45, 46). MFGES has calcium-
binding EGF-like domains, and it is overabundant in the prote-
ome of mechanically stronger shells (47). The C-type lectins are
highly specific for biomineralization and are present as two forms
(XCA-1 and XCA-2, following the nomenclature of 46) in ratites,
while Neognathae can possess both or either paralog forms.
Preliminary analyses showed that XCA-1 and lactadherin were
the most suitable sequences, as they yielded higher protein sequence
coverages and the appropriate phylogenetic resolution. Neuronal
pentraxin was not considered for phylogenetic analyses because it
had less informative sites and was not available for the reference
Megapodiidae, Alectura lathami. Raw tandem mass spectrometry
data were then searched against custom-made databases containing
XCA-1, lactadherin, and common laboratory contaminant sequen-
ces. The top XCA-1 match for the UO was clearly with Anseranas
semipalmata and Chauna torquata (~70% coverage), with other
taxa yielding lower identities (~50%). The match between the data
from the UO and the lactadherin references was around 40 to 60%
identity with a range of avian taxa. This is a common issue arising
from the difficulty of automatically ranking conserved peptide
sequences, which, in this case, required manual checking of the qual-
ity of individual spectra and peptide spectrum matches. The “fossil”
UO proteins were reconstructed by aligning all peptide hits from
each reference sequence and constructing consensus sequences (a
selection of annotated spectra supporting the reconstruction of the
UO XCA-1 and lactadherin are reported in SI Appendix, Selection of
annotated tandem mass spectra supporting the reconstruction of UO
protein sequences). SI Appendix, Figs. S1 and S2, respectively, display
the alignment of UO XCA-1 and lactadherin with reference species;
the coverage obtained was sufficient for obtaining a prediction of
UO XCA-1 structure using AlphaFold (48) by inclusion of a short
inferred sequence (SI Appendix, Fig. S3 and Supplementary Figures).

Phylogenetic Placement of UO. Consensus UO sequences for
XCA-1 and lactadherin, together with data for 364 bird species,
were used to assess the evolutionary placement of UO relative to

extant birds, particularly to Palaeognathae, Galliformes, and
Anseriformes. Concatenated maximum likelihood phylogenetic
inference (756 amino acids, aa) resulted in a tree topology with
major groups of birds—that is, ratites and tinamous (Palaecogna-
thae), land fowl and waterfowl (Galloanseres), and all other mod-
ern birds (Neoaves)—being monophyletic (Fig. 2 and S/
Appendix, Fig. S4). The average bootstrap support (bs) was nota-
bly lower within Neoaves (bs = 32) than in Palacognathae (bs =
66) and Galloanseres (bs = 72), which is consistent with the long-
standing difficulties in resolving the relationships among the deep
branches of Neoaves (49-51). Because protein and DNA sequen-
ces can be informative at different time scales, we compared the
aa dataset to the corresponding DNA dataset for the extant spe-
cies only, because of the unavailability of DNA data for UO. We
found the same relationships but higher bs in the DNA (bs = 55)
compared to the protein dataset (bs = 36) (SI Appendix, Fig. S5).
The results demonstrate that eggshell XCA-1 and lactadherin pro-
tein sequences can recover deep time divergences and are there-
fore adequate to our scope.

In all phylogenetic models, whether unconstrained or con-
strained to published topologies, UO fell firmly outside Palae-
ognathae and within Galloanseres (Fig. 2 and SI Appendix, Fig.
S6). While the first nodes of Galliformes are poorly supported
and characterized by short branch lengths, the inclusion of UO
within Galloanseres has good support (bs = 83). UO was sup-
ported as the sister to a clade of Galliformes and of Anatidae
plus Anseranatidae (bs = 52, Fig. 2). The exact placement
within Galloanseres is complicated by the paraphyly of Anseri-
formes, with Chauna torquata (Anhimidae) being the sister
group to the remaining Galloanseres and UO. Anseriformes
are monophyletic in both morphological and DNA-based phy-
logenies (9, 50, 52). When constraining the topology to estab-
lished phylogenetic relationships that include a monophyletic
Anseriformes, we find that UO is placed as the sister group to
Anatidae and Anseranatidae with good support (bs = 91, SI
Appendix, Fig. S6). However, given that support for an enforced
monophyletic Anseriformes was low (bs = 19), we consider it
more conservative to conclude that the phylogenetic placement
of UO is certainly within the more inclusive Galloanseres clade,
with the possibility of a placement as the sister of the group
including Anatidae and Anseranatidae.

UO was never recovered within the crown Galliformes (bs =
91) and was several nodes distant from the reference megapode
Alectura lathami. Although the exact relative position of UO,
Anhimidae, and Anatidae + Anseranatidae was not always
identical, subsets of this analysis resulted in the same placement
of UO in Galloanseres, when only analyzing taxa with both
genes were represented (SI Appendix, Fig. S7), when only spe-
cies of Palacognathae and Galloanseres were included (SI
Appendix, Fig. S8), or when only Australasian taxa were
included (SI Appendix, Fig. S9). A genetic affinity between UO
and Megapodiidae is therefore rejected.

Discussion

Ancient proteins have recently been in the spotlight as the most
promising source of information for clarifying the Pleistocene evo-
lutionary history of extinct organisms in the absence of aDNA,
having been retrieved from a 3.8-Ma eggshell (40) as well as

Table 1. Details of samples analyzed in this study

Turin Sample ID Miller Lab ID aDNA Lab ID Site Coordinates MAT (°C) Avg A/l OSL + 16 (ka)
PALTO 215 M14-A031 AD2078 Wood Point —33.3475°, 137.8988° 17.9 0.291 + 0.001 55.0 + 5.0
PALTO 216 M14-A035 AD2079* (CSS3622) Wallaroo —33.8842°, 137.6110° 17.0 0.371 + 0.001

PALTO 217 M14-A036 AD2080 —33.8841°, 137.6109° 0.354 + 0.004

Mean annual temperature (MAT) and geochronological data from ref. 4. Asterisked samples had their DNA sequenced albeit unsuccessfully.

40f9 | PNAS
https://doi.org/10.1073/pnas.2109326119

Demarchi et al.
Ancient proteins resolve controversy over the identity of Genyornis eggshell


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2109326119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2109326119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2109326119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2109326119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2109326119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2109326119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2109326119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2109326119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2109326119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2109326119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2109326119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2109326119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2109326119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2109326119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2109326119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2109326119/-/DCSupplemental

e Phasianus colchicus
Meleagris gallopavo -
45 Tympanuchus cupido o il .
Gall 7 oturnix japonica
allus gallus
94 Bambusicola thoracicus
Numida meleagris ] ] n
1 g2 = Odontophorus gujanensis [
65 ) Callipepla squamata o)
Colinus virginianus n
o —— A =
Alectura lathami f @
77 gm  Asarcornis scutulata - To o
44 Ayth/xa fuligula © =
nas zonorhyncha < ©
Anas platyrhynchos ™ b O
52 Cairina moschata e = (O]
Oxyura jamaicensis ©
Cygnus atratus ' C
Anser cygnoid & <C
Anseranas semipalmata (Anseranatidae)
Chauna tog&uata (Anhimidae)
othoprocta ornata
U Noth t ta
60 Nothoprocta perdicaria
40 Nothcc)jproc_ta pentlandii
Eudromia elegans Q
Nothocercus julius ~ ©
Nothocercus nigrocapillus _E
49 Crypturellus cinnamomeus ©
Crypturellus undulatus » c
_Tinamus guttatus 8 o))
ﬁr Dromaius novaehollandiae 3
13 Casuarius casuarius @
60p  Apteryx rowi _ ©
pteryx owenii —_—
98 Apteryx haastii ©
Apteryx australis o
hea pennata =
Rhea americana
Struthio camelus

Fig. 2. Maximum likelihood phylogenetic tree based on the concatenation of two eggshell protein sequences. The UO is highlighted in orange, and the
orange box indicates the area of phylogenetic uncertainty in which the taxon fell in different analyses. Node numbers are bootstrap support.

million-year-old dental enamel from both animal and hominin
taxa (53-55). Their preservation in 50,000-y-old eggshells from
warm Australian environments (mean annual temperature = 17
to 17.9°C, thermal age ~300 ka) is highly significant: eggshell pro-
teins are firmly established as a reliable source of information for
assessing the evolutionary proximity between extant and extinct
organisms. In the case of the UO, we can confidently exclude a
close affinity with Megapodiidae and support its original determi-
nation as Genyornis eggs, thus contributing to our understanding
of human-megafauna interactions in the past.

In our study, protein sequences could recover clades of Palaeog-
nathae, Galloanseres, Galliformes, Anatidae, and Neoaves, which
diverged more than 50 Mya. The topology had shortcomings
within Neoaves, the paraphyly of Anseriformes, and often low bs,
which are likely a consequence of the relatively low number of aa
sites analyzed here. We cannot unambiguously place the ootaxon
as a relative of any extant species, but we can confidently place it
among the first branches of Galloanseres and certainly outside
of crown Galliformes. Protein sequences are often advocated for
phylogenies because they generally suffer less from saturation,
while DNA sequences have an advantage of having more sites
(56). While we cannot directly test the placement of the ootaxon
based on aDNA data, we found that the relationships among the
main clades were similar when comparing the aa and the corre-
sponding nucleotide data. It is possible that noncoding regions
would be more phylogenetically informative than the protein-
coding sequences as has been found in genome-wide compari-
sons (57, 58), but noncoding data may never become available
for such ancient samples. This suggests a role for these ancient
protein sequences in addressing evolutionary placement in other
systems.

The limited number of modifications that can occur within pro-
tein sequences is dependent on chemical and steric factors. As
shown in SI Appendix, Figs. S1 and S2, common substitutions are
between aa with similar characteristics, for example, Asp < Asn,
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Glu < Gln, Asp < Glu, Ile <> Leu or Ile <+ Val, Tyr < Ser, and
Arg < Lys. The protein structure also plays a fundamental role;
for example, Cys residues are highly conserved in XCA-1 sequen-
ces, as they ensure the formation of disulfide bridges and, thus,
the correct folding. These chemical and structural constraints
imply that aa substitutions are neither wholly random nor occur
at a constant rate (see also ref. 59), which is a key requirement
for an accurate molecular clock. The proteins can therefore be
considered somewhat more akin to morphological characters (i.e.,
conserved and subjected to environmental pressures). Issues of
resolution can be further compounded by diagenesis and differen-
tial preservation. We have recently described (40) a mechanism of
molecular preservation which involves mineral-surface stabiliza-
tion, ensuring the survival of Asp-rich peptides from ostrich
XCA-1 sequences (residues 92 to 99 in SI Appendix, Fig. S1).
Unfortunately, this region is among the most highly conserved
and therefore of limited use for taxonomic determinations. On
the contrary, a taxonomically variable region (residues 76 to 83 in
SI Appendix, Fig. S1) is predicted to be a surface-exposed loop
between two p-sheets and is not preserved in the UO sequence
(SI Appendix, Figs. S1 and S3). aa substitutions can therefore be
driven by functional constraints. This also leaves protein-coding
sequences susceptible to homoplasy, as is the case with skeletons,
where convergent morphological adaptations are mirrored by the
same or similar molecular changes. This phenomenon appears
widespread in birds, as waterbird and predatory morphs have
evolved multiple times and are associated with convergent molec-
ular changes (49), while flight loss was associated with convergent
changes in regulatory DNA (60).

These caveats do not imply that ancient protein sequences cannot
give accurate taxonomic information. On the contrary, in the pres-
ence of well-defined hypotheses and a good set of reference sequen-
ces, we show here that species-level resolution could be achieved by
targeting specific peptides. For example, positions 12, 25, 36, and 80
of the XCA-1 alignment in SI Appendix, Fig. S1 could be used to
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separate Nothoprocta perdicaria and Nothoprocta ornata archaeologi-
cal eggshells. While the suitability of peptide mass fingerprinting for
the rapid order-level identification of archaeological eggshell is well
established (61-65), these earlier studies consistently recognized
that a major limitation in taxonomic resolution was the lack of refer-
ence sequences and stressed the importance of integrating morpho-
logical and molecular evidence. Two methodological breakthroughs
have occurred recently, which have the potential to revolutionize
the way eggshell is studied archaeologically: thanks to the Bird
10,000 Genomes (B10K) project (http://b10k.genomics.cn), we can
now for the first time rely on a growing dataset of well-annotated
tissue-specific protein sequences, and tools such as AlphaFold (48)
can provide additional structural insights. Well-supported shared
derived sequence characteristics can now be identified that are apo-
morphic for key taxa (e.g., Tyr — Met in Galliformes at position
332 in SI Appendix, Fig. S2). The presence or absence of these in
fossil targets allow key tests for specific hypotheses of identity but
will also allow for the reconstruction of the evolution of protein
traits and the investigation of potential taphonomic effects. Com-
bined with zooarchaeological, environmental, and historical informa-
tion, this is certainly the beginning of a new era in the study of
human-avifauna interactions.

The Genyornis study is a clear example of the potential of this
approach: we defined a testable hypothesis and gathered three
independent lines of evidence based on morphology, paleoge-
nomics, and paleoproteomics. aDNA data (while suggestive)
were inconclusive, but ancient protein data rejected the mega-
pode hypothesis on the basis of evolutionary distance between
UO and extant Megapodiidae and were supported by morpholog-
ical considerations. The UO eggshell was therefore attributed to
Genyornis, a conclusion which is pivotal for understanding how
Australia’s first people interacted with their new environment and
reaffirms the value of the Genyornis eggshell as a tool to study
paleoclimate and extinction processes. While these data cannot
directly assess the extent of the interaction between humans and
Genyornis, we note that, given the geographical extent of burnt
Genyornis eggshell (4), this interaction was likely nonsporadic.

As a minimum, at least one human exploited at least one Gen-
yornis egg at the site of Wood Point around 50,000 y ago. In doing
so, they were likely reproducing the same mode of interaction
that they had established with another large, flightless bird:
ostrich, albeit on other continents. Ostrich bones are rarely found
in archaeological sites (66), but ostrich eggshell (OES) has been
ubiquitous in human occupation sites in southern and eastern
Africa since the Middle Stone Age (20, 67-69). OES is also com-
mon in northern Africa, the Arabian Peninsula, southwestern and
northern Asia, and present-day India and China throughout the
Pleistocene and Holocene (70-74). In the past, and today, ostrich
eggs were widely used for a variety of purposes: the egg itself is
an important source of nourishment, while the shell can be
worked to make beads, which reify social relationships and identi-
ties, or it can be used as a water container. Ostriches and humans
therefore have coexisted for at least 100,000 y, and this interaction
was seemingly a very specific one, mainly involving egg collection.
The secure biomolecular identification of Genyornis eggshell
therefore hints at the antiquity, continuity, and persistence of spe-
cific patterns of human-megafaunal-birds interaction over large
temporal and spatial scales.

Materials and Methods

Phylogenetic Comparative Methods for Eggshell Thickness Scaling. A dataset
for eggshell thickness (pm) and egg mass (g) was compiled for 602 species of
extant and subfossil birds from Maurer et al. (75), Juang et al. (76), and Legen-
dre and Clarke (25). Two additional megapode species (Alectura lathami and
Leipoa ocellata) were sampled from Grellet-Tinner et al. (30). Egg mass was
estimated from egg length and width using the equation of Hoyt [ref. 77; see
also ref. 25]. Both traits were log converted [common logarithm (78)] prior to
analysis. All subsequent analyses were performed in R 4.1.0 (79). Following

60f9 | PNAS

https://doi.org/10.1073/pnas.2109326119

Rubolini et al. (80), we sampled 100 phylogenetic trees from BirdTree.org
using the topology of Jetz et al. (81) with the backbone of Hackett et al. (82)
and generated a consensus calibrated tree using “consensus.edges” in phy-
tools (83). The dataset was reduced to the 538 species sampled in this tree for
subsequent analyses. We performed phylogenetic generalized least-squares
[PGLS (84)] regressions of eggshell thickness on egg mass using nime (85) and
ape (86). The goodness of fit was assessed using pseudo R-squared (Ryreq) in
rr2 (87, 88). Normality and homoscedasticity of the residuals were assessed
using a Shapiro-Wilk test and a Q-Q plot and a residuals versus fits plot,
respectively (89). The regression plot includes two values of eggshell thickness
and egg mass for the Genyornis eggs, taken respectively from Williams (11)
and Grellet-Tinner et al. (17).

Paleogenomics. Four UO (putative Genyornis) eggshell specimens were col-
lected north of Spencer Gulf, South Australia, along with an additional 10
from Arcoona Station, Woomera, South Australia, by G.M. (S/ Appendix, Table
S1). In a designated cleanroom facility at Curtin University, DNA was extracted
from 200 mg eggshell powder following the method described by Dabney
et al. (90) with minor changes outlined in Grealy et al. (41) (S/ Appendix,
Ancient DNA supplementary methods). A DNA-free extraction control was
included for every 11 samples. We attempted to amplify a 53-bp (base-pair)
barcoding region of mitochondrial 125 rDNA using universal bird-specific pri-
mers (91) as described elsewhere (SI 1.4 of ref. 92; see also SI Appendix,
Amplification of the 125 rDNA mini-barcode). DNA-free PCR and extraction
controls were included. One barcode only was able to be sequenced on a
MiSeq Nano flowcell single-end 150-cycle V2. Five samples in which the previ-
ously described 53-bp barcoding region could be amplified were prioritized
for single-stranded shotgun library preparation (S/ Appendix, Table S1) follow-
ing the methods of Gansauge et al. (93) with minor changes (S/ Appendix,
Shotgun library preparation). Negative control libraries and extraction con-
trols were also prepared and carried through capture to sequencing. A total
of 100 mer mitochondrial and nuclear avian baits with 50-bp tiling were previ-
ously designed using the sequences in table $5.9.4 of Grealy et al. (39) and
manufactured by MYBaits (MYcroarray). The hybridization capture was per-
formed on three libraries (S Appendix, Table S1) according to the MYcroarray
MYBaits Sequence Enrichment for Targeted Sequencing v.3 manual with
minor changes (SI Appendix, Hybridisation capture). The final sequencing
library was sequenced on a MiSeq standard flowcell paired-end 300-cycle V2
(SI Appendix, Hybridisation capture). The reads were demultiplexed, trimmed,
filtered, and de-replicated according to Grealy et al. (94) and S/ Appendix,
Bioinformatics. Any reads that mapped to the reads within the control librar-
ies were discarded. All libraries were individually mapped to several reference
mitochondrial genomes (S/ Appendix, Bioinformatics), and mapped reads that
were avian in origin were used to reconstruct a consensus mitochondrial
genome (S/ Appendix, Bioinformatics). Mapping was also repeated, excluding
reads that were assigned to Gallus gallus as potential contamination. Consen-
sus sequences were then separately aligned with 40 other avian mitochondrial
genomes (S/ Appendix, Fig. S10), and protein-coding genes were partitioned
in codon positions, while RNA-coding genes were partitioned into stems and
loops (S Appendix, Bioinformatics). 1Q-Tree 1.6.12 (95, 96) was used to find
the best nucleotide substitution model for each partition (S/ Appendix, Table
S6) and generate a consensus maximum likelihood tree from 500 bootstrap
replicates (S/ Appendix, Bioinformatics). MapDamage 2.2.1 (97) was used to
examine C to T misincorporations at the 5 and 3’ terminus of reads (S/
Appendix, Bioinformatics and Fig. $12). The raw data, alignments, and phylo-
genetic analyses are available on FigShare (10.6084/m9.figshare.15084879)

Paleoproteomics. The eggshell fragments targeted for ancient protein analy-
sis were collected at the site of Wood Point (one sample) and sand dunes near
Wallaroo (two samples). Wood Point is about 10 m above sea level, along
Spencer Gulf, south of Port Augusta. This is a human occupation site with
strong evidence of human exploitation of emu and UO eggs for alimentary
purposes (2, 43). It has been dated by Miller et al. (4) to 44,094 to 47,419 cal
B.P. The Wallaroo sand dunes are 65 km south of Wood Point. The three egg-
shell fragments come from three separate eggs. It is worth noting that the UO
eggshells found throughout the continent are all consistent in terms of thick-
ness, pore pattern and degree of curvature, and, importantly, taphonomy—
which is similar to that of the emu’s eggshell found in the same sites.

Sample preparation. The preparation of samples was carried out in a dedi-
cated laboratory at the University of Turin, handling the samples under a lami-
nar flow cabinet in accordance with international guidelines (98). Eggshell is
an excellent substrate for paleoproteomics, as it retains a tight closed system
of proteins, which can be isolated by extensive bleaching (40, 44). Here, we
bleached powdered eggshell samples (~40 mg) for 72 h and then extracted
the intracrystalline fraction by demineralizing in 0.6 M hydrochloridric acid
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(fresh solution, cooled to 4°C) followed by ultrafiltration (Nanosep Centrifu-
gal Devices, 3-kDa MWCO, Pall Laboratory). Following the reduction and alkyl-
ation of disulphide bonds with dithiothreitol and iodoacetamide according to
usual eggshell protocols (40, 70), digestion was carried out overnight at 37 °C
on two subsamples for each sample, adding 4 pL trypsin (0.5 pg/uL; Promega)
for “T" subsamples and 4 pL elastase (1 pg/pL) for “E” subsamples. Digestion
was stopped by adding trifluoroacetic acid (TFA) to a final concentration of
~0.1% (volivol), and peptide digests were purified using C18 solid-phase
extraction (Pierce zip-tip; Thermo Fisher) according to the manufacturer’s
instructions and evaporated to dryness. A procedural blank was included dur-
ing sample preparation and was analyzed alongside the eggshell samples.
LC-MS/MS analysis. Trypsin and elastase digests for each sample were resus-
pended with 25 uL 80% acetonitrile (ACN) and combined. A total of 40 uL was
transferred to a 96-well plate prior to liquid chromatography-tandem mass
spectrometry (LC-MS/MS) analysis. To remove the ACN, the plate was vacuum
centrifuged until ~5 pL remained. Samples were then resuspended with 8 uL
0.1% TFA 5% can, and 5 pL was then separated by an EASY-nLC 1200 (Prox-
eon) attached to a Q-Exactive HF-X mass spectrometer (Thermo Scientific) on
a 15-cm column (75 pm inner diameter; made in-house laser pulled and
packed with 1.9-um C18 beads [Dr. Maisch] over a 77-min gradient). The
parameters were the same as those already published for historical samples
(99). In short, MS1: 120k resolution, maximum injection time (IT) 25 ms, scan
target 3E6. MS2: 60k resolution, top 10 mode, maximum IT 118 ms, minimum
scan target 3E3, normalized collision energy of 28, dynamic exclusion 20's, and
isolation window of 1.2 m/z. A wash-blank consisting of 0.1% TFA 5% ACN
was run before and after each sample to hinder cross-contamination.

Data analysis. Bioinformatic analysis was carried out using PEAKS Studio 8.5
[Bioinformatics Solutions, Inc (100)]. After conducting preliminary screening in
order to ensure uniformity across the results, the raw tandem mass spectrometry
data from the three samples were combined in a single search. The thresholds
for peptide and protein identification were set as follows: peptide score —10IgP
> 30, protein score —10IgP > 40, de novo sequences scores (ALC%) > 80, unique
peptides > 2 (threshold lowered to unique peptides > 0 for sequence reconstruc-
tion so that all reference sequences could be taken into account). The NCBI data-
base (taxonomy restricted to Aves) was used for carrying out preliminary
searches, and a database including common contaminants was included (Com-
mon Repository of Adventitious Proteins: https:/Avww.thegpm.org/crap/). Fur-
ther searches were performed against the annotated lactadherin and XCA-1
sequences as described in Annotations using B10K genomes. The proteomics
datasets have been deposited to the ProteomeXchange Consortium via the Pro-
teomics Identifications Database (PRIDE) partner repository with the dataset
identifier PXD027713. The protein structure of XCA-1 was inferred using the
ColabFold AlphaFold2 notebook (101, 102) (S/ Appendix, Fig. S3, data available
in FigShare [10.6084/m9.figshare.15084879]).

Quality controls and authentication. The results of the eggshell analysis
were evaluated against established checks for quality control and authenticity
of ancient proteins. 1) Contamination: bleaching removes exogenous contam-
inants which may have been incorporated into the samples during burial and
post-excavation. However, contamination can occur during protein extraction
in the laboratory or during analysis. No sign of contamination was detected
in the procedural blank, showing that the precautions we used during prepa-
ration were effective. 2) Carryover: blanks were analyzed between each
eggshell sample and showed some evidence of carryover (46 XCA-1 peptide-
spectrum matches [PSMs] in the water wash analyzed before sample PALTO
215; 100 XCA-1 and 2 lactadherin PSMs between PALTO 215 and PALTO 216; 9
XCA-1 and 12 lactadherin PSMs between PALTO 216 and PALTO 217). Given
that signal reduction is at least 100-fold (more often 1,000- or 10,000-fold)
between each injection (40), it is unlikely that the eggshell samples were
affected by carryover. However, in order to ensure the reproducibility of the
results, we repeated the injection and LC-MS/MS analysis using two leftover
aliquots of samples PALTO 215 and PALTO 216, 18 mo after the first analysis.
The results obtained were equivalent, that is, the top sequences identified in
the two separate analyses were the same, and therefore cannot be due to car-
ryover (all files are available within the PRIDE dataset PXD027713). 3) Extent
of degradation: closed-system eggshell proteins degraded in situ exhibit a
clear signal of increasing levels of degradation with increasing thermal
age—including aa racemization, oxydation, water loss, and deamidation (40).
UO eggshell sequences accordingly yielded clear evidence of diagenesis-
induced modifications (Asn and GIn deamidation, dehydration, and pyroglu-
tamic acid formation; oxidation of Trp and Met; and ornithine formation
from Arg). For example, 45% Asn and 80% GIn were deamidated in UO XCA-1
(the low %Asn deamidation likely being due to decomposition), while for UO
lactadherin, the extent of deamidation was found to be 65% for both Asn
and GIn. Deamidation processes can be affected by many factors in complex,
open systems (e.g., calculus), and their use for authentication is not always
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straightforward (103), but high extents of GIn/Asn deamidation in a closed sys-
tem further support the authenticity of UO ancient sequences.

Annotations using B10K genomes. The B10K dataset comprised 363 bird
species from 92% of bird families (104). After an initial analysis indi-
cated that the ootaxon fell within Galloanseres, we added sequences
for five additional Galloanseres species from NCBI using BLAST (Basic
Local Alignment Search Tool). More specifically, 1) for lactadherin-
MFGES, a total of 353 species from the B10K dataset were annotated
and supplemented with four additional Galloanseres genomes (Bambu-
sicola thoracicus POI30273.1, Cygnus atratus XP_035410506.1, Oxyura
jamaicensis XP_035191991.1, and Aythya fuligula XP_032051139.1); 2)
for XCA, a total of 108 species from the B10K dataset were annotated,
which were supplemented with data from four additional Galloanseres
genomes (Oxyura_jamaicensis XM_035313502.1, Aythya_fuligula
XM_032185620.1, Cygnus_atratus XM_035569317.1, and Numida_me-
leagris XM_021383313.1). Unfiltered sequence files are available on Fig-
Share (10.6084/m9.figshare.15084879).

We used GeneWise v.2.4.1 (105), Exonerate v.2.2.0 (106), and SPALN v.2.3.3

(107) to align reference protein sequences of XCA-1 and lactadherin-MFGE8
to 363 bird genomes and to predict gene models. The predicted coding
regions were translated into protein sequences and aligned to the reference
protein by MUSCLE v.3.8.31 (108). Predicted proteins with an identity of <30%
to the reference protein sequences were filtered out. A second filtering step
discarded those annotations that were only supported by one method and
also had identity <40% to the reference protein.
Phylogenetic analysis. The computation was performed on the National Life
Science Supercomputing Center—Computerome 2.0. Commands, alignment
files, and output files from model selection and phylogenetic analysis are
available from FigShare (10.6084/m9.figshare.15084879). The initial analyses
were done without UO to assess the phylogenetic resolution of the eggshell
protein sequences. We also analyzed the corresponding DNA sequences to
test whether the tree topologies from the same dataset analyzed under differ-
ent substitution models were congruent. Subsequent analyses included the
consensus aa sequence of UO.

Prior to alignment, we used PREQUAL v.1.02 (109) to mask stretches of
sequences that did not have simple homology with other sequences. PREQ-
UAL masked 0.3% of residues of lactadherin-MFGE8 (157,532/158,071 resi-
dues) and 2.6% of XCA-1 (13,507/13,863 residues). Masked sequences were
aligned using MAFFT I-ins-i v7.453 (110, 111), and trailing ends at the begin-
ning and the end of the alignment were trimmed manually (alignments are
available on FigShare [10.6084/m9.figshare.15084879]). This resulted in an
alignment of 514 sites for lactadherin-MFGE8 and 242 sites for XCA-1. DNA
sequences were aligned using the codon-aware aligner MACSE v.2.05 (112),
resulting in 1,479 sites for lactadherin-MFGE8 and 684 sites for XCA-1. We
selected the appropriate aa or DNA substitution model for each alignment
using ModelTest-NG v.0.1.3 (113). Maximum likelihood trees were inferred
using RAXML-NG v.1.0.3 (114) using 10 parsimony and 10 random starting
trees, and the number of bootstrap replicates were determined using boot-
stopping (115). The trees were inferred for both genes individually and for the
two loci concatenated with Alignment Manipulation and Summary (AMAS)
(116) in a partitioned analysis.

We investigated the impacts of restricting the analysis to include only 1)
taxa that had sequences for both genes (107 species), 2) Palaeognathae and
Galloanseres (42 species), and 3) taxa occurring in Australia and adjacent
islands (93 species). In all analyses, the sequences of the target taxa were real-
igned, filtered, and analyzed as described in the previous paragraph of this sec-
tion. The tree files are available on FigShare (10.6084/m9.figshare.15084879).

We also placed UO in a tree topology that was constrained to match
accepted relationships among birds. A constraint tree was built according to
the phylogenetic relationships of Galloanseres (50, 117, 118) and Palaeogna-
thae (119). In Neoaves, we constrained the relationships between different
orders as obtained from genome-wide analyses (49) but left relationships
within the orders unresolved because some of these have not been sufficiently
resolved. The placement of UO as a member of Neoaves was not supported in
the unconstrained analyses, and constraints within Neoaves should therefore
not impact the placement of UO. We used this constrained tree topology in
RAXML-NG (available on FigShare [10.6084/m9.figshare.15084879]) to resolve
the polytomies and to freely place UO maximizing likelihood.

Data Availability. Palaeoproteomics data have been deposited to the Proteo-
meXchange Consortium via the PRIDE partner repository with the dataset
identifier PXD027713 (120). Ancient DNA, phylogenetic trees, and AlphaFold
models data have been deposited in FigShare (DOI: 10.6084/m9.figshare.
15084879) (121). All other study data are included in the article and/or sup-
porting information.
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