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Palaeoproteomic identification of
breast milk protein residues from
the archaeological skeletal remains
of a neonatal dog

Takumi Tsutaya®?, Meaghan Mackie®?2?3, Claire Koenig*, Takao Sato®, Andrzej W. Weber® 78,
Hirofumi Kato®, Jesper V. Olsen(®? & Enrico Cappellini(®?

Accurate postmortem estimation of breastfeeding status for archaeological or forensic neonatal
remains is difficult. Confident identification of milk-specific proteins associated with these remains
would provide direct evidence of breast milk consumption. We used liquid chromatography coupled to
tandem mass spectrometry (MS) to confidently identify beta-lactoglobulin-1 (LGB1) and whey acidic
protein (WAP), major whey proteins associated with a neonatal dog (Canis lupus familiaris) skeleton
(430-960 cal AD), from an archaeological site in Hokkaido, Japan. The age at death of the individual was
estimated to be approximately two weeks after birth. Protein residues extracted from rib and vertebra
fragments were analyzed and identified by matching tandem MS spectra against the dog reference
proteome. A total of 200 dog protein groups were detected and at least one peptide from canine LGB1
and two peptides from canine WAP were confidently identified. These milk proteins most probably
originated from the mother’s breast milk, ingested by the neonate just before it died. We suggest the
milk diffused outside the digestive apparatus during decomposition, and, by being absorbed into the
bones, it partially preserved. The result of this study suggests that proteomic analysis can be used for
postmortem reconstruction of the breastfeeding status at the time of death of neonatal mammalian, by
analyzing their skeletal archaeological remains. This method is also applicable to forensic and wildlife
studies.

Breastfeeding is one of the most important factors for the survival of mammalian infants, because breast milk
provides immunological benefits and precious nutrients'. Infants that grow up without breastfeeding are statisti-
cally prone to higher mortality?. Therefore, accurate estimation of breastfeeding status is important to investigate
the cause of infant mortality in mammals. Although behavioral observation and doubly labeled water methods
are used to estimate breastfeeding status of living individuals®, these methods cannot be applied to postmortem
estimation.

Stable isotope analysis has been used for the estimation of breastfeeding status in modern and ancient bio-
logical tissues from several mammalian species®. This method, however, cannot be reliably applied to identify
the breastfeeding status of neonates, because several weeks or months are required for given tissues to reflect the
isotopic signal of the diet. Accordingly, the isotopic signal of breastfeeding is hardly detectable in neonates who
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Element Position Sample handling history | Analytical ID Fraction

Fish bone — Frozen until analysis 1016F-E EDTA
1016F-P Pellet

Dog vertebral bone | Vertebral body Frozen until analysis 1016V-E EDTA
1016V-P Pellet

Dog rib bone 1 Distal half Frozen until analysis 1016R1d-E EDTA
1016R1d-P Pellet

Proximal half Kept in room temperature 1016R1p-E EDTA

1016R1p-P Pellet

Dog rib bone 2 Mid-shaft Kept in room temperature | 1016R2 EDTA + Pellet

Dog rib bone 3 Proximal end Kept in room temperature | 1016R3 EDTA + Pellet

Soil — Kept in room temperature 1016S —

Table 1. Detail of the analyzed samples. Blanks were also present.

die soon after birth. Furthermore, nitrogen isotope ratios are affected by other factors than breastfeeding and
weaning®, and the increased nitrogen isotope ratios in infants are not necessarily direct evidence of breast milk
consumption.

To overcome these limits, we attempted reconstruction of the breastfeeding status in neonates, by directly
detecting milk-specific proteins still associated with archaeological neonatal skeletal remains. We hypothesized
that, in a neonate who died after ingesting milk through breastfeeding, milk proteins would diffuse from the
digestive system into the surrounding bones during decomposition. Consequently, we tested whether these milk
proteins can be confidently identified by tandem mass spectrometry (MS)-based sequencing, assuming the infant
remains did not experience remarkable postmortem disturbances.

Recently, palaecoproteomic analysis has enabled comprehensive identification of even low amounts of proteins
and peptides in ancient biological tissues®. Proteomic analysis by liquid chromatography coupled to tandem mass
spectrometry (LC-MS/MS) has been used in bioarchaeological and evolutionary studies, such as reconstruc-
tion of protein expression profiles’, phylogeny®’, diet'®!!, and physiological status!>!%, as well as species!*!* and
sex'¢ identification. Palaeoproteomics also allowed detection of dinosaur proteins'’, even though some caution
has been raised toward these results'®. While dietary reconstruction by proteomic analysis has targeted food
remains'"! or dental calculus'®?, we report the detection of breast milk-specific proteins from ancient neonatal
dog bone remains.

Materials and Methods

Hamanaka 2 site and the dog neonate. A neonatal dog (Canis lupus familiaris) skeleton (2017HA1016)
was excavated from the Nakatani location of the Hamanaka 2 site, Rebun Island, Hokkaido, Japan (Supplementary
Fig. 1). Hamanaka 2 site is a multi-component shell midden, spanning from final Jomon (3000—2300 years BP) to
historical Ainu (400 years BP) periods. The cool temperature of Rebun Island (mean annual temperature in the
period 1978-2002 was 6.6 °C*') and the presence of shell promotes good preservation of organic materials at the
Hamanaka 2 site. Since 2011, archaeological excavations have yielded human remains, rich faunal remains, lithics
and pottery fragments?>=2°,

The 2017HA1016 remains, originating from the Kokumon subperiod of the Okhotsk cultural layer (430-
960 cal AD??) and partially retaining their anatomical articulation, were found in 2017. Excavation and collection
of the 2017HA1016 skeletal remains, as well as of an adjacent fish bone from the same context, was done wearing
a face mask and nitrile gloves. Additional bones were recovered using a 4 mm mesh. Some of these specimens
were frozen within one hour after excavation (see Table 1). The age at death of 2017HA1016 was estimated using
the reference chart of tooth development and eruption for modern Japanese dogs®.

Palaeoproteomic analysis. Ancient proteins were extracted from an entire 2017HA1016 vertebra body
and three rib fragments. As negative controls, a fish bone and a soil specimen, collected less than 10 cm away
from the 2017HA1016 remains, were also processed using the same experimental workflow (Table 1). Details
of the proteomic methodology are reported as Supplementary Information. Briefly: bones were decalcified with
EDTA solution and the proteins in the EDTA supernatant and in the collagenous pellet were separately dena-
tured?, reduced, and alkylated (adapted from?®). Protein solutions were then digested using trypsin overnight at
37°C. Tryptic peptides from both fractions of each bone extract were purified using Stage Tips with C18 mem-
brane® and analyzed separately, unless otherwise specified, by nanoflow liquid chromatography tandem mass
spectrometry (nLC-MS/MS), using an EASY-nLC 1200 connected to a Q-Exactive HF-X (ThermoFisher, Bremen
- Germany).

RAW data files generated by LC-MS/MS were searched against a Canis lupus familiaris proteome database
downloaded from Uniprot, and a common laboratory contaminant database, with the MaxQuant software ver-
sion 1.5.3.30%". Protein groups having at least 2 different non-overlapping peptides were considered confidently
identified, unless otherwise indicated. All protein hits that could be considered possible contamination products
were excluded from further analysis. Deamidation rates for individual samples were calculated with a Python
script’®. Detected proteins were classified using PANTHER database version 13.1°.
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Figure 1. Photo of the main bones of neonatal dog skeleton (2017HA1016): (1) maxilla and frontal; (2) parietal;
(3) scapula R; (4) humerus L; (5) radius R; (6) tibia R; (7) femur R.

Results

Morphology of the dog neonate and estimation of its age at death.  As the deciduous first molar
does not erupt while the deciduous canine and deciduous second molar are erupting in the maxilla, the age at
death of 2017HA1016 was estimated at 2 weeks after birth, based on the Mori’s reference chart®® (Fig. 1). Most
elements of the skeleton were preserved, and the recovered bones of the skeleton are described in Supplementary
Table 1.

Detected proteins. Only collagen o-1(I) fragments (COL1A1) were detected in the fish bone by search-
ing against the dog proteome, and only actin cytoplasmic 1 (ACTB) and COL1A1 were detected with >2
non-overlapping peptides in the soil sample. The following results and discussion are therefore limited to the data
obtained from the analysis of the bone fragments of the 2017HA 1016 dog. Protein groups identified in blanks but
not in the dog bones with >2 peptides were not considered.

A total of 200 protein groups were detected across the EDTA and pellet fractions of the rib and vertebra bones
(Supplementary Table 2). A total of 143 protein groups (71.5%) were detected in both the EDTA and the pellet
fractions, and 154 protein groups (77.0%) were retrieved from both rib and vertebra. Recovered proteomes can
differ in multiple experimental fractions extracted from a single sample* and from different bone elements from
a single individual®®. PANTHER analysis indicated that 51.6% of protein groups are classified as an extracellular
component (Supplementary Table 3) and 41.3% are related with binding function (Supplementary Table 4). Mean
deamidation rates of samples were 36.3 £ 4.8% for asparagine (N) and 11.0 £ 2.1% for glutamine (Q) (n=38;
Supplementary Table 5). Deamidation of glutamine and asparagine residues is a non-enzymatic modification that
occurs over time, resulting in a + 0.98402 Da mass shift caused by the direct or indirect hydrolysis of the N and Q
side-chain amide group®*.

Biological marker proteins. Protein groups characteristic of fetuses or newborns were detected from
bones of 2017HA1016 (Table 2). Alpha-fetoprotein (AFP), a major plasma protein expressed in yolk sac and
fetal liver and only detected in fetuses or young neonates*, was found in all of the four bones. AFP may play a
role comparable to that of serum albumin in the adult, and its concentration is at its highest just after delivery
(14080 + 5944 pg/mL) and rapidly decreases during the first 2 weeks after birth (70.21 4 52.92 ug/mL) in dogs®.

Several protein groups that are related with endochondral bone formation were detected (Table 2). Most
bones, including ribs and vertebrae, develop via endochondral bone formation; endochondral cartilage templates
are then replaced by calcified bone matrix®. Collagen type X, alpha-1 (COL10A1) has functions in bone forma-
tion, and is only expressed in endochondral cartilage that will be replaced by mature bone tissue in humans®.
Epiphycan (EPYC) is a small leucine-rich proteoglycan that is mostly found in fetal and neonatal epiphyseal car-
tilage in mice, bovines, and chickens®. EPYC has important roles in cartilage development and its maintenance®.
Detection of these proteins (Table 2) is consistent with the age at death of the 2017HA1016 individual and it con-
firms that palaeoproteomics can retrieve growth- or developmental stage-specific proteins from archaeological
bone remain?.

In addition, two milk proteins were detected from the EDTA fractions of two distinct subsamples, i.e. the dis-
tal and proximal ends of a single rib. Two peptides of beta-lactoglobulin-1 (LGB1) were detected from the EDTA
fraction of the distal part of 2017HA1016’ rib (Fig. 2, Table 3). LGB1 is a major whey protein, absent in some
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Gene Number of Sequence

name Protein name Protein ID | unique peptides | coverage Score | >2 peptides detected in

AFP Alpha-fetoprotein F1PXN2 28 38.4 213.49 | R1d-E, R1d-P, R1p-E, R1p-P, R2, R3
COL10A1 lcgﬁzlg:“ type Xalpha | 1) 8 132 42.03 | VI-E, V1-P,R1d-E, R1p-E, Rlp-P
EPYC Epiphycan E2R430 |3 112 4633 | Rlp-E

LGB1 Beta-lactoglobulin-1 P33685 2 12.4 422 | RIlp-E

WAP Whey acidic protein HIGW77 |2 15.4 497 |R1d-E

Table 2. Characteristic protein groups for fetus or growing infant and milk that were detected in 2017HA1016.

Posterior error

Protein Peptide probability Score

TLEVDNEVMEK 0.000176 101.43
Beta-lactoglobulin-1

TMEDLDLQK 0.025502 60.30

SCVVPFIVPVQK | 0.000470 97.45
Whey acidic protein

CCLSVCAMR 0.001726 100.09

Table 3. Matched peptides for milk proteins.
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Figure 2. MS2 spectra of peptides assigned to LGBI.
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mammalian species, including humans*!. Although its exact physiological function is not determined yet, LGB1
binds several hydrophobic ligands and thus may act as specific transporters*!.

Protein BLAST searches indicated that the two detected peptides of LGB1 sequences were identical to those
of dogs with the highest score. One of the detected peptide sequences (TLEVDNEVMEK) also matches the
sequence of glycodelin of Vulpes vulpes (red fox). The identification of the other sequence (TMEDLDLQK) is
supported by a spectrum including the complete y-ion series (Fig. 2), however, it’s quality is lower, most probably
due to random co-fragmentation of the precursor with another peptide. This spectrum could also be assigned
equally confidently to the deamidated (N — D) peptide sequence of LGB from Callorhinus ursinus (northern fur
seal), Odobenus rosmarus divergens (Pacific walrus), and Leptonychotes weddellii (Weddell seal). However, its
assignment to dog LGB1 represents the most parsimonious interpretation.

In addition, two peptides of whey acidic protein (WAP) were detected from EDTA fraction of the proxi-
mal part of 2017HA1016’ rib (Fig. 3, Table 3). WAP is a major whey protein present in dog milk, which seems
to play important roles in regulating the proliferation of mammary epithelial cells*?. The detected peptides of
WAP perfectly match with the dog WAP sequence reported by Seki and colleagues*”. Protein BLAST searches
indicated that the sequences recovered uniquely match dog WAP. Unassigned higher peaks in MS2 spectrum of
CCLSVCAMR (Fig. 3) were mostly originated from neutral losses (Supplementary Fig. 2).

Since the neonatal dog is too young to secrete breast milk, the detected peptides of LGB1 and WAP would
most probably originate from its mother. The alternative origin of LGB1 and WAP from the above-mentioned
non-dog species is archaeologically and ecologically highly unlikely. The possibility of contamination is excluded
because no LGB1 and WAP peptides were detected in the negative controls. Finally, the only species that matches
all observed peptides is Canis lupus familiaris.

We also detected protein groups that are expressed in milk, but also in other tissues. Milk fat globule-EGF fac-
tor 8 (MFGES) facilitates scavenging of the dying cells from the tissue and is an essential factor for controling the
progression of various inflammatory diseases**. MFGES is a component of milk fat globule membrane protein,
but it is also expressed ubiquitously in other cells and tissues*. Fourteen peptide-spectrum matches of MFGE8
were obtained from the dog bone samples.
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Figure 3. MS2 spectra of peptides assigned to WAP.
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Discussion

Authenticity of the recovered proteome. The detection of specific proteins exclusively expressed in
neonates'* in 2017HA1016 (Table 2) is consistent with the morphological observation that confidently established
this individual died approximately two weeks after birth. In particular, AFP** and EPYC?®* are expressed in fetal
liver and endochondral cartilage, respectively. COL10A1 is present only in ossifying endochondral cartilage and
will be replaced in mature bone tissue®. This evidence supports the authentic endogenous origin of the palaeo-
proteome retrieved.

We also measured relatively high rates of asparagine (36.3 +4.8%) and glutamine (11.0 +2.1%) deamidation
(n=8; Supplementary Table 5), compared to modern similar samples®*. This observation is compatible with the
endogenous ancient origin of the peptides we detected in the dog neonate, as high deamidation rates are generally
correlated, in archaeological samples, with prolonged postmortem protein degradation®*** (but see**).

Detection of breast milk proteins. Although the original articulation of the 2017HA1016 skeleton was
retained only partially, there was no evidence indicating the burial was affected by diagenetic or ritual manip-
ulation. No other dog remains were found around 2017HA1016. Similarly, no archaeological or ethnographic
evidence of human exploitation and consumption of domesticated dog milk is documented in Hokkaido.
Additionally, the negative controls processed in parallel to the dog bone samples did not show any evidence of
canine milk proteins. Therefore, it is reasonable to conclude that the detected LGB1 and WAP peptides do not
represent contamination products derived from anthropogenic or postmortem processes.

After excluding the possibility that the dog-specific LGB1 and WAP peptides originate from contamination,
as well as anthropogenic or diagenetic activities, we conclude they originated from the breast milk the neonate
ingested just before dying. During the following decomposition, the milk eventually diffused from the digestive
system and was absorbed into the bone tissue. Neonatal dogs consume a large amount of breast milk, with con-
sumption reaching its peak at 3-4 weeks after birth*®. At 19 and 26 days after birth, breast milk represents respec-
tively 17.0% and 14.6% of the animal body mass*. It is highly plausible that 2017HA1016 consumed such large
amounts of breast milk just before its death, and consequently that some protein residues from such a relatively
large amount of undigested milk diffused inside the body of the decomposing neonate dog soon after its death.
Those protein residues eventually reached some districts of the dog skeleton where, by complexing with the min-
eral bone matrix, they were preserved until detected by MS analysis. It has been repeatedly observed that ancient
protein preservation is higher for those residues tightly bound to the mineral matrix of bones, dental enamel,
or eggshells'®?04748 This mechanism seems to represent a key factor in reducing spontaneous ancient protein
backbone hydrolysis over extremely long time intervals**. Being the milk protein most frequently retrieved
in archaeological human dental calculus® and pottery matrix*’, LGB1 is consistently preserved relatively better
than other proteins in archaeological samples. Interestingly, the ruminant homologs of one of the LGB1 peptides
(TLEVDNEVMEK) detected in this study, such as TPEVDDEALEK in bovine LGB, represent the most frequently
detected LGB peptides (n=70/135) in Bronze Age human dental calculus*’. Both the TLEVDNEVMEK and
the TPEVDDEALEK peptides are particularly rich in acidic amino acids, i.e. D, E and deamidated N, which are
known to directly bind biominerals, enabling ancient peptide recovery even after millions of years in climatically
adverse environments*s. Most probably such a mechanism favoured the preservation of the ancient breast milk
peptides we detected in association with the 2017HA1016 skeletal remains.

The MFGES protein was also detected in several samples. Studies with human infants show that there is a
much higher concentration of this protein in the gut of those neonates fed with maternal milk compared to
bottle-fed ones, indicating that there is a definite transfer of this protein from the mother through her breast
milk. MFGES, however, has also been detected in archaeological adult human?® and mammoth” bones. Detection
of proteins not exclusively expressed in breast milk is therefore indicative, but not conclusive, evidence of milk
consumption.

Proteomic reconstruction of breastfeeding status. To the best of our knowledge, this is the first study
that reports the survival of ingested breast milk proteins in ancient skeletal material. The results of this study
demonstrate that ingested maternal breast milk can be absorbed by the bones during postmortem decomposition
and detected using proteomic analysis.
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This study shows that the breastfeeding status of a neonate can be reconstructed by applying proteomic anal-
ysis to its archaeological remains. Proteomic estimation of breastfeeding status has three advantages compared to
isotopic and observational analyses: (i) it can be applied to dead individuals whose behavior cannot be observed,
(i) it offers direct evidence of breast milk consumption, and (iii) it can provide species-specific identification of
the milk source. This method is not only applicable to archaeological samples but has the potential to be used in
forensic and wildlife studies.

Proteomics-based estimation of breastfeeding status is associated with some limitations as well. First, milk
proteins might not be detected from the remains of biologically older individuals who, despite dying while they
were breastfed, consumed proportionally smaller amounts of milk in relation to their body mass. For example, in
a previous proteomic study, no milk protein was detected in a rib bone from an archaeological human skeleton of
a nine months old individual®®, despite the cessation of breastfeeding was reconstructed to occur most probably
at the age of 3.1 years in that population®'. Second, this method is harder to apply to remains from mammalian
species whose genome and/or reference proteome is not publicly available yet.

Conclusions

Dog milk (LGB1 and WAP) and fetal/infant marker (AFP, COL10A1, and EPYC) proteins were detected in rib
and vertebra bones of an ancient (430-960 cal AD) dog neonate (2017HA1016) that died 2 weeks after birth. The
dog milk proteins most probably originated from the mother’s breast milk. This is the first study that reports the
survival of ingested breast milk proteins in an ancient mammalian skeleton.

Data Availability
RAW data have been uploaded to ProteomeXchange®? with the dataset identifier PXD014657.

References
1. Jackson, K. M. & Nazar, A. M. Breastfeeding, the immune response, and long-term health. ] Am Osteopat Assoc 106, 203-207 (2006).
2. WHO. Complementary feeding of young children in developing countries: a review of current scientific knowledge. (World Health
Organization, 1998).
3. Scanlon, K. S., Alexander, M. P, Serdula, M. K., Davis, M. K. & Bowman, B. A. Assessment of infant feeding: the validity of
measuring milk intake. Nutr Rev 60, 235-251 (2002).
4. Tsutaya, T. & Yoneda, M. Reconstruction of breastfeeding and weaning practices using stable isotope and trace element analyses: a
review. Yearb Phys Anthropol 156, 2-21 (2015).
5. Reynard, L. M. & Tuross, N. The known, the unknown and the unknowable: weaning times from archaeological bones using
nitrogen isotope ratios. ] Archaeol Sci 53, 618-625 (2015).
6. Cappellini, E. et al. Ancient biomolecules and evolutionary inference. Annu Rev Biochem 87, 1029-1060 (2018).
7. Cappellini, E. et al. Proteomic analysis of a pleistocene mammoth femur reveals more than one hundred ancient bone proteins. J
Proteome Res 11, 917-926 (2012).
8. Cleland, T. P, Schroeter, E. R., Feranec, R. S. & Vashishth, D. Peptide sequences from the first Castoroides ohioensis skull and the
utility of old museum collections for palaeoproteomics. Proc R Soc B Biol Sci 283, 20160593 (2016).
9. Welker, E. Palaecoproteomics for human evolution studies. Quat Sci Rev 190, 137-147 (2018).
10. Warinner, C. et al. Direct evidence of milk consumption from ancient human dental calculus. Sci Rep 4, 7104 (2014).
11. Yang, Y. et al. Proteomics evidence for kefir dairy in Early Bronze Age China. ] Archaeol Sci 45, 178-186 (2014).
12. Bona, A. et al. Mass spectrometric identification of ancient proteins as potential molecular biomarkers for a 2000-year-old
osteogenic sarcoma. PLoS One 9, 103862 (2014).
13. Corthals, A. et al. Detecting the immune system response of a 500 year-old Inca mummy. PLoS One 7, e41244 (2012).
14. Brandt, L. @. et al. Species identification of archaeological skin objects from Danish bogs: comparison between mass spectrometry-
based peptide sequencing and microscopy-based methods. PLoS One 9, 106875 (2014).
15. Mackie, M. et al. Palaeoproteomic profiling of conservation layers on a 14th century Italian wall painting. Angew Chemie 57,
7369-7374 (2018).
16. Stewart, N. A, Gerlach, R. E, Gowland, R. L., Gron, K. ]. & Montgomery, J. Sex determination of human remains from peptides in
tooth enamel. Proc Natl Acad Sci 114, 13649-13654 (2017).
17. Schroeter, E. R. et al. Expansion for the Brachylophosaurus canadensis collagen I sequence and additional evidence of the
preservation of Cretaceous protein. J Proteome Res 16, 920-932 (2017).
18. Buckley, M. et al. A fossil protein chimera; difficulties in discriminating dinosaur peptide sequences from modern cross-
contamination. Proc R Soc B-Biological Sci 284, 20170544 (2017).
19. Shevchenko, A. et al. Proteomics identifies the composition and manufacturing recipe of the 2500-year old sourdough bread from
Subeixi cemetery in China. ] Proteomics 105, 363-371 (2014).
20. Hendy, J. et al. Proteomic evidence of dietary sources in ancient dental calculus. Proc R Soc B Biol Sci 285, 20180977 (2018).
21. Japan Meteorological Agency. Annual Measures of Climates, http://www.data.jma.go.jp/obd/stats/etrn/view/annually_a.php?prec_
no=11&block_no=1207&year=&month=&day=&view=p1 (2018).
22. Leipe, C. et al. Barley (Hordeum vulgare) in the Okhotsk culture (5th-10th century AD) of northern Japan and the role of cultivated
plants in hunter-gatherer economies. PLoS One 12, €0174397 (2017).
23. Lynch, S. C., Kato, H. & Weber, A. W. Obsidian resource use from the Jomon to Okhotsk period on Rebun Island: an analysis of
archaeological obsidian. ] Archaeol Sci Reports 17, 1007-1017 (2018).
24. Miiller, S. et al. Palaeobotanical records from Rebun Island and their potential for improving the chronological control and
understanding human-environment interactions in the Hokkaido Region, Japan. Holocene 26, 1646-1660 (2016).
25. Okamoto, Y. et al. An Okhotsk adult female human skeleton (11th/12th century AD) with possible SAPHO syndrome from
Hamanaka 2 site, Rebun Island, northern Japan. Anthropol Sci 124, 107-115 (2016).
26. Mori, T. Honpo-san zasshu-ken ni okeru shiga-keitai oyobi sono nidai-shiretsu no hassei-jiki ni tsuite. Nihon Shika Gakkai Zasshi
23, 227-256 [in Japanese] (1930).
27. Cleland, T. P. Solid digestion of demineralized bone as a method to access potentially insoluble proteins and post-translational
modifications. ] Proteome Res 17, 536-542 (2018).
28. Sawafuji, R. et al. Proteomic profiling of archaeological human bone. R Soc Open Sci 4, 161004 (2017).
29. Rappsilber, J., Mann, M. & Ishihama, Y. Protocol for micro-purification, enrichment, pre-fractionation and storage of peptides for
proteomics using StageTips. Nat Protoc 2, 1896-1906 (2007).
30. Cox, J. & Mann, M. MaxQuant enables high peptide identification rates, individualized p.p.b.-range mass accuracies and proteome-
wide protein quantification. Nat Biotechnol 26, 1367-1372 (2008).

SCIENTIFIC REPORTS |

(2019) 9:12841 | https://doi.org/10.1038/s41598-019-49183-0


https://doi.org/10.1038/s41598-019-49183-0

www.nature.com/scientificreports/

31. Mi, H., Muruganujan, A., Casagrande, J. T. & Thomas, P. D. Large-scale gene function analysis with the PANTHER classification
system. Nat Protoc 8, 1551-1566 (2013).

32. Schroeter, E. R., DeHart, C. J., Schweitzer, M. H., Thomas, P. M. & Kelleher, N. L. Bone protein “extractomics”: comparing the
efficiency of bone protein extractions of Gallus gallus in tandem mass spectrometry, with an eye towards paleoproteomics. Peer] 4,
2603 (2016).

33. Procopio, N., Chamberlain, A. T. & Buckley, M. Intra- and interskeletal proteome variations in fresh and buried Bones. ] Proteome
Res 16,2016-2029 (2017).

34. Schroeter, E. R. & Cleland, T. P. Glutamine deamidation: an indicator of antiquity, or preservational quality? Rapid Commun Mass
Spectrom 30, 251-255 (2016).

35. Yamada, T. et al. Purification of canine alpha-fetoprotein and alpha-fetoprotein values in dogs. Vet Immunol Immunopathol 47,
25-33(1995).

36. Scheuer, L. & Black, S. Developmental juvenile osteology. (Academic Press, 2000).

37. Linsenmayer, T. E, Eavey, R. D. & Schmid, T. M. Type X collagen: a hypertrophic cartilage-specific molecule. Pathol Immunopathol
Res 7,14-19 (1988).

38. Johnson, J. et al. Expression and localization of PG-Lb/epiphycan during mouse development. Dev Dyn 216, 499-510 (1999).

39. Nuka, S. et al. Phenotypic characterization of epiphycan-deficient and epiphycan/biglycan double-deficient mice. Osteoarthr Cartil
18, 88-96 (2010).

40. Welker, F. et al. Palaecoproteomic evidence identifies archaic hominins associated with the Chételperronian at the Grotte du Renne.
Proc Natl Acad Sci 113,11162-11167 (2016).

41. Kontopidis, G., Holt, C. & Sawyer, L. 3-lactoglobulin: binding properties, structure, and function. ] Dairy Sci 87, 785-796 (2004).

42. Seki, M. et al. Identification of whey acidic protein (WAP) in dog milk. Exp Anim 61, 67-70 (2012).

43. Aziz, M., Jacob, A., Matsuda, A. & Wang, P. Review: Milk fat globule-EGF factor 8 expression, function and plausible signal
transduction in resolving inflammation. Apoptosis 16, 1077-1086 (2011).

44. Van Doorn, N. L., Wilson, J., Hollund, H., Soressi, M. & Collins, M. ]. Site-specific deamidation of glutamine: a new marker of bone
collagen deterioration. Rapid Commun Mass Spectrom 26, 2319-2327 (2012).

45. Procopio, N. & Buckley, M. Minimizing laboratory-induced decay in bone proteomics. ] Proteome Res 16, 447-458 (2017).

46. Oftedal, O. T. Lactation in the dog: milk composition and intake by puppies. ] Nutr 114, 803-812 (1984).

47. Hendy, J. et al. Ancient proteins from ceramic vessels at Catalhdyiik West reveal the hidden cuisine of early farmers. Nat Commun 9,
4064 (2018).

48. Demarchi, B. et al. Protein sequences bound to mineral surfaces persist into deep time. eLife 5, 17092 (2016).

49. Jeong, C. et al. Bronze Age population dynamics and the rise of dairy pastoralism on the eastern Eurasian steppe. Proc Natl Acad Sci
115, E11248-E11255 (2018).

50. Peterson, J. A. et al. Milk fat globule glycoproteins in human milk and in gastric aspirates of mother’s milk-fed preterm infants.
Pediatr. Res. 44, 499-506 (1998).

51. Tsutaya, T., Nagaoka, T., Sawada, J., Hirata, K. & Yoneda, M. Stable isotopic reconstructions of adult diets and infant feeding
practices during urbanization of the city of Edo in 17th century Japan. Am ] Phys Anthropol 153, 559-569 (2014).

52. Vizcdino, J. A. et al. 2016 update of the PRIDE database and its related tools. Nucleic Acids Res 44, D447-D456 (2016).

Acknowledgements

Rikai Sawafuji kindly gave comments to the earlier version of this manuscript. We thank anonymous reviewers for
their helpful comments. This study was supported in part by: Grants-in-Aid for Scientific Research (KAKENHI:
15]J00464) and Advanced Core Research Centre for the History of Human Ecology in the North from the Japan
Society for the Promotion of Science; Baikal-Hokkaido Archaeology Project from Major Collaborative Research
Initiative; Danish National Research Foundation award PROTEIOS (DNRF128); VILLUM Fonden VILLUM
Experiment grant (no. 17649); Social Sciences and Humanities Research Council of Canada (No. 412-2011-1001);
work at the Novo Nordisk Foundation Center for Protein Research is funded in part by a donation from the Novo
Nordisk Foundation (no. NNF14CC0001).

Author Contributions

T.T., M.M., C.K. and E.C. designed this study, collected most data and wrote the manuscript, which was critically
read and revised by all authors. A.-W.W. and H.K. assisted with sample collection. M.M. and ].V.O. did LC-MS/MS
analysis. T.S. did morphological investigation. All authors approved the final version of the manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-019-49183-0.

Competing Interests: The authors declare no competing interests.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International
BY

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2019

SCIENTIFIC REPORTS |

(2019) 9:12841 | https://doi.org/10.1038/s41598-019-49183-0


https://doi.org/10.1038/s41598-019-49183-0
https://doi.org/10.1038/s41598-019-49183-0
http://creativecommons.org/licenses/by/4.0/

	Palaeoproteomic identification of breast milk protein residues from the archaeological skeletal remains of a neonatal dog

	Materials and Methods

	Hamanaka 2 site and the dog neonate. 
	Palaeoproteomic analysis. 

	Results

	Morphology of the dog neonate and estimation of its age at death. 
	Detected proteins. 
	Biological marker proteins. 

	Discussion

	Authenticity of the recovered proteome. 
	Detection of breast milk proteins. 
	Proteomic reconstruction of breastfeeding status. 

	Conclusions

	Acknowledgements

	Figure 1 Photo of the main bones of neonatal dog skeleton (2017HA1016): (1) maxilla and frontal (2) parietal (3) scapula R (4) humerus L (5) radius R (6) tibia R (7) femur R.
	Figure 2 MS2 spectra of peptides assigned to LGB1.
	Figure 3 MS2 spectra of peptides assigned to WAP.
	Table 1 Detail of the analyzed samples.
	Table 2 Characteristic protein groups for fetus or growing infant and milk that were detected in 2017HA1016.
	Table 3 Matched peptides for milk proteins.




