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The science of metabolic profiling exploits chemical compound byproducts of
metabolism called metabolites' that explain internal biological functions, physiological
health and disease, and provide evidence of external influences specificto an
organism’s habitat. Here we assess palaeometabolomes from fossilized mammalian
hard tissues as a molecular ecological strategy to provide evidence of an ancient
organism’s relationship with its environment. From eastern, central and southern
African Plio-Pleistocene localities of palaeoanthropological significance, we study

six fossils from Olduvai Gorge, Tanzania, one from the Chiwondo Beds, Malawi,

and one from Makapansgat, South Africa. We perform endogeneity assessments by
analysing palaeometabolomes of palaeosols and the effects of owl digestion on rodent
bonesto enable prudent ecological inferences. Diagenesis is indicated by metabolites
of collagenase-producing bacteria? whereas the preservation of peptidesincluding
those of collagen are identified by proteomics. Endogenous metabolites document
biological functions and exogenous metabolites render environmental details
including soil characteristics and woody cover, and enable annual minimum and
maximum rainfall and temperature reconstructions at Olduvai Gorge, supporting the
freshwater woodland and grasslands of Olduvai Gorge Bed I>*, and the dry woodlands
and marsh of Olduvai Gorge Upper Bed II°. All sites denote wetter and/or warmer
conditions than today. We infer that metabolites preserved in hard tissues derive from
an extravasated vasculature serum filtrate that becomes entombed within developing
mineralized matrices, and most probably survive palaeontological timeframesin the

nanoscopic ‘pool’ of structural-bound water that occurs in hard tissue niches’.

The metabolic rate of an organism is the sum of the energy neces-
sary to acquire, convert and allocate energy to growth, reproduction
and maintenance, which sets energetic limits on biological activities
and establishes the pace and pattern of life®'°, The temperature- and
mass-dependence of metabolic rate, from the smallest unicellular
organisms to the largest plants and animals®, enables one to recon-
struct the metabolic rates of extinct organisms and retrodict funda-
mental large-scale features of their palaeoenvironments®. Otherwise,
efforts to obtain knowledge of internal and external influences on fossil
vertebrate metabolism have been limited to bone microanatomical
correlates of thermophysiology™ and palaeoenvironmental recon-
structions, which typically depend on studies of stable isotopes, faunal

composition and community ecology, dental wear analyses, and/or
palynology or palaeovegetation in geological context>>™,

Here we explore molecular ecological strategies for obtaining
ultrafine-scale details of an ancient organism’s metabolism that:
(1) reflectitsinternal physiological responses to environmental condi-
tions; and (2) reflect the diet that fuelled its metabolic rate. Metabo-
lomic profiling of animals is typically performed on whole blood or
its components, such as plasma, and on its transudates, such as urine
and saliva'. However, we have learned that preservation niches that
contain metabolites that were once in the free circulation exist within
the mineralized tissue ultrastructure, being not too ‘loose’ (where they
may beshielded) and not too ‘tight’ (where they may be permeable), as
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Table 1| Fresh laboratory mouse bones and diets, fossils, and extant comparators for fossil taxa and palaeosols examined

Site category

Specimen code

Site or source

Taxon details

Comparative extant mouse

Heterogeneous mouse and diet

2814-2818 and 2829-2833

The Jackson Laboratory

5F and 5M UM-HET3 mouse

Inbred mouse and diet

2092-2093, 2095-2098

The Jackson Laboratory

6F C57BL/6J mouse

Inbred mouse enzyme experiment

F/T3a, F/T3a (2 untreated) and F/T1-EZ, F/T2-Ez (2 treated)

The Jackson Laboratory

4F C57BL/6J mouse

Olduvai Gorge Bed | (1.7-1.8 Ma)

Fossils

M-D FLKN1M3/Bubo lacteus pellet Mus sp. or Dendromus sp.
Sm FLKN1/owl pellet Saccostomus cf. mearnsi
Gg FLKN1 M1/Bubo africanus pellet Gerbilliscus gentryi

Gi DK/probable Bubo sp. pellet Gerbilliscus sp. indet.

Xi FLKN1M3/Bubo lacteus pellet Xerus cf. inauris

Olduvai Gorge Bed 11 (1.3Ma)

von Koenigswald 1954

Olduvai

Kolpochoerus majus

Palaeosols for Bed 1 OG Samples GA-01-08 Olduvai Dryland soil carbonate
GA-03-08 Olduvai Dryland soil carbonate
GA-39-16 Olduvai Wetland soil carbonate
GA-84-11 Olduvai Wetland soil carbonate
GA-94-11 Olduvai Wetland soil carbonate
GA-98-1 Olduvai Wetland soil carbonate

Extant MNHN CD Olduvai Bubo lacteus owl pellet Mus sp. or Dendromus sp.
MNHN-ZM-MO 1991-817 Omo Valley live capture Saccostomus cf. mearnsi
MNHN-ZM-2024-4132 Olduvai Bubo sp. owl pellet Gerbilliscus sp.
MNHN-ZM-MO 2005-575 Olduvai live capture Xerus sp.

Chiwondo Beds (2.4 Ma)

Fossil HCRP-RC-11 883 Chiwondo Beds Elephas recki shungurensis

Palaeosol HCRP-RC-11 Chiwondo Beds

Extant EE Malawi Loxodonta africana

Makapansgat (3 Ma)

Fossil TF12 Lime Dumps Makapansgat Bovidae

Palaeosols; grey breccia TF12 Lime Dumps Makapansgat Sediment

Extant EW Malawi Kobus ellipsiprymnus

we describein the ‘Analysis of bone mineral niches’ section of the Meth-
ods, as well as potentially within the crystalline matrices of palaeosols.
We posit that metabolites in hard tissue mineral niches are a serum
transudate that has become entombed in the mineralizing extracel-
lular matrix. Metabolites putatively survive in small compartments
ofinterstitial water that are present in these hierarchically structured
organic-inorganic interfaces’.

“Palaeo-metabolomics” has been advanced to examine metabolite
identities of scent from organic residues®and tobacco use as obtained
fromdrilled bone samples®in the historic archaeological record. Here
we provide genuine palaeometabolomes from the prehistoric fos-
sil record using metabolomics as a systems biological approach and
document that metabolites preserved in Plio-Pleistocene fossils may be
used to study physiological health and disease of past life and research
the palaeoecology.

The palaeometabolome recovered fromabone or tooth differs from
theinstantaneous metabolome of an organism obtained frombiofluid,
such as blood, urine or saliva. Instead, metabolites will have become
stochastically trapped in mineral niches during the entire period of
hard tissue formation. However, because size and shape changes
remove bone (known as remodelling) formed during periods of early
development”, peak bone mass at skeletal maturity of any one bone
will not encompass the entire period of its growth. Thus, by arough
approximation to periods of maturity, adult mouse cortical bone will
harbour ametabolite accumulation of severalmonths, bone of aground
squirrel will contain metabolites accumulated over less than one year,
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andsoonfor larger mammals, reaching several years if not decadal for
amodern human, depending on the bone. Animals that secondarily
remodel their cortical bone and trabecular bone surfaces potentially
enable therecovery of metabolites for the remainder of their lifetime.

Samples analysed in this study are listed in Table 1. Fossil samples
were from early humanlocalitiesin eastern, central and southern Africa.
Five fossil rodent bones derive from Bed 1 at Olduvai Gorge, Tanzania
(from 1.8-1.7 million years ago (Ma)), and one suid fossil derives from
Bed Il (from 1.3 Ma) at this locality. We advance an ecogeographic
perspective by analysing an elephantid dentine and cementum sam-
ple (from 2.4 Ma) from the Chiwondo Beds, Malawi, and a presumed
bovid bone sample (from 3.0 Ma) from the site at Makapansgat, South
Africa. In addition to the fossils, palaeosols from the localities and
extant representatives of the fossil taxa have been analysed for endo-
geneity and quality control (a detailed list of all samples is presented
inSupplementary Table 1.

We chose to particularly represent the Olduvai Gorge fossiliferous
locality for two reasons: (1) the original semi-arid environmental recon-
struction has recently been re-examined to include dense woodland
and wetland?, to which we predicted exogenous metabolites of the
palaeometabolomes might correspond; and (2) fossil owl pellets at
Olduvai Gorge contain identifiable rodent remains in abundance.

We focus on metabolites traceable to two major categories:
(1) endogenous byproducts of metabolism that reflectinternal metabolic
processes, some of which present themselves in response to environ-
mental factors, such as aninfection or poor nutrition; and (2) exogenous



Fig.1|Representative images of fossil specimens. Images are of fossils
from Olduvai Gorge (left; Xerus cf. inaurisbone; field width (FW) = 4.434 mm),
Chiwondo Beds (middle; Elephas recki shungurensis dentine; FW = 6.5 mm) and

metabolites derived from organisms they consume. Because the tropics
and subtropics have been the focus of intense drug and cosmetic dis-
covery efforts for factors derived from medicinal plants®*, thereisan
increasing amount of plant metabolomics data available to draw on.
Recovering metabolites from these two categories enables us to address
directly the questions of what metabolites are found in hard tissues
that enable an interpretation of physiological signals and responses
to the environment, and what metabolites derive from consumption
patterns that fuelled their metabolisms.

We also performed metabolomics on fresh laboratory mouse bone
samples—secondarily acquired from researchinvestigations having no
relationship to this study—and the diets of these mice to validate our
retrieval and detection of metabolites. We also undertook an endoge-
neity assessment by performing metabolomics on palaeosols of the
sites from which the fossils were excavated, because metabolites are
presentinsoil that relate mainly to plant and microbial biological func-
tions; palaeosol metabolites detected in common with fossil samples
must putatively be removed from consideration of interpretations of
exogenous metabolomes. Our assessment also includes an evaluation
ofthe potentialinfluence of the digestive system on the metabolomes
obtained from the bones of rodents derived from regurgitated owl
pellets.

Sampleintegrity

Prior to metabolite recovery, a portion of each fossil sample was sub-
jectedto histology and imaged by polarized light toillustrate putative
collagenbirefringence (Fig.1). We presentimages for the five Olduvia
Gorge rodent samples: specimen M-D (Extended Data Fig. 1), speci-
men Sm (Extended Data Fig. 2), specimen Gg (Extended Data Fig. 3),
specimen Gi (Extended Data Fig. 4) and specimen Xi (Extended Data
Fig.5).Polarized lightimages are also presented for the Chiwondo Beds
specimen HCRP-RC-11883 (Supplementary Fig. 1) and the Makapansgat
specimen TF12 Lime Dumps (Supplementary Fig. 2). Backscattered
electronimagingin the scanning electron microscope (BSE-SEM) was
also performed on the five Olduvai Gorge rodent specimens (Extended
Data Figs. 6-10) and those of the Chiwondo Beds and Makapansgat
specimens to confirm recognizable hard tissue microstructure (Sup-
plementary Figs. 3 and 4).

To establish protein biomolecular integrity, proteomics analyses
were performed onarepresentative of each Olduvai Gorge fossil rodent
genus sampled (M-D, Sm, Gg and Xi), which revealed peptides related
to collagen matrices (Supplementary Figs. 5 and 6), and other poten-
tially exogenous peptides, including some from a parasitic infection
(Supplementary Fig. 7).

Makapansgat (right; Bovidae bone; FW = 80 pm). Brightnessin theimagesis
takento bebirefringence of collagen (the brown hue on the right is diagenetic
alteration).

Histology sections from the extant, fossil and palaeosol samples
were alsoimaged by BSE-SEM for energy dispersive spectroscopy (EDS)
evaluationto determine whether mineral concentrations would reflect
those of bone and palaeosol matrices. Normalized mass concentra-
tions of calcium (Ca) and phosphorous (P) from the extant, fossil and
palaeosol samples are given in Supplementary Table 2. Ca/P ratios of
extantboneranged from 2.68-2.8, whereas those of fossil bone ranged
from3.02-3.9. Thisincrease in ratios reflects two processes, as evident
from the mean changesin Caand P concentrations of the five Olduvai
Gorge rodents compared with modern mouse bone (Supplementary
Table2). Phosphateis depleted by 13% in the fossils, which may be owing
to hydrolysis of organo-phosphate and possibly areductionin pH from
microbial activity?. The fossils also exhibit al0% increase in Cafrom the
soil. No palaeosol had an EDS X-ray peak for P, and in all cases Ca, carbon
(C) and oxygen (O) dominated their compositions (Supplementary
Table 2), which corresponds to the calcium carbonate (CaCO,)-based
palaeosol matrices of each fossil site.

Metabolite recovery from study samples

Inthe first of 2 experiments relating diet to the laboratory mouse bone
metabolome, from thelongbone shafts of 10 genetically heterogeneous
laboratory mice (UM-HET3) (Supplementary Tables 3.1a-c), we detected
25,676 features, which, after removing duplicates and compounds with
nonames fromthe pooled sample, was reduced to 2,193 metabolites for
analysis. We detected 3,132 features from their diet, whichwasreduced
to 577 metabolites for analysis. Of metabolites in the diet, 281 (48.7%)
areshared with the total mouse metabolome. Inthe second experiment,
using long bone shafts from six highly inbred mice (C57BL-6)) (Sup-
plementary Tables 3.1c-f), we evaluated the exogenous metabolome
against the ingredients of their diet (5053-PicoLab Rodent Diet 20),
from which five ingredients could be related to specific metabolites
(Supplementary Table 3f). Thereis no rationale for producing ecologi-
cal profiling from exogenous metabolites derived from the artificial
laboratory mouse diets. Yet, these results highlight the coupling of the
metabolic profile to consumption patterns during bone formation.

Fromthe bone fragments of 5 Olduvai Gorge Bed I rodents and 1Bed
11 pig, 19,918 features were cumulatively rendered from specimens rang-
ingin mass from 11-473 mg, which following the removal of duplicates
and compounds withno names, was reduced to 2,507 metabolites for
analysis (Supplementary Tables 4a-9a). The five Olduvai Gorge rodents
represent four species that are still present in the vicinity of the site
today. Bones from each species-matched extant representative were
also analysed, rendering a cumulative 24,862 features detected and
2,600 metabolite IDs (Supplementary Tables 4a-8a).
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Fig.2|PLS-DA of the top 100 most variable metabolites. PLS-DA dimensionality

Site metabolite comparisons derived from data in Supplementary
Tables 4-11 are summarized in Supplementary Table 12. Endogenous
metabolites shared between the four Olduvai Gorge fossils and extant
species samples ranged from 50% to 100%, whereas those of exog-
enous metabolites shared ranged from 14.5% to 52.2%. From the den-
tine and cementum of the elephant sample from the Chiwondo Beds,
1,281 features were detected, 586 of which yielded metabolite IDs;
and from putative bovid bone from Makapansgat, 1,489 features were
detected, 694 of whichyielded metabolite IDs. Endogenous and exog-
enous metabolites were shared with extant representatives at 66.25%
and 56.6%, respectively, by the Chiwondo Beds samples, and at 53.3%
and 37.8%, respectively, by the Makapansgat samples.

The metabolomes acquired from2 dryland and 4 wetland palaeosol
carbonates from Olduvai Gorge Bed I returned 39,210 features, which
after removing duplicates yielded 897 metabolite IDs for comparing
totheSrodent specimens (Supplementary Tables4d-8d and 13). The
Chiwondo Beds HCRP-RC-11 palaeosol yielded 6,580 features, resulting
in233 metabolite IDs for comparison (Supplementary Table10d). The
Makapansgat TF12 palaeosol returned 2,682 features, resultingin 1,293
metabolite IDs (Supplementary Table 11d). Supplementary Table 12
summarizes the comparisons between percentages of metabolites
occurringin palaeosols against the fossils collected from these palaeo-
sols. Olduvai Gorge rodent fossils shared 24.9-53.2% of metabolites
with the palaeosols. Fossils recovered from the Chiwondo Beds and
Makapansgat shared 16.0% and 61.3% of their metabolites with pal-
aeosols obtained from their respective sites.

None of the representative extant species’ bone samples were
exposed toamodern soil or palaeosol. Thus, we assessed the per cent
sharing of their metabolomes with the palaeosolsin anticipation of null
results (Supplementary Table 12). The extant Olduvai Gorge rodents
shared a range of 25.7-50.5% metabolites with the palaeosols. Extant
bones of taxa similar to those of the Chiwondo Beds and Makapans-
gat shared 14.3% and 43.8% of their metabolites with the palaeosols,
respectively.

Variancein the metabolite data

Multivariate and univariate analyses consistently reveal that the major
sources of variance in metabolomic profiles across samples and sites
aredriven by acombination of endogenous degradation products, envi-
ronmental influences and metabolic residues. Principal components
analysis (PCA) clearly distinguishes fossil, soil and modern samples
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reductiondiscriminates class labels along partial least squares (PLS) components.

into distinct clusters (Supplementary Figs. 8 and 9), with substan-
tial contributions to their separation from key metabolites such as
2,4-diaminopteridine, kojicacid and hypoxanthine. Hierarchical clus-
tering heat maps of the 100 most variable metabolites show structured
groupings, further confirming category-specific biochemical signa-
tures (Supplementary Fig. 10). Statistical tests (ANOVA and Kruskal-
Wallis; Supplementary Tables 14b and 14c, respectively) identify many
metabolites withsignificantly different abundances across categories
(forexample, methyl acetoacetate and myristohydroxamicacid), many
of which also rank highly in the supervised partial least squares dis-
criminant analysis (PLS-DA) model. PLS-DA of the 100 most variable
metabolites reveals excellent class separation, confirming results of
PCA (Fig.2). Variable importancein projection (VIP) scores highlight a
subset of metabolites that overlap with ANOVA hits that strongly drive
group differences. Examples include 2,4-diaminopteridine (which
also contributes in the PCA; Supplementary Table 14b) and kojic
acid (significant in both ANOVA and Kruskal-Wallis; Supplementary
Tables 14b and 14c, respectively). Metabolites such as kojic acid and
ethyl 2,4,6-trimethoxycinnamate are key drivers of group discrimina-
tion (Supplementary Table 14d). Together, the consistent convergence
of PCA, clustering, statistical testing and supervised modelling demon-
strates that metabolic differences across fossil, soiland modern bone
samples reflect distinct biochemical pathways shaped by degradation,
environmental incorporation and species physiology.

Owl digestion and metabolite recovery

We considered that enzymes of the owl digestion system may affect the
metabolomes of the bones that they consume. We evaluated this possi-
bility in two ways. First, we compared the metabolite recovery between
fossils and extant bones of the same species that were obtained by live
capture (Saccostomus cf. mearnsi and Xerus sp.) versus extant bones
of the same species that were obtained from owl pellets (Gerbilliscus
sp.and Mus sp. or Dendromussp.) (Table1). The highest percentage of
shared metabolites between afossil and its extant counterpart obtained
by live capture was 37.9% (Saccostomus cf. mearnsi) (Supplementary
Table 5a). By contrast, the highest percentage of shared metabolites
between afossil and its extant counterpart obtained from owl pellets
was 20.4% (Gerbilliscus gentryi) (Supplementary Table 6a).

Second, we experimented on the efficacy of metabolite recovery
from the long bones of four C57BL-6) mice, in which the bones from
two mice were treated with an enzyme detergent before metabolite



Table 2 | Palaeometabolome-based environmental reconstructions

Site and fossil taxon Soil Rainfallmin-max Temperature Openorclosed Elevation(m) Environment
pH (mmyear™) range (°C) conditions

Olduvai Gorge Bed | Present day 250-700 14-30 Open, sunny 1,450 Semi-arid savanna

(1.7-1.8Ma)

Saccostomus cf. mearnsi Pleistocene 5-7 800-900 26 Open, sunny with forest 1,000-2,100 Seasonal dry and wet tropical
shade biome

Gerbilliscus gentryi Pleistocene 900-2,000 18-30 Open, sunny with forest 20-1,500 Seasonal dry and wet tropical
shade biome

Xerus cf. inauris Pleistocene 5-7 900 26 Open, sunny with forest 1,700-1,500  Seasonal dry and wet tropical
shade biome

Mus sp. or Dendromus sp. Pleistocene 1,400-2,100 28-30 Open, sunny with forest 1,000-2,100 Seasonal dry and wet tropical
shade biome

Gerbilliscus sp. indet. Pleistocene 5-7 1,000-1,200 26-29 Open, sunny with forest 1,000-1,650 Seasonal dry and wet tropical
shade biome

Olduvai Gorge Bed 11 (1.3Ma) Present day 250-700 14-30 Open, sunny 1,450 Semi-arid savanna

Kolpochoerus majus Pleistocene 7-8 1,000-1,200 20-30 Open, sunny with forest 1,300-2,600 Seasonal dry and wet tropical
shade biome

Chiwondo Beds (2.4Ma) Present day 181 (average) 12-32 Open, sunny with forest 487 Seasonal dry sub-tropical
shade biome

Elephas recki shungurensis  Pliocene 5-8 900 26 Open, sunny with forest 400-650 Seasonal dry and wet tropical
shade biome

Makapansgat (3Ma) Present day 600 (average) 6-29 average Open, sunny with forest 1,440 Grassland savanna with trees
shade and bush

Bovidae Pliocene 6-6.5 800-1200 26-30 Open, sunny with forest 650-1,500 Seasonal dry and wet tropical
shade biome

extraction. The total number of metabolites with IDs recovered from
the untreated samples was 70, whereas only 9 metabolites with IDs
were recovered from the enzyme-treated samples (Supplementary
Table 3g).

Endogenous mammalian metabolites

The extent to which endogenous metabolites are shared between
the fossil and extant species samples is reported in Supplementary
Table12; it represents the proportions of shared canonical pathways,
biological functions and gene networks presented in Supplementary
Tables 4b-11b identified in ingenuity pathway analysis (IPA). These
depictavariety of normal mammalian endogenous functions and dis-
ease states that describe the biology of each animal. The most common
IPA-defined biological functions relate to amino acid metabolism, cell
death and survival, carbohydrate metabolism, cellular growth and
proliferation, organismal development, molecular transport, energy
production, lipid metabolism, vitamin and mineral metabolism, the
cell cycle, and developmental disorders, some of which are shared
among the fossil specimens.

Exogenous non-mammalian metabolites

Although IPA maps IDs to endogenous and exogenous categories,
it only provides pathway, biological function and network analyses
for endogenous metabolites. There is currently no database where
exogenous metabolites may be queried for ecological inferences. We
presentinitial entries for such adatabase in Supplementary Tables 4-11.

The reconstructed environmental conditions derived from each
fossil according to palaeontological site are summarized in Table 2.
Acknowledging variability and some outliers in Supplementary
Tables 4k-8k, 10k and 11k, in the main Early Pleistocene conditions
at eastern African Olduvai Gorge Bed I and Il sites and at the southern
African Makapansgat site were wetter, minimum temperatures were
higher, and the landscape contained more forest shade than in the
present day, consistent with a mixed seasonally dry and wet tropical
biome. Thereconstructed conditions of the central African Chiwondo

Bedssiteindicate awetter environment consistent with amixed season-
ally dry and wet tropical biome.

Discussion

Metabolite preservation

Provided that the depositional environment is not diagenetically
extreme, fossils more than 150,000 years old have been shown
to harbour endogenous and exogenous amino acids and lipids®.
Haem-containing compounds detected from dinosaur bone? and
eggshell* have been found to enhance the resistance to protein deg-
radation by haem-derived iron-catalysed non-enzymatic cross-linking
of structural molecules®. Fourier transform infrared spectroscopy,
transmission electron microscopy and time-of-flight secondary ion
mass spectrometry (ToF-SIMS) of collagen in dinosaur bone is conclu-
sive (inref. 26, for example), asits preservation potential is fostered by
resistance to hydrolysis?. Peptide sequence analyses and immunologi-
cal datasimilarly demonstrate that a variety of bone matrix and blood
vessel proteins survive in 80 million year-old dinosaur samples. Raman
microscopy of fossils from the Phanerozoic eon has revealed that oxi-
dizing diagenetic environments permit specific protein cross-linking,
rendering intact endogenous peptide bonds that persist in fossil min-
eralized tissues.

In all studies of metabolite stability, the matrix is either aqueous at
room temperature, cooled, frozen or dried and exposed to air. These
conditions differ from those used in the recovery of metabolites from
hard tissues, particularly of the fossils we present here, which therefore
requires an inferential explanation.

Metabolites located in the mineralized extracellular matrix may
derive from two sources. The biological processes of overlying osteo-
blastsand incorporating osteocytes at forming and mineralizing fronts
is one source of metabolites released into the extracellular space. A
second, more abundant source of metabolites must be driven to the
extracellular space from the vasculature during bone formation, which
at forming and mineralizing fronts contains arich capillary network®.
By osmotic diffusion and transport mechanisms, capillaries provide
the cellular milieu with metabolic requirements and metabolites®’,
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thus metabolite infusion into this space appears to be derived from
the free circulation, where the osteoblast cell-surface layer does not
provide a barrier function. Tight junctions in extensive, belt-like
cell-circumscribing arrangements (such as zonula occludens) similar
to those that occurin epithelial cell layers do not form in osteoblasts,
but whether they form a complete barrier is moot. Cultured primary
osteoblasts formamonolayer with tight junctions, and the formation
of abarrier has been suggested®. However, an investigation of osteo-
blasts on natural bone substrates found that tight junction contact
density is relatively low®. Another cell culture experiment concluded
that tight junctions were situated at vesicular trafficking points, and
that when cells were otherwise confluent in a monolayer, the tight
junctions were distributed only in a punctate manner that would not
render a barrier function®.

Bone is formed of a carbonate-substituted hydroxyapatite mineral
intermingling with the major, large and fibrillar structural protein colla-
gen, whichareknownto be preserved intactin fossils of Plio-Pleistocene
age as examined here**. Polarized light microscopy of the fossil speci-
mens investigated in this study demonstrated positive birefringence
typical of preserved bone microstructurein these Plio-Pleistocene fos-
sils. We theorize that without evidence of permineralization effects, such
polarized light signals derive from reasonably intact collagen because
apatitic mineral has a very low birefringence, which is overwhelmed by
that of the collagen. To confirm this result, we performed proteomics
onthe precipitate from the metabolomics preparations of four rodent
fossils from Olduvai Gorge (M-D, Sm, Gg and Xi). Collagen peptide and
related IDs that describe collagen matrices were detected fromM-D and
Sm (Supplementary Table 15 and Supplementary Figs. 5 and 6).

If polarized light microscopy of fossil specimensindicated brightness
attributable to collagen, then we hypothesize that the preservation
of other biomolecules as reported here is expected. Although this
hypothesis remains unconfirmed, and although collagen peptides
were detected in only two of four specimens examined, the presence
of metabolitesinthe specimensisirrefutable. From first principles, we
detail how we believe these metabolites are incorporated into protec-
tive nanoscopic niches of bone (Methods). We regard the nanocompart-
ments as having metabolite preservation potential if two conditions
aremet: (1) circulating metabolites can enter the spatially constrained
niche occupied by interstitial water; and (2) these compartments are not
readily connected to an opensystem in bone subject to diagenesis (that
is, they are not exposed to air or mobile water) and thus are shielded
from diagenesis (Fig. 3).

There are several non-exclusive pathways for the degradation of
organiccompoundsinbone, butwe suggest thatif abone’s protective
mineral has maintained the fibrous collagenous extracellular matrix,
then associated nanocompartments and metabolites are also likely
to remain intact. This is consistent with biomolecular preservation
and staining typical of oxidative diagenetic environments that render
brown hues in histology®, as was often observed among the fossils
in this study, in addition to some collagen that was presumed to be
transmitting birefringent white light.

Although the conditions are different, metabolite preservation from
plantresin® and tobacco* residues inarchaeological contexts demon-
strates a specific resistance to their degradation. In our study a ¢-test
finds nosignificant difference between the average molecular massin
the fossil specimens and their extant skeletonized counterparts (Fig. 4
and Supplementary Table 16a). Yet, the average molecular massinthe
laboratory mouse metabolomes is about 75 Da higher. It is likely that
metabolites from bone cellsincluded in the metabolite extractionare
contributing to this larger molecular mass fraction; for example, the
average molecular mass of 113 metabolites detected from a yeast cell*”
is 269 Da, which is within the narrow range given for the laboratory
mouse metabolomes (Fig. 4).

The rat bone has a cellular density of approximately 60,000 mm™
(ref. 38), and given the negative body mass dependence of the cell
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density, we expect the value for mouse to be around 75,000 mm™. The
20 mgbonesamples from the extant laboratory mouse are estimated
to occupy approximately 1 mm?, Thus, metabolites from about 75,000
cellswillbe represented in each bone’s extract. Metabolomics® analyses
of powdered extant mouse femurs demonstrate that cells contribute a
metabolite solute to the extractionsolvent. Further researchisrequired
to more fully understand the extent to which degradation occurs in
fossil and extant skeletonized bone devoid of cells.

Insights on the endogenous metabolome

Aside from the summary of normal mammalian endogenous functions
and disease states described above, IPA analyses of the molecular physi-
ological machinery responsible for the metabolome of each animal
are detailed in Supplementary Tables 4b-11b, with alist of canonical
pathways, functions, diseases and gene networks. Associations with
genes related to oestrogen biosynthesis and signalling suggest that
both Olduvai Gorge gerbils (specimens Gg and Gi; Supplementary
Tables 6b and 7b, respectively) as well as the ground squirrel (speci-
men Xi; Supplementary Table 8b) were female, as was the Makapansgat
bovid (sample TF12; Supplementary Table 11b). On the basis of oestrone
detected in specimens Gg and Xi, we are less confident, relying only
onthe higher concentration of this form of oestrogen in females than
in males. However, our confidence is higher regarding specimens Gi
and TF12, inwhich placental oestriol and luteinizing hormone are indi-
cated. Notes regarding sex hormones are shown adjacent to the gene
network in each supplementary table referenced above.

The results from the Olduvai Gorge ground squirrel, the Chiwondo
Bedselephant and the Makapansgat bovid also present an opportunity
to connect the endogenous and exogenous metabolomes. Associa-
tions with genes related to proinflammatory cytokines in data from
these individuals may be the result of the Trypanosoma bruceiinfection
identified in each of their exogenous metabolomes (Supplementary
Tables 8k, 10k and 11k), which is also revealed in proteomics analysis
of the ground squirrel specimen Xi (Supplementary Fig. 7).

Endogeneity assessment

We considered that taphonomicresearch demonstrating the owl diges-
tion of rodent bone might contribute to a metabolite signal. Rodents
excavated from FLK N1 layer M3 and M2 were deposited as pellets by
Verreaux’s eagle-owl (Bubo lacteus), whereas those from FLK N1 layer
Mlwere deposited by the spotted eagle-owl (Bubo africanus)® (Table1).
Unlike other birds, owls lack a ‘crop’ to store and digest food slowly.
Instead, non-digestible contents (such as bone and fur) are formed as
apelletinthe gizzard and regurgitated after several hours, and thus
not excreted through the digestive tract (owls cannot eat again until
they eject this pellet). Owls have a higher pH in their ‘true’ stomach
(proventriculus) than other birds, but experiments have confirmed
thatits acids may mildly corrode bone surfaces. However, experimental
taphonomic research indicates no more surface damage than might
occur during normal bone weathering*®*. A two-proportion z-test of
the percentage of shared metabolites between the fossil of Saccostomus
cf. mearnsiand its extant counterpart obtained by live capture versus
the fossil of Gerbilliscus gentryi and its extant counterpart obtainedin
an owl pellet reveals a highly significant loss of shared metabolites as
aresult of it being subject to the owl’s digestion (P < 0.01; Supplemen-
tary Table16b). The possibility of metabolitesintruding into the bone
matrix attributable to digestionis thusinsignificant. This assessment
was mirrored by our enzymatic laboratory test of fresh mouse bonein
whichthe metabolite recovery was diminished over that of bones that
were not subject to enzymatic digestion.

The potential incorporation of metabolites excreted by the gut
microbiome may also be considered. Given our supposition that
metabolites are incorporated into mineralizing surfaces, we expect
only metabolite loss, and no metabolite gain. Further, the avian proven-
triculus has a reduced bacterial diversity compared with the gut*?,
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the former being mainly responsible for acid and enzymatic break
down of food, which the bones do not experience. Among the Oldu-
vai Gorge rodent fossils, only the bone of Saccostomus cf. mearnsi,
which was obtained from an owl pellet, contained a bacterial xenobi-
otic metabolite (6-hydroxyhexanoic acid; Supplementary Table 5k).
However, species obtained by live capture (Saccostomus cf. mearnsi,
Gerbilliscus sp. and Xerus sp. (Supplementary Tables 5a, 7a and 8a,
respectively)) also contain this metabolite. Thus, itis more likely that
the presence of xenobiotic metabolites derives from their incorpora-
tion into the mineralizing tissues of the animals independent of their
passage through owls.

An endogeneity assessment of palaeosols’ metabolite contribu-
tion to the fossils was also considered. In testing the assumption of
contamination by palaeosols from the three palaeontological sites,
we discovered them to be independent repositories of metabolites
detected from the fossils (Supplementary Table 12). The five rodent
fossils from Olduvai Gorge share an average of 41.1% of total metabo-
lites with the palaeosol. Yet, their extant counterparts, which had no
contact with soil, share 40.4% of total metabolites. At the Chiwondo
Beds, the fossil/extant proportions are 16.0/14.3. At Makapansgat,

they are 61.3/43.8, respectively, the latter offset perhaps due to the
sampled extant African bovid, while having a South African distri-
bution, nevertheless originating in Malawi. The palaeosols at each
palaeontological site are calcium carbonate-based (Supplementary
Table 2). During natural carcass degradation, decomposition fluids
containing metabolites (analogous to those that could have been
sequestered in bone crystallite niches antemortem) seep into the
soil. Loamy soils feature a broad size spectrum of porosities some
of which can sequester and shield organic compounds originating
from numberless decomposition events over time. We suspect that
the crystalline matrices of these soils harbour metabolites from the
environment, which are taken up and protected during their miner-
alization: it is not the soil compounds that contaminate the fossils,
but rather decomposition compounds that contaminate the soils.

Insights on the exogenous metabolome

The various taphonomic, palynological and geological approaches
taken to reconstruct the environment at Olduvai Gorge present area-
sonably vivid macro-scale rendering of the environment in the Early
Pleistocene®>*, This depiction ends where interpretations of the
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palaeometabolome begin, by detailing the exogenous metabolites
derived from fossil bones, and from these the inferred attributes of
soil, atmosphere, sun exposure, potential species names of organ-
isms and the habitat and food preferences of the animals that lived
there. These metabolites and their sources arelisted in Supplementary
Tables 4k-8k, 10k and 11k, which we summarize in Table 2 and generally
remark upon here.

The exogenous metabolites recovered from the Olduvai Gorge fossils
aremainly those of soil bacteria Escherichia and Streptomyces. Both are
widely distributed in soils of the world. Escherichiais acommon mem-
ber of open habitat soil microbiomes** that contribute to plant growth.
Streptomycesis alsowidely distributed in soils around the world* and its
presenceinthe study samplesis probably attributable toits participa-
tion in decaying vegetation*® that supports the notion of awoodland
forest floor. Streptomyces spp. also have collagenase-producing capa-
bilities?, which will have contributed to the decay of bone.

Metabolites of fungi generally indicate mesic conditions: periods of
high humidity, little or no wind at night, and generally temperatures of
16 °C and above**’, Monocotyledons such as Asparagus® and Aloe™
genera prefer well-drained, loamy-sandy soils of various textures with
pHintherange of 5-8,and open sunny conditions. Other genera, such
as Aframomum® and Piper®, prefer shady and humid forest conditions.
Environmental conditions of the monocotyledons generally also apply
tothelist of herbaceousdicotyledons. Around 400-2,100 mmannual
rainfall sustains the ecology for both monocotyledon and herbaceous
dicotyledon flowering plant categories (Supplementary Tables 4k-8k,
10k and 11k).

Nowoody dicotyledon plant species were identified that survive on
semi-arid xerophytic forests, woodlands or savannas. The floragivenin
Supplementary Tables 4k-8k, 10k and 11k represent mesic and mixed
eurybiomic thicket-woodland and fresh groundwater woodland or
bushland on well-drained loamy soils such as Kigelia africana®*, most
species of which do not occupy the dominantly semi-arid grassland,
acaciaand Commiphorascrubland of Olduvai Gorge today*.

The ground squirrel has a metabolite unique to T. brucei, the trypa-
nosome responsible for sleeping sickness in humans following the
bite from an infected tsetse fly. This disease has been traced to early
Plio-Pleistocene stages of human evolution®, consistent with tsetse
living in tropical African gallery forest, thicket, miombo woodland,
mopane woodland and grassland today, which typically have a tem-
perature range* of around 16-32 °C. There are many wildlife reservoirs
for this parasite, including squirrels, ungulates and elephants™, which
isreflected in our fossil sample.
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Estimation of the palaeoecology from the Kolpochoerus majus pal-
aeometabolome derived from Olduvai Gorge Bed Il was undertakenin
muchthe same way as for the rodent fossils, except that it was restricted
to a comparison of the annotated exogenous metabolites in Supple-
mentary Table 9¢, withisotope-informed exogenous metabolites based
on evidence attributed to this species® (Supplementary Table 9d).
Although the two palaeoenvironmental reconstructions contain some
minor differences, the reconstruction presented in Table 2 was based
ontheisotope-informed analysis in Supplementary Table 9d.

Overall, our Olduvai Gorge palacometabolomes support the diversity
of habitats identified in the palaeoenvironmental reconstructions of
the freshwater woodland and grasslands of Olduvai Gorge Bed I’ 5, and
the dry woodlands and marshy areas of Olduvai Gorge Upper Bed II°.

Palaeometabolomics may parse an ecogeographic context, as deter-
mined by our selection of regionally specific plant categories that
differentially characterize the central African Chiwondo Beds and
southern Makapansgat sites. Thisincludes the sub-tropical woodland
and lakeshore habitats of the Chiwondo Beds""** and the moist mosaic
bushland of Makapansgat®, consistent with reconstructionsin Table 2.

Despite the precise nature of mass spectrometry-based palacome-
tabolomic IDs, the basic science requires advancement. Searches for
medicinal plant metabolites do not canvass all available species in an
environment and therefore a vast exogenous metabolite inventory
remains unexamined in the study sites. For instance, many species
listed in Supplementary Tables 4k-8k, 10k and 11k are native to other
African and/or world regions, such as Asian Croton tiglium. Yet, this
genus has many African natives, including some in the African study
regionstoday. Metabolite references to Asparagus officinalis, although
itis a native species in northern Africa, are more likely to be due to
the consumption of Asparagus africanus, broadly distributed among
acaciawoodlands of eastern and central Africa. These other native spe-
cies may have lived in the Pleistocene of the eastern Serengeti, or the
associated metabolite could have been from agenus or species whose
metabolome hasnotbeen examined. At this time, we believe thatinfor-
mation linking metabolites to molecular ecological inferences is only
justnow sufficient to prime the field. Further exogenous metabolomics
research will broadenbasic scienceinitiatives beyond the limits of bio-
medical interests in medicinal plants so that we may characterize the
metabolomes of many modern plants and environments of interest to
palaeoecologists. Despite being liberalin our current approach to glean
asmuchinformation as possible from an undeveloped database, such
that inferences that we have reached may be critiqued, there appears
to be sufficient explanatory value in the palaeometabolome to cor-
roborate recent palaeoecological reconstructions, adding to these
reconstructions fine-grained specifics that potentially approach our
ability as field ecologists to describe the characteristics of amodern
environment.
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Methods

Analysis of bone mineral niches

The predominant mineral phase of bone is a carbonate-substituted
hydroxyapatite mineral integrated within an organic extracellular
matrix consisting mainly of the large, structural fibrillar protein col-
lagen, which fossils of the Pleistocene age such as examined here and
older are known to preserve intact®. Brightness in polarized light
microscopy putatively indicates the presence of collagen (Extended
Data Figs.1-5 and Supplementary Figs. 1and 2), which proteomics
analysis positively identified in two of four samples tested (Supple-
mentary Figs. 5 and 6). Beyond the identification of molecular col-
lagen, bone is hierarchically constructed at a considerable number
of levels, from its macroscopic morphology at one extreme, to the
nanoscopic domain of mineral platelets, needles, and unit cells at the
other® % For biomolecules such as circulating metabolites to reach
the extracellular compartmentin mineralizing bone to be preserved
intact, we considered that they must be protected by a ‘solid’ mineral
phase.

To further examine this notion of bone mineral hierarchical struc-
ture being protective of circulating metabolites, we considered
that carbonated hydroxyapatite in bone (and otherwise) possesses
anion-exchangeable surface in aqueous environments®*®* that can
readily bind and exchange ions and molecules®®. In the in vivo envi-
ronment, it is now apparent that this adsorption is not limited to
bone-specific and locally produced ions and molecules, but it also
includes circulating metabolites that readily enter bone through its
interstitial fluid. The adsorption is mediated predominantly by elec-
trostatic interactions and the formation of coordination complexes
with surface ions of the mineral phase®. The adsorption of metabo-
lites to the surface of mineral crystallites, coupled with retention of
water into bone’s hierarchical structure, results in entrapment of the
metabolites within a continuum of structural niches spanning size
scales from micrometres to nanometres. For aniche to be suitable for
long-term metabolite entrapment and preservation in bone, on the
palaeology timescale, it must be accessible to the interstitial fluid (to
allow metabolites in), and it must also be shielded from taphonomic
processes (to prevent metabolite loss). The broader and larger the scale
of structural organization in bone, the more permeable the organic—
inorganicinterfaces are for metabolites, yet at the same time also for
subsequent metabolite degradation and diagenetic events. Conversely,
at the finer scale of bone mineral structure where there is generally
less permeability, metabolites may be sequestered and then shielded
from degradation and loss—and thus remain detectable—as we have
discovered in this study. Therefore, we considered the continuum of
three-dimensional (3D) sub-micrometre niches that can possibly har-
bour the palaeometabolome, accordingto their permeability and scale
(Fig.3).

Lacuno-canalicular network, 10" mscale

Based on (palaeo)histological studies, the lacuno-canalicular network
is easily accessible to both metabolites and taphonomic agents such
as microbes and humic substances®”®8, Numerous studies have dem-
onstrated that the lacuno-canalicular network is easily infiltrated by
microorganisms like the hyphae of filamentous fungi® and by bacte-
ria’®, and can serve as conduit for diagenetic processes. Enzymatic
degradation and modification of the local microenvironment along
the microbialingress degrades collagen and non-collagenous proteins,
resulting in reprecipitation of mineral phases and the loss of pristine
organic-inorganic interfaces’®”!, Although the preservation of col-
lagenin parts of the sample suggests that the diagenetic degradation
was incomplete, allowing the preservation of some sub-micrometre
structures, we view this lacuno-canalicular network niche as being of
limited reliability for palaeometabolome preservation, dependent on
the burial conditions.

Mineral tesselle interface, 10 mscale

Inliving bone, mineralization begins from quasi-regularly spaced min-
eralization foci’?” dispersed within a fibrous collagenous extracellu-
lar matrix. Mineral foci grow within the organic matrix to eventually
packintoa3D, space-filling array of similarly structured morphologies
geometrically approximating prolate ellipsoids about 1 pmin size, in
aprocess termed crossfibrillar mineral tessellation’. Even mature
mineral ellipsoids, called tesselles, have persistent discrete organic
boundaries that do not exceed100-200 nm. Such boundaries are likely
to contain residual mineralization-inhibiting non-collagenous pro-
teins or peptides and inhibitory small biomolecules that presumably
impede complete fusion of the tesselles, thus providing a 3D tessella-
tion pattern that imparts unique mechanical properties to bone”™,
This nanometre-scale (100-200 nm) compartmentis thus a probable
niche for palaeometabolome preservation.

Between crystallite groups, 10 ® mscale

Gently twisted aggregates of stacked hydroxyapatite crystallites splay
and merge throughout the continuous collagenous matrix®*”. Neigh-
bouring aggregates envelope spaces that are, on average, about 20 nm
wide and linear in the in-plane view, or 30-40 nm wide and lacy in the
out-of-plane view”. Continuous with the collagen fibrils is an extended
network of small proteoglycans (small leucine-rich proteoglycans)
with chains of dermatan and chondroitin sulfate”. These charged pro-
teoglycan chains can be up to 30 nmin length”” and their networks
canbridgethisinter-crystallite aggregate niche, being on the order of
magnitude of several thousands of cubic nanometres. Experimental evi-
dence demonstrates anionic dependence on cohesive forces between
nanointerfaces of native bone suggesting that there are electrostati-
cally mediated interactions between the charged proteoglycans and
mineral surfaces in a hydrated environment’®, Furthermore, in situ
measurements of bone zeta potential suggest that the long-range
(>10 nm) electrostatic effects on the surface are predominantly from
charged protein groups”. Such acrowded molecular environment with
anabundance of charged and polar residues can sequester metabolites,
making this compartment a probable protected palaeometabolome
preservation niche.

Between crystallites, 10 mscale

We next considered this finest niche, which is uniformly sandwiched
between congruent surfaces of adjacent hydroxyapatite crystallites
and does not exceed a few nanometres in width. These uniform con-
fined spaces are typically visible in thin sections of bone viewed by
transmission electron microscopy®*®2. Hydrated bone mineral bears
asurface charge (-50 mV) and a corresponding surface potential
gradient. The extent of the surface potential gradient is defined
by complexation (through chemisorption) of water dipoles with
undercoordinated surface ions. From simulations of hydroxyapa-
tite electrostatics at physiological conditions, it is predicted that
bone mineral crystallites have arelatively thick (2.7 nm) and strongly
bound hydrated layer on their surfaces’. This layer thickness, known
collectively as the Debye length, is composed of the Stern-Helm-
holtz and electric double layer—a dense ionic halo that acts as the
interface in between the charged crystallite surface and the labile
interstitial fluid. An effect of the surface charge is the condensa-
tion®? of counter-ion species in non-stoichiometric quantities at this
hydrated interfacial layer with the concentration of counter-ions
being stabilized at orders of magnitude higher concentrations than
whatis seeninbulk solution®. Itis postulated that the electron-dense
amorphous layer on the surface of hydrated hydroxyapatite could
be highly structured electrostatically®®®'. The electron-lucent 2 nm
widthbetween adjacent crystallite surfaces can accommodate as few
as five water molecules spanning the gap®. lonic crowding from the
hydrated non-stoichiometric calcium-phosphate layer, when coupled



with confinement, would result in very poor permeability for circulat-
ing metabolites into these regions. Investigation of these hydrated
mineral interfaces in vitro suggest that only very small metabolic
products such as citrate®®, lactate and carbonates® might exist as
inclusions in between these mineral facets®, potentially responsible
for the spacing of stacked plate-like nanocrystalline morphology often
observed®#®, perhaps occurring through chelation effects. This niche
is thus unlikely to harbour the palaeometabolome, attributable to a
size exclusion limit thatis far smaller than most metabolites detected
in this study.

Extant and fossil samples and palaeosols

Thebones of two widely used inbred strains of laboratory mouse devel-
oped by theJackson Laboratory were used in this study that were main-
tained under standard conditions; aconstant temperature of 24 °C with
al2 h:12 hlight-dark cycle, and food and water ad libitum. They include
five female and five male genetically heterogeneous mice (UM-HET3)
fed an OpenStandard Diet With 15 kcal% Fat (D11112201, Research Diets)
and five male mice from a highly inbred strain (C57BL/6)) fed astandard
rodent chow (5053, PicoLab Rodent Diet 20, LabDiet). Concerning bone
formationresearch unrelated to the metabolomics pilot study, the mice
were euthanized at six weeks of age, and femurs were dissected (the
Institutional Animal Care and Use Committee of New York University
approved the animal experiment protocols). Residual soft tissues were
carefully removed from the bones with forceps and a surgical scalpel.
The metaphyseal ends of the femurs were removed, cutting to the ends
of the marrow cavity. The bone marrow was flushed with sterilized
cold 1x PBS using a 23-gauge needle syringe until the bone appeared
pale. The bones were washed with 1x PBS to eliminate residual soft
tissues around the bones. Finally, each bone was weighed using an
OHAUS 124/E analytical balance (OHAUS Corporation) toanaccuracy
of 0.0001 g. Because free water represents less than 6% of the mass
of fresh bone®, which the fossils lack, from extant bones weighing
approximately 20 mg,1 mg was removed from the recorded bone mass
in (Supplementary Table1).

Fossilrodent bones curated at the National Museum of Natural His-
tory (NMNH), Paris, France, derive from the palaeontological site of
Olduvai Gorge, Tanzania®®, excavated by L. S. B. Leakey in 1960 from
Bed I (Table1). Specimens were acquired by wet and dry sieving, and
no specimens have since been touched by hands or been chemically
treated. The Olduvai Gorge Bed Il fossil was attributed to K. majus by G.
H. R. von Koenigswald after it was given to him by Leakey in 1954, and
is curated at the Senckenberg Research Institute and Natural History
Museum, Frankfurt, Germany. The Chiwondo Beds fossil was collected
by T.G.B.,F.S., 0.K. and O.S.in 2000 and curated by the Cultural and
Museum Centre Karonga (CMCK), Malawi, and that from Makapansgat
was collected by T.G.B. and F.S. in 1982 and curated in the Hard Tissue
Research Unit of TGB, New York, USA.

Extant specimens for comparison with the Olduvai Gorge rodents
were obtained by C.D. from the Olduvai Gorge vicinity and curated at
the NMNH, Paris, France. Extant comparisons for the Chiwondo Beds
and Makapansgat fossils were recovered from the skeletons of animals
that had lived in Malawi and curated at the CMCK Karonga, Malawi.

Olduvai Gorge palaeosols were obtained by G.M.A. and curated at
Rutgers, the State University of NewJersey, USA. Geographical location
of collecting sites was determined by GPS and stratigraphic position by
geological mapping. Age of stratigraphy was determined by *Ar-*°Ar
dating. Samples were collected from measured sections atleast1 minto
the exposed face and 1 m down from the top, using a metal spatula. The
Chiwondo Beds palaeosol was collected by F.S. at the collecting site of
the fossil HCRP-RC-11 883 (Table 1), and that of Makapansgat was col-
lected by T.G.B. and F.S. was taken from the TF12 Lime Dumps breccia
several centimetres away from the fossil.

Allfossil and extant mineralized tissues and palaeosols were weighed
as described for the extant samples.

Histology and imaging

Each fossil bone and corresponding palaeosol was divided into one
fraction to obtain ~-100 pm-thick histological sections and a fraction
for subjecting to the metabolite extraction protocol. Specimens for
histology were subject to graded ethanol substitution, infiltrated with
methylmethacrylate monomer (Fisher) and polymerized by exposure
toultraviolet light. The polymerized blocks were ground to a uniform
1,200 grit finish using a Buehler Metaserv 250 Grinder-Polisher (Bue-
hler). The ground surface was mounted to an EXAKT methylmeth-
acrylate histology slide (EXAKT Technologies) with cyanoacrylate
adhesive, sawn through with the Exakt 300 CP Band System, and ground
toabout 110 pm thickness with the Exakt 400CS Grinding System. The
sections (and adjacent blocks) were then polished using diamond sus-
pensionon the Buehler Metaservtoal pmsurface finishand approxi-
mately 100 pm final section thickness.

Histological sections were imaged by polarized light microscopy
using a Leica DMRX/E Universal Microscope or LeicaDM5000 B (Leica
Microsystems) using LeicaPL Apo20/0.6 or HC PL Fluotar 20/0.5 objec-
tive lenses, respectively, to observe the putative presence of collagen
birefringence”.

Sections were then uniformly coated with 10 nm of carbon using a
Safematic CCU-010 coating unit (Zizers) and imaged by a Zeiss Gemini
300 field emission scanning electron microscope (FE-SEM; Zeiss), in
backscattered electron imaging mode operated at 10 kVand a 60 pm
aperture high current setting (400 pA) beam conditions, and at an
8.5 mmworking distance and 97.66 nm per pixel resolution. EDS data
were collected using a Bruker Quantax 200 XFlash 6160 EDS detector
and Espritv.2.6 software (Bruker) for determining the normalized mass
concentration of elements within 100 pm field widths yielding x-ray
signals generated from abeamradius of 1 umwithal.7 pminteraction
depth; the normalized mass concentration of carbon was adjusted in
Esprit software to compensate for the 10 nm carbon coating thickness.
We used the P/B-ZAF standardless analysis quantification model in
interactive mode to validate each element peak. To evaluate sample
integrity, we were explicitly interested in recording the Ca/P ratio for
fossil and extant bones and comparing themto the chemistries of the
palaeosols.

Extraction protocol

Each extant and fossil bone sample and palaeosol sample and diet sam-
ples ofthe twolaboratory mouse strains was placed into their own1.5 ml
Eppendorf vial containing 2 pl of 4% formic acid (147932500, Acros
Organics, Thermo Scientific) per1 mgof hard tissue prepared in steri-
lized molecular biology grade water (46-000-CM, Corning, Mediatech).
Formicacid was used as the demineralizing agent for allbone samples
because at low concentrations it best preserves collagen over other
common demineralizing agents®* and thus, we presume, other bio-
molecules, and also because sample delivery to the mass spectrometer
utilizes aweak formicacid solution (see below), therefore maintaining
a consistent matrix from preparation of the sample through to mass
spectrometry metabolomics analysis. Palaeosol and diet samples were
prepared in exactly the same way as the bone samples.

The vials were left overnight at 4 °C on a shaker, and extracts were
collected, transferred to a new 1.5 ml vial, and stored at —80 °C. The
remaining un-demineralized sample was treated with fresh extraction
solvent and kept overnight at 4 °C on the shaker. The extracts were
then transferred to the vials that contained the first extracts collected
previously. Intotal, extracts were collected from three such treatments.
The extracts were kept at —80 °C until preparation for metabolomics
and proteomics analysis.

Extracts collected from all mineralized tissue samples were trans-
parent and slightly viscous. After the three treatments, any ‘solid’
non-solubilized bone collagen anlage was removed from the vial of
each specimen.
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One experiment deviated from the above protocol to test the effect
of enzymatic digestion of bone before the extraction protocol. This
experiment treated longbone fragments from two C57BL-6) mice with
a-1% Tergazyme solution (Alconox) at 37 °Cfor 48 h. These fragments
were then rinsed in running tap water for 30 min and then subjected
to the extraction protocol with the non-enzymatically treated bone
fragments from two other C57BL-6) mice, as described above.

Metabolomics analysis

Samples were allowed to thaw, upon which methanol (LC-MS Grade)
was added to each sample, giving final concentrations of 75% (v/v)
methanol (HPLC grade, Fisher Scientific) in the fossil and palaeosol
sample mixtures and 62.5% (v/v) methanolinthelaboratory mouse and
extantbone sample mixture. The protein contentin each mineralized
tissue sample was precipitated overnight by -80 °C freezer storage. On
thenext day, each sample was vortex-mixed and centrifuged for 30 min
at 4 °C and 14,000 rpm. The methanolic supernatant layers contain-
ing metabolites were transferred to clean Eppendorf vials and were
evaporated to near dryness under vacuum using a SpeedVac vacuum
concentrator (Thermo Fisher Scientific). Each sample was reconsti-
tuted with 10 pl of 0.1% (v/v) formic acid in water, vortex-mixed, and
transferred into liquid chromatography-tandem mass spectrometry
(LC-MS/MS) vials for analysis. Nano-LC-MS/MS was performed using
a QExactive HF-X mass spectrometer coupled directly to a Vanquish
UHPLC system (Thermo Scientific). One-microlitre aliquots of each
sample were injected onto a Hypersil Gold C18 100 x1 mm column
(Thermo Scientific), whichwas maintained at aconstant temperature
of 50 °C, equilibrated with mobile phase A containing 0.1% (v/v) for-
mic acid in HPLC grade water. Metabolites were eluted with a 0-60%
methanol containing 0.1% (v/v) formic acid (mobile phase B) with a
flow rate of 50 pl min™ over 22 min, followed by 60-100% B over 3 min,
thenbackto 0% B at 27 min. The sample volumeinjected was1 pl. This
sample preparation method was adapted fromref. 93.

Each sample was analysed twice, and the mass spectrometer was
operated in positive and negative ion modes using a data-dependent
acquisition mode. Up to five most abundant precursors from the sur-
vey scans acquired at aresolution of 120,000 over a scan range of m/z
200-2,000 were selected with anisolation window of 1.7 Th (a unit of
mass-to-charge ratio) and fragmented by higher-energy collisional
dissociation with anormalized collision energy setting of 30. The maxi-
mumi ioninjection time for the survey and MS/MS scans was 75 ms, and
the ion target values for MS and MS/MS scans were set at 3 x 10° and
1x10° respectively.

Raw mass spectrometry data from positive and negative ion mode
analyses were subjected to a metabolomics database search using
Compound Discoverer 3.1(Thermo Scientific). All detected metabolites
were annotated toinclude compound name, formula, molecular mass,
minimumretention time, maximum area under the detection peak and
known identifier (ID) (Supplementary Table1). Each metabolite ID was
interrogated in a quality control step by searching Chemical Abstracts
Service (CAS; https://www.cas.org/cas-data/cas-registry), PubChem
(https://pubchem.ncbi.nlm.nih.gov) and ChemSpider (https:/www.
chemspider.com) online databases, ensuring that formula, mass and
compound name matched. In all supplementary tables, tabs labelled
‘Total IDs’ all survived quality control and have at least a formula and
compound name.

Proteomics analysis

Following the transfer of the metabolite supernatant of four Olduvai
Gorge fossil rodents (M-D, Sm, Gg and Xi), the protein precipitate after
methanolic extraction was subjected to solubilizationin 8 Mureain Tris
pH 7.5. Protease inhibitors (Mini, Roche) were added to each sample
before the proteins were reduced and alkylation was achieved. Next,
the concentration of the urea was adjusted to 1M urea and samples
were supplemented with 12.5 ng ml™ trypsin solution (Trypsin Gold,

Mass Spectrometry Grade, Promega) in 50 mM NH,HCO; and incubated
at 37 °C overnight. Peptides were acidified to 1% formic acid (w/v),
and centrifuged at 14,000g to remove debris. Desalting of peptides
was done using hand-packed SPE Empore C18 Extraction Disks (also
known as Stage Tips, 3M)°*. Samples were concentrated to a small
volume by vacuum centrifugation and peptides reconstituted in 2%
acetonitrile/4% formic acid. Nano liquid chromatography coupled
to tandem mass spectrometry (nano-LC-MS/MS) was carried out as
described previously®.

Themass spectrafiles were subjected to MaxQuant proteomics data
analysis workflow (v.2.5.1.0) with the Andromeda search engine®. Raw
mass spectrometer files were used to extract peak lists, which were
searched with the Andromeda search engine against mouse proteomes,
and a file containing contaminants such as human keratins. Trypsin
specificity with 2 missed cleavages with the minimum required pep-
tide length was set to seven amino acids. N-acetylation of protein N
termini, oxidation of methionines, deamidation of asparagine and
glutamine and pyroglutamate conversion of glutamine and glutamic
acid and finally, hydroxylation of proline residues were set as variable
modifications. To identify peptides, we used UniProt rodent databases
(mouse: 21,985, rat: 22,825, Chinese hamster: 23,883, guinea pig: 18,246
proteinsequence entries, downloaded 4 October 2022). For the initial
mainsearch, parent peptide masses were allowed a mass deviation of
20 ppm. Peptide spectral matches and protein identifications were
filtered using atarget-decoy approach at afalse discovery rate of 1%. In
order to generate spectral libraries with the modifications we set out,
we first used data-dependent-acquisition (DDA) mass spectrometry as
described” and obtained evidence and MS/MS text files. Next, samples
were analysed with Data-Independent-Acquisition (DIA)*, and utilizing
MaxDIA embedded in MaxQuant software, the DIA files were searched
using the spectral libraries obtained with the DDA experiment.

Analysis of endogenous metabolites

The IPA (QIAGEN) program was used to analyse mammalian endog-
enous metabolites and their respective top canonical pathways, bio-
logical functions and gene networks. Default analysis settings were
used with searchable databases including mouse, rat, and human,
which constitute all currently published conserved mammalian core
metabolomic processes.

These pathways, biological functions and networks do not repre-
sent an instantaneous metabolome, but one that is summed over the
period of time mineralized tissue was forming. The header of each of
fossil and extant metabolite ID table (Supplementary Tables 4a-11a)
gives the number of metabolite annotations from N number of fea-
tures. Thenumber of annotationsis a fraction of the combined endog-
enous (Supplementary Tables 4a-11b) and exogenous (Supplementary
Tables 4c-11c) metabolite numbers because of restrictions IPA places
ontheIngenuity Knowledge Base (https://giagen.my.salesforce-sites.
com/KnowledgeBase?id=kA41i000000L5sBCAS). The largest database
ofitskind, metabolites are rigorously vetted in quality control for their
probability of describing the biological functions given.

IPA discriminates non-mammalian exogenous from endogenous
metabolites, but they are not analysed. There does not presently exist
adatabase against which exogenous metabolites may be queried for
their ecological inferences, thus, by this communication we originate
one. The procedure for classifying exogenous metabolites into major
categories and selecting the likely candidate organisms from which
the metabolites were derived and used to document environmental
characteristics, is described below.

Analysis of exogenous metabolites

Exogenous metabolites identified in the IPA analyses of each fossil
sample were assigned using a template of 15 categories (Supplemen-
tary Tables 4k-8k, 10k and 11k), which include: (1) geology; (2) fire; (3)
bacteria; (4) aquatic; (5) fungi; (6) non-flowering plant; (7) flowering
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monocotyledons; (8) flowering magnoliids; (9) flowering eudicotyle-
dons; (10) plant wound healing; (11) parasite; (12) insect; (13) numer-
ous organisms; (14) anomalies; and (15) unknown. Of the eight fossil
samplesreportedinthis study, nospecimen exhibited small molecules
associated with geophagy, but in observations of other fossil bone
metabolomes not reported here we have, so the geology category is
maintained in the template.

In most cases, candidate sources of metabolites were assessed
fromthe Taxonomy section of PubChem. If this was unrewarding, we
attempted internet searches for information. Typically, if the list of
metabolite sources occupied 15 of this section’s pages (containing
5 metabolite sources per page) or less, each source was considered
for its likelihood of expression in the fossil sample. For instance, if
bacteriawere the main entries, and no plant source suited the regional
geographic context (thatis, eastern, central, or southern Africa), then
bacteria were likely to be the source. Plant sources were searched in
the Royal Botanic Gardens online database (https://powo.science.
kew.org) and were considered likely if their geographic distribution
included either eastern Africa for Olduvai Gorge, central Africa for
the Chiwondo Beds, or southern Africa for Makapansgat. Often, plant
species associated with a metabolite are not represented in the geo-
graphic region of interest; this simply reflects the capricious search
for factors in medicinal plants described in the main text. However,
candidate species within genera are commonly observed to share
metabolomes. For instance, the metabolite 4-methylbenzoic acid
(PubChem ID 7470) is found in Aloe vera, yet it is also a metabolite
of Aloe africana, Aloe spicata and Aloe ferox, which also happened to
be assayed. Thus, candidate species are typically used in the associa-
tions between metabolites and plant species. Rarely we chose regional
candidate plants in the same family.

Anomalies of category 14 are attributable to contaminants. They
comprise drug categories (for example, antimalarials), sunscreen and
lotions, and insect repellents, all of which we surmise are at researchers’
fingertipsin African collecting sites and palaeontological laboratories.
They alsoinclude adhesives, silicone-based products, and resins com-
mon in these laboratories.

Afirst attempt to acquire plant habitat information on soil charac-
teristics, minimum and maximum rainfall (mm year™), minimum and
maximum temperature (°C), open versus closed conditions, and eleva-
tion (m) was then made by searching the Useful Tropical Plants online
database (https://tropical.theferns.info). Additional environmental
information was also acquired from Internet searches, and websites
were recorded.

We undertook the environmental reconstruction as detailed above
for K. majus from Olduvai Gorge Bed Il (Supplementary Table 9¢). How-
ever, additionally, we further pruned the list of metabolites to those
that supportedisotopic evidence attributed to this species and those
plants otherwise known to be opportunistically favoured by extant
pigs (Supplementary Table 9d).

Statistical tests and data visualization

Toinvestigate the variance in metabolomic signatures across fossil, soil,
and modern biological samples, we applied amulti-method statistical
framework using Python v.3.10.12. Our analysis focused on the 100
most variable metabolites, defined by highest variance in intensity
values across the combined dataset (Supplementary Table 14a). We
performed unsupervised and supervised techniques including PCA,
hierarchical clustering, ANOVA, Kruskal-Wallis tests and PLS-DA to
identify and visualize biologically meaningful separation among sam-
ple groups. Statistical tests such as ANOVA and Kruskal-Wallis were
performed using the SciPy library®. Visualizations such as PCA scatter
plots and hierarchical clustering heat maps were created using the
Seaborn package®. PLS-DA was performed using the PLSRegression
module inScikit-learn, adapted for classification by labelling categori-
cal outcomes numerically'®®,

Data preparation. Raw metabolite abundance data were pivoted to
form a matrix of samples (rows) by metabolite features (columns).
Each metabolite’s variance was calculated across all samples. The top
100 most variable metabolites were selected for downstream analyses.
Group labels (for example, Fossil, Soil or Modern) were assigned per
sample.

Principal component analysis. We standardized the data using Stand-
ardScaler function from Scikit-learn'® and conducted PCA on the top
100 metabolites. The first two principal components (PC1 and PC2)
explained the majority of variance. PCA plots revealed clear grouping
of samples by biological origin, with fossil samples clustering apart
from soils and modern controls.

Hierarchical clustering. A hierarchical clustering heat map of
z-score-normalized data (top 100 metabolites) was generated using
average linkage and Euclidean distance. Clustered groupings visually
confirmed PCA results, showing distinct metabolic signatures for each
sample type.

Univariate statistical testing. One-way ANOVA was used to test for sig-
nificant differences in metabolite abundance across sample categories.
Weidentified several metabolites with Pvalues < 0.01, including methyl
acetoacetate, kojicacid and myristohydroxamicacid. To validate results
under non-parametric conditions, we performed Kruskal-Wallis tests,
which confirmed overlapping top hits.

PLS-DA. PLS-DAwasimplemented using Scikit-learn’s PLSRegression,
followed by supervised classification of group categories. The model’s
discriminative power was visualized in 2D space and assessed via VIP
scores. Clear separation between categories was observed in PLS1
versus PLS2 space. VIP scores were calculated to identify metabolites
contributing most to class discrimination. Many top VIP hits overlapped
with those identified in ANOVA and PCA loadings.

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

The raw mass spectrometry metabolomics data generated during
this study are available at MassIVE (UCSD) (https://massive.ucsd.
edu/ProteoSAFe/static/massive.jsp) under the deposition number
MSV000097146. Proteomics LC-MS data (proteomics raw mass spec-
trometry data, peak lists and results) that support the findings of this
study are deposited to the ProteomeXchange Consortium via the Mas-
sIVE partner repository and can be retrieved with the accession code
MSV000097173 and with the dataset identifier PXD061016.
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Extended DataFig.1|Polarised lightimages of specimen M-D. Mussp. or
Dendromussp.,Bed]l, Level FLKN1M3. a. Birefringent brightness at top and
bottomisattributed to heavily crystalised bone domains, while the central

curvilinear arc of brightnessis attributed to collagen. FW =1.547 mm; b) Detail
ofbrightbonelamellae and osteocyte lacunae interspersed among them.
FW=0.324 mm.
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Extended DataFig.2|Polarised lightimage of specimen Sm. Saccostomus cf. mearnsi, Bed I, Level FLKNL. a. Birefringent brightnessis attributed to collagen.
FW =1.343 mm; b) Detail of bright domains and osteocyte lacunae interspersed among them. FW = 0.324 mm.



Extended DataFig. 3 | Polarised lightimage of specimen Gg. Gerbilliscusgentryi, Bed 1, Level FLKN1ML. a. Birefringent brightnessis attributed to collagen.
FW =3.922 mm; b) Detail of bright domains and osteocyte lacunae interspersed among them. FW = 0.324 mm.
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Extended DataFig. 4 |Polarised lightimage of specimen Gi. Gerbilliscus sp.indet, Bed I, Level DK. a. Birefringent brightness is attributed to collagen.
FW =4.506 mm; b) Detail of bright domains and osteocyte lacunae interspersed among them. FW = 0.324 mm.



Extended DataFig. 5| Polarised lightimage of specimen Xi. Xerus cf. inauris, Bed 1, Level FLKN1M3. a. Birefringent brightnessis attributed to collagen.
FW =4.434 mm; b) Detail of bright domains and osteocyte lacunae interspersed among them. FW = 0.324 mm.



Article

Extended DataFig. 6| BSE-SEMimage of specimen M-D. Mus sp. or Dendromussp., Bed 1, Level FLKN1M3. a. Macroscopic view of the bone fragment.
FW =1.515mm; b. Detail of bone and osteocyte lacunae and their associated canaliculi. Large cracks are due to diagenesis or preparation. FW = 0.25 mm.



Extended DataFig.7|BSE-SEMimage of specimen Sm. Saccostomus cf. mearnsi, Bed 1, Level FLKN1. a. Macroscopic view of thebone fragment. FW=1.329
mm; b. Detail of bone illustrating diagenetically disorganized bony structure but preserving some vascular canals and osteocyte lacunae. FW =0.25mm.
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Extended DataFig. 8| BSE-SEM image of specimen Gg. Gerbilliscusgentryi, Bed 1, Level FLKN1M1. a. Macroscopic view of thebone fragment. FW=3.726 mm;
b.Detail of boneillustrating a vascular canal, mineralization density variation, and osteocyte lacunae and their associated canaliculi. FW = 0.25mm.



Extended DataFig.9|BSE-SEMimage of specimen Gi. Gerbilliscus sp.indet,
Bedl, Level DK. a. Macroscopic view of the bone fragment. FW =4.261mm;
b.Detail of boneillustrating a vascular canal (bottom), mineralization density

variation, and osteocyte lacunae and their associated canaliculi. Large cracks
aredue todiagenesis or preparation. FW=0.25mm.
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Extended DataFig.10|BSE-SEMimage of specimen Xi, Xerus cf. inauris, Bed I, Level FLKN1M3. a. Macroscopic view of thebone fragment. FW =4.211mm;
b.Detail of boneillustrating a vascular canal, mineralization density variation, and osteocyte lacunae and their associated canaliculi. FW = 0.25mm.
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