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Abstract

Researcher ability to accurately screen fossil and sub-fossil specimens for preservation of DNA and protein sequences remains

limited. Thermal exposure and geologic age are usable proxies for sequence preservation on a broad scale but are of limited use

for specimens of similar depositional environments and/or ages. Cell and tissue molecular histology is thus proposed as a proxy

for determining sequence preservation potential of ancient specimens with improved accuracy. Molecular histology as a proxy

is hypothesized to elucidate why fossil/sub-fossils of some depositional environments and or geologic ages preserve sequences

while others do not and to facilitate selection of ancient specimens for use in molecular studies.
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Introduction

Reports on the successful recovery of biomolecules from vertebrate fossils and sub-fossils (“subfossil” defined
as being not fully fossilized) have increased exponentially over the prior 2 decades. Evidence supports
the persistence of DNA sequences past 1Ma1, and protein sequences have been reported to preserve into the
Pliocene epoch (˜3.5Ma) with minimal controversy2-4. Predictive and empirical studies have established that
the potential of sequence data to persist into deep time depends substantially on thermal setting3, 5-7 as well
as the type of biological material examined; bone, dentine, enamel, or eggshell3, 5, 8. These advances in DNA
and protein sequence recovery have expanded the opportunity for palaeoecological and paleoenvironmental
studies to be conducted over a broader range of taxa and geological timepoints. Data reported from such
studies are used to inform on and set conservation policy for extant wildlife populations that are of commercial
interest, at risk of extinction, potentially invasive, at risk of low genetic diversity, etc.9-12.

Despite these advances, the ability to predict which ancient specimens are likely to preserve molecular
sequences still remains limited. A prevailing view within the primary literature is that specimens exposed to
prolonged, elevated thermal conditions are less likely to preserve proteins and DNA3, 5, 6, 13. As an example,
permafrost settings and late Pleistocene geologic timepoints have been shown favorable for the preservation
of molecular sequences5, 6, 8, 14, 15. Such findings have supported the use of specimen thermal history and
geologic age as proxies for molecular sequence preservation3, 5, 6, 13. However, this observation only holds
in a general sense and to a relative degree. Other variables affecting protein and DNA preservation include
sediment composition16-20, moisture content17-21, and oxygen content17-23, among others. Consequently,
multiple studies have reported differing degrees of sequence preservation even for specimens sharing similar
thermal histories and/or geologic ages8, 13, 15, 24, 25. In such situations, thermal setting and geologic age are
rendered marginally effective as proxies. Indeed, the complexity of variables influencing molecular sequence
preservation in vertebrate remains means that any single variable selected for use as a proxy for sequence
preservation will inevitably have substantial limitations.
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A potential solution to these limitations is to directly examine the molecular histology of preserved subfos-
sil/fossil tissues and cells. Molecular histology is defined by Campbell and Pignatelli (2002) as “an expla-
nation of the morphological characteristics of a tissue in terms of the molecules present and the functional
interactions between them”26. Molecular histology is how an organism’s molecular makeup is manifested
as cells and tissues, and variables including thermal history, geologic age, sediment composition, and others
all directly affect how this molecular makeup preserves17, 20, 27. Thus, the preserved state of a fossil/sub-
fossil’s molecular histology (which includes molecular sequences), is representative of the combined effect
of these diagenetic variables upon its molecular sequences. Substantial precedence exists in the scientific
literature for the preservation of remnant cells and tissues within ancient vertebrate specimens22, 28-40. Data
characterizing the molecular histology of such remains is herein hypothesized to be usable as a proxy for
molecular sequence preservation. Correlating molecular histology with degree of sequence preservation across
specimens spanning the fossil record would advance the use of such a proxy.

Testing this hypothesis can be accomplished using a suite of molecular techniques capable of characterizing
both the morphological29, 32, 33, 35, 40, 41 and chemical22, 23, 29, 31, 36, 42, 43 aspects of molecular histology.
Such data can then be used to identify connections between a fossil’s observed molecular histology and
its degree of molecular sequence preservation. Additionally, changes in fossil/sub-fossil molecular histology
can be tracked across various geologic ages and depositional environments to reveal potential insights as
to the role diagenetic variables play in sequence preservation. Ultimately, the study of fossil and sub-fossil
molecular histology will introduce novel and practical methods for screening whether a given specimen should
be selected for molecular sequencing, and it will increase understanding of how geologic age, thermal history,
and other diagenetic variables influence sequence preservation.

Molecular Histology as a Potential Proxy for Ancient Sequence Preservation

The number of specimens reported to preserve molecular sequences decreases substantially beyond geologic
ages of ˜0.13-0.24Ma and ˜0.8-1.0Ma for DNA and proteins respectively5, 8, 44-48. This is excluding speci-
mens of permafrost settings and some cave deposits as these settings often confer exceptional preservation
potential for molecular sequences5, 14, 49-53. The decrease in reported sequences from specimens exceeding
these timepoints suggests substantial diagenetic alteration occurs to fossil/sub-fossil biomolecules over these
timeframes. The extent of this diagenetic alteration is such that in many cases molecular sequences are
degraded beyond the limit of detection of commonly used sequencing protocols. Still, molecular sequences,
particularly protein sequences, have been reported from a few non-cave/permafrost specimens with geologic
ages exceeding these thresholds2-4, 34, 54-57. A study on a Pliocene camel tibia from Ellesmere Island, Yukon,
Canada, for example, managed to recover type-1 collagen peptides2, 4; in addition to two Mesozoic dinosaur
specimens34, 55-57, these are the only pre-Pleistocene bones currently reported to harbor sequence-able pro-
teins. Two other camels from Miocene and Pliocene formations of Nebraska were analyzed in the Ellesmere
Island tibia study yet failed to yield detectable peptide sequences2, 4. This begs the question of why some
specimens like the exceptional Ellesmere Island tibia preserve protein and/or DNA sequence information
while many other pre/early and even mid-Pleistocene specimens do not.

The prevailing view in the paleogenomic and paleoproteomic literature would be that the greater thermal
exposure of the temperate Nebraska specimens facilitated protein degradation relative to the Ellesmere Island
tibia3, 5, 6, 13. A warmer thermal setting accelerates the rate of diagenetic reactions affecting molecular
histology, including molecular sequences3, 58. Advanced geologic age expands the temporal period over
which these reactions have to progress and accumulate18, 58. Hence, a lower geologic age along with a
cooler thermal setting is hypothesized to inhibit the extent of such diagenetic reactions and limit molecular
sequence degradation. This and the degree materials such as bone, dentine, enamel, eggshell, and others resist
degradation3, 5, 8, 59 are often cited as key variables explaining examples of exceptional sequence preservation.

Indeed, a fossil or sub-fossil’s thermal setting/history and geological age are generally used as prox-
ies for predicting sequence preservation potential3, 5, 6, 13. However, even ancient specimens from
similar timepoints and depositional environments are known to display great variation in sequence
preservation8, 13, 15, 24, 25, 60, 61. In a study of 118 Xenarthrans from temperate to tropical locales, 6 speci-
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mens from the Santa Clara formation (˜8.5-128Ka) of Camet Norte, Buenos Aires, Argentina, were analyzed.
Of these, 2 specimens out of 6 demonstrated substantial evidence of protein preservation61. In this case, geo-
logic age and thermal setting would be rendered relatively inaccurate as proxies since all specimens came from
the same formation and would be expected to share a similar thermal history, yet not all preserve sequence
information to a similar degree. Furthermore, a 2017 study by Mackie et al. examined the dental calculus of
21 Roman-era H. sapiens specimens from 3 European burial sites using LC-MS/MS sequencing. Reported
sequence preservation varied widely between specimens and was unattributable to any specific variables60.
These differences in preservation likely result from other variables including differences in composition16-20,
moisture content17-21, and oxygen17-23content of burial sediments, among others. The complex range of
variables potentially affecting sequence preservation supports that factors beyond geologic age and thermal
history are responsible for specimens demonstrating exceptional sequence preservation. This limits the use-
fulness of any single diagenetic variable, such as geologic age or thermal history, as a proxy for DNA and
protein sequence preservation.

A proposed solution to this limitation is to directly use fossil/sub-fossil molecular histology as a proxy for
molecular sequence preservation. Molecular histology is the underlying basis for why diagenetic variables
such as thermal history and geologic age can be used as proxies, in any capacity, for predicting sequence
preservation. The cumulative effects of diagenetic variables are reflected in the preservational condition of
a fossil or sub-fossil’s molecular histology17, 20, 27. Directly studying molecular histology and correlating it
with degree of sequence preservation bypasses the need to study any one of these variables individually. Thus
molecular histology is hypothesized to be usable as an accurate proxy for molecular sequence preservation.
Yet little empirical research exists to this point that has observed how molecular histology of fossil and
sub-fossil specimens varies with degree of sequence preservation.

Literature Examples Highlighting the Potential of Molecular Histology as a Proxy

A few previous studies have examined fossil/sub-fossil molecular histology in a manner that can be linked
to preservation potential for molecular sequences. A discussion of some findings relevant to the correlation
of molecular histology with degree of sequence preservation follows.

A 2007 study by Schweitzer et al. used light and electron microscopy to survey the molecular histology of
bone specimens ranging from modern day through to the Triassic33. The study reported that the molecular
histology (especially the “collagenous” matrix) of specimens with dates exceeding 100-300Ka was substan-
tially altered relative to specimens of younger timepoints. Light microscopy was herein used to replicate
and reevaluate reported data for three of the 2007 study specimens (data not shown), the M. columbi femur
(MOR 501 (formerly MOR 91.72), ˜12Ka), the M. columbiskull fragment (MOR 604, ˜100-300Ka), and
the M. americanum rib (MOR 605, ˜100-300Ka). This was done according to the same demineralization
protocol reported by the 2007 study33.

Collagenous matrix of the mid-Pleistocene MOR 604 and MOR 605 specimens was highly fragmented and
brittle, supporting substantial degradation. Histological structures resembling blood vessels readily broke
free of the degraded matrix and were easily isolated. Both specimens exhibited evidence of exogenous,
orange-brown mineralization across portions of structure surfaces even after hydroxyapatite was removed
via acid demineralization. In contrast, the late Pleistocene MOR 501, also from the temperate region of
Montana, U.S.A.33, preserved a structured, relatively intact collagenous matrix. No evidence for exogenous
mineralization of MOR 501 was detected with light microscopy.

Matrix from MOR 501 was more consistent in morphology with past reports on extant collagenous
matrix32, 41 than what was observed for matrix of MOR 604 and MOR 605. Collagenous matrix of MOR 604
and MOR 605 was closer in morphology to what has previously been reported for Mesozoic dinosaurs32-34

and early-mid Cenozoic organisms38, 39. The stark difference in these observations supports a disparity in
degree of type-1 collagen preservation between these specimens, which is predicted to affect potential se-
quencing analyses. Prior studies have reported type-1 collagen sequences from MOR 60462 and MOR 60557.
MOR 501 however has not previously been sequenced and a direct comparison regarding degree of type-1
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collagen sequence preservation is not currently possible. Further, MOR 501, MOR 604, and MOR 605 were
all recovered from the same geographic region, albeit different burial sites33. This supports the observed
dichotomy in “collagenous” matrix preservation is thus likely less dependent on thermal setting.

Another study that analyzed molecular histology to a limited extent is that of the Pliocene Ellesmere
Island camel tibia2. A cross-section of a vascular canal within the tibia was elementally mapped using
energy dispersive X-ray spectroscopy (EDS). The analysis demonstrated that elements consistent with iron
oxyhydroxides and barium sulfates co-localized to the vascular canal. The presence of such exogenous
minerals supports that this tibia had undergone substantial chemical alteration. Both mineral precipitants
are consistent with observations from older tertiary37-39 and even Mesozoic specimens16, 35, 36, 40, 41, and
certainly precludes it from being considered a “sub-fossil”. Despite the apparent chemical alteration to its
molecular histology, the tibia still preserved collagen sequences identifiable via mass spectrometry2.

Samples from the Pliocene tibia were not demineralized and examined with light microscopy within the
study2, however, thus precluding a direct comparison against observations for the MOR 501, MOR 604, and
MOR 605 “collagenous” matrix morphology. The substantial mineralization detected by the EDS analysis
is consistent with observations of mineralized histological structures within MOR 604 and MOR 60533. This
supports a hypothesis that any “collagenous” matrix the Ellesmere Island tibia preserves is likely highly
degraded morphologically, in a manner consistent with MOR 604 and MOR 60533 as well as previous reports
for Mesozoic dinosaurs33 and pre-Pliocene Cenozoic37-39 specimens.

Data from the two studies above already enables some predictions to be made regarding the relationship of the
specimens’ underlying molecular histology with degree of sequence preservation, and even some diagenetic
variables. The dichotomy in molecular histology between extant specimens along with MOR 501 when
compared against MOR 604, MOR 605, the Pliocene camel tibia, and Mesozoic dinosaurs is to this point a
largely unexplored finding. Few, if any, studies have directly explored how these differences in “collagenous”
matrix histology manifest in degree of recovered sequence data.

Based on the discussion above, bone specimens preserving ancient DNA are herein hypothesized to possess
an intact, relatively robust collagenous matrix like that of MOR 501. If sequence-able DNA is present,
collagenous matrix would also still be expected to be relatively intact. In contrast, bone specimens with a
brittle, easily fragmented “collagenous” matrix like that of MOR 604 and MOR 605 are predicted to preserve,
at most, remnant peptide sequences. If the collagenous matrix has degraded to the point it has lost structural
integrity, the preservation of sequence-able DNA is not expected18, 27, 59. Further, this agrees with the trend
of sequence-able DNA being rarely reported from specimens exceeding 0.13-0.24Ma in geologic age (excluding
cave and permafrost deposits) as MOR 604 and MOR 605 are both assigned dates of ˜100-300Ka33.

If such a hypothesis were supported, practical methods such as electron and even light microscopy may be
capable of screening fossil/sub-fossil specimens for sequence preservation. However, the limited extent of
the data that has been reported for ancient vertebrate molecular histology severely limits the conclusions
that can be drawn regarding these relationships. This epitomizes the need emphasized by this review for
extensive study of fossil vertebrate molecular histology.

Methods for Studying Fossil Molecular Histology

Examination of fossil/sub-fossil molecular histology is proposed for empirically studying how the cumulative
effect of diagenetic variables upon a specimen’s molecular histology correlates with degree of sequence preser-
vation. Vertebrate elements with the highest potential for molecular sequence preservation include tooth
enamel and dentine, bone, and eggshell3, 5, 59. Of these, bone by far is the most widely characterized within
ancient specimens as to its non-mineral histological structures. Numerous studies have reported histological
structures morphologically and chemically consistent with biological cells, vascular tissue, and “collagenous”
matrix preserved within Cenozoic and Mesozoic bones22, 28-40. In particular, the organic portion of extant
collagenous bone matrix is comprised of ˜90% type-1 bone collagen40, 59. This high proportion of a single,
specific molecule is practical for comparison against purified collagen standards, extant controls, and across
various ancient specimens.
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The above histological structures are generally isolated via demineralization using a dilute acid31, 33, 36;
this allows their molecular histology to be investigated using a suite of molecular methods. Characteri-
zation of morphology for these structures has historically been accomplished using a combination of light
microscopy and both of transmission and scanning electron microscopy31-33, 35, 36, 41. Light microscopy is
a practical method to rapidly screen specimens for the preservation of histological structures. The use of
both transmission and scanning electron microscopy together is particularly advantageous. While both offer
nano-scale optical resolution, the former images sample cross-sections while the latter sample surface63, 64.
Both methods are also readily capable of detecting a distinct ˜67nm banding pattern unique to collagen
protein helices40, 65-67. Observation of this banding pattern indicates either the presence of a collagen helix
or compounds replicating its structure.

Studying the chemical aspect of molecular histology generally requires localizing chemical signal to a specific
histological structure. Two methods with precedence for use within molecular paleontology are time-of-flight
secondary ionization mass spectrometry (ToF-SIMS) and Raman spectroscopy:

ToF-SIMS rasters a microscale-diameter ion beam in a square, grid-like pattern across a specimen’s surface.
At each point in the square analysis “grid”, the chemical content of the specimen at that specific point is
detected and recorded as a spectrum of molecular and fragment ions. A specific ion can then be plotted
according to its recorded intensity at each point in the grid to form a molecular map that mirrors the area
analyzed across the specimen’s surface. The specific types of ions detected via this process vary depending
upon specimen chemical makeup; this allows the unique histological structures of a specimen to be targeted
so that chemical makeup can be connected to morphology68-70. A few studies have employed ToF-SIMS to
analyze ancient specimens29-31, 36, 52, 71-73. One recent publication used the method to analyze the molecular
histology of demineralized epidermis from an exceptionally preserved Jurassic ichthyosaur31. Ionic fragments
consistent with peptides or related compounds, along with polyaromatic hydrocarbons, were successfully
localized to the ichthyosaur epidermis. Recorded intensities for polyaromatic hydrocarbon and peptide-
related ion fragments (such as those detected in the Jurassic ichthyosaur31) can be compared across extant
and ancient histological structures. For example, elevated levels of polyaromatic related ions in one specimen
relative to another would be predicted to indicate a higher degree of chemical degradation68, 74-77. This is
one potential method for evaluating changes in fossil/sub-fossil molecular histology by geologic timepoint
and depositional environment.

Raman spectroscopy utilizes a monochromatic laser to irradiate a single point a few microns in diameter on
a specimen surface78-80. As the laser’s photons contact the specimen surface, a small number of them are
inelastically scattered by the specimen surface; that is, they either gain or lose energy after contacting the
specimen surface81, 82. The degree to which these photons change energy depends on the type of molecular
bond vibration the photon contacted within the specimen. Detecting the change in these photons’ energies
forms a spectrum revealing the types of molecular bond vibrations present where the laser contacted. This
allows specific histological structures to be analyzed for the types of molecular bonds present in their chemical
makeup78-80, 83. A recent study attempted to analyze the molecular histology of fossil tissues using Raman
spectroscopy22. However, perusal of their published findings raised questions as to whether some of their
data represented true Raman signal or was an artifact of autofluorescence84. Raman spectroscopy with
a laser wavelength below 250nm is a well-established solution to eliminate autofluorescence42, 85 but has
seen little use within molecular paleontology historically42. However, similar to the ion intensities with
ToF-SIMS, Raman signal intensity for specific bond vibrations can be compared across extant and ancient
specimen molecular histology. Indeed, this method has seen substantial use historically in correlating thermal
history with molecular makeup for a wide range of humics and kerogen macromolecules in petroleum and
soil science76, 86, 87.

Data collected using these described techniques can be correlated with the degree to which molecular se-
quences are recoverable from fossil and sub-fossil specimens. Both the intensity of Raman signal for specific
bond vibrations and the relative ion abundances from ToF-SIMS can readily be compared against the degree
to which a specimen preserves molecular sequence information. In the case of collagen peptides, both forms
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of electron microscopy can be used to evaluate the relative abundance of ˜67nm banding present within bone
matrix. This too can be compared against the degree of type-1 collagen sequence information recoverable
from a given specimen.

Conclusion

Thermal setting and geologic age have been commonly used as proxies for predicting molecular sequence
preservation potential3, 5, 6, 13. Late Pleistocene and Holocene specimens from cooler regions, especially
permafrost deposits, have been shown to generally possess the highest preservation potential for molecu-
lar sequence information5, 6, 8, 14, 15. However, depositional environments are influenced by other variables
including moisture17-21 and oxygen content17-20, 22, 23, ion species present, and sediment composition16-20.
These confounding variables limit the usefulness of thermal setting and geologic age as proxies outside of a
broad scale.

Direct analysis of fossil and sub-fossil molecular histology is a potential answer to this limitation. The
molecular histology of a specimen’s preserved cells and tissues reflects the cumulative effects of environmen-
tal variables upon its constituent biomolecules, including DNA and protein sequences17, 20, 27. Observed
degradation of cell and tissue molecular histology is hypothesized to correlate with constituent biomolecules
having undergone degradation. This agrees with the limited data in the primary literature on the corre-
lation of molecular histology with sequence preservation potential2, 33, 57, 62. Thus, the preserved state of
fossil/sub-fossil molecular histology is predicted to be an accurate proxy for molecular sequence preservation.
A potential limitation to this approach is that some aspects of molecular histology may be beyond resolution
or limit of detection for current molecular methods. However, modern molecular instrumentation regularly
functions on the micro- and nanoscale in terms of resolution and limit of detection63, 64, 68, 69, 78-80, 88, thus
minimizing this limitation as a potential obstacle. The use of fossil/sub-fossil molecular histology as a proxy
for sequence preservation has potential to elucidate why ancient specimens of some formations and time-
points preserve sequences while others do not; such understanding would facilitate the selection of ancient
specimens for use in future ancient DNA and paleoproteomic studies.
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