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INTRODUCTION

Every summer, after 11 months of work in a laboratory buried
deep in the bowels of the Smithsonian’s National Museum of
Natural History in Washington, DC, I have the chance to do
what every paleobiologist dreams of doing when they decide to
become a paleobiologist: fieldwork. The opportunity to find
fossils of organisms that lived tens or even hundreds of millions
of years ago casts a spell that is both potent and universal, as
such fossils provide a road map to the origins and evolution of
life on our planet. When we stare at a fossil, whether it is a billion-
year-old stromatolite cemented into a Montana cliff or a Tyran-
nosaurus rex toe bone from the hills of Wyoming, we pause and
reflect. Perhaps we think of our own very fleeting lifespan—not
of our individual life but that of our species. Or perhaps we are
drawn to the near infinite number of events that were required
for the evolutionary processes that gave rise to the fossil. We
may wonder how the organism died and how the fossil, whether
made of stone, encased in amber, or mummified by desiccation,
could have possibly survived these millions of years.

It was a specimen from the Kishenehn Formation in north-
western Montana, the fossil of a mosquito, that led me to ask a
very different question. This was no ordinary mosquito. It was
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2 INTRODUCTION

the beautifully preserved fossil of a blood-engorged mosquito—
the first ever found. We have all watched as a mosquito pushes
its proboscis though our skin, searches for a tiny blood vessel,
and begins to transfer blood into its abdomen. If we are patient,
we see the abdomen of the insect expand and darken. If we are
quick, we see with what little force the blood-engorged mos-
quito can be smashed into unrecognizable fragments, a smear
of blood spread over our skin. The chances that a blood-
engorged mosquito, blown up like a taut balloon, would sur-
vive, intact, through the long and complex fossilization process
are next to nothing. Examining this impossible specimen
through my hand lens, I thought of Michael Crichton’s Jurassic
Park. Could there be DNA present? Perhaps even dinosaur
DNA? No, of course not. The rocks were too young. But might
some trace of blood, some ancient biomolecule that was once
an integral part of the insect, have been preserved? Answering
this question would lead to two unexpected events. First, when
my colleagues and I published a paper that described the pres-
ervation of 46-million-year-old remnants of hemoglobin in the
abdomen of the fossil, and I was interviewed by National Public
Radio, the fossil became fleetingly famous—at least as famous
as a fossil insect can be in our dinosaur-centric world. Second,
I became engrossed in the rapidly growing science of ancient
biomolecules—the study of DNA, protein, pigments, and
other organic material that has been preserved across millions
of years. This fascination led me to write this book, so I could
share some of the field’s awe-inspiring discoveries and explain
how this focus on ancient biomolecules is completely changing
the game of paleobiology.

For hundreds of years, paleobiologists have relied on a single
tool with which to study, classify, and understand fossil organ-
isms: comparative anatomy. It is a powerful and surprisingly
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discriminating instrument. The molars of modern humans
and Neandertals can be easily distinguished. Muscles, tendons, and
ligaments leave behind “scars” where they attached to bones,
which can be used, for example, to establish ages of individuals
of the same species. Through a histological examination of di-
nosaur bones, scientists have even been able to determine that
a dinosaur was not only female but pregnant. In the past,
phylogeny—through which we seek to understand the evolu-
tionary relationships of one organism to another—has been
based solely on the morphology of the fossilized remnants of
extinct animals.

Now, though, we can peer into the past by examining several
different kinds of ancient biomolecules. We have ancient DNA.
And not just degraded fragments of DNA but entire ancient
genomes: the very source of evolution. Access to ancient genes
has already allowed us to study evolution at the molecular level;
the oldest sample to date, nearly 1.8 million years old, has been
used to trace the early Pleistocene evolution of rhinoceroses.
Ancient DNA has also allowed scientists to synthesize ancient
proteins and show that their function differed from their mod-
ern counterparts.

We also have ancient proteins, which are even older than an-
cient DNA. While most scientists agree that the oldest ancient
protein sequences to date are about 3.8 million years old, there
are data that suggest that sequenceable proteins can be isolated
from the bones of T. rex and even older dinosaurs, some over a
hundred million years old. These sequences of ancient proteins
help us document, albeit indirectly, mutations that occur in
DNA. They also augment classical morphology-based classifi-
cation of long-extinct animals and plants.

But what about ancient biomolecules from really deep time?
While we may never have DNA or even protein sequences from
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300-million-year-old mollusks, corals, or crinoids, scientists
have documented an amazing array of other kinds of ancient
molecules: cellulose from plants, chitin from the exoskeletons
of arthropods, and pigments as beautifully colored as those pro-
duced by organisms that live today. Our ability to identify an-
cient pigments, for example, has allowed us to reconstruct the
color patterns of organisms such as feathered dinosaurs. These
latter ancient biomolecules do not contain genetic information,
but they still shed light on a wide range of questions about ancient
functions and behaviors: If a s00-million-year-old organism
produced a brilliant red pigment, does that mean that they—or
perhaps their predators—could see and react to that pigment?
When did color vision evolve? Was the evolution of skin and
feather pigmentation involved in the evolution of sexual display
and courting behavior?

In our examination of ancient biomolecules, we will travel
back to the very origins of life, as well as to some of the most
interesting places on Earth. We will travel to Yoho National
Park in Canada, where we will examine the iconic organisms of
the Burgess Shale; to the amber mines of the Dominican Re-
public, where we will find a very different environment than
that depicted in Jurassic Park; and to Clarkia, Idaho, where we
will split 15-million-year-old shale to expose leaves whose
greenish color foretells the presence of the photosynthetic pig-
ment chlorophyll. We will accompany scientists as they collect
these fossils and follow them in the lab as they extract and char-
acterize ancient biomolecules from fossils from deep time.

We will begin our journey by spending a bit of time with my
blood-engorged mosquito, as a means of introducing the methods
and materials involved in this new frontier of science. Then, in
chapter 2, we will see just how far back in time ancient biomole-
cules are able to take us. The rest of the book is broadly organized
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by the different ancient biomolecules: in chapters 3 to 5, we will
discuss ancient pigments, which help us understand the colors
of ancient life, as well as the evolution of color vision. In chap-
ter 6, we will turn our attention to ancient biometals. While you
might not think of metals as biomolecules, they have shown wide
application to the study of ancient life; chapters 7 and 8 tackle
one of the most illuminating types of ancient biomolecules, pro-
teins, which shed light on a wide range of topics—including
evolutionary, behavioral, and physiological aspects of life in the
past. The degree to which they extend into deep time also provides
one of the more controversial topics in the field of paleobiology.
After discussing proteins, we turn to perhaps the holy grail of
ancient biomolecules: ancient DNA. Our ability to document
changes in DNA through deep time has uncovered the genetic
history of the evolution of many species, including, as we will
discuss in detail, that of our own. Our discussion so far has pri-
marily concerned the animal kingdom, but in chapter 11, we look
at what we can learn about early plant life. We will learn of the
amazing diversity of ancient plant biomolecules and about
the field of chemotaxonomy to which that diversity has given
rise. We will conclude our journey by turning our gaze from the
past to the future: what new discoveries will the science of an-
cient biomolecules reveal? Will ancient genomes allow us to
produce viable embryos and clone long-extinct animals? Will
we be able to make proteins that existed billions of years ago?
While I cannot, of course, provide a definitive answer to these
questions, one thing is certain: by the time you finish this book,
you will never think of a fossil in the same old way again.
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fossil fuels: as ancient biomolecules,
9; chlorophyll degradation product
in, 65, 66; kerogen degrading into,
41; lignin-based replacements for,
220. See also coal

fossilization: by compression, 79—80;
as kerogen, 41-42; by permineral-
ization, 17-18, 20, 41; without
permineralization, 18-19

fossils: comparative anatomy of, 2—3;
defined, 19; earliest found, 23-28,
27; nondestructive testing of, 100

Francevillian biota, 25

Franklin, Rosalind, 210

frass, 106—7

Freeze, Hudson, 153

fungi: cellulose-degrading enzymes in,
197; lignolytic enzyme of, 220;
spores of, 189

Fur Formation in Denmark, 76

Galvan, Ismael, 86

Gaucher, Eric, 219

genealogy services, DNA-based, 171

genes: many not encoding proteins,
227; minimum number needed,
226

gene therapy, 161

genetic diseases and conditions,
181-82

genetic diversity: extinction due to
loss of, 157-58; skin pigmentation
and, 182-83
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genomes, ancient, 15659, 163—64; of
genus Homo, 172, 186-87

geological time periods, viii

Ghosh, Dipon, 74

ghost sequences, 186

giant clams (Tridacna), s1

giant-horned bison (Bison latifrons),
117, 124

giant viruses, 224-25

Gigantopithecus blacki, 108, 111-15, 112,
116, 123, 185

Ginkgo trees, 194—97, 196, 206

Glacier National Park, 6, 10; Appekunny
mudstones in, 21, 26; stromatolites in,
21-22,22, 52

global warming, 158, 215. See also
temperature of Earth

glucose: in blood, 135; polymers of, 37
(see also cellulose; chitin; starch
consumption)

Godfrey, Stephen, 553, 57

Gould, Stephen Jay, 8

Grant, Alan, 228

great apes, phylogenetic tree of, 108, 112

Great Oxygenation Event, 22-23, 2

green color: of fossil leaves, 58, 59-60,
61, 62, 66; light absorption by
chlorophyll and, 65-66

Greenland: eDNA from ice cores of,
168—69; stromatolites in, 211

Green River Formation, 66, 71, 76, 101,
106

Grice, Kliti, 33-34, 57

gymnosperms, and lignolytic
enzymes, 220-21

gyrogonites, 168, 168

hagfish: conodont phylogeny and, 104,
105; eye of, 80; keratin structures of,

103, 104

INDEX

Haikouichthys, 36n

hair color, 68, 156, 183

Haldane, J. B. S,, 110

Hallucigenia, 35

Hansen, Diana Silvia, 180

Harbach, Ralph, 16

Hazen, Robert, 56

Héjja, Andrea, 217

Hell Creek Formation, 134

heme, 15-17; biliverdin from
degradation of, 91; claimed to be in
dinosaur fossil, 127; congenital
defect in synthesis of, 54; found in
situ, 29; mass spectrometry of, 16;
in mosquito fossils, 15-16, 29; search
for life on Mars and, 17. See also
hemoglobin

hemocyannins, 96

hemoglobin: claimed to be in dinosaur
fossils, 127, 131-32; glycated (A1C),
135; iron biometal of, 96, 105;
metabolic function of, 13; remnants
in mosquito fossil, 2; of Siberian
mammoth vs. elephant, 161-62;
sickle cell, 181. See also heme

Hispidocrinus, 47, 49

Hodge, John, 135

Hofreiter, Michael, 159, 161

Holocystites, so

Homo: three migrations out of Africa,
172~73, 182, 183; variants in skin
pigmentation, 18283

Homo erectus, 172,186

Homo floresiensis, 185-87

Homo sapiens: chimpanzee and, 108,
112, 113, 227; environmental DNA of,
169-70; genetic ancestry of, 171-74;
genetic diversity today, 172; melanin
in, 67, 68; myosin gene mutation

and, 110; proteins in bone tissue of,
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114-15; skin pigmentation in, 68,
182—-83. See also modern humans

Horner, Jack, 90-91, 126-27, 137, 143

Horodyski, Robert, 26, 27

Horodyskia, 26-27, 27

horse: ancient proteome of, 116, 124;
evolution of, 9, 156-57; genomes of
Equus species, 156—57; hybrid with
donkey, 155; osteocalcin gene of, 163;
plant DNA from stomach of; 166

Human Genome Sciences, 226

hummingbirds, iridescent feathers of,
89

hybrid organisms, 155-56

hybrid speciation, 156

hydrocarbons: from lignin, 220. See
also fossil fuels

hydrothermal vents, deep-sea, 217-18,
219

Hypacrosaurus stebingeri, 143

Hypalocrinus, 47, 49

hypericin, 49

Hypericum perforatum, 49

ichthyosaurs, 71, 132

immune response, 178-81

immunohistochemistry, 140-42

inbreeding, and extinction, 158

inflammation, 17879, 181

ink sac of cephalopod, 70

insects: DNA in Greenland ice cores
and, 169; exoskeletons of, 3739,
6970 (see also chitin); eyes of, 75,
76, 77; eyespots on wings of, 73,
73—74; Kishenehn Formation fossils
of, 8; leaf fossils with pattern left by,
58; melanin in, 69, 70, 75, 77; millions
of species of, 7; plant molecules
toxic to, 203; pollen coating
shattered in gut of, 192; zinc-based
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hardening of structures in, 98-100,
99. See also amber, insects in;
arthropods; beetles; flies;
mosquitoes

in situ preservation, 9, 29, 31-32; of
biometals, 97; of cholesterol-like
biomolecules, 32-34, 42, 188;
geological time periods of, viii

Institute for Creation Research,
133-34

interferon, 180

iridescent colors: of Burgess Shale
fossils, 45; of dinosaur feathers,
82-83, 89; of feathers of extant
birds, 87, 89

Iritani, Akira, 224

iron: in blood-engorged mosquito
fossil, 15; claimed in dinosaur blood
cells, 129; distribution in extant
animals and fossils, 102; heme and,
15, 96, 10§

iron carbonate, in concretions, 33

island dwarfism, 186

Jacobs, David, 122-23

Japanese chrysanthemums, 204

JCVI Syn3.o, 22627

Jurassic Park (Crichton), 2, 146-47,
149, 228

Kallies, Axel, 180

keratin, 121-22; doubtful deep time
preservation of, 122, 139—40; in
feathers, 121, 122, 139—42; Lindgren’s
dinosaur report of, 131; of Otzi’s
animal skins and leathers, 177;
Schweitzer’s reports on, 127, 130,
141-42; sulfur as proxy for, 1034

Keratosa, 41, 205

kerogen, 41-42
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Key Largo Formation, 122

Kienbaum, Francis, 6o

Kienbaum, Kenneth, 60-61

Kishenehn Formation, 6—7; blood-
engorged mosquito fossils in, 1-2,
12-17, 14, 20, 29; as source of insect
fossils, 7, 8; teeth of mammals in, 185

Kistler, Logan, 176—77

Korasidis, Vera, 190-91

K-taxa (Cretaceous-taxa), 190

Labandeira, Conrad, 73

La Brea tar pits, 19

lactose intolerance, 175

Laetoli site in Tanzania, 123

Lake Kishenehn, 6, 9, 16

Lake Missoula, 143

lampreys, 80, 103, 104, 105

language impairment, 182

Larabee, Fredrick, 97—98

Lathem, Wyndham, 164

Lazarus species, 221-23

leaf cuticles, 193-94, 195-96, 202

leaf fossils, 58, 59—60; of Canadian
Arctic Archipelago, 202; at Clarkia
site, 60—66, 62, 64, 202; distribution
of metals in, 105—7; insect’s eating
pattern left on, 58; lignin in, 202;
paleochemotaxonomy based on,
205—6; at Snowmass excavation site,
58, 59; in stomach of extinct
Lophiodon, 59—60

LeBlanc, Steven, 169

Lederberg, Joshua, 160

lentiviruses, 161

Libros fossil site in Spain, 102

Liepelt, Sascha, 166

lignin, 201-2; commercial uses of,
219-21; from gymnosperms vs.

angiosperms, 220-21

INDEX

lignolytic enzymes, 220-21

Liliocrinus, 47

limestone: of reefs, 51, 52. See also
calcium carbonate; stromatolites

Lindgren, Johan, 76, 133

Lindgren, Peter, 131-32

Linnaeus, 49

lipid composition of membranes, 30

Little Dal reef, 29-30

Lomax, Barry, 192

Lophiodon tapirotherium, s9—60

lycophyte pollen, 192

MacNeish, Richard, 176

magnesium, in chlorophyll, 17, 65,
96

Magnolia, lignin in, 202

Maiasaura peeblesorum, 91

Maillard, Louis-Camille, 135

Maillard reactions, 135-37, 136n

maize, evolution of, 176-77

Makela, Bob, 90—91

malarial parasite, 178, 180-81

mammoths: in Alaskan permafrost,
121-22, 124; DNA from, 154, 155-56,
157-58; evolution of genus
Mammuthus, 155—56; extinction of,
157-58; hemoglobin synthesis from
DNA of, 161-62; partial protein
sequences from, 116, 117, 213; plant
DNA in stomach of], 166; in Siberian
permafrost, 116, 154, 166, 223—24; at
Snowmass excavation site, $8—59

Mammuthus, 155—56; M. columbi
(Columbian mammoth), 117, 155;
M. primigenius (woolly mammoth),
116, 155; M. trogontherii (steppe
mammoth), 155

manganese, 102, 1056

Marble Canyon fauna, 35-36
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marine mammals, Calvert Cliffs fossils
of, 55

Marrella, 45

Mars, search for life on, 17, 208—11

Marsh, Finnegan, 171

Marynowski, Leszek, 198

mass spectrometry, 15; of extracts from
ceramic vessels, 207; of heme, 16

mastodons, at Snowmass excavation
site, 58

mating shown in fossils, 71

Matz, Mikhail, 216

Mayomyzon pieckoensis, 80

Mazon Creek fossils, 33-34, 34, 78—80

McCoy, Tory, 79-80

McCracken, Gussie, 59

McNamara, Maria, 66, 72—73, 102

Megavirales, 224-25

melanin: ancient behavior and, 71-74;
ancient physiology and, 74—78;
colors of dinosaurs and, 83, 85, 90; in
eyes of Mayomyzon pieckoensis, 80;
in eyes of Tullimonstrum gregarium,
78; in eyespots on insect wings, 73;
functions of, 69; in human skin
pigmentation, 68, 182—83; metals
bound by, 104-5; in nearly all types
of animals, 69; ommatidia
surrounded by, 75, 76, 77; phylogeny
and, 78—81; trilobite vision and, 45;
tyrosinase in synthesis of, 96;
vertebrate colors and, 67

melanization, 69

melanosomes, 72, 84—8s; of cold-
blooded vs. warm-blooded animals,
88; in eyes of Mayomyzon pieckoen-
sis, 80; in eyes of Tullimonstrum
gregarium, 78; in feathers, 8487, 88,
89; sizes and shapes of, 85, 86-87, 87,
88; in skin of reptiles, 86
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Messel fossil site, Germany, 7, 71

metallomics, 96

metalloproteins, 96

Metasequoia, 198, 199, 202, 205, 222;
M. glyptostroboides (dawn redwood),
198, 205, 222; M. occidentalis, 222

Metazoa, earliest occurrences of,
24-28,27

meteor crater, and Chesapeake Bay, 54

Mettaspriggina walcotti, 36

microbes, fossils of, 189

Miller, Ian, 58

Mimivirus, 225

Mississaepia mississippienis, 40

modern humans, 173, 183. See also
Homo sapiens

molecular clock, 44, 109-13;
angiosperm appearance and,
220-21; bubonic plague and, 163;
cave bear DNA sequences and, 159;
initially greeted with criticism, 110;
keratin evolution and, 122; skin
pigmentation and, 183

molecular phylogenetics, 111

mollusks: calcium carbonate in shells
of, 53; Calvert Cliffs fossils of, 55,
56; clams, 51, 52, 53; hemocyannins
in, 96

morphology-based phylogeny, 3,
109

Morris, Desmond, 183

Morris, Simon Conway, 35

mosasaur, 131

mosquitoes: blood-engorged fossils,
1-2, 12-17, 14; hematophagy in,
12-13, 16; melanization of parasites
in, 69; number alive today, 16;
number of extant species, 12;
sources of fossils, 12

Mount Stephen fossil site, 75
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mudstone: in Glacier National Park,
21, 26; isolating fossil pollen from,
190-91; on Mars, 208-9

Mullis, Kary, 151-52

multicellular organisms. See Metazoa,
earliest occurrences of

mummies, DNA from: of Andean
sacrificial victim, 178; in Egyptian
specimens, 154, 178, 185

Munro, Alan, 38

Mussaurus patagonicus, 138

mutations: in ancient sequence
reconstruction, 214; divergence of
related organisms and, 44;
molecular clock and, 109-10, 111;
protein sequences and, 3

Mycobacterium sp., DNA from, 178

Mycobacterium tuberculosis, 132-33

Mycoplasmum genitalium, 226

myosin: in primate evolution, 110;
Schweitzer’s dinosaur claims and, 131

Mystrium camillae, 98

Nance, John, 55-57

National Museum of Natural History,
1, 13, 33, 45, 82,176,190, 194, 198, 212

Neanderovans, 173, 186

Neandertal DNA: in Caucasians today,
171; decreased skin pigmentation
and, 183; in dirt floor of cave, 170;
immune cell proteins and, 179-81;
sequencing of entire genomes, 172,
186; severity of COVID-19 and, 181;
sources of, 18485

Neandertals, 172, 173, 182

Neotoma, 19

Nereis, zinc-binding protein in, 100

New Siberian Islands, 154

nickel, in leaves of extant trees, 105—6

Norell, Mark, 138

INDEX

North Sea, bovine specimen from, 117

Nothosaurus, 129

notochords, 36, 36n; zinc in fossil of,
102

Niisslein-Volhard, Christiane, 18on

ocean acidification, 46

ocean sediments, eDNA in, 169

oil. See fossil fuels

oil shale: at Clarkia site, 61; fragments
of chlorophyll in, 66; kerogen in, 210

O’Malley, Christina, 47, 49-50

ommatidia, 75-76, 77

opsins, 44, 74-75

orangutans (Pongo), 112, 113

Oregramma illecebrosa, 73, 74

organic-walled microfossils (OWMs),
189—90

origin of life on Earth, 23-24;
hydrothermal vents and, 217-18

osteoblasts, 130, 143, 184—85

osteocalcin, 132, 163

osteoclasts, 184

osteocytes: claimed in dinosaur
bones, 128, 130, 131, 132, 134;
derivatized proteins in, 136

ostrich (Struthio camelus), 123

Ottoia prolifica, 38

Otzi, 124-25, 167, 174—77, 175

Piibo, Svante, 172

pack rat middens, 18-19

paleochemotaxonomy, 205-6

paleogenetics. See ancient sequence
reconstruction

palynology, 190

Pandoravirus, 225

Paracamelus, 119—20

parental behavior, 139

Parkinson’s disease, 84
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part and counterpart, 83

Pauling, Linus, 109-10, 181

Pawlicki, Roman, 129-30

PCR. See polymerase-chain-reaction
(PCR)

peat: erroneous chloroplast DNA
finding in, 165-66; greenish leaves
from, 59

Pelophylax pueyoi, 102

permafrost, 116, 154; Alaskan
mammoths in, 121-22, 124; ancient
DNA from, 154-58; Earth’s areas of,
158; Equus scottileg bone in, 156;
global warming and, 158; huge
Pithovirus sibericum in, 225; seeds
discovered in, 222—23; Siberian
mammoths in, 116, 154, 166, 223-24

Permian-Triassic extinction, 46

permineralization, 17-18, 20, 41

Perseverance rover, 209-10

Petrella, Alaina, 37

petrous bone, 159, 184-85

PEPs. See protein fossilization
products (PFPs)

pheomelanin, 9o

phosphorus: in vertebrate fossils,
101-2. See also calcium phosphate

photosynthesis: chlorophyll in, 17, 63,
65,164—65; fluorescent pigments of
corals and, 215-16; mechanism of,
63, 65; in Solenophora jurassica, 53;
stomata and, 194

phycoerythrin, 53

phylogenetics, 111, 113; of echinoderm
pigments, 50; of great apes, 108, 112.
See also molecular clock

phylogeny, 3

physiology: ancient proteins and, 114;
melanin and, 74—78

phytosterols, 32
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pigments, 4; in cone cells of birds,
93—94; of corals, 215-16; of crinoids,
47, 49; of cyanobacteria, 22;
evolution of behavior and, 4, 71-74;
fluorescent, 215-17; in fossilized
snake skin, 66—67, 72—73; heme as,
15; in humans, 67, 68, 82-183; purple,
47, 49; storage packets of, 72; toxic,
47, 49. See also colors of organisms;
melanin

Pikaia gracilens, 36

Pinhasi, Ron, 184

Pin Hole cave, 120-21

Pithovirus sibericum, 225

plant DNA, 164—70; food plants and,
175—77; oldest accepted date for, 166

plant fossils: at Snowmass site, 58. See
also leaf fossils

plant pigments, 66. See also
chlorophyll

plants: complex polymeric macrobio-
molecules of, 193-203; hybrid
speciation in, 156; as most biomass
of Earth’s organisms, 188; smaller
molecules in, 2027

plasmid, 160

Plasmodium falciparum, 178

Platanus wyomingensis, 106

Plesiorycteropus, 113—14

Poinar, George, 146, 149

pollen, 189—92; ancient DNA from,
167; sporopollenins and, 190-92

polymerase-chain-reaction (PCR),
15153, 153; contamination of, 165-66

Polynesia, first arrival of Europeans,
43n

porphyrins, 54

Pratt, Brian, 26—27

predators: behavior preserved in

fossils, 71; black color of, 71; ink sac
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predators (continued)
of cephalopod and, 70; sea urchins
preying on crinoids, 49; theropod
dinosaurs, 9o; warning signals to,
47, 49, 69, 71, 74. See also
camouflage

prehensile tails, convergent evolution
of, 74

Primaevifilum amoenum, 212

protein fossilization products (PFPs),
136-37, 138-39, 142

proteins: amyloid, 84; biometals in,
96, 100; of chitin matrix, 37-39, 40;
in eggshells, 123, 137; in immune
response to viral infections, 179;
reactions with sugars, 135-37;
required for DNA synthesis, 23-24;
of soft eggs, 138; thermophilic,
217-18, 219. See also molecular clock

proteins, ancient: advantages over
ancient DNA, 114; amino acid
changes during fossilization and,
142; compression fossils of
vertebrates and, 79—80; of corals,
122-23; factors in preservation of,
122-25; mostly recovered as short
sequences, 213; oldest known
sequence, 123, 213; Schweitzer’s
controversial claims of, 127, 130-34,
137, 141-42; synthesized from
ancient DNA, 3, 1590—64. See also
molecular clock

proteomes, 115-17; immune response
to viral infections and, 179

Protoceratops, 71,138

protoporphyrin, 91

Przewalski’s horse, 157

Psectrosciara fossilis, 148

Pseudofagus, 205

punctuated equilibrium, 8—9

INDEX

purple pigments, 47, 49

pygmies, currently on Flores, 187

pyrolysis: of lignin, 220; of Martian
rock, 209

quahog (Mercenuria), 55—56
Quercus (oak) leaves, 202

Rahonavis ostromi, 127

Raman spectroscopy: of egg pigmenta-
tion, 92; of eggs and eggshells, 138; of
vertebrate vs. invertebrate soft
tissues, 79

Ramos-Madrigal, Jazmin, 175

recombinant DNA, 160

recombinant protein, 160; ancient
sequence reconstruction and, 215,
216, 218, 220

recombinant virus, 161

red blood cells: claimed in dinosaur
bones, 127, 129, 134; high altitude
sickness and, 174-75

red pigments: in limestone reefs, 52;
melanin acting as, 85, 90; phycoery-
thrin, 53; of snail Ecphora gardnerae,
56-57

reefs, 21, 29-30, 50—53. See also corals

Reich, David, 173

Rember, Bill, 61-63, 64

reptiles: melanosomes in skin of, 86;
phosphorus in a fossil of, 101-2;
pigments in fossilized snake skin,
66—67, 72—73; soft-shelled eggs of,
137-38; turtles, 71, 77-78

resins from trees, 148-49; biomol-
ecules derived from, 205; human
DNA from chewed piece of,
169—70; insects preserved in, 18. See
also amber

Retallack, Gregory, 26
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rhinoceroses, 3, 115, 116
Rhodocrinites kirbyi, 47, 48
Rigby, Keith, 40-41
Roosevelt, Teddy, 8

Rose, Tim, 13-14, 15, 98
Rotatisporites dentatus, 192
Rule, Roy, 26-27
Rybczynski, Natalia, 120

Sagan, Carl, 144

Saitta, Evan, 139—40, 141-42

Salado Formation, 199—200

salt crystals, cellulose in, 199—200

Sander, P. Martin, 91—92

SARS CoV-2, 179, 181, 225. See also
COVID-19

scablands of Washington State,
143

Schaefer, Bettina, 30-31

Schizofusa sinica, 189

Schopf, J. William, 212

Schweitzer, Mary: bird feathers
buried in sand and, 94; claiming
preserved dinosaur DNA, 127,
143—44; conversion to paleontol-
o0gy, 126—27; criticisms of protein
claims by, 127, 130-34, 137, 141-42;
dinosaur blood vessels and, 128—29,
131, 132—33; dinosaur osteocytes
and, 128, 131, 132; keratin in feathers
and, 127, 141-42

sclerotization, 70, 96

scorpion, chitin in fossil of, 40

sea cucumber (Achistrum), 34

seeds, in permafrost, 222-23

sex of animal, and enamel proteins, 115

sexual display, and pigmentation, 4,
69, 89

shale: of Clarkia fossil sites, 61, 62,
62-63; of Kishenehn Formation,
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67, 10, 11, 12, 14; Spanish snake skin
fossil in, 72—73. See also Burgess
Shale; oil shale

shark fossils, 33, 44

Shawkey, Matthew, 88

shotgun sequencing, 225

Shuvuuia deserti, 127, 141-42

Siberian mammoths, 116, 154, 166,
223-24

sickle cell disease, 177, 178, 181

siderite, 33

Silene stenophylla (narrow-leafed
campion), 222-23, 22§

sister genus, 113

skeletonization of leaves, 106

skin pigmentation, 68, 182—83

Smithsonian Institution. See
Environmental Research Center of
Smithsonian (SERC); National
Museum of Natural History

snails: calcium carbonate of] 53;
Calvert Cliffs fossil species, 5s;
chitin in fossil of egg case, 40;
colors of, 53-54, 56—57; number of
living species, s3

snake, pigments in fossilized skin of,
66-67,72-73

Snowmass, Colorado, 58, 59, 117

soft eggs, 137-39

soft tissues, ancient: of Calvert Cliffs
mollusks, 55-57; carbonaceous
compression fossils and, 79; in
Chinese fossil sites, 83; Maillard-
like reactions of, 136—-37; at Mazon
Creek site, 33; of vertebrates vs.
invertebrates, 79-80. See also blood
vessels, ancient

Solenophora jurassica, 52-53

Spiber, 101

spider silk, 100-101
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sponges: in Burgess Shale, 18, 23, 37,
40—41; chitin of, 37, 39; cholesterol
derivative as biomarker of, 29; of
Ediacaran period, 28; possible
fossils of Little Dal reef, 29—30;
reefs built by, s2. See also Vauxia

spongins, 117

spores, 189, 190-92

Sporomex, 192

sporopollenins, 190-92

starch consumption, 175

Stein, William, 201

Stelly Pool Formation, 211-12

Stenopterygius quadriscissus, 71

St. John’s Wort, 49

stomach contents, ancient: of
Lophiodon, s9-60; of Otzi, 167, 175;
of Siberian mammals, 166

stomata of plants, 194-97, 196

stromatolites: Chicxulub asteroid
impact and, 31; in Glacier National
Park, 21-22, 22, 52; oldest known,
24; produced by cyanobacteria, 21,
22, 211; reefs made of, 21, 52

struthocalcins, 123

sulfur: in conodont fossils, 102—4;
distribution in extant animals and
fossils, 102; in keratin, 1023, 141

sulfur-metabolizing bacteria, 29

sweetgum trees, metals in, 105-6

Tanaka, Gengo, 93-94

Tank, David, 166-67

Taq polymerase, 153

Tarbosaurus bataar, 129

Tasbacka Danica, 7778

taxonomy: ancient biomolecules and,
42, 228; chemotaxonomy, 203-6;
morphology-based, 2-3

Taylor, Emily, 37

INDEX

teeth: of Bronze Age skeletons, 163; of
conodonts, 102—4; of Gigantopithe-
cus blacki, 108, 11213, 114-15, 123,
185; of mammals in Kishenehn
Formation, 185; of modern humans
vs. Neandertals, 3; phosphorus in
reptile fossil and, 101-2; of Siberian
mammoths, 155. See also tooth
enamel

temperature of Earth: ancient
biomolecules and, 228; after
asteroid impact, 30; atmospheric
carbon dioxide and, 195; deep time,
195, 196-97; lipid composition of
membranes and, 30. See also global
warming

Tenrecoidea (golden moles and
tenrecs), 114

teosinte grasses, 17677

Terril, David, 102—4

T-helper cells, 180

theobromine, 207

thermophilic enzymes, ancestral, 221

thermophilic organisms: at hydrother-
mal vents, 217-18, 219; at Yellow-
stone hot springs, 153

thermoregulation, melanin in, 69,
77-78

Thermus aquaticus, 153

Thistle Creek site, 116, 156

threat behavior, 71

three-dimensional nanoscale
microscopy, 211

Tianwen-1, Martian rover from China,
210

Tibetans, avoiding high altitude
sickness, 174—75

timed-release drug, with pollen
coating, 192

Tishkoff, Sarah, 183

For general queries, contact webmaster@press.princeton.edu



© Copyright, Princeton University Press. No part of this book may be
distributed, posted, or reproduced in any form by digital or mechanical
means without prior written permission of the publisher.

INDEX

titanium, 102

toll-like receptors, 180

tooth enamel: ancient DNA from, 18s;
ancient proteins in, 115, 116-17, 122,
123—24. See also teeth

Tornqvist, Margareta, 136n

Toxorhynchites theobaldi, 12

trap-jaw ants, 97-98

Triassic-Jurassic extinction event, 103

Triceratops, 134

trilobites, 35, 45, 75—76

trypsin, in Collagen Fingerprinting,
118

tuberculosis, 13233, 178

Tullimonstrum gregarium, 78—80

Turner, Elizabeth, 29-30

turtles, 71, 77-78

Tutankhamun, 177-78, 180-81

Tyrannosaurus rex: blood vessels in
bones of; 128, 134; claim of collagen
sequence from, 130; claim of DNA
in bones of, 127; creationist’s
research on, 134; heme iron in, 17

tyrosinase, 96

ultraviolet radiation: bird vision
extending to, 93, 94; fluorescent
pigments of coral and, 216; melanin
and, 68, 69, 75, 182—83

uroporphyrins, 54

Ursus prackudarensis, 154, 159, 187

Valeria lophostriata, 189

Valley, John, 212

van der Valk, Tom, 155

Vauxia, 37, 205

Vauxia gmcilenta, 39, 40—41, 42,117

vector, for recombinant protein
synthesis, 160-61

Vellekoop, Johan, 30

277

Velociraptor, 71

Venter, Craig, 225-26

Venter Institute, 226

Venus, phosphine biomolecules of,
211n

vertebral column, 36n

vertebrate fossils: differentiated from
invertebrate fossils, 79—80; melanin
in, 67, 78; phosphorus in, 101-2; at
Snowmass excavation site, 58

Vietnamese mouse-deer, 221

Vinther, Jakob, 84, 139-40, 141-42

viral infections, and Neandertal DNA,
179—-80

viruses: defined, 224; Megavirales,
224-25; as vectors for recombinant
protein synthesis, 160-61

vision, 74—76, 77; in dinosaurs, 92—95;
melanin in, 69, 7576, 77. See also
color vision; eyes

vitamin D}, 182

von Koenigswald, Gustav, 108

Wacey, David, 211

Waddington, C. H., 110

Wakamatsu, Kazumasa, 86

Walcott, Charles, 35, 36, 40

Walcott Quarry, 36-37, 38

Wales, Nathan, 176

Wang, Wei, 111-13

warning signals. See aposematism

Wedmann, Sonja, 7

Welker, Frido, 112, 115, 123

Weng, Jing-Ke, 192

whales, Calvert Cliffs fossils of, 55

Wiemann, Jasmina: blood vessel
isolation by, 128—29; differentiating
vertebrates from invertebrates,
79-80; dinosaur eggs and, 92,
138-39; protein fossilization

For general queries, contact webmaster@press.princeton.edu



© Copyright, Princeton University Press. No part of this book may be
distributed, posted, or reproduced in any form by digital or mechanical
means without prior written permission of the publisher.

278

Wiemann, Jasmina (continued)
products and, 134-35, 136-37,
138-39, 142

Willerslev, Eske, 156, 163—64, 169

Wittington, Harry, 35

Wiwaxia, 45, 74

Wogelius, Roy, 95, 101-2, 104—7

wolf (Canis lupus), 156

Wolkenstein, Klaus, 47, 49, s2—53

wood: ancient cellulose in, 198, 199;
lignin in, 201-2, 219—21; resin-
derived biomolecules from, 205

‘Woodward, Scott, 144

woolly mammoth (Mammuthus
primigenius), 116, 155. See also
mammoths

Wright, Sewall, 110

xanthophores, 72
X-ray spectroscopy: of blood-
engorged mosquito fossil, 13-15; in

INDEX

Mars Perseverance rovet, 17; of zinc
in insect mandibles, 98—99, 99

Yamagishi, Akihiko, 217-18, 219

Yashina, Svetlana, 22223

Yellowstone hot springs, 153

Yersinia pestis, 163—64

Yucca, human DNA in chewed
remnant of, 169

zebra, 154, 163

zebra finch, orange feathers of, 85

Zhou, Zhonghe, 141

Zhu, Maoyan, 189

zinc: binding protein in marine worm,
100; distribution in extant animals
and fossils, 102; in hardening of
insect structures, 98-100, 99; in
leaves of extant trees, 105—6;
melanin binding of, 105

Zuckerland, Emile, 109

For general queries, contact webmaster@press.princeton.edu





