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Preface to the Fourth Edition

Advanced Dairy Chemistry-1A: Proteins: Basic Aspects is the first volume of
the fourth edition of the series on advanced topics in dairy chemistry, which
started in 1982 with the publication of Developments in Dairy Chemistry.
The second and third editions of this work were published in 1992 and 2003,
respectively. This series of volumes is an authoritative treatise on dairy chem-
istry. Like the earlier series, this work is intended for academics, researchers
at universities and industry and senior students; each chapter is referenced
extensively.

The chemistry and physico-chemical properties of milk proteins are per-
haps the largest and most rapidly evolving area in dairy chemistry, and it has
proved impossible to cover this topic at the desired depth in one volume.
Hence, coverage of dairy proteins in the fourth edition of Advanced Dairy
Chemistry will be split between basic (this volume) and applied aspects
(Volume 1B, forthcoming). All chapters in the third edition on basic aspects
of dairy proteins have been retained but have been revised and expanded. The
chapters on the chemistry of the caseins (Chap. 4), genetic polymorphism
(Chap. 15) and nutritional aspects of milk proteins (Chap. 16) have been
revised by new authors, and new chapters have been included on the evolu-
tion of the mammary gland (Chap. 1) and on minor proteins and growth fac-
tors in milk (Chap. 11).

We wish to thank sincerely the 37 contributors (from 9 countries) of the 16
chapters of this volume, whose co-operation made our task as editors a plea-
sure. We wish to acknowledge the assistance given by our editor at Springer
Science + Business Media, New York, Ms Susan Safren and Ms Rita Beck,
assistant editor at Springer, for help in preparing the manuscript.

Cork, Ireland Paul L.H. McSweeney
Patrick F. Fox
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Preface to the Third Edition

Advanced Dairy Chemistry—I1: Proteins is the first volume of the third
edition of the series on advanced topics in Dairy Chemistry, which started in
1982 with the publication of Developments in Dairy Chemistry. This series of
volumes is intended to be a coordinated and authoritative treatise on Dairy
Chemistry. In the decade since the second edition of this volume was pub-
lished (1992), there have been considerable advances in the study of milk
proteins, which are reflected in changes to this book.

All topics included in the second edition are retained in the current edition,
which has been updated and considerably expanded from 18 to 29 chapters.
Owing to its size, the book is divided into two parts; Part A (Chapters 1-11)
describes the more basic aspects of milk proteins while Part B (Chapters
12-29) reviews the more applied aspects. Chapter 1, a new chapter, presents
an overview of the milk protein system, especially from an historical view-
point. Chapters 2-5, 7-9, 15, and 16 are revisions of chapters in the second
edition and cover analytical aspects, chemical and physiochemical properties,
biosynthesis and genetic polymorphism of the principal milk proteins.
Non-bovine caseins are reviewed in Chapter 6. Biological properties of milk
proteins, which were covered in three chapters in the second edition, are now
expanded to five chapters; a separate chapter, Chapter 10, is devoted to lacto-
ferrin and Chapter 11, on indigenous enzymes in milk, has been restructured
and expanded. Nutritional aspects, allergenicity of milk proteins, and bioac-
tive peptides are discussed in Chapters 12, 13, and 14, respectively. Because
of significant developments in the area in the last decade, Chapter 17 on
genetic engineering of milk proteins has been included. Various aspects of the
stability of milk proteins are covered in Chapter 18 (enzymatic coagulation),
Chapter 19 (heat-induced coagulation), Chapter 20 (age gelation of sterilized
milk), Chapter 21 (ethanol stability), and Chapter 22 (acid coagulation, a
new chapter).

The book includes four chapters on the scientific aspects of protein-rich
dairy products (milk powders, Chapter 23; ice cream, Chapter 24; cheese,
Chapter 25; functional milk proteins, Chapter 26) and three chapters on
technologically important properties of milk proteins (surface properties,

vii



viii Preface to the Third Edition

Chapter 27; thermal denaturation aggregation, Chapter 28; hydration and
viscosity, Chapter 29).

Like its predecessors, this book is intended for academics, researchers at
universities and industry, and senior students; each chapter is referenced
extensively.

We wish to thank sincerely the 60 contributors to the 29 chapters of this
volume, whose cooperation made our task as editors a pleasure. The generous
assistance of Ms. Anne Cahalane is gratefully acknowledged.

Cork, Ireland PF. Fox
Paul L.H. Mcsweeney



Preface to the Second Edition

Considerable progress has been made on various aspects of milk proteins
since Developments in Dairy Chemistry 1—Proteins was published in 1982.
Advanced Dairy Chemistry can be regarded as the second edition of
Development in Dairy Chemistry which has been updated and considerably
expanded. Many of the original chapters have been revised and updated, e.g.
‘Association of Caseins and Casein Micelle Structure’, ‘Biosynthesis of Milk
Proteins’, ‘Enzymatic Coagulation of Milk’, ‘Heat Stability of Milk’, ‘Age
Gelation of Sterilized Milks’ and ‘Nutritional Aspects of Milk Proteins’.
Chapter 1 in Developments, i.e. ‘Chemistry of Milk Proteins’, has been
subdivided and extended to 4 chapters: chemistry and physico-chemical
properties of the caseins, -lactoglobulin, a-lactalbumin and immunoglob-
ulins. New chapters have been added, including ‘Analytical Methods for
Milk Proteins’, ‘Biologically Active Proteins and Peptides’, ‘Indigenous
Enzymes in Milk’, ‘Genetic Polymorphism of Milk Proteins’, ‘Genetic
Engineering of Milk Proteins’, ‘Ethanol Stability of Milk’ and ‘Significance
of Proteins in Milk Powders’. A few subjects have been deleted or abbrevi-
ated; the three chapters on functional milk proteins in Developments have
been abbreviated to one in view of the recently published 4th volume of
Developments in Dairy Chemistry—4— Functional Milk Proteins.

Like its predecessor, the book is intended for lecturers, senior students
and research personnel and each chapter is extensively referenced.

I would like to thank all the authors who contributed to the book and
whose cooperation made my task a pleasure.

Cork, Ireland P.F. Fox






Preface to the First Edition

Because of its commercial and nutritional significance and the ease with
which its principal constituents, proteins, lipids and lactose, can be purified
free of each other, milk and dairy products have been the subject of chemical
investigation for more than a century. Consequently, milk is the best-described
in chemical terms, of the principal food groups. Scientific interest in milk is
further stimulated by the great diversity of milks—there are about 4000
mammalian species, each of which secretes milk with specific characteristics.
The relative ease with which the intact mammary gland can be isolated in an
active state from the body makes milk a very attractive subject for biosyn-
thetic studies. More than any other food commodity, milk is a very versatile
raw material and a very wide range of food products are produced from the
whole or fractionated system.

This text on Proteins is the first volume in an advanced series on selected
topics in Dairy Chemistry. Each chapter is extensively referenced and, it is
hoped, should prove a useful reference source for senior students, lecturers
and research personnel. The selection of topics for ‘Proteins’ has been influ-
enced by a wish to treat the subject in a comprehensive and balanced fashion.
Thus, Chapters 1 and 2 are devoted to an in-depth review of the molecular
and colloidal chemistry of the proteins of bovine milk. Although less exhaus-
tively studied than those of bovine milk, considerable knowledge is available
on the lactoproteins of a few other species and an inter-species comparison
is made in Chapter 3. The biosynthesis of the principal lactoproteins is
reviewed in Chapter 4. Chapters 5 to 8 are devoted to alterations in the
colloidal state of milk proteins arising from chemical, physical or enzymatic
modification during processing or storage, viz. enzymatic coagulation, heat-
induced coagulation, age gelation of sterilized milks and chemical and enzy-
matic changes in cold-stored raw milk. Milk and dairy products provide
20-30% of protein in ‘western’ diets and are important world-wide in
infant nutrition: lactoproteins in particular, are considered in Chapter 9.
The increasing significance of ‘fabricated’ foods has created a demand for
‘functional’ proteins: Chapters 10 to 12 are devoted to the technology, func-
tional properties and food applications of the caseinates and various whey
protein products.

Xi



Xii Preface to the First Edition

Because of space constraints, it was necessary to exclude coverage of the
more traditional protein-rich dairy products: milk powders and cheese. It is
hoped to devote sections of a future volume to these products.

I wish to thank sincerely the 13 other authors who have contributed to this
text and whose cooperation made my task as editor a pleasure.

Cork, Ireland P.F. Fox
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Origin and Evolution of the Major
Constituents of Milk

O.T. Oftedal

1.1 Introduction

Lactation is highly complex and apparently of
ancient evolutionary origin (Oftedal, 2002a). The
complicated signaling cross-talk among epithe-
lial and underlying mesenchyme cells that is
required for the differentiation, ductal branching,
and proliferation of mammary tissue is only now
being unraveled (Watson and Khaled, 2008), and
the functional significance and patterns of expres-
sion of thousands of mammary genes are under
investigation (Lemay et al., 2009). Secreted milk
is extremely varied in composition—from trace
levels of fat in rhinos to more than 60% fat in
some ice-breeding seals (Oftedal and Iverson,
1995)—and contains unique proteins (o -, B-,
and « -caseins, B-lactoglobulin, o-lactalbumin,
whey acidic protein), membrane-enclosed lipid
droplets, and sugars (lactose, milk oligosaccha-
rides) that are not found elsewhere in nature. The
fact that the major milk constituents are found
across the spectrum of mammals, including the
three main groups (monotremes, marsupials, and
eutherians) that diverged in the Jurassic and/or
Cretaceous, indicates that milk secretion was
inherited from a pre-mammalian ancestor.

O.T. Oftedal (<)

Smithsonian Environmental Research Center,
Edgewater, MD 21037, USA

e-mail: oftedalo@si.edu

The mammary gland and its secretion represent
a major evolutionary novelty, without any known
intermediates. In the mid-nineteenth century,
the complexity and interdependence among
mammary glands, milk, and dependent suckling
young posed a challenge to Charles Darwin’s
theory of evolution by natural selection. Darwin
rose to the challenge, devoting most of a chapter
of the 1872 edition of On the Origin of Species to
a discussion of the problems of evolutionary
novelty, such as the origin of the eye and of the
mammary gland. Over the years since, a variety
of authors have speculated on the origin and
evolution of lactation, trying to envision a pro-
cess in which something so complex could have
evolved step by step and be favored by natural
selection (reviewed by Oftedal (2002a)). It is now
clear not only that lactation is of ancient origin
(Oftedal, 2002a; 2002b) but also that detailed
study of milk constituents, and the genetic
pathways by which they have evolved, can reveal
much about the evolution of milk secretion
(Rijnkels, 2002; Kawasaki and Weiss, 2003;
Vorbach et al.,2006; Sharp et al.,2007; McClellan
et al., 2008; Lemay et al., 2009; Lefevre et al.,
2010; Kawasaki et al., 2011; Oftedal, 2012).

It is important to assess the evolution of milk
within a broader evolutionary scope if we are to
understand the functional significance of various
steps along the way. Skin secretions may have
been important to the tetrapods that were ances-
tral to the amniotes (ancestors of ‘“reptiles,’
birds, and mammals), so a discussion of the

P.L.H. McSweeney and P.F. Fox (eds.), Advanced Dairy Chemistry: Volume 1A: Proteins: Basic Aspects, 1
4th Edition, DOI 10.1007/978-1-4614-4714-6_1, © Springer Science+Business Media New York 2013



O.T. Oftedal

Fig. 1.1 Lactation at a very small size. (a) Lactation had
to be far advanced for this small mammaliaform,
Hadrocodium wui, from the early Jurassic (about 195 mil-
lion years ago; Luo et al., 2001) to successfully reproduce.
At a skull length of 1.2 cm and an estimated adult body
mass of 2 g, the mother laid eggs that had to be tiny and the
hatchlings consequently very immature. The hatchlings
were probably reared on a milk rich in protein and high in
energy density, as are contemporary shrews. (b) A living
crocidurine shrew of about 10-12 g. At mid-lactation,

evolution of lactation begins with them. I will
briefly review the paleobiology of the ancestral
forms that predate mammals, including the
sequential radiations of amniotes, synapsids,
therapsids, cynodonts, and mammaliaforms, as
these taxa may have played a role in the evolu-
tion of lactation but are probably unfamiliar to
most milk experts. Ironically, the evolution of
milk is not so much a story about mammalian
evolution, as a story that was largely complete
before mammals appeared on the Earth (Fig. 1.1).
The evolution of the synapsids and their descen-
dents, of mammary glands, and of the eggs
produced by synapsids has been treated more
fully elsewhere (Oftedal, 2002a; b). A more
recent perspective on these topics, and the evolu-
tion of specific milk constituents, is provided by
Oftedal (2012). Substantial portions of the text
of this chapter have been taken with permission
from Oftedal (2012), sometimes with consider-
able elaboration.

In this chapter I follow the phylogenetic con-
vention of applying taxon names to monophyletic
groups, that is, to the ancestral form and all of its
purported descendents. Thus if mammals evolved
from mammaliaforms, they are a subset of mam-
maliaforms, and the synapsids that evolved from

Crocidura russula produces milk containing about 49%
water, 30% fat, 9.4% protein, and 3% sugar (Mover et al.,
1985), but the young are live-born, not hatched from eggs
(Credits: (a) Reproduced from the cover of Science
Vol.292, n0.5521, 25 May 2001. Reconstruction artwork:
Mark A. Klingler, Carnegie Museum of Natural History.
Reprinted with permission from AAAS; (b) Reproduced
from Kingdon (1974), with copyright permission from
Jonathan Kingdon)

amniotes are a subset thereof. However ancestral
forms can be distinguished by reference to time
or geologic period. For ease of understanding, I
use the term “reptiles” in quotation marks to refer
to living lizards, snakes, turtles, and crocodilians,
but excluding birds which are correctly nested
within this group.

1.2 The Paleobiology of Lactation

The first vertebrates to set foot on land in the late
Devonian (ca. 365 million years ago (mya)) were
the tetrapods, a group ancestral to all subsequent
terrestrial vertebrates (Fig. 1.2) (Carroll, 2009).
The earliest forms still had skin that included
bony scutes or dermal scales similar to that of the
bony fish from which they evolved, at least on
ventral surfaces; they may also have retained
aquatic respiration despite skeletal modifications
enabling locomotion on land. After a gap in the
fossil record, a variety of forms appeared in the
middle of the Carboniferous (ca. 345-315 mya),
including smaller, more salamander-like forms
(Carroll, 2009). The progressive reduction in der-
mal protection was presumably accompanied by
the appearance of more rigid, mat-like webs of
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Fig. 1.2 The evolutionary history of terrestrial verte-
brates, illustrating the divergence times of different lin-
eages and their relative diversity (numbers of families, as
indicated by width of lineages). Geologic periods are listed
on left axis with transition dates in millions of years;
approximate number of extant species listed at fop. The
split of the amniotes into synapsids (to the left, leading to
mammals) and sauropsids (to the right, leading to “rep-

tiles” and birds) is indicated by the dashed arrowhead. The
so-called mammal-like reptiles, include sequential radia-
tions of basal synapsids (“pelycosaurs”), therapsids, cyno-
donts, and mammaliaforms (not illustrated), ultimately
leading to mammals (see Fig. 1.5). The archosauromorphs
include dinosaurs and extant crocodilians, as well as birds
(Credit: Reproduced from Carroll (2009), with copyright
permission from Johns Hopkins University Press)
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Fig. 1.3 Examples of maternal care in living amphibians.
(a) Simple maternal egg brooding by an Asiatic caecilian
Ichthyophis glutinosus, the presumed ancestral condition
for terrestrial eggs. Nests of Ichthyophis sp. are usually in
small subsurface chambers near water; females attend
eggs for 3 months (Kupfer et al., 2004). (b) Maternal pro-
visioning of offspring in the caecilian Boulengerula taita-
nus. Maternal epidermal cells swell with vesicles

collagen in the skin for structural support, and the
development of more elaborate skin glands that
included toxic compounds to protect against
infection and predation (Duellman and Trueb,
1994; Frolich, 1997; Oftedal, 2002a). The skin of
tetrapods in the middle to late Carboniferous pre-
sumably resembled modern amphibians, such as
frogs, salamanders, and caecilians, in having a
relatively dense coverage of small multicellular
secretory glands. Amphibian skin glands secrete
primarily mucus (mucous glands) or bioactive
constituents (granular glands) onto the skin sur-
face (Clarke, 1997). In living amphibians, mucous
glands play an important role in keeping the skin
surface moist, facilitating exchange of respira-
tory gases (Lillywhite, 2006), while granular
glands secrete a vast array of antimicrobial com-
pounds: at least 500 antimicrobial peptides have
been isolated from amphibian skin glands to date

containing lipids; hatchlings utilize specialized teeth to
scrape skin, as demonstrated in these photographs by
Alexander Kupfer taken in Kenya, January 2005. Sloughed
skin and/or secretions appear to be consumed as the sole
source of nutrients during early postnatal development in
several caecilian taxa (Credits: (a) Reproduced from
Sarasin and Sarasin (1887-1890); (b) Photographs used
with copyright permission from A. Kupfer)

(Jenssen et al., 2006). Some milk constituents,
such as o-lactalbumin, B-lactoglobulin, whey
acidic protein, and proteins in the mammary fat
globule membrane, may originate from antimi-
crobial components that were expressed in
Carboniferous tetrapod skin secretions as part of
the innate immune system (see below).

Another feature that may have originated with
tetrapods is parental care of terrestrial eggs
(Fig. 1.3a), including the provision of secretions
to keep them moist. The most primitive tetrapods
are thought to have deposited eggs in fresh water
where they were externally fertilized; these
hatched into feeding larvae which, after a period
of growth, underwent metamorphosis to produce
semiterrestrial adults (Duellman and Trueb, 1994;
Carroll, 2009). However, in all three living
amphibian lineages (salamanders, frogs, and cae-
cilians), a terrestrial system of egg development
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has also evolved. In such amphibians, the eggs
are macrolecithal (large-yolked), surrounded by
multiple mucoid layers within capsules of ovidu-
cal origin, and develop directly into hatchlings
without a larval stage. In such species, parental
care is nearly universal (Fig. 1.3a) (Duellman and
Trueb, 1994), and an important component of this
care may be provision of supplemental moisture
to the eggs via transcutaneous water movement on
direct contact or via skin secretions (Taigen et al.,
1984). Among some caecilians, the maternal epi-
dermis even swells with lipid-containing material
after the young hatch from direct developing
eggs, and the hatchlings use specialized “fetal
teeth” to scrape this skin and/or secretions to
obtain nutrients (Fig. 1.3b), comparable to ingestion
of milk (Kupfer et al., 2006). The Carboniferous
tetrapods that subsequently evolved into amniotes
(the lineage leading to mammals) presumably
(1) were small (Carroll, 2009), (2) produced rela-
tively large-yolked eggs with direct development
(Packard and Seymour, 1997), (3) had glandular
skin, and (4) engaged in parental care. If so, the
trait of producing skin secretions to support egg
development may have been inherited by the
amniotes from earlier tetrapods.

The amniotes first appeared in the late
Carboniferous (i.e., mid-Pennsylvanian, about
310 mya; Fig. 1.4). They are so termed because all
of their surviving descendants (“reptiles,” birds,
and mammals) produce so-called amniotic eggs or
did so prior to the evolution (in some lizards and
most mammals) of uterine egg retention, placental
structures, and birth of developed young. The
amniotic egg was a major evolutionary novelty
characterized by a fibrous eggshell (deposited
in the oviduct), and a set of specialized extra-
embryonic membranes that served to partition and
enhance various physiologic functions, such as
respiration, waste storage, and osmotic interac-
tions with the environment (Packard and Seymour,
1997; Stewart, 1997). The net effect was to permit
eggs to become larger (i.e., contain more yolk to
support development) and less dependent on moist
conditions. However, the fibrous or parchment-
like eggshell of the early amniotes lacked a
superficial calcified layer such as later developed
in “reptiles” and birds, and thus was still highly

permeable to water, whether in liquid or gaseous
form (Oftedal, 2002b). Such eggs are termed ecto-
hydric, as they depend on uptake of environmental
moisture for normal development. Thus it is pos-
sible, perhaps even probable, that the first amniote
eggs were dependent on moisture provided by
parents, just as in some terrestrial amphibians
(Taigen et al., 1984; Duellman and Trueb, 1994).

The earliest fossil amniotes include representa-
tives of two lineages that subsequently evolved
down different reproductive paths: the sauropsids
(ancestors of living “reptiles” and birds) and
the synapsids (ancestors of living mammals)
(Fig. 1.5). The sauropsids continued to evolve fea-
tures that allowed even greater independence of
water: (1) the skin developed complicated epider-
mal scales including multiple layers of keratin and
lipid, reducing skin moisture loss, (2) most secre-
tory glands in the skin disappeared, except for spe-
cialized scent-marking glands (and in birds the
preen gland), (3) the eggs developed calcified struc-
tures overlying the fibrous layer that greatly
restricted moisture loss, and (4) in fully terrestrial
species and birds, the primary waste product (uric
acid) can be retained safely in the egg or excreted
after hatching with minimal moisture loss (Packard
and Packard, 1988; Oftedal, 2002a,b; Dhouailly,
2009). Living birds, crocodilians, many turtles, and
some lizards produce endohydric eggs that contain
all the water needed for development, primarily in
an enlarged albumen layer. However, the synapsids
continued to lay parchment-shelled eggs, retained a
glandular skin, and if any evolved uric acid secretion
as the primary nitrogenous waste product they did
not leave surviving descendants (Oftedal, 2002a, b).
A remarkable early Permian fossil of the integu-
ment of the synapsid Estemmosuchus (Therapsida:
Dinocephalidae) includes a dense pattern of concave
lens-like structures; Chudinov (1968) interpreted
these as multicellular, flask-shaped alveolar glands,
similar to the glands of amphibian skin; and argued
that a glandular skin is a primitive synapsid feature
still evident in mammals. Subsequently, different
types of skin glands evolved. In mammals these
now include eccrine, apocrine, and sebaceous
glands, as well as complex scent glands, special-
ized glands providing secretions to eyes and ear
canals, and mammary glands.
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Fig. 1.4 The earliest amniotes from Carboniferous coal
beds in Nova Scotia, Canada about 310 mya. (a)
Reconstruction of skeleton of Paleothyris from Cape
Breton Island. (b) Artist’s conception of Hylonomus (in
center) near stream surrounded by stumps of giant tree-
like lycopods (clubmosses). (¢, d) Schematic demonstrat-
ing presumed means of preservation of early amniotes:
after a lycopod stump rotted out, the amniotes fell in, and
became buried in sediment where they fossilized. As these

The eggs of early synapsids were likely large,
well yolked, enclosed in a parchment-like egg-
shell, ectohydric, and subject to parental care; the
hatchling produced was presumably small and
capable of independent feeding (Oftedal, 2002b).

egg-laying amniotes may also have exhibited parental
care, it is conceivable that they were seeking nesting habi-
tat (Credits: (a) Reproduced from Carroll (1969) with
copyright permission from SEPM (Society for Sedimentary
Geology); (b) Reproduced from Plate 7 (Artist: Tonino
Terenzi) in Carroll (2009) with copyright permission from
The Johns Hopkins University Press; (¢) Reproduced
from Carroll (1970) with copyright permission from Yale
Scientific Magazine)

Moisture was presumably transferred to eggs via
transcutaneous osmotic transfer, from general-
ized skin secretions or from more specialized
glandular regions. It is the latter that presumably
evolved into mammary glands (Oftedal, 2002a).
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Fig. 1.5 Diagrammatic representation of sequential radi-
ations beginning with Amniota (I) and concluding with
Mammalia (VI). Note that each radiation derives from,
and is a subset of, the preceding radiation. Some major
and notable taxa within each radiation are illustrated, but
many are omitted; those followed by stars are illustrated
in Figs. 1.1 and 1.6. This representation does not include

I have argued that lactation originated as a secre-
tion that provided water, and other secretory con-
stituents, to eggs (Oftedal, 2002b). Whether
specialized “proto-lacteal” glands important to
egg care first appeared among early tetrapods, or
subsequently among synapsids, is not known.
Molecular evidence suggesting that some milk
constituents (including a proto-casein, a-lactal-
bumin, and B-lactoglobulin; see below) evolved
before the origin of synapsids may indicate the
former, but more research on gene expression in
other glands and additional taxa is needed for
clarification.

The synapsids subsequently underwent a
series of extensive radiations followed by mas-

fossils described since 2002, including debates about
which fossils represent the earliest eutherians and marsu-
pial mammals (metatheria) (e.g., Wible et al., 2007).
Dates on x-axis are approximate; for more recent and pre-
cise transition dates between geologic ages, see Fig. 1.2
(Credit: Reproduced from Oftedal (2002a), with copyright
permission from Springer Science and Business Media)

sive extinction events in which only a limited
number of taxa survived into succeeding geologic
periods as the basis for future radiations (Figs. 1.5
and 1.6) (Sidor and Hopson, 1998; Oftedal,
2002a; Kemp, 2005). Thus the basal synapsids
(sometimes called “pelycosaurs” or “mammal-
like reptiles”; Fig. 1.6a) radiated in the
Pennsylvanian and early Permian, but most lin-
eages went extinct by the mid-late Permian, when
they were succeeded by a radiation termed ther-
apsids (Fig. 1.6b). Most therapsid taxa disap-
peared during a massive extinction event at the
end of the Permian, but the lineage of cynodonts
survived to radiate in the Triassic (Fig. 1.6c).
Most of these lineages in turn disappeared in the



