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Genomics at the Origins of Agriculture, Part Two

GEORGE J. ARMELAGOS AND KRISTIN N. HARPER

Agricultural expansion was such a momentous event that cultural or genetic
evidence of its impact should be apparent. Abundant evidence indicates that
agriculture was introduced into Europe at least 9,000 years ago. The primary issue
remains whether agriculture spread by contact or by farmers moving into Europe.
If agriculture was brought by farmers moving into foragers’ territory, then genetic
evidence should be apparent in the genes of modern Europeans. If foragers were
displaced, then European genetic profiles should reflect the source population
from the Near East. If there was interbreeding with the foragers who had a distinct
genetic profile, then the genes of the Europeans descendants should reflect this
admixture, with a clinal distribution of traits radiating from the Near East. These
scenarios have been the focus of decades of debates between anthropologists
and geneticists. In addition, genomic studies have been applied to pathogens in
order to explore the link between agriculture and infectious disease.

Agricultural expansion into Europe
has been described as a demic move-
ment that spread into the continent as
a wave.! It has been described as a
“diffusional population wave of ad-
vance” (p. 8) or “wave of advance” that
radiated from the Neolithic center in
Anatolia. This process has been por-
trayed as “colonization without colo-
nists”2 in which there was not an en
masse movement of people. Neolithic
expansion occurred as population
“bulged out” into what they perceived
as underused arable land. The clinal
distribution of genes3-7 is evidence of
it.
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ISSUE TWO: GENOMICS AND
THE EXPANSION OF
AGRICULTURE

After its initial rejection,! the wave
of advance became the most widely
accepted model for the European ag-
ricultural expansion. Fueled by agri-
culturalists’ economic demand for la-
bor, there was a small reproductive
increase (as low as 1%°) that was
enough to push these primary food
producers beyond the land’s carrying
capacity. This forced the expansion
into what they saw as underused land.
The wave-of-advance concept, origi-
nally developed by Ammerman and
Cavalli-Sforza3-58 and later expanded
by Cavalli-Sforza and colleagues,?.9-13
remains at the very core of their
model. In their original characteriza-
tion of agricultural expansion,38 they
used newly available radiocarbon
dates'* to demonstrate the initial
movement of the Neolithic package
(cultigens, ceramics, and the tech-
nology of food production) into
Europe. (Ammerman'1516 and Cav-
alli-Sforza!7.18 offer an interesting
25" anniversary retrospective).

The wave-of-advance* model was
derived from R. A. Fisher’s!'® analysis
of the movement of an advantageous

mutation in an expanding population.
J. G. Skellam2® modified it to model
the expansion of muskrats into Cen-
tral Europe. The “wave of ad-
vance,”21.22 originally applied only to
Europe, has also been used to model
expansion into the New World.23
Physicists?4 joined the debate by ex-
tending Einstein’s use of Fickian dif-
fusion to refine the model by includ-
ing a delay element that better tracked
European agricultural expansion. A
3% growth rate, which is much higher
than evidence would support, was
linked to 15- to 25-year delay between
the origin and the eventual expan-
sions of settlements. Other reformula-
tions25 of the model added complexity
that considered interaction between
farmers and foragers.

The Neolithic package included ce-
real grains (emmer wheat, einkorn
wheat, and barley), domesticated ani-
mals (cattle, goats, pigs, and sheep),
pottery, ground and polished stone
tools, and patterns of settlement.2
When the dates of the earliest evi-
dence of the Neolithic package were
plotted (any item from the package
would define a site as Neolithic), they
revealed a pattern of expansion radi-
ating out from the Fertile Crescent.!4
Superimposition of the pattern of ge-
netic traits, including basic blood
group data, human leukocyte antigens
(HLA) and red cell enzymes on the
isochrones generated from the radio-
carbon dates suggested a wave that
moved about 10 to 30 km a genera-
tion, or about 1 km a year. In 2,500
years, agriculture spread uniformly
from Greece to the British Isles. The
Neolithialization of Europe was more
rapid than the original expansion of
agriculture in the Fertile Cresent.2.2¢

The alternative model of agricul-
tural expansion by cultural diffusion
without the farmers was rejected by
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geneticists who believed the pattern of
human genetic traits reflected expan-
sion by people. Expanding the num-
ber of genetic traits and applying a
more sophisticated methodology (spa-
tial autocorrelation) than that used in
the original study, Robert Sokal and
colleagues?7-39 supported a genetic
transformation (also see Fix3!). If the
expansion resulted from the diffusion
of the elements of the Neolithic pack-
age, there should be little evidence of
genetic admixture in Europe.

Menozzi, Piazza, and Cavalli-
Sforzal!? applied principal component
(PC) analysis to data from 29 alleles in
modern Europeans, producing a syn-
thetic map supporting the wave of ad-
vance. The first principal component
(PC) explained nearly 27% of the ge-
netic variation and was interpreted as
reflecting the wave’s southeast to
northwest cline, as well as suggesting
genetic interaction with the Meso-
lithic populations.> The second and
third PCs of this analysis revealed
clines that moved from southwest to
northeast (22% the variation ex-
plained) and from east to west (11% of
variation explained). The third PC
(the second was not interpreted) was
attributed to Kurgan warriors armed
with domesticated horses who swept
through Europe, leaving their genes
and language (Indo-European) in
their wake.

Cavalli-Sforza, Menozzi, and Piazza’
suggested that these PCs could be
viewed as a chronological sequence
(the first PC being the oldest) of the
spread of genes in Europe. The maps
of PCs were claimed to represent a
stratigraphic history of the Neolithic
expansion. Even though Sokal, Oden,
and Thomson32:33 (see Rendine and
coworkers3*4 for a response) had
shown spatially random data can pro-
duce synthetic maps that can result in
clines, the case for the demic expan-
sion was solidly entrenched.

The wave-of-advance model has re-
ceived a number of criticisms. The
term implies an agricultural advance
that literally and figuratively plowed
under populations in its path. The on-
line Bioinformatic Glossary (http://
big.mcw.edu/display.php/1550.html)
defines the “wave of advance” as “The
hypothesis that the spread of agricul-
ture into Europe was accompanied by

a large-scale movement of human
populations.” The idea of rapid and
uniform movement is further implied
by description of the expansion of the
languages of agriculturalists as a
“steamroller”3s expanding from cen-
ters of domestication.!3.36-41 The link-
ing of the wave of advance with the
language dispersal theory*? proposed
by Renfrew43:44 was beneficial to both
theoretical positions, even though nei-
ther has ever received universal accep-
tance.

The wave-of-advance model has
been criticized by both archeologists
and geneticists. Archeologists claim
that this model fails to consider the
evidence of indigenous developments
in Europe*>-4° and has been viewed
by some as a Ludditic response to the
intrusion of geneticists onto their ac-

The wave-of-advance
model has been
criticized by both
archeologists and
geneticists.
Archeologists claim that
this model fails to
consider the evidence
of indigenous
developments in Europe.

ademic turf. However, the complexity
of the archeological evidence did not
seem to fit the model. For example,
archeologists argued that Mesolithic
populations in Europe had sophisti-
cated cultural systems>° and were able
to maintain their integrity in the face
of the Neolithic advances.*® An analy-
sis of demic diffusion into Greece>!
demonstrated discontinuities in hu-
man settlements, with “jump dis-
persal” as the agricultural package
leapfrogged across geographic barri-
ers. Recently, Colledge, Conolly, and
Shennan,52 using archeobotanical ev-
idence (preserved crops and associ-
ated weeds) as a signature for a pat-
tern of contact, found support for the
wave-of-advance model.

Geneticists were also critical of the
meaning of the clinal maps generated
by Ammerman, Cavalli-Sforza, and
their colleagues.33.53 Alan Fix’s3! ini-
tial acceptance was later tempered by
concerns that the model failed to con-
sider adaptation as a factor in explain-
ing the clinal distribution of genes.>*
Richards? and Sykes,>> who have used
mtDNA analysis to examine the theo-
retical underpinnings and empirical
basis for the Neolithic invasion of Eu-
rope, question the extent of its genetic
impact. Their mtDNA analysis pro-
duced clines similar to those seen
with classic genetic traits. When look-
ing at the distribution of mtDNA hap-
logroups (maternal lineages) in Euro-
peans, they noted a cline with one
pole at the Near East and another at
the Basque country, with geography
accounting for 51% of genetic varia-
tion in this pattern.5é

Richards? and Richards and col-
leagues,57-60 as well as Sykes55.61.62
claim that the mtDNA evidence
showed that this genetic contribution
was small, and that there was evi-
dence for rapid earlier Paleolithic
population movements into Europe
dating to the late glacial or postglacial
periods.¢3.¢4 This expansion could ac-
count for Cavalli-Sforza and Ammer-
man’s second PC, oriented from the
southwest to the northeast, which had
previously been unexplained. Mito-
chondprial data, according to Richards
and Sykes, indicates that agricultural
demic diffusion from Eurasia contrib-
uted minimally to the gene pool of
modern Europeans. Richards and col-
leagues®s conclude that the immigrant
Neolithic component contributed less
than one-quarter of the mtDNA pool
of modern Europeans. The majority
of present day mtDNA lineages en-
tered Europe in several waves during
the Upper Paleolithic period. They
further claim that back-migration to
the Near East and a bottleneck asso-
ciated with the Last Glacial Maximum
complicates the interpretation of a
single rapid wave of advance into Eu-
rope.

These conclusions were vigorously
challenged by Barbujani and col-
leagues®©-70 and others.7'-74 These
criticisms centered on the fact that
mtDNA is maternally inherited and
represents only a limited genetic pro-
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file of human population movements.
Others criticized the mtDNA analysis
for producing incorrect phylogenies
because their mutation rate estimates
were wrong and haplogroups dates
were incorrect.62 Martin, Sykes and
others were criticized for equating the
age of the molecular common ances-
tor with the age of the founding pop-
ulation. For their part, Richards, Ma-
caulay, and Bandelt’5 have replied
that they

rely on the population concept,
in its technical, population-ge-
netic sense, as little as possible.
We do not subscribe to the be-
lief (common amongst geneti-
cists), that there are such enti-
ties as “human populations,”
which are the units of study and
whose “population history” it is
our mission to discover (p. 461).

Rather, they claim that they are us-
ing a regional approach for interpret-
ing the genetic data. Richards and
Macaulay® considered these criti-
cisms and defended the use of mito-
chondrial data.

Y-chromosome data have also been
used to assess the Neolithic male con-
tribution to the European gene pool.
Semino and coworkers?¢ determined
from analysis of nonrecombining Y-
chromosome data that the genetic
contribution of Neolithic farmers may
have been as low as 22%. This per-
centage was determined from the pro-
portion in Europe of four haplotypes
that show a distinct gradient from the
Levant, the epicenter of the agricul-
tural revolution. Semino and col-
leagues’ nonrecombining Y-chromo-
some data set was reanalyzed by
Chikhi and coworkers,74 who criti-
cized it for lacking explicit models of
population admixture. Basing their
analysis on estimates of ancestral al-
lele frequencies, Chikhi and cowork-
ers’ chose the modern Basques and
modern Sardinians as representatives
of pre-Neolithic Europeans. Their
analysis suggested that the Neolithic
contribution was substantially higher
than that noted by Semino and col-
leagues,’¢ and perhaps as much as
70% higher. In fact, they found that
the proportion of Neolithic genes de-
creased from modal values of around
85% to 100% in areas such as Albania,

Macedonia, and Greece to around
15% to 30% in areas more distant
from the Levant, such as France, Ger-
many, and Catalonia.

In considering these results, Chikhi
and coworkers cautioned that the 70%
contribution could actually be an un-
derestimate, since the Basque and
Sardinian gene pools are likely to con-
tain a proportion of Neolithic genes
not considered in their analysis. They
also found that drift was highest in
areas where the archeological record
suggested that agriculture came last.
This observation supports the idea
that demographic growth was associ-
ated with agriculture.

Richards? rebutted Chikhi and co-
worker’s findings and questioned their
assumptions that Paleolithic Europe-
ans were a unitary group that could be
represented by the Basques and Sar-
dinians and that modern Near East-
ern populations represented the orig-
inal agriculturalists. Richards also
claims that Chikhi and coworkers
failed to consider back-migration and
did not provide a time scale for these
processes.?2 Furthermore, Sardinia is
known to be highly genetically heter-
ogeneous because of multiple move-
ments of human groups into the is-
land over the past 10 to 20
millennia.??

Chikhi and colleagues?!.73 also ex-
amined seven autosomal sequences in
European populations and detected
clines in allelic distributions. Rich-
ards criticized them for arguing, with-
out any directional data, that these
clines represented Neolithic expan-
sions, especially given that most pop-
ulation splits were estimated to be less
than 1,000 years old. Moreover, the
older splits did not involve the
Basques, a group believed to be repre-
sentative of Paleolithic Europeans.2

Barbujani and Bertorelle®® and Bar-
bujani and Dupanloup®® have vehe-
mently argued against continuity of
the European gene pool from the Pa-
leolithic to modern times. Barbujani
and Dupanloup®® state forcefully that
there is confusion “between molecu-
lar evolution and demographic his-
tory” that leads to an unwarranted be-
lief that mtDNA and Y-chromosome
data suggest strong continuity (p.
422). They argue that we should ac-
cept Ammerman and Cavalli-Sforza’s

work from the 1980s and reject the
later Cavalli-Sforza group’s analysis.

Even with the above commentary,
there appears to be some suggestion
that the issue can be resolved. Brown
and Pluciennik?® have suggested that
mutual distrust was fostered by arche-
ologists who felt that geneticists were
oblivious to cultural processes and ge-
neticists who saw archeologists as an-
ti-scientific humanists. Brown and
Pluciennik?® have claimed that there
is much to be gained by cooperation
between archeologists and geneticists.
Archeologists have revised?® and up-
dated radiocarbon dates available
since the original study!4 and their re-
analysis supports the original model
of Neolithic expansion. However, sig-
nificant variability remains in the
speed and acceptance of agriculture
regionally in Europe.?® Unfortunately,
the genetic data can also be used to
support both a model of cultural dif-
fusion or demic expansion.

Using a different approach, Bentley,
Chikhi, and Price8° evaluated the
broad-scale genetic evidence of the
wave of advance in terms of local-level
processes. They used stable isotopes
of strontium to establish evidence of
migration at a southwest Germany
Neolithic site between 5,400 and
5,000 BCE. Using 87Sr/%¢Sr compari-
sons,8! they could distinguish nonlo-
cal females who were buried in early
Neolithic cemeteries from those who
came from autochthonous groups.
They suggested that there was signifi-
cant social interaction between the
sedentary early Neolithic farmers and
local mobile foragers. In a more gen-
eral sense, this analysis suggests that
local adaptations must be considered
in interpreting global trends.

Lell and Wallace8? also believe that
interpretations of the mtDNA and Y-
chromosome are moving toward a
consensus. While citing the limita-
tions of Y-chromosome analysis
(much smaller effective population
size, fewer markers, and an undeter-
mined mutation rate), they also note a
general agreement with respect to the
geographic pattern of the autosomal,
mtDNA, and Y-chromosome varia-
tion. Richards? agrees that a consen-
sus is emerging with respect to the
archeological evidence and the
mtDNA and NRY data that is consis-
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tent with some Neolithic ancestry for
modern Europeans. While claiming
that the Neolithic transition left a
“deep imprint”!® (p. 304) on modern
Europeans, only about a fifth of genes
can be traced to our Neolithic ances-
tors.18

It may be time to reassess the theo-
retical underpinnings of the wave-of-
advance model. Renfrew,** a strong
supporter of the wave-of-advance hy-
pothesis, has suggested that we are
ready for a second stage of research
on the topic.8* He proposes a new
model, the stage population interac-
tion wave of advance, which would
move beyond the notion of uniformity
and consider stages in the Neolithiza-
tion of Europe. This approach consid-
ers the interaction of Mesolithic and
Neolithic populations in a regional
context, attempting to model the vari-
ability in geographic distribution and
density that existed before the expan-
sion of agriculture. In this regard,
Renfrew?? has suggested that the gra-
dient found by Semino and cowork-
ers, which is highest in the southeast
and lowest in the northwest, is consis-
tent with a modified wave-of-advance
model. Thus, the Neolithization of Eu-
rope is now being viewed as having
occurred in a series of stages in which
incoming farmers interacted cultur-
ally and genetically with Mesolithic
inhabitants. The major difference be-
tween the stage population interac-
tion model and the original wave-of-
advance model is that gene flow, and
thus the clinal reduction of allelic dis-
tributions, falls off exponentially
rather than linearly.

The exact biological makeup of the
preagricultural European popula-
tion remains a mystery. This hinders
determination of the extent of demic
diffusion through comparisons of
newly agricultural societies with
preagricultural and established agri-
cultural societies. Without a Paleo-
lithic population as a baseline, re-
searchers are forced to wuse
Sardinian and Basques as proxies
for pre-Neolithic Europe.

In a review of human migration
and population structure, Goldstein
and Chikhi34 describe the issue as
one of “storytelling” to develop a
narrative to explain interesting pat-
terns of human variation. However,

ambiguities and inaccuracies in data
analyses make these studies prob-
lematic.85 Present-day allelic fre-
quencies are difficult to interpret, in
part because a single pattern is often
consistent with multiple explanatory
models.84 The information gleaned
from genetic studies of present-day
populations is necessarily inferential
in nature, and must be evaluated in
light of information from other ar-
eas such as archeology, paleontol-
ogy, and linguistics.

Goldstein and Chikhi®* also take is-
sue with the practice of estimating
haplogroup ages in order to date the
arrival of population groups in Eu-
rope. Richards? explains that when a
founder event occurs, after an individ-

The exact biological
makeup of the
preagricultural European
population remains a
mystery. This hinders
determination of the
extent of demic diffusion
through comparisons of
newly agricultural
societies with
preagricultural and
established agricultural
societies.

ual migrates from a source to a sink
population, the founder’s descendants
will form a new lineage whose arrival
on the scene can be dated. Goldstein
and Chikhi counter that it would be
highly unlikely to find such an ex-
treme situation, an extreme bottle-
neck followed by a rapid expansion, in
Europe’s history.

Stumpf and Goldstein35 are espe-
cially critical of the use of Y-chromo-
somes to infer genealogies and migra-
tion. However, Goldstein and Chikhi34
do say that the quantitative interpre-
tations of the clinal maps of Europe
are “intriguing and suggestive,” but
obviously do not provide a definitive

answer. It may be that the “wave of
advance” is such a compelling meta-
phoré2 that researchers were driven to
provide support for it, just as the sys-
tematic analysis of the relationship of
agricultural expansion, genetic expan-
sion, and language dispersal provides
“more smoke than fire.” In a review of
the hypothesis of language dispersal
with farming,42 in which archeogenet-
ics is a major part of the methodology,
Mithens¢ is cautious about what he
sees:

When we look at the wide geo-
graphical distribution of lan-
guages, there is something to be
explained, and some general
processes should be at work. But
as soon as we examine one lan-
guage family or one region, we
are immersed in historical par-
ticulars. When considering the
explanation for these, we find
not only the absence of an inter-
disciplinary consensus but the
lack of agreement among practi-
tioners within a single field.

Smith37 agrees that attempts at “trian-
gulating” language, genes, and the ar-
cheological evidence have been disap-
pointing.

An alternative source of evidence
that uses cranial morphology has
been reported to support the wave of
advance. Pinhasi and Plucienniks8
claim that a regional cranial compar-
ison showed extensive variability
among the earliest Pre-Pottery Neo-
lithic Levant farmers when compared
with the earliest southeastern Euro-
pean agriculturalists. They used pub-
lished data from a pooled sample of
231 crania from both sexes that were
recovered from three regions that
spanned a 6,000-year period. A third
to a half of the sample had missing
data that was reconstructed using
NormV.2.03 software. While admit-
ting that their results were equivocal,
Pinhasi and Pluciennik claim that the
more homogeneous early mainland
European agriculturalists were the re-
sult of a “bottleneck” experienced by
the earliest farmers migrating into
Europe. They do not consider the pos-
sibility that changes in cranial mor-
phology may have been the result of a
shift in subsistence and diet. Given
the small samples (southern Europe
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from Greece to Spain is represented
by only 38 crania), the significance of
these results must await larger and
more complete samples.

In retrospect, the demic-diffusion
hypothesis provided a focus for an un-
derstanding of the Neolithization of
Europe. However, the wave-of-ad-
vance model may have been oversold,
and Ammerman and Cavalli-Sforza
did little to correct the misunder-
standings that developed. For exam-
ple, the issue of gene flow between the
expanding Neolithic population and
the Mesolithic foragers was mini-
mized by many supporters of this
model. Ammerman and Cavalli-
Sforza point out that they did, in fact,
include a variable to consider this ge-
netic interchange but, in actuality, it
was overlooked by those who saw the
wave of advance as the key to the in-
troduction of agriculture and people
into Europe. Nonetheless, this issue
represents one of the most intensively
studied problems in human popula-
tion migration.

ISSUE THREE: GENOMICS OF
HUMAN PATHOGEN
INTERACTION

Agriculture and Infectious
Disease: Exploring the First
Epidemiological Transition

The increase in infectious disease
that accompanied the adoption of ag-
riculture has been well documented.
Agriculture resulted in the first epide-
miological transition, beginning a pat-
tern of emerging disease that contin-
ues to this day.8® An increasing
disease burden, the potential for mal-
nutrition, and an increase in the de-
mands of labor constitute major costs
associated with agriculture.

The First Epidemiological
Transition

The exponential population
growth after the Neolithic has impli-
cations for the demographic transi-
tion theory,®° one of the basic theo-
retical models in  population
studies.®! The model was first pro-
posed by Warren Thompson,®? en-
hanced by C. P. Blacker,®3 and given
its modern formulation by Frank

Notestein,®* who argued that prein-
dustrial populations could be char-
acterized as being demographically
stationary, their high birth rate bal-
anced by their high mortality rate. In
contrast, in the industrial era, a de-
cline in mortality resulted from rev-
olutionary changes in agricultural
development, the industrialization
of economy, and improvements in
nutrition, public health, and medi-
cine. Notestein®4 posited that a dra-
matic shift in declining mortality
would lead to rapid expansion in a
population experiencing maximum
fertility. Fertility would gradually
decline as the economic and social
underpinnings of population expan-
sion disappeared and families began

In retrospect, the demic-
diffusion hypothesis
provided a focus for an
understanding of the
Neolithization of Europe.
However, the wave-of-
advance model may
have been oversold,
and Ammerman and
Cavalli-Sforza did little to
correct the
misunderstandings that
developed.

to limit their reproductive potential.
Eventually, with this decline in fer-
tility, population size should become
stationary again.

Archeological evidence supports the
theory that hominid population size
remained stable throughout the Pa-
leolithic. Fertility and mortality rates
must be balanced in order for a pop-
ulation to remain at a low and con-
stant size. Conventional wisdom, sup-
ported by the demographic transition
theory, argues that Paleolithic popula-
tions, which were characteristic of all
preindustrial societies, must have ex-
perienced maximum fertility and high
mortality. A lower rate of mortality

associated with agriculture would
have resulted in a Neolithic popula-
tion expansion.

Armelagos, Goodman, and Ja-
cobs® offer an alternative model.
Given the empirical evidence of a
substantial increase in infectious
and nutritional diseases following
the shift to agriculture,®6-°7 the as-
sumption of improved health be-
cause of Neolithic changes is diffi-
cult to support. Rather than occur-
ring as a result of a decrease in mor-
tality rate, population expansion
would have occurred through an in-
crease in a population’s fertility rate
above the increase in mortality rate
caused by the new disease burden.
The implication is clear. Paleolithic
populations were controlling fertil-
ity. The pattern of increasing disease
exposure associated with agricul-
ture, which has great implications
for how we understand modern hu-
man demography, has been deemed
the first epidemiological transition.

What are the factors that would
have contributed to the increasing
level of infectious disease? Explana-
tions come from a variety of sources,
both theoretical and empirical. First,
many infectious diseases require that
populations must reach a certain size
to maintain themselves. Measles, for
example, requires a population size of
300,000 individuals to be maintained
as an endemic disease.®® Human com-
munities did not reach such a size un-
til urban development. Second, many
diseases are believed to result from
interspecies transmission from do-
mestic animals. Domesticated and
peri-domesticated animals harbor 184
different zoonotic diseases,®9-10! and
some believe that almost every major
human disease has an animal source
(see Diamond!02). Third, agriculture
often leads humans not only to modify
their environments, but also to ex-
pand into new types of environments
due to the large land requirements
that agricultural production requires.
These changes expose them to novel
pathogens. Finally, a reduction in
their diet niche brought about by the
reliance on a few domesticated crops
would have resulted in compromised
health that predisposed many to in-
fection.
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Figure 1. The Anopheles gambiae mosquito, which is responsible for fransmitting the malaria
parasite. Photo credit: Center for Disease Control.

Pregenomic Views on
Neolithic and Paleolithic
Diseases

Even before any genomic data on
pathogens were available, many felt
that our understanding of the diseases
affecting Paleolithic and Neolithic
populations was relatively complete.
Based on diverse data obtained from
archeological finds, observations of
modern hunter-gatherers, and epide-
miological principles, a detailed por-
trait of the disease-scape of the past
was formulated.

Paleolithic diseases

Sprent!03.104  distinguished two
classes of pathogens, “heirloom spe-
cies” and “souvenir species,” that
would have afflicted hunter-gatherers.
“Heirloom species” are classes of par-
asites that have had a long-standing
relationship with our anthropoid an-
cestors and that continued to infect
them as they evolved into hominids.
Head and body lice (Pediculus huma-
nus), pinworms (Enterobius vermicu-
laris), yaws (Treponema pertenue), and
malaria (P. falciparum, P. vivax, P.
ovale, and P. malariae) are among the
pathogens that are purported to be
heirloom species, although the occur-
rence of malaria and yaws remains
controversial (Fig. 1). Certain para-
sites have great antiquity. Based on
paleontological evidence, it has been
determined that certain species of lice
have been ectoparasites since the Oli-
gocene.!%5 Most of the internal proto-
zoa found in modern humans, as well

as bacteria such as salmonella typhi
and staphylococcil?6:107  have also
been associated with anthropoids and
hominids for quite some time.

In contrast, “souvenir” species are
“picked up” along the course of hu-
man daily activity. The primary hosts
of these zoonoses are nonhuman ani-
mals; they only incidentally infect hu-
mans. Zoonoses are passed on to hu-
mans through insect and animal bites
and through the preparation and con-
sumption of contaminated flesh. Wild
animal species harbor at least 114 in-
fections that they share with hu-
mans.?9:101 Sleeping sickness, tetanus,
scrub typhus, relapsing fever, trichi-
nosis, tularemia, avian or ichthyic tu-
berculosis, leptospirosis, and schisto-
somiasis are among the zoonotic
diseases that likely afflicted earlier
gatherer-hunters.198 Synanthropic re-
lationships with the vectors that serve
to maintain such human host-specific
diseases, such as yellow fever and
louse-borne relapsing fever,'°5 may
have been a problem for earlier forag-
ers.

Neolithic diseases

The novel diseases that emerged
during the Neolithic would include in-
fluenza, measles, mumps, and small-
pox. Burnet!®® argued that there
would have been few viruses infecting
early hominids until the Neolithic.
Cockburn!06.107  disagreed, claiming
that nonhuman primates could have
been a source of viral infections in
early hominids.

Livingstone!1° dismissed the threat of

malaria in early hominids because of
their small population sizes and their
home on the savanna, an environment
that would not have included mosqui-
toes carrying the malarial plasmodium.
Coluzzi!!! points out that malaria
would require especially adapted mos-
quitoes (Anopholes funestus and Anop-
holes gambiae) to parasitize humans.
Anthropophilic mosquitoes adapt to
permanent settlements such as rural
villages, that have a relatively high host
density. A. gambiae in tropical rainfor-
ests require human settlements with
clearings for larval pools to breed suc-
cessfully. The level of virulence of P.
falciparum, long considered a recent
human pathogen because of its high
pathogenicity,''° is now thought to
have little to do with the length of its
relationship with the host species. It ap-
pears that malaria may occasionally
have been contracted by preagricultural
humans, but such infections would
have been isolated incidents.

Pathogen Genomes Shed
Light on Their Role in
Hominids’ Past

In the past, we have relied on the
disease ecology of contemporary gath-
erer-hunters as a model for the types
of disease that could have affected Pa-
leolithic foragers. Now the forensic
application of genomic analysis has
stimulated the development of statis-
tical procedures for defining the de-
gree of relatedness between and
among disease isolates.!12 These pro-
cedures have been used in the forensic
identification of anthrax,!!3 and can
be used to study disease outbreaks
and to analyze the evolutionary rela-
tionships among pathogens. Recent
genomic analyses challenge the the-
ory that many, if not most, of the dis-
eases that plague us today did not af-
fect humans until the Neolithic.

Genomics has helped to clarify
when macroparasites began preying
on early hominids. The genetic analy-
sis of lice!!* suggests that body lice
(Pediculus humanus humanus) be-
came differentiated from head lice
(Pediculus humanus capitas) about
70,000 years ago, when clothing may
have become part of the human ward-
robe. Although weaving is thought to
be a more recent cultural innova-
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tion,!!5 with evidence of its existence
dated at about 28,000 years ago, lice
may have lived in the seams of skins
that were worn earlier.

Genomic and biogeographic evi-
dence also suggests that tapeworms
originated as human parasites in the
Paleolithic.!16.117 Three species of taeni-
ids that infect humans and require do-
mesticated cattle or swine as intermedi-
ate hosts show extensive diversity,
indicating that a species separation oc-
curred between 780,000 and 1.71 mil-
lion years ago, long before domestica-
tion. Hoberg and colleagues!!? claim
that these data provide evidence that a
regular pattern of scavenging and hunt-
ing!18 originated on three separate oc-
casions and resulted in the transfer of
taenids to humans from game animals.
These processes may have been en-
hanced by the practice of cannibalism
and the consumption of dogs.

Many enteric bacterial infections
also appear to date back to the Paleo-
lithic. Shigella, a pathogenic form of
E. coli that causes dysentery, is one of
the human pathogens that was
thought to postdate agriculture, since
the pathogen has no carrier state or
alternative host and since earlier hu-
man groups would have been too
small and too widely dispersed to sup-
port populations of this bacterium.
However, a recent study indicates that
Shigella strains evolved 35,000 to
270,000 years ago. Thus, dysentery
could have been one of the early, prea-
gricultural diseases of humans. More-
over, the Shigella strains do not have a
single evolutionary origin, indicating
that convergent evolution has taken
place.!1® It was surmised that Shigella
must either have a greater capacity to
survive in small human bands than
was previously thought or that human
social organization was more complex
in the Paleolithic. Similarly, the ge-
netic analysis of Salmonella typhi, an-
other pathogen that lives only in hu-
mans and that causes typhoid fever,
indicates that the bacterium existed
15,000 to 150,000 years ago, well be-
fore the development of agriculture.

Transmissible spongiform encepha-
lopathies, 2 which include a bovine
form that causes “mad cow disease,”
have been thought to have arisen after
the Neolithic. A common polymor-
phism in the human prion protein

gene (PRNP) suggests that codon 129
is in balanced selection. Individuals
who are homozygous for codon 129
(genotype 129M/129M) are more sus-
ceptible to iatrogenic and sporadic
Creutzfeldt-Jacob disease (CJD),!2!
while heterozygotes (129M/129V) pos-
sess some protection against prion
diseases such as Kuru'22 and CJD. Ex-
tensive study of the prion gene in
chimpanzees indicates that they have
only the 129M/129M genotype.!23
These findings suggested that the
PRNP gene has only four noncoding
and two coding changes between hu-
mans and chimpanzees, and has
evolved very slowly.

Interestingly, Mead and cowork-
ers!22 suggest that codon 129V origi-
nated about 500,000 years ago, and
that cannibalism was a factor in the
balanced selection for PRNP gene het-
erozygosity. This interpretation has

Recent genomic
analyses challenge the
theory that many, if not
most, of the diseases
that plague us today did
not affect humans until
the Neolithic.

been challenged. Sekercioglu!24 sug-
gests that human transmissible spon-
giform encephalopathies as Mead and
coworkers!22 also note, can be trans-
mitted by many other practices be-
sides cannibalism. The second highest
polymorphic frequency (0.48) of 129V
occurs in Turkish populations that
consume sheep brains and other neu-
ral tissue.124

Perhaps the most surprising evolu-
tionary genetic findings concern tu-
berculosis (TB). It was believed that
TB was acquired by humans after the
domestication of cattle. Mycobacte-
rium tuberculosis is one strain in the
“tuberculosis complex” consisting of
M. tuberculosis, M. africanum, M. bo-
vis, and M. microti. It has been as-
sumed that TB was acquired from do-
mestic animals,!25 when ancient

Europeans began to share their
homes with their animals during the
cold winters. This indoor proximity
would have exposed humans to air-
borne pathogens such as M. bovis, the
M. tuberculosis-like strain carried by
cattle. Mutants that were more patho-
genic to humans could have been cre-
ated in this environment.

Recent examination of the M. tuber-
culosis genome supports parts of this
scenario and refutes others. Analysis
of single nucleotide polymorphisms
(SNPs) at silent (synonymous) sites
found in 26 different genes in bacteria
sampled from all over the world indi-
cates that M. tuberculosis did indeed
emerge relatively recently in human
history.12¢  However, the range of
dates for its emergence, from 15,000
to 20,000 years ago, predates the ad-
vent of agriculture. While these dates
are roughly consistent with cattle do-
mestication, genetic evidence argues
against a bovine source for human
TB. A phylogeny based on deletions in
the M. tuberculosis genome suggests
that the human form of TB preceded
the form found in voles, seals, goats,
and cows.!27 This phylogeny is sup-
ported by other analyses of deletions,
which rule out linear evolution of M.
bovis into M. tuberculosis'?® and sug-
gest that M. africanum, M. microti,
and M. bovis evolved from the ances-
tor of today’s M. tuberculosis strains.
(Whether or not this ancestor was a
human pathogen is open to interpre-
tation.129)

M. tuberculosis complex DNA has
reportedly been obtained from a
17,000-year-old bison that was found
in a North American cave.!3° Its DNA
pattern is nearer to that of M. tuber-
culosis and M. africanum than to that
of M. bovid or M. microti. Citing tu-
bercular lesions in various Pleistocene
ruminants, Rothschild and col-
leagues!3° posited that TB carried by
bovids was widespread during this pe-
riod. It can be concluded that the hu-
man pathogen M. tuberculosis
emerged relatively recently, but be-
fore the onset of agriculture, and that
the disease was not acquired from do-
mesticated cattle carrying M. bovis.

Neolithic Pathogens

Despite the findings that certain
pathogens infected hominids much
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earlier than had been previously
thought, genomics has confirmed a
Neolithic origin for many other dis-
eases, supporting the theory that agri-
culture led to an increase in disease
burden. The P. falciparum genome has
yielded conflicting results concerning
the antiquity of the malaria pathogen.
One study using intronic SNPs to ob-
tain an emergence time using the mo-
lecular clock,!3! indicated that the
plasmodium evolved less than 6,000
years ago, a date that would be coin-
cident with the establishment of
slash-and-burn agriculture in the
rainforests of Africa. These results
complement those obtained in other
studies that used mtDNA sequences to
date the emergence of the pathogen,
but conflict with earlier studies of ri-
bosomal RNA gene sequences. The
latter studies indicate that P. falcipa-
rum diverged from P. reichenowi, a
plasmodium that infects chimpanzees
and gorillas, when the human and
chimpanzee lineages split 6 to 8 mil-
lion years ago.!32

Recent studies may reconcile these
findings. Analysis of variation in 100
plasmodium mtDNA sequences indi-
cates that the parasite is quite ancient
but did not expand until relatively re-
cently.!33 The antiquity of pathogen
populations worldwide suggests that
the plasmodium spread across the
world fairly early, perhaps during the
Pleistocene migration of hominids,
but remained at low densities until it
precipitously expanded around 6,000
years ago. Thus, the parasite seems
not to have played a major role in the
human disease-scape until the Neo-
lithic. This interpretation is also sup-
ported by the analysis of malaria re-
sistance genes in the human genome,
which seem to have originated with
the advent of swidden agriculture.!34

Toxoplasmosis gondii is another
parasitic protozoa that is a major
cause of foodborne illness and severe
infection in immunocompromised in-
dividuals. This protozoan is remark-
able for the extremely wide range of
animals that can serve as its interme-
diate hosts, although sexual propaga-
tion must take place within the cat
family. Its ribosomal DNA polymor-
phism135 dates the origin of the major
lineages within the last 10,000 years,
around the time of agricultural expan-

sion and the domestication of the cat.
One salient infectivity characteristic
of T. gondii is its ability to circumvent
the sexual reproduction step and in-
fect intermediate hosts successively
through oral ingestion. This ability
would make 7. gondii especially suited
to infect humans and the animals in a
farming community. The adoption of
agriculture and domestic animals by
humans possibly provided the selec-
tive pressure that molded the genetic
traits of modern strains of 7. gondii.

Citing tubercular lesions
in various Pleistocene
ruminants, Rothschild
and colleagues posited
that TB carried by bovids
was widespread during
this period. It can be
concluded that the
human pathogen M.
tuberculosis emerged
relatively recently, but
before the onset of
agriculture, and that the
disease was not
acquired from
domesticated cattle
carrying M. bovis.

Primary Food Production and
Selection for Human
Polymorphisms

There are a few signs of the diffi-
cult-to-detect direct selection in hu-
man populations.!3¢ Sickle cell gene,
lactase persistence, glucose-6-phos-
phate deficiency, and alcohol dehy-
drogenase (ADH) are among the few
examples that have been uncovered.
Among these traits are genes that
were influenced by Neolithic-driven
dietary changes and continue to affect
the nutrition of contemporary popula-

tions. The domestication of milk-pro-
ducing cattle and the use of milk re-
sulted in selection for unique
polymorphisms in certain human
populations. Thirty minutes after con-
suming more than a glass of milk (9 to
14 grams of lactose), 70% of human
populations will experience extreme
bloating and diarrhea. Gas in the large
intestine is produced by E. coli digest-
ing the milk lactose.!37 Lactose intol-
erance (the inability to digest milk) is
due to deficiencies in lactase, the en-
zyme that is essential for hydrolyzing
lactose into galactose and glucose. In
mammals in which milk is not nor-
mally available for adults, the lactase
enzyme is turned off at weaning.
Given the uniqueness of lactase per-
sistence in humans, lactose intoler-
ance demands an explanation beyond
our “species-centric” perspective that
it is a disease.

Geographers!3® and anthropolo-
gists!39 have speculated on the co-evo-
lution of milk-producing cattle and
lactase persistence that results in
maintaining the ability to digest lac-
tose. The definitive evidence for this
linkage has recently emerged with the
finding of a geographic concordance
in Europe between milk proteins
found in 70 native cattle breeds and
lactose tolerance (lactase persistence)
in Europeans.!4° Neolithic archeolog-
ical sites (ca 5,000 ya) with domesti-
cated cattle!#! correspond with the
area of the highest level of lactase per-
sistence.

The persistence of lactase occurs in
the northern latitudes, where milk
provides a source of calcium and
where the level of ultraviolet light lim-
its the body’s natural production of
vitamin D. Lactose intolerance repre-
sents an ancient and global condi-
tion.!37.142 Lactose tolerance results
from a recent mutation in the lactase
gene that underwent rapid selection.
Swallow!42 notes that Mongol cattle
herders, who are lactose intolerant,
process milk by fermentation to re-
duce its lactose levels. This observa-
tion counters the argument that lac-
tose intolerance inhibited the
domestication of milk-producing cat-
tle during the Neolithic. As Marvin
Harris'43 pointed out, if human
groups had possessed domesticated
milk-producing bovines, they could
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have processed the milk products to
reduce lactose levels or have under-
gone selection for lactase persistence.
Just as lactose intolerance has an
impact on their diets, many human
populations have taste sensitivity to
the bitter thiourea compounds found
in some foods. The ability to taste phe-
nylthiocarbamide was accidentally
discovered in 1931.144 While it was
initially ~considered a curiosity,
Fisher, Ford, and Huxley!45 suggested
that there was selection for the hetero-
zygote condition. Recent genomic
analysis provides evidence of selec-
tion that predates the modern homin-
id’s diaspora out of Africa. The ability
to taste phenylthiocarbamide and
structurally similar compounds such
as 6-n-propylthiouracil is related to
antithyriodal compounds!4¢ that pro-
tect humans against ingesting harm-
ful substances that could inhibit
growth and against naturally occur-
ring toxins. Tasters do have a lower
incidence of thyroid deficiencies and a
greater number of food aversions.!47
Similar analyses have related the
aversion to alcohol to variation in the
alcohol dehydrogenase (ADH)
gene.'#8 ADH enzymatically converts
alcohol to acetaldehyde, a toxin. The
accumulation of acetaldehyde in indi-
viduals from some populations results
in a flushing response. Acetaldehyde
is converted to acetate by acetalde-
hyde dehydrogenase (ALDH). ADH
has several isoforms (ADH2*1,
ADH2*2, and ADH2*3), which vary in
their efficiency in breaking down alco-
hol to acetaldehyde. The various iso-
forms of ALDH also vary in their rate
of converting acetaldehyde to acetate.
ADH2*1 transforms alcohol more
slowly than do ADH2*2 and ADH2*3;
ALDH2*1 converts it faster than do
the other isoforms. In East Asian pop-
ulations with ADH2*2 or ADH2*3 ge-
notypes, the ALDH2*2 genotypes re-
sults in  flushing after the
consumption of alcohol.

Primary Food Production,
Disease and Selection for
Human Polymorphisms

One of best known adaptive genetic
systems is the hemoglobin variant

(sickle cell trait), which, in heterozy-
gous form, protects humans against

malaria. While the initial explanation
of sickle cell gene was that it was a
racial trait, J. B. S. Haldane!49.150 sug-
gested that hemoglobin variants were
selected for their resistance to ma-
laria. Allison!s! demonstrated hemo-
globin S (Hb®) protection against ma-
laria infection and Livingstone!52
provided a biocultural interpretation
of selection for the sickle cell variant.
Swidden agriculture increased the
breeding area for the Anopheles mos-
quitoes that were the vectors for ma-
laria. As malaria became endemic, se-
lection for the Hb® gene increased.
Selection for Hb® is a recent adapta-
tion; its relationships to Hb® and Hb®
have been studied extensively.!53
These variants are among 693 hemo-
globins that have been reported to
date,'54 the data for which are avail-
able® online (http:/globin.cse.psu.
edu).!55 In addition, the thalasse-
mias!5¢ and their response to malaria
are well known. There is also evidence
that the major histocompatibility com-
plex (MHC) system (HLA-B*5301) pro-
vides some measure of resistance to
malaria,'s7 as does Duffy,!58159 a red
blood cell antigen.

Glucose-6-phosphate  dehydroge-
nase (G6PD), a sex-linked enzyme, is
involved in mediating oxidative stress
in red blood cells (RBCs).160 A defi-
ciency of the G6PD enzyme (there are
140 variants)!6! interferes with the
plasmodium parasite’s ability to re-
produce in RBCs because the oxida-
tive stress produced by parasitic infec-
tion causes the RBCs to lyse. As a
result, the plasmodium is unable to
mature. Males who carry the muta-
tion for the deficiency are hemizy-
gous; only females who are G6PD de-
ficient are heterozygous for the
condition.

Variants of G6PD confirm that ma-
laria has only recently had a major
impact on human populations.!62 The
independent “A” and “Med” muta-
tions, two of the G6PD variants, sug-
gest that this polymorphism origi-
nated no earlier than 10,000 years
ago. The analysis of Hb® and G6PD
deficiency supports the contention
that malaria had little impact on Pa-
leolithic foragers and arose only after
the development of agriculture.!62

We have discussed the response of
G6PD deficiency as a response to ma-

laria, but there is an additional conse-
quence of this adaptation. For those
who possess G6PD mutants, the con-
sumption of sulfonamides, either as
antimalarial drugs (for example, pri-
maquine) or in fava beans, can cause
hemolytic anemia. When individuals
with G6PD deficiency consume these
substances, their RBCs hemolyze.

The study of human leukocyte anti-
gens of the MHC and disease has been
both promising and disappointing.
Numerous studies have detailed the
association of human leukocyte anti-
gen variants with disease resistance
and susceptibility. However, there
have been questions about the meth-
ods used to determine the significance
of these associations. Certain human
leukocyte antigen genotypes provide
resistance to diseases (tuberculosis
Class I, B53; AIDS, Class I B57; ty-
phoid fever, Class II, DRB1*04) while
some increase susceptibility to them
(pulmonary tuberculosis, Class I, B8
and Class IT DR2; hepatitis B, Class II,
DR7).157.163,164 The different immuno-
logical responses to these diseases
may be related to the heterozygosity
of the HLA system, which has been
studied extensively.!65

More controversial has been selec-
tion in the ABO blood groups related
to infectious disease.!¢¢ Vogel'67 was
one of the first to suggest the possibil-
ity that the distribution of the blood
groups reflected adaptation to dis-
ease. While many studies have exam-
ined this relationship, they have ob-
tained ambiguous results.168-170

CONCLUSIONS

Genome studies of pathogens leave
many questions to be answered and,
in some cases, genetic data may pro-
vide little help in reconstructing a
pathogen’s history. Often, the unique
pattern of evolution in viruses pre-
cludes analyses using the conven-
tional molecular clock. For example,
the rapid genetic change noted in the
hepatitis G and B viruses in modern
times cannot be reconciled with the
paucity of genetic differences found in
their genomes despite the pathogens’
great age, as indicated by their pres-
ence across disparate human popula-
tions.17! In other cases, conditions
simply do not allow the easy identifi-
cation of a pathogen’s origin. Small-



118 Armelagos and Harper

ARTICLES

pox has close relatives in a variety of
animals so that it is impossible to de-
termine its source.®® Similarly, the
measles virus is most closely related
to the “peste des petits ruminants,”
which infect sheeps and goats,'72 in-
dicating that these domesticates may
be its source. Some feel that the mea-
sles and peste viruses are sufficiently
different that the latter cannot have
given rise to the former. Thus, the
source of measles and the date of its
emergence as a human pathogen re-
main unclear.

As shown by some of the cases dis-
cussed, the same genome may be an-
alyzed multiple ways, with each anal-
ysis yielding a different origin
scenario. Studies of Helicobacter py-
lori are a case in point. This Gram-
negative bacterium is associated with
duodenal and gastric ulcers and stom-
ach cancer, and is found in the guts of
half the world’s population.!73 Analy-
ses of its genome have alternatively
dated human infection by the patho-
gen to before the New World-Old
World separation of human popula-
tions many years before the onset of
agriculture!7# and to sometime much
later, after migration to the New
World had ceased.!75

Even when reliable dates can be ob-
tained, their interpretation is not sim-
ple. The case of P. falciparum illus-
trates that the date of a pathogen’s
origin does not necessarily coincide
with the date when the pathogen be-
came a significant disease agent for
humans. Similarly, dating the origin
of a pathogen to some time coinciding
with the advent of agriculture does
not necessarily imply a cause-and-ef-
fect relationship. For instance,
genomic analysis indicates that the
Ebola and Marburg viruses diverged
7,000 to 10,000 years ago,'7¢ dates
that are coincident with the rise of
agriculture, but no connection be-
tween the birth of this pathogen and
the rise of agriculture and civilization
is immediately evident. Thus, coales-
cence dates estimated using molecu-
lar-clock approaches must be consid-
ered in the context of historical,
archeological, and epidemiological in-
formation. These same disciplines
will continue to provide much of the
basis for our construction of the dis-
ease ecology of the past.

Even with the greater availability of
genomic data, many questions remain
regarding the time and circumstances
surrounding the emergence of various
human pathogens. Certainly, infor-
mation gleaned from genetic se-
quences has contributed greatly to
our understanding of the first epide-
miological transition. The theory of
the first epidemiological transition,
which implies a significant disease
cost associated with agriculture, has
been strengthened by the numerous
major human pathogens shown to

Even when reliable
dates can be obtained,
their interpretation is not
simple. The case of P.
falciparum illustrates
that the date of a
pathogen’s origin does
not necessarily coincide
with the date when the
pathogen became a
significant disease agent
for humans. Similarly,
dating the origin of a
pathogen to some time
coinciding with the
advent of agriculture
does not necessarily
imply a cause-and-
effect relationship.

have emerged around the time of ag-
riculture. At the same time, a signifi-
cant number of pathogens believed to
be quite recent in human history have
turned out to be ancient, causing us to
reassess our understanding of human
life in the Paleolithic. Genomics have
not necessarily resolved the contro-
versy of the causes and consequences
of neolithic revolution. It provides the
tools to better understand this per-
plexing problem.
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