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octahedron to truncated tetrahedron, but also in-
duced the growth of a second twin boundary
along a neighboring {111} face that is about 72°
apart from the first (/0). Thus, the driving force
for the growth of the fourth tip of the tetrahedron
is likely rapid growth along two adjacent twin
boundaries (Fig. 1D). This conclusion is supported
by high-magnification STEM images of individ-
ual, fully formed tetrahedra that show distinct
lines of contrast along their edges, suggesting the
presence of twin planes running parallel to the faces
of the tetrahedra, and was further confirmed by
electron diffraction studies (figs. S10 to S12) (24).

Later stages of the growth pathway outlined
in Fig. 1 were probed by increasing the silver/gold
ratio in the reaction seeded with Au octahedra.
When the number of Au octahedral seeds added
to the reaction was reduced (effectively increas-
ing the silver/gold ratio), bimetallic particles with
truncated bitetrahedral and even decahedral Ag
shells formed (fig. S13). We observed a large dis-
persity in terms of particle shape in this reaction,
similar to what occurred when we used pseudo-
spherical seeds. These data indicate that tetrahe-
dra continued to develop twin defects such that a
five-fold twinned decahedron could form. STEM
images from the growth of the pseudo-spherical
seeds revealed bimetallic particles with truncated
bitetrahedral, bitetrahedral, truncated decahedral,
and decahedral shapes (Fig. 1, E to H). We pro-
pose that a tetrahedron can develop a third twin
plane, causing a change in shape to a bitetrahedron,
and then eventually develop a fourth and fifth twin
plane, resulting in the growth of a decahedron.

The lack of synthetic procedures for prepar-
ing Au analogs for many of the shapes depicted
in Fig. 1, Cto G, prevented a closer study of these
individual growth steps. However, we have previ-
ously studied the plasmon-mediated deposition of
Ag onto Au decahedral seeds under nearly
identical conditions (2). We found that Au five-
fold twinned decahedra grew into bimetallic 20-
fold twinned icosahedra in a manner similar to the
transformations outlined in Fig. 1. These data
are consistent with the conclusion that, for this
synthetic system, multiply twinned particles
formed by successive twinning and that decahe-
dra, regardless of whether they comprise Au or
Au-core/Ag-shell structures, can transform into
icosahedra through this twinning process (Fig. 1,
HtoJ).

These data show that this particle labeling
strategy is particularly useful for elucidating growth
pathways when crystal twinning is involved. This
method of analysis allows for the discrimination
of twin defects inherent to the seed particle and
those that develop during the growth of a crystal,
essentially distinguishing the potential growth path-
ways of multiply twinned nanoparticles. This work
not only provides valuable insight into the growth
mechanisms of multiply twinned structures, which
will help to more effectively synthesize such
particles in the future, but also demonstrates
how nanoparticle labels can be used to effectively
track and monitor the growth of nanomaterials in

much the same manner that fluorescence and
isotopic labeling strategies have been used to
study molecular materials. We also anticipate
that if this method of analysis is combined with
in situ TEM observations (/4, 16—18), an even
greater understanding of nanoparticle growth
can be obtained.
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Mapping the Origins and Expansion
of the Indo-European Language Family

Remco Bouckaert,® Philippe Lemey,? Michael Dunn,** Simon ]. Greenhill,>®
Alexander V. Alekseyenko,” Alexei J. Drummond,™® Russell D. Gray,*’
Marc A. Suchard,'®***2 Quentin D. Atkinson®13*

There are two competing hypotheses for the origin of the Indo-European language family. The
conventional view places the homeland in the Pontic steppes about 6000 years ago. An alternative
hypothesis claims that the languages spread from Anatolia with the expansion of farming 8000

to 9500 years ago. We used Bayesian phylogeographic approaches, together with basic vocabulary data
from 103 ancient and contemporary Indo-European languages, to explicitly model the expansion of the
family and test these hypotheses. We found decisive support for an Anatolian origin over a steppe
origin. Both the inferred timing and root location of the Indo-European language trees fit with an
agricultural expansion from Anatolia beginning 8000 to 9500 years ago. These results highlight the
critical role that phylogeographic inference can play in resolving debates about human prehistory.

odel-based methods for Bayesian in-
Mference of phylogeny have been ap-

plied to comparative basic vocabulary
data to infer ancestral relationships between lan-
guages (/-3). Such studies have focused on the
use of subgrouping and time-depth estimates
to test competing hypotheses, but they lack ex-
plicit geographic models of language expansion.
Here, we used two novel quantitative phylogeo-

graphic inference tools derived from stochastic
models in evolutionary biology to tackle the “most
recalcitrant problem in historical linguistics™ (4)—
the origin of the Indo-European languages. The
“steppe hypothesis” posits an origin in the Pontic
steppe region north of the Caspian Sea. Although
the archaeological record provides a number of
candidate expansions from this area (3), a steppe
homeland is most commonly linked to evidence
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of an expansion into Europe and the Near East
by Kurgan seminomadic pastoralists beginning
5000 to 6000 years ago (5—7). Evidence from “lin-
guistic paleontology”—an approach in which terms
reconstructed in the ancestral “proto-language”
are used to make inferences about its speakers’
culture and environment—and putative early bor-
rowings between Indo-European and the Uralic
language family of northern Eurasia (8) are cited
as possible evidence for a steppe homeland (9).
However, the reliability of inferences derived from
linguistic paleontology and claimed borrowings re-
mains uncertain (9, /0). The alternative “Anatolian
hypothesis” holds that Indo-European languages
spread with the expansion of agriculture from
Anatolia (in present-day Turkey), beginning 8000
to 9500 years ago (/7). Estimates of the age of
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the Indo-European family derived from models
of vocabulary evolution support the chronology
implied by the Anatolian hypothesis, but the in-
ferred dates remain controversial (5, /0, 12), and
the implied models of geographic expansion under
each hypothesis remain untested.

To test these two hypotheses, we adapted and
extended a Bayesian phylogeographic inference
framework developed to investigate the origin of
virus outbreaks from molecular sequence data
(13, 14). We used this approach to analyze a data
set of basic vocabulary terms and geographic range
assignments for 103 ancient and contemporary
Indo-European languages (/5—17). Following pre-
vious work that applied Bayesian phylogenetic
methods to linguistic data (/—3), we modeled lan-
guage evolution as the gain and loss of “cognates”
(homologous words) through time (1/8-20). We
combined phylogenetic inference with a relaxed
random walk (RRW) (/4) model of continuous
spatial diffusion along the branches of an unknown,
yet estimable, phylogeny to jointly infer the Indo-
European language phylogeny and the most prob-
able geographic ranges at the root and internal
nodes. This phylogeographic approach treats lan-
guage location as a continuous vector (longitude
and latitude) that evolves through time along the
branches of a tree and seeks to infer ancestral lo-
cations at internal nodes on the tree while simul-
taneously accounting for uncertainty in the tree.

To increase the realism of the spatial diffu-
sion, our method extends the RRW process in
two ways. First, to reduce potential bias associated
with assigning point locations to sampled lan-
guages, we use geographic ranges of the languages
to specify uncertainty in the location assignments.
Second, to account for geographic heterogeneity,
we accommodate spatial prior distributions on the
root and internal node locations. By assigning zero

probability to node locations over water, we can
incorporate into the analysis prior information
about the shape of the Eurasian landmass.

The estimated posterior distribution for the
location of the root of the Indo-European tree
under the RRW model is shown in Fig. 1A. The
distribution for the root location lies in the re-
gion of Anatolia in present-day Turkey. To quan-
tify the strength of support for an Anatolian origin,
we calculated the Bayes factors (2/) comparing
the posterior to prior odds ratio of a root location
within the hypothesized Anatolian homeland (/7)
(Fig. 1, yellow polygon) with two versions of the
steppe hypothesis—the initial proposed Kurgan
steppe homeland (6) and a later refined hypoth-
esis (7) (Table 1). Bayes factors show strong sup-
port for the Anatolian hypothesis under a RRW
model. This model allows large variation in rates
of expansion and so is sufficiently flexible to fit
the alternative hypothesis if the data support it.
Further, the geographic centroid of the languages
considered here falls within the broader steppe
hypothesis (Fig. 1, green star), indicating that our
model is not simply returning the center of mass
of the sampled locations, as would be predicted
under a simple diffusion process that ignores phy-
logenetic information and geographic barriers.

Our results incorporate phylogenetic uncer-
tainty given our data and model and so are not
contingent on any single phylogeny. However,
phonological and morphological data have been
interpreted to support an Indo-European branch-
ing structure that differs slightly from the pattern
we find, particularly near the base of the tree
(16). If we constrain our analysis to fit with this
alternative pattern of diversification, we find even
stronger support for an Anatolian origin (in terms
of Bayes factors, BFgppe 1 = 216; BFgieppe 1 =
227) (15).

%

Fig. 1. Inferred geographic origin of the Indo-European language family.
(A) Map showing the estimated posterior distribution for the location of
the root of the Indo-European language tree under the RRW analysis. Markov
chain Monte Carlo (MCMC) sampled locations are plotted in translucent
red such that darker areas correspond to increased probability mass. (B)
The same distribution under a landscape-based analysis in which move-
ment into water is less likely than movement into land by a factor of 100

(see fig. S5 for results under the other landscape-based models). The blue
polygons delineate the proposed origin area under the steppe hypothesis;
dark blue represents the initial suggested Kurgan homeland (6) (steppe 1),
and light blue denotes a later version of the steppe hypothesis (7) (steppe
11). The yellow polygon delineates the proposed origin under the Anatolian
hypothesis (11). A green star in the steppe region shows the location of the
centroid of the sampled languages.
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As the earliest representatives of the main
Indo-European lineages, our 20 ancient languages
might provide more reliable location informa-
tion. Conversely, the position of the ancient lan-
guages in the tree, particularly the three Anatolian
varieties, might have unduly biased our results
in favor of an Anatolian origin. We investigated
both possibilities by repeating the above analy-

ses separately on only the ancient languages and
only the contemporary languages (which ex-
cludes Anatolian). Consistent with the analysis
of the full data set, both analyses still supported
an Anatolian origin (Table 1).

The RRW approach avoids internal node as-
signments over water, but it does assume, along
the unknown tree branches, the same underlying

Table 1. Bayes factors comparing support for the Anatolian and steppe hypotheses. We estimated
Bayes factors directly, using expectations of a root model indicator function taken over the MCMC
samples drawn from the posterior and prior of each hypothesis. Bayes factors greater than 1 favor
an Anatolian origin. A Bayes factor of 5 to 20 is taken as substantial support, greater than 20 as
strong support, and greater than 100 as decisive (30).

Phylogeographic analysis

Bayes factor

Anatolian vs. steppe | Anatolian vs. steppe Il

RRW: All languages

RRW: Ancient languages only

RRW: Contemporary languages only
Landscape aware: Diffusion

Landscape aware: Migration from land into water less

likely than from land to land by a factor of 10

Landscape aware: Migration from land into water less
likely than from land to land by a factor of 100

Landscape aware: Sailor

175.0 159.3
1404.2 1582.6
12.0 114
298.2 141.9
197.7 92.3
337.3 161.0
236.0 111.7

REPORTS

migration rate across water as across land. To
investigate the robustness of our results to het-
erogeneity in rates of spatial diffusion, we devel-
oped a second inference procedure that allows
migration rates to vary over land and water (/5).
This landscape-based model allows for the in-
clusion of a more complex diffusion process in
which rates of migration are a function of geog-
raphy. We examined the effect of varying relative
rate parameters to represent a range of different
migration patterns (/5). Figure 1B shows the in-
ferred Indo-European homeland under a model
in which migration from land into water is less
likely than from land to land by a factor of 100.
At the other extreme, we fit a “sailor’” model with
no reluctance to move into water and rapid move-
ment across water. Consistent with the findings
based on the RRW model, each of the landscape-
based models supports the Anatolian farming
theory of Indo-European origin (Table 1).

Our results strongly support an Anatolian
homeland for the Indo-European language family.
The inferred location (Fig. 1) and timing [95%
highest posterior density (HPD) interval, 7116 to
10,410 years ago] of Indo-European origin is con-
gruent with the proposal that the family began
to diverge with the spread of agriculture from

I 8000

I 7000

——e Y e ¢ Y

Fig. 2. Map and maximum clade credibility tree showing the diversification
of the major Indo-European subfamilies. The tree shows the timing of the
emergence of the major branches and their subsequent diversification. The
inferred location at the root of each subfamily is shown on the map, colored

estimates (15).

+ 6000
I 5000
+ 4000
+ 3000

obe sieah) awi)

n
o
o
o
6

+ 1000

to match the corresponding branches on the tree. Albanian, Armenian, and
Greek subfamilies are shown separately for clarity (inset). Contours represent
the 95% (largest), 75%, and 50% HPD regions, based on kernel density
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Anatolia 8000 to 9500 years ago (/7). In addition,
the basal relationships in the tree (Fig. 2, inset,
and figs. S1 and S2) and geographic movements
these imply are also consistent with archaeolog-
ical evidence for an expansion of agriculture into
Europe via the Balkans, reaching the edge of
western Europe by 5000 years ago (22). This sce-
nario fits with genetic (23—25) and craniometric
(26) evidence for a Neolithic, Anatolian contribu-
tion to the European gene pool. An expansion
of Indo-European languages with agriculture is
also in line with similar explanations for language
expansion in the Pacific (2), Southeast Asia (27),
and sub-Saharan Africa (28), adding weight to
arguments for the key role of agriculture in shap-
ing global linguistic diversity (4).

Despite support for an Anatolian Indo-
European origin, we think it unlikely that agricul-
ture serves as the sole driver of language expansion
on the continent. The five major Indo-European
subfamilies—Celtic, Germanic, Italic, Balto-Slavic,
and Indo-Iranian—all emerged as distinct lineages
between 4000 and 6000 years ago (Fig. 2 and fig.
S1), contemporaneous with a number of later cul-
tural expansions evident in the archaeological record,
including the Kurgan expansion (5—7). Our inferred
tree also shows that within each subfamily, the lan-
guages we sampled began to diversify between
2000 and 4500 years ago, well after the agricul-
tural expansion had run its course. Figure 2 plots
the inferred geographic origin of languages sam-
pled from each subfamily under the RRW model.
The interpretation of these results is straightforward
when all the main branches of a subfamily are
represented in the sample. In cases where there
are branches not represented, such as Continental
Celtic, the inferred time depths and locations may
not correspond to the origin of all known languages
in a subfamily. Because we know that the Romance
languages in our sample are descended from Latin,
this group presents a useful test case of our meth-
odology. Our model correctly assigns high posterior
support to the most recent common ancestor of
contemporary Romance languages around Rome
(fig. S3). Using this approach, we may therefore be
able to test between more recent origin hypothe-
ses pertaining to individual subgroups. More-
over, by combining the time-depth and location
estimates across all internal nodes, we can generate
a picture of the expansion of all Indo-European lan-
guages across the landscape (fig. S4 and movie S1).

Language phylogenies provide insights into
the cultural history of their speakers (/-3, 28, 29).
Our analysis of ancient and contemporary Indo-
European languages shows that these insights can
be made even more powerful by explicitly incor-
porating spatial information. Linguistic phylo-
geography enables us to locate cultural histories
in space and time and thus provides a rigorous
analytic framework for the synthesis of archae-
ological, genetic, and cultural data.
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Assembly of an Evolutionarily New
Pathway for a-Pyrone Biosynthesis

In Arabidopsis

Jing-Ke Weng,™ Yi Li,* Huaping Mo,? Clint Chapple't

Plants possess arrays of functionally diverse specialized metabolites, many of which are distributed
taxonomically. Here, we describe the evolution of a class of substituted a-pyrone metabolites

in Arabidopsis, which we have named arabidopyrones. The biosynthesis of arabidopyrones
requires a cytochrome P450 enzyme (CYP84A4) to generate the catechol-substituted substrate for
an extradiol ring-cleavage dioxygenase (AtLigB). Unlike other ring-cleavage—derived plant
metabolites made from tyrosine, arabidopyrones are instead derived from phenylalanine through
the early steps of phenylpropanoid metabolism. Whereas CYP84A4, an Arabidopsis-specific
paralog of the lignin-biosynthetic enzyme CYP84A1, has neofunctionalized relative to its ancestor,
AtLigB homologs are widespread among land plants and many bacteria. This study exemplifies
the rapid evolution of a biochemical pathway formed by the addition of a new biological

activity into an existing metabolic infrastructure.

s sessile organisms, land plants evolved
Athe ability to synthesize specialized
metabolites that are key to their adapta-
tion to terrestrial ecosystems (/). The specialized

metabolic pathways in plants typically comprise
multiple catalytic steps that are spatially and tem-

porally regulated and range from being widespread
across land plants examined to date to lineage-
specific (2). For example, flavonoids are ubiqui-
tous in land plants, but the anticancer drug taxol
is made only in certain yew species (3). The
latter observation, and others like it, suggest that
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