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Fig. 3. Allele frequency changes across the genome in a field trans- (>99.5th quantile) for individual blocks (orange, greater change on Adenostoma

plant experiment. (A) The experimental design, where individuals from
population LA were transplanted to a nearby location of five paired blocks that
contained a single plant individual of each host species. (B) An empirical
quantile plot of the mean divergence in allele frequencies between hosts for
all SNPs. (O SNPs showing the largest parallel divergence between hosts

degree of parallelism was greater than expected
by chance (Fig. 2) (all P < 0.001, permutation
test) and most pronounced for SNPs that were
highly divergent in all population pairs [i.e.,
twofold greater than null expectations; congruent
results were obtained for divergent SNPs above
the 99th quantile (table S1)]. Last, these SNPs
that were divergent in multiple population pairs
were in HMM divergence regions that occurred
between multiple population pairs more often
than expected by chance [all P <0.001, random-
ization test (table S2 and fig. S5)], demonstrating
congruence between SNP-based and HMM re-
sults. The observed parallelism is consistent with
repeatable genetic divergence by natural selection.

Even parallel genetic divergence can be af-
fected by factors other than divergent selection,
such as background selection and reduced recom-
bination (2, /7). We thus tested whether HMM
divergence regions occurring in multiple popu-
lation pairs (i.e., parallel HMM divergence regions)
harbor SNPs exhibiting divergent allele-frequency
changes between multiple experimental popula-
tion pairs transplanted to different plant species
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in the field. In a paired blocks design, we trans-
planted 7' cristinae from population LA onto
nearby Ceanothus and Adenostoma plants that
were devoid of 7. cristinae [n = 2000 individ-
uals and 5 blocks (Figs. 1 and 3 and fig. S6)].
There was little or no dispersal after transplan-
tation (/9). Thirty-one individuals from LA
were not transplanted and preserved as repre-
sentative “ancestors” of the experimental pop-
ulations [genomic data from these individuals
provide a good representation of genetic varia-
tion in LA, particularly given low linkage dis-
equilibrium (/6) in this population (fig. S3)]. We
collected the first-generation descendants of the
transplanted insects 1 year later (these insects fea-
ture a single generation per year with a long egg
diapause through summer, fall, and winter).

By sequencing these descendants (n =418 F,;
individuals) and their ancestors (n = 31), we
observed variable allele frequency changes be-
tween hosts across the genome, with most SNPs
exhibiting weak to moderate divergence between
hosts across a generation (Fig. 3). Numerous
SNPs exhibited larger allele frequency changes

blue, greater change on Ceanothds(D) SNPs showing the largest parallel
divergence between hosts (>99.5th quantile) averaged across blocks. (E) SNPs
showing parallel divergence between hosts in the experiment were in parallel
HMM divergence regions between natural population pairs more often than
expected by chance (P< 0.05, randomization test). [Credit: courtesy of R. Ribas.]

between hosts that were remarkably consistent
across experimental replicates (i.e., blocks). Thirty-
two of the 213 SNPs showing the greatest par-
allel and divergent allele frequency changes
between hosts in the experiment (i.e., those
above the 99.5th empirical quantile of such
changes) were in parallel HMM divergence re-
gions inferred for natural population pairs, which
was more than the 23 expected by chance (P <
0.05, randomization test). These 32 SNPs were
widely distributed across the genome (e.g., found
on 32 different scaffolds and 12 of 13 linkage
groups). These results are consistent with the
hypothesis that parallel HMM divergence re-
gions in natural populations are enriched for loci
affected by host-related divergent selection. Our
analyses focused on genomic responses to se-
lection, and thus the role of recombination and
correlations among loci in such responses war-
rants future work.

We examined the function of genomic re-
gions exhibiting parallel divergence. We iden-
tified the 0.01% of SNPs with the greatest
evidence of parallel divergence on the basis of
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a metric that combines information on Fgr levels
and the direction of allele frequency differences
between the four natural population pairs on
Adenostoma and Ceanothus [hereafter referred
to as parallel divergence SNPs, n =439 SNPs;
these results are robust to different metrics of
parallelism and quantile cutoffs (table S3)]. These
parallel divergence SNPs exhibited a 1.5-fold
enrichment for being in coding regions of genes
compared with expectations from all SNPs (13
and 8%, respectively, P <0.001, randomization
test), consistent with a role for coding changes
even early in speciation.

Gene ontology (GO) analyses revealed that
parallel divergence SNPs reside in regions con-
taining genes involved in a range of putative
biological processes, including metabolism and
signal transduction, and exhibiting various mo-
lecular functions [we used GO annotations from
the nearest gene on the same scaffold for each
parallel divergence SNP (table S4)]. Metal ion
binding and calcium ion binding were the two
statistically overrepresented molecular functions
in regions harboring the parallel divergence
SNPs (seven- and threefold enrichment relative
to all SNPs, P <0.00001 and P = 0.01, respec-
tively, randomization test). Specifically, almost
half of the parallel divergence SNPs with mo-
lecular function GO annotations (20 of 41 =
48.8%) were in regions harboring genes impli-
cated in metal ion binding, compared with only
6.6% of all SNPs. Consistent with these results
from SNPs, the 32 parallel HMM divergence
regions associated with parallel divergence in
the experiment contained genes related to bind-
ing of metals (e.g., iron) and calcium (table S5).
Local adaptation to balance the nutritional ver-
sus toxic effects of metals has been described
in other insects (23), and metals are known to
affect traits that differ between the 7. cristinae
ecotypes, such as pigmentation and mandible
morphology (24, 25).

Last, we examined the function of SNPs that
were divergent between only a single population
pair (i.e., nonparallel divergence SNPs, n = 440)
(19). These SNPs were in regions significantly
enriched for genes exhibiting several functions,
including one that involved metal binding [i.e.,
zinc ion binding, P < 0.05, randomization test
(table S6)]. This finding raises the possibility that
nonparallel genetic divergence is sometimes the
result of adaptive divergence between host eco-
types and that it includes cases of parallelism at
the functional level, although further work is re-
quired to test these hypotheses.

Our data show that early stages of parallel
speciation in 7. cristinae involve mostly non-
parallel genetic divergence between ecotypes.
However, numerous regions of the genome have
diverged in parallel, and these include more coding
genes than expected by chance and harbor loci
showing experimentally induced allele frequency
changes between hosts. These results indicate that
divergent selection plays a role in repeated ge-
nomic divergence between ecotypes. Furthermore,

our results suggest that, although repeated evo-
lutionary scenarios (i.e., replaying the tape of
life) would likely result in idiosyncratic out-
comes, there may be a repeatable component
driven by selection that can be detected, even at
the genome-wide level and during the complex
process of speciation.
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NMR Spectroscopy of Native and
in Vitro Tissues Implicates PolyADP
Ribose in Biomineralization

W. Ying Chow,* Rakesh Rajan,? Karin H. Muller,? David G. Reid,* Jeremy N. Skepper,?
Wai Ching Wong,* Roger A. Brooks,? Maggie Green,* Dominique Bihan,® Richard W. Farndale,®
David A. Slatter,® Catherine M. Shanahan,® Melinda ]. Duer'*

Nuclear magnetic resonance (NMR) spectroscopy is useful to determine molecular structure in
tissues grown in vitro only if their fidelity, relative to native tissue, can be established. Here, we
use multidimensional NMR spectra of animal and in vitro model tissues as fingerprints of their
respective molecular structures, allowing us to compare the intact tissues at atomic length scales.
To obtain spectra from animal tissues, we developed a heavy mouse enriched by about 20% in
the NMR-active isotopes carbon-13 and nitrogen-15. The resulting spectra allowed us to refine
an in vitro model of developing bone and to probe its detailed structure. The identification of
an unexpected molecule, poly(adenosine diphosphate ribose), that may be implicated in
calcification of the bone matrix, illustrates the analytical power of this approach.

nderstanding the atomic-level structure of
the extracellular matrix (ECM) of tissues
is a prerequisite for detailed understanding
of both biological and mechanical functions of
those tissues. However, while nanoscopic and
longer structural length scales can be studied
by various forms of microscopy (/-3), there is a

paucity of techniques able to probe atomic-level
structures in such complex and heterogeneous
materials as the ECM. Multidimensional nuclear
magnetic resonance (NMR) spectroscopy is capa-
ble in principle of yielding structural information
(4-6), even in such a difficult situation, but
only if "*C and "N labeling of the molecular
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