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occurs. Thus, although cavity-circulation models
driven by regional ocean circulation models
coupled to global climate models might yield
differing spatiotemporal variations in melt, they
should produce patterns of retreat similar to
those we have simulated, but with tighter con-
straints on the timing.

An important feature of our numerical sim-
ulations is that they reveal a strong sensitivity
to mechanical and/or rheological weakening of
the margins, which can accelerate the rate of
collapse by decades to centuries. Thus, future
models will require careful treatment of shear
margins to accurately project sea-level rise. Our
simulations also assume that there is no retreat
of the ice-shelf front. Full or partial ice-shelf col-
lapse should produce more rapid retreat than
we have simulated. In addition, we have not mod-
eled ocean-driven melt that extends immediately
upstream of the grounding line, which could also
accelerate retreat (32).

Our simulations provide strong evidence that
the process of marine ice-sheet destabilization is
already under way on Thwaites Glacier, largely
in response to high subshelf melt rates. Although
losses are likely to be relatively modest over the
next century (<0.25 mm/year of sle), rapid col-
lapse (>1 mm/year of sle) will ensue once the
grounding line reaches the basin’s deeper re-
gions, which could occur within centuries. Such
rapid collapse would probably spill over to ad-
jacent catchments, undermining much of West
Antarctica (/8). Similar behavior also may be
under way on neighboring Pine Island Glacier
(12, 33). Unless CDW recedes sufficiently to
reduce melt well below present levels, it is dif-

ficult to foresee a stabilization of the Thwaites
system, even with plausible increases in surface
accumulation. Although our simple melt param-
eterization suggests that a full-scale collapse of
this sector may be inevitable, it leaves large un-
certainty in the timing. Thus, ice-sheet models
fully coupled to ocean/climate models are required
to reduce the uncertainty in the chronology of a
collapse. Nonetheless, the similarity between our
highest melt rates and present observations sug-
gests that collapse may be closer to a few cen-
turies than to a millennium.
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Stick Insect Genomes Reveal Natural
Selection’s Role in Parallel Speciation

Victor Soria-Carrasco,™* Zachariah Gompert,?* Aaron A. Comeault,* Timothy E. Farkas,*
Thomas L. Parchman,? J. Spencer Johnston,* C. Alex Buerkle,® Jeffrey L. Feder,® Jens Bast,’
Tanja Schwander,® Scott P. Egan,’ Bernard J. Crespi,'® Patrik Nosil*t

Natural selection can drive the repeated evolution of reproductive isolation, but the genomic basis
of parallel speciation remains poorly understood. We analyzed whole-genome divergence between
replicate pairs of stick insect populations that are adapted to different host plants and undergoing
parallel speciation. We found thousands of modest-sized genomic regions of accentuated
divergence between populations, most of which are unique to individual population pairs. We also
detected parallel genomic divergence across population pairs involving an excess of coding genes
with specific molecular functions. Regions of parallel genomic divergence in nature exhibited
exceptional allele frequency changes between hosts in a field transplant experiment. The results
advance understanding of biological diversification by providing convergent observational and
experimental evidence for selection’s role in driving repeatable genomic divergence.

hether evolution is predictable and re-
peatable is difficult to test yet central
to our understanding of biological di-
versification (/—6). Instances of repeated, parallel
evolution in response to similar environmental
pressures provide evidence of evolution by natu-

ral selection and can involve repeated divergence
at specific genes (7-9). Indeed, parallel evolution
of individual phenotypic traits has been esti-
mated to involve the same genomic regions 30 to
50% of the time (8). Parallel evolution can also
result in replicate species formation (i.e., paral-

lel speciation) (/0), but the genome-wide conse-
quences of this process are unclear (7, 8, 11).
Although some genomic regions will likely di-
verge repeatedly during parallel speciation, many
might show idiosyncratic patterns because of
contingencies such as the order in which muta-
tions arise (7, 8, 10, 11).

Even if repeated divergence occurs for some
genomic regions (7, 12, 13), the underlying
causes of this parallelism often remain specu-
lative because it is difficult to disentangle the
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contributions of the many factors that can be
involved, such as selection, mutation, recombi-
nation, gene flow, population size, and the ge-
netic architecture of traits (2, 11, 14). We chose
to study these questions with a wingless, her-
bivorous stick insect (Timema cristinae) en-
demic to California that has repeatedly evolved
ecotypes adapted to different host plant spe-
cies: Adenostoma fasciculatum and Ceanothus
spinosus (Fig. 1). Populations of this species
exhibit high gene flow between adjacent popu-
lations on different hosts, little or no gene flow
between more distant geographic localities, and
repeated evolution of partial reproductive iso-
lation between different ecotype pairs (/5—17).
Consistent with the main prediction of parallel
speciation, pairs of populations in different lo-
calities on the same host exhibit weaker re-
productive isolation than do different ecotypes,
independent from genetic distance. Thus, the

O Population structure

ecotypes of T. cristinae are in the early stages of
parallel ecological speciation and have evolved
increased sexual isolation through reinforcement.

We annotated the reference genome for this
species (/8) [assembly length of 1,027,063,217
base pairs (bp), 50% of assembly in scaffolds at
least 312,000 bp long (N50)] and used sequence
data from genetic crosses to assemble it into
linkage groups (/9). We then resequenced 160
additional whole genomes from replicate eco-
type pairs and compared patterns of genomic
divergence to allele frequency changes in pop-
ulations experimentally transplanted to differ-
ent host plants. These data allowed us to analyze
the effects of adaptation on genomic divergence,
experimentally test the hypothesis that accen-
tuated and parallel genetic divergence between
natural populations is driven by parallel divergent
selection, rigorously quantify divergence in both
coding and noncoding regions, rule out undetected

REPORTS

genetic differences because of low coverage
across the genome, and quantify the repeatability
of genetic divergence for individual loci and the
genome as a whole.

Our data indicate that parallel speciation can
involve both repeatable and idiosyncratic diver-
gence at the genetic level and that the repeated
component involves many regions affected by
divergent selection. We examined four replicate
population pairs on Ceanothus versus Adenostoma
(n = 8 populations) to characterize genomic di-
vergence between ecotypes (n = 19 to 21 indi-
viduals per population). Three of these pairs were
directly adjacent to one another, and the fourth
was separated by 6.4 km (Table 1 and fig. S1).
We discovered many rare genetic variants (e.g.,
2,526,553 single-nucleotide variants with mi-
nor allele frequency, MAF, <1%) and retained
4,391,556 single-nucleotide polymorphisms
(SNPs) with MAF >1% that mapped to linkage
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Fig. 1. Population structure and whole-genome divergence between
host-plant ecotypes of T. cristinae. (A) A maximum likelihood tree from whole-
genome data from individuals from . cristinae populations (rooted with other species of
Timema not shown). Black dircles depict nodes with >80% bootstrap support (100
replicates). Populations LA, HVA, MRA, and R12A were collected from Adenostoma.
Populations PRC, HVC, MRC, and R12C were collected from Ceanothus. The geographic
locations of the populations are depicted in fig. S1. (B) Patterns of genetic divergence
(Fsp) along the genome. LG indicates linkage group. Colors denote whether SNPs occur

www.sciencemag.org SCIENCE VOL 344

in moderately (black) or highly (red/orange) divergent genetic regions, delimited with a
HMM approach (weakly differentiated regions in blue are too sparse to see). Results are
shown at three different scales. (Top) Fs; estimates at all ~4.4 million SNPs for each of
the four population pairs. (Middle) Genomic divergence for two scaffolds (scaffolds
1271 on LG7 and 2230 on LG6 from HVA x HVC). (Bottom) Magnified view of
genomic divergence for one parallel HWM divergence region that harbored a SNP
showing parallel allele frequency divergence between hosts upon transplantation
(scaffold 556 on LG4 from R12A x R12C; see also Fig. 3). [Credit: courtesy of R. Ribas.]
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Table 1. Characteristics of the four pairs of natural populations of T. cristinae on different host-plant species. N.m values are from (16).

Population Pair HVA x HVC MR1A x MR1C R12A x R12C LA x PRC
Population characteristics
Geography adjacent adjacent adjacent separated
Gene flow (N.m) 28 37 93 11
No. individuals sequenced (per individual population) 20, 20 20, 20 21, 21 19, 19
Genome characteristics from all SNPs
Mean MAF 17% 20% 19% 20%
Mean Fer 0.013 0.015 0.015 0.031
Median Fsr 0.006 0.007 0.007 0.015
Range of Fsr 0.000-0.358 0.000-0.461 0.000-0.398 0.000-0.8000
90th quantile 0.035 0.041 0.041 0.083
95th quantile 0.050 0.058 0.056 0.116
Characteristics of HMM divergence regions
Number 7041 3800 10,628 18,135
% of all SNPs in HMM divergence regions 13% 8% 19% 30%
Mean (median) size in bp 10,460 (4729) 6276 (2278) 10,580 (4830) 7255 (2411)
SD of size in bp 15,514 9942 15,462 12,106
Mean Fsr 0.022 0.028 0.039 0.051

groups for further analysis (across all SNPs,
mean coverage per individual per SNP is 5.0).

Genomic divergence between ecotype pairs
varied geographically. A phylogenomic tree
grouped 7. cristinae individuals by geographic
locality and rejected grouping by host [P <
0.00001, approximately unbiased test (Fig. 1 and
fig. S2)] (19). This finding was supported by
principal components (PC) analysis [variance
partitioning of PC1 is 93.7% by geography and
0.2% by host (fig. S1)]. The average genome-
wide fixation index (Fst) for the geographical-
ly separated pair was twice that of the adjacent
pairs, with all three adjacent pairs exhibiting
similarly low average Fst [median ~0.007; mean ~
0.015 (Fig. 1 and Table 1)]. No fixed differences
were observed between ecotype pairs. These lev-
els of population differentiation are lower than
those found in many studies that analyzed the
genomic consequences of divergence (12, 20, 21),
emphasizing that we are examining the early
stages of speciation.

Patterns of divergence between ecotype pairs
also varied across the genome, with Fgr for the
most differentiated SNPs being about 60 times
greater than the median value (Table 1 and fig.
S3). A hidden Markov model (HMM) (22) clas-
sified the majority of the genome as moderately
divergent, but we observed numerous small- to
modest-sized regions of high divergence (hereafter
referred to as HMM divergence regions) distributed
across all linkage groups. Across population pairs,
HMM divergence regions varied in number from
3800 to 18,135, comprising 8 to 30% of the genome
with mean size from 6276 to 10,580 bp (standard
deviation 9942 to 15,514) (Fig. 1 and fig. S4).

We tested whether divergence between rep-
licate population pairs frequently involved the
same genomic regions. To increase precision, we
focused these analyses on SNPs. We identified
SNPs that were highly divergent between each
population pair (those above the 90th empirical
quantile of the Fgr distribution; divergent SNPs
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Fig. 2. Quantification of parallel and nonparallel divergence across population pairs. (A) The
majority of divergent SNPs (those above the 90th quantile of the empirical Fg; distribution) were so only in
a single comparison, indicative of largely nonparallel genetic divergence across the genome (pie chart;
see table S1 for full results, including those from the 99th quantile). Nonetheless, a significant enrichment
of parallelism was observed (bar plots, all P < 0.0001, permutation tests of observed versus expected
numbers of parallel divergent SNPs). (B) High Fs; in two population pairs. (C) High F; in three population
pairs. (D) High Fs; in four population pairs. [Credit: courtesy of R. Ribas.]

hereafter). The majority of divergent SNPs (83%)
were divergent only in a single population pair.
Thus, accentuated divergence was largely non-
parallel, supporting repeated and largely indepen-
dent evolutionary divergence of ecotype pairs in
different localities. Nonparallel divergence could

reflect different selective pressures acting on eco-
types in different localities, geographically varia-
ble trait genetic architecture, independent genetic
drift, or a combination of these factors.
Nonetheless, 17% of divergent SNPs were
divergent in two or more population pairs. This
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Fig. 3. Allele frequency changes across the genome in a field trans-
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. (C) 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

www.sciencemag.org SCIENCE VOL 344

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

(>99.5th quantile) for individual blocks (orange, greater change on Adenostoma;
blue, greater change on Ceanothus). (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

16 MAY 2014
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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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