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distribution is random, where some monomeric
units may have more than one carboxylic group
and other have none. The higher concentration
and a more uniform distribution of the carboxylic

(Fig. 3C and fig. S4B) are similar to the profiles
previously reported in literature for other Si elec-
trodes (6, 9, 13). In contrast to intercalation-type
electrode materials, these profiles do not exhibit
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opportunity to increase a slurry viscosity for po-
rosity and uniformity control during the electrode
formation by lowering the mixing rate. To achieve
viscosity comparable to alginate solutions, sub-
stantially higher CMC content is needed. Sim-
ilarly, to get a remotely comparable performance
with a CMC binder, one needs to increase the

with lower-cost, environmentally friendly algi-
nate was found to improve the first-cycle CE and
cycle stability (fig. S9).
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(increasing the C:Si ratio by a factor of 3) (/),
which inevitably lowers the electrode specific
capacity.

To further characterize the behavior of the
alginate-based electrode, we performed cyclic
voltammetry experiments. The differential capac-
ity curves show one broad Li insertion (cathodic)
peak at ~0.21 V and two Li extraction (anodic)
peaks at 0.33 and 0.51 V (Fig. 3D). The origin of
the potential difference between the correspond-
ing peaks in the cathodic and anodic directions is
commonly modeled by a thermodynamic (rate-
independent) hysteresis (30). The first 0.33-V
anodic peak is not always observed. In some Si-C
nanocomposite particles, for example, only one
Li extraction peak at ~0.5 V appears (6). There-
fore, the 0.33-V peak could be related to the
surface properties of Si. A small Li-extraction
peak observed at ~0.17 V corresponds to Li dein-
tercalation from C additives. The five cyclic vol-
tammetry cycles (Fig. 3D) demonstrate high

A Self-Quenched Defect Glass
in a Colloid-Nematic Liquid

Crystal Composite
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Colloidal particles immersed in liquid crystals frustrate orientational order. This generates defect
lines known as disclinations. At the core of these defects, the orientational order drops sharply.
We have discovered a class of soft solids, with shear moduli up to 10* pascals, containing high
concentrations of colloidal particles (volume fraction ¢ > 20%) directly dispersed into a nematic
liquid crystal. Confocal microscopy and computer simulations show that the mechanical strength
derives from a percolated network of defect lines entangled with the particles in three dimensions.
Such a “self-quenched glass” of defect lines and particles can be considered a self-organized
analog of the “vortex glass” state in type Il superconductors.
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reproducibility, indicative of good anode stability.
The shapes of the galvanostatic Li insertion
and extraction profiles for the produced Si anodes

medium. But it is also possible to disperse par-
ticles in a liquid that itself has complex proper-
ties. For example, particles in a demixing binary

dispersed in a simple, isotropic liquid that

In a typical colloidal suspension, particles are
acts as a passive, homogeneous background
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liquid mixture may gather at and arrest the bi-
continuous interface separating the two phases
(7). Another class of dispersions with complex
suspending media is particles in liquid crystals
(LCs) (2, 3), in which upon cooling, the dis-
persing medium can undergo a succession of phase
transitions from an isotropic liquid to a nematic
or other ordered mesophase (4). The competition
between ordering in the bulk of a mesophase and
on the surface of particles gives rise to the pos-
sibility of new microstructures and functions,
e.g., as biosensors (5, 6), but also to barriers
against dispersing the particles in the first place.
The latter feature means that, to date, there have
been few successful attempts at dispersing high
concentrations of particles into LCs. But analogy
with dispersions in simple liquids suggests that
constructing a colloid-LC composite at high par-
ticle volume fraction, ¢, may pay rich dividends
both in terms of applications (for instance, better
mechanical stability) and fundamental science
(for example, understanding glassy arrest).

We have synthesized a soft solid (Fig. 1) by
dispersing a high concentration (¢ < 50%) of
particles directly into a nematic LC. This con-
trasts with the majority of previous work where
o — 0, and the particles were initially dispersed
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Fig. 1. (A) A quadrupolar
birefringence pattern around
a 2-um-diameter particle
in a uniformly aligned ne-
matic cell. (B) A colloid-
nematic composite at ¢ =
49% can be sculpted as a
solid at room temperature.
(C€) The sculpture melts at
the isotropic-nematic tran-
sition temperature. Scale
bars, 1 cm.

into the isotropic phase. Computer simulations
show that the rigidity (Fig. 2) of our new colloid-
LC gel (Fig. 3) is due to particle-entangled defect
lines percolating in three dimensions (Fig. 4).
Rigidity is important because LCs are increas-
ingly being used as biomedical sensors (7), for
which materials able to support their own weight
(5) and the weight of embedded living cells (6)
are needed. Our findings are also of fundamental
interest to a larger audience interested in in-
teracting line defects, from LCs in porous media
(8) through vortices in superconductors (9) to
cosmic strings (10).

In a (thermotropic) nematic LC, the aniso-
tropic molecules align, on average, along a di-
rector, n. The physics of single particles in
nematic LCs is reasonably well known in broad
outline only in the ¢ — 0 limit (/7). A particle
(radius a) anchors the LC molecules to its sur-
face, either in parallel or perpendicularly (ho-
meotropic), with energy ~Wa* (where W is the
anchoring strength), giving rise to an inhomog-
eneous director field n(r) and stored elastic en-
ergy ~Ka (where K is an average Frank elastic
constant). For weak anchoring, Wa/K << 1, n(r)
is continuous. As Wa/K increases, topological sin-
gularities appear: first, an equatorial ring on the
particle surface, and then a ring away from the
surface (a “Saturn ring”), either of which gener-
ates an n(r) with quadrupolar symmetry. But at
the highest value of Wa/K, a defect pattern with a
totally different (dipolar) symmetry appears.

Although the conditions under which these
defects occur are still open to debate (/2), it is

clear that the elastic distortion associated with
any of these defects around a particle induces an
anisotropic interparticle attraction. In a confined,
two-dimensional (2D) environment where the ne-
matic LC is aligned parallel to the confining
planes (a 2D planar nematic cell), such elasticity-
mediated interparticle interaction gives rise to
straight chains (for dipoles) (2) and zigzag lines
(for Saturn rings) (/3) when ¢ is vanishingly small
(6 — 0). In these multiparticle structures, the de-
fect around each particle retains its individual
character. Recent simulations and experiments
(14-16) have revealed that multiparticle struc-
tures can also form when particle-mediated de-
fects become entangled. Again, in a 2D planar
nematic cell, different entangled-defect configu-
rations around particles can give rise to various
multiparticle clusters (chains, etc.), as well as 2D
crystals (/3). A simulation study (/5) of 3D self-
assembly of particles in a nematic LC at finite ¢
(<8%) showed a more or less random dispersion
of planar clusters.

Experimental study of such defect-mediated
colloidal self-assembly is challenging for kinet-
ic reasons. The calculated phase diagram of a
colloid-LC mixture (/7) shows that below the
isotropic-nematic transition temperature (71y), a
practically particle-free nematic phase should co-
exist with particles at ¢ ~ 64%. Thus, we expect
all space-filling defect-mediated particle struc-
tures to be metastable. Simply quenching a particle-
laden isotropic LC below 71y in the bulk does not
produce such structures. Instead, particles are
swept along by fast nematic-isotropic fronts and
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Fig. 2. (A) Measured storage (G, black circles) and loss (G”, open circles)
moduli as a function of strain amplitude (y) at ¢ = 28%. (B) Maximum storage
modulus as a function of volume fraction ¢. Particle diameters are 0.7 um
(black squares), 1.2 um (red circles), and 2.0 um (blue triangles); the line is a
guide for the eye. (C) Storage and loss moduli measured before and after a
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eventually become trapped between nematic do-
mains, giving rise to a cellular solid (/7). (A bulk
simulation that is smaller than the size of a typical
nematic domain does not face this constraint.) In
2D experiments (/6), well-defined boundary con-
ditions (hence, the planar nematic cell) and local
laser preheating are necessary to observe defect-
entangled particle clusters.

We generated extended defect-mediated par-
ticle structures by dispersing sterically stabilized
polymethylmethacrylate (PMMA) particles (2a =
0.7, 1.2, 2 um) directly into the bulk nematic
phase of 4-cyanobiphenyl (5CB) (T1y = 35.2°C)
in untreated 2-cm® sample bottles at room tem-
perature (=19°C). (Note that, as in other similar
systems (/7), no measurable shift in 71y due to
particle dispersion was found.) The core of the
particles includes the dye 7-nitrobenzo-2-oxa-1,3-
diazolemethylmethacrylate chemically linked to
the PMMA polymer. Polarized optical micros-
copy shows that single particles are surrounded
by a quadrupolar director field (Fig. 1A), con-
sistent with either a surface or Saturn-ring de-
fect. From this, we estimate an upper bound for
our anchoring strength: A quadrupolar director
field should only occur if Wa/K < 25 for par-
ticles in 5CB (/7).

Attempts to disperse dried PMMA particles
into nematic SCB by hand-shaking failed; large
clumps of undispersed particles, presumably held
together by entangled defects, sedimented. Our
simulations suggest that it takes ~10% 7" (k, the
Boltzmann constant; 7, temperature) to break
such clumps. We used vigorous mechanical agi-
tation on a “whirly mixer” to input this energy
and produce well-dispersed samples. We estimate
that our shaking induces maximum velocities
on the order of v ~ 10 2 m s, and the viscosity
of 5CB at room temperature is 1 ~20 mPas " (18),
so that a typical force at the particle level is F' ~
nva ~ 200 pN. The work done by this force over
a distance on the order of a disclination core, /. ~
5 nm (19), is Fl. ~ 200kgT, consistent with our
estimate of the energy barrier for dispersion.

Here, we focus on samples with ¢ > 5%.
Macroscopically, none of our samples sedimented
over long times (up to many months); that is,
particles remain dispersed throughout the whole

volume of the LC. All samples were solid enough
to be scooped out of their vials. Within the range
5% < & < 20%, samples had a “curdlike” ap-
pearance. As ¢ increased above 8%, larger ag-
gregates became visible within the curdlike sample,
and the aggregate size increased with volume
fraction until the samples adopted a homoge-
neous appearance at ¢ ~ 23%. At the highest
concentrations reached, ¢ > 50%, samples were
found to be highly malleable. A sculpture molded
by a metal spatula is shown in Fig. 1B. When
heated to above Ty, this sculpture melted into a
liquid (Fig. 1C), demonstrating that the rigidity is
provided by the nematic order.

We probed the mechanical properties of these
arrested states using oscillatory rheometry in a
cone-plate stress-controlled rheometer (TA In-
struments, New Castle, DE, AR2000; 40 mm, 1°
cone) at a frequency of 1 Hz. The cone and plate
presented rough boundary conditions and home-
otropic anchoring to the LC molecules. All
samples with ¢ > 5% exhibited solidlike re-
sponses at low strain amplitudes (y) with plateaus
in both the storage (G') and loss (G") moduli
that are y-independent. The plateau moduli sat-
isfy G0/ Grae S 0.5; the behavior of the sam-
ple shown in Fig. 2A is typical. At¢ < 10%, the
plateau storage modulus (G'ax) is essentially
constant (Fig. 2B), staying at G, = Gy < 10?
Pa. Beyond ¢ = 10%, G’ () increases rapidly
with ¢, with a functional form that is consistent
with G'ax(9) — Go ~ (0 — 0)" with v=2.5+ 0.5
and ¢, = 0.12 = 0.01; data for three different
particle sizes collapse onto the same curve.

As the strain amplitude increases, both G’
and G" begin to drop, with the former dropping
faster than the latter so that they eventually cross.
Again, the behavior shown in Fig. 2A is typical.
The crossing may be taken as the point at which
a solidlike (G' > G") colloid-nematic composite
yields into a liquidlike state (G' < G"). It was dif-
ficult to obtain reliable values of the yield strain
(vc) at low ¢. Above ¢ ~ 0.1, vy, settles down to
values well below 1% (Fig. 2A), reaching y.~ 0.2%
at ¢ = 60%.

We also used theometry to probe the kinetics
of network formation. We shear-melted the gel
structure at a steady shear rate of 200 s ', then

expanses of a nematic LC. (B) At ¢ = 33%, the colloid structure is densely knitted around small nematic
domains. Scale bars, 20 pm.

REPORTS I

switched off the steady shear and monitored
the recovery of G’ and G" as a function of time
(Fig. 2C). Plotting G'(¢) against the logarithm of
elapsed time since the cessation of shear (Fig.
2D) shows a two-staged recovery of solidlike
behavior. Half of the recovery is fast, complete in
~10 s, then the process dramatically slows down,
with the rest of the recovery not complete for
another ~10° s. Both stages of the recovery, es-
pecially the much slower second stage, are linear
in this representation.

The rtheology data in Fig. 2B suggest that
there are two regimes of gel behavior: below and
above ¢ = 15%. To make sense of these two re-
gimes, we turn to confocal microscopy (performed
with the use of a Nikon TE300 inverted micro-
scope and a BioRad Radiance 2100 scanner at an
incident wavelength of 488 nm). The thickness of
the sample was ~100 um. Due to turbidity, we
could only image ~10 um into each sample.
We show images typical of the two regimes,
5% ¢ < 10% and ¢ 2 20%, respectively. A sam-
ple at ¢ = 6% shows disconnected clusters of
particles (Fig. 3A). These clusters do not show
any visible thermal fluctuations (Brownian mo-
tion). On the other hand, the sample at ¢ = 33%
shows a connected particle structure (Fig. 3B).
This qualitative change in the microstructure
presumably lies behind the change from approx-
imately constant G’ to a regime in which G’ in-
creases strongly with ¢.

To understand this transition from single clus-
ters to a space-filling network, we need to know
how the defect lines interact with the particles.
We performed extensive simulations of the be-
havior of defect lines interacting with multiple
particles (radius ) in a 3D box of volume (124)*
with periodic boundary conditions [see supporting
online material (SOM) for all algorithmic details].
We used a Landau-de Gennes model (4) at two
anchoring strengths, Wa/K = 15 and 30, brack-
eting our estimate of the upper bound of the
anchoring strength in our system Wa/K< 25. We
also studied a range of finite particle volume
fractions: 3% < ¢ < 30%. Particles move ac-
cording to a molecular-dynamics algorithm de-
fined on the basis of the elastic forces calculated
by integrating the LC stress tensor over their
surfaces. Thermal noise is also included, although
elastic forces dominate. The LC order parameter
relaxes to minimize the Landau-de Gennes free
energy, which consists of: (i) a bulk term favor-
ing nematic ordering in the bulk; (ii) a distortion
term penalizing splay, twist, and bend defor-
mations in n(r); and (iii) an anchoring energy
that favors normal anchoring of n at the particle
surface. The time scale of the relaxational dy-
namics is given by the rotational viscosity of the
LC. We typically started simulations from an
isotropic configuration quenched to the nematic
phase. We identify defect lines as regions where
the order parameter drops below 60% of its max-
imum bulk value.

The size of particle clusters that are entan-
gled by a single defect line increases with ¢. We
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quantify this by plotting the volume of defect
lines associated with the largest defect-entangled,
system-spanning cluster (normalized by the total
defect volume) as a function of ¢ (Fig. 4A). At
low volume fractions, ¢ < 5%, we see some iso-
lated particles supporting Saturn-ring defects.
Even at such ¢, the Saturn-ring defects on neigh-
boring particles can already merge to form en-
tangled point defects, giving rise to clusters of a
few particles, some of which can be linear or
planar (see Fig. 4B for an example). In the steady-
state configuration, clusters interact and hold each
other in place through long-range elastic dis-
tortions in the LC. This is confirmed by an inverse
quench into the isotropic phase, which releases
elastic forces and quickly leads to the dissolution
of the clusters.

A fully percolated defect structure emerges at
o = 15 to 20% (Fig. 4C, see also fig. S3 for
versions with the particles removed). Interesting-
ly, the volume fraction at which this occurs does
not depend much on anchoring strength for the
range we simulated. What is crucial is the nature
of the anchoring: We find that entangled defect
structures are not observed with planar anchoring
of the LC at particle surfaces.

These simulations throw light on our bulk
observations, rheological measurements, and mi-
croscopy images. First, our simulations allow us
to estimate typical energy barriers between states.
In particular, we find that an energy on the order
of 10% to 10*kgT is needed to form a dimer held
together by a defect line starting from separated
colloidal particles (see SOM). This is consistent
with our earlier estimate of an input of > 102kB T
in vigorous shaking to mix particles into nematic
5CB to prepare our samples.

Visually, both confocal microscopy and sim-
ulations find two aggregation regimes: isolated
clusters (Figs. 3A and 4B) and space-spanning
clusters (Figs. 3B and 4C). Our simulations sug-
gest that these clusters are held together by en-
tangled defects. In the simulations, the isolated
clusters at low ¢ hold each other in place by the
elastic interaction mediated by the LC, which we
take to be the origins of the finite storage mod-
ulus, G’y ~ 10* Pa, in our samples at ¢ < 10%
(Fig. 2B). The curdlike appearance of our sam-
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ples in the range 5% < ¢ < 20% is presumably
due to the presence of large clusters of this kind.

We associate the sharp change in rheological
properties observed at ¢ > 20% (Fig. 2B) with
the emergence of a system-spanning cluster held
together by percolated defect lines seen in simu-
lations at around the same particle concentration
(Fig. 4A). It has been known for some time that a
dense network of defect lines in a nematic LC
displays considerable elasticity (20), but without
permanent pinning centers, this elasticity decays
in a matter of days. In our case, the percolated
network pins the defects, and the elasticity lasts
indefinitely (years).

Quantitatively, we find that the measured
storage modulus for all particle sizes is given by

Groa(0) = Gy + G(0 — 0,)" (1)

with the prefactor G = 10°Pa = K /% [when K ~
107" N (21)]. A full theory for this behavior is
not yet available, but the relevant physics is
reasonably clear. First, note that the form of the
¢ scaling is ubiquitous in percolated systems,
which typically display a nonuniversal elasticity
exponent in the range 1.5 < v < 3.5 (22). Next,
to understand the prefactor, we first recall that
the elasticity of a network of defect lines with
mesh size & can be estimated by K/& (23). Thus,
it appears that the scale of elasticity in our system
G is set by defect lines packed at close to maxi-
mum possible density (one per /2). We expect
this to occur in the space between two particles
entangled by disclinations (Fig. 4, B and C). A
geometric argument (see SOM) then suggests
that in a close packed system of defect-entangled
particles (¢ = 0.64), the scale of the modulus is
indeed set by ~K/I2, independent of particle
size.

Finally, we turn to the kinetics of formation of
our gel. Figure 2C shows that the recovery of the
storage modulus is a two-staged process. Be-
cause our simulations show that this new form of
soft matter is dominated by disclinations, we sug-
gest that the kinetics of the initial, fast process are
controlled by the relaxation of stretched disclina-
tion lines, which is dependent logarithmically on
system size (24). Disclinations in a nematic LC

Fig. 4. (A) Fraction of percolated defects as a function of the colloid-packing fraction from simulations:
weak homeotropic anchoring (blue circles), Wa/K =~ 15; strong homeotropic anchoring (red squares),
WalK = 30; and planar anchoring (green triangles). The dotted lines denote a typical uncertainty (+SD).
(B) Snapshot of a configuration with a nonpercolated defect line at ¢ = 4%. (C) Snapshot of a con-
figuration with percolated defect lines at ¢ = 16%. In the snapshots, blue ribbons are defects, and

oranges spheres are particles.
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with properties very similar to SCB confined to
~107 um, which is the order of magnitude of the
gap size in our cone-plate theometer, relax with a
characteristic time of ~10 s (24), in good agree-
ment with the location of the cross-over to a
second process in our data (Fig. 2D). The latter is
presumably due to the much slower relaxation of
entangled disclination line in a disordered particle
environment (8). It is known that the motion of
defects in systems where they can be pinned into
favorable metastable configurations by frozen-in
disorder generically gives rise to kinetics with
log(?) scaling (25). More interestingly, dynamics
controlled by log(#) were also found in a model of
a self-quenched glass (26).

Particles can also organize defects in 3D in
other LC mesophases; for example, in a choles-
teric, particles can act as nodes in a network of
disclinations, even at ¢ — 0 (23). But in the ne-
matic, which is the least ordered of all meso-
phases, we never observed isolated clusters linked
by long defect lines in our simulations. Arrested
states due to 3D entangled defects associated
with particles in other mesophases remain to be
discovered and characterized. Our entangled-
defect colloidal gel (Fig. 1A) should also be care-
fully distinguished from the kind of foamlike soft
solids previously made by quenching a disper-
sion of PMMA patrticles in the isotropic phase of
5CB to below Ty (7). The latter relies on totally
different physics: particles being jammed at (and
therefore stabilizing) the interfaces between ne-
matic domains, and a near analog being the
“bijel” (1, 27) (though the fact that the relevant
order parameters are nonconserved and conserved,
respectively, in LCs and binary liquids imposes
interesting differences).

To summarize, we have dispersed hard-
sphere colloids in thermotropic liquid crystals
over a wide range of volume fractions. We find
that beyond some critical volume fractions, ¢, ~
12%, the elasticity of the samples increases rap-
idly, and the storage modulus exhibits power-law
behavior G' ~ (¢ — ¢¢)*> . At high ¢, the mate-
rial yields at a strain of ~0.1%. Simulations sug-
gest that we have prepared a defect-entangled
gel in which the rigidity is due to a percolating
network of disclination lines entangled with the
particles.

Our material has conceptual similarities with
vortex glasses in type Il superconductors (9),
where preexisting, static impurities pin vortex
lines. Liquid crystals in random porous media (&)
form a “soft matter analog” of such vortex glasses.
However, in our case, the particles (pinning cen-
ters) generate the defects, and the collective mo-
tion of the defects and particles spontaneously
organize each other into a jammed percolating
network. Such a self-quenched glass of line de-
fects, where the dynamical arrest does not orig-
inate from any intrinsic (quenched) disorder but
arises from geometric constraints on the coupled
motions of the interacting particle-disclination sys-
tem (28), invites comparison with more tradition-
al self-quenched glasses (29), especially structural
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glasses of various kinds. Finally, we note that the
very slow log(7) long-time aging of the storage
modulus is reminiscent of similar stretched dy-
namics in systems with quenched (9) or self-
induced (26, 28) disorder.
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Adaptation to Climate Across the
Arabidopsis thaliana Genome

Angela M. Hancock,® Benjamin Brachi,? Nathalie Faure,? Matthew W. Horton,*
Lucien B. Jarymowycz,* F. Gianluca Sperone,* Chris Toomajian,® Fabrice Roux,? Joy Bergelson™*

Understanding the genetic bases and modes of adaptation to current climatic conditions is essential
to accurately predict responses to future environmental change. We conducted a genome-wide scan
to identify climate-adaptive genetic loci and pathways in the plant Arabidopsis thaliana. Amino
acid—changing variants were significantly enriched among the loci strongly correlated with climate,
suggesting that our scan effectively detects adaptive alleles. Moreover, from our results, we successfully
predicted relative fitness among a set of geographically diverse A. thaliana accessions when grown
together in a common environment. Our results provide a set of candidates for dissecting the molecular
bases of climate adaptations, as well as insights about the prevalence of selective sweeps, which has

implications for predicting the rate of adaptation.

limate change has already led to altered
distributions of species, phenotypic vari-
ation, and allele frequencies (/-5), and
the impact of changing climates is expected to
intensify. The capacity to respond to changing

Fig. 1. Enrichment of amino
acid—changing SNPs (red), syn-
onymous SNPs (green), and in-
tergenic SNPs (yellow) in the
1% tails of the distributions for
(A) climate overall (using a rank
statistic based on the minimum
rank across climate variables) and
(B) for each individual climate
variable. Enrichments shown are
relative to the proportion of each
class of SNPs in the genome
overall. Gray dots show the dis-
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climate is likely to vary widely as a consequence
of variation among species in their degree of
phenotypic plasticity and their potential for ge-
netic adaptation (6), which in turn depends on the
amount of standing genetic variation and the rate

* R * * %

at which new genetic variation arises. Arabidopsis
thaliana is an excellent model for investigating
the genetic basis and mode of adaptation to cli-
mate owing to the extensive climatic variation
across its native range, as well as the availability
of genome-wide single-nucleotide polymorphism
(SNP) data among a geographically diverse col-
lection. We examined the correlations between
107 ecologically important phenotypes in 4. thaliana
(7) and 13 climate variables that represent extremes
and seasonality of temperature and precipitation,
photosynthetically active radiation (PAR), rela-
tive humidity, season lengths, and aridity (figs. S1
to S4). We observed strong correlations between
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tribution of results of 1000 per-
mutations. The gray line shows
the expected enrichment under
the null hypothesis of no en-
richment. Enrichments that are
significant relative to permuta-
tions are denoted by asterisks.
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