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to record the responses from individual layer 2,/3
pyramidal cells together with their presynaptic
partners in different cortical layers. Presvnaptic
cells within lavers 2/3 and 4 {and, to some ex-
tent, layver 5) are tuned similarly for motion di-
rection and orentation, forming layer-specific
functional modules. The preferred direction
and orientation of different layver modules can
be aligned, resulting in presyvoaptic networks
that are “feature-locked,” or can be shifted rela-
tive to each other, giving rise to “feature-variant™
netwaorks (Fig. 40

The existence of feature-locked and feature-
varant networks may explain why some studies
found more varability than others in the tuning
of dendritic input sites of layer 2/3 pyramidal
cells (F-8) and may suggest that varability is
likely due to inputs from deeper cortical lavers.
The combination of distinet layer modules in
feature-variant networks is consistent with pre-
vious studies in brain slices showing cross-talk
between different subnetworks in layer 2/3 and
layer 5 {18, 19). In the visual cortex, the strength
of connections among neurons correlates with
similarity in visual responses (200, raising the
possibility that feature-locked networks have a
higher density of strong connections compared
with featiive-varant networks. Also, whether dif-
ferent subtypes of cortical internewrons (27, 23)
are differentially represented in feature-locked
and feature-variant networks remalng an open
guestion. Finallv, it will be interesting to test
whether postsynaptic cells in feature-locked and
feature-varant networks exhibit different pop-
ulation coupling strengths (23).

What could be the role of feature-variant
presynaptie networks? One possibility s that
feature-variant networks are plastic. Top-down
modulation or learning (24) could foree the pre-
ferred direction and orlentation of layer modules
to align, resulting in a transition from a feature-
variant to a feature-locked network. This recruit-
ment of relevant etrenits could allow mode robiist
feature representations of behaviorally impor-
tant stimuli. Another possibility is that variant
laver modules enhanee responses of the post-
svnaptic cell during object motion. Approaching
and receding objects, for example, have edges
moving in different directions. Some of these
edges may stimulabe inputs from deeper lavers,
which are not strong enough to drive responses
of the postsynaptic eell alone but could boost
responses of the postsynaptic cell to an edge
moving in its preferred direction. Indeed, re-
sponses to combinations of orientations have
been demonstrated in primate Y2 (25
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BERAIN STRUCTURE

Cortical folding scales universally
with surface area and thickness, not

number of neurons

Bruno Mota® and Suzana Herculano-Howee]*?*

Larger brains tend to have more folded cortices, but what makes the cortex fold has
remained unknown. We show that the degree of cortical folding scales uniformly across
lissencephalic and gyrencephalic species, across individuals, and within individual cortices
as a function of the product of cortical surface area and the square root of cortical
thickness, This relation is derived from the minimization of the effective free anergy
associated with cortical shape according to a simple physical model, based on known
mechanisms of axonal elongation. This model also explains the scaling of the folding index
of erumpled paper balls. We discuss the implications of this finding for the evolutionary and
developmental origin of folding, including the newfound continuum between lissencephaly
and gyrencephaly. and for pathologies such as human lissencephaly.

he expansion of the cerchbral cortex, the
maost obwdouws feature of mammalian brain
evolution, is generally accompanied by in-
ereasing degrees of folding of the cortical
surface into sulel and gyri (7). Cortical fold-
ing has been considered a means of allowing
numbers of neurons in the cercbral cortex to
expand bevond what would be possible in a
lissencephalic cortex, presumably as the cortical

sheet expands laterally with a constant number
of neurons beneath the surface (2, 33 Although
some models have shown cortical eonvolutions
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to form as a result of eortical growth (4, 5), the
miechanisms that drive gyrification remain to be
determined, and the ficld still lacks a mechanis-
tie amd predictive, quantitative explanation for
how the degree of cortical folding scales across
species, Moreover, recent svstematic analyses of
cartical folding have made elear that gyrification
actually seales differently across mammalian or-
ders, acrass clades within an order, and acrass
individuals as a funetion of increasing brain vol-
ume (§-9), These apparent discrepancies have
led to the view that different mechanisms must
regulate cortical folding at the evolutionary, species-
specifie, and ontogenetic levels (7L

We undertook a systematic analysis of the var-
tation in cortical folding across a large sample of
mammalian species in search of a universal, uni-
fving relationship between cortical folding and
muorphological properties of the cerchral cortex.
We examined two data sets: our own, which in-
cludes numbers of cortical neurons and cortical
surface arcas (J0-27), and another consisting of
published data on cortical surface anea, thickness,
brain volume, and folding index, but not numbers
of cortical neurons (7, 22-24) (table S1).

In the combimesd data set, there is a general
correlation betwoeen total brain mass and the
diegree of cortical folding, and the two data sets
overap in their distribution (Fig. 1A, compare
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Fig. 1. Scaling of cortical folding index and total cortical surface area.
Diata poirbs in black are taken frorm the ierature: pomts in colors ara from our cwn
data set, except for cetaceans. (A 1o E) Folding index scales across all pyrencephalic
species inthe combined data sets as power funchions of (&) brain mass, with
exponent 0221 + 0.018 ¢F = 0751, P = 0.0001): (B) number of cortical
neurans, with exponent 0168 + 0032 (2 = 0573, P < 00001 nat plotted);
(D) total cortical area, with exporent 0.257 + 0.014 (r® = 0B72, P = 0.0001);
ard (E)} average cortical thickness, with a ronsigniicant exponent [rz =
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black and colored data points). However, the
power function that relates the folding index of
gyrencephalic species to brain mass has a fairy
low ~ amd a 95% confidence interval that ex-
cludes many species (Fig. 1A). Striking and well-
known outliers in this relationship are cetaceans
{as a whole) and the manatee, but the capyvbara,
the greater kudu, and humans also lie outside of
the confidence interval (Fig. 1A) This indicates
that eortical folding is not a homogeneous fune-
tion of brain mass,

Although all cortical hemispheres with fower
than 30 million neurons are lisseneephalie in our
data set, and the correlation between folding in-
dex and number of neurons is significant across
gyrencephalic species (Spearman correlation, p =
0.7741, F = 0.0001), the degree of gyrification is
much larger in artiodactyls than in primates for
similar numbers of eortical newrons (Fig. 18} Ad-
ditionally, the elephant cortex is about twice as
folded as the human eortex, although the former
has only about one-third the number of newrons
found in the latter (Fig. 18, “e" amd “h"). The cor-
tical surface area across species expands sublin-
early with the number of cortical neurons in
primates and supralinearly in other species (Fig.
ICL As a consequence, the average number of
neurons per mm? of cortical surface is highly
variable across species, ranging in our data set
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fromm 10,752 in the African elephant {25) to 138,606
in the squirrel monkey (300 Cortical expansion
and folding are therefore neither a divect conse-
quenee of inereasing numbers of newrons nor a
requirement for inereasing numbers of neurons
i the cortex.

In comparison to the poor fit between folding
irvdew and todal brain mass (Fig, 1A), a better fit is
found for total surface area of the cerebral cortex
in the two data sets (Fig. 10, In this case, there is
better overlap across afrotherians, glines, primates,
anil articdactyls, although cetaceans, the manates,
and humans are still major outliers. Interest-
ingly, all species with a cortical surface area be-
low 400 mm® are lissencephalic in the two data
sets, Similardy, all species with average cortical
thickness below 12 mm are lissencephalie, but
the folding index does not vary as a signifi-
cant power funetion of cortical thickness across
gvrencephalic species (Fig. 1E).

The folding index shows a sharp inflection be-
tween smooth and gyrated cortiees, so it is unlikely
that a universal model in terms of this variable
alone could be derived. Because the folding index
is the ratio of total surface area A to exposed swr-
fare area Ap, wie next examined directly bow A
scales with Ay (Fig, 1F)L Inthe combined data sets,
fior the species with small A; (<400 mm®) theee is
no folding, such that Ap equals A (Fig 1F, green
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0.054, P = 0.1430; not plattad). (2) Tetal cortical surface area of the cerabral
cortex seales across primate species with an exponant of 0.911+ 0083 ¢~ =
0938, P = 0.0001) and across nonprimate species with an exponent of
0882 P = 0.0001). (F) Total cortical surface area varies
across lissencephalic species as a linear function of the exposed surface
area, but as a power function with an exponent of 1.242 = 0018 across
noncetacean gyrencephalic species (r? = 0982, P < 0.0001). Dashed lines
are 95% confidence intervals for the fitted functions.
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Line). This linear relationship extends to the man-
atee cerebral cortex, even though its A is much
larger than 1000 mm®. In contrast, for all non-
A s o2 0602, P o< 0.0001), significantly
above linearity (Fig. 1F, red line), meaning that as
total surface area increases, it becomes increas-
ingly folded. Cetaceans fall above the 95% confi-
denee interval of the function, which indicates
that these cortiees are more folded than sim-
ilarly sized cortices in noncetaceans.

The finding that A scales as a power law of Ay
means that gyrification is a property of a cortical
surface that s self-gimilar down to a fundamental
scale (the limit area between lissencephaly and
gyrencephaly). This strongly suggests the existence
of a single universal mechanism responsible for
cortical folding (the alternative being some im-
prabable multiseale fine-tuning) that over a range
of scales generates self-similar, or fractal, surfaces.

Fractals can be characterized by the power-law
scaling hetween intrinsic and extrinsic measures
of an object’s size, such as 4, and Ay In this case,
the fractal dimension & of the cortical surface is
twice the value of the exponent relating Ay to Ag
(given that Ap in tumn seales with the square of
the linear dimension of the cortex). Given that
Ag seales with A5 gerags noncetacean
gvrencephalic brains, then o = 2484 + 0.036.
This value is remarkably close to the fractal di-
mension 2.5 of erumpled sheets of paper (25),
which are fractal-like self-avoiding surfaces thin
enough to fold under external compression while
maintabning structural integeity.

Empirically, we coneeive the fractal folding (or
lack thereof) of the cortical surface as a conse-
guenee of the minimization of the effective free
energy of a self-avoiding surface of average thick-
ness T that boumds a volume composed of fibers
connecting distal peglons of sald surface, Our
model incorporates the known mechanies and
organization of elongating axonal fibers (26, 27),
as described in the supplementary materials, [E
predicts that from a purely physical perspective,
A Ap, and Tare related by the power law 7924, =
Kdg™ . (The exponent 5/4 is the only value for
which the constant & is adimensional.)

We first tested whether our model based on
the minimization of the effective free energy of a
selfavoiding surface could explain the well-known
fractal folding of a self-avoiding surface: paper.
We examined how the exposed surface area of
crumpled paper balls, Ap, seales with increasing
total surface area, Ay, and thickness, T, of office
paper (in this case, under forees applied exter-
nally by the experimenter’s hands). As shown in
Fig. 24, Ay = A5 por crumpled single
sheets, a value similar to that for gyrencephalic
cortices. Increasing 1™ (by stacking sheets before
crumpling) displaces the curves to the fght (Fig.
24 but leaves their slope largely unaltered, re-
sulting in similar-looking bat less folded paper
balls (Fig. 2B). However, the product 7924 varies
proportionately ta A" "™ ag a single, uni-
versal power function across all paper balls of
different surface areas and thicknesses (Fig, 20,
as predicted by our model This conformity indi-

T8 2 JULY 2005 « VOL 3490 ISSUE 6243

cates that the coarse-grained folding of a sheet of
paper subjected to external compression depends
simply on a combination of its surface area and
thickness.

We nest examined whether our model predicts
the folding of the mammalian cerebral cortex by
plotting the product T4 as a function of Ag for
the combined data sets. This yvielded a power
function with an exponent of 1329 + 00014, with
a very high +* of 0.996 for the noncetacean
gyrencephalie species in the combined data sets
(Fig. 34, red line). Note that this function, although
caleulated for gyreneephalic species, overlaps with
lissencephalic species. Including lissencephalic
species (but still excluding cetaceans) actually
improved the fit, with +* = 0998, and vielded an
exponent of 1305 + 0,010, which is clase to the
expected value of 125, Adding cetaceans to the
analysis resulted in a small change of the fit (Fig.
3A black line). Remarkably, the function fitted
exclusively for lisseneephalie species also predicted
the relationship between TV and Ag in
gyrencephalic species (Fig. 34, goeen line)—and
spectes such as the manatee and other afmtherians
are no longer outliers.

Given the theoretical relation %4, = k4™,
it follows that lissencephalic spectes (for which
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Ag = Ag) are those that meet the condition T =
KA. In contrast, all species for which T = 4,
are predicted to be gvrencephalic, with A = Ag
{the alternative where T'= E45" would result in
Ag = Ap, which is geometrically impossible).
Indeed, in the combined data set, we find that
T A 00 e 000001 across lissencephalie
species (Fig. 3B, green line). All gyrencephalic
specics data points fall to the right of the lis-
sencephalie distribution; that is, their 4; values
are larger than predicted for a cortical thickness
that would allow lissencephaly. The precise rela-
tionship between T"and Ay across gyreneephalie
species differs across orders, with a much smaller
exponent for primates than for artiodactyls (Fig.
3B, red and pink lines). Thus, within the single
universal relationship that deseribes cortical ex-
panskon, there is a transition point between smooth
and folded cortices: Gyrencephaly ensues when
Ag expands in area faster than 7% For gyrence-
phalic species, the rate of expansion of cortical
thickness relative to expansion of the cortical
surface varies across orders, but the product
TV 4 still varies as a universal function of 4,4
to A"

We also found the same universality between
the product T4, and A across coronal sections

Fig. 2. The degree of folding of crumpled paper
balls is a function of surface area and thickness
as predicted by our model. (A} Relationship
betwesn total surface area of A4 ta 411 sheets af
affice paper and the expased surface area of the
crumpled sheet of paper, with a powear function of
expenent 1234 = 0033 for a single sheet of thicknass
01 mm. (B) Increasing the thickness of the paper to
be crumpled by stacking two bo eight sheets dis-
places the curves ta the nght, that is, decreases
the falding index of the resulting paper balls. (C)
Howewar, all crumpled paper balls of varying tatal
surface area and thickness exhibil the sarme rela-
tianship, with the product TV247 varying propar-
tianatehy to A, 05002 02— mags B 00001, Colar
gradations corraspond to thickness in millimeters,
as shown in each panel.
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along the anteroposterior axis of the cortical hemi-
sphere of a sngle individual, of different individ-
uals, and even different species ranging from small
rodents to human and elephant (fig. 51).

The finding that Ay scales across all lissen-
cephalic and gyrencephalic mammals (and even
across species usually regarded as outliers such
as the manatee and eetaceans) as a single power
law of 7724 5 indicates that gyrification is an in-
trinsie property of any mammalian cortex. Further,
because the degree of folding can be deseribed
by the simple equation generated by our model
{which also applies to erumpled sheets of paper),
folding must oecur as it minimizes the effective
free energy of the cortical surface. Folding is
therefore an intrinsic, fractal property of a self-
avoiding surface, whether biological or not, sub-
Jected to crumpling forees. As such, this scaling
of cortical folding does not depend on numbers
of neurons or how they ave distributed in the
cortical sheet, but simply on the relative lateral
ecxpansion of this sheet relative to its thickoness,
regardless of how densgely neurons ave distrib-
uted within it

The finding that cortical folding scales univer-
sally across clades, species, individuals, and parts
of the same cortex implies that the single mecha-
nisim based on the physics of minimization of
effective free energy of a growing surface subject
to inhomogeneous bulk stresses applies across
cortieal development and evalution. This is in stark
contrast to previous conclugions that different
mechanisms regulated folding at different lev-
els (7); such conclusions may reflect the tradi-
tional emphasis on the relationship between
folding degree and brain volume (1, 8), which is
indeed diverse across orders, across species, and
across individuals of a same species (6, §). Also,
the depemdence of cortical folding on a simple
mmbination of A; and T implies that any al-

Fig. 3. The degree of folding of the mammalian
cerebral cortex is a single function of surface area
and thickness across lissencephalic and gyrence-
phalic species alike, although thickness scales
as order-specific functions of cortical surface area.
(A} The praduct TVZA,; varies with AgL329 008 2 -
0996, P < 0.0001) across noncetacean gyrance-
phalic species in the combined data set {red line),
with Apt32S 0009 ¢ 2 = 1 887 P2 Q0001 k = 0157 +
0.012) across all species (including cetaceans, black
line), and with AZEF500T 02 o Daad P e 00001)
acrass lissancephalic spaces alane (graan line). Nota
that the furction plotted far lissencephalic species
predicts the product TYZ4, for gyrencephalic species
egually wall as the functions plotted for gyrencephalic
species themselves. (B) Cortical thickness varies
with cortical surface area A0 590063 (2 nogg pe
0.0001) across lissencephalic species in the com-
bined data set (green ling), but with 4521500025 (F =
0703, P = 0.0001) across primates (red ling), and with
ABINO0R (2 - nede P o= [0185) across artio-
dactyl species (pink line). Al fits exclude cetaceans.
Dashed lines indicate the 95% confidence intervals
far the fitted functaons.
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terations, such as defects in cell migration, that
lead to inereased T or decreased A (or both) are
expected to decrease cortical folding, exactly as
found in human pathologieal lissencephaly (28).
This might also be the case for the lissencephalic
brain of binds, where a very thick telencephalon
of small surface area surrounds the subpallial
structunes.

Finally, our findings indicate that cortical fold-
ing did not evolve, in the sense of a new property
spectfic to some clades but not others. Similarly,
there is no such thing as “secondary lissencephaly”
{29, nor are there two clusters of gyrencephaly (9).
Rather, what has evalved, we propose, 15 a faster
inerease in Ag relative te T2 in development—
and at different rates in different mammalian
clades, which thus become gyrencephalic at dif-
ferent functions of Ag or different numbers of
NELrDNnS,

Remarkably, there is no a prion reason for
lissencephaly, considerng that A, and T ulti-
mately result from different biological processes:
lateral expansion of the progenitor cell popula-
tion for 4 g, radial neurogenesis and cell growth
for T (300 Similarly, there is no a priod reason
for the cortex to become gyrencephalic onee past
a certain surface area—unless the rate of (lateral)
progenitor cell expansion inevitably outpaces
the rate of (radial) newrogenesis at this point,
which apparently ocowrs typacally when g reaches
400 mm®. We propose that, starting from the ear-
lbest and smallest (and smooth) mammalian brains
(31, the cortical surface initially scaled isometri-
cally, with 4 = 7% Gyreneephaly ensued in each
clade as soon as this lockstep growth changed,
with Ag now increasing faster than 72 Prob-
able mechanisms involved ave those that con-
trol the mate of newrogenesis and inereases in
cell size relative to the rate of progenitor and
intermediate progenitor cell proliferation in
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early cortical development. Rapid increases in
numbers of intermediate progenitor cells would
lead to gyrencephaly, although not throwgh the gen-
eration of larger numbers of neurons, as previ-
ously thought (7, .30, 32, but rather through the
simple lateral expansion of the resulting cortical
surface area at a rate faster than the cortical
thickness squared.

REFEREMCES AND NOTES

1. M. A Holan, Brak Behav. Evel. 27, 28-40 {1985).

2. A ) Rockel, R W. Homns, T. P. Powel, Braw 103, 221-244
{198},

3. F. Rakic. Trands Newvosod 18, 3B3-383 (1995)

. R Toro, Y. Burnod, Cersh, Corter 15 1900-1913 (Z00G).

5. T. Talliren, 1. Y. Chung, 1. 5 Biggins. L Mahadevan, Proc. Matl
Acad S LEA. I 1266712672 (2004)

6. K Zilles, M. Palomerc-Gallagher, K. Amunls, Trands Neoeese,
36. 275284 (2013}

7. E. Lewibus, |. Kelava, 'W. B, Huttner, Froal. Hurm. Neweso 7,
A24 [2013).

8. F. Pillzy, P. B. Manger, Eur. ). Neavpsol 26, 2005-2712
[2007)

9 E. Lewitus, | Keliva A T Ralinka, P. Tomancak, W. B. Hubtrer,
FLOS Bl 12, el002000 (Z004).

100 F. & . Azevedo et &), 4 Comg. Meurad, 513, 532-541
(2009,

1L M. Gabi e &, Brain Bahsy, Evol 6, 32-44 (2010}

12. 5. Hertdana-Houzel, B, Mota, B. Lent. Proc. Nall Acsd 5ol LLEA
ME 12L3B-12143 {Z00a)

13. 5. Herculano-Houzd, C. E- Coling. P. Worg. J. H. Kaas,
Froc, Nall Acad, S UEA. 104, 3562-3567 (2007).

14. 5. Herculana-Houze eF ol Brain Sehey Eved. TB, 302-314
(2001

15. 5. Hefeidang-Houze b 4l Froaf. Neuroeoat. B, 26 (2014).
R 5 Katu, J. Madonade, B. Mota, P. B, Marger,
5. Herculana-Houzd, Front. Neurosnat. B, 125 (2014).

17 K. Mewves &f af., Franl. Newvoanal B 5 (2014).
o
5

.

. K. Sarke, K. C. Catania, 0. B. Leitch, J. H. Kaas,

. Hereulana-Houzel, Front. Meurasnat. 3, B (2009).

19 5. Herculano-Heued, B Mota, P Wong, ). HL Kaas, Proc Natl
Acad Sei USA. 107, 19008-19013 (010

200 L Venlura-frbures, B Mota, 5. Herrulane-Houzel, Front Mecroanst.
7. 3{2013)

Z1. P F. ML Ribeiro éf af., Frant. Wewrcanal. 7, 28 (2013).

22, H. Hias. D. Scfrmantz. £ Saupeliorkd. 36, 147-163 {1971).

23. R L. Reep, T. 1. O'Shea, Bran Befiav. B 35, 185-194
{1290}

24. T. M. Mayhew, G. L. Mwamengele, ¥. Dankzer, 5. Willams,
1. Anal. 188, 53-58 {1996).

25. Y. Kanter, M. Kardar, D. R. Helson, Phys Rev 4 35, 30563071
{1987,

26. DL H. Smith, Frog. Newodvol 88, 231-239 {2009).

27 0. H. Smith, 1 A Well, OUF. Mesney. Tissue Erg. 7, 131-139
{2001).

28. 5 E. Hang ef af, Nat. Genel. 26 93-06 (2000).

29 |. Kelava, E Lewilus, W, B. Hultner, Fronl. Newroanal. 7, 18

{2013),

300 H. L, DUY. Hangen, A B, Kriegstein, Cof 146, 13-35
{2001}

3L T. B Rowe, T_E. Macrini, . X, Luo, Sekenee 332, 955-957
{20113

32, 1. Reillo, T de Juan Romeno, M. A Garcia-Caberas, W. Borrell,
Cereh, Coten 21 1674-1654 {2011).

ACKNOWLEDGMENTS

Supported by Corselha Macianal de Desenvolviments Centifico &
Teenclgico. Fundagio de Amparo & Pesquisa oo Estadn o Rio de
Lareire, INCT/MCT, and the James 5 McDonnal Fownelation. Data

reported in the paper are presented in the supplementary materiss

SUPPLEMENTARY MATERIALS
WA SRR Org enk enl 340 /624374 suppl/DCL
Matprialy and Methods

Tahike 51

Ralerences {33-35)

13 February 2015 acceped 11 May 2015
10,1126 seinnce 50101

3 JULY 2015 « VOL 349 1S5UE 6248 7Y

EFTA01190688



Cortical folding scales universally with surface area and thickness,
not number of neurons

Bruno Mota and Suzana Herculano-Houzel

) Science 349, 74 (2015);

AVAAAS DOI: 10.1126/science.aaa9101

This copy is for your personal, non-commercial use only.

If ruu wish to distribute this article to others, you can order high-quality copies for your
colleagues, clients, or customers by clicking here.

Permission to republish or repurpose articles or portions of articles can be obtained by
following the guidelines here.

The following resources related to this article are available online at
www.sciencemag.org (this information is current as of August 24, 2015 ).

Updated information and services, including high-resolution figures, can be found in the online
version of this article at:

http:/f'www.sciencemag.org/content/349/6243/74 full _.html

Supporting Online Material can be found at: _
http:/fwww.sciencemag.org/content/suppl/2015/07/01/349.6243.74.DC1 .htm|

fA Iiﬁ}:l of selected additional articles on the Science Web sites related to this article can be
ound at:

http:/f'www.sciencemag.org/content/349/6243/7 4 _full.html#related

This article cites 37 articles, 10 of which can be accessed free:
http:/fwww.sciencemag.org/content/349/6243/7 4.full .html#ref-list-1

This article has been cited by 1 articles hosted by HighWire Press; see:
hitp://www.sciencemag.org/content/348/6243/7 4. full.html#related-urls

This article appears in the following subject collections:
Meuroscience _ _
http:/fwww.sciencemag.org/cgi/collection/neuroscience

Downloaded from www.sciencemag.org on August 24, 2015

Science (print ISSN 0036-8075; online I1SSN 1095-89203) is published weekly, exc%ﬁ the last week in December, by the
American Association for the Advancement of Science, 1200 New York Avenue NW, Washington, DC 20005. Copyright
2015 by the American Association for the Advancement of Science; all rights reserved. The title Science is a

registered trademark of AAAS.

EFTA01190689



