
mortality. In stark contrast, 95% ofworkers treated
with S. invicta venom solution followed by formic
acid solution survived (Wilcoxon: c2 = 25.4, df =
1, P < 0.0001) (Fig. 3C). Thus, formic acid ap-
pears to be the compound responsible for detox-
ifying S. invicta venom.

How formic acid renders fire ant venom non-
toxic is unresolved. Five principal piperidine alka-
loids (2,6-dialkylpiperidines) and some of their
stereoisomers primarily make up S. invicta venom
(10). Suspended in this are small amounts of
proteins (approximately 1% of the total), primar-
ily the enzymes phospholipase A and hyaluroni-
dase (17). The insecticidal properties of S. invicta
venom derive directly from its alkaloids (13). How-
ever, associated enzymes function as cell mem-
brane disruptors (18) andmay be critical for gating
alkaloids through intercuticular membranes and
cell walls. Formic acid denatures these enzymes.
This indirect effect seems the most likely detoxi-
fication mechanism. It is unknown whether formic
acid alters the bioactivity of the alkaloid fraction.

N. fulva and other formicines use formic acid
as a chemical weapon because it is highly caustic.
Self-applying formic acid is thus costly, favoring
selectivity in the expression of the detoxification
behavior. We evaluated the specificity of detox-
ification expression by measuring its intensity
after interactions with S. invicta versus after inter-
actions with a series of seven test species that
employ defensive compounds in interspecific
conflicts. In vials, two-on-one interactions (test spe-
cies versus N. fulva) were staged, ending when
test ants applied defensive compounds toN. fulva
(14). After chemical conflict with any test species,
N. fulva workers performed significantly more
detoxification behaviors than they did when there
was no conflict (Fig. 4 and table S1). However,
after chemical conflict with S. invicta, N. fulva
workers performed the detoxification behavior
with much higher frequency than after conflict

with any other species (Fig. 4 and table S2). In
fact, the median detoxification response after
conflict with S. invicta was performed 6.7 times
more frequently than the average response after
conflicts with non–fire ant species. Curiously,
detoxification behaviors were not unusually ele-
vated after exposure to S. richteriworkers, a close-
ly related South American fire ant.

N. fulva and S. invicta share an evolutionar-
ily ancient interaction. Although it is broadly
expressed after chemical conflicts, the intense
expression of detoxification behavior appears
specific to interactions with S. invicta. We sug-
gest that the behavior of N. fulva of applying
toxic formic acid to its own cuticle may consti-
tute an adaptation to competition with S. invicta
in South America. In some South American ant
assemblages, N. fulva is dominant to S. invicta
but subordinate to species below S. invicta in the
assemblage dominance hierarchy (8). This in-
transitive interaction, rare in ant assemblages, may
be a hallmark, from their ancestral range, of this
competitor-specific defensive adaptation.

The use of defensive compounds to achieve
competitive dominance is widespread and amaz-
ingly varied in ants (19, 20). Particularly potent
defensive chemistries can even protect native spe-
cies from extirpation by dominant invaders (21).
However, achieving competitive dominance by self-
applying a chemical as an antidote to a compet-
itor’s venom is remarkable. The ability ofN. fulva
to detoxify fire ant venom is probably a key fac-
tor contributing to the ecologically important
population-level displacement of imported fire
ants by N. fulva that is underway in areas of the
southern United States (11).
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Resurrecting Surviving Neandertal
Lineages from Modern Human Genomes
Benjamin Vernot and Joshua M. Akey*

Anatomically modern humans overlapped and mated with Neandertals such that non-African humans
inherit ~1 to 3% of their genomes from Neandertal ancestors. We identified Neandertal lineages
that persist in the DNA of modern humans, in whole-genome sequences from 379 European and
286 East Asian individuals, recovering more than 15 gigabases of introgressed sequence that spans
~20% of the Neandertal genome (false discovery rate = 5%). Analyses of surviving archaic lineages
suggest that there were fitness costs to hybridization, admixture occurred both before and after
divergence of non-African modern humans, and Neandertals were a source of adaptive variation for loci
involved in skin phenotypes. Our results provide a new avenue for paleogenomics studies, allowing
substantial amounts of population-level DNA sequence information to be obtained from extinct groups,
even in the absence of fossilized remains.

Hybridization between closely related spe-
cies, and the concomitant transfer or in-
trogression of DNA, is widespread in

nature (1, 2). In hominin evolution, the sequenc-

ing of Neandertals (3) and their sister lineage,
Denisovans (4, 5), provided evidence for introgres-
sion of these lineages into modern humans. Spe-
cifically, ~1 to 3% of each non-African human

genome is estimated to have been inherited from
Neandertals (3, 5). Although initial inferences of
introgression between Neandertals and hu-
mans may not have been robust to alternative
explanations—most notably, archaic population
structure (3, 6)—subsequent analyses have pro-
vided evidence for gene flow (7–9).

We hypothesized that a substantial amount
of the Neandertal genome may be recovered from
the analysis of contemporary humans despite the
limited amounts of admixture, as introgressed se-
quences may vary among individuals (Fig. 1A).
Coalescent simulations for a broad range of ad-
mixture models suggest that 35 to 70% of the
Neandertal genome persists in the DNA of present-
day humans (figs. S1 and S2) (10). By identifying
Neandertal sequences from a large sample of
modern humans, we hope to discover surviving
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lineages that may come from multiple archaic
ancestors (Fig. 1A), allowing for the recovery of
population-level data.

To identify surviving Neandertal lineages, we
developed a two-stage computational strategy (fig.
S3) (10). First, we identify candidate introgressed
sequences by using an extension of a previously
developed summary statistic referred to as S* (11),
which is sensitive to the signatures of introgres-
sion (Fig. 1B) and is calculated without using
the Neandertal reference genome. We performed
coalescent simulations for a wide variety of de-
mographic scenarios and found that our imple-
mentation of S* can distinguish introgressed from
nonintrogressed sequences (Fig. 1C and fig. S4).
Second, we refine the set of candidate introgressed
sequences using an orthogonal approach by com-
paring them to the Neandertal reference genome
and testing whether they match significantly more
than expected by chance (10). We estimate that
the use of S* alone, as compared to our two-staged
approach, would recover ~30% of Neandertal

lineages at a false discovery rate (FDR) = 20%
(fig. S5) (10).

We applied this framework to whole-genome
sequences from 379 Europeans and 286 East
Asians from the 1000 Genomes Project (table
S1) (12). Specifically, we calculated S* in 50-kb
sliding windows (tables S2 to S8) (10) and used
a computationally efficient approach to determine
statistical significance through coalescent simu-
lations (fig. S6) (10). At an S* threshold corre-
sponding to P ≤ 0.01, we identified ~40 Gb of
candidate introgressed sequence. Note that S* P
values are robust to demographic uncertainty (fig.
S7). The distribution of Neandertal-match P val-
ues for this set of candidate introgressed sequences
(Fig. 1D) demonstrates a strong skew toward zero,
consistent with the hypothesis that these sequences
are strongly enriched for Neandertal lineages.
The distribution of Neandertal-match P values
for sequences that do not possess significant evi-
dence of introgression, as revealed by S*, is ap-
proximately uniform (Fig. 1D) (10), indicating

that our statistical approach is able to distinguish
between introgressed and nonintrogressed lineages
(fig. S8) (10).

At FDR = 5%, we identified more than 15 Gb
of introgressed sequence across all individu-
als, spanning ~20% (600 Mb) of the Neandertal
genome (Fig. 1E and table S9). Of the 600 Mb
of distinct sequence, ~25% (149 Mb) was shared
between Europeans and East Asians. On aver-
age, we found 23 Mb of introgressed sequence
per individual (Fig. 1F), with East Asian indi-
viduals inheriting 21% more Neandertal sequence
than Europeans. Within subpopulations, we found
small but statistically significant variation in the
amount of introgressed sequence among Euro-
peans (Kruskal-Wallis rank sum test, P = 4.2 ×
10–12), but not among East Asians (P = 0.43).

The average length of introgressed haplotypes
was ~57 kb (Fig. 2A), and ~26% of all protein-
coding genes had one or more exons that over-
lapped a Neandertal sequence (Fig. 2B). On a
broad scale, the genomic distribution of Nean-

Fig. 1. Recovering Neandertal lineages from the DNA of modern humans.
(A) Schematic representation illustrating that low levels of introgression may
facilitate the recovery of substantial amounts of archaic sequence. Lines rep-
resent DNA from contemporary individuals, and colored boxes indicate archaic
sequences. Different colored boxes represent sequences inherited from distinct
archaic ancestors. (B) Genealogies of loci in Europeans and Africans in the
presence of introgression. The expected signature of an introgressed lineage
(blue) that our method exploits is high levels of divergence that persists over
relatively long haplotype blocks. (C) Receiver operator curve (red) illustrating

the performance of S* for detecting an introgressed sequence in simulated
data (10). The black diagonal dashed line represents random predictions.
(D) Distribution of P values testing for an enrichment of Neandertal variants
for S* candidate and randomly selected regions. (E) Amount of Neandertal
sequence recovered as a function of FDR. The inset Venn diagram shows the
amount of sequence overlap between East Asians (ASN) and Europeans (EUR)
at a FDR of 5%. (F) Violin plots showing the distribution of the amount of
introgressed sequence identified per individual for East Asian and European
populations (population abbreviations are described in table S1).
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dertal lineages exhibits marked heterogeneity,
with particular chromosomal arms, such as 8q
and 17q, depleted of Neandertal sequence (Fig.
2A). These qualitative patterns were confirmed
by multiple logistic regression, which showed
that chromosomal arm was a significant pre-
dictor (P < 10−16) of the odds that a 50-kb win-
dow possessed introgressed sequence (10) (Fig.
2C and figs. S9 and S10). Furthermore, odds ratios
were negatively correlated with fixed differences
between modern humans and Neandertals (Fig.
2D) (Spearman’s r = –0.80, P < 5.8 × 10−8). A
strong depletion of Neandertal lineages spanning
~17 Mb on 7q encompasses the FOXP2 locus
(Fig. 2A), a transcription factor that plays an
important role in human speech and language
(13). The observed negative correlation between

odds ratio and divergence remained significant
when East Asians and Europeans were analyzed
separately (fig. S11) and when explicitly con-
trolling for the presence of Neandertal lineages
in modern humans (10) (figs. S12 and S13).
These results suggest that sequence divergence
between modern humans and Neandertals was a
barrier to gene flow in some regions of the ge-
nome and was associated with deleterious fit-
ness consequences (14).

We next leveraged the catalog of introgressed
sequences in East Asians and Europeans to re-
fine admixture models and infer parameters of
gene flow between modern humans and Nean-
dertals (figs. S14 and S15). Specifically, with
the use of an approximate Bayesian compu-
tation framework (10), we statistically tested a

model with a single pulse of introgression into
the common ancestor of Europeans and East
Asians (3), as well as a second model with gene
flow both in the common ancestor and a second,
smaller pulse into East Asians shortly after the
two populations split (Fig. 3A). Consistent with
recent inferences (5, 9), observed patterns of in-
trogression were incompatible with a one-pulse
model (Fig. 3B), suggesting that gene flow be-
tween Neandertals and humans occurred multiple
times. Although we varied many parameters of
each model (10) (fig. S14), only the ratio of an-
cestral effective population size between Euro-
peans and East Asians (Ne

EUR/Ne
ASN) and the

relative amount of introgression between the
second and first pulse (m2/m1) had appreciable
effects on model fit (Fig. 3B). We estimate that

Fig. 2. Genomic distribution of surviving Neandertal lineages. (A)
Neandertal lineages identified in East Asians (ASN, red) and Europeans (EUR,
blue). Gray shading denotes regions that did not pass filtering criteria (10);
black circles represent centromeres. (B) Visual genotype illustrations of in-
trogressed sequences identified in the BNC2 and POU2F3 genes. Rows denote
individuals, columns indicate variant sites, and rectangles are colored according
to genotype (red, predicted Neandertal variant that matches the allele present
in the Neandertal reference genome; blue, predicted Neandertal variant that

does not match the allele present in the Neandertal reference genome; black,
other variants). Introgressed variants that overlap a PhastCons conserved element,
DNaseI hypersensitive site (DHS), or putative enhancer elements are shown as
boxes (10). (C) Odds of finding an introgressed lineage on each chromosomal arm
calculated from a logistic regression model (10). Odds ratios (ORs) are expressed
using chromosome 1p as the baseline level. Horizontal bars represent 95% CIs.
(D) Relation between the OR and the number of fixed differences per megabase
between humans and Neandertals. r, Spearman’s rank correlation coefficient.
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Fig. 3. Organization and characteristics of Ne-
andertal sequence in Europeans and East Asians
suggests at least two admixture events. (A)
Schematic diagrams of the one- and two-pulse ad-
mixture models. Ne

ANC, Ne
ASN, and Ne

EUR denote ef-
fective population sizes of the ancestral, East Asian,
and European populations, respectively. In the one-
pulse model, gene flow (m1) between Neandertals
and the ancestors of Europeans and East Asians oc-
curs at time TI. In the two-pulse model, a second pulse
of gene flow (m2) occurs into East Asians shortly after
the divergence of Europeans and East Asians at time
TS. (B) Values of summary statistics calculated from
2000 simulations under each model (red, blue, and
grey points; horizontal and vertical bars denote 95%
CIs) show that a single-pulse model is incompatible
with the observed data (white box, corrected for sam-
ple size differences between populations; limits of box
denote 95% CI). Simulations that varied Ne

ASN/Ne
EUR

are shown in red, and those with variable m2/m1 are
shown in blue (color bars indicate parameter values).

Fig. 4. Signatures of adaptive introgression. A scatter
plot of introgressed haplotype frequency in Europeans
and East Asians is shown. Significantly differentiated and
common shared haplotypes are represented in magenta
and blue, respectively. Protein-coding genes that overlap
candidate adaptively introgressed loci are also shown.
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Ne
EUR/Ne

ASN is 1.29 [95% confidence interval
(CI) of 1.15 to 1.57] and that East Asians re-
ceived 20.2% (95% CI of 13.4 to 27.1%) more
Neandertal sequence in the second pulse (10).
We note that additional unexplored models may
provide a better fit to the data, and refining de-
mographic models of hominin evolution is an
important area for future work.

The collection of surviving Neandertal lineages
that we identified allows us to search for sig-
natures of adaptive introgression (15, 16). First,
we used introgressed variants that exhibit large
allele frequency differences between Europeans
and East Asians (FST > 0.40, P < 0.001 by sim-
ulation) (10) to identify four significantly dif-
ferentiated regions (Fig. 4 and table S10) (10).
Introgressed haplotypes in two of these regions
span genes that play important roles in the in-
tegumentary system: BNC2 on chromosome 9
and POU2F3 on chromosome 11. BNC2 encodes
a zinc finger protein expressed in keratinocytes
and other tissues (17) and has been associated
with skin pigmentation levels in Europeans (18).
The adaptive haplotype has a frequency of ~70%
in Europeans and is completely absent in East
Asians (Fig. 2B). POU2F3 is a homeobox tran-
scription factor expressed in the epidermis and
mediates keratinocyte proliferation and differen-
tiation (19, 20). The adaptive haplotype in East
Asians has a frequency of ~66% and is found at
less than 1% frequency in Europeans (Fig. 2B).
No coding introgressed variants were found in
BNC2 or POU2F3, although several highly dif-
ferentiated introgressed variants were located in
functional noncoding elements (21) (Fig. 2B),
suggesting that modern humans acquired adap-
tive regulatory sequences at these loci. We also
searched for shared signatures of adaptive in-
trogression between East Asians and Europeans,

identifying six distinct regions that have intro-
gressed haplotype frequencies greater than 40%
in both populations (Fig. 4 and table S11) (P <
10−4 by simulation) (10). One of these regions
lies in the type II cluster of keratin genes on 12q13
(table S11), further suggesting that Neandertals
provided modern humans with adaptive varia-
tion for skin phenotypes. In total, 8 of the 10 can-
didate introgressed regions overlap protein-coding
genes (Fig. 4).

This study shows that the fragmented rem-
nants of the Neandertal genome carried in the
DNA of modern humans can be robustly identi-
fied, allowing, in aggregate, substantial amounts
of Neandertal sequence to be recovered. In prin-
ciple, our approach can be used in the absence
of an archaic reference sequence, potentially al-
lowing the discovery and characterization of pre-
viously unknown hominins that interbred with
modern humans (22–24). This fossil-free par-
adigm of sequencing archaic genomes holds
considerable promise for revealing insights into
hominin evolution, the population genetics char-
acteristics of archaic hominins, how introgres-
sion has influenced extant patterns of human
genomic diversity, and narrowing the search for
genetic changes that endow distinctly human
phenotypes.
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Molecular Editing of Cellular
Responses by the High-Affinity
Receptor for IgE
Ryo Suzuki,1 Sarah Leach,1 Wenhua Liu,2 Evelyn Ralston,2 Jörg Scheffel,1 Weiguo Zhang,3

Clifford A. Lowell,4 Juan Rivera1*

Cellular responses elicited by cell surface receptors differ according to stimulus strength. We investigated
how the high-affinity receptor for immunoglobulin E (IgE) modulates the response of mast cells to a
high- or low-affinity stimulus. Both high- and low-affinity stimuli elicited similar receptor phosphorylation;
however, differences were observed in receptor cluster size, mobility, distribution, and the cells’ effector
responses. Low-affinity stimulation increased receptor association with the Src family kinase Fgr and shifted
signals from the adapter LAT1 to the related adapter LAT2. LAT1-dependent calcium signals required for
mast cell degranulation were dampened, but the role of LAT2 in chemokine production was enhanced,
altering immune cell recruitment at the site of inflammation. These findings uncover how receptor
discrimination of stimulus strength can be interpreted as distinct in vivo outcomes.

It has long been recognized that there are
many subtleties in how receptors function to
determine a cell’s response. For example,

vegetative growth of the yeast Saccharomyces
cerevisiae is elicited by low pheromone concen-
trations recognized by the pheromone receptor

Ste2, whereas intermediate and high pheromone
concentrations sensed by this receptor lead to
chemotropic growth or mating, respectively (1).
Mathematical modeling suggests that yeast trans-
late pheromone concentration as the duration of
the transmitted signal (2).

We explored how the high-affinity immuno-
globulin E (IgE) receptor FceRI discriminates
high- from low-affinity stimulation to modulate
the mast cells’ effector responses. Engagement
of FceRI on mast cells and basophils is central
to allergic responses (3, 4). Allergic individuals
may produce IgE antibodies to offending aller-
gens (a term used for allergy-inducing antigens).
These IgE antibodies bind [via their crystallizable
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associated with skin phenotypes.
genome. Some Neandertal-derived sequences appear to be under positive selection in humans, including several genes
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