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Date palm (Phoenix dactylifera L.) is a major fruit crop of arid
regions that were domesticated ~7,000 y ago in the Near or Mid-
dle East. This species is cultivated widely in the Middle East and
North Africa, and previous population genetic studies have shown
genetic differentiation between these regions. We investigated
the evolutionary history of P. dactylifera and its wild relatives by
resequencing the genomes of date palm varieties and five of its
closest relatives. Our results indicate that the North African popu-
lation has mixed ancestry with components from Middle Eastern P.
dactylifera and Phoenix theophrasti, a wild relative endemic to the
Eastern Mediterranean. Introgressive hybridization is supported
by tests of admixture, reduced subdivision between North African
date palm and P. theophrasti, sharing of haplotypes in intro-
gressed regions, and a population model that incorporates gene
flow between these populations. Analysis of ancestry proportions
indicates that as much as 18% of the genome of North African vari-
eties can be traced to P. theophrasti and a large percentage of loci
in this population are segregating for single-nucleotide polymor-
phisms (SNPs) that are fixed in P. theophrasti and absent from date
palm in the Middle East. We present a survey of Phoenix remains
in the archaeobotanical record which supports a late arrival of date
palm to North Africa. Our results suggest that hybridization with
P. theophrasti was of central importance in the diversification
history of the cultivated date palm.

introgression | archaeobotany | domestication | crop wild relative |
range expansion

D omesticated crops are among the most evolutionarily suc-
cessful species in the world. From geographically restricted
centers of origin, many domesticated species have dramatically
and rapidly expanded their ranges, adapting to new environ-
ments and cultures within the span of a few hundred to thousands
of generations. The precise genetic and evolutionary mechanisms
that allow crop species to adapt to multiple environments remain
unclear, but understanding these mechanisms provides insights
into the nature of species range expansion and the dynam-
ics of human cultural evolution since the Neolithic. Identifying
how crop species range expansion has occurred in the past may
also suggest new approaches for future crop breeding efforts,
especially in light of climate change.

The date palm (Phoenix dactylifera L.) is a dioecious species
in the Arecaceae (formerly Palmae) family and the most impor-
tant fruit-bearing crop in arid regions of the Middle East and
North Africa. Date palms grow primarily in hot arid habitats
including desert oases or well-irrigated small farms or plan-
tations where they are propagated via a mixed clonal-sexual
system. The traditional range of date palm cultivation extends
from Morocco to Egypt in North Africa; the Arabian Peninsula,
Iraq, and Iran in the Middle East; and Pakistan in South Asia (1)

www.pnas.org/cgi/doi/10.1073/pnas.1817453116

(Fig. 14). Population genetic analysis using microsatellites (2-6)
and whole-genome sequences (6-8) indicates that Middle East-
ern date palms are genetically differentiated from North African
P. dactylifera, with a possible hybrid zone in Egypt and the Sudan
5, 7).

Date palms are one of the earliest domesticated tree crops.
The oldest evidence of exploitation comes from seed remains
excavated from Dalma Island, Abu Dhabi, and Kuwait that date
to the Arabian Neolithic ~7,000 y before present (yBP) (9).
Evidence of date palm cultivation appears somewhat later in
Mesopotamia at ~6,700-6,000 yBP (10, 11) and in the Levant
at ~5,700-5,500 yBP (12). The early evidence of cultivation at
the eastern edge of the Fertile Crescent and the Upper Arabian
Gulf supports an ancient center of origin of date palm domesti-
cation in this region (1, 9, 12, 13). Evidence for morphological
change in archaeological date stones suggests selection of larger-
fruited domesticated forms took place between ~5,000 yBP and
2,000 yBP in the Near East (14). The sugar date palm, Phoenix
sylvestris (L.) Roxb., is the sister species of P. dactylifera (1, 15),
but unlikely to be the wild progenitor of domesticated date palm
(15, 16). A recent study identified wild P. dactylifera populations
in Oman, which may represent a relictual population of the wild
progenitor of cultivated date palms in the Middle East (6).

Significance

Date palm (Phoenix dactylifera L.) is one of the oldest tree crop
species in the world and is a major fruit crop of arid regions
of the Middle East and North Africa. We use whole-genome
sequence data from a large sample of P. dactylifera and its
wild relatives to show that hybridization between date palms
and Phoenix theophrasti Grueter—a species endemic to the
Eastern Mediterranean—is associated with the diversification
of date palm.
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Fig. 1. The geographic distribution and phylogeny of cultivated date palm
(P. dactylifera) and its wild relatives. (A) Approximate geographic distribu-
tion of Phoenix species included in this study (27). (B) Maximum-likelihood
phylogeny of Phoenix species based on a subset of SNPs from whole-genome
sequencing data. Support values are the percentage of RAXML bootstrap
replicates that support each node. The tree is midpoint rooted.

Alternate origin hypotheses propose a domestication center
of date palm in North Africa (1, 17, 18). These hypotheses
are poorly supported by the archaeobotanical record, however,
as evidence of date palm cultivation appears ~3,000 y later in
the records of this region compared with the Middle East. P.
dactylifera remains in the Nile Valley are found as early as the
predynastic period, more than 5,000 yBP (19, 20), but cultivation
may not have begun until the Middle Kingdom, ~4,000 yBP (14,
21). In Libya, cultivation began ~2,800-2,400 yBP (18, 22). Date
palm is unknown from elsewhere in the Saharan Maghreb and
the sub-Saharan Sahel until much later (23-25).

The archaeobotanical record therefore is consistent with a late
arrival of date palm to North Africa and suggests a model where
date palm was domesticated in the Near or Middle East and
later expanded to the African continent (26). Paradoxically, how-
ever, nucleotide diversity in North African date palm is at least
20% higher than that in the Middle East (6, 7) and diversity at
microsatellite loci is comparable between the two populations

1652 | www.pnas.org/cgi/doi/10.1073/pnas.1817453116

(5). These observations are inconsistent with a bottleneck associ-
ated with founder-effect colonization in North Africa. Evidence
of an unknown ancestry component in North African cultivated
date palm further implies a more complex history in this region
(6). The genetic distinctiveness of North African date palms,
their absence from early archaeological sites in North Africa, and
elevated levels of nucleotide diversity perpetuate the enigma of
the origins of date palms in the western part of their range.

To examine the origin of North African date palms, we rese-
quenced a large sample of cultivars from Morocco to Pakistan
and five wild Phoenix relatives that occur either peripatrically
or allopatrically to cultivated date palm (Fig. 14). Here we
present evidence that the North African population is the prod-
uct of introgressive hybridization between cultivated date palm
and the Cretan date palm Phoenix theophrasti Greuter, a species
endemic to Crete and the Eastern Mediterranean. We demon-
strate that introgression has been central in shaping patterns of
diversity genome-wide, which supports introgression as being an
important factor that shaped the domestication history of date
palm. The growing list of examples of interspecific hybridiza-
tion associated with domestication suggests that hybridization is
a common evolutionary genetic mechanism for the adaptation of
both annual and perennial crops.

Results

Plant Samples, Nucleotide Diversity, and the Phylogeny of Phoenix
Species. We resequenced the genomes of 71 cultivated date palm
varieties and multiple genomes from each of its 5 closest wild
relatives in the genus Phoenix to address questions about the ori-
gin of the domesticated date palm (P. dactylifera). Our sample
set included common varieties of dates from its traditional range
of cultivation (7) and 2-18 individuals from wild relatives that
include P. sylvestris; P. theophrasti; Phoenix atlantica A. Chev.;
Phoenix canariensis hort. ex Chabaud; and a single member of
a putative outgroup species from sub-Saharan Africa, Phoenix
reclinata Jacq. (SI Appendix, Table S1).

Samples were sequenced to moderate to deep coverage (5—
56x, mean = 22x; SI Appendix, Table S2) using 2 x100 bp
paired-end Illumina sequencing. The close relationships of the
wild relatives to date palm allowed us to align >96% of short
reads of each sequenced genome (SI Appendix, Table S2) to
the draft assembly of the date palm genome (28). We identi-
fied 14,402,469 single-nucleotide polymorphisms (SNPs) across
Phoenix species which we used in population and phylogenomic
analysis.

Reconstruction of the phylogeny of date palm and its wild rela-
tives using the whole-genome SNP data supported the close rela-
tionship of P. sylvestris, P. theophrasti, P. atlantica, and domesti-
cated date palm P. dactylifera, (the “date palm group”) (1). P.
canariensis and P. reclinata are more distant relatives (Fig. 1),
consistent with previous analyses (1, 15) and the Cape Verde
Islands endemic, P. atlantica, is a member of a well-supported
P. dactylifera clade consistent with the samples in our analysis
being feral date palms (1, 6). Within the date palm group, P.
sylvestris is the sister species of date palm, and P. theophrasti is a
more diverged species (Fig. 1). Estimates of nucleotide diversity
in the Phoenix wild relatives suggest P. canariensis (= = 0.0117) >
P. sylvestris (w = 0.0105) > P. theophrasti (= = 0.0072), while
estimates in the two populations of date palm indicate higher
diversity in North Africa compared with the Middle East (S
Appendix, Table S3) as previously reported (6, 7).

Population Clustering Suggests That North African Date Palms Are
Admixed. To identify genetic clusters in P. dactylifera and its wild
relatives, we conducted model-based clustering with the program
STRUCTURE (29). STRUCTURE runs with the independent
allele-frequency model produced clusters at K = 2 to K = 4 that
showed evidence of mixed ancestry of North African date palm.

Flowers et al.
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Fig. 2. North African date palm has mixed ancestry from Middle Eastern
date palm and a wild relative, P. theophrasti. Shown is a STRUCTURE (29)
diagram for K = 2 to K = 4 using the independent allele-frequency model.

Approximately 5-15% of the North African sample genomes
were shared with P. theophrasti and the remainder with Middle
Eastern date palm (Fig. 2 and SI Appendix, Table S4). Higher
K values did not assign samples to any additional meaningful
sources.

Running STRUCTURE with the independent model may
underestimate the number of clusters. We therefore repeated the
analysis with the correlated allele-frequency model (S Appendix,
Fig. S1 and Table S5). K = 2 to K = 4 produced qualita-
tively similar results as above. However, At K = 5 and higher,
a third ancestry component appears in the North African pop-
ulation which does not trace to any population in our analysis
(SI Appendix, Fig. S1). This could represent an additional source
of variation in North Africa or could be attributable to known
artifacts of the correlated frequencies model, which is subject to
oversplitting at higher K values (29, 30).

Finally, we conducted a set of analyses restricted to species
pairs (“hierarchical” analysis) (31). Pairwise STRUCTURE runs
limited to date palm samples and those from a single wild relative
species yielded results qualitatively similar to the correspond-
ing correlated and independent allele-frequency analyses that
included all samples. The analysis restricted to P. theophrasti and
date palm also supported the mixed ancestry of North African
samples and this wild relative (SI Appendix, Fig. S2 and Table
S6). STRUCTURE analyses are therefore consistent with the
North African population being admixed between cultivated date
palm and this wild relative or a P. theophrasti-like population.

Tests of Admixture Indicate North African Date Palms Are Prod-
ucts of Interspecific Hybridization. Evidence of mixed ancestry
of date palms in the STRUCTURE analysis is suggestive of
hybridization, but interpretation must be treated with caution
(30). We therefore conducted explicit tests of admixture to
establish whether North African date palms are indeed the prod-
uct of interspecific hybridization between Middle Eastern P.
dactylifera and the wild Cretan species, P. theophrasti. First, we
performed ABBA-BABA, or D tests (32, 33), to test for excesses
of shared derived polymorphism that can be attributed to gene
flow between species. We conducted all combinations of tests
among date palm and its wild relatives by assuming the popula-
tion configuration D(P1,P2,P3,0), where P1 and P2 are Middle
Eastern and North African populations of domesticated date
palms, respectively; P3 is a wild relative; and P. reclinata is the

Flowers et al.

outgroup (O). A positive D statistic in this configuration indi-
cates gene flow between North African date palm (P2) and a
wild relative (P3), while negative tests indicate gene flow between
Middle Eastern date palm (P1) and a wild species.

We observe a positive D statistic for the test with P. theophrasti
as the wild relative (D = 0.58) (SE £ 0.02; Z = 37.24; Fig 34
and SI Appendix, Table S7), which indicates an excess of shared
derived alleles between P. theophrasti and North African date
palm and suggests interspecific hybridization between this wild
relative and date palm. This result is robust to the choice of
outgroup, as replacing P. reclinata with P. canariensis produces

A D(ME,Af,the,rec) - o
D(ME,Af,can,rec) o o
D(ME,Af,syl,rec) - o
D(ME,Af,the,can) - o
D(ME,Af,syl,can) - o

-0.25 0.00 0.25 0.50 0.75
B D statistic

f3(ME;can,the) - o
f3(ME;can,syl) A o
f3(ME;the,syl) - o
3(ME;the,Af) - o
f3(ME;can,Af) - o
f3(ME;syl,Af) - o

f3(Af;can,the) - o
f3(Af;can,syl) - o
f3(Af;the,syl) - o

f3(Af;syl,ME) - o

f3(Af;can,ME) o

f3(Af;the ME) 41 ©

0.0 0.4 08
f3 statistic

D rec

rec

can can

the syl
Middle
syl East
Middle East N. Africa
N. Africa the
0 0.05 0.10 0.15 0 0.05 0.10 0.15

Drift parameter Drift parameter

Fig. 3. Admixture between North African date palm and P. theophrasti. (A)
D statistics 4= SE. (B) f3 statistics 4= SE. (C and D) Maximum-likelihood tree
based on TreeMix with block size of 3,000 SNPs for (C) zero (m = 0) and (D)
one migration (m = 1) event. These models explain 98.6% and 99.9% of the
variance in relatedness among populations. The migration edge pointing
from P. theophrasti to North African date palm has a mixture weight of
15.7%. Abbreviations: Af, North Africa; can, P. canariensis; ME, Middle East;
rec, P. reclinata; syl, P. sylvestris; and the, P. theophrasti.
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a similar test outcome (Fig. 34 and SI Appendix, Table S7).
Tests where samples from the Maghreb countries are replaced
with cultivars from Egypt also show an excess of derived allele
sharing with P. theophrasti although the degree of sharing is
less than in cultivars sampled from elsewhere in North Africa
(81 Appendix, Table S7). D tests including P. sylvestris and P.
canariensis are negative and positive, respectively, possibly sup-
porting additional gene flow with date palm and other wild
relatives. However, these are minor contributions compared
with those of P. theophrasti and may represent hybridization in
anthropogenic contexts (Fig. 34 and SI Appendix, Table S7).

Second, we tested for admixture between date palm and its
wild relatives with f; tests (34, 35). The f; statistic tests whether a
population is the product of admixture between two reference, or
source, populations with a significantly negative f; statistic sup-
porting admixture and all other outcomes being uninformative
about the admixture history (34). The test with North African
date palm as the test population and P. theophrasti and Mid-
dle Eastern date palm as reference populations was negative
and suggests that North African date palms have a mixed ances-
try from these two populations [f3(North Africa; Middle East,
P. theophrasti) = —0.15; |Z| = 19.8; Fig. 3B and SI Appendix,
Table S8). All other f; tests either did not differ significantly
from zero or were positive (Fig. 3B and SI Appendix, Table S8).
The negative f3(North Africa; Middle East, P. theophrasti) test
supports admixture between date palm and a wild species, and
also suggests that the Middle Eastern population or a Middle
Eastern-like population is a source of alleles segregating in North
Africa.

We modeled the population history of date palm and its rel-
atives with the maximum-likelihood method TreeMix (36). This
modeling approach infers the population tree based on the
covariance in allele frequencies among populations and incorpo-
rates admixture through the addition of migration edges between
populations that are poor fits to the strict tree model. To deter-
mine whether gene flow between date palm and P. theophrasti is
supported by the data, we first inferred the maximum-likelihood
tree without migration (Fig. 3C). A model rooted with P. recli-
nata yielded the same relationships among Phoenix species as
the maximum-likelihood phylogeny reported above (Fig. 1B) and
explained 98.6% of the variance in relatedness between popula-
tions. Addition of a single migration event to the model predicted
gene flow between P. theophrasti and the lineage leading to the
North African population of date palm (Fig. 3D) and increased
the percentage of variance in relatedness explained to 99.9%.
This migration edge was stable in independent runs of TreeMix
with both different species included in the model and with dif-
ferent block sizes to account for linkage disequilibrium (LD) (S/
Appendix, Table S9). Together, the admixture tests and TreeMix
results suggest that the ancestry of North African date palm can
be traced to Middle Eastern date palm and P. theophrasti.

Mixed Ancestry of North African Date Palm. We estimated the per-
centage of ancestry of North African date palms derived from
P. theophrasti and Middle Eastern date palm using f; statistics
(35) and TreeMix mixture weights (36). First, the ratio of appro-
priate fi statistics can provide an estimate of the proportion of
North African ancestry that is derived from the Middle East
and P. theophrasti by assuming the phylogenetic relationships in
Fig. 1B. We estimated the percentage of ancestry («) derived
from Middle Eastern date palm at 82% (SE =+ 0.01; SI Appendix,
Table S10) and the P. theophrasti fraction as 1 — a = 18%.
Repeating the estimation of « by replacing samples from the
Maghreb with Egyptian samples as the test population yielded
a smaller P. theophrasti and larger Middle Eastern component in
these samples (o = 95%) (SE = 0.007; SI Appendix, Table S10).
Second, TreeMix models with gene flow provide mixture weights
estimates for each migration edge, which approximate ancestry
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proportions (36). A mixture weight of 15.7% on the migra-
tion edge from P. theophrasti to North African date palm with
m = 1 (Fig. 3D) is comparable to our estimate from the fs-ratio
approach. These results suggest that 5-18% of the North African
date palm genome is derived from the Cretan date palm with
varieties from countries west of Egypt sharing greater ancestry
with this wild relative.

Introgressed Regions in the North African Date Palm Genome. We
identified introgressed genomic segments in the North African
population using a combination of approaches. We traced indi-
vidual alleles in this population to their most likely source pop-
ulation by characterizing variant sites that are fixed for alternate
alleles in the Middle Eastern population and P. theophrasti. This
analysis yielded 1,556,435 nucleotide fixations, of which 90.2%
are polymorphic in North African P. dactylifera. Of the sites seg-
regating for a Middle Eastern-like and P. theophrasti-like allele in
this population, the latter is typically the minor allele with most
observed at low to moderate frequency. A total of 1,252,999 of
1,404,273, or 89.2% of these polymorphic sites in North Africa,
have a P. theophrasti-like allele frequency of 30% or less. Only
9.8% of sites that are fixed between Middle Eastern date palm
and P. theophrasti are fixed for the Middle Eastern-like allele
in North Africa and none are fixed for the P. theophrasti-like
variant.

To characterize regions with introgressed haplotypes that have
risen to moderate-to-high frequency, we estimated the intro-
gression fraction (f4) for the population configuration D(Middle
East, North Africa, P. theophrasti, P. reclinata) (above and SI
Appendix, SI Materials and Methods and ref. 37). A positive fq
implies introgression from P. theophrasti into North African date
palm. We identified blocks of two or more consecutive 5-kb inter-
vals with an f4 in the upper 10th percentile of the genome-wide
distribution of this statistic. Applying this criterion, we identi-
fied 1,281 introgressed segments of 10 kb or larger, which totaled
24.6 Mb of the draft assembly. The median length of tracts with
outlier fg was 15 kb and the largest region was 105 kb on scaf-
fold NW_008246809.1. This approach yields an underestimate of
tract lengths owing, in part, to the current fragmented state of the
draft assembly. Moreover, the signature of introgression is not
limited to these outlier regions as evidenced by an elevated intro-
gression fraction and altered patterns of diversity throughout
much of the genome (below). Fig. 44 shows f4 in sliding windows
across the longest genome scaffolds. Fig. 4B shows an example 3-
Mb region with both elevated fq and Tajima’s D in North Africa
and the incidence of high-frequency theophrasti-like alleles in this
region. A gene tree reconstructed from phased genotypes con-
firmed the existence of shared haplotypes between P. theophrasti
and North African date palm cultivars in this region (Fig. 4C).

We conducted a phylogenetic analysis of chloroplast (cpDNA)
and mitochondrial (mtDNA) genomes to examine patterns of
introgression in organellar genomes and evaluate whether cul-
tivated date palm P. dactylifera or P. theophrasti served as the
maternal progenitor in the interspecific cross. Both neighbor-
joining and maximume-likelihood analyses of cpDNA genome
sequences largely supported the species phylogeny recovered
from the whole-genome analysis (SI Appendix, Fig. S3). P.
theophrasti samples formed a distinct clade indicating that
cpDNA from this species is not introgressed in North Africa.
Middle Eastern and North African date palms appear as dis-
tinct and well-supported lineages, although the Middle Eastern
haplotype is also found in some North African samples, a result
consistent with a previous report (5). While the North African
clade is distinct and well supported, it shares a most recent com-
mon ancestor with P. sylvestris. Single P. theophrasti (Golkoy,
Turkey) and P. sylvestris (Faisalabad, Pakistan) samples that
were admixed with date palm in the STRUCTURE analysis
based on nuclear genotypes (Fig. 2) possess P. dactylifera cpDNA
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Fig. 4. Introgressed regions in North African date palm. (A) The intro-
gression fraction (fy) in 5-kb nonoverlapping windows from the 30 longest
scaffolds in the draft assembly. (B) Population genetic summary statistics of
North African date palm for scaffold NW_008246512.1 in 5-kb windows. B,
Bottom shows the frequency of P. theophrasti-like alleles (main text) seg-
regating in North Africa. Each circle represents a SNP. Curves were fitted
to the data using local polynomial regression (LOESS). (C) Neighbor-joining
50% majority rule tree based on phased haplotypes in a 5-kb interval at posi-
tion 1,100 kb of the scaffold in B. Colored circles represent the population
origin of phased sequences. The single haplotype from the Middle East in
the P. theophrasti/North Africa clade bearing the shared haplotype is from a
Pakistani variety (Aseel) with a mixed Middle Eastern/North African ancestry
(7). Single haplotypes from each of two probable hybrids (a P. theophrasti
sample from Almyros, Crete and a P. sylvestris sample from Faisalabad, Pak-
istan) are nested within P. dactylifera clades as are haplotypes from two P.
atlantica samples.

haplotypes (SI Appendix, Fig. S3) consistent with their being
hybrid samples. Similar phylogenetic relationships were appar-
ent in the analysis of the mtDNA genome (SI Appendix, Fig. S4).
The distinctness of the P. theophrasti cpDNA and mtDNA hap-
lotypes and their absence from North African date palm sam-
ples suggest an asymmetry in the direction of the interspecific
cross and indicate that P. theophrasti was the paternal (pollen)
contributor.

Impact of Introgression on Genetic Diversity in North Africa. Intro-
gression has impacted genome-wide patterns of genetic diversity
in North African date palm. Higher nucleotide diversity in the
North African population (P < 2.2 x 107'%; two-tailed Wilcoxon
signed-rank test, Fig. 5B and ref. 7) could be explained by intro-
gression. To determine whether introgression has contributed to
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elevated diversity in North Africa, we rank ordered the genome
based on fy4 and found that highly introgressed regions show
higher levels of nucleotide diversity in North Africa (SI Appendir,
Fig. S5). However, regions with little or no evidence of introgres-
sion on average also show higher diversity in North Africa, an
observation that suggests that hybridization alone may be insuffi-
cient to account for elevated diversity in North Africa. An effect
of introgression on Tajima’s D is also apparent. At the whole-
genome level, Tajima’s D is higher in North Africa than in the
Middle East (P < 2.2 x 107!, SI Appendix, Table S3). This
appears to be driven at least in part by introgression as elevated
Tajima’s D is most pronounced in regions with highest fq (SI
Appendix, Fig. S5).

The impact of introgression is also apparent in measures of
population differentiation and LD. Using F as a measure of
population subdivision, we observe that the two regional pop-
ulations of date palm are moderately diverged (Fy = 0.085).
However, the North African population is less diverged from
P. theophrasti (Fs¢ = 0.369) than is the Middle Eastern pop-
ulation (Fq = 0.403; P < 22 x 107, two-tailed Wilcoxon
signed-rank test, Fig. 54). When we compare Fy; across genomic
intervals ranked by f4, we observe that the reduction in Fg
between North African date palm and P. theophrasti is most
pronounced in regions with a high introgression fraction (S/
Appendix, Fig. S5). Moreover, Fy; between Middle Eastern and
North African populations is elevated in these same regions
(SI Appendix, Fig. S5), thus suggesting that population structure
observed between these populations is at least partially due to
introgression from P. theophrasti in North Africa.

If these patterns are the result of recent introgression from a
wild relative, we expect the North African population to show
evidence of admixture LD. At equilibrium, a population with
larger effective population size (N.) should have a faster rate of
LD decay. However, although the North African population has
higher nucleotide diversity and therefore larger N. at equilib-
rium (7), LD decays at a slower rate in this population (Fig. 5C).
LD in North Africa reaches half its maximum at ~30 kb, while in
the Middle East the half-decay distance is ~20 kb, a pattern con-
sistent with recent admixture of North African date palm with
a distant population. These observations suggest that the mixed
ancestry of North African date palm has profoundly impacted
genome diversity in this population.
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Fig. 5. Patterns of genetic diversity in North African and Middle East-
ern date palm populations. (A) Boxplot distributions of Fy based on 5-kb
nonoverlapping intervals between pairs of populations (M.E., Middle East;
N.A., North Africa; the, P. theophrasti). (B) Distribution of nucleotide diver-
sity in Middle Eastern and North African date palm populations. (C) Decay
of LD calculated separately for each population. Symbols on decay curves
represent the half-decay distance at 20.5 kb and 30.8 kb for Middle Eastern
and North African populations.
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Private Alleles in Date Palm Populations. Our analysis raises ques-
tions about the possibility of an unsampled population that
may have been a source of ancestry in the North African
population. We examined the distribution of private polymor-
phisms among populations and Phoenix wild relatives. When
measured as a fraction of total SNPs within each group,
we find that the North African population does not have a
large class of private polymorphisms (5.7%) relative to Mid-
dle Eastern date palm (13.4%) (SI Appendix, Table S11).
This suggests any additional unsampled source of variation in
the North African population is unlikely to be a divergent
lineage.

Archaeobotanical Records Are Consistent with a Late Appearance
of Date Palm in North Africa. We assembled archaeobotanical
records from the published literature to address questions about
the historical distribution of date palm (SI Appendix, SI Text
and Dataset S1). Inspection of these records indicates that date
palm appears in the archaeobotanical record of North Africa
later than in the Near and Middle East (Dataset S1 and SI
Appendix, Figs. S6-S8). A single pair of date stones recovered
from Takarkori, Southwest Libya, might be as old as 9,000
yBP (38), but is here rejected as plausibly recent and intrusive.
The earliest records on the African continent date to predy-
nastic Egypt (ca. 5,500 yBP) and Sudan (ca. 4,000 yBP). In
the Maghreb, the oldest reliable records are from Libya (ca.
3,000 yBP). West of Libya, there is one record of date palm at
Volubilis, Morocco dating to the Classical Period (ca. 2,000 yBP),
but otherwise no archaeobotanical records before the Islamic
Period (ca. 700 yBP) when seed remains appear at the medieval
sites of Igiliz, Volubilis, and Sijilmasa, Morocco and Essouk and
Gao Saney, Mali. These observations are consistent with the view
that date palm may have only recently expanded to the African
continent.

Discussion

We have presented evidence that the North African date palm
population has a mixed ancestry that can be traced to hybridiza-
tion between date palm and a wild relative P. theophrasti, the
Cretan date palm. P. theophrasti is a distinct species (Figs. 1B
and 3C and ref. 15) with a present-day distribution that is
restricted primarily to geographically isolated locations on the
island of Crete, the East Aegean Islands, and the Anatolian coast
of Turkey (Fig. 14 and refs. 39-42). Evidence that the North
African population has mixed ancestry between this Aegean
Sea endemic and cultivated date palm suggests that P. dactylif-
era on the African continent has a hybrid origin and that P.
theophrasti may be the unknown source of variation in North
Africa identified by Gros-Balthazard et al. (6).

The geographic context of hybridization between P. theophrasti
and P. dactylifera is obscured by the fact that the present-day
distribution of P. theophrasti does not overlap with the tradi-
tional range of date palm cultivation (Fig. 1). One model is that
hybridization occurred in the Levant or elsewhere in the East-
ern Mediterranean where the ranges of the two species may have
once overlapped. Phoenix stones identified as P. theophrasti have
been found at a site in northern Israel from ~9,000 yBP, suggest-
ing that this species had a wider distribution in the past and may
have been exploited (38, 43). P. dactylifera was also distributed
historically in the Levant including the Jordan River valley and
the Dead Sea until the Middle Ages when the Judean date palm
population went extinct (44). Whether the two species histor-
ically occurred sympatrically in the Eastern Mediterranean or
elsewhere is unclear.

The late appearance of date palm in the archaeobotanical
record of North Africa suggests a model where Middle East-
ern date palm expanded its range to the African continent.
This model predicts a bottleneck associated with founder event
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colonization that was not supported by previous genome-wide
analysis showing elevated genetic diversity in North Africa (6,
7). Evidence of hybridization, while appearing to explain much
of the elevated diversity in this population, also does not appear
to fully account for differences in nucleotide diversity between
populations. These observations suggest that a simple expan-
sion plus hybridization model may be insufficient to account for
patterns in the genomic data. More complex expansion models
such as those including postexpansion inbreeding (7) or addi-
tional bottlenecking in the Middle East could account for our
observations.

Alternatives to the expansion model include those that
propose an additional source of variation in addition to P.
theophrasti and Middle Eastern date palm in the North African
gene pool. For example, it is possible that the archaeobotani-
cal record provides an incomplete picture of Phoenix in North
Africa and that a wild population of P. dactylifera similar to the
relictual population recently discovered on the Arabian Penin-
sula (6) once existed on the African continent. This population
either could have been domesticated independently or was not
domesticated, but served as an additional source of variation for
an extant cultivated population with P. theophrasti and Middle
Eastern date palm ancestry. A distinct haplotype found at high
frequency in the organellar genomes of the North African popu-
lation (SI Appendix, Figs. S3 and S4) (45) provides some support
for such a lineage. However, we note that the relatively small
numbers of private alleles in North Africa (5.7% of SNPs in
North Africa vs. 13.4% in the Middle East) suggest that if such
a population exists, it is unlikely to be a divergent lineage or has
not contributed significantly to the genomic constitution of North
African date palms.

Phoenix species are known to hybridize and produce viable
offspring (16, 27, 46, 47) and either natural hybridization or
horticultural practices could account for the introgression of
interspecific alleles into P. dactylifera. For example, the practice
of hand pollination of date palm was widely known through-
out the ancient world (48) and existing practices of fertiliza-
tion with interspecific pollen (49) and seedling propagation
(50) suggest a possible mechanism for hybrid origins. Alter-
natively, putative natural hybrids between P. theophrasti and
date palm have been reported (40) and are also apparent in
our analysis. Although P. theophrasti samples appear as a dis-
tinct cluster in our STRUCTURE results (Fig. 2), individu-
als with some P. dactylifera ancestry include a sample from a
reported hybrid population in Golkdy, Turkey (40); two sam-
ples from Almyros, Crete; and two samples from Epidaurus,
Peloponesse. These samples may represent instances of crop-
to-wild gene flow (51) or be relicts from an earlier hybridiza-
tion event.

Crop species frequently retain the capacity to hybridize with
their wild relatives and hybrid genotypes are sources of nov-
elty, superior quality, and adaptive traits. Evidence of intro-
gressive hybridization in annual crops such as rice (52) and
maize (53) and perennial tree crops including citrus (54),
almonds (55), and apricots (56) supports a role for hybridiza-
tion in the domestication process. The adaptive significance
of hybridization and the traits subject to selection are often
unknown except in exceptional cases (53). However, it is becom-
ing increasingly clear that introgressive hybridization is an
important source of diversity (53) that frequently accompa-
nies expansion of domesticated species such as apples (57)
and grapevine (58). Discovery that a regional population of
domesticated date palm is also the product of hybridization
helps resolve long-standing questions about the origins of date
palm and indicates that introgression may be an important
factor that dramatically alters the genome of domesticated
species, thus providing novel diversity for adaptation during
domestication.
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Materials and Methods

A detailed description of materials and methods is provided in S/ Appendix,
SI Materials and Methods. Briefly, we obtained varieties of P. dactylifera
and Phoenix wild relatives from various sources, including collections from
wild populations, germplasm collections, research facilities, and ornamen-
tal gardens (S/ Appendix, Table S1). Whole-genome 2 x 100 paired-end
sequencing was conducted on an lllumina HiSeq 2500 Sequencer with one-
half to one lane per sample. Data were aligned to the date palm draft
assembly (28) available at the National Center for Biotechnology Informa-
tion (NCBI) with Burrows-Wheeler aligner (59). SNPs were called following
standard protocols (60) and filtered accordingly.

Phylogenomic analysis was conducted on a subset of SNPs separately for
nuclear, copDNA, and mtDNA genomes using a combination of randomized
axelerated maximum likelihood (RAXML) (61) and R packages phangorn (62)
and ape (63). Model-based clustering of population genomic data was con-
ducted with STRUCTURE (29). A model of population splits and mixtures was
fitted to the data using TreeMix (36). Admixture tests with f3 and D statistics
were conducted with Popstats (64). Estimates of ancestry proportions were
obtained from TreeMix mixture weights and with the f;-ratio approach as
implemented in Popstats. Population and introgression summary statistics
were estimated directly from sample alignments with analysis of next gen-
eration sequencing data (ANGSD) (65) or from SNPs with vcftools (66) and a
script from Martin et al. (37). Statistical analysis was conducted with the R
Statistical Programing Language (67).

Archaeobotanical records of date palm were gathered from published
reports, based on finding monograph chapters based on previous regional
reviews (e.g., refs. 68 and 69), a database search of “literature on archaeo-
logical remains of cultivated plants 1981-2004" (70), and a Google scholar
search for additional recent journal articles. It includes all reports, most of
which are dated based on associated artifactal and archaeological evidence
(indicated as “ass.”), in some cases by associated radiocarbon dates (C14)
or direct accelerator mass spectrometry (AMS) dates on crop remains. Few
of these are directly dated Phoenix stones themselves, but those available
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are indicated as “AMS*.” Calibrated radiocarbon dates have been summed
and the 1-sigma range has been taken to represent the phase of the sam-
ple, from a which a median has been calculated. In the case of associated
dating evidence a standard period age range has been taken from recent
archaeological literature (based on the expertise of D.Q.F.) and a median
taken from this range. Where there are concerns over the true antiquity of
remains, such as uncarbonized Phoenix stones of large size from Takrakori,
Libya, attributed to a 8,000-yBP context (38), these are flagged in our
database (Dataset S1) and excluded from the synthesis of date palm spread.
Additional details are provided in S/ Appendix, SI Text.

DNA sequence data new to this study have been deposited in the
Sequence Read Archive (71). SNP data have been deposited in the Dryad
Digital Repository (72).
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