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Abstract.—Coca is the natural source of cocaine as well as a sacred and medicinal plant farmed by South American
Amerindians and mestizos. The coca crop comprises four closely related varieties classified into two species (Amazonian and
Huánuco varieties within Erythroxylum coca Lam., and Colombian and Trujillo varieties within Erythroxylum novogranatense
(D. Morris) Hieron.) but our understanding of the domestication and evolutionary history of these taxa is nominal. In this
study, we use genomic data from natural history collections to estimate the geographic origins and genetic diversity of
this economically and culturally important crop in the context of its wild relatives. Our phylogeographic analyses clearly
demonstrate the four varieties of coca comprise two or three exclusive groups nested within the diverse lineages of the
widespread, wild species Erythroxylum gracilipes; establishing a new and robust hypothesis of domestication wherein coca
originated two or three times from this wild progenitor. The Colombian and Trujillo coca varieties are descended from a
single, ancient domestication event in northwestern South America. Huánuco coca was domesticated more recently, possibly
in southeastern Peru. Amazonian coca either shares a common domesticated ancestor with Huánuco coca, or it was the
product of a third and most recent independent domestication event in the western Amazon basin. This chronology of coca
domestication reveals different Holocene peoples in South America were able to independently transform the same natural
resource to serve their needs; in this case, a workaday stimulant. [Erythroxylum; Erythroxylaceae; Holocene; Museomics;
Neotropics; phylogeography; plant domestication; target-sequence capture.]

Called the “Divine Leaf” by the Inka, coca has been
cultivated for over 8000 years and is the most culturally
significant pharmaceutical plant in South America; it is
also the source of the alkaloid cocaine—an insecticide
and local anesthetic that has had the largest impact
in Western Medicine of any Neotropical phytochemical
(Schultes 1979; Plowman 1986; Nathanson et al. 1993;
Dillehay et al. 2010; Restrepo et al. 2019). In parts
of Colombia, Ecuador, Peru, Bolivia, and Brazil, the
traditional varieties of coca are still cultivated as they
have been since Pre-Columbian times (Fig. 1; Plowman
1984; Plowman and Hensold 2004), and today over
5 million South Americans chew the leaves for their
mild stimulant and medicinal effects (Conzelman and
White 2016). However, prohibition has pushed illicit
cultivation for cocaine, now at its highest level since
2000, into lowland forests in Colombia, Peru, Brazil, and
even southern Mexico, causing deforestation and civil
destabilization in these regions (Plowman 1984; Dávalos
et al. 2011; Bewley-Taylor 2016; Casale and Mallette 2016;
United Nations 2019).

To understand the identity of the coca crop, we
sequenced 424 nuclear genes from tissue samples
collected almost entirely from historical museum
collections (90% of the total) and completed the first
investigation of the genetic structure of the four coca

varieties and their closest wild relatives (Erythroxylum
spp.). With over 10,000 exsiccatae including ∼950
cocas, the Field Museum (F) holds the world’s largest
Neotropical Erythroxylum collection. We utilized this
resource to maximize geographic coverage in our
sampling of dozens of individuals of the coca varieties
and their wild relatives, exemplifying the utility of well-
curated museum collections in phylogeographic and
population-genomics research. For diverse and poorly
studied tropical plant taxa, and especially for drug
plants that require complex logistics to collect, ship, and
store, museum collections can provide an increasingly
important role in systematic research (Rowe et al. 2011;
Hart et al. 2016; Forrest et al. 2019). Yet, many studies
using historical samples have been limited to organelles
or utilized relatively undegraded DNA (Staats et al. 2013;
Beck and Semple 2015).

There are four taxonomic varieties of coca grown
in separate geographic areas in South America
(Fig. 1; Plowman 1979a,b). They are morphologically
similar but can be distinguished by several traits,
most notably leaf shape and venation patterns
(Supplementary Table S1 available on Dryad at
https://doi.org/10.5061/dryad.cvdncjt1n; Plowman
1979a; Bohm et al. 1982; Rury and Plowman 1983).
Huánuco (or Bolivian) coca (Erythroxylum coca Lam.)
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FIGURE 1. Map of taxon distributions and sampling localities. Polygons indicate modern areas of cultivation for the four coca varieties
sensu Plowman and Hensold (2004); omitted are areas of illicit cultivation (esp. southern Colombia) and garden plots (incl. botanical gardens).
Symbols indicate location of sampled herbarium specimens and rotated symbols indicate field collections by D. M. W.

is grown in the moist, montane forest on the eastern
slopes of the Andes in Peru and Bolivia. This is the
most abundant crop for traditional and indigenous
coca leaf consumption and was the world’s primary
source of cocaine hydrochloride from its discovery in
1865 until 2000 (Gootenberg 2008; United Nations 2019).
Amazonian coca (E. coca var. ipadu Plowman) is grown
in discrete localities throughout the Amazon basin,
and its leaves are consumed as a pulverized powder
with other additives (Plowman 1981). Until extensive
eradication began about 30 years ago, Colombian
coca (Erythroxylum novogranatense (D. Morris) Hieron.)
was grown throughout the drier inter-Andean valleys
in Colombia, but now it is restricted to the Cauca
region and the Sierra Nevada de Santa Marta (Bohm
et al. 1982). Lastly, Trujillo coca (E. novogranatense var.
truxillense (Rusby) Plowman) is grown in the arid
valleys of northwestern Peru for traditional coca leaf
use and as a flavoring agent in Coca-Cola®(Gootenberg
2008). We also sampled from a disjunct population of
what is believed to be Trujillo coca cultivated on the

Colombia/Ecuador border but were unable to sample
the disjunct Huánuco coca from southern Ecuador
(Plowman 1984).

The primary hypothesis of coca domestication was
described by Plowman (Plowman 1979b; Bohm et al.
1982); he posited that Huánuco coca was domesticated
in the eastern Andes of Bolivia or Peru from a wild,
ancestral (and presumably extinct) form of E. coca.
Then, because the two taxa can form infertile hybrids,
he believed Huánuco coca was taken north to dry
Andean valleys in Peru or Ecuador, where it developed
into Trujillo coca. Next, three pieces of evidence led
him to postulate Colombian coca was derived from
Trujillo: first, all coca macrofossils >1500 years old are
of the Trujillo morphotype, providing evidence that
Trujillo coca is older than Colombian (Plowman 1984;
Dillehay et al. 2010). Second, Trujillo × Colombian
F1 hybrids are fertile but Trujillo × Huánuco hybrids
are not, so Colombian coca has been interpreted as
a derived variety with acquired interspecific hybrid
incompatibility (Bohm et al. 1982). Finally, Colombian
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coca is the only variety that is self-compatible, which
is generally a derived trait unlikely to give rise to
self-incompatibility (Plowman 1986; Goldberg et al.
2010). Lastly, Huánuco coca was taken east and
transformed into Amazonian coca.

However, archaeological evidence does not directly
support Plowman’s linear-series hypothesis beginning
with Huánuco coca because Trujillo coca has the
most extensive Pre-Columbian archaeological record
(Mortimer 1901; Plowman 1984), and a recent discovery
of Trujillo morphotype leaves in northern Peru pushed
coca consumption from 4000 to over 8000 years BP,
making it one of oldest cultivated plants in the
Americas (Dillehay et al. 2010; Larson et al. 2014). Coca
paraphernalia and bountiful artworks provide the only
archaeological evidence of coca use in Colombia, the
earliest is from the Yotoco culture (100–1200 CE; Reichel-
Dolmatoff and Schrimpff 2005). The earliest Huánuco
coca remains are endocarps from a Late Intermediate
period (1000–1476 CE) site in Junín, Peru, but evidence
of coca trade in Bolivia pushes this date to ∼1700 years
BP (Plowman 1984; Carter and Mamani 1986; Hastorf
1987; Valdez et al. 2015). On the basis of linguistic and
ethnographic similarities across its range, Amazonian
coca is presumed to be the most recently developed
(Plowman 1981).

A more recent hypothesis from Johnson et al.
(2005), is that E. coca (Amazonian and Huánuco) and
E. novogranatense (Colombian and Trujillo) are sister
species resulting from the domestication of a common
ancestor (Johnson et al. 2005; Emche et al. 2011).
However, their analysis, based on flavonoid profiles
and amplified fragment-length polymorphisms, did not
include the closest wild relatives and thus could not
properly evaluate the independent origins of the coca
crops. Our previous study (White et al. 2019) revealed
that the closest wild relatives of the coca varieties
are the cocaine-producing, wild species Erythroxylum
cataractarum Spruce ex Peyr. and Erythroxylum gracilipes
Peyr. (Aynilian et al. 1974; Plowman and Rivier 1983;
Bieri et al. 2006; Islam 2011). Erythroxylum gracilipes
occurs throughout most of the Amazon basin and can
be distinguished from the cocas by its larger leaves (11–
18 cm vs. 2.5–11 cm) with acuminate apices. Erythroxylum
cataractarum of the Llanos of Colombia and Venezuela,
is morphologically very similar to E. novogranatense, but
with stiffer branchlets, thicker membranaceous to sub-
chartaceous leaves, and stipules with more prominent
apical setae (Fig. 1; Supplementary Table S1 available on
Dryad).

The first goal of this project is to establish the
genealogical relationships and genetic structure of a
severely understudied crop. By sampling both the
coca crops and their closest wild relatives, this is
the first study capable of inferring the number of
times coca was domesticated from a wild progenitor
and also where and when these events occurred.
Second, we want to expand our toolkit for “unlocking”
genetic data from the “treasure chests” of biological
diversity stored in museums and biological collections

worldwide (Särkinen et al. 2012; Jones and Good 2016).
By sequencing 424 genes from over 130 herbarium
collections across six taxa, we have demonstrated the
efficacy of exon-capture DNA sequencing with highly
degraded DNA from museum collections.

MATERIALS AND METHODS

More detailed text is available in the Supplementary
Material file on Dryad. We extracted genomic DNA
from 154 Erythroxylum samples, 138 being herbarium
specimens, (Supplementary Table S2 available on
Dryad), and used a custom set of RNA probes (White
et al. 2019) to sequence 424 nuclear genes. Cleaned reads
were de novo assembled into contigs and mapped to
the concatenated exon sequences for each gene using
HybPiper (Johnson et al. 2016). We mapped the cleaned
reads back to the supercontig consensus sequences
for each gene and followed the seqcap_pop pipeline
(Faircloth 2015; Harvey et al. 2016) and the GATK Best
Practices workflow (https://software.broadinstitute.
org/gatk/best-practices/workflow?id=11145) to call,
annotate, and filter single nucleotide polymorphisms
(SNPs).

We aligned gene sequences using MAFFT and
inferred gene trees with RAxML before reconstructing
a summary tree from 424 gene trees with ASTRAL-
III (Katoh et al. 2002; Stamatakis 2014; Zhang et al.
2018). We used IQ-TREE 2 (Hoang et al. 2018; Minh
et al. 2020) to infer a maximum likelihood tree from the
concatenated SNP data set (“ML-SNP”) and to generate
SNP-based (sCF) and gene tree-based (gCF) concordance
factors for both the summary tree and the ML-SNP
topologies. We then dropped 10 individuals showing
admixture or “trans-taxonomic” cluster assignment
and used the SNP data set to infer species trees
with SVDquartets (Chifman and Kubatko 2014) as
well as reduced-taxon summary trees with ASTRAL-
III. To assess alternative domestication scenarios, we
used ASTRAL-III to estimate quartet support and the
probability of a constrained species tree topology.

We used our final data set of 6263 SNPs in a
genetic cluster analysis using the snapclust program
from the adegenet v.2.13 R package (Jombart and
Ahmed 2011; Hoang et al. 2018). This method uses
a fast maximum likelihood and geometric approach
to assign genotypes to a set number of populations
determined from goodness-of-fit statistics (Beugin et al.
2018). For principal components analysis (PCA), we used
the ipyrad analysis toolkit (Eaton and Overcast 2020).
Using all SNPs and the nine-population assignments,
we calculated weighted FST to understand population
differentiation (Hudson et al. 1992). We evaluated
genetic diversity by the number of private, novel
alleles within a population (vcftools and vcf-contrast;
Danecek et al. 2011), observed heterozygosity and
nucleotide diversity (hierfstat R package; Goudet 2005),
and allelic richness (the average number of alleles per
SNP with rarefaction correction; diveRsity R package;
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Keenan et al. 2013). We estimated the degree of
admixture between taxa using treemix v1.13 (Pickrell
and Pritchard 2012). We dropped gracilipes2-4, leaving
six populations, and performed stairway plot analyses
(Liu and Fu 2015) to infer effective population size
through time.

We applied an approximate Bayesian computation
(ABC) approach to statistically test four alternative
domestication scenarios: Plowman’s linear series,
Johnson’s sister species, two origins, and three origins;
the latter two hypotheses being derived from our
genetic data. All E. gracilipes samples were grouped
as a single population (see Supplementary Material
available on Dryad) and E. cataractarum was excluded.
This is a powerful approach for estimating coalescent
parameters and comparing complex evolutionary
scenarios (Beaumont et al. 2002; Gerbault et al. 2014).
It was conducted in three steps using DIYABC v.2.1.0
(Cornuet et al. 2014). First, we generated 40 million
simulated data sets under the coalescent based on
our four topological scenarios. Second, we selected the
subset of data sets closest to the observed (SNP) data
according to summary statistics instead of the Bayesian
likelihood computation (Nei’s genetic diversity, FST ,
and Nei’s distance using all data Nei 1972, 1987; Weir
and Cockerham 1984). Third, the posterior distributions
of coalescent parameters were estimated from the
subset using a local linear regression procedure and
the posterior probabilities of our four scenarios were
compared by calculating the relative proportion of
simulated data sets for each scenario present among the
500 data sets closest to the observed data set, as well as
logistic regression of each scenario probability based on
deviations between observed and simulated summary
statistics (Beaumont 2008). We estimated confidence
in our final scenario choices by calculating posterior-
and prior-based error and scenario-specific type 1 and
type 2 errors from additional pseudo-observed data sets
generated under each scenario.

RESULTS AND DISCUSSION

Our study demonstrates that a genomic approach
can be applied to a population genetic project focusing
on a very recent diversification history using primarily
historical museum collections. Our results support a
novel and robust hypothesis of multiple independent
origins of different coca varieties from E. gracilipes, a
widespread, wild species comprised of at least two main
clades.

Museum Genomics: Target Capture, Assembly, and Gene
Alignment

Hybridization-based exon-capture is an efficient
method for sequencing select loci from genomic DNA
isolated from herbarium specimens (Hart et al. 2016;
Villaverde et al. 2018). We generated 270 GB of sequence

data and deposited reads for all 154 samples in the NCBI
Short Read Archive under BioProject PRJNA485502.
Samples were collected between 1900 and 2016 with a
median collection date of 1981 (Supplementary Fig. S1
and Table S2 available on Dryad). These samples
presented a spectrum of DNA quantity and degradation,
but these two factors had little correlation with the
success of our exon capture and target assembly. A
linear model fit between the genomic DNA maximum
fragment size and the number of genes recovered was
nearly flat (R2 =0.004); the polynomial regression model
fit the relationship with an R2 of 0.024 and was also
mostly flat (Supplementary Fig. S1c available on Dryad).
Samples with low input DNA amounts (less than 200
ng) were scattered throughout the range of observations
of gene recovery. Plants collected in the moist tropics
require extra care to dry, and DNA quality thus appears
to depend more on initial drying and preservation
quality rather than age, corroborating (Forrest et al.,
2019) (Supplementary Fig. S1a, b available on Dryad).

Not surprisingly, we observed a positive correlation
between the log number of reads and the number
of genes with good target coverage, defined as >75%
of target length (linear R2 =0.396, polynomial R2 =
0.422 Supplementary Fig. S1d available on Dryad). This
demonstrates that we recovered >90% of exons at >75%
of their length with 4× coverage per site at about 10×
sequencing depth, and this depth provides a good target
for sequencing effort. However, our number of reads
per sample is quite variable, spanning three orders of
magnitude, thus highlighting the variability incurred
by combining museum samples of varying qualities
together in large sequencing pools. Dilution of RNA baits
and smaller numbers of samples per hybridization pool
prior to exon-capture will help minimize amplification
bias and overall variability of sequence reads per sample.

We removed 10 of our 154 samples from the analysis
because they failed to assemble at least 90 genes with
good coverage (Supplementary Fig. S2 available on
Dryad). Across the 424 genes, the average assembled
contig length per sample ranged from 819 bp to 8279
bp with a median of 2160 bp of sequence per sample and
the 424 genes had an average of 141 samples per gene.
The length of concatenated exon targets was 740,646
bp (median 1746 bp). Our assembled supercontigs
(exon+intron) had an average concatenated length of
1,484,570 bp, revealing that we sequenced about 740 kb of
intron and flanking sequence. Gene alignments ranged
from 1749–57,834 bp in length (median 7290) with 30–93%
missing data (median 59%). Cleaned trimAL alignments
ranged from 129 to 8700 bp in length (median 1677) with
0.05–51.73% missing data (median 9.5%).

While previous studies have included key historical
collections within broader biodiversity investigations
(e.g., McCormack et al. 2016; Prosser et al. 2016;
Greiman et al. 2018), our study has shown modern
phylogeographic analyses can rely almost entirely
on historical museum collections to generate deep
and useful genomic data sets for phylogeographic
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FIGURE 2. Phylogeny and genetic clustering of coca varieties and wild relatives. a) ASTRAL-III summary (AST) tree topology with branch
lengths optimized using the ML-SNP data set; scale indicates substitutions per site and branch support values denote concordance factors of
SNPs; collapsed clades are marked with the number of samples; tip names indicate taxon, sample ID, and geographic provenance indicated by
the two letter country code and political subdivision. Probability assignment of individuals to five or nine genetic clusters are indicated in bar
plots along with the population assignment of ‘pure’ individuals for species trees and population genetic statistics. b) SVDquartets species tree
inferred from SNP data with bootstrap support. c) ASTRAL-III species tree inferred from 424 gene trees with local posterior probability (LPP)
and percent quartet support, respectively; branch lengths scaled by coalescent units. d) Constrained ASTRAL-III species trees indicating LPP
and percent quartet support for an E. cataractarum + Trujillo/Colombian clade or a Huánuco + gracilipes1 clade.

research. Historical museum collections can also
alleviate geographic sampling shortfalls, which
can lead to erroneous inferences or oversplitting
geographic populations (e.g., Jackson et al. 2017;
Linck et al. 2019). This applies to systems where field
collection is challenging or even dangerous but also
in most biological systems due to the ever-increasing
difficulty to obtain permits (Prathapan et al. 2018).

Genetic Structure of Coca and Wild Relatives
For a crop of such cultural and economic significance,

our scientific understanding of the origin and evolution
of coca is minimal. This is not only due to the obstacles
to research imposed by its international prohibition but
also the botanically challenging nature of Erythroxylum, a
morphologically complex and speciose clade of tropical
shrubs and treelets. Genetic sampling from the world’s
largest Erythroxylum collection at the Field Museum

has reshaped our fundamental understanding of the
systematics of this clade (White et al. 2019).

The maximum likelihood gene trees inferred from
the full gene alignments, cleaned trimAL alignments,
or 212 alignments with the least missing data produced
nearly identical ASTRAL summary trees, the only
differences were among tips within the main clades
and do not affect our presented results. Of these, the
ASTRAL summary tree (AST; Fig. 2a; Supplementary
Fig. S3 available on Dryad) inferred from the full gene
alignments had the best local posterior probability
along backbone nodes. To measure support for AST
versus ML-SNP topology (topological differences are
described in the Supplementary Text available on
Dryad), we calculated SNP-based concordance factors
(sCF; Supplementary Figs. S4 and S5 available on Dryad)
and gene-tree concordance factors (gCF; Supplementary
Figs. S6 and S7 available on Dryad) and found AST to be
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the best-supported phylogeny across our sequence and
SNP data sets.

The AST phylogeny reveals the 37 E. gracilipes samples
form a series of nested clades within which arise separate
monophyletic lineages comprising E. cataractarum,
E. novogranatense (Trujillo and Colombian cocas),
Amazonian coca, and Huánuco coca (Fig. 2a). The
goodness-of-fit estimators for the number of genetic
clusters indicated the most significant information
content in 5 and 9 clusters (Supplementary Fig. S8
available on Dryad; clustering results described in
Supplementary Text available on Dryad).

The earliest diverging lineages of E. gracilipes are
geographically distributed around the Amazon Basin
and form a single cluster at K =5 and three clusters
at K =9 (gracilipes2, gracilipes3, gracilipes4; Fig. 2a).
Next, the E. novogranatense lineage is divided into
two clades and two clusters (K =9) that define the
Trujillo and Colombian coca varieties. The exceptions are
samples trux.854 and trux.855 from the small, disjunct
population on Río Chical at the Colombia/Ecuador
border, revealing this population has a genealogical
history closer to Colombian coca. This population could
represent an early Colombian landrace derived from
Trujillo coca, or it could be an admixed variety with
combined Colombian and Trujillo ancestry. Additional
sampling from Ecuador and Venezuela should improve
our understanding of the history of this clade.

The remaining E. gracilipes samples form a single
cluster, gracilipes1, and belong to well-supported clades
with geographic structure (Fig. 2a). Within gracilipes1,
15 samples of Amazonian coca form a clade with
perfect posterior probability (Supplementary Fig. S3
available on Dryad), most closely related to gracilipes1
samples from Ecuador and northern Peru. Finally, three
gracilipes1 samples from the Ucayali and Madre de
Dios Departments of Peru form a nested series leading
to the well-supported Huánuco coca clade (Fig. 2a;
Supplementary Fig. S3 available on Dryad). The fourth
sample in this series, “cf.coca.884,” is described as
cultivated on its herbarium voucher, but its exceptional
height (3 m), leaf morphology (apex and venation), and
clustering results indicate admixture with E. gracilipes
(Image in Supplementary material available on Dryad).

The E. cataractarum clade diverges as sister to
gracilipes1 and comprises a distinct genetic cluster
(Fig. 2a). However, our ML-SNP (Supplementary Figs. S5
and S7 available on Dryad) and SVDquartets tree
(Fig. 2b) stirred a prior suspicion that E. cataractarum
could actually be sister to the E. novogranatense lineage
(White et al. 2019). We tested support among our
gene trees for this alternative placement and found
it received lower quartet support (35% vs. 41%) and
posterior probability (0.01 vs. 0.99). To further evaluate
the evolutionary history generating this discordance, we
used Treemix to model genomic admixture and gene
flow across a tree representing the nine populations.
This inferred gene flow from Colombian coca into
E. cataractarum and, secondarily, from Amazonian

coca into E. cataractarum. The third most significant
migration edge was from E. cataractarum into gracilipes4
(Supplementary Fig. S8 available on Dryad). These
grow in the vicinity of E. cataractarum (Figs. 1 and 2a),
and thus it is sensible that seeds and/or pollen from
nearby Amazonian and Colombian coca farms have
naturally introduced alleles into E. cataractarum. This
result explains the phylogenomic discordance of the E.
cataractarum clade and also indicates that it may not have
a role in the evolution of coca, though the reverse appears
to be true.

Multiple Origins Hypothesis
Our phylogenomic and clustering results indicate

E. gracilipes is a paraphyletic taxon with respect to
the Amazonian, Huánuco, and Colombian/Trujillo
coca lineages (Fig. 2). This structure elucidates a
novel hypothesis of multiple origins of domestication
of coca from progenitor E. gracilipes (i.e. gracilipes1
and possibly gracilipes2), refuting both Plowman’s
linear-series hypothesis beginning with Huánuco coca
(Plowman 1979b) and the sister-species hypotheses
suggested by Johnson and colleagues (Johnson et al.
2005; Emche et al. 2011).

While there is a clear separation of the
E. novogranatense lineage (Colombian and Trujillo)
from the E. coca lineage (Amazonian and Huánuco) and
thus at least two domestication events, the separation
of the Amazonian and Huánuco varieties, which would
suggest three origins of domestication, is more tenuous.
The first evidence of independent origins of Amazonian
and Huánuco coca comes from the phylogeny and
clustering results (Fig. 2), where they are separated
by samples of gracilipes1 from central and southern
Peru and a clade of Ecuadorean gracilipes1. While the
placement of this Ecuadorean clade is not statistically
robust, three gracilipes1 samples from Peru are firmly
supported as basal to the Huánuco clade (Fig. 2a;
Supplementary Figs. S2–S7 available on Dryad). The
second basis for three domestications is that Amazonian
coca clusters with gracilipes1 at K =5 and forms its
own cluster in K =9, suggesting closer proximity to
gracilipes1 than Huánuco coca.

To further evaluate this separation and the progenitor-
derivative relationships under our three-domestication
hypothesis, we conducted a principal components
analysis and calculated population genetic statistics
across individuals from the nine populations. The PCA
separates individuals into populations in agreement
with the clustering analysis (Fig. 3). The nine
populations, including Huánuco and Amazonian,
cluster independently of one another in our bivariate
plots describing the first eight components (explaining
65.9% of SNP variance; Fig. 3); further supporting the
evolutionary separation of these two varieties.

Wright’s index of fixation (FST) showed all pairs
showed moderate to high levels of differentiation
(range 0.25–0.78; Table 2). By our measures of genetic
distance, Amazonian and Huánuco cocas are more
similar to E. gracilipes than they are to each other, and
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FIGURE 3. Genetic variation of coca varieties and wild relatives. The first eight principal components are presented in four bivariate plots.

Amazonian and gracilipes1 are the least differentiated
taxa across all populations (Table 2). Amazonian and
Huánuco show a similar degree of differentiation as
Colombian and Trujillo (0.55 vs. 0.52, respectively).
Statistics for the number of private alleles (PA; not
weighted by sample size), average allelic richness
per SNP (AR; weighted by sample size), observed
heterozygosity (Ho), and genetic diversity (Hs) are
presented in Table 1. Amazonian has the highest genetic
diversity among the cocas (AR, Hs). Together, these
statistics all corroborate the separation of Huánuco and
Amazonian coca and thus a three-origin hypothesis
of coca domestication. Corroborating expectations
of genetic bottlenecks during domestication events
(Gross and Olsen 2010), the coca varieties have lower
genetic diversity than the wild taxa (PA, AR, Hs;
see Supplementary Material available on Dryad for
discussion of Ho).

Testing Alternative Domestication Scenarios
We used coalescent simulations under an approximate

Bayesian computation (ABC) framework to estimate
statistical support for Plowman’s linear series (Scenario
1; Plowman 1979b), Johnson’s sister species (Scenario 2;
Johnson et al. 2005), a two-origin hypothesis combining
Huánuco and Amazonian coca (Scenario 3), and a
three-origin hypothesis (Scenario 4; Fig. 4a). Simulations

TABLE 1. Genetic diversity of coca varieties and wild relatives

Population PA AR Hs Ho

gracilipes4 211 1.088 0.0734 0.028
gracilipes3 131 1.014 0.118 0.067
gracilipes2 95 1.096 0.066 0.029
gracilipes1 467 1.116 0.083 0.023
cataract. 170 1.083 0.080 0.031
Colombian 35 1.064 0.046 0.027
Trujillo 7 1.021 0.015 0.011
Amazonian 65 1.083 0.068 0.060
Huanuco 55 1.045 0.050 0.026

Populations, as defined in Figure 3, are in rows. Statistics show
the number of private alleles (PA), average, rarefaction-corrected
allelic richness per SNP (AR), genetic diversity (Hs), and observed
heterozygosity (Ho).

generated under Scenario 3 and evaluated using
the logistic regression approach received the highest
posterior probability of matching the observed summary
statistics from our first SNP data set, but Scenario 4 was
more similar to our second SNP data set (Fig. 4b). Using
the direct proportions of simulated data sets closest
to our observed data sets, Scenario 3 best represented
both SNP data sets (Supplementary Figs. S10 and S11
available on Dryad). The ABC results consistently
showed Plowman’s linear-series and Johnson’s sister-
species hypotheses are unlikely historical scenarios
explaining the current genetic diversity and divergence
of these taxa (Fig. 4b; Supplementary Figs. S10 and S11
available on Dryad).
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FIGURE 4. ABC tests and effective population size through time. a) Historical scenarios representing four domestication hypotheses. Scenarios
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interval is shown in gray.
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Based on several analyses, we can be confident that
ABC could discriminate these scenarios and estimate
their probabilities. Principal components analyses show
the posterior distributions for Scenarios 3 and 4
were able to accurately replicate the observed data
(Supplementary Figs. S10c and S11c available on Dryad).
The posterior predictive error rates specific to confidence
in scenario choice ranged from 0.146 to 0.206 among
direct and logistic estimates from the two data sets
(Supplementary Table S5 available on Dryad). The
global error computed over the whole prior distribution
(parameters and scenarios) ranged from 0.243 to 0.307
(Supplementary Table S5 available on Dryad). We
summarized calculations of scenario-based prior error
rates in confusion matrices and estimates of type I and
type II error (Supplementary Tables S6–S9 available on
Dryad). We found the simulated scenarios received the
highest probability in all cases, but the Type I error,
the probability a correct scenario was not chosen, was
high for Scenario 1 (0.39–0.48) and Scenario 2 (0.33–
0.42; Scenario 3 = 0.17–0.23; Scenario 4 = 0.08–0.18).
However, the Type I error is significantly lower if we only
analyze confusions among Scenario 3, Scenario 4, and
Scenario 1 or Scenario 2 (range = 0.07–0.20), which are
the meaningful comparisons with respect to our main
results. Type II error, the probability a scenario was
chosen when data were generated under an alternate
scenario, ranged from 0.07 to 0.12 for Scenario 1, 0.15–
0.16 for Scenario 2, 0.09–0.11 for Scenario 3, and 0.03–0.04
for Scenario 4. Model check results are presented in
Supplementary Figs. S10 and S11 available on Dryad
and prior and posterior distributions of the demographic
parameters are presented in Supplementary Figs. S12
and S13 available on Dryad.

We chose not to evaluate support for two or three
origins from additional SNP data sets because the
multiple domestication hypothesis is a high-confidence
conclusion given our genetic and geographic sampling.
Our posterior samples converged on parameter
estimations and posterior support for the domestication
scenarios agrees with the other analyses. In addition,
there are limitations in the ABC approach, the largest
being that many demographic phenomena beyond
our topological scenarios have influenced the allele
frequencies and summary statistics our results are based
upon (Sunnåker et al. 2013). For instance, the remarkably
high observed heterozygosity of Amazonian coca could
be explained by the accumulation of somatic mutations
during the mostly clonal propagation of this crop,
as is observed in other mostly asexual populations
(Table 1; Stoeckel and Masson 2014). More sampling
of E. gracilipes, delimitation of gracilipes1–4 as distinct
taxa (see below), and distinct demographic models of
each domestication event will more accurately bear on
this history.

Timing and Locations of Domestication
We estimated the relative age of each coca variety

by explicitly modeling the change in population sizes

through time using site frequency spectra derived
from our SNP data (Fig. 4c; Supplementary Fig. S14
available on Dryad). We did not estimate generation
times or extrapolate mutation rates from other studies
and therefore we cannot estimate the absolute timing of
domestication events.

The stairway plots of gracilipes1 and E. cataractarum
show these taxa have experienced a gradual population
size increase followed by a very recent and drastic
decrease (Fig. 4c). All coca varieties except Trujillo
are marked by a stable historical population size
that is smaller than gracilipes1 through much of
its history. Colombian and Amazonian have about
the same size, but Huánuco is smaller. Colombian
coca shows the earliest departure from this stability
and experienced a population decrease followed by a
more recent increase, consistent with a domestication
bottleneck. For Trujillo coca, population sizes have
increased and then leveled off. Huánuco and Amazonian
coca depart from the background population size
more recently and at about the same time, although
confidence intervals show changes in Amazonian could
be more recent. Amazonian shows a pattern of recent
population decrease whereas Huánuco coca appears
to have experienced a bottleneck—a small decrease
in population size followed by a large increase, then
leveling off (Fig. 4c). In accordance with expectations
based on historical coca farming practices, Huánuco
coca is inferred to have the largest effective population
size at present and Amazonian has the smallest.
If we remove singletons, the model reconstructs
generally similar population size histories, but without
the recent population decreases in gracilipes1 and
E. cataractarum, and without a rebound after the
bottleneck for Colombian coca (Supplementary Fig. S14
available on Dryad). The relative coalescence times
from our ABC parameter estimations also show the
Trujillo/Colombian domestication was oldest and,
in the case of three origins, that Amazonian coca
coalesced with E. gracilipes the fewest generations ago
(Supplementary Figs. S12b and S13b available on Dryad).

In addition to the Colombian coca stairway plot,
the long branch subtending the E. novogranatense clade
(Colombian and Trujillo; Fig. 2a) and the FST statistics
(Table 2) also corroborate the hypothesis that this is
the oldest coca crop. Archaeological leaf fragments and
chewing paraphernalia reveal coca culture was well
established 8000 years BP (Plowman 1984; Dillehay et al.
2010). Evidence from the archaeological record, mating
systems, and hybrid crosses (see Bohm et al. 1982) led
Plowman to believe that Colombian coca was derived
from Trujillo. Under neutral evolutionary models, we
would expect higher genetic diversity in progenitor
taxa (Gross and Olsen 2010; Feng et al. 2020), but we
see Trujillo has fewer private alleles and lower allelic
richness, genetic diversity, and observed heterozygosity
than Colombian coca (Table 1). However, these statistics
are also influenced by different demographic histories
(see Mortimer 1901; Plowman 1984; Gootenberg 2008),
so we maintain the working hypothesis established by
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TABLE 2. Population pairwise FST

gracilipes4 gracilipes3 gracilipes2 gracilipes1 cataract. Colombian Trujillo Amazonian

gracilipes3 0.68 — — — — — — —
gracilipes2 0.42 0.62 — — — — — —
gracilipes1 0.46 0.6 0.32 — — — — —
cataract. 0.6 0.73 0.51 0.41 — — — —
Colombian 0.66 0.76 0.56 0.49 0.6 — — —
Trujillo 0.79 0.91 0.71 0.55 0.71 0.52 — —
Amazonian 0.61 0.73 0.51 0.25 0.54 0.61 0.7 —
Huanuco 0.74 0.83 0.67 0.4 0.69 0.71 0.78 0.55

Bohm et al. (1982) that Trujillo coca or a common ancestor
was the progenitor of Colombian coca. Thus, a likely
region of this domestication event was in Ecuador or
northern Peru, near the current range of cultivation.

Our phylogenetic and clustering analyses indicate
Huánuco coca was domesticated in the eastern Andean
foothills of southern Peru. The two gracilipes1 samples
from Madre de Dios, Peru (grac.298, grac.654) cluster
with and are placed at the base of the Huánuco coca
clade (Fig. 2a). Neither of these samples was collected
in proximity (<100 km) to coca farms, but this does
not rule out the possibility of postdomestication gene
flow from coca farms in this region into gracilipes1.
A remarkable sample (cf.coca.884) from central Peru
is described as cultivated but is morphologically
intermediate and admixed between with gracilipes1
(Image in Supplementary material available on Dryad).
A morphologically wild-type E. gracilipes from the
montane forest in Ecuador (grac.100) was also inferred
to be slightly admixed with Huánuco coca, but this
is likely due to postdomestication gene flow because
the Ecuadorean gracilipes1 forms a clade separate from
Huánuco coca (Fig. 2a).

The Amazonian clade is most closely related
to gracilipes1 individuals from Loreto, Peru, and
Amazonian Ecuador (Fig. 2; Supplementary Figs. S5
and S7 available on Dryad). At K =5, Amazonian
coca is not distinct from gracilipes1, but it does
emerge as a separate genetic cluster when nine clusters
are defined (Fig. 2a). Lastly, the clustering and FST
results, as well as the fact that Amazonian coca
has the highest genetic diversity of any coca variety
(Table 1), support the hypothesis that Amazonian is
the most recently domesticated coca crop. This is
in line with linguistic and ethnographic observations
that indigenous agricultural practices, preparation,
consumption, and terminology surrounding coca are
remarkably consistent across the Amazon basin, and
thus thought to have been more recently dispersed
throughout its current range (Plowman 1986). Thus,
Amazonian coca was either recently derived from
Huánuco coca or it was independently domesticated
from gracilipes1 in Amazonian Ecuador or northern
Peru.

Erythroxylum gracilipes: Defining the ‘Mother of Coca’
Although E. gracilipes is one of the few wild species

to have been hypothesized as a wild ancestor of the

coca crops (Macbride 1949; see White et al. 2019),
the taxonomic and ecological understanding of this
wild species is minimal. This phylogeographic analysis
reveals E. gracilipes is comprised of at least two
main clades, gracilipes1 and gracilipes2–4, representing
two or more distinct taxa. Amazonian and Huánuco
coca are clearly derived from gracilipes1, but E.
cataractarum and E. novogranatense could be derived from
gracilipes1 or gracilipes2. Given our new understanding
of this phylogenetic structure, focused morphological,
ecological, and phylogeographic analyses are needed to
inform species delimitation and taxonomic revision of
E. gracilipes, thus clarifying the taxonomic identity of the
progenitor(s) of coca.

While taxonomic revision could lump E. coca and
E. novogranatense as varieties within paraphyletic E.
gracilipes in order to reflect the evolutionary relationships
of these taxa (Baum 2009), we believe they should instead
retain their species status because they appear to be
morphologically and genetically distinct, independently
evolving, monophyletic lineages (Fig. 2a; Table 2;
Supplementary Fig. S9 available on Dryad; De Queiroz
2007). Following additional sampling and analysis,
gracilipes2–4 should probably be reclassified as one or
more distinct species. One of our gracilipes1 samples in
this study, grac.798, was collected at the same locality
as the E. gracilipes type specimen (Spruce 3068; San
Carlos, Amazonas, Venezuela), so gracilipes1 will likely
retain the E. gracilipes epithet (Turland et al. 2018).
Lastly, the monophyly of E. cataractarum and lack of
gene flow with gracilipes1–4 supports the conservation
of this epithet. Our results establish the hypothesis
that E. cataractarum formed by peripatric speciation via
ecological adaptation to gallery forests in the Colombian
and Venezuelan Llanos.

Domestication in this system has resulted in plants
with smaller, rounder, and softer leaves (lacking the
sclerosed spongy mesophyll cells of E. gracilipes; Rury
1981) and erect to virgate branches (Supplementary
Table S1 available on Dryad). Ethnobotanical knowledge
is also scarce, the only credible record we are aware of
reports the leaves are consumed for rheumatism and
relaxation by Amerindians in the upper Rio Napo in
Ecuador (Friedman et al. 1993). With the knowledge
that E. gracilipes is a diverse and complex clade from
which all coca varieties evolved, we hope this study will
invigorate new botanical collections and systematic and
ethnobotanical investigation of this wild taxon.
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CONCLUSIONS

Our study has demonstrated that modern
biotechnologies have finally permitted the efficient
sequencing of genomic DNA from the hundreds of
millions of preserved specimens sitting in wait in
biological collections around the world. While the
technology is available, this project also shows the
importance of taxonomically complete collections
for the efficacy and productivity of systematic and
biodiversity investigations. Museum genomics projects
can access a wide geographic and temporal scale, but
might be best suited to initial, broad investigations like
this one before more geographically or taxonomically
focused evolutionary studies are conducted.

Harvard ethnobotanist R. E. Schultes called coca
the most important South American narcotic plant
due to its prevalence and significance for indigenous
cultures, as well as the revolutionary role of cocaine in
Western medicine (Schultes 1979). Our genetic blueprint
of the domestication of coca reveals that different
Amerindian peoples have continuously adopted wild
E. gracilipes into cultivation as a mild stimulant and
medicine. Under the broad context of crop origins and
centers of civilization, this contradicts the traditional
Vavilovian view of few, distinct centers of origins
for crops with extensive dispersal networks (Vavilov
and Löve 2009) and instead corroborates localized
and widespread domestication practices (Harlan 1971).
This pervasive ingenuity has resulted in four unique
coca crops: coca cultivation and culture has flourished
for over 8000 years in northwestern South America
following the domestication of E. novogranatense in that
region. Erythroxylum gracilipes was also domesticated
into Huánuco coca in Andes/Amazon region of Peru
and Bolivia, where it has grown into a sacred commodity
and cultural symbol unparalleled in the world of crop
plants. The coca grown today by indigenous tribes in
the Amazon basin was possibly brought down from
the Andes but could also represent a third, and most
recent, independent origin of coca. The results of this
study have reframed our understanding of the history
and diversity of this crop and have directly informed the
next generation of research into where, when, and how
coca was domesticated from E. gracilipes.

SUPPLEMENTARY MATERIAL

Data available from the Dryad Digital Repository:
https://doi.org/10.5061/dryad.cvdncjt1n.
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