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a b s t r a c t

In ancient DNA (aDNA) research, evolutionary and archaeological questions are often investigated using
the genomic sequences of organelles: mitochondrial and chloroplast DNA. Organellar genomes are found
in multiple copies per living cell, increasing their chance of recovery from archaeological samples, and
are inherited from one parent without genetic recombination, simplifying analyses. While mitochondrial
genomes have played a key role in many mammalian aDNA projects, including research focused on
prehistoric humans and extinct hominins, it is unclear how useful plant chloroplast genomes (plastomes)
may be at elucidating questions related to plant evolution, crop domestication, and the prehistoric
movement of botanical products through trade and migration. Such analyses are particularly challenging
for plant species whose genomes have highly repetitive sequences and that undergo frequent genomic
reorganization, notably species with high retrotransposon activity. To address this question, we explored
the research potential of the grape (Vitis vinifera L.) plastome using targeted-enrichment methods and
high-throughput DNA sequencing on a collection of archaeological grape pip and vine specimens from
sites across Eurasia dating ca. 4000 BCEe1500 CE. We demonstrate that due to unprecedented numbers
of sequence insertions into the nuclear and mitochondrial genomes, the grape plastome provides limited
intraspecific phylogenetic resolution. Nonetheless, we were able to assign archaeological specimens in
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the Italian peninsula, Sardinia, UK, and Armenia from pre-Roman to medieval times as belonging to all
three major chlorotypes A, C, and D found in modern varieties of Western Europe. Analysis of nuclear
genomic DNA from these samples reveals a much greater potential for understanding ancient viticulture,
including domestication events, genetic introgression from local wild populations, and the origins and
histories of varietal lineages.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Through the analysis of aDNA from archaeobotanical remains, it
is possible to shed light on long-standing archaeological and
evolutionary questions, including the geographic origins of crops,
rates of change during domestication, human migration patterns,
past trade networks, and paleoecology (as reviewed by Brown et al.,
2015; Palmer et al., 2012; Wales et al., 2013). One key question for
plant aDNA research is the suitability of the chloroplast genome to
address archaeological and evolutionary questions. This genetic
compartment, more generally referred to as the “plastome”
because all plastids in an individual contain the same genome
(Herrmann and Possingham, 1980), plays a large role in genetic
research of modern plants due to its ability to act as a genetic
barcode, differentiating between species and lineages at several
genetic markers (CBOL Plant Working Group et al., 2009; China
Plant BOL Group et al., 2011). Like mitochondria, plastids are the
descendants of endosymbiotic bacteria (Gray, 1993; Sagan, 1967),
and are present in many copies per living cell, each containing a
copy of their genome (Bock, 2007). Plastids are almost always
inherited uniparentally, most commonly from the mother, and very
rarely undergo genetic recombination (Birky, 2001), although there
are exceptions (Wolfe and Randle, 2004). These characteristics,
coupled with expansive DNA barcoding databases of living plant
accessions, makes the plastome an obvious target for aDNA
research. In fact, the same traits of uniparental inheritance and high
copy number have led aDNA researchers to study mitochondrial
genomes from extinct mammalian species (Hofreiter et al., 2001),
including woolymammoths (Rogaev et al., 2006), wooly rhinoceros
(Willerslev et al., 2009), Neanderthals (Green et al., 2008), and
Denisova hominins (Krause et al., 2010).

To date, analysis of plastome sequences from archaeological and
environmental samples has been primarily focused on short DNA
barcoding loci (Palmer et al., 2012). This method has been espe-
cially useful in reconstructing plant communities of ancient envi-
ronments using sediment samples (Haile et al., 2007; Willerslev
et al., 2003), as well as for inferring ancient human diets from
coprolites and gut contents (Rasmussen et al., 2009; Rollo et al.,
2002). In these studies, the polymerase chain reaction (PCR) was
used to amplify hypervariable stretches of DNA flanked by
conserved regions. While this approach can distinguish distantly
related plant taxa, closely related species often have identical
barcodes, due to their recent evolutionary divergence (Taberlet
et al., 2007). This limitation is magnified in archaeological sam-
ples, because DNA is highly fragmented, necessitating the use of
“mini-barcodes”, small portions of the conventional DNA barcodes
with reduced phylogenetic resolution (Little, 2014).

Considering plastid genomes range in size from 120,000 to
160,000 nucleotides in most plant species (Bock, 2007), the DNA
barcodes within them represent <1% of the total sequence. Because
genetic polymorphisms are not limited to the barcoding regions, by
studying complete plastomes of different plant species or in-
dividuals within a species, researchers can observe many more
polymorphic loci and investigate phylogenetic questions that are
not feasible using conventional barcode markers. In modern DNA-

based projects, full plastome sequences have been used to clarify
deep evolutionary splits in the plant kingdom (Karol et al., 2010),
resolve evolutionary relationships of closely related species (e.g.
Sherman-Broyles et al., 2014; Yang et al., 2013), and explore
divergence and evolution of intraspecific lineages (Schelkunov
et al., 2015; Whittall et al., 2010). Relationships within a species
are of significant interest for archaeobotanical aDNA research, as
they can shed light on important questions about domestication of
a crop and transportation by past humans. In two aDNA projects
focused on Cucurbitaceae, the gourd family, researchers recovered
significant portions of plastomes from archaeological samples us-
ing high throughput DNA sequencing technologies, permitting new
understandings of the movement of the bottle gourd (Lagenaria
siceraria (Molina) Standl.) to the Americas and the domestication of
gourds and squashes (Cucurbita spp. L.) (Kistler et al., 2014, Kistler
et al., 2015). Despite the success of these aDNA studies, it is unclear
whether complete plastome sequences are equally useful for other
aDNA projects, especially in species with repetitive genomic se-
quences and high levels of retrotransposonsdmobile genetic ele-
ments that may compromise >50% of a plant genome (Kumar and
Bennetzen, 1999). Indeed, even in Lagenaria siceraria, horizontal
gene transfer from the plastome to mitochondrial genome makes
some plastome loci uninformative for ancestry inferences (Kistler
et al., 2014), a finding which undermines earlier PCR-based find-
ings for an Asian origin of bottle gourds in the Americas (Erickson
et al., 2005).

To more broadly investigate the extent to which plastomes can
be used to answer archaeological questions, we explored the
genomic locus in ancient specimens and in modern Eurasian
grapevines (Vitis vinifera L.), covering the current geographical
range of viticulture and representing all known modern chlor-
otypes. The grape genome presents a significant analytical chal-
lenge, due to high levels of horizontal gene transfer between the
nuclear, plastid, and mitochondrial genomes (Michalovova et al.,
2013). Plastome inserts in the nuclear (nupt) and mitochondrial
(mtpt) genomes are here referred to collectively as organellar-
derived inserted sequences or “odins” (Samaniego Castruita et al.,
2015). At least 42% of the grape plastome has been integrated
into the mitochondrial genome (Goremykin et al., 2009), where
selection is relaxed and mutations occur more frequently than in
the plastome, potentially making it very difficult to distinguish
plastome aDNA molecules from odins, especially in degraded
specimens. Still, the high copy number of plastids in living cells
increases the chance that the plastome can be recovered in
archaeological samples, potentially making it a more practical
target than nuclear loci.

The domestication of wild grapevines and their subsequent
spread by humans around the world is a complicated archaeolog-
ical topic for which aDNA investigation can provide important in-
sights into the timing and pace of change. The wild grapevine (Vitis
vinifera L. ssp. sylvestris (C.C. Gmelin) Hegi), hereafter sylvestris, is a
dioecious plant yielding small, dark berries, with a natural range
spanning the Mediterranean to west of the Himalaya Mountains.
Archaeological evidence indicates that the domesticated grapevine
(Vitis vinifera L. ssp. sativa Hegi), hereafter sativa, characterized by
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