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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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larger berries and hermaphroditism (This et al., 2006), first
appeared ca. 8000 years ago in Western Asia (Miller, 2008; Zohary,
1996; Zohary et al., 2012). Traces of grape-derived compounds on
archaeological storage vessels and site features from this region
strongly indicate an early use of grapes for consumption as a
beverage (Barnard et al., 2011; McGovern et al., 1996), likely as
wine, given that the juice spontaneously ferments when berries are
crushed (Beck, 2004). Patterns in genetic diversity of modern syl-
vestris and sativa also point to the Near East as the probable center
of domestication (Arroyo-García et al., 2006; Bacilieri et al., 2013;
Myles et al., 2011). However, the timing of this domestication and
sativa’s precise geographic origins continue to be contested. Later
events in the history of grape domestication are equally ambiguous,
including a possible secondary domestication event in Western
Europe (Arroyo-García et al., 2006) or introgression of Western
sylvestris into introduced varieties of sativa (Myles et al., 2011),
millennial-scale changes in vinicultural practices and vineyard
management, and the origins of varietal lineages. These processes
are currently examined by archaeobotanical studies using image
analysis techniques (Terral et al., 2010), in which morphometric
features distinguish sylvestris and sativa cultivars, leading to in-
sights on ancient grapevine cultivation (Bouby et al., 2013; Ucchesu
et al., 2015). Such morphometric approaches can be complemented
by aDNA from archaeological samples, providing unparalleled
snapshots of past genetic diversity to understand these complex
processes. The plastome would at first glance be particularly suit-
able to study these issues in grapes because when vines are prop-
agated vegetatively, a lineage exists as a genetic clone, and a
particular plastome becomes inextricably linked to each variety.
Given grapevine’s venerable symbolic and ritualistic role in many
societies (McGovern, 2003), as well as its position as today’s most
economically important fruit (Jenster et al., 2008), the situation is
ripe for high-throughput sequencing of aDNA from archaeological
grape specimens.

To date, few published studies have utilized grape aDNA, either
for methodological studies (Wales et al., 2014,Wales et al., 2012), or
in conventional PCR-based approaches (Cappellini et al., 2010;
Foley et al., 2012; Hansson and Foley, 2008; Manen et al., 2003).
Here, we circumvent the limitations of PCR-based studies (dis-
cussed by Knapp and Hofreiter, 2010; Rizzi et al., 2012) and attempt
to characterize plastomes from 27 archaeological grape samples
using a target-enrichment methodology and high-throughput DNA
sequencing. To investigate the potential of the grape plastome for
aDNA research, we enrich for plastome DNA using an in-solution
capture method (�Avila-Arcos et al., 2011; Gnirke et al., 2009), and
test genetic relationships between archaeological and modern
samples. In addition, we examine nuclear genomic sequences from
the archaeological samples to better understand the limitations of
plastome data and determine if the nuclear genome may be a more
practical target for future grape aDNA research.

2. Methods and materials

2.1. Archaeological samples

Twenty-seven archaeobotanical specimens were tested from 17
archaeological sites, spanning a range of geographic locations and
time periods (Fig. 1 and Table 1). The majority of the specimens
were waterlogged grape pips, excavated fromwells, latrines, and in
one case, a shipwreck. In addition to the waterlogged samples,
three desiccated pips from a Byzantine dovecote near Shivta, Israel
were tested (Hirschfeld and Tepper, 2006); we note that pigeons
likely digested these seeds in antiquity. Three desiccated grapevine
branches were tested from Areni-1, a dry cave in Armenia with the
oldest known winemaking installation, dating to ca. 4000 BCE
(Barnard et al., 2011; Wilkinson et al., 2012). All three branches
from Areni-1 were of sufficient size to allow direct radiocarbon
dating and aDNA analyses. The small sizes of pips did not permit
direct dating and aDNA analysis, but closely associated AMS dates
are available for Çamaltı Burnu, Colosseum, Sa Osa, Scorpo and
Torre Montello. The age of the other pips is inferred from associated
artifacts and archaeological contexts (Table 1). The stratigraphic
integrity of the archaeological sites do not indicate any of the seeds
are likely to be intrusive, but we note that the small size of pips
renders them prone to vertical movement via bioturbation and
other site formation processes (Reitz and Shackley, 2012). None-
theless, the testing of many samples from multiple contexts places
the focus of this study on the large patterns in past Vitis genetic
diversity, minimizing the impact of individual samples. As far as
could be ascertained, none of the specimens were charred or had
otherwise been exposed to fire. Exposure to high temperatures,
such as in charring, can be expected to heavily fragment DNA
(Lindahl, 1993), with greater destruction with higher temperatures
and longer exposure.

2.2. Modern samples

Twomodern grapevine specimens were included in the study as
positive controls for the experimental technique. Both leaf samples
were collected in Armenia, and were tested to supplement the
dataset for individuals that might be more closely related to sam-
ples from the Caucasus. One sativa individual was collected from a
vineyard near the village of Hatis, in the Kotayk Province of central
Armenia. Another individual, referred to as “Feral” was collected
3 km away from the Areni-1 site, upstream beside the Gnishik
stream. This individual was growing among a stand of grapevines,
thought to be feral descendants of a medieval vineyard, perhaps
related to the nearby Noravank monastery.

2.3. aDNA extraction and library preparation

DNA was extracted from archaeological specimens in an aDNA
facility at the University of Copenhagen that implements extensive
measures to minimize contamination, including full body suits,
nightly UV-irradiation, and isolation from post-PCR laboratories
(Cooper and Poinar, 2000; Gilbert et al., 2005). Laboratory methods
slightly varied across samples, as different specimens were pro-
cessed over the course of the project, in accordance to improve-
ments in methodologies. Detailed methods used for each sample
are described in Table S1, but in general followed commonly
employed techniques for plant aDNA. Seeds were rinsed in a 5%
sodium hypochlorite (bleach) solution for 30 s, followed by a wash
with molecular biology grade water, except when they appeared
likely to absorb the solution, thereby destroying endogenous DNA.
Sediment and other contaminants were removed from branches by
removing the external bark with a sterile scalpel. All samples were
extracted using a method which had previously been used on
archaeological grape pips (Cappellini et al., 2010), and has been
validated across a wide range of non-carbonized archaeobotanical
remains (Wales et al., 2014). In addition to the standard extraction
technique, portions of the two oldest vines were extracted using an
enzymatic technique in an attempt to more thoroughly disrupt cell
walls and release DNA (Manen et al., 2005).

Due to the limited sizes of most archaeobotanical remains when
compared to many archaeological skeletal remains, it is open
question whether researchers should extract seeds individually or
in bulk. In theory, the extraction of a single seed is preferable
because only one genetic signature is present. In practice, however,
if DNA yields are very low, insufficient endogenous DNA may be
available for library preparation or genetic characterization.



Fig. 1. Map of archaeological sites with number of samples processed. Marker color indicates whether samples yielded sufficient nuclear DNA or plastome data for inclusion in
analyses and symbol shape represent age grouping. Natural range of grapevine based on Zohary (1996). (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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Therefore, for 10 of the 24 seed samples, DNA was extracted from
multiple pips excavated from the same stratigraphic unit. These
multi-seed samples may consequently have a mixed signal from
multiple individuals. The other 14 seed samples were performed on
a single grape pip, with the goals of achieving less ambiguous
biological findings and providing new insights into whether single
seeds can yield sufficient endogenous DNA for genetic
characterization.

Extracted aDNA was converted to Illumina-compatible libraries
using double-stranded DNA preparations, either with A-tailing and
Y-shaped adapters (New England Biolabs NEBNext library kit
E6040L), or blunt-end repair and blunt-adapters (Meyer and
Kircher, 2010) (Table S1). DNA extracts of the two oldest vines
were also converted to Illumina libraries using a single-stranded
DNA library preparation to maximize library complexity and
improve the recovery of very short DNA molecules (Gansauge and
Meyer, 2013). Libraries were amplified using either Phusion or
AmpliTaq Gold DNA polymerases (Thermo Fisher Scientific, Wal-
tham, MA), the latter enabling a less biased representation of aDNA
damage patterns. The number of PCR cycles used varied by sample
in order to reach sufficient quantities of DNA for capture-
enrichment experiments, and when necessary, an additional
round of PCR was performed using high fidelity Phusion polymer-
ase (Table S1).

2.4. Modern DNA extraction and library preparation

DNA from two modern grape samples was extracted in a facility
at the University of Copenhagen designated for modern DNA, in a
separate building from where aDNA is extracted and converted to
sequencing libraries. DNA from leaf tissue was extracted using a
protocol designed for samples rich in polyphenols, especially
grapes (Japelaghi et al., 2011). In preparation for library building,
genomic DNA was fragmented to an average length of ~200 bp
using a Diagenode Bioruptor NGS, using 20 cycles of 30 s of
sonication and 30 s of rest. Sheared DNAwas converted to Illumina-
compatible libraries using NEBNext library kit E6070L (New En-
gland Biolabs) and blunt-ended library adapters described by
Meyer and Kircher (2010). The libraries were amplified with Phu-
sion polymerase for a total of 14 cycles with sample-specific in-
dexes included in the P7 primer (Meyer and Kircher, 2010).

2.5. Targeted capture of plastome

Polymorphisms and genetic diversity in the grape plastome
have been characterized by several researchers, notably micro-
satellites (Arroyo-García et al., 2006), but also base insertions/de-
letions (indels) and single nucleotide polymorphisms (SNPs)
(Beridze et al., 2011; Hunt et al., 2010; Pipia et al., 2012; Tr€ondle
et al., 2010). Such reference data can allow ancient samples to be
placed in a greater context, although like mitochondrial genomes,
their unilineal inheritance allows only limited insights into genetic
relationships.

PCR-based amplification of a small number of genetic markers is
challenging formost archaeological samples, due to the fragmented
nature of aDNA and the limited number of template molecules
(reviewed by Shapiro and Hofreiter, 2014). In addition, archae-
obotanical remains often contain enzymatic inhibitors, potentially
leading to false negative results (Wales et al., 2014). In contrast, a
hybridization enrichment methodology developed for modern
DNA (Gnirke et al., 2009) has been shown to be suited for aDNA
research, including archaeobotanical remains (�Avila-Arcos et al.,
2011; da Fonseca et al., 2015; Kistler et al., 2014, Kistler et al.,
2015). Enrichment of the grape plastome was performed using
custom-designed RNA probes (MYcroarrary, Ann Arbor, MI). By
design, the 120-mer probes covered 108,222 of the 160,928 bp
genome, to the exclusion of the two inverted repeats, as recovered
DNA could not unambiguously be mapped to these regions.

Targeted enrichment was performed on both modern samples
and 23 of the 24 archaeological samples, according to the



Table 1
Archaeological sample information. Samples with radiocarbon ages are listed with AMS laboratory codes in parentheses, and are provided with 95.4% confidence intervals,
calibrated using OxCal Ver. 4.2 web interface build 96 (Bronk Ramsey and Lee, 2013) and IntCal13 (Reimer et al., 2013). The vines from Areni-1 were dated directly. The AMS
date for Çamaltı Burnu is a wood sample from the frame of the ship. The Colosseum radiocarbon date is from organic waste from cesspits in the east sewer. At Sa Osa and
Scorpo, AMS dateswere taken for grape pips excavated in the same stratigraphic layers as those tested for aDNA. The date for TorreMontello is a seed of Lagenaria sp. L. found in
the same stratigraphic layer as the two grape seeds. Other dates are based on archaeological context. Repository abbreviations are IAE: Institute of Archaeology and Ethnology,
National Academy of Sciences, Yerevan, Armenia; UH: University of Haifa, Israel; UNIMORE: University of Modena and Reggio Emilia, Italy; UNIROMA: “Sapienza” University of
Rome; US: University of Salento, Lecce, Italy; and York: University of York, England. Context abbreviation “SU” represents “stratigraphic unit.”

Site Location Sample Tissue Preservation Age Repository Context Reference

Areni-1 Areni,
Armenia

Areni-1 Vine Desiccated 1166e1258 CE
(OxA-24048)

IAE Trench 1, square N16, locus
29

Wilkinson et al., 2012; Smith
et al., 2014

Areni-1 Areni,
Armenia

Areni-2 Vine Desiccated 2201e1961 BCE
(AA-95788)

IAE Trench 1, unit 3, square R18,
locus 19, spit 3

Wilkinson et al., 2012; Smith
et al., 2014

Areni-1 Areni,
Armenia

Areni-3 Vine Desiccated 3982e3715 BCE
(AA-95789)

IAE Trench 3, square J26, spit 11 Wilkinson et al., 2012; Smith
et al., 2014

Çamaltı Burnu, Marmara
Island

Turkey Çamaltı
Burnu

3
seeds

Waterlogged 1263e1397 CE
(LTL4984A)

US Çamalti Burnu-1 shipwreck,
sample ATB

Nergis, 2010; Grasso and
Fiorentino, 2010

Colosseum Rome, Italy Colosseum-
1

1
seed

Waterlogged 125e322 CE (Ua-
42355)

US/
UNIROMA

Rome Colosseum, CCE 75 Ghini, 1988; Celant, 1998

Colosseum Rome, Italy Colosseum-
2

1
seed

Waterlogged 125e322 CE (Ua-
42355)

US/
UNIROMA

Rome Colosseum, CCE 75 Ghini, 1988; Celant, 1998

Ferrara: corso Porta
Reno/via Vaspergolo

Ferrara, Italy Ferrara-1 6
seeds

Waterlogged 1001e1050 CE UNIMORE SU 2599, rubbish bin in
kitchen gardens

Bosi, 2000

Ferrara: piazza
Municipale

Ferrara, Italy Ferrara-2 4
seeds

Waterlogged 1451e1500 CE UNIMORE SU 1050, brick rubbish pit of
Este’s family

Bosi et al., 2009

Lugo: piazza Baracca Lugo, Italy Lugo 4
seeds

Waterlogged 1501e1550 CE UNIMORE SU 144, well 138, homes and
artisan workshops

Modena: area Novi Sad Modena, Italy Modena-1 1
seed

Waterlogged 100 BCEe100 CE UNIMORE SU 230, tub (probably used
for fish farming)

Bosi et al., Submitted

Modena: ex Cassa di
Risparmio

Modena, Italy Modena-2 3
seeds

Waterlogged 1e25 CE UNIMORE SU 29, reclaimed channel Bosi et al., Submitted

Modena: ex cinema
Capitol

Modena, Italy Modena-3 1
seed

Waterlogged 300e101 BCE UNIMORE SU 12, pre-domus (layer very
anthropized)

Bosi et al., 2015b

Modena: ex cinema
Capitol

Modena, Italy Modena-4 1
seed

Waterlogged 1e200 CE UNIMORE Cut 2, Imperial domus Bosi et al., 2015b

Modena: palazzo
Vaccari

Modena, Italy Modena-5 4
seeds

Waterlogged 401e600 CE UNIMORE SU 9, landfill (complete
abandonment domus)

Rinaldi et al., 2013; Bosi et al.,
2015a

Parma: piazza Garibaldi Parma, Italy Parma 4
seeds

Waterlogged 250e175 BCE UNIMORE SU 320, pit (votive offerings) Bosi et al., 2011

Sa Osa Cabras
(Oristano),
Italy

Sa Osa-1 1
seed

Waterlogged 1286e1115 BCE
(OxA-25106)

US SU 171, well N Ucchesu et al., 2015

Sa Osa Cabras
(Oristano),
Italy

Sa Osa-2 1
seed

Waterlogged 1276e1088 BCE
(OxA-25107)

US SU 171, well N Ucchesu et al., 2015

Sassari: via Satta Sassari, Italy Sassari-1 1
seed

Waterlogged 1301e1350 CE UNIMORE SU 1336, well in an urban
courtyard

Bosi and Bandini Mazzanti, 2013

Sassari: via Satta Sassari, Italy Sassari-2 1
seed

Waterlogged 1301e1350 CE UNIMORE SU 1336, well in an urban
courtyard

Bosi and Bandini Mazzanti, 2013

Scorpo Supersano
(Lecce), Italy

Scorpo-1 3
seeds

Waterlogged 686e876 CE
(LTL2562A)

US SU 204, well Arthur et al., 2008; Calcagnile
et al., 2011

Scorpo Supersano
(Lecce), Italy

Scorpo-2 3
seeds

Waterlogged 686e875 CE
(LTL2563A)

US SU 204, well Arthur et al., 2008; Calcagnile
et al., 2011

Shivta Shivta, Israel Shivta-1 1
seed

Desiccated 501e600 CE UH G-8/04, structure VI Hirschfeld and Tepper, 2006;
Ramsay and Tepper, 2010

Shivta Shivta, Israel Shivta-2 1
seed

Desiccated 501e600 CE UH G-8/04, structure VI Hirschfeld and Tepper, 2006;
Ramsay and Tepper, 2010

Shivta Shivta, Israel Shivta-3 1
seed

Desiccated 501e600 CE UH G-8/04, structure VI Hirschfeld and Tepper, 2006;
Ramsay and Tepper, 2010

Torre Montello Taranto, Italy Torre
Montello-1

1
seed

Waterlogged 357e164 BCE
(RTD-8238)

US SU 14, well Cinquantaquattro, 2012

Torre Montello Taranto, Italy Torre
Montello-2

1
seed

Waterlogged 357e164 BCE
(RTD-8238)

US SU 19, well Cinquantaquattro, 2012

York: 62e68 Low
Petergate

York, England York 3
seeds

Waterlogged 1301e1400 CE York Basal fill of a cobble-lined pit Reeves, 2006; Cappellini et al.,
2010
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MYcroarrary’s MYbaits manual version 1.3.8. Between 193 and
546 ng (mean ¼ 384 ng) of amplified library was captured in an
individual reaction (Table S1). The hybridization reactions were run
in an Applied Biosystems 2720 Thermal Cycler for 24e53 h at 65 �C,
with a 105 �C lid to prevent condensation. Following hybridization
with RNA probes and streptavidin-coated magnetic beads, libraries
werewashed with supplied buffers, and DNAwas released from the
RNA probes using alkaline treatment. To reach sufficient quantities
of DNA for sequencing, enriched libraries were amplified using
Phusion polymerase for 12e24 PCR cycles.

Direct sequencing of the non-enriched library, i.e., shotgun
sequencing, was performed on seven archaeological samples
(Table S1). Shotgun sequencing allows an investigation into the
enrichment of plastome DNA in the samples, although in some
cases the captured and shotgun libraries do not originate from the
same DNA extract, such as Areni-2. Shivta-3 was only shotgun
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sequenced, and not captured. To achieve a general impression of
capture success for samples that were not shotgun-sequenced, the
amount of plastome-like DNAwas compared to that obtained from
shotgun sequencing of a modern grape sample.

Libraries were sequenced on Illumina GAIIx and HiSeq 2500
platforms, in single read mode with read lengths of 76 or 100 bp
(Table S1).

2.6. Bioinformatic analyses

2.6.1. Read trimming and mapping
Sequencing adapters, low quality runs, and trailing Ns were

trimmed from raw Illumina reads using AdapterRemoval v1.5
(Lindgreen, 2012). Trimmed reads were mapped with BWA aln
v0.7.12 (Li and Durbin, 2009) to the reference grape plastome
(Jansen et al., 2006) and the entire grape genome (Jaillon et al.,
2007). The two mapping approaches were necessary because
plastome-like DNA in the nuclear and mitochondrial genomes can
also be enriched, as discussed below in the context of odins. In
BWA, seeding (�l parameter) was disabled in order to prevent 50

terminal substitutions characteristic to ancient DNA to bias the
mapping (Schubert et al., 2012). PCR duplicates were identified by
library and removed using Picard tools 1.130 (http://broadinstitute.
github.io/picard). Reads were discarded if they mapped ambigu-
ously in the genome or if they were assigned a mapping quality
<30. Finally, reads were realigned around indels using GATK 3.3
(McKenna et al., 2010) and the MD-tag was calculated using
SAMtools 1.2 (Li et al., 2009) before conducting subsequent ana-
lyses (Table 2).

2.6.2. Authenticating endogenous DNA
To further investigate the biological origin of DNA recovered

from the samples, 10,000 trimmed reads from each library were
randomly selected for querying against a local copy of NCBI’s
nucleotide database with the BLAST algorithm (Altschul et al., 1997;
Camacho et al., 2009). The BLAST results were analyzed inMEGAN 5
using the default parameters to achieve an overview of the bio-
logical origins of DNA from the samples (Huson et al., 2011)
(Table S2). While most archaeological samples demonstrate com-
plex metagenomic signatures with high levels of microbial DNA
(Carpenter et al., 2013; Poinar et al., 2006), we note most of our
samples are only sequenced after target enrichment, leading to
significant increases in endogenous content compared to shotgun
sequencing.

DNA irreversibly degrades over time and with higher temper-
atures, becoming more fragmented and more chemically damaged,
largely consisting of abasic sites and deaminated cytosine residues
at the ends of the molecules (Dabney et al., 2013). Characterization
of these features in DNA recovered from archaeological samples
provides onemeans of determining if DNA likely is from an ancient/
historic source as opposed to modern contamination. Reads map-
ping to the grape genome were analyzed for aDNA damage with
bamdamage (Malaspinas et al., 2014).

2.6.3. Analysis of plastome data
As discussed previously, the high frequency of odins related to

the grape plastome complicates bioinformatic analyses, mandating
very strict filtering protocols. Therefore, phylogenetic analyses
were restricted to portions of the plastome where reads can be
mapped unambiguously. The “mappability” (Li and Freudenberg,
2014) of the plastome was assessed in silico by mapping frag-
mented portions of the grape genome using the above-described
methods. Based on this experiment, 40 bp and 100 bp reads can
be unambiguously mapped to only 23.4 and 44.3% of the plastome,
respectively. Due to the high level of genetic diversity in grapevine
(Bacilieri et al., 2013; Myles et al., 2011), it would be unsurprising if
different grape individuals had varying frequencies of odins, a
factor that may cause an overestimate of howmuch of the plastome
can reliably be characterized in specimens with highly fragmented
DNA.

To investigate the relationship of archaeological samples to
modern specimens, plastome sequences were acquired from a Vitis
sequencing project initiated by IGA comprising shotgun sequencing
of 52 sativa varieties and seven accessions of spontaneous grape-
vines, purportedly sylvestris. Further sequencing reads of Sultanina
and Tannat varieties and another Vitis species (Vitis rotundifolia
Michx.) were retrieved from the NCBI Sequence Read Archive
(SRR924200, SRR863595, SRR863618, SRR094945). Reads were
mapped with BWA aln v0.7.12 (Li and Durbin, 2009) to the refer-
ence grape plastome (Jansen et al., 2006). Reads best mapping to
the plastome were retrieved and filtered using the same parame-
ters used for the ancient samples. Consensus sequences were
generated for both ancient and modern samples using a simple
majority rule as implemented in ANGSD (Korneliussen et al., 2014).
Bases with quality <20 and sites with a depth of coverage <5 were
not considered in the consensus sequences. Consensus sequences
and a set of reference sequences (4 sativa cultivars (AB856289.1,
AB856290.1, AB856291.1, DQ424856.1) and 2 Vitis rotundifolia
(NC_023790.1, KF976463.1)) were aligned using MAFFT v7.221
(Katoh and Standley, 2013) with default parameters (Data S1). To
avoid erroneous interpretations caused by missing data, analyses
were restricted to samples with <50%missing data and to plastome
nucleotides with <20% missing data across samples. A maximum-
likelihood tree was generated based on the final alignment
(48,750 nucleotides) using MEGA 6 (Tamura et al., 2013). We note
that we did not proactively remove damaged nucleotide residues at
the 50 and 30 ends of molecules, as done in some studies (Schubert
et al., 2012), but rather relied on the 5 � depth of coverage
requirement to minimize biases introduced by DNA damage and
sequencing errors. The same phylogenetic relationships between
samples were observed when putative DNA damage was removed
from sequencing reads (data not shown), but this approach reduced
the length of the final alignment.

Modern and ancient plastome datawere directly comparedwith
Arroyo-García et al.’s (2006) dataset to explore their hypothesis
that manyWestern European sativa lineages descend fromWestern
European sylvestris populations. Following Arroyo-García et al.’s
chlorotype naming conventions, we determined the expected
chlorotype of modern varieties in our dataset (Table S3), assuming
that a particular plastome sequence would be maintained in a
vegetatively propagated lineage, such as chlorotype A in all Pinot
noir/blanc/gris accessions. Using a median joining network con-
structed in PopART (Bandelt et al., 1999; Leigh, 2016), we then
investigated whether archaeological samples matched chlorotype
A, the group purportedly introduced into sativa from Western Eu-
ropean sylvestris populations, and other major chlorotypes (B, C,
and D).

2.6.4. Analysis of nuclear DNA bycatch
Targeted capture experiments enrich for specific regions of in-

terest, and despite a sequence of washing steps in which off-target
DNA is discarded, some non-target DNA inevitably is retained and
sequenced. For samples with relatively high endogenous content,
this “bycatch” is prone to remain high, making it possible to
investigate endogenous nuclear aDNA.

To explore how nuclear DNA might be exploited in future grape
aDNA research, nuclear aDNAwas compared to a Vitis SNP database
(Myles et al., 2010), consisting of data for 10 sativa varieties, and 7
wild Vitis species. Raw data were obtained from the NCBI sequence
read archive (SRA) and mapped to the grape reference genome

http://broadinstitute.github.io/picard
http://broadinstitute.github.io/picard


Table 2
Sequencing data for ancient and modern samples. The total number of trimmed and mapped reads are reported for aggregated capture and shotgun sequencing data for each
sample. Nuclear and plastome read counts after filtering signify reads with mapping quality �30 and after PCR duplicate removal. Due to enrichment, large numbers of PCR
clones are expected for on-target DNA, leading to relatively few unique reads after removal of PCR duplicates. Plastome analyses were calculated on samples with an average
plastome depth of coverage (DOC) > 5 and with <50% missing data for the portion of the plastome that can be characterized with short reads, equivalent to >30% coverage.
Nuclear genome analyses were performed on samples >0.05 DOC on the nuclear genome.

Sample Trimmed
reads

Reads mapping
grape genome

Plastome reads
after filtering

Nuclear reads
after filtering

Mean length of
endogenous DNA

Percent of
plastome
covered

DOC on
plastome
sites

Percent of nuclear
genome covered

DOC on
nuclear
genome

Analyses

Areni-1 84,754,174 35,139,859 32,395 702,313 57.8 35.1% 39.3 6.43% 0.074 Plastome
and
nuDNA

Areni-2 87,441,116 276,377 1492 9521 71.3 22.6% 3.3 0.09% 0.001
Areni-3 105,200,858 15,838 1269 3756 77.0 20.3% 3.2 0.03% 0.000
Çamaltı

Burnu
31,831,414 480,287 4314 4687 71.8 29.3% 6.6 0.00% 0.000

Colosseum-
1

72,093,339 7,929,373 13,648 373,428 78.1 39.6% 18.2 4.90% 0.057 Plastome
and
nuDNA

Colosseum-
2

86,844,481 14,870,870 19,604 2,366,792 86.3 41.1% 25.7 23.73% 0.414 Plastome
and
nuDNA

Feral 76,954,110 70,743,134 100,153 19,164,801 89.0 50.8% 114.6 66.91% 3.432 Plastome
and
nuDNA

Ferrara-1 43,413,589 9,074,197 15,963 55,035 59.9 32.2% 22.5 0.38% 0.005 Plastome
only

Ferrara-2 59,611,554 820,721 18,004 48,319 80.7 33.1% 28.4 0.44% 0.005 Plastome
only

Hatis 52,319,129 47,811,471 99,526 12,931,345 88.8 50.5% 114.5 63.87% 2.300 Plastome
and
nuDNA

Lugo 71,653,561 29,219,840 72,089 1,459,686 81.5 44.1% 93.8 14.18% 0.226 Plastome
and
nuDNA

Modena-1 65,272,320 18,157,046 27,164 1,672,173 78.3 41.6% 33.8 18.41% 0.264 Plastome
and
nuDNA

Modena-2 35,891,843 54,954 407 535 65.6 10.0% 1.7 0.00% 0.000
Modena-3 69,492,085 2,929,118 10,630 60,582 59.1 32.1% 14.0 0.55% 0.006 Plastome

only
Modena-4 57,051,083 1,486,662 2628 137,805 71.4 25.6% 4.8 1.81% 0.020
Modena-5 65,603,045 45,384,917 83,072 2,389,154 70.3 45.1% 106.6 19.69% 0.326 Plastome

and
nuDNA

Parma 48,739,726 1,797,117 26,825 64,148 71.7 37.5% 36.8 0.35% 0.004 Plastome
only

Sa Osa-1 27,371,201 960,670 7553 70,993 70.2 33.0% 11.2 0.83% 0.009 Plastome
only

Sa Osa-2 53,823,743 959,413 18,022 106,429 73.9 35.6% 24.0 1.23% 0.013 Plastome
only

Sassari-1 14,651,811 10,033,212 80,448 786,978 82.0 43.9% 106.0 8.16% 0.111 Plastome
and
nuDNA

Sassari-2 122,280,788 14,624,903 46,237 2,460,081 83.5 43.2% 60.6 22.39% 0.411 Plastome
and
nuDNA

Scorpo-1 58,095,854 1,303,288 11,957 186,118 79.0 30.1% 19.8 2.47% 0.028 Plastome
only

Scorpo-2 31,436,322 320,113 261 3335 67.0 6.9% 1.6 0.04% 0.000
Shivta-1 70,607,424 375,529 4439 27,746 52.2 25.6% 6.9 0.22% 0.002
Shivta-2 77,745,215 33,244 1044 2414 68.2 19.9% 2.4 0.01% 0.000
Shivta-3 28,370,120 7798 92 760 45.8 1.9% 1.4 0.00% 0.000
Torre

Montello-
1

37,885,454 2,788,571 21,044 97,849 75.7 39.3% 27.0 0.91% 0.010 Plastome
only

Torre
Montello-
2

79,412,754 3,655,461 5504 363,097 71.3 31.9% 8.0 4.54% 0.052 Plastome
and
nuDNA

York 20,187,997 14,476,700 61,278 758,503 67.0 38.1% 75.0 7.24% 0.087 Plastome
and
nuDNA
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v12x0 as described by Myles et al. (2010). Genotypes were called
using GATK HaplotypeCaller in sites with depth of coverage >3.
After removing non-polymorphic sites, the remaining 4602 SNPs
were used as a reference panel for our samples. As a result of the
low amount of endogenous DNA and the bias caused by enrichment
of plastid DNA, the number of unambiguously mapped reads to the
nuclear genome in the samples is variable. Depth of coverage
ranged from 0.414� to <0.001� for ancient samples. In order to
merge low depth datawith the reference panel, a random sampling
approach was used. For each site in the reference panel, a random
basewith quality>20was sampled, and only samples with depth of
coverage >0.05� were considered. Multidimensional scaling
(MDS), as implemented in bammds (Malaspinas et al., 2014), was
used to explore the relationships between the reference panel each
ancient sample. Due to the limited amount of data for the SNP loci,
it was not possible to correct for DNA damage by truncating the
ends of reads. However, because ancient samples were tested
against the modern reference database individually, we have
avoided introducing an inherent bias that could cause ancient
samples to appear more closely related to one another. Individual
MDS plots (not shown) were merged into a single plot using a
Procrustes transformation implemented in the R package Vegan
(Oksanen et al., 2016).

To understand the effect of missing data and to determine how
much data are required for reliable genetic characterizations, an in
silico downsampling experiment was conducted using publicly
available sequencing data from a Tannat cultivar (Da Silva et al.,
2013) and the two modern Armenian samples from our dataset.
Raw data for the Tannat sample was downloaded from the NCBI
SRA repository and mapped using the same parameters used for
ancient samples. The three samples were evaluated at different
depths of coverage of the nuclear genome (0.01e10�) in MDS
(Fig. S1). We observed that a depth �0.05�, the samples become
correctly oriented in MDS-space along a principal axis separating
Eastern and Western European sativa varieties. At much greater
sequencing depths (�0.5�) the placement within MDS begins to
become stable, permitting more confident genetic affiliations.
However, given that the ancient samples only reached a maximum
of 0.414�, we only infer whether individual samples are more
closely related to Eastern or Western European cultivars in Myles
et al.’s (2010) dataset.

3. Results and discussion

3.1. aDNA authenticity

BLAST results of 10,000 reads from each library demonstrate
that DNA recovered from the specimens comes from a variety of
taxa, particularly bacteria, archaea and fungi. The amount of plant
DNA was highly variable in archaeological samples, ranging from
0.08 to 73.16% (mean ¼ 14.95%) (Table S2). These results include
both shotgun sequencing and capture enrichment. However, the
enrichment process skews the composition of the libraries toward
plant DNA, and potentially genetic sequences of organisms with a
shared evolutionary history, such as cyanobacteria (McFadden,
2001; Sagan, 1967). Therefore, the most relevant metagenomic
data come from samples that were shotgun-sequenced (Fig. 2). For
these samples, the amount of plant DNA is low, consistent with
expectations for archaeobotanical remains that have been pre-
served via desiccation and waterlogging. An unusually high pro-
portion of animal DNA occurs in Ferrara-1 (15% of reads), and
deeper investigation determined 89% of this animal DNA matches
Protopolystoma xenopodis, a flatworm. Given the waterlogged
preservation of Ferrara-1, and the fact that many flatworm species
are aquatic, it is conceivable this is a reliable signal of the source of
DNA in the sample and an important insight into the metagenomic
complexity of archaeobotanical remains. The high level of unas-
signed DNA in the samples, up to 82%, is a factor of database limi-
tations and a tendency for short DNA molecules to match the
genomes of divergent taxa, preventing the software from reaching
an unambiguous taxonomic assignment.

The average length of endogenous DNA in archaeological sam-
ples ranged 45.8e86.3 bp, values generally consistent with lengths
observed in other aDNA projects. We note that the sequencing
modes used limit the maximum read length that can be observed,
but the lengths distributions suggest endogenous DNA follows the
expected patterns for samples of their age and preservation envi-
ronments (Fig. S2). Nucleotide misincorporation patterns in aDNA
libraries are expected to differ according to the first polymerase
used to amplify the library. aDNA libraries initially amplified with
AmpliTaq Gold are expected to have high rates of C-to-T transition
at 50 ends of DNA and corresponding G-to-A transitions at 30 ends
(Briggs et al., 2007; Brotherton et al., 2007), and these expectations
are confirmed for such samples (Fig. S2). Due to the stalling of
Phusion polymerase on deaminated cytosine (Rasmussen et al.,
2010), libraries initially amplified with this polymerase are not
expected to have the full damage pattern. For example, Areni-1 was
amplified with Phusion polymerase and the first and last positions
of the DNA strands show a drop in DNA damage, as opposed to the
highest levels seen in Areni-3, a sample only amplified with
AmpliTaq Gold. Several samples (e.g. Çamaltı Burnu, Ferrara-1,
Modena-2, Scorpo-2) show a noisy damage signal, with little evi-
dence for elevated misincorporations at the 50 and 30 ends. All of
these samples were processed toward the beginning of the project,
with Y-shaped adapters and Phusion polymerase, factors that may
have limited the amount of endogenous DNA recovered. However,
noisy signals appear to also be common among samples with
extremely low levels of endogenous DNA (Areni-2 and Areni-3). As
expected, the two modern leaves show extremely low nucleotide
misincorporation values (Fig. S2).

3.2. Enrichment of targeted loci

The most accurate assessment of capture success is provided by
the five samples that were both shotgun sequenced and captured.
For these samples, the portion of endogenous DNA that share ho-
mology with the probes increases for three specimens, with en-
richments in on-target DNA ranging from 9.8 to 66-fold (Table 3).
The two samples that do not show enrichment, Shivta-2 and Areni-
3, started with extremely low levels of endogenous DNA (<0.05%),
and may indicate a threshold exists where targeted capture is
ineffective. An alternative interpretation is that these scant reads
could be microbial in origin, with sequences similar to low
complexity regions of the grape plastome, resulting in an inability
to increase endogenous content. The precise enrichment factors are
not available for the other samples and the objectives of this study
were not focused on methodological improvements (see �Avila-
Arcos et al., 2011; �Avila-Arcos et al., 2015; Enk et al., 2013, Enk
et al., 2014). However, it is possible to infer whether the capture
experiments had the desired effects of increasing the amount of
plastome-like DNA in the enriched libraries beyond what would be
expected in amodern grape sample. For example, the sequencing of
a modern Tannat variety leaf yielded ~1% plastid DNA, while in our
captured samples, 35e98% of the grape DNA is plastome-like
(Fig. S3), suggesting that capture succeeded, albeit at varying de-
grees, in the ancient samples.

3.3. Relationships of modern and ancient plastomes

Placing archaeological grape plastomes into the larger context of
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Fig. 2. BLAST determination of DNA sources in representative samples. The percentage of DNA assigned to plants (Viridiplantae) is displayed for each sample.

Table 3
Enrichment of plastome-like DNA as a proportion of reads mapping to grape
genome. Two samples, Areni-3 and Shiva-2, do not demonstrate enrichment in
plastome-like DNA, likely due to very low endogenous content.

Sample Percent of endogenous reads
on target

Fold enrichment

Shotgun Capture

Areni-1 4.8% 93.8% 19.40
Areni-3 57.0% 47.2% 0.83
Ferrara-1 1.4% 91.1% 66.05
Shivta-1 8.2% 80.3% 9.83
Shivta-2 79.6% 76.6% 0.96
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modern sativa and sylvestris provides an opportunity to investigate
Arroyo-García et al.’s (2006) hypothesis of a second domestication
of grapevine inWestern Europe andMyles et al.’s (2011) hypothesis
of introgression of Western sylvestris into modern sativa. In Arroyo-
García et al.’s study, the researchers tested nine chloroplast mi-
crosatellite markers in 1201 sylvestris and sativa accessions, leading
to the definition of eight chlorotype groups (network reproduced in
Fig. 3. A. Median network of modern sativa and sylvestris chlorotypes reproduced from
conventions. B. Median joining network on modern plastome data for modern samples in th
(2006) dataset; no varieties in our dataset had been defined as belonging to the F, G, or H chl
network with modern and ancient samples, with reduced resolution in the tree typology due
of the plastome was recovered and are listed by number. 1e3: Ferrara-1, Sassari-2, and Yor
10e18: Colosseum-1, Colosseum-2, Lugo, Modena-1, Modena-3, Modena-5, Sa Osa-1, Sassar
Fig. 3A). In their analysis, the frequency of chlorotype A was high
among Western European sylvestris and sativa specimens, but not
high among Eastern sylvestris populations, suggesting a secondary
domestication event or hybridization with local wild grapes. More
recently, the presence of chlorotype A was also reported in spon-
taneous grapevines from Eastern Europe and the Caucasus,
although at lower frequencies (Dzhambazova et al., 2015; Pipia
et al., 2012). Our data are not based on plastome microsatellites,
partly because short tandem repeat markers cannot be effectively
retrieved from most ancient samples (Arandjelovic and Thalmann,
2001). However, a median joining network generated on the
modern samples in our dataset results in a similar topology for
plastome data (Fig. 3B), with a major axis separating the A chlor-
otype and the D and E groups. The DNA alignments used in our
dataset should theoretically provide increased phylogenetic reso-
lution, but various factors may lead to inconsistencies between
Fig. 3A and B. For example, either dataset may contain unrecog-
nized odins that would be interpreted as novel haplotypes, or our
dataset may fail to describe diversity in portions of the plastome
that cannot be recovered with short DNA read technologies.
Arroyo-García et al. (2006), defined by plastome microsatellites using their naming
is study, with chlorotypes determined for varieties also present in Arroyo-García et al.’s
orotypes. Eastern and western sativa varieties are defined in Table S3. C. Median joining
to greater amounts of missing data. Archaeological samples were only included if >30%
k; 4: Scorpo-1; 5: Torre Montello-2; 6e8: Ferrara-2, Parma, and Sa Osa-2; 9: Areni-1;
i-1, and Torre Montello-1.



N. Wales et al. / Journal of Archaeological Science 72 (2016) 57e7066
Regardless, the central question of whether archaeological samples
closely aligned with the A chlorotype can be confidently addressed
(Fig. 3C). Indeed, samples from Northern Italy, Sardinia and UK
(Ferrara-1, Sassari-2, and York) fall in this divergent clade, each of
which dates to the medieval era, and may represent evidence of the
hypothesized genetic introgression of sylvestris into sativa in
Western Europe. Our specimens from the Italian Peninsula pre-
dating medieval times do not show evidence of the A chlorotype. A
vine from Areni-1, Armenia, dating back to 1200 CE, has the
chlorotype C. Several ancient samples from Southern, Central, and
Northern Italy and Sardinia have the chlorotype D, including
Roman-age seeds from the Colosseum and a Sardinian pip dating to
ca. 1200 BCE (Sa Osa-1). Three ancient accessions from Northern
Italy and Sardinia (Ferrara-2, Parma, and Sa Osa-2) have the same
chlorotype as a modern Armenian sativa specimen collected in
Hatis, Armenia, but no other characterized varieties. Two ancient
specimens (Scorpo-1 and Torre Montello-2) from the southeastern
tip of the Italian peninsula do not have a counterpart in modern
chlorotypes. The first, Scorpo-1 dates 686e876 CE and is most
closely related to chlorotype C. The sample TorreMontello-2 is from
357e164 BCE and has a chlorotype ancestral to chlorotype D.

3.4. Practicability of Vitis plastome for aDNA research

While the above results demonstrate that some pieces of in-
formation can be gleaned from plastome sequences of archaeo-
logical grape specimens, we argue the genetic locus is of limited
phylogenetic resolution for grape aDNA research. The plastome
network generated from modern samples (Fig. 3B) displays a
relatively limited amount of genetic diversity, suggesting pheno-
typically and genotypically divergent lineages of grapes are not
differentiated at the plastome level, ultimately diminishing the
value of the grape plastome as a suitable locus for intraspecific
phylogenetic analyses.

Research conducted in conjunction with this study has shown
that practically the entire grape plastome sequence has been
transferred into the mitochondrial and nuclear genomes, often in
stretches thousands of nucleotides in length (Samaniego Castruita
et al., 2015). The ubiquity of these odins posed a serious chal-
lenge to the inference of ancient plastomes in this dataset, and the
promiscuous nature of plastomes may be an underappreciated
complication in many research projects. For example, the chlor-
otype network defined by Arroyo-García et al. (2006) is based on
plastome microsatellite markers, but it is conceivable that the nu-
clear or mitochondrial copies of the markers also amplify with PCR,
leading to erroneous interpretations. For modern grape specimens
that have been shotgun sequenced, it can be possible to identify
and exclude most odin-derived mutations based on the premise
that odins are expected to be in lower frequency than plastome
sequences (Samaniego Castruita et al., 2015). However, in the case
of ancient samples, we found this approach ineffective, because
minor changes in parameters thresholds could yield incompatible
phylogenies (data not shown). The challenge likely is due to a
number of factors, such as the relatively low sequencing depth
achievable for many ancient samples, variability in the number of
plastids in seeds and other tissues, and environmental contami-
nation by species such as cyanobacteria. In addition, for samples
enriched for plastome DNA, PCR of all captured loci and subsequent
removal of duplicate reads can further obscure the true proportion
of plastid DNA versus odins (see Supplemental Figs. 4 and 5 in
Samaniego Castruita et al., 2015). Thus, we have taken a relatively
conservative approach for the plastome characterization of ancient
samples, ensuring that chlorotype assignments are well supported
and unaffected by slight adjustments in thresholds for missing data
and SNP detection.

3.5. Analysis of nuclear DNA bycatch

In contrast to the challenges posed by the plastome data, nu-
clear DNA recovered from the archaeological samples indicates the
nuclear genome is far more useful and informative about grape
genetic diversity and relationships, although data are limited since
these loci were not purposefully enriched via targeted capture.
Archaeological samples with >0.05� coverage on the nuclear
genome were compared against a reference panel of Vitis species
and sativa varieties published by Myles et al. (2010) using MDS
(Fig. 4). The general pattern of Vitis species plotting along the x-axis
and sativa varieties along the y-axis recapitulates Myles et al.’s
(2010) figures. Ten of the archaeological samples had sufficient
data to be tested against the SNP database, at a degree of certainty
where samples can be classified as beingmore genetically similar to
Eastern or Western European grapevines.

In several cases, samples from the same archaeological site plot
in divergent locations in the MDS-space. For example, the medieval
Sassari-1 and Sassari-2 samples associate with Eastern and West-
ern European grapes, respectively, in accord with their chlorotypes.
By investigating the timing and prevalence of archaeological grapes
with a Western European signature in an extended set of samples,
the hypothesis for a local domestication of sativa can be tested in
detail. Unlike the plastome, which only traces one genetic linage,
the relative proportion of Eastern and Western European ancestry
can be understood from the nuclear genome, eventually differen-
tiating between scenarios of secondary domestication, hybridiza-
tion between Eastern and Western European lineages, and use of
local, wild grapes.

Important data about the history of viticulture in Southern Italy
comes from the Torre Montello-2 sample, recovered in the Magna
Graecia settlement of Taranto and dating to 357e164 BCE. The
sample plots among Eastern European grapes in the MDS-space, a
finding that is consistent with ongoing morphological analyses of
32 archaeological pips from the site. Digital images of the archae-
ological samples have been compared against a modern reference
collection using Elliptic Fourier Analyses andmultivariate statistical
methods. Preliminary results show an affinity of the archaeological
sample with modern Greek cultivars (Grasso, Fiorentino, study in
progress), suggesting a possible key role of Greek settlers in the
spread of viticulture.

Another intriguing insight of the nuclear DNA comes from two
seeds excavated at the Colosseum in Rome. Both samples plot
among modern Western European sativa typical of northern cool
climates. Yet they are found in different locations in MDS-space,
one falling near the space delimited by Ehrenfelser, Gewurztra-
miner, and Riesling and the other situated closely with Pinot noir.
However, the difference reflected by this MDS-space is minor, since
Pinot noir and Gewurztraminer have a parent-offspring relation-
ship (Myles et al., 2011). It remains clear that the ancient Colosseum
specimens fall short of the MDS-space populated by the modern
varieties typical of warmer climates in Mediterranean shores and
the Balkans, sampled by Myles et al. (2010). Future work with
expanded datasets and deeper sequencing are necessary to explore
how much data are necessary to reach reliable genetic distances to
modern specimens. Still, nuclear DNA from these seeds gives a
preliminary indication that it is possible to genetically observe
ancient cultivation of different varieties. While the use of different
varieties of grapes by the Romans is known from historic accounts
(Bowers et al., 1999), such accounts are often incomplete and oral
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traditions about cultivars are frequently overturned with pedigree
analyses (Ib�a~nez et al., 2009; Myles et al., 2011; Sefc et al., 1998;
Vouillamoz and Grando, 2006).
3.6. Individual seed vs. bulk extractions

We did not find any consistent differences in the quality of data
resulting from archaeological seeds that were extracted individu-
ally or in bulk.With each approach, some samples yielded sufficient
endogenous DNA for phylogenetic analyses while other samples
were effectively devoid of endogenous DNA. This suggests that
sample preservation is paramount, and increasing the amount of
tissue in aDNA extractions will frequently have no positive effect.
Furthermore, our data indicate that samples from the same strati-
graphic context are often genetically distinct, such as Sassari-1 and
Sassari-2, and would yield a mixed genetic signal if processed as
one bulk sample. Therefore, we recommend archaeological grape
seeds to be tested individually.
4. Conclusions

Organellar genomic loci have been a central focus in aDNA
research because they are present in high copy numbers and
inherited without recombination, making genetic lineages readily
traceable in degraded specimens. Although complete plastome
sequences are expected to be rewarding for aDNA research, we find
the grape plastome hardly tractable for intraspecific aDNA studies,
due to limited phylogenetic resolution and high rates of horizontal
gene transfer. In a broader context, plastome research in other
archaeological crops should be approached cautiously as these
pitfalls are likely underappreciated in other species. In contrast to
the limitations of the plastome, the grape nuclear genome shows
great promise for archaeological samples, and preliminary analyses
demonstrate that individual grape specimens can be compared
against modern varieties, showing their genetic affiliations. With
expanding databases of reference sativa and sylvestris accessions, it
will become possible to characterize relationships between ancient
samples and recent varieties, as well as chronicle the movement of
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cultivated grapes away from their center(s) of domestication into
regions where hybridization with wild sylvestris populations may
have occurred.
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