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A B S T R A C T

Roman writers provide detailed accounts of viticulture practices in ancient Mediterranean civilisations. While 
records describe varieties, methods of vine management, and consumption traditions, major questions remain 
about how varieties were spread and whether viticulture traditions were impacted during Roman expansion. At 
the site of Cetamura del Chianti (Siena, Tuscany), waterlogged grape seeds from two wells dated between ca. 300 
BCE and ca. 1200 CE provided an opportunity to integrate multiple methodologies to investigate Etruscan and 
Roman viticulture. Genetic testing of 80 grape seeds revealed that the deepest parts of the wells were associated 
with higher endogenous DNA content, and complementary near-infrared spectroscopy found patterns with well- 
preserved pips. Both genome-wide DNA data and geometric morphometric analysis indicated that most seeds 
originated from domesticated vines associated with winemaking, however, the latter suggested that some seeds 
with little DNA may derive from wild vines. Following enrichment of genetic markers, relatedness analyses 
demonstrated links to the past and present: one Cetamura seed was closely related to a Roman seed from Mont 
Ferrier in France while another pip had affinity to the modern Hungarian variety ‘Baratcsuha szurke’. Within the 
wells, genetic data and radiocarbon dating revealed continuity from Etruscan to Roman periods, with over a 
quarter of the seeds belonging to one clonal variety maintained for centuries. Furthermore, genetic markers 
associated with anthocyanin content indicated the dominant clonal variety likely produced white berries; 
however, red wine was presumably not unknown at Cetamura, as two other pips were consistent with a dark 
berry phenotype.

1. Introduction

The cultivation and domestication of the grapevine (Vitis vinifera 
subsp. vinifera) have significantly influenced human history, shaping 
cultural, economic, and social development (McGovern, 2019). The 
earliest evidence of grapevine domestication is found in southwestern 
Asia during the Neolithic period, around 6000–4000 BCE, originating 
from its wild ancestor (Vitis vinifera subsp. sylvestris) (Bouby et al., 2013; 
Deckers et al., 2024; Dong et al., 2023; Harutyunyan and 
Malfeito-Ferreira, 2022; Limier et al., 2018). Since then, thousands of 

grape cultivars have emerged through vegetative propagation and 
crossbreeding for consumption as table grapes, raisins, and wine (Myles 
et al., 2011). However, the continuity of grapevine cultivation practices 
through different time periods and the extent of past grapevine diversity 
remain unresolved. Vegetative propagation is crucial for sustained 
grapevine production, and it allows for generating genetically identical 
clones of valuable cultivars, ensuring consistent grape yields and the 
preservation of desirable traits (Goncalves and Martins, 2012; Kızıldeniz 
et al., 2022). Exploring the historical and scientific aspects of grapevine 
propagation enhances our understanding of ancient agricultural 
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practices. It provides insight into modern viticulture, explaining why 
specific cultivars have become extinct while others have shown greater 
adaptability or have been consistently favoured for winemaking.

In the Mediterranean Basin and neighbouring regions, researchers 
have examined archaeological grape pips to understand the history of 
domestication and management of cultivars across time. For example, 
archaeobotanists have capitalised on variations in seed shape to differ-
entiate between wild and domesticated seed (Ucchesu et al., 2015), as 
well as different varieties (Bonhomme et al., 2021; Bouby et al., 2024). 
Complementary analyses of ancient DNA (aDNA) in non-charred pips 
has allowed insights on the genetic legacy of vine management in the 
western (Noraz et al., 2026; Ramos-Madrigal et al., 2019) and eastern 
(Cohen et al., 2023) reaches of the Mediterranean Sea. Expanded in-
vestigations can allow for refined understanding of regional uses of 
grapevine and the impact of key cultural phases. The history of wine-
making associated with the Romans is particularly important to inves-
tigate, as the Roman Republic and Roman Empire were heavily invested 
in the wine trade, ultimately establishing many winemaking traditions 
which survive today. Grapevine cultivation and wine production are 
well-documented in classical texts by Roman writers. The earliest known 
agricultural text in Latin, De Agricultura, attributed to Marcus Porcius 
Cato the Elder (ca. 234–149 BCE), offers practical guidance on culti-
vating vines and olives, as well as recipes for winemaking (Dalby, 1998). 
He suggests that grapes produce the best wine when they receive suffi-
cient sunlight, therefore recommending that vines be grown in trees 
called “married vines” (Dalby, 1998, 2011; Phillips, 2001). Lucius 
Junius Moderatus Columella, in his De Re Rustica (ca. 1st century CE), 
gives a comprehensive guide to vineyard management, detailing prac-
tices such as pruning, grafting and soil preparation (Columella, 1941; 
Homet et al., 2024; Stubert et al., 2020). In Naturalis Historia, Gaius 
Plinius Secundus (Pliny the Elder, ca. 23–79 CE) described 91 grape 
varieties and styles of wine in detail, such as 50 kinds of generous wines, 
38 foreign wines, and 18 sweet wines (Dougherty, 2012). Among these, 
he mentions the “Raetica” grape, which was a white variety cultivated 
during his time, especially around the Central Alps (Cattonaro et al., 

2014). Some ampelographers have drawn tentative connections be-
tween cultivars named by Latin writers and modern grapevine varieties 
(see Stavrakaki et al., 2020), but conclusive links have not been estab-
lished. In addition, while historic texts provide rich detail about Roman 
viticulture, they provide little information on the winemaking traditions 
practised by earlier groups or on what happened to local grapevine 
cultivars over the course of Roman colonisation.

Archaeological evidence across Etruscan sites indicates a highly 
developed viticulture tradition, with pruning hooks and written testa-
ments showing that wine was a significant part of Etruscan culture (de 
Grummond, 2018; Dodd, 2022; Marvelli et al., 2013; Nesto and Di 
Savino, 2016; Pecci et al., 2020; Riva, 2018). Thanks to an excep-
tional record of well-preserved archaeological grape pips, the site of 
Cetamura del Chianti provides a valuable case study to refine our un-
derstanding of grapevine cultivation in Etruscan and later periods. 
Located within Tuscany's Chianti region, an area known for its historical 
significance in winemaking and its celebrated dry, red wine produced 
from ‘Sangiovese’ berries (Dodd, 2022; Mocarelli and Vaquero Piñeiro, 
2019), Cetamura del Chianti stands at a crossroads between major 
Etruscan settlements like Chiusi, Arezzo, Volterra and Fiesole (Fig. 1a). 
The site has been a major focus of archaeological excavations by de 
Grummond (2020) and colleagues, leading to new insights on the cul-
tural development of the Etruscans, their interactions with neighbouring 
civilisations, and the disintegration of Etruscan settlements in the series 
of wars between southern Etruria and the Romans from the 4th to the 1st 
centuries BCE. The Roman conquest of Etruria led to the integration of 
Etruscan viticultural knowledge into Roman practices (Dodd, 2022). 
However, the extent to which local traditions persisted and adapted, 
influenced or became absorbed into Roman practices, remains 
uncertain.

Excavations at Cetamura have yielded abundant material culture, 
including pottery, coins, glass, and metal objects, alongside well- 
preserved organic remains from well deposits such as pollen, wood, 
seeds, and animal bones (de Grummond, 2017, 2020; Mariotti Lippi 
et al., 2020). Within the broad assemblage of finds, de Grummond 

Fig. 1. Maps and site plan of Cetamura del Chianti. (a) The site is located in the Tuscany region of Italy, highlighted in green in the inset map. The prominent 
Etruscan settlements of Fiesole, Volterra, Arezzo and Chiusi are situated within 100 km of the site. The maps were created in R version 4.1.2 (R Core Team, 2021) 
using data from Natural Earth (Massicotte and South, 2026) and Stadia Maps (https://stadiamaps.com). (b) The site plan defines two primary excavation zones, each 
containing a well wherein the archaeological grape pips were recovered. The contour lines indicate the elevation, with the highest point marked at 695 m. Site plan 
prepared by Kurtis A. Butler. (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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(2020) has argued that various artefacts indicate wine consumption at 
the site. Key evidence includes two decorated bronze situlae, widely 
identified as wine buckets, from Etruscan deposits dating to the 4th or 
3rd centuries BCE. In addition to the situlae, the bronze handle of a wine 
strainer was excavated. While the sieve portion of the Cetamura strainer 
was not recovered, similar strainers are depicted on Etruscan frescos as 
being part of banqueting rituals, such as at the Tomb of the Leopards at 
the Monterozzi necropolis (Poulsen, 1922, p. 32).

Plant remains, including seeds, fruits, and wood, recovered from the 
two wells at Cetamura (Fig. 1b) have helped researchers shed light on 
daily life, the environment, and agricultural practices from the Etruscan 
period around 400 BCE to the Late Roman Empire ca. 300–400 CE (de 
Grummond, 2018). Pollen grains analysed from sediment collected at 
various depths of Well #1 showed the presence of numerous plant 
species, with Vitis constituting its highest percentage in the deeper layers 
(Mariotti Lippi et al., 2020). The waterlogged condition of 310 grape 
pips enabled detailed geometric morphometric (GMM) analysis (Bouby 
et al., 2017; Mariotti Lippi et al., 2020), with results indicating that the 
Cetamura grapevines were predominantly of domesticated origin. While 
most pips were found to have domesticated phenotypes, based on the 
full GMM dataset, Mariotti Lippi et al. (2020) observed that ~8% of Well 
#1 specimens were similar to wild pips, suggesting possible collection of 
wild berries. In addition, Mariotti Lippi and colleagues determined that 
seed shapes were relatively consistent across the strata, which the re-
searchers interpret as centuries of viticulture stability at the settlement. 
Using a different archaeobotanical approach on Cetamura pips, 
Aversano et al. (2017) reach a different conclusion, and argue the ac-
cessions cannot be classified as wild or cultivated. This biometric 
investigation yielded an intermediate Stummer shape index score 
(Stummer, 1911), suggesting the seeds had an intermediate form. 
Aversano et al. also hypothesise a shift toward larger seeds starting at 
200 BCE, which they argue may have been caused by changes in vine 
management strategies (but see de Grummond, 2018).

The partially inconsistent GMM and biometric results highlight some 
of the limitations of visual assessments of archaeobotanical remains 
(Portillo et al., 2020). For example, GMM reference databases may not 
be fully representative or seed morphology may be impacted by con-
founding factors (e.g., pathogens, pruning, and irrigation practices). To 
overcome these challenges, genetic testing of archaeological pips can 
provide a complementary line of evidence, and limited work has shown 
aDNA is preserved in Cetamura's wells. Aversano et al. (2017) first re-
ported DNA analysis of 15 seeds from Well #1 using microsatellite 
amplification of Simple Sequence Repeat (SSR) markers, finding genetic 
similarities across chronologies even though morphological differences 
were observed. While intriguing, SSR analyses can have limited reso-
lution because these genetic markers tend to be too long to amplify in 
degraded samples (Arandjelovic and Thalmann, 2012). In the place of 
SSR approaches, most aDNA researchers now rely on high-throughput 
DNA sequencing to characterise single nucleotide polymorphisms 
(SNPs), and as shown by Wales et al.’s (2017) exploratory work, some 
pips from Cetamura's wells are exceptionally well preserved and ideal 
for state-of-the-art palaeogenomic methods.

To capitalise on Cetamura's well preserved DNA and favourable 
depositional and stratigraphic context, a multifaceted investigation was 
developed to integrate different lines of evidence. A battery of scientific 
methods were employed, including GMM analysis, aDNA testing, near- 
infrared (NIR) spectroscopy, scanning electron microscopy (SEM) and 
radiocarbon dating, with the primary aim of better understanding the 
history of viticulture from the Etruscan to Roman periods.

2. Materials and methods

2.1. Archaeological samples

Waterlogged grape seeds were excavated from two wells at the 
Cetamura del Chianti archaeological site. Well #1 (ca. 300 BCE–1200 

CE) was excavated between 2011 and 2014, while Well #2 (ca. 0–400 
CE) was discovered in 2014, with excavations concluding in 2016. To 
prevent degradation, seeds were collected in situ, placed in individual 
tubes containing water from the depositional environment, and stored at 
4 ◦C. As it was unclear if certain methodologies might lead to DNA 
contamination or degradation (Bolognesi et al., 2025), a varied strategy 
was employed, and therefore, multiple methods were applied to a subset 
of the specimens.

The sequence and number of methods applied to individual pips was 
developed to ensure that some specimens would have minimal risk of 
DNA contamination. First, GMM was applied to 71 pips, leaving 9 un-
touched in case GMM processing introduced contamination. All 80 seeds 
in the assemblage were tested with DNA shotgun sequencing, with 25 
specimens completely used for the destructive DNA testing and 55 
processed as half-seeds, providing a corresponding half for other 
methods. 52 pips were enriched for genetic loci of interest, 50 were 
examined with near-infrared (NIR) spectroscopy and high-powered 
microscopy, 10 were examined under scanning electron microscopy 
(SEM), and 5 were selected for accelerator mass spectrometry (AMS) 
radiocarbon dating. Overall, 66 pips had at least three methods applied 
(Supplementary Table S1), enabling inferences and comparisons across 
techniques.

2.2. Geometric morphometric (GMM) analysis

Archaeological grape seeds (n = 71) were photographed for 
morphometric analysis in a dedicated clean room at the Institute of 
Evolutionary Science of Montpellier (ISEM), France, to avoid contami-
nation from modern DNA. All surfaces and tools were cleaned with 3% 
bleach between each sample, and images were taken using a microscope 
(Dino-Lite Pro HR AD-7013) that had not previously been used for 
modern grape samples. GMM findings for Well #1 were originally re-
ported by Bouby et al. (2017), but presented in full here, along with all 
data for Well #2.

Seed shape was analysed using Elliptical Fourier Transform (EFT) 
analysis of seed outlines (Bonhomme et al., 2021; Bouby et al., 2024; 
Terral et al., 2010), with the addition of seed length in the analysis 
(Supplementary Methods 1). It has been corrected for taphonomic 
deformation with an average reverse vector of experimentally deter-
mined shape changes (Bouby et al., 2023, 2024). Linear discriminant 
analysis (LDA) was used to determine the wild or domesticated status of 
seeds, classifying them into regional use and variety groups following 
Bouby et al. (2024) as East-Table, Balkans-Wine, Iberian-Wine, and 
West-Wine. Pip lengths were used in a linear model to infer the ancient 
grape berry volume (Bouby et al., 2024).

2.3. Near-infrared (NIR) spectroscopy

Near-infrared (NIR) spectroscopy has become a transformative tool 
in archaeology. It offers a non-destructive method for analysing the 
chemical and structural characteristics of archaeological samples (Choi 
et al., 2020; Sciuto et al., 2022). NIR is therefore used here as a 
descriptive and exploratory approach to identify spectral patterns 
associated with DNA preservation, and its predictive potential may be 
further developed through additional testing, including analyses of 
grapes from different contexts or other plant remains. Fifty halved seeds 
were dried at 25 ◦C for two days to reduce moisture content before 
spectral analysis at the McDonald Institute for Archaeological Research, 
University of Cambridge, UK (Supplementary Methods 2). The data were 
collected over two days, analysing both interior and exterior seed sur-
faces across a 350–2500 nm wavelength range. To improve data quality, 
wavelengths outside the 400–2400 nm range were excluded before 
conducting a Principal Component Analysis (PCA) to identify patterns 
associated with grapevine DNA content. The first two principal com-
ponents were visualised with 95% confidence ellipses showing data 
distribution and variability. The DNA content was categorised into 
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groups based on the percentage of grapevine DNA.

2.4. Ancient DNA analysis

Archaeological grape seeds (n = 80) were processed in dedicated 
aDNA facilities at the University of York, UK and the University of 
Copenhagen, Denmark, following established aDNA laboratory practices 
and contamination control procedures (Knapp et al., 2012, 2015). 
Dino-Lite 2.0 microscopy (AM4815ZTL-Edge) equipped with an 
Extended Depth of Field (EDOF) captured images of a selection of the 
grape pips before aDNA analysis in case the seeds were damaged during 
transportation. This manual investigation analysed the seeds' colour, 
shape, and texture and compared these phenotypic characteristics with 
endogenous DNA data obtained through shotgun sequencing. After im-
aging, to remove contaminant DNA adhering to the exterior of speci-
mens, seeds were washed in 5% sodium hypochlorite (NaOCl) for 30 s 
and rinsed with molecular-grade water. Some samples were cut in half 
for DNA extraction, and the other half was retained for AMS dating or 
other future analyses (Supplementary Table S1). Radiocarbon dating 
was conducted at specialised laboratories (Supplementary Methods 4). 
Whole or half seeds were then individually pulverised, and DNA was 
isolated using methods that proved optimal for recovering very short 
and damaged nucleic acids from archaeological plant remains 
(Supplementary Methods 3.1) (Wales et al., 2014; Wales and Kistler, 
2019). The DNA extracts were converted into double-stranded Illu-
mina libraries (Carøe et al., 2018; Wales et al., 2015) or single-stranded 
libraries (Kapp et al., 2021). The extracts were split into two for 
single-stranded library preparation, with one portion undergoing 
uracil-DNA glycosylase (UDG) treatment before targeted enrichment 
(Supplementary Methods 3.2) (Briggs et al., 2010).

The libraries were shotgun sequenced on an Illumina HiSeq 2500 or 
NovaSeq X to determine the amount of endogenous DNA 
(Supplementary Methods 3.3). All samples with more than 1% grape-
vine DNA (n = 43) were subsequently enriched using custom-designed 
RNA probes, including some seeds with low endogenous DNA 
(n = 12) for control purposes (Ramos-Madrigal et al., 2019). These 
capture probes target informative genes involved in grape domestication 
and approximately 10,207 SNPs in the GrapeReSeq reference panel 
(Laucou et al., 2018; Le Paslier et al., 2019). Libraries (n = 55) were 
captured at 55 ◦C hybridisation temperature with two rounds of 
enrichment following the myBaits High Sensitivity Protocol v.5 (Daicel 
Arbor Biosciences) (Supplementary Methods 3.4). Sequencing reads 
from the pre-captured libraries were only utilised to screen for the 
preservation of grapevine DNA in the samples, while reads from the 
target enrichment libraries were used for population-level analyses, 
including Principal Component Analysis, relatedness analysis, and berry 
colour analysis.

2.5. Sequencing data processing

Palaeogenomic data were analysed following the bioinformatic 
methods and parameters established by Ramos-Madrigal et al. (2019)
and Cohen et al. (2023) for ancient grapevine specimens. In brief, Illu-
mina high-throughput short-read data were processed using the Paleo-
mix v.1.3.7 pipeline (Supplementary Methods 3.5) (Schubert et al., 
2014). The adapters and low-quality reads were clipped with Adapter-
Removal 2.3.3 (Schubert et al., 2016). Reads longer than 25 base pairs 
were subsequently aligned to the grape nuclear reference genome 12X. 
v2 (Canaguier et al., 2017) using BWA v0.7.17, with seeding disabled to 
enhance the mapping sensitivity for aDNA reads (Schubert et al., 2012). 
Reads with mapping quality below 30 were removed with samtools and 
PCR duplicates were filtered out using Picard MarkDuplicates. Using 
mapDamage2.0, the mapped reads were evaluated for length distribu-
tion and aDNA damage patterns (Jónsson et al., 2013). Archaeological 
samples showed increased C-to-T and G-to-A substitutions, along with 
short reads, consistent with aDNA characteristics (Dabney et al., 2013). 

MapDamage was also performed to rescale the quality of ancient 
sequence bases, enhancing mapping accuracy and reducing genotype 
calling due to aDNA damage. To explore the genetic diversity within the 
dataset, samples with a minimum average SNP coverage depth of 0.1×
(n = 43) were included in Principal Component Analysis (PCA) using 
smartpca (Patterson et al., 2006), with SNPs called using samtools 
mpileup and processed through pileupCaller to generate haploid geno-
types (Supplementary Methods 3.6). Only samples with a minimum 
average coverage of 8× (n = 32) were included in the relatedness 
analysis by KING (Manichaikul et al., 2010), and genotype calling was 
restricted to the SNP sites with a minimum depth of coverage of 10× by 
using GATK HaplotypeCaller. The degree of relatedness was based on 
the kinship coefficients and the proportion of sites with zero alleles 
identical by state (IBS0), categorising pairs into groups such as identical 
clones, closer than parent-offspring (through inbreeding), 
parent-offspring, highly related individuals (such as full siblings), or 
unrelated samples (Supplementary Methods 3.7).

2.6. Berry colour analysis

Genome-wide association analysis (GWAS) was used to investigate 
berry skin colour in 32 archaeological pips, following the methodologies 
proposed by Laucou et al. (2018) and Cohen et al. (2023). Their analysis 
identified that the signal for berry skin colour was on chromosome 2 
between 9 and 19 Mbp. A reference dataset containing SNP genotypes of 
wild and cultivated grapevine samples was used (Laucou et al., 2018; Le 
Paslier et al., 2019). The dataset was filtered to generate phenotype data 
including four categories with known berry skin colour (white = 373, 
rose = 20, red = 24 and black = 311). The association between SNPs and 
phenotype data was tested using the –assoc function from PLINK v1.9. 
This produced an output file containing association results for each SNP, 
including p-values and effect sizes (BETA). SNPs were extracted based 
on their p-value <5E-08 (Supplementary Table S5). The genotype data 
for ancient grapevines was filtered to include 51 SNPs on chromosome 2. 
The selected SNPs were then used to calculate the polygenic score for 
archaeological samples using the –score option from PLINK v1.9. The 
scoring process calculates a weighted genetic score for each sample 
considering the effect size of the SNP, the ploidy of the sample (2 for 
grapes), the total number of alleles included in the analysis and the 
number of effective allele count in the sample (https://github.com/ch 
oishingwan/PRS-Tutorial.git).

To further evaluate the relationship between polygenic score and 
observed berry colour in a statistical framework, Bayesian regression 
model was conducted using brms package in R (Bürkner, 2017, 2021). 
The modern grapevine dataset was restricted to retain only samples 
categorised as “White”, “Rose”, “Red” and “Black” in the GrapeReSeq 
database (i.e., 16 varieties recorded as “Black-Red”, “Grey”, or 
“White-Rose” were excluded from the regression, as were 10 accessions 
listed as an “Unknown” berry colour). Berry colour was treated as a 
categorical response variable, with “White” berry colour set as the 
reference level. The polygenic score was standardised using 
mean = 11.74 and standard deviation = 15.54 calculated from the 
training dataset. The model was fitted using a categorical likelihood 
with a logit link function. The model was estimated using Markov Chain 
Monte Carlo (MCMC) sampling with 4 chains, each consisting of 2000 
iterations, including 1000 warm-up iterations (Bürkner, 2021). For each 
sample, the model was used to estimate the probability of belonging to 
each berry colour category: white, rose, red and black. These probabil-
ities were calculated by averaging predictions across all iterations of the 
model (Supplementary Table S6).

2.7. Modern DNA reference panel

The GrapeReSeq panel was used as a reference database to evaluate 
the genetic relationships between archaeological grape seeds and 
modern-day varieties. This panel was designed specifically for 
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genotyping Vitis species to preserve genetic diversity (https://urgi.ver 
sailles.inra.fr/Species/Vitis/GrapeReSeq_Illumina_20K) (Laucou et al., 
2018). It contains 783 modern grape cultivars (V. vinifera subsp. 
vinifera) and 112 wild grape varieties (V. vinifera subsp. sylvestris). These 
cultivars were genotyped on 10,207 SNP sites, which are informative 
regarding the ancestry of domesticated grape varieties. Genotype data 
for the domesticated varieties (https://doi.org/10.15454/1.4861 
359557068474E12) and wild varieties (https://doi.org/10.15454 
/9RUCEP) were sourced from the INRA-Dataverse repository (Laucou 
et al., 2018; Le Paslier et al., 2019; Ramos-Madrigal et al., 2019). 
Passport data, including information on the VIVC ID, the colour of berry 

skin, and the variety of origin for both cultivated and wild grapes, is 
accessible in the VIVC database (http://www.vivc.de/). In this study, 
the reference dataset was used for SmartPCA, relatedness, and berry 
colour analysis.

3. Results and discussion

3.1. Ancient DNA preservation

Shotgun sequencing was performed on 80 archaeological grape seeds 
excavated from Well #1 and Well #2 in Cetamura del Chianti (Fig. 2). Of 

Fig. 2. Endogenous content of grape seeds across stratigraphic sections of the wells at Cetamura del Chianti. Clonal pips are represented by red circles, non- 
clonal pips represented by blue diamonds and other samples represented by white circles (i.e., those with insufficient aDNA data for relatedness analysis). Samples 
have been placed within a locus panel using the beeswarm package (Eklund and Trimble, 2021) to improve visualisation of each data point (i.e. vertical placement 
within a locus panel does not reflect the physical position in the stratigraphic layer). (a) Well #1: Sediment layers at depths of 30 to 33 m with loci designated as 
follows: Loci 83–94 correspond to the Roman period, Loci 95–99 date to the Transitional Etruscan-Roman period and Loci 100–112 are Etruscan (image modified 
from Mariotti Lippi et al., 2020) (b) Well #2: Sediment layers at approximately 9 m depth, with pips identified in Loci 23–27, all corresponding to the Roman Empire 
(image modified from de Grummond, 2017). (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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the 80 seeds, 43 had more than 1% endogenous DNA (grape DNA) and 
were subjected to target enrichment of 10,207 single nucleotide poly-
morphism (SNP) loci (Supplementary Table S2). A further nine seeds 
with <1% were also enriched for control purposes. Of the libraries 
which underwent sequence enrichment, the depth of coverage on the 
targeted SNPs was 0–269× (mean = 34×). The DNA damage patterns 
and read length distribution were consistent with those expected for 
aDNA, with an average read length of 62 bp (Supplementary Table S2; 
Supplementary Fig. S1a/b and S2a/b).

3.2. Correlation between endogenous content and other metrics

The highly variable amounts of endogenous content in the Cetamura 
pips provided an opportunity to explore patterns in preservation within 
the site and whether the proportion of grapevine DNA correlated with 
other metrics (see detailed discussions in Supplementary Section 1.5). 
Such correlations could provide a baseline for preferentially selecting 
samples for genomic studies at Cetamura and other sites to conserve 
resources and avoid the destruction of archaeobotanical samples which 
are unlikely to contain sufficient DNA for genome-wide analyses. The 
first and simplest approach, visual inspection of seed photographs, did 
not yield consistent patterns between endogenous content and seed 
colour or integrity (Fig. 3, Supplementary Fig. S3). Similarly, no patterns 
were found for grape DNA content and the mass of the seed (Fig. S4). In 

contrast to the visual appearance or mass, DNA preservation varied by 
stratigraphic layer (Fig. 2), with higher levels of endogenous content at 
the bottom of both wells, emphasising the role that sediment depth and 
the associated environmental conditions play in preserving aDNA, with 
deeper layers potentially providing a more stable environment that 
protects DNA from degradation over time. Similarly, analysis of NIR 
data showed clustering of samples by endogenous DNA content (Fig. 4), 
suggesting that non-destructive testing of light absorption at different 
wavelengths may be able to identify pips with >5% endogenous DNA 
content. It is important to note that NIR is almost certainly not directly 
measuring DNA, but rather gives an indication of organic preservation. 
Expanded testing of NIR in other contexts will help determine its reli-
ability, but these observations suggest that careful selection of archae-
obotanical remains from specific deposits or refined NIR-testing may 
provide a means to focus resources on the most promising material for 
genomic research.

3.3. Identification of an enduring variety at Cetamura

Following targeted enrichment, 32 archaeological grape seeds from 
Cetamura yielded sufficiently high depth of coverage on SNP sites for 
inclusion in the relatedness analysis. Analysis of called genotypes with 
KING (Manichaikul et al., 2010) revealed that 27 seeds correspond to a 
single one clonal group (Fig. 5, see Supplementary Table S3). The 
domination of the assemblage by one clonal lineage may be unexpected, 
but the data are robust as specimens were identified using the various 
permutations of lab methodologies (i.e., processing of both half and full 
seeds, extraction in separate aDNA laboratories, multiple library pro-
tocols, with and without UDG treatment and sequencing at multiple 
facilities) and the genotype calls are based on well-characterised SNP 
loci (mean = 58.1✕, range = 8.9–269✕).

To establish a timeline for the presence and continuity of this pre-
dominant grape variety at Cetamura, direct AMS dating was conducted 
on four seeds identified as part of the clonal lineage (Fig. 5, 
Supplementary Table S1, Supplementary Table S4, Supplementary 
Fig. S5). Small archaeobotanical remains have the potential to move 
through bioturbation and other site formation processes, and therefore, 
AMS dating can help confirm the age of individual specimens. Sample 
C398 (2599 ± 30 BP) falls within the Villanovan/Orientalising period 
between 818 and 674 BCE. Sample C387, with a reading of 2295 ± 29 
BP, dates to between 406 and 211 BCE, placing it in the Middle/Late 
Etruscan. Sample P3 (1943 ± 29 BP) is dated to 26 BCE–203 CE, and 
sample P17 (1877 ± 29 BP) corresponds to 83–235 CE, aligning with the 
Roman period. The results show the longevity of this clonal group from 
the Villanovan/Orientalising period (818–674 BCE) through to the 
Roman period (83–235 CE).

It is important to note that the earliest clonal sample, pip C398 (818- 
674 BCE), has an unexpectedly early age given the established chro-
nology at Cetamura. The seed was recovered from the bottom of Well #1 
where artefacts and one other radiocarbon date suggests an age of 300 
BCE, with no other evidence of habitation at Cetamura as early as the 
9th century BCE. Thus, while C398 may mark the earliest possible 
instance of grape cultivation at the site, the radiocarbon measurement 
may be erroneous. Excluding the potentially anomalous C398 date, 
Bayesian analysis of three remaining pips yields a minimum time span of 
362 years (calculated in OxCal v4.4.4 using a 95.4% confidence level). 
When including the 23 additional clonal pips from earlier and later 
strata, the chronology provides compelling evidence for centuries of 
maintenance of the Cetamura clonal lineage.

3.4. Genetic relationships between Cetamura grapevines and modern 
varieties

The modern reference panel provides information on wild and 
domesticated grapevines, and projecting ancient samples (n = 43) onto 
that diversity allows for inferences on wild/domesticated status. Seed 

Fig. 3. Representative images of Cetamura pips and corresponding 
endogenous content. Each row corresponds to seeds categorised as intact, 
broken or damaged. The background has been removed from the images, and 
the seeds have been scaled to the same size for visual consistency, which does 
not reflect the differences in their actual size. A manual comparison of the seed 
images showed no consistent patterns between the proportion of endogenous 
DNA and whether a seed is intact, broken, or damaged. See Supplementary 
Fig. S3a and S3b for all photographed seeds from Well #1 and Well #2.

O. Inanli et al.                                                                                                                                                                                                                                   Journal of Archaeological Science 192 (2026) 106605 

6 



C402 falls near the wild populations but moves to Western and Central 
European wine grapes in the PCA analysis when only domesticated 
grapes are considered, suggesting a possible gene flow from local wild 
populations into some domesticated varieties. Another noteworthy 
outlier in the PCA is seed C335, which shows closer affinity to wine 
grapes from the Balkans. Although the data is dominated by the Ceta-
mura clonal group (and four additional pips–C297, C390, P6, and 
P41–that cluster with the clonal group but did not have sufficient SNP 
coverage for the kinship analysis), our study also shows substantial ge-
netic diversity among varieties present at the site. This diversity is 
particularly evident in samples C406, C389, C337, and C379 from the 
Late Etruscan period (Fig. 6). The presence of diverse varieties alongside 
the clonal group indicates that Late Etruscan viticulture was not only 
characterised by the consistent propagation of a dominant variety but 
also by the cultivation of multiple distinct types of grapes, most of them 
being associated with Western and Central European wine grapes, as 
well as other domesticated varieties. This diversity also reflects a dy-
namic approach to viticulture, with different varieties potentially being 
selected for specific uses such as wine production or adaptation to local 
environmental conditions.

New varieties were evidenced at the site during the Transitional 
Etruscan-Roman period (ca. 100-50 BCE). The PCA analysis of samples 
C335, C328, C325, and C299 indicates that these varieties have a 
distinct genetic profile compared to those of the earlier Etruscan vari-
eties. For example, C335 plots near to modern Balkan varieties, sug-
gesting movement of vines from eastern regions of the Roman world. 
The presence of these new varieties alongside the existing Etruscan 
grapes suggests the integration of local practices with new varieties 
introduced from afar. This introduction diversified the genetic pool at 
the site and likely contributed to the development of varied wine pro-
files, which may have aligned with changing tastes. The process of 
diversification and integration played an important role in shaping the 
biodiversity of grapevines that grow across Europe today, highlighting 
the lasting impact of Etruscan and Roman agricultural practices on 
viticulture. It is necessary to note that while there is evidence for new 
introductions, it is also possible that some newly identified varieties 
existed during the Etruscan period but were not detected due to missing 
varieties in our dataset.

3.5. Geometric morphometric (GMM) analysis and comparison to 
inferences from DNA

Of the 71 pips characterised by GMM, 59 (83.1%) were classified as 
domesticated and 12 (16.9%) were classified as wild, indicating the 
presence of both cultivated and wild-like morphologies at Cetamura 
(Supplementary Table S1). Due to the experimental design, most seeds 
tested with GMM were also tested for DNA, facilitating a comparison of 
GMM and genetic results for 39 pips. Within this set of 39 pips, GMM 
identified 4 wild pips, yet DNA testing indicated that all pips belonged to 
domesticated vines. This incongruence could be due to known limita-
tions of GMM, such as the retention of some wild morphological traits in 
domesticated lineages, potentially reflecting an early stage of domesti-
cation or the persistence of wild-type characteristics within cultivated 
populations (Bonhomme et al., 2021; Haile et al., 2023; Bouby et al., 
2024).

Despite the apparent incongruence between the GMM and DNA re-
sults, it is also worth highlighting that GMM provided assessments for 32 
pips where DNA data was insufficient to infer domestication status. For 
these, GMM found a significant number of apparently wild pips (25% of 
this subset). While one could again argue that some pips originate from 
domesticated vines with wild-like features, it is equally plausible that 
wild berries were collected by humans or deposited by other animals, 
and due to smaller seeds or different processing of the berries, less DNA 
survived to the present. One could also consider if wild grapevine re-
mains may have entered the well via a different path than the domes-
ticated pips, with the precise taphonomic history impacting DNA 
preservation. For example, wild seeds digested by birds could have 
much lower endogenous DNA content than domesticated seeds dis-
carded after pressing for wine. Environmental conditions such as tem-
perature, humidity, and soil acidity accelerate DNA degradation over 
time, and the inherent characteristics of the seeds play an important role 
(Naef et al., 2023). For instance, seeds with thinner seed coats, which are 
often found in wild species, may provide less protection against envi-
ronmental factors, making their DNA more susceptible to degradation 
(Souza and Marcos-Filho, 2001).

Further classification within GMM and aDNA analyses provides 
additional insights into the diversity of domesticated grapes. Using an 
LDA approach with a reference panel of four well-defined regional 
groups, GMM classified the 35 putatively domesticated pips to three 

Fig. 4. Principal Component Analysis (PCA) of Near-Infrared Reflectance (NIR) spectroscopy data from 50 archaeological grape seeds from Cetamura. 
Spectra were collected from each seed's exterior (a) and interior (b) surfaces. Seeds are colour-coded based on the percentage of grapevine DNA. The ellipses 
represent 95% confidence intervals for groups with sufficient data points. No ellipse is shown for seeds with 1–4% DNA due to the limited number of samples. Note 
that pips with >5% endogenous DNA largely segregate from pips with <1% endogenous DNA, especially for the interior surface. (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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groups: 26 pips as Western and Central European varieties used in 
winemaking, 6 pips as Balkan varieties used for wine, and 3 pips as table 
grapes (Supplementary Table S1). Utilising a PCA approach and allow-
ing for an “other domesticated” category for admixed and geographi-
cally ambiguous varieties, the aDNA analysis found that only two of the 
Cetamura pips (C379 and C337) fall well within the PCA space defined 
by Western and Central European wine grapes (Fig. 6b); all other 
Cetamura pips align with the “other domesticated” category in the PCA 
space.

3.6. Genetic relatedness analyses between ancient samples and modern 
varieties

Relatedness analyses were conducted to investigate genetic re-
lationships within the Cetamura grape varieties (818 BCE–381 CE), 
between archaeological grapevine samples from Cetamura and French 
grapevines (510 BCE–1200 CE) (Ramos-Madrigal et al., 2019), and be-
tween Cetamura and modern grape varieties in the GrapeReSeq panel. 
Kinship coefficients and the proportion of IBS0 sites were computed 
using KING (Manichaikul et al., 2010).

Within the Cetamura pips, our results showed a parent-offspring 
relationship between sample C402 (540–386 BCE) and P13 (26 
BCE–311 CE), providing another example of related lineages separated 

by centuries. At present it is not possible to determine if this connection 
represents a local lineage that was allowed to sexually reproduce or if 
either variety may have been widespread in Etruscan or Roman sites. 
The seeds C406 and C305 were identified as unique genotypes, with no 
genetic relationship detected between them and the other ancient or 
modern varieties analysed in this study.

For the archaeological French samples, genetic connections were 
identified between Cetamura pips and two samples excavated from a 1st 
century CE context at a Roman farm at Mont Ferrier, Tourbes 
(Supplementary Fig. S6). The Cetamura clonal group and pip C328 
(Transitional Etruscan-Roman) were found to be highly related (full 
sibling or similar relationship) to R-MF_23. Cetamura pip C328 was 
additionally found to be highly related to R-MF_25. These findings 
provide direct genetic evidence of the magnitude of Roman trade net-
works, ultimately leading to closely related vines being grown in 
different parts of the Empire. The propagation of genetically similar 
vines over such distances suggests deliberate viticulture involving 
selecting, transporting, and cultivating specific lineages. This exchange 
may have aimed to reproduce desirable grape traits or standardise wine 
production across regions. However, it remains unclear whether these 
reflect frequent trade or occasional transfers. Further research is needed 
to understand the scale and motivations behind these interactions.

Only one genetic connection was found between an archaeological 

Fig. 5. Genetic relationship and predicted berry colours of archaeological grape pips. Thirty-two Cetamura seeds are plotted by their chronological age, based 
upon direct or associated radiocarbon dates. Four clonal Cetamura pips with direct AMS dates are presented with a vertical bar representing the age range of the 
calibrated date (95.4% confidence interval). Twenty-six other Cetamura pips are displayed as the midpoint of the radiocarbon range from grape pips in the associated 
stratigraphic layer. Two Cetamura pips (P130 and P230) originate from layers without a radiocarbon date and are placed in a representative location based on the 
dates of neighbouring stratigraphic layers. Two archaeological seeds from the Roman site of Mont Ferrier date to the first century CE. The modern variety ‘Baratcsuha 
szurke’ is shown at the top of the chronology with a time gap (time interval is not drawn to scale). Parent-offspring and “highly-related” (e.g. sibling or similar) 
relationships are shown with connecting lines. Note that clonal connections are not displayed in the figure, however, all 351 pairwise combinations of the 27 
Cetamura clonal pips were independently detected as having an identical genotype (Table S3). Colours indicate inferred berry colour for archaeological pips and the 
known grey berry colour of ‘Baratcsuha szurke’. (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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pip from Cetamura and a modern variety in the GrapeReSeq panel: 
sample C328 (162 BCE– 17 CE) and Hungarian variety ‘Baratcsuha 
szurke’ (GrapeReSeq ID: B00ER7R). The analysis showed a kinship co-
efficient of 0.184 and an IBS0 value of 0.025 across 6376 SNP sites, 
categorising the relationship as “highly related”, which is compatible 
with a sibling or similar relationship. Tracing modern lineages of grapes 
is often challenging, in part due to language-specific variety names; 
however, there are indications that this modern variety has ancient 
roots. Within the VIVC database, ‘Baratcsuha szurke’ (VIVC 17431) is 
identified as a somatic mutation of Austrian variety ‘Koelner Blau’ (or 
‘Blauer Kölner’, VIVC 6344), which in turn is identified having 121 
synonyms. Within the ‘Koelner Blau’ clonal group, perhaps the most well 
known synonymous name is ‘Žametovka’, a Slovenian variety which is 
reported to have the oldest living vine, surviving over 400 years in the 
city of Maribor (Vršič et al., 2015). In short, these genetic data support a 
direct link between Cetamura and centuries-old vines from the wider 
region—largely corresponding to the Roman province of 
Pannonia—thereby supporting the hypothesis that Romans and later 
groups would perpetuate vines with few cycles of sexual reproduction.

3.7. Berry colour analysis

Berry colour is one of the most iconic and diverse traits in domesti-
cated grapevine. While wild grapevines produce berries with dark skins 
(This et al., 2006), it is an open question when humans first identified 
and propagated vines with white berries. The earliest purported evi-
dence for white berries in the archaeological record come from Middle 
and Late Bronze Age deposits at Sa Osa, Sardinia (associated calibrated 
ages ranging 1377–1088 BCE), where Ucchesu et al. (2015) used 
morphometric analysis to identify hundreds of archaeological pips with 
features found in modern pips from white berries. Even though berry 
colour is not considered to have been an initial target of selection during 
domestication (Fournier-Level et al., 2010), the wide geographic spread 
of vines with white berries indicate these lineages may have been 
cultivated for millennia. Thus, the presence of white berries at Sa Osa 
during the Bronze Age is compatible with current understandings of the 
development of the domesticated grapevine. Nonetheless, this exciting 
inference solely relies on seed morphometric features, and as high-
lighted in this dataset in section 3.5, seed shape analyses can be 
incongruent with other results, potentially due to reference database 

biases.
Genetic testing of well preserved archaeological pips provides a way 

to examine the underlying pathways that lead to diverse berry colours 
are caused by mutations in VvMybA genes (VVMybA1–VVMYbA3) 
(Fournier-Level et al., 2010; Laucou et al., 2018; Walker et al., 2007). 
Mutations in these regulatory genes encoding enzymes in the anthocy-
anin synthesis pathway determine whether anthocyanin accumulates 
sufficiently to produce dark berries or remains absent, as in white grapes 
(Gao et al., 2023; Walker et al., 2007; Yang et al., 2022). The best 
characterised mutation in this set of genes is the Gret1 retrotransposon 
in the promoter region of VvMybA1 (Ferreira et al., 2018; Strioto et al., 
2022). However, directly observing this insertion is difficult in ancient 
grapevine DNA datasets because aDNA is highly fragmented and retro-
transposons with similar sequences are present in different parts of the 
genome (Kobayashi et al., 2004; Nakajima et al., 2023). While one might 
be able to identify DNA segments that span the Gret1 insertion site, this 
is still challenging in aDNA datasets, so an alternative approach has been 
developed which uses SNPs in VvMybA1 that are correlated with berry 
colour. Building upon Cohen et al.’s (2023) approach to investigate 
berry colours from Byzantine pips, polygenic scores were calculated 
based on 51 SNPs associated with white (n = 370), rose (n = 20), red 
(n = 24) and black (n = 311) berry-coloured grapes from the reference 
dataset (Laucou et al., 2018; Le Paslier et al., 2019; Pain et al., 2022). 
Our analysis of archaeological grape seeds from Cetamura del Chianti 
suggests the presence of both black and white berry colours at the site 
(Fig. 5; Supplementary Fig. S7). Using a Bayesian regression modelling 
with the modern reference panel, the Cetamura clonal lineage was 
determined to have a 92.2% likelihood of yielding white berries (as 
represented by P60, a clonal pip with genotype data for all 51 SNPs, 
Supplementary Table S6). Two additional archaeological samples, C402 
(Middle Etruscan) and P13 (Roman Empire), also display low polygenic 
scores, with 79.1% and 78.4% likelihood of white berries, respectively. 
C328 (Transitional Etruscan-Roman) presents an intermediate score, 
consistent with an equal probability of producing white or dark berries. 
In contrast, C406 (Late Etruscan) and C305 (Early Roman Empire) are 
most likely derived from dark-berried varieties, with likelihoods of 
80.7% and 69.9%. While it is important to recognise the inherent un-
certainty in polygenetic scores, especially for this trait in grapevine (i.e., 
20.0% of modern varieties with white, red, rose or black berries are 
incorrectly predicted), these findings indicate that a range of berry 

Fig. 6. Principal Component Analysis (PCA) of genetic relationships among archaeological grape seeds and modern Vitis vinifera accessions. The colours 
represent the main ancestry clusters identified in (Laucou et al., 2018), and archaeological samples are represented by different symbols based on Cetamura 
chronology. The “Other domesticated” group includes multi-use cultivars, cultivars of unknown use, and varieties with admixed ancestry, following the classification 
of Laucou et al. (2018). (a) The PCA plot displays wild V. vinifera subsp. sylvestris, domesticated varieties and archaeological samples, in which the clonal group was 
averaged and highlighted by a red triangle for clarity. (b) The PCA is redone using a restricted set of reference samples (only domesticated grapes) and archaeological 
samples. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

O. Inanli et al.                                                                                                                                                                                                                                   Journal of Archaeological Science 192 (2026) 106605 

9 

https://paperpile.com/c/S2CYN8/ctHpl/?noauthor=1


colours were present at Cetamura for centuries.
Although it is known that wine was a cherished commodity for the 

Etruscans (Dodd, 2022; Riva, 2018), these genetic inferences from 
archaeological seeds provides what is arguably the most concrete evi-
dence for white berries, and therefore very likely white wine, in this time 
period. The inference of white wine is consistent with archaeological 
evidence from pre-Roman and Roman Italy, which indicates that grape 
processing commonly involved treading floors and vats, where grapes 
were crushed and the juice has been drained or be pressed under their 
own weight (Dodd, 2022). Even in cases where full separation of skins 
was not practised, the resulting wine would have been lighter or 
yellowish-orange colour compared to red wine (Van Limbergen and 
Komar, 2024). In addition to the insights at Cetamura, these positive 
results also encourage investigations of other archaeological pips to 
further refine our understanding of the timing of white berry cultivation. 
Of particular relevance is the assemblage from Sa Osa, where two 
waterlogged pips were previously found to have small amounts of 
endogenous DNA (Wales et al., 2016).

While the discovery of ancient white-berried grapevines may seem 
incongruous for a region renowned for its red wine, it is important to 
note that the winemaking traditions of Chianti are diverse and include 
the cultivation of white varieties. For example, in the 19th century, 
Barone Bettino Ricasoli's Chianti recipe traditionally blended ‘Sangio-
vese’ grapes with an indigenous white grapevine, ‘Malvasia Bianca 
Lunga’, to help soften the wine and make it suitable for daily con-
sumption (George, 2011; Robinson et al., 2013). The blending of white 
berries in Chianti Classico wine was forbidden by 2006 regulations 
(George, 2011; Robinson et al., 2013), but white varieties continue to be 
cultivated in the region. Interestingly, neither ‘Sangiovese’ nor ‘Malva-
sia Bianca Lunga’ were found to have close genetic links with Cetamura 
del Chianti's archaeological pips. The lack of a connection between 
modern Chianti varieties and ancient lineages could reflect a shift in 
winemaking practices, driven by changing cultivation strategies and 
consumer preferences. Future studies with larger reference panels and 
expanded SNP datasets should provide opportunities to track nuanced 
developments of past grapevine cultivation as well as refine our un-
derstandings of complex phenotypes in archaeological contexts, 
including intermediate berry colours and flavours (Dong et al., 2023; Liu 
et al., 2024).

4. Conclusion

By integrating GMM, aDNA, NIR spectroscopy, and AMS dating, our 
study provides a detailed perspective of ancient viticulture at Cetamura 
del Chianti. With the most extensive genetic testing of grape pips from a 
single archaeological site, we find elements of continuity between 
Etruscan and Roman periods, with centuries of maintenance of a 
dominant grapevine variety that likely produced white berries. 
Following the Roman conquest of the settlement, new grapevine vari-
eties appear at the site, hinting at the introduction of choice varieties 
from the expanding Roman Empire. Genetic connections between the 
long-lived Cetamura variety and a 1st century CE pip from Gaul provide 
further evidence of the wide-reaching agricultural network developed 
by the Romans. The ancient systems of grapevine management also laid 
the foundation for modern practices, demonstrated by a highly related 
genetic link between a transitional Etruscan-Roman Cetamura pip and a 
variety still grown in Central and Eastern Europe.

Methodologically, this work highlights the research value of multi-
proxy investigations of archaeological grape pips. Complementary GMM 
and aDNA testing provided distinct avenues to recognise wild and 
domesticated lineages at Cetamura. The level of DNA preservation 
varied within the site, with higher levels of endogenous DNA in the 
lower reaches of the wells, suggesting stable, consistently waterlogged, 
anoxic conditions enabled DNA survival. The variation in endogenous 
content showed correlations with NIR spectra, suggesting this non- 
destructive tool may be able to identify archaeological seeds with 

better DNA preservation. Following similar multifaceted approaches on 
other archaeobotanical assemblages, we anticipate that significant steps 
can be made to understand ancient agricultural systems and their con-
nections to the present.
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