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Optimizing ancient DNA recovery
from archaeological plant seeds
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Paleogenomics has recently expanded its applications, including studies on plant remains to trace
evolution and domestication. However, recovering ancient DNA (aDNA) from archaeobotanical
remains is challenging due to the highly fragmented nature of endogenous aDNA, low copy numbers
and inhibitors that hinder further manipulation and analysis. In this study, we explored the application
of a reagent optimized against soil inhibitors, typically used in sediment DNA extraction, coupled with
an aDNA-specific silica binding step, to improve and maximize the recovery of processable aDNA.
Ancient grape pips were used as starting material. The approach was evaluated in two archaeological
contexts, assessing the suitability of extracts for downstream processing, including NGS library
production and sequencing. In conclusion, we demonstrated the protocol was effective in recovering
aDNA, achieving higher yields and more consistent performance across sites compared to previous
extraction methods. It significantly improved the library production step, particularly in challenging
sites. Finally, we have shown it successfully allowed to incorporate into sequencing libraries the highly
fragmented and damaged endogenous aDNA from ancient samples, while preserving read yield,
library complexity and other sequencing metrics. Future studies on historical and ancient plant remains
will benefit from these advancements in high-quality aDNA recovery.
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Paleogenomics, the study of ancient genomes, has emerged as a crucial field at the intersection of evolutionary
biology, archaeology, and molecular genetics. By extracting and analysing DNA from ancient biological remains
(known as ancient DNA or aDNA), researchers can trace the genetic history of ancient populations, uncover
extinct species, and gain insights into past ecosystems. The sequencing of ancient genomes has illuminated
patterns of human migration, admixture?, and extinction®, and is reshaping our understanding of evolution
and adaptation®. While most studies have focused on vertebrates, particularly humans, fewer have concentrated
on plant remains®’. Despite that, paleogenomic methods have also proven highly effective in plants, enhancing
our understanding of plant evolution and enabling the investigation of key bio-cultural processes, such as
domestication, by supporting population genetic results®-1>. Moreover, comparisons of ancient and modern plant
species have improved our understanding of ecological and environmental history, reviving lost biodiversity'¢-1¢
and contributing to the identification of genetic traits essential for crop resilience, disease resistance and
nutritional value'¥-21,

Advances in Next-Generation Sequencing (NGS) technologies have significantly expanded the applications
of paleogenomics. While Sanger sequencing required longer and intact DNA fragments, recent developments
in sequencing techniques have enabled researchers to also exploit highly fragmented aDNA in their studies?>%.
Additionally, innovative strategies such as the establishment of specialized aDNA laboratories and pipelines,
single-stranded library preparation methods minimizing the loss of short and damaged DNA, enrichment in
endogenous aDNA by target capture hybridization-based approaches and non-conventional bioinformatics tools
have enabled researchers to overcome many challenges in the field**~2”. However, since aDNA in plant remains is
typically highly degraded and present in low copy numbers, the development of highly efficient, dedicated DNA
extraction methods, optimized to recover short DNA fragments while minimizing contamination, remains
crucial. Interestingly, the endogenous DNA recovered from ancient remains exhibits some specificities. It is
marked by an increased occurrence of purines (adenine and guanine residues) near strand breaks, likely due to
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DNA depurination?®. Additionally it shows a higher frequency of cytosine-to-thymine misincorporations close
to the ends of DNA fragments, probably caused by deamination in the single-stranded DNA overhangs®. These
characteristic damage patterns can, in turn, be used to authenticate aDNA3%31,

In vertebrates, bones are typically the most abundant tissue occurring in ancient remains, and DNA extraction
protocols from bones are well standardized and established. Most protocols make use of silica, either in solution
or column, to capture short, highly fragmented aDNA3237 In contrast, archaeobotanical remains can include
a wide range of macrofossil tissue types, such as maize cobs, cereal seeds, fruit fragments, needles, sunflower
heads, twigs, and hardwood, with seeds and hardwood samples being the most represented ones!”-*$-41. A
few extraction protocols have been tested and compared, often using ancient grape seeds as common starting
material®?*42-44, Tn modern samples, plant DNA extraction is complicated by the presence of polyphenols,
sugars and other secondary tissue-specific metabolites, that can affect downstream enzymatic reactions. In
archaeological samples, humic acids from sediments, for example, are often co-extracted with DNA, inhibiting
downstream analysis?>4®. Additionally, plant remains from archaeological context are often charred, containing
scarce amounts of exploitable endogenous DNA*#8. Due to these various challenges, no standard protocol
for plant aDNA extraction has been established, and pilot studies are needed to determine the most suitable
extraction reagents depending on sample types'%404,

Most protocols for aDNA extraction have been adapted from those originally developed for fresh tissues,
with modifications aimed at improving the recovery of low-quality and highly fragmented DNA. One of the
most widely used methods for DNA extraction from fresh plant tissues is based on cetyltrimethylammonium
bromide (CTAB)*, a reagent used to precipitate polysaccharides. This protocol has also been applied in aDNA
research®®>!, Wales et al.*? compared it with the standard bone aDNA extraction protocol used for vertebrates®
as well as with another protocol that uses a similar digestion buffer (including sodium dodecyl-sulfate (SDS),
proteinase K, and dithiothreitol (DTT)) followed by classical phenol-chloroform extraction, as originally
optimized for hairs®®. According to their study, the latter outperformed the others, providing higher DNA
yield and fewer inhibitors. An updated version of this method, which includes a silica purification step for the
recovery of ultrashort DNA, has also been proposed™. Finally, commercial kits, such as the DNeasy Plant Mini
Kit (Qiagen), have been also applied and compared for aDNA recovery from ancient plant remains, generally
showing lower efficiency!®42>4,

Shotgun metagenomic sequencing of sediments, also known as bulk sedaDNA, offers a novel approach
for retrieving and analysing also ancient plant genomes (either partial or whole) as an alternative to more
traditional paleogenomics. This approach relies on the simultaneous analysis of all organismal DNA from
sediments, providing a comprehensive understanding of past environments®>*°. In sedimentary aDNA field,
a major challenge is the co-extraction of humic acids from soil, which can negatively impact enzymatic
reactions and hinder further analysis*>¢. A variety of methods have been explored for aDNA extraction from
sediments, including the use of reagents developed for modern DNA extraction from soil, eventually combined
with classical silica-based strategies to recover and concentrate highly degraded aDNA. Recently the use of
the inhibitor-removal commercial buffer Power Beads Solution (Qiagen)*>*” followed by a silica-based aDNA
purification strategy***® has proven effective in eliminating soil co-extracted inhibitors, while simultaneously
yielding appropriate amounts of aDNA>’. However, this protocol has only been applied on sediments thus far,
while it was never tested to extract DNA directly from plant macrofossils.

In this study, we compared the sediment-optimized extraction method to those currently used for aDNA
extraction from plant remains, including the phenol-chloroform protocol®, the CTAB-based protocol*’, and
the Qiagen DNeasy Plant Mini Kit. Ancient waterlogged grape seeds were used as starting material, to facilitate
comparisons. The primary objective was to carefully evaluate plant aDNA extraction using the sediment-
optimized protocol. The method was assessed based on its efficiency in recovering aDNA, considering two
different archaeological contexts. Additionally, we tested the suitability of the extracts for downstream processing
and NGS sequencing.

Materials and methods

Archaeological plant remains

The study analyzed 84 ancient grapevine seeds, sourced from two excavation projects from two archaeological
sites, as detailed in Table 1. Forty-five seeds were excavated from the Nogara site in the Veneto region of Italy,
in Verona province (45° 10” 45” N; 11° 03’ 32” E). Human settlement at this site is dated 8th —11th century CE.
Seeds were retrieved from five distinct stratigraphic units (US 3024, US 3025, US 3028, US 3041, US 3045 and
US 7012), indicating their usage, likely, for consumption.

Additionally, 39 grapevine seeds were sourced from the medieval site of Cologna Veneta, also located in the
Veneto region and Verona Province (45° 18’ 35" N; 11° 23’ 0” E). This site is dated earlier than 13th century CE,
and the seeds were recovered from two distinct stratigraphic units (US 341 and US 383). Large accumulation
of remains at this site suggests connection to handcraft activities, making use of grape seeds, or winemaking
activities.

More information on the sites and seed datation is available in the related sections, in the Supplementary
Materials and Methods in the Supplementary Information online.

DNA extraction
All analyses were conducted in a dedicated ancient DNA (aDNA) laboratory at the University of Bologna
(Department of Cultural Heritage, Campus of Ravenna), adhering to stringent standards established in the
ﬁeld24’27’60.

We mainly focused on well preserved waterlogged remains, which are more likely to contain DNA compared
to charred samples. No charred samples were used here. Remains were selected based on their superficial
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Archaeological site | Sample Name | Stratigraphic Unit | Period DNA extraction | Library | NGS sequencing
CL108_A US 341 XIII century CE CTAB
CL127_A US 341 XIII century CE CTAB
CL128_A US 341 XIII century CE CTAB
CLI129_A US 341 XIII century CE CTAB
CL171_A US 383 XIII century CE CTAB
CL192_A US 341 XIII century CE CTAB X
CL208_A US 341 XIII century CE CTAB X
CL209_A US 341 XIII century CE CTAB X
CL217_A US 341 XIII century CE CTAB X
CL262_A US 341 XIII century CE CTAB
CL274_A US 341 XIII century CE CTAB
CL83_B US 383 XIII century CE DNeasy
CL84_B US 383 XIII century CE DNeasy
CL85_B US 383 XIII century CE DNeasy
CL94_B US 383 XIII century CE DNeasy
CL99_B US 383 XIII century CE DNeasy
CL103_B US 341 XIII century CE DNeasy X
CL104_B US 341 XIII century CE DNeasy X X
CL105_B US 341 XIII century CE DNeasy X

Cologna Veneta CL107_B US 341 XIII century CE DNeasy X X
CL114_B US 383 XIII century CE DNeasy
CL119_B US 383 XIII century CE DNeasy
CL1_C US 341 XIII century CE S-PDE X X
CL2_C US 341 XIII century CE S-PDE X X
CL3_C US 341 XIII century CE S-PDE X X
CL4_C US 341 XIII century CE S-PDE X X
CL5_C US 341 XIII century CE S-PDE X
CL6_C US 341 XIII century CE S-PDE X X
CL7_C US 341 XIII century CE S-PDE X X
CL8_C US 341 XIII century CE S-PDE X X
CL9_C US 341 XIII century CE S-PDE X X
CL163_C US 383 XIII century CE S-PDE X
CL164_C US 383 XIII century CE S-PDE X X
CL165_C US 383 XIII century CE S-PDE X X
CL166_C US 383 XIII century CE S-PDE X X
CL202_D US 341 XIII century CE Phe-chl
CL203_D US 341 XIII century CE Phe-chl
CL172_D US 383 XIII century CE Phe-chl
CL174_D US 383 XIII century CE Phe-chl

Continued
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Archaeological site | Sample Name | Stratigraphic Unit | Period DNA extraction | Library | NGS sequencing
NG2_A US 3024 IX-X century CE | CTAB
NG6(24)_A US 3024 IX-X century CE CTAB
NG6_A US 3028 XI-XII century CE | CTAB
NGI0_A US 3028 XI-XII century CE | CTAB
NG32_A US 7012 IX-X century CE CTAB X X
NG35_A US 7012 IX-X century CE | CTAB X X
NG38_A US 7012 IX-X century CE CTAB X X
NG47_A US 7012 IX-X century CE | CTAB X
NG224_A US 7012 IX-X century CE | CTAB
NG225_A US 7012 IX-X century CE CTAB
NG231_A US 7012 IX-X century CE | CTAB
NG232_A US 7012 IX-X century CE | CTAB
NG233_A US 7012 IX-X century CE CTAB
NG234_A US 7012 IX-X century CE | CTAB
NG76_B US 7012 IX-X century CE | DNeasy
NG77_B US 7012 IX-X century CE | DNeasy
NG79_B US 7012 IX-X century CE | DNeasy
NG80_B US 7012 IX-X century CE | DNeasy
NGI124_B US 7012 IX-X century CE | DNeasy
NGI133_B Us 7012 IX-X century CE | DNeasy X
NG134_B US 7012 IX-X century CE | DNeasy
NGI135_B US 7012 IX-X century CE | DNeasy X

Nogara NG221_B US 7012 IX-X century CE | DNeasy X
NG223_B US 7012 IX-X century CE | DNeasy X X
NG1_C US 3024 IX-X century CE | S-PDE X
NG2_C US 3024 IX-X century CE S-PDE X
NG4_C US 3028 XI-XII century CE | S-PDE X
NG5_C US 3024 IX-X century CE | S-PDE X
NG6_C US 3028 XI-XII century CE | S-PDE X X
NG7_C US 7012 IX-X century CE | S-PDE X
NG8_C US 7012 IX-X century CE S-PDE X
NG10_C US 3028 XI-XII century CE | S-PDE X
NGI11_C UC 3041 XI-XII century CE | S-PDE X X
NGI12_C US 7012 IX-X century CE S-PDE X
NG13_C US 7012 IX-X century CE S-PDE X X
NG14_C US 7012 IX-X century CE | S-PDE X X
NG29_C US 3024 IX-X century CE S-PDE X X
NG30_C US 3024 IX-X century CE | S-PDE X
NG31_C US 3025 IX-X century CE S-PDE X X
NG32_C US 3028 XI-XII century CE | S-PDE X X
NG33_C US 3045 XI-XII century CE | S-PDE X X
NGI18_D US 7012 IX-X century CE Phe-chl
NG19_D US 7012 IX-X century CE | Phe-chl
NG23_D US 3028 XI-XII century CE | Phe-chl
NG25_D US 7012 IX-X century CE Phe-chl

Table 1. Plant specimens analysed in the study to evaluate the different DNA extraction methods. Each sample
represents a unique archaeological grape pip. Unique sample name was attributed to each pip, including

a suffix related to the extraction method (A for CTAB, B for DNeasy, C for S-PDE and D for Phe-chl).
Information about the specific archaeological site, stratigraphic unit with datation, and extraction method
used for the DNA extraction are given as well as indication (x) whether samples were also tested for library
production and subjected to NGS sequencing.
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integrity, according to a preliminary microscopic analysis. Fragmented and broken seeds were not used in this
study. Contaminants on exterior surfaces were removed with sterile water and tools under microscope. Then
seeds were subjected to a 20-minute UV treatment for surface decontamination before being extracted.

DNA extraction was performed using four different protocols. The extraction methods used in this work
are listed in Table 2 and comprehensive protocols with all details and modifications are provided in the related
Supplementary Materials and Methods section in the Supplementary Information online.

Briefly, to obtain a finer powder, all remains were first fragmented using a Dremel Fortiflex 9100 drill adapted
with a 1.3 mm diameter drill bit, at a reduced speed of approximately 100 RPM, to minimize heat damage of
DNA. Moreover, tweezers were used to block the sample. This approach proved more effective than grinding
these types of samples with mortar and pestle. Blank controls were incorporated during the extraction process
to ensure the absence of environmental contamination. A method originally developed on soil samples was
implemented here on macrofossils (named Silica-Power Beads DNA Extraction - S-PDE method), based on
previous protocols®**%. In this study 8 samples were extracted by using the Phe-chloroform (Phe-chl), 25
samples were extracted with the CTAB method, and 21 were extracted with the DNeasy extraction methods
respectively, while the S-PDE method was applied all-together to 30 samples. After DNA extraction 1 uL aliquot
of each extract was used for DNA quantification via fluorometric analysis, using the Qubit 2.0 High Sensitivity
assay. Weights were only available for pips extracted with CTAB and DNeasy methods, since a weight balance
was not available in the aDNA facility at the time of S-PDE extraction. We evaluated possible biases in DNA
yield comparison due to no DNA yield normalization to pips weight by using available weight information.
According to our data lack of weight normalization did not significantly affect DNA extraction comparison
results (Supplementary Fig. S1).

Library production, indexing and evaluation

Library production from degraded aDNA is considered more challenging, due to low amounts of input DNA,
short lengths of the DNA fragments, hydrolytic deamination of cytosine and other chemical damages. Several
studies have aimed to improve library preparation from aDNA, by minimising template loss or maximising
endogenous DNA inclusion into the library (reviewed by Orlando and colleagues®!. Among others, one widely
used strategy is to use single-stranded DNA as starting material (first introduced by Gansauge and Meyer?,
which theoretically allows for the recovery of all DNA molecules in a sample.

A recent optimization of such strategy, based on the so-called Santa Cruz reaction (SCR), was used here
for all samples®. The protocol uses a one-tube, one-reaction, single-stranded library preparation step that has
been optimized for damaged and degraded DNA and was here slightly modified to avoid high final presence
of adapter-dimers. Essentially, based on the amount of extracted DNA, we selected a lower concentration (one
step below the recommended one in the original protocol) of splinted adapters and Extreme Thermostable
Single-Stranded Binding Proteins (ET SSB, NEB). No enzymatic damage repair with the uracil-DNA-glycosylase
enzyme was performed, to preserve the characteristic damage patterns of ancient DNA fragments. Before
indexing, qPCR quantification was conducted to determine the appropriate number of amplification cycles for
each library, minimizing the formation of PCR duplicates. Libraries were then double indexed using AmpliTaq
Gold 360 Master Mix (Invitrogen), and purified with SPRI beads at 1x concentration. The purified products,
including samples and negative controls, were analyzed on an Agilent 2100 Bioanalyzer (Agilent, Santa Clara,
CA, USA) for qualitative and quantitative assessment. Libraries negative controls were processed along each
batch of samples.

Library sequencing

Indexed libraries meeting the sequencing company’s required criteria of at least 5 nM concentration and with
low dimer percentage (<12%) were equimolarly pooled. The pooled sample was pre-checked, showing a final
concentration of 34 nM and average size of 214 bp. Pool was paired-end sequenced (2 x 150 bp) on an Illumina
NovaSeq X platform (300 cycles) at Macrogen to get roughly 2.7 Gbp of sequence for each library. Resulting
reads were de-multiplexed at Macrogen and delivered. Raw sequencing data are available for download at SRA
database in NCBI, under Bioproject PRJNA1196955 (http://www.ncbi.nlm.nih.gov/bioproject/1196955).

Name | Methods main information References
Phe-chl | Digestion in SDS, DTT, and proteinase K, followed by phenol-chloroform extraction. Gilbert et al.”
CcTAB | Digestionin PVP, CTAB 3.5% and 2-mercaptoethanol, followed by chloroform extraction. Designed for modern plant samples and optimized for Doyle &
grapevine fresh samples. Doyle®
DNeasy | DNeasy Plant Mini Kit. Designed to extract DNA from modern plant samples. Qiagen
s-pDE | Digestion in PowerBead solution from plant soil extraction kit, EDTA and proteinase K followed by extraction with PB and PE buffers and by a aRlaSrgnpeiltlLet
silica-based aDNA capture. Originally developed for soil sediments and coprolites samples. m.miivf\llcations

Table 2. Short summary of the protocols tested in this study. For each protocol the name used throughout the
manuscript, as well as a short description including more relevant information and the reference are provided.
More detailed information on the protocols can be found in the Materials and Methods section and in the

Supporting Information document online.
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Reads analysis

The bioinformatics processing of the sequencing reads was based on the nf-core/eager pipeline v. 2.4.6,
implemented in Nextflow®>%. The sequencing reads underwent pre-processing steps for quality control, adapter
removal, and merging of paired-end reads. Reads shorter than 30 base pairs were discarded, and the remaining
ones were aligned to the Vitis vinifera PN40024.T2T (v5) reference genome, to chloroplast (NC007957.1)%
and mitochondrial (NC_012119.1)% genome (https://grapedia.org/files-download/)*” using the BWA aln
algorithm®, applying parameters optimized for ancient DNA (-1 1024, -n 0.01, -0 2) as recommended by
Schubert et al.%. To mitigate the effects of post-mortem DNA damage during genotyping, five nucleotides were
trimmed from the terminal ends of all retained reads. Additionally, standard quality control filters were applied,
retaining only reads with a mapping quality score > 25 and a base quality score > Q30. Duplicate reads were
removed using the Dedup tool®*. To assess the extent of potential microbial or environmental contamination
we have performed taxonomic assignment of unmapped reads using Kraken2 v.3.1.37° using the PlusPFP-16
database and default settings. The resulting report was visualized in RStudio v. 2023.12.1(Build402) with ggplot2
(v. 3.5.1) as a pie chart showing classification percentages at the domain level.

Statistical analysis

Statistical analyses were conducted using R version 4.4.0. We compared sample values across different methods
and sites (or their interaction), including total DNA extraction yield in nanograms (ng), CT-values in qPCR,
percentage of retained reads post filtering (filter retained reads) vs total reads, deduplicated mapped reads
amounts, percentage of endogenous DNA content (defined as the mapped reads passed post filter divided by the
total number of filtered reads before duplicate removal), library clonality (defined as ratio of duplicated reads
to mapped reads passed post filter), percentage GC content, library complexity (percentage of distinct reads as
measured by the preseq curve function), mean length of mapped reads, and damage parameter (percentage of
C>T substitutions at the 5’ position). Normality assumptions were assessed using the Shapiro-Wilk test. Both
parametric and non-parametric tests were employed, including Two-way ANOVA and Aligned Rank Transform
ANOVA (ART ANOVA). Multiple comparisons were performed using the Tukey Test and size effect were
estimated either as Eta-squared test or by calculating the Cohen’s d value. Correlations between variables were
evaluated using Pearson’s or Spearman’s correlation tests. Two-sample comparisons were conducted using the
T-test or Wilcoxon Test. All graphical representations were generated using the ggplot2 package in R%.

Results

Evaluation of DNA recovery

In total DNA was extracted from 84 ancient samples in this study, represented by grape seeds (Table 1). Thirty of
these samples were extracted using a method originally optimized for soil samples (S-PDE). The results from this
method were compared to those obtained using three alternative extraction methods, which we have named Phe-
chl, CTAB and DNeasy (Table 2). These alternative methods were applied to 25 (CTAB), 21 (DNeasy) samples
as well as 8 samples for Phe-chl. For each method, nearly half of the samples were selected from the Nogara
archaeological site, and half from the Cologna Veneta site, allowing us to assess the extraction performance
across different conservation contexts.

DNA vyield for each method was estimated through fluorometric quantification of DNA concentration in the
raw extracts and raw data were directly used for comparisons (see Materials and Methods section for further
details).

The analysis revealed differences in DNA recovery rates among the four methods. Notably, no DNA was
detected in any of the eight extracts obtained using the Phe-chl method (Supplementary Fig S2). The other
three methods-CTAB, DNeasy and the soil-optimized S-PDE protocols-successfully recovered DNA, with the
only exception of DNAeasy which failed to recover DNA for 2 samples (CL83_B and CL84_B) from Cologna
Veneta site. Total DNA yields per seed were varying widely, ranging from 7.4 (sample CL85_B extracted by
DNeasy) to 1,071 ng (sample CL1_C extracted by S-PDE, Supplementary Table S1 online). No contamination
was observed in any of the blanks included in each extraction batch. Interestingly, DNA yields were higher on
average for the CTAB and the S-PDE extraction protocols compared to the DNeasy kit extraction method but
showed wider variability (95.21 +104 and 236.08 £212 respectively vs. 24.30+ 18, Fig. 1a). Two-way ANOVA
confirmed significant differences across methods (p-value =7,68E-06, see Supplementary Table S2 online for the
full statistical analysis). In particular, S-PDE, despite variability, yields significantly higher amounts of DNA both
compared to the CTAB and DNeasy kit methods (p-values=0,002 and 0.0000091, Tukey test, Supplementary
Table S2 online). In contrast, CTAB, despite its large size effect, didn't yield significantly higher DNA compared
to DNeasy.

The two-way ANOVA analysis indicated extraction method as the only overall significant factor across all
extractions. When plotting samples separately according to the archaeological site for each method (Fig. 1b, ¢),
we observed no significant differences in DNA yield for CTAB and S-PDE and only a small effect of reduction
for the more ancient site Nogara was shown (Cohen’s d = -0.45 and —0.39 respectively). On the opposite
DNeasy extraction method showed a slightly significant increase in DNA yield in Nogara vs. Cologna Veneta
(p-value =0.04, t-test, and d=0.94; Supplementary Table S2 online). This indicates that the DNeasy extraction
method is likely more sensitive to differences across archaeological sites compared to the other methods.

In conclusion, the S-PDE method yielded significantly higher amounts of DNA compared to both CTAB and
DNeasy commercial kit. Additionally, this method as well as CTAB, proved to be more consistent across different
contexts/sites compared to the DNeasy extraction method.
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Fig. 1. Comparison of the DNA yields for the different extraction methods. (a) Violin plot for DNA yield

for all samples extracted using the CTAB (n=25), the DNeasy kit method (n=21) and the S-PDE extraction
method (n=30). (b) Violin plot for DNA yields for samples from the Cologna Veneta archaeological site
extracted using the CTAB (n=11), the DNeasy kit method (n=11) and the S-PDE extraction method (n=13).
() Violin plot for DNA yields for samples from the Nogara archaeological site extracted using the CTAB
(n=14), the DNeasy kit method (n=10) and the S-PDE extraction method (n=17). Differences between
S-PDE/CTAB and S-PDE/DNeasy were significant (p=0.002 and 0.0000091 respectively) when considering all
samples (a). Differences between S-PDE/DNeasy were significant also at Cologna Veneta site (p =0.00048).

NGS DNA library production

All extracts from S-PDE extractions were used for NGS DNA library production. For the other two extraction
methods only a representative subset of eight samples was chosen for testing NGS library preparation efficiency,
equally distributed across sites (Table 1).

After library preparation, quantitative PCR (QPCR) was performed to determine, based on the cycle threshold
(CT) values (Supplementary Table S3 online), the minimum number of PCR cycles required to amplify and index
each library to the appropriate level for subsequent sequencing. The qPCR results provide both a comparative
assessment of the efficiency of the extracts for library production step and a relative quantification of the number
of molecules in each library. For example, a one-cycle difference between the CT-values of two libraries indicates
that the concentration of starting molecules is twice as high in the library with the lower-cycle count compared
to the others%,

Libraries prepared from DNA extracted using the S-PDE-based protocol or DNeasy had, on average, lower
CT values compared to libraries from DNA extracted with CTAB (Supplementary Fig. S3 online; in detail
S-PDE: 9 to 23 cycles [average 17.53]; DNeasy: 14 to 23 cycles [average 18.63]; CTAB: 16 to 29 cycles [average
21.50]), indicating a higher number of DNA molecules in the libraries. Statistical analysis (Supplementary
Table S2 online) showed that these differences in CT-values among methods were not significant, but method
had a medium size effect (d=0.07 Cohen test). On the contrary, a clearly significant effect of DNA extraction
method on CT-values was observed when considering the two archaeological sites separately, which was site-
dependent (p=0.0051). Indeed, surprisingly, the CTAB extraction method yielded libraries with significantly
higher average CT-values (indicative of lower DNA molecule amounts) but only in the more recent Cologna
Veneta archaeological site, while at the Nogara site it produced libraries with significantly lower CT values
(indicative of higher DNA molecule amounts) (Supplementary Fig. S3 and Supplementary Table S2 online).
Interestingly, for CTAB, CT values were in general positively correlated with DNA input (higher CT-values were
found particularly in samples with higher DNA input), unlike the other two extraction methods, which showed
no correlation or, as expected, a slight negative correlation between CT-values and DNA input (Supplementary
Fig. S4 online). For the other two methods, lower average CT-values (higher DNA molecule amounts) were
consistently observed, as expected, at the more recent Cologna Veneta archaeological site (Supplementary Fig.
S3 online).
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In total, we successfully produced 31 libraries from 46 DNA samples with CT values lower than the relative
negative control in qPCR (Supplementary Table S3 online). Different efficiencies were observed with each
DNA extraction method (Fig. 2a). The CTAB method successfully produced four libraries from eight DNA
extracts (50% efficiency in library production) The DNeasy yielded five libraries from eight DNA extracts (62.5%
efficiency in library production). In contrast, the S-PDE method produced 22 libraries from 30 DNA extracts
(73.3% efficiency in library production). When comparing the methods, the S-PDE method demonstrated a
superior efficiency in library preparation.

It is noteworthy that the efficiency in library production with the different methods varied importantly
between the two archaeological sites. For example, at the Cologna Veneta archaeological site (Fig. 2b), the S-PDE
extract outperformed the other extracts in library production. Among the thirteen initial samples, the S-PDE
method produced eleven libraries (84.6%). The CTAB protocol did not yield any library at this site and the
DNeasy method produced three libraries, from four samples (75%). In contrast, at the Nogara site (Fig. 2¢c), the
CTAB method exhibited surprisingly higher efficiency in library production. Among the four CTAB extracts,
four libraries were produced. The seventeen S-PDE extracts yielded eleven libraries (58.8%), while the DNeasy
method from four starting samples showed lower efficiency, producing two libraries (50%).

In conclusion, the good performance of the S-PDE extracts in library preparation appears strongly linked
to the method’s ability to produce more uniform extracts suitable for successful library production from the
different environments.

NGS sequencing results

To further evaluate the aDNA recovered from the different DNA extraction methodsand its efficient incorporation
into sequencing libraries, selected libraries for each method (libraries with molarity higher than 5 nM and dimer
percentage lower than 12% of the total library) were pooled equimolarly and subjected to Illumina sequencing.
Summary sequencing metrics are provided in Table 3.

On average, 13,578,223 total reads per sample were obtained, ranging from 3,184,240 for sample CL164_C
to 51,679,107 for sample CL7_C.

A comparative analysis was conducted among the different DNA extraction methods based on eight
sequencing metrics parameters, using both parametric and non-parametric statistical analysis as appropriate
(Supplementary Table S2 online). The DNA extraction method significantly affected the percentage of quality-
filtered retained reads (p=0.0102). In particular the S-PDE protocol showed significantly higher amounts of
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Fig. 2. Efficiency in library production for the different extraction methods. (a) Yield rate of successful
libraries for all samples extracted using the CTAB (1 = 8), the DNeasy kit method (n=8) and the S-PDE
extraction method (n=30). (b) Yield rate of successful libraries for Cologna Veneta samples extracted using
the CTAB (n=4), the DNeasy kit method (n=4) and the S-PDE extraction method (n=13). (c) Yield rate of
successful libraries for Nogara samples extracted using the CTAB (n=4), the DNeasy kit method (n=4) and
the S-PDE extraction method (n=17).
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retained reads compared to DNeasy (p=0.019) and a large effect, although not significant, was seen also vs.
CTAB (Supplementary Fig. S5 online). Regarding the amount of deduplicated mapped reads (ranging from
7,213 to 444,122), no significant differences in yield were found for the S-PDE protocol compared to the other
extraction methods (Supplementary Fig. S5 online). Site also was not significant, although we could see a large
effect for site, with higher numbers of deduplicated mapped reads at the Cologna Veneta site compared to the
Nogara site.

Endogenous DNA content varied across samples and extraction methods. The highest endogenous DNA
content was found in a sample extracted with the S-PDE method (8.9% in sample CL164_C), while the highest
content for the CTAB extraction method was 1.6% in sample NG35_A, and for DNeasy, it was 3.2% in sample
CL107_B (Table 3 and Supplementary Fig. S5 online). Statistical analysis revealed no significant differences across
the different DNA extraction methods or archaeological sites and a medium size-effect due to sites with higher
percentage of endogenous DNA on average for the most recent Cologna Veneta site (in agreement with the greater
number of mapped reads previously reported) compared to the Nogara site (2.22%%2.39 vs. 1.07%%0.74). A
medium site-by-method effect was also found: focusing on the most ancient site, the CTAB and S-PDE methods
provided the highest endogenous DNA content on average (1.27%=+0.42 and 1.11%=0.81 respectively vs. 0.11%
for DNeasy). We also examined library complexity and clonality to assess any putative negative effect of the DNA
extraction method on library complexity. We found no significant differences across groups, but some effects
due to methods leading to higher library complexity and reduced clonality for DNA extracts obtained using the
S-PDE protocol were observed (Supplementary Fig. S5 online). Therefore, we concluded that the S-PDE protocol
performs efficiently in terms of endogenous DNA retrieval and library complexity. The GC contents of mapped
reads of libraries built from the DNA extracted with the three protocols were also not significantly affected,
although a broader variability was found for the S-PDE method (Supplementary Fig. S5 online).

To better understand the origin of this variability, we also performed taxonomic assignment of unmapped
reads in the attempt to reveal potential biological or environmental contaminations. The analysis did not indicate
significant contamination from plant or microbial DNA; majority of reads were unclassified, with only a minor
fraction assigned to the domains Bacteria, Archaea, and Eukaryota (Supplementary Fig. S6 online).

Interestingly, the DNA extraction method had instead an impact on the mean fragment length of the libraries.
For all three methods, mean read length was less than 100 base pairs, consistent with values expected for highly
fragmented aDNA?® (Supplementary Fig. S7 online). Libraries built from CTAB DNA extracts had significantly
average shorter reads compared to libraries from DNeasy and S-PDE DNA extracts (CTAB-DNeasy p = 4.02
e-05; CTAB-S-PDE p = 0.0325). However, the mean fragment size of libraries built from the S-PDE extracts was
also significantly smaller compared to those built from DNeasy extracts (p = 0.0003275) (Fig. 3a and b). Notably,
a difference in read length was also observed between the libraries from the two archaeological sites (Fig. 3c,
d). Indeed, longer reads were recovered from the Cologna Veneta site compared to the Nogara site (Cologna
Veneta-Nogara p = 0.00281), likely due to the different conservation conditions of the samples.

We also analysed the frequency of DNA damage at the extremities of the reads, which can provide insights
into the quality and properties of the recovered DNA. Previous ancient DNA studies have shown C->T and
G > A substitutions at the 5" and 3’ end of the reads as a typical pattern in ancient DNA?%%°. All samples
exhibited a percentage of C>T substitutions consistent with values expected for ancient samples. As expected,
misincorporation was significantly higher for libraries prepared from the more ancient Nogara archaeological
site (p = 0.0184) (Fig. 4b, c). Notably, the S-PDE extracts demonstrated a higher percentage of misincorporation
in the recovered fragments, compared to the extracts obtained with other protocols (S-PDE-CTAB p = 0.0025732;
S-PDE-DNeasy p = 0.0509454) (Fig. 4a and Supplementary Fig. S8 online).

In aDNA research evolutionary questions are often investigated using genomic sequences from organelles
like mitochondrial or chloroplast DNAs. Therefore, we investigated the ability of the S-PDE protocol to also
retrieve these sequences. Our data demonstrate that the S-PDE protocol successfully retrieves these sequences
too (Supplementary Fig. S9 online).

Altogether NGS sequencing of libraries indicates a high efficiency of the S-PDE protocol in recovering highly
fragmented and damaged ancient DNA fragments, with no major biases in library production.

Discussion

In this study, we aimed to evaluate a protocol originally developed for DNA extraction from soil sediments* for
aDNA extraction from botanical remains. Archaeobotanical remains are often associated with humic acids from
soils, similarly as sediments, which can inhibit DNA extraction and subsequent analysis*>*S. In this context, we
specifically evaluated a modified extraction protocol that includes a reagent against soil inhibitors. We compared
this approach with previously established protocols for plant aDNA extraction, including the phenol-chloroform
method!*?%>2, the CTAB protocol*, and a standard plant DNA extraction kit (DNeasy, Qiagen).

Ancient grape pips, which were also used in previous comparative tests, served as starting material for
this study. Unfortunately, the previously reported Phe-chl high-performing protocol for grape pips®> was not
successful in our hands, so we were unable to directly compare our results with this specific method. Notably,
Phe-chl protocol has a significant drawback in that it relies on highly hazardous reagents that pose serious health
risks”?. Additionally, these reagents must be handled in fume hoods, which are often incompatible with the
positive pressure systems required by fundamental guidelines for ancient DNA laboratories®. As for the other
tested protocols, our results are consistent with previous findings from comparative studies. Total DNA yields
per specimens were comparable to those reported in earlier work*? First, we confirmed that DNA extraction kits
perform poorly for aDNA. Total DNA yield was lower when compared to both the CTAB plant protocol and
the S-PDE extraction protocol. Furthermore, the DNA yield was varying significantly depending on the local
context. In agreement with previous works, we can conclude that kits are not ideal and less recommended for
aDNA studies*?. Furthermore we showed that the S-PDE protocol yields significantly more DNA also compared
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Fig. 3. Comparison of mean length of mapped reads in libraries for the different extraction methods. (a)
Histograms of mapped reads mean length for each library. Libraries are coloured according to the different
extraction methods (b) Box-plot of mapped reads mean length for libraries obtained from DNA extracts using
the CTAB (n=3), the DNeasy kit method (n=3) and the S-PDE extraction method (n=18). (c) Box plot of
mapped reads mean length for libraries obtained from DNA extracts using the DNeasy kit method (n=2) and
the S-PDE extraction method (n=10) in the Cologna Veneta archaeological site. (d) Box-plot mapped reads
mean length for libraries obtained from DNA extracts using the CTAB (n=3), the DNeasy kit method (n=1)
and the S-PDE extraction method (n=8) in the Nogara archaeological site. Differences between DNeasy-
CTAB, S-PDE/CTAB, S-PDE/DNeasy were all significant (p=4.02 e-05, 0.0325 and 0.0003275 respectively)
when considering all samples (a). Differences between sites (b vs. ¢) were also significant (p =0.0028).

to the classical CTAB protocol. A possible limitation in our analysis is the absence of normalization to seed
weight, which remains pivotal for such comparative studies. Unfortunately, this was not feasible in our study due
to technical reasons. However, we clearly showed no correlation between seed weight and yield on our samples,
which indicates that aDNA vyields in the different samples are likely more dependent on other aspects than
weight mass, like sample preservation by instance, which is also consistent with previous findings’. Based on
these observations we concluded that the absence of seed weight normalization did not significantly biased the
study outcomes and conclusions remain reliable despite this limitation.

Since, total DNA yield in extracts from ancient specimens does not allow to discriminate between endogenous
and exogenous DNA or to estimate the amount of co-extracted inhibitors and extracts processability, we
proceeded to compare the protocols based on the preparation of genomic libraries for NGS sequencing. gPCR
analysis, following adapters ligation, confirmed the results from fluorometric quantification, indicating that
results were not biased by the quantification system or co-extracted compounds. However, the difference in CT
values across samples was never significant when considering separately the different extraction methods. An
expected negative correlation between the DNA extracts concentrations and the CT values in qPCR was found
for DNeasy extracts, and this negative correlation was even more pronounced for the S-PDE extracts, suggesting
an improved efficiency of this protocol in removing co-extracted inhibitors and enhancing sample processing.
Surprisingly, for CTAB extracts, we observed an unexpected positive correlation (Supplementary Fig. S4 online).
We thus hypothesized that, with CTAB protocol, DNA extracts with higher concentration also contain more
DNA contaminants and enzyme inhibitors, which could hinder library preparation steps, such as adapter-splint
ligation and amplification. Accordingly, a lower efficiency in library production was observed for the CTAB
extracts when we further assessed the suitability of DNA extracts for subsequent enzymatic processing using the
same ssDNA library protocol on all samples®2. In conclusion, the S-PDE extracts proved to be the most suitable
for further enzymatic processing, yielding the highest proportion of successful libraries.

Our results confirm previous preliminary findings about the advantage of using reagents optimized against
soil co-extracted inhibitors. Wales and co-authors, in their study, also considered an extraction method under
development for recovering aDNA from sediments*2. Their protocol, similar to ours, included an inhibitor
removal reagent from a soil-extraction kit, that they supposed could help to better manage humic-rich
sediments. They demonstrated that this strategy allowed them to recover comparable amounts of aDNA, or in
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Fig. 4. Probability of C>T misincorporation at the first and last positions of the fragments in the libraries
obtained from DNA extracted using the different extraction methods. (a) Box-plot of the probability of C>T
misincorporation for libraries obtained from DNA extracts using the CTAB (n=3), the DNeasy kit method
(n=3) and the S-PDE extraction method (n=18). (b) Box-plot of the probability of C>T misincorporation for
libraries obtained from DNA extracts using the DNeasy kit method (n=2) and the S-PDE extraction method
(n=10) in the Cologna Veneta archaeological site. (c) Box-plot of the probability of C>T misincorporation for
libraries obtained from DNA extracts using the CTAB (n=3), the DNeasy kit method (n=1) and the S-PDE
extraction method (n=38) in the Nogara archaeological site. Differences between S-PDE/CTAB were significant
(p=0.00257) when considering all samples (a). Differences between sites (b vs. c) were also significant
(p=0.0279).

some cases, even higher yield, depending on specimens, compared to the best performing protocol® in their
hands. They concluded that the protocol might be particularly useful for samples from more contaminated
sites. Since then, sediment-style extraction protocols have been further optimized to explore also aDNA in
sediments®>>’. Notably, the incorporation of a silica binding step-commonly used in aDNA protocols to mitigate
DNA loss and efficiently recover short aDNA fragments>*-following the usage of optimized reagents against soil
co-extracted inhibitors, has favored their successful implementation in the sediment aDNA field®®>°. Therefore,
in this study, we sought to further expand the comparative testing of protocols for aDNA extraction in plants
from macrofossils, by including also late improvements from sediments-style procedures. Based on our data, the
newly optimized S-PDE protocol yielded higher amounts of total aDNA compared to other tested methods that
was suitable for further processing.

To clarify the impact of the extraction protocols on library sequencing metrics and endogenous DNA
content yield, similar to recent comparative studies on vertebrates>>’>76,we sequenced libraries produced with
the S-PDE protocol along with some of the libraries produced from CTAB and DNeasy extracts. The libraries
extracted with the S-PDE protocol yielded a significantly higher proportion of quality-filtered reads. For other
parameters, the quality of the libraries appeared comparable across the different DNA extraction protocols, and
no major issues were observed, including in terms of clonality and complexity. When comparing the average
fragments sizes, we observed a cut-off size for the DNeasy kit, which recovered less efficiently fragments smaller
than 65-70 bp. This result is expected, as the columns and reagent combinations used in the kit have been shown
in the literature to result in the loss of shorter fragments, which do not efficiently bind to the kit’s columns.
Conversely, the S-PDE protocol, which includes an aDNA optimized silica binding step, demonstrated wider
size range and a significantly improved cut-off size, allowing the recovery of smaller fragments compared to the
DNeasy kit. Additionally, the percentage of C>T misincorporation in the sequenced reads was higher with the
S-PDE aDNA extraction protocol compared to the other protocols. Finally, by mapping sequencing reads to the
grape chloroplast and mitochondria, we also confirmed the suitability of the S-PDE protocol to recover also non-
nuclear genomic DNA. Overall, the sequencing data demonstrate that the S-PDE protocol effectively maintains
library complexity and recovers damaged and fragmented aDNA with good efficiency.
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Some of the samples used in this study (e.g. CL7_C) showed relatively high amounts of DNA yield, which
questioned their integrity and raised the possibility of environmental modern plant contamination or extraction
of large amounts of exogenous DNA, e.g. microbial, a common issue in aDNA studies. Deep sequencing and
especially hybridization capture are widely used as technical approaches following library preparation to
overcome such environmental contaminations in aDNA studies, increasing the amount of endogenous aDNA.
Still monitoring the level of sample contaminations is recommended. Also, extraction methods could be
differently sensitive as concern contaminants. In our study, the authenticity of the obtained data was confirmed
by the absence of contamination in the negative controls during extraction, the presence of characteristic damage
patterns in sequenced libraries, and the short read length. Moreover, the analysis of unmapped sequencing reads
did not reveal substantial contamination from plant or microbial DNA. Kraken?2 results showed a predominance
of unclassified reads, with only a small percentage taxonomically assigned to the domains Bacteria, Archaea,
and Eukaryota. Importantly we observed no differences across samples from the different extraction protocols.

A key aspect of the study was the comparison across different sites, which allowed us to better dissect the
observed differences in the performance of the various aDNA extraction protocols and buffer the inherent
environmental/micro-environmental variability that can severely affect outcomes of these studies. Specifically,
we investigated whether the protocols performed differently in combination with specific archaeological contexts
by considering two alternative sites-Cologna Veneta and Nogara-that date to different periods. We found that
the aDNA yield from DNeasy extraction method was site-dependent, unlike the S-PDE and CTAB extraction
protocols, that produced higher yield and more comparable results across sites. In terms of libraries, however,
surprisingly, we observed a strong variable performance for CTAB extracts depending on the site. For example,
despite good DNA yield from CTAB protocol at the Cologna Veneta archaeological site, no library could be
built from CTAB DNA extracts. In contrast, at the Nogara site (which dates to a more ancient period), library
production with CTAB extracts was more successful than with other protocols. Environmental factors such as
soil pH, humic acid content, sediment texture and moisture, besides age may also contribute to site-dependent
variability. The observation that more concentrated CTAB extracts were less efficient in DNA library production
and amplification, raised also a concern about the CTAB protocol efficiency in removing co-extracted enzymatic
inhibitors. Further site characterizations could aid potential explanations of the observed variability. Moreover,
directinhibition assays (e.g., spike-in controls or gPCR-based inhibition testing) would allow direct quantification
of residual inhibitors in the different extracts and their impact on further processability of extracted DNA. So
far, although the improved performance of S-PDE and DNeasy extracts in library production in challenging
samples suggests more effective inhibitor removal, this interpretation remains speculative and should be further
tested. Future studies should include dedicated aliquots and inhibition controls to directly test this hypothesis,
as in Wales et al. (2014)*2.

As conclusion, the incorporation of a soil reagent specifically optimized against soil co-extracted inhibitors,
coupled with an aDNA-adapted silica binding step* (slightly modified in this study, as detailed in the Materials
and Methods section in the Supplementary Information online), proved advantageous compared to previously
available aDNA extraction protocols for macrofossils. We demonstrated that this protocol significantly improved
the library production process, particularly at certain sites, and allowed at the same time to recover highly
fragmented and damaged aDNA, while preserving library complexity. Our results might be particularly relevant
for challenging sites. Although this approach may be less necessary for other sites, it can provide a more uniform
performance across different, previously untested sites.

Data availability

Data is provided either within the manuscript or available in Supplementary Information file online at Journal
site or available in publicly available platforms. Raw sequence reads obtained from NGS sequencing was depos-
ited as raw fastq files in the SRA database (Bioproject PRINA1196955). BioProject and associated SRA metadata
are available at [https://dataview.ncbi.nlm.nih.gov/object/PRJNA11969552reviewer=57baaslmojdepgkv59q5kb
€9¢0] reviewer access link in read-only format for reviewers and are available to reviewers upon request. Data
will be made publicly available upon publication.
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