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SUMMARY

The discovery of the 2,000-year-old Dead Sea Scrolls had an incomparable impact on the historical under-
standing of Judaism and Christianity. ‘‘Piecing together’’ scroll fragments is like solving jigsaw puzzles
with an unknown number of missing parts. We used the fact that most scrolls are made from animal skins
to ‘‘fingerprint’’ pieces based on DNA sequences. Genetic sorting of the scrolls illuminates their textual rela-
tionship and historical significance. Disambiguating the contested relationship between Jeremiah fragments
supplies evidence that some scrolls were brought to the Qumran caves from elsewhere; significantly, they
demonstrate that divergent versions of Jeremiah circulated in parallel throughout Israel (ancient Judea). Simi-
larly, patterns discovered in non-biblical scrolls, particularly the Songs of the Sabbath Sacrifice, suggest that
the Qumran scrolls represent the broader cultural milieu of the period. Finally, genetic analysis divorces
debated fragments from the Qumran scrolls. Our study demonstrates that interdisciplinary approaches
enrich the scholar’s toolkit.

INTRODUCTION

The Dead Sea Scrolls (DSS) are a corpus of over 25,000
fragments comprising the remains of about 1,000 ancient manu-
scripts found in various sites in the Judean Desert mostly be-
tween 1947 and the 1960s (Figure 1A) (Collins, 2012; Davies et
al., 2002). The largest collection comes from 11 caves in the vi-
cinity of Qumran, along the northwest shore of the Dead Sea.
Additional scrolls were found in Masada, Naḥal Ḥever, Naḥal
Ṣe’elim, Wadi Murabba’at, and a few other sites (Figure 1A).
The Qumran fragments are dated to the Hellenistic-Roman
period (or late Second Temple times), i.e., third century BCE to
first century CE.
The understanding of the content of any DSS manuscript

could drastically changewith the addition, removal, or reordering
of fragments assigned to it (e.g., Ratzon and Ben-Dov, 2017; Yu-
ditsky, 2017). Thus, much collective work has been invested in

sorting out the fragments based primarily on visual resemblance
and paleographic analysis of their scribal hands. However, the
fragmentary nature and variable state of preservation of the
various fragments sometimes result in uncertain identification,
joining, and reconstruction of numerous pieces (see example
in Figure 1B).
Another set of challenges posed by the DSS is their historical,

social, and cultural contextualization. Many scholars agree that
some of the texts found in the Qumran caves reflect the ideology
and social structure of a sectarian movement of Jews, a group of
whom resided in Qumran during the late Second Temple period
(e.g., Collins, 2010; Ullmann-Margalit, 2006). However, it is simi-
larly clear that not all Qumran scrolls were written or copied by
sectarian scribes (e.g., Dimant, 2014). Distinguishing between
‘‘sectarian’’ and ‘‘non-sectarian’’ texts or between manuscripts
potentially copied ‘‘locally’’ or brought from elsewhere has far-
reaching implications for proper understanding of the findings.
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Were the literary works and ideologies reflected in the scrolls
confined to a small and secluded group? Or, alternatively,
were these ideas influential on a broader scale, throughout the
land? Importantly, the late Second Temple period was the
formative era in the history of classical Judaism and nascent
Christianity (Brooke, 2005; VanderKam and Flint, 2005). Thus,
classification and sub-grouping of texts found in the Qumran
caves sheds light on a whole range of historical developments.
In particular, the scriptural scrolls found in the Qumran caves

are the oldest known copies of books of the Hebrew Bible and
thus offer unprecedented insight into the very process of their
formation, early dissemination, and reception. For modern
biblical criticism, in contrast to traditional religious tenets, the
Hebrew Bible represents the cumulative output of many genera-
tions of scribes who authored, transmitted, and, at the same
time, constantly revised and interpreted the various texts. The
conflicting views can ideally be decided on the basis of empirical
evidence, such as manuscripts of biblical books that reflect
different stages in their literary history, thereby proving that
such works were formed gradually and incrementally rather
than by a one-time revelation. Although the DSS contribute
greatly to the unveiling of the textual history of many biblical
books (Tov, 2012), perhaps the most striking opportunity for
testing this question is furnished by the book of Jeremiah, which
is extant in different versions corresponding to the long Maso-
retic text (the Jewish received version) and the short Septuagint
(an ancient translation into Greek, eventually adopted by
Christians).
The Qumran scrolls also include copies of numerous non-

scriptural works. Some of them were previously known through
other channels of transmission (the Apocrypha and Pseudepi-
graph of the Old Testament), whereas others became known
for the first time in two millennia thanks to the discovery of the
DSS. Theseworks, too, present a whole host of historical riddles.
In particular, we have focused on the Songs of the Sabbath Sac-
rifice, a liturgical composition found in multiple copies, indicating
its importance in ancient times. This composition is also unique
in being the only previously unknown, non-scriptural work whose
copies were found outside of Qumran; in addition to eight copies
from Qumran Cave 4 and one from Cave 11, there is also a tenth
copy found in Masada. The Songs of the Sabbath Sacrifice
(Songs) is a highly intriguing literary piece whose (quasi)mystical
content and radical poetic style foreshadow revolutionary devel-
opments in Hebrew creativity that fully materialized only many
centuries later (Abusch, 2003; Alexander, 2010; Mizrahi, 2013;
Schäfer, 2006), but its historical contextualization is still much
of a mystery. The socio-religious background of the Songs is
much contested in scholarship, and the discovery of the
Masada copy complicated the debate even further (e.g.,
Newsom, 1990). Did the Qumran sectarians reach Masada? Or
was the work popular among circles that transcend the commu-
nity that forms the social background of the texts deposited in
the Qumran caves?
Finally, most DSS fragments were not excavated orderly in situ

but rather acquired post factum via antiquity dealers. As a result,
the original place of finding of some fragments remains unknown
or uncertain, thus affecting their historical comprehension. For
instance, most of the Qumran scrolls are literary in nature, but

Figure 1. DSS Fragments Were Found in Different Locations in
Different Sizes and Shapes
(A) Map of the Judean Desert. The locations where the DSS were discovered

are shown, as well as those of four of the fragments analyzed in this study.

(B)Shownare thesuggestedplacingsof thedifferent fragmentsattributed toDSS

4Q404. The three fragments analyzed in this paper, frgs. 5, 8, and 9, aremarked.

Images are courtesy of the Leon Levy Dead Sea Scrolls Digital Library. Israel

Antiquities Authority. Photos: Shai Halevi. See also Table S1.
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a subset of fragments allegedly found in Cave 4 differs markedly
in being legal documents, the like of which were found in other
sites throughout the Judean Desert. Is there a scientific method
for establishing the original whereabouts of such fragments?
Here we show that a paleogenomic approach can shed new

light on a range of issues pertaining to DSS history, including
the compositional history of the biblical book of Jeremiah, the
dissemination of the Songs, and the provenience of the scrolls
at large. Because most of the scrolls were written on processed
animal skin, we used DNA sequencing to ‘‘fingerprint’’ (or ‘‘geno-
type’’) fragments based on their genetic signature. The genetic
evidence suggests that the manuscripts found in the Qumran
caves reflect the scribal and textual diversity that prevailed in
this period with regard to transmission of scriptural and non-
scriptural literature.

RESULTS

The original place of finding of some fragments remains un-
known or uncertain, including their relationship to the site of
Qumran. Moreover, the DSS have disintegrated into thousands
of fragments whose mutual relationship is often ambiguous or
even contested. Thus, scholarship faces two fundamental ques-
tions. Which fragment belongs to which scroll? What are the or-
igins of the various scrolls?
To advance the classification of the scrolls and scroll fragments,

we sampled and analyzed tiny fragments from scrolls discovered
at various sites (Table S1). The selection of fragments was con-
strained by several factors. As a world cultural heritage, the DSS
are now carefully preserved by the Israel Antiquities Authority
(IAA), and their physical condition, often extremely fragile, is exten-
sively monitored. Therefore, to minimize damage to these price-
less fragments, the IAA conservators performed sampling with
extreme caution, considering which fragments could be sampled
at all. Tiny amounts of scroll materials were obtained from scroll
pieces or, when more sensitive fragments were concerned, from
crumbs that fell off or were scraped off the uninscribed back
side of the fragments (STAR Methods; Figure 2A). To investigate
features typical to scrolls unearthed in different locations, we
also examined other leather objects, such as remains of sandals,
waterskins, and a garment, that were discovered at various sites.
In addition to sampling ancient specimens, we were allowed ac-
cess to modern parchments prepared for the IAA. These parch-
ments, used as controls, were produced by a professional scribe
and treated according to traditional practices for IAA conservation
and preservation research purposes (Figure 2B).
Despite the antiquity and degraded state of most scrolls, it

was demonstrated 20 years ago that it is possible to amplify an-
imal DNA from the DSS using PCR (Kahila Bar-Gal, 2000).
Following recent studies (Teasdale et al., 2015), we used deep
sequencing and obtained workable levels of DNA from 286 li-
braries (with 0.013/0.0063mean/median coverage of the target
animal genomes, respectively; STAR Methods; Table S2; Fig-
ures 2A and S1A), enabling study of 39 specimens of minimal
size, including 26 DSS fragments. Sequencing the highly
degraded endogenous ancient DNA (aDNA) from the DSS is
further complicated by high levels of contamination. In addition
to endogenous aDNA, not surprisingly, we found ample modern

DNA of human origin because humans have handled the DSS
since ancient times and most intensively in the last 70 years.
The human sequences we detected did not display typical dam-
age patterns and had a longer fragment length compared with
that expected of authentic aDNA (Dabney et al., 2013a; Sawyer
et al., 2012; Skoglund et al., 2014a). In contrast, given enough
sequence data, the reads from ancient samples mapping to an-
imal DNA display DNA fragmentation and higher cytosine deam-
ination at fragment termini that extend into the fragment while
showing gradual decline (Figures S1B, S1C, and S2A–S2C; Ta-
ble S3). The degradation patterns fit those expected from
aDNA (Dabney et al., 2013a; Sawyer et al., 2012; Skoglund
et al., 2014a) and are like the patterns we obtained from aDNA
simulations (using the gargammel software; Figure S2D; STAR
Methods).

Species Identification Shedding Light on Scriptural
Scrolls
We hypothesized that if skins from diverse types of animals were
used for the preparation of different scrolls, then species identi-
fication could allow primary sorting of related fragments. Among
the ancient material sampled (scrolls, sandals, waterskins, and a
garment), we identified skins of three species: domestic sheep,
cow, and goat. Upon mapping the sequenced reads to the mito-
chondrial (mt) genomes of domestic animal species common in
the Near East, all identified DSS samples but two (4Q70 and
4Q72b) were found to be made of sheep skin (highest coverage
when mapping to Ovis mitochondria; Figures 3, 4A–4C, and 4F;
Table S4). Note that the DSS are designated by abbreviations
that mark their place of finding (e.g., 4Q = Qumran cave 4,
11Q = Qumran cave 11, Mas = Masada) and inventory number
or content (e.g., 4Q70 = 4QJera = first copy of the scriptural
book of Jeremiah from Qumran cave 4).
We performed multiple independent validation procedures,

such as BLAST searches, FastQScreen, extensive molecular
phylogenetic analyses (Hassanin et al., 2012), and the standard
pipeline for human aDNA, which confirmed our results (see Table
S4 and STAR Methods for details). aDNA simulation achieved
similar results (Figures 4D and 4E; STAR Methods).
We initially identified the two Jeremiah specimens that did not

originate in sheep, 4Q70 and 4Q72b, asmade of cow skin. These
fragments represent two of four (of a total of six) copies of the
biblical book of Jeremiah that were found in the Qumran caves:
4Q70 (4QJera), 4Q71 (4QJerb), 4Q72a (4QJerd), and 4Q72b
(4QJere). (Two additional copies, 2Q13 [2QJer] and 4Q72
[4QJerc], could not be sampled at that time.) The original relation-
ship between some of these fragments has been unclear. 4Q71,
4Q72a, and 4Q72b had originally been assigned to the same
scroll, but it was later shown that they differ textually (Tov,
1989), and they were eventually published as distinct manu-
scripts (Tov, 1997). We further investigated the animal origin of
4Q70, 4Q72a, and 4Q72b by sequencing enriched mt fragments
(STAR Methods; Table S5; Figure S3A). The analysis based on
mt enrichment confirmed the results of the analysis based on
shotgun sequencing and revealed that 4Q72b was indeed
made of Bos taurus (cow), whereas 4Q71 and 4Q72a (thought
to come from the same scroll as 4Q72b) are more likely to orig-
inate in Ovis aries (sheep).
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Since scrolls were made of leather sheets of similar material
features, such as size and visible properties (e.g. 1QIsaa; see
below), our working hypothesis is that they usually comprised
sheets made of only one animal species. Indeed, our own anal-
ysis of fragments issuing from different sheets of the same scroll

Figure 2. Illustration of Various Samples
Used in This Study, Including Miniscule
Amounts of Material Used for Sequencing
of the DSS, IAA Parchments, and Water-
skins
(A) Illustration of the miniscule amount of material

used for sequencing of the DSS. (i) Shown is frg.

4Q404 frg. 5v, containing only powder scraped off

the scroll. To avoid harming the rare fragment,

extraction was carefully done on almost invisible

fragments. (ii) Shown is frg. 4Q405, sampled in this

research. The fragment consists of tiny scroll

pieces with a size and quality similar to a few other

DSS fragments used in this study.

(B) Two of the IAA parchments sampled in our

analysis. (i) Parchment made of cow skin. (ii)

Parchment made of sheep skin.

(C) The two waterskins sampled in our analysis. (i)

1996-9257, notated as WS7. (ii) 1996-9104,

notated as WS4. Specimen WS(4or7) was suc-

cessfully matched to WS7.

Waterskin images in (C) are courtesy of The Israel

Museum, Jerusalem. Photos by Elie Posner.

(4Q37 [4QDeutj]; Discussion) confirms
that they originate in the same species.
Therefore, 4Q72b is unlikely to come
from the same scroll as 4Q71 and
4Q72a. The latter two are made of sheep,
but their relatedness is relatively low
(bootstrap value 40/100) and, hence,
inconclusive. Our results also suggest
that 4Q70—which is clearly a different
manuscript—is made of cow skin. How-
ever, this specimen is very poorly pre-
served and therefore more challenging
to study.
The Judean Desert has not been well

suited for cow husbandry for at least the
last two millennia, and there is no evi-
dence for the processing of cow skins in
Qumran (Bouchnick, 2016). Therefore,
4Q70 and 4Q72bmost probably originate
in another part of the country. This
conclusion is corroborated by the fact
that, paleographically, 4Q70 dates to
the late third or early second century
BCE (Yardeni, 1990), long before the
deposition of the scrolls in the Qumran
caves. Moreover, 4Q70 is textually
distinct because it preserves an interme-
diate compositional stage. Its original text
was corrected by a later scribe, and
although the nature of these scribal inter-

ventions has been debated, themost conspicuous case likely re-
flects textual adaptation of an originally independent text into the
longer version known from theMasoretic text; a short text (4Q70,
fragment [frg.] 4i [= column III]) was expanded by an insertion in
the margin. The additional paragraph (Jeremiah 7:30–8:3)
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amplifies the prophetic admonition and has become part of the
longer, received version (Davis, 2018). Tellingly, long before the
discovery of the DSS, critical scholars have argued, on literary
grounds, that this paragraph is not well integrated into its present
context (e.g., Duhm, 1901, page 84).
The genetic distinction between the Jeremiah fragments has

important and broader historical implications. It is revealing that
the genetic analyses disassociate fragments that reflect different
versions of the book (Discussion). Moreover, at least two of the
Jeremiah scrolls (4Q70 and 4Q72b) were probably brought to
the Qumran caves from the outside, suggesting that the textual

Figure 3. DSS mt Sequences Are Nested
with Maximal Support within the Species
Ovis aries, and Additional Specimens Are
Assigned to Other Species
Phylogenetic tree generated based on the Has-

sanin et al. (2012) dataset from a matrix of 14,867

nucleotide positions and 140 taxa using Bayesian

inference under the CAT-GTR model (as im-

plemented in Phylobayes version 4.1). Bayesian

posterior probabilities above 0.5/maximum likeli-

hood (ML) bootstrap supports above 50% (using

100 rapid-bootstrap computations) are given near

the corresponding node. ML and Bayesian ana-

lyses gave similar topologies. Only high-coverage

specimens (see STAR Methods for details) were

included in this analysis. See also Figure S3 and

Tables S4 and S5.

pluriformity of the Jeremiah scrolls applies
to Judea in general. Although scholars
have previously entertained the theoretical
possibility of such ‘‘external’’ manuscripts,
our findings not only supply an indepen-
dent argument in favor of this reasoning
but also allow us to pinpoint precisely
whichmanuscripts are themost likely can-
didates to be identified as scrolls copied
locally vs. those brought from elsewhere.

Genetic Differentiation among
Sheep-Made Scrolls
Most of the ancient scroll specimens we
were able to identify with high confidence
were made of sheep (Figures 4A–4C). To
distinguish between them, we examined
the diversity of haplogroups in the different
samples by performing phylogenetic ana-
lyses examiningmt genomes of 126 sheep
breeds (Figure S3B). Ovis aries has five
different haplogroups, three of which (A,
B, and C) are known to populate the area
of the Near East (Lv et al., 2015; Meadows
et al., 2007). Only these three haplogroups
were discovered among our samples, and
their distribution proves helpful for recon-
structing the provenance of individual
scrolls. We sampled four (of ten) copies
of the non-biblical Songs: 4Q404, 4Q405,

11Q17, andMas1k (for some of these, wewere allowed to sample
more than one fragment). Mas1k is the only copy of the work
discovered outside of the Qumran caves, in Masada. Tellingly, it
also differs from the others in terms of its haplogroup; unlike other
sheep samples that belong to haplogroup B, Mas1k belongs to
haplogroup A (see Figures 3 and S3B; as well as the ‘‘Generation
of a sheep phylogenetic tree’’ subsection of the ‘‘Method 2 for
identifying species’’ section in STAR Methods).
Within a given species, mt sequences contain only a very

limited number of single-nucleotide polymorphisms (SNPs). We
therefore also analyzed sheep sequence variation in the nuclear
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Figure 4. Identification of the Animals from which the Specimens Were Made
(A) Pie chart denoting the distribution of source animals in the different specimens examined.

(B) Heatmap depicting the percentage of the mt reference genome of 11 animals that is covered by themtDNA in each specimen. Percentage is normalized to the

species with the highest coverage. Asterisks indicate specimens whose source animal could not be identified with high confidence.

(C) Strip plot depicting the percentage of the mt reference genome of 11 animals that is covered by the mtDNA in each specimen. The three main animal groups

(Ovis, Capra, and Bos) are highlighted.

(D) Similar to (B), based on aDNA simulations.

(E) Similar to (C), based on aDNA simulations.

The simulated reads in (D) and (E) show patterns similar to those witnessed in our aDNA data.

(legend continued on next page)
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genome. Obtaining enough DNA for this purpose is very chal-
lenging because the extremely delicate state of the DSS only al-
lows, at best, sampling of tiny scroll pieces or crumbs (Figure 2A).
To retain a greater fraction of the nuclear DNA sequences and to
allow matches to genomes of ancient sheep breeds (while
potentially tolerating some level of non-endogenous DNA), we
designed high-yield pipelines (STAR Methods; Figures S4A
and S5A; Table S3). The processed data behaved similarly to
simulated aDNA data (Figures 4D, 4E, and S2D; STARMethods).
We determined sets of informative positions in the nuclear

sheep genome that display variation between the sequences
of the different fragments, captured by variant calling
procedures (while taking into account the effects of cytosine
deamination; see STARMethods for details). We then performed
unsupervised clustering of the fragments using three indepen-
dent and complementary methods: (1) construction of phyloge-
netic trees using the maximum likelihood criterion under the
GTR-GAMMA model, (2) measurement of similarity based on
pairwise comparisons, and (3) measurement of similarity based
on pairwise comparisons, which takes into account linkage
disequilibrium between variable positions (STAR Methods).
The set of fragments we tested using our new heuristic

approach contained positive and negative controls (associated
and disparate pieces). Independent of the specific clustering
method and parameters used, we uncovered certain consistent
and robust patterns of relatedness. In contrast, we did not
observe similar relations when using reads suspected to be
from human or bacterial contamination and ruled out additional
potential biases associated with the variation in coverage and
specimen quality (see Figures 5, 6, 7, and S5–S7; Table S6;
and the details in ‘‘The genetic clustering based on sheep DNA
is robust to external factors’’ section in STAR Methods):

(1) Parchments prepared for the IAA for studying the phys-
ical, chemical, and biological processes such materials
undergo (Figure 2C; referred to as ‘‘IAA parchments’’)
were clustered tightly together (Figure 5), as could be ex-
pected from the fact that, as a group, they are distinct
from the ancient samples. Additionally, a distantly related
breed represented by a modern Tibetan sheep was also
always distinguishable from the ancient sheep samples
(Figures 6A, 6B, and S6C [i and ii]).

(2) We found that genetic similarities were detected despite
especially unfavorable conditions of preservation. For
example, 4Q71 (4QJerb) was damaged by adhesive
tape used in the 1950s to attach the fragments to each
other. Two different parts of the fragment, one affected
by the tape and the other not, clustered most closely
with one another (bootstrap value 100/100; Figure 5)
despite the damaging interventions. Two highly degraded
samples from 4Q405, a copy the Songs, clustered

together (with a moderate bootstrap value of 51/100; Fig-
ure 5), although one of the samples (4Q405-36) consisted
only of scroll ‘‘dust’’ (removed from the adhesive tape; see
example in Figure 2A).

(3) To test the resolution of the analysis, we sampled two
ancient waterskins (WS4 and WS7), each made from the
skin of a whole sheep, and an isolated fragment that
was known to be detached (in modern times) from one
of these waterskins, but its specific origin was unknown
(Figure 2C). We found that the fragment clusters with
WS7 (bootstrap value 100/100; Figure 5). Thus, in specific
cases, it is possible to identify individual animals even
when the objects were discovered within the same loca-
tion and dated to the same period.

(4) Similarly, frgs. 8 and 9 of 4Q404, which is another copy of
the Songs, are too small for secure identification of their
place in the manuscript (Figure 1B). According to the ge-
netic analysis, frgs. 8 and 9 cluster closely together (boot-
strap value 100/100; Figure 5). This is in line with their
resemblance in scribal hands, script, and content
(Newsom, 1997).

In addition, genetic sorting based on variations in the nuclear
genomes contributes to characterizing ambiguous fragments.
Because many scroll fragments were purchased by the archae-
ological authorities only secondarily, their original location can
be dubious. The data support the suspicions, previously sug-
gested on independent grounds, that two scroll fragments, offi-
cially assigned to Qumran cave 4, originate elsewhere (Figure 5).
4Q344
This scroll, a document acknowledging a financial debt of one per-
son to another, did not cluster tightlywithmost otherQumran frag-
ments. Although officially registered as stemming from Qumran
Cave4,scholarshave longsuspected that this fragmentwas found
elsewhere (Doudna, 1998; Yardeni, 1997). It belongs to a group of
scrolls (4Q342–348, 4Q351–354, and 4Q356–361) that are legal
documents,whereas virtually all otherQumran texts represent reli-
gious literature. Their script sets them apart from the Qumran
scrolls, and 14C measurements of some of them (including
4Q344) date them to the late first through early second century
CE (Jull et al., 1995; Yardeni, 1997), unlike the earlier Qumran
scrolls. Moreover, a few of these fragments (but not 4Q344) can
bedirectlyor indirectly joinedwithdocuments fromtheWadiSeiyal
collection (Doudna, 1998; Yardeni, 1997). The genetic evidence
supports thephilological hypothesis that 4Q344doesnot originate
from the Qumran caves.
4Q59 (4QIsae), frg. 25
This fragment did not distinctly cluster with other Qumran scrolls.
Althoughmost fragments grouped under the siglum ‘‘4Q59’’ come
from the beginning of the book of Isaiah (chapters 2–14), frg. 25 is
oddly the only fragment that comes from the end of the book

(F) Mapping of the mt reads of sample Unknown-002 shows clear preference to O. aries. (i) Mapping to the mt sheep sequence (Ovis aries GenBank: HE577850;

mean coverage, 76.2; SD, 64.0). (ii) Mapping to the mt goat sequence (Capra hircusGenBank: KP662715; mean coverage, 24.4; SD, 41.3). (iii) Mapping to the mt

cow sequence (Bos taurusGenBank: V00654; mean coverage, 14.2; SD, 22.5). The coverage is represented in the blue bar graph using a log scale. The reference

sequence used is indicated below, with rRNA, tRNA, and protein coding genes indicated in red, blue, and green, respectively. In each case, BLAST searches

indicated that the consensus sequence was a sheep sequence.

See also Table S4.
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Figure 5. Clustering of the Sheep Specimens Based on Variation in Their Genomic Sequences
Shown is clustering of the specimens based on their nucleotide identity in 4,189 informative positions along the genome; each is covered by at least 3 reads in at

least 50%of the examined specimens and outgroup. The nucleotide identity of at least one specimen differs from that existing in theOvis aries reference genome.

The tree was generated using the maximum likelihood criterion under the GTR-GAMMA model. Maximum likelihood bootstrap support values based on 500

bootstrap computations are indicated near the corresponding node (bootstrap values lower than 10 are not shown). The QSP cluster is marked in red. Where

(legend continued on next page)
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(chapter 59). The editors originally placed it in this scroll only
because ‘‘it fits nowhere better among the 4QIsaiah fragments’’
(Skehan and Ulrich, 1997). The genetic evidence suggests that
this fragment belongs to a manuscript originating elsewhere.

Genetic Analyses Shedding Light on Scribally Distinct
Scrolls
The different animal source of the Jeremiah scrolls (with 4Q71 and
4Q72a deriving from sheep and 4Q70 and 4Q72b from cow; Fig-
ure S3A; Table S5) was shown above to stand in relation to their
textual diversity (as 4Q71 and 4Q72a match the short text of the
Septuagint, 4Q72b matches the long text of the Masoretic tradi-
tion, and 4Q70 reflects an originally independent textual tradition
brought closer to the long text). This leads to the conclusion that
they represent not only a secluded sect but, rather, the broader
cultural milieu of Judea in the Second Temple period. Our ana-
lyses of variations in the nuclear genome suggest that a similar
pattern of textual plurality applies generally to other scrolls as
well because some of them can be identified as brought from
elsewhere.
Philologists have identified a specific scribal tradition, known as

the Qumran scribal practice (QSP), that typifies only a subset of
the Qumran scrolls (for the typology and classification of all man-
uscripts for which there is sufficient textual evidence, see Tov,
2004). QSP is positively defined on the basis of several indicators
culled from the realms of orthography (i.e., telltale spellings of
common words or linguistic forms), linguistic morphology (the
preference for certain alloforms of pronouns, verbs, and adverbs),
script (e.g., resorting to the Paleo-Hebrew script for distinguishing
God’s name from the rest of the text, usually written in the Jewish
or Square script), and a range of other scribal practices (e.g., use
of scribalmarks, particular procedures for deletion and correction,
etc.). It should be borne in mind, though, that QSP seems to be a
function of a particular social group rather than of a geographical
location. In other words, if scrolls were copied locally, then they
may be expected to be classified as QSP; at the same time, other
QSP manuscripts could theoretically have been penned by
sectarian scribes in other places (notably, someQSPmanuscripts
antedate the Qumran settlement). On the other hand, non-QSP
manuscripts are likely to be brought from the outside, being the
product of other social and ideological circles. Although the
distinction between QSP and non-QSP is still debated (e.g., Tig-
chelaar, 2010), a QSP profile of a text potentially indicates that a
particular manuscript was produced by a sectarian scribe
(perhaps but not necessarily at the site of Qumran itself). Signifi-
cantly, the genetic analyses show that seven of eight samples
drawn from QSP manuscripts cluster together (moderate boot-
strap value 69/100; Figures 5 [QSP scrolls marked in red], 6C,
and S6C [iii] [QSP scrolls marked in gray]; STAR Methods). Tell-
ingly, this cluster includes only manuscripts that reflect QSP.
In contrast, other clusters of manuscripts found in the Qumran

caves also consist ofmanuscripts that are clearly non-QSP, such
as the cluster that contains 4Q71, whose paleographic dating is
the early second century BCE (Tov, 1989, 1997), probably ante-

dating the deposition of the scrolls, suggesting that these frag-
ments were likely brought to the Qumran caves from the outside.
The fragments grouped under this branch are not expected to be
tightly related to one another because they were presumably
brought from a number of other sites and, hence, reflect the liter-
ature available for readers throughout the land.
Thus, the genetic distinction between different branches of the

phylogenetic tree supports the philological characterization of
diverse scribal traditions (i.e., QSP and non-QSP) and offers an
independent tool for classifying ambiguous cases.
In conclusion, our study exemplifies that genome sequencing

is an independent scientific method for studying ancient artifacts
that should benefit researchers from different fields because it
can be used for testing existing hypotheses and for generating
new ones.

DISCUSSION

The discovery of the DSS is commonly regarded as one of the
most important archeological discoveries of the 20th century,
but the full scope of their historical importance depends, to a sig-
nificant extent, on the question of how representative they are for
the broader society at the time. How reflective are they of the cul-
tural history of the religious literature subsequently inherited by
Judaism and Christianity? The complexity of the ancient evi-
dence as furnished by the DSS calls for an integrative approach
that takes advantage of diverse research strategies.
It should be stated at the outset that genetic information can

only reveal a part of the picture. A given scroll could consist of
several sheets not necessarily made from the same individual
animal; for example, 1QIsaa, which is a fully preserved copy
of Isaiah, is 7.34 m long and made of 17 different sheets that
cannot all be made of the skin of a single animal. In addition,
the production of leather includes use of organic materials
that might have influenced the genomic analysis (Campana
et al., 2010). Likewise, we also found goat DNA in a fragment
that had been classified as part of 4Q57 (4Q57 frg. 27) and
were thus unable to confidently identify variants in its sheep
DNA. The goat DNA (in addition to the sheep DNA) found in
this sample could be authentic because it is possible that ma-
terials from various organic sources were used in the process
of scroll preparation (e.g., tanning) (Campana et al., 2010;
Poole and Reed, 1962).
The challenge is exemplified by the results obtained from two

fragments of 4Q37. This scroll contains a scriptural text and was
published as a copy of the book of Deuteronomy (4QDeutj), but
some of its fragments contain passages from the book of
Exodus. The textual evidence thus allows two main possibilities:
either both groups of fragments represent two different scrolls—
copies of Exodus and Deuteronomy, respectively—written by
the same scribe, or both groups stem from a single manuscript
whose text represents a conflation of passages from the two
biblical books. The official editor favored the second option, hy-
pothesizing that 4Q37 was a collection of excerpted scriptural

available, images of the sampled specimens are shown; the rest of the images in the figure are schematic drawings and do not necessarily represent any specific

specimen. Scroll images are courtesy of the Leon Levy Dead Sea Scrolls Digital Library, Israel Antiquities Authority; photos: Shai Halevi. Waterskin images are

courtesy of the Israel Museum, Jerusalem; photos: Elie Posner. See also Figures S5–S7 and Tables S5 and S6.

ll

Cell 181, 1–14, June 11, 2020 9

Please cite this article in press as: Anava et al., Illuminating Genetic Mysteries of the Dead Sea Scrolls, Cell (2020), https://doi.org/10.1016/
j.cell.2020.04.046

Article



passages (Duncan, 1991, 1995, 1997). Indeed, the contents of
the work (Deuteronomy 5–6, 8, 11, and 32; Exodus 12–13) and
its presumed order are matched by liturgical compilations of
scriptural passages (some of the Qumran phylacteries) (Tov,
2019). The relatively small size of the scroll is also suggestive
of its special—possibly liturgical—function (cf. 4QDeutn and
4QDeutq).

We sampled specimens from each group of fragments; frg. 25
comes from column VIII (with frg. 26) and contains the text of
Deuteronomy 11, whereas frg. 28 comes from column X (with
frgs. 29–33) and contains the text of Exodus 12–13. We found
that frgs. 25 and 28 do not cluster together (Figure 5). These ge-
netic results suggest that the fragments originate from different
individual animals of the same species. Thus, if they belong to
the same scroll, they probably stem from two different sheets.
This conclusion supplies information for future attempts for ma-
terial reconstruction of 4Q37 and literary evaluation of its
contents.

Despite the theoretical, methodological, and practical
difficulties any study of ancient artifacts is bound to tackle, our
investigations have obtained many significant results that could
not have been reached by philologists or scientists working in
isolation of each other. Some of our novel insights contribute
to a better understanding of long-debated problems, whereas
others reveal new areas of investigation.

For example, the non-scriptural scrolls can be classified to
subgroups that correspond to the scribal distinction between
QSP (potentially locally copied) and non-QSP manuscripts
(probably copied elsewhere), confirming that the collection ex-

emplifies the cultural plurality that typified Judea in the Hellenis-
tic-Roman period and served as the matrix for the eventual
development of Judaism (and Christianity). In addition, the
ancient diversity revealed by genetics can shed new light on
the provenance of the various copies of the Songs. The discov-
ery of Mas1k complicated the debate about the socio-religious
background of the Songs: should it be taken as a piece of evi-
dence that sectarians fled to Masada after the fall of Qumran
(68 CE) or Jerusalem (70 CE) to the Romans and joined the
Zealots who captured this fortress? Or does it indicate that the
work was popular among circles that transcend the Qumran
caves? The fact that only Mas1k belongs to haplogroup A (see
Results and STAR Methods) whereas the Qumran copies of
the work belong to haplogroup B suggests that the work was
known beyond Qumran caves.
The scriptural scrolls, too, as represented by the Jeremiah

fragments, include manuscripts deriving from various places
and reflecting highly divergent versions of the book, which pre-
sumably testify to different stages in the compositional history
of Jeremiah. As acknowledged by biblical scholarship, the tex-
tual evidence of the Second Temple period demonstrates that
different versions of biblical books circulated in parallel; for
contemporaries, the holiness of the biblical book did not extend
to its precise wording. In contrast, the thousands of surviving
manuscripts of the Hebrew Bible produced in the Middle
Ages—and later printed editions through the 21st century—wit-
ness a virtually identical text, almost down to the letter, exem-
plifying the loss of textual diversity over the years. The DSS
take us back to an earlier stage, typified by textual pluriformity.

A

B C

Figure 6. Similarity Analysis of the Various Specimens Using Pairwise Comparison of Shared Genomic Positions
(A) The extent of similarity between selected specimens and all other examined specimens. The outgroup is different from all other specimens. All compared

positions are covered by at least 3 reads.

(B) Principal-component analysis (PCA) projection of the sheep specimens based on a pairwise similarity matrix. Different specimen groups are marked in colors

(see legend).

(C) PCA projection of the sheep specimens based on a pairwise similarity matrix. QSP and non-QSP fragments are marked by gray and white triangles,

respectively (see legend on the right). The QSP fragments are marked in red in Figure 5.

See also Figures S5–S7.
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By analogy, the revolution in the study of aDNA in recent years
has shown that, as a result of bottleneck events that reduce
population size, human genetic diversity decreases in native
populations as a function of the distance from Africa (Rama-
chandran et al., 2005), the cradle of the human species. Simi-
larly, the genetic evidence presented here suggests that the
Jeremiah scrolls from the Qumran caves, typified by their tex-
tual and genetic diversity, allow a glimpse into the ‘‘Africa’’ of
later versions of the book.
Finally, the genetic evidence indicates that two fragments

(4Q344 and 4Q59 frg. 25) appear to be different from all other
samples taken from the Qumran scrolls, and additional, philolog-
ical evidence supports the conclusion that they are indeed unre-
lated to the scrolls found in the Qumran caves. To be sure, these
fragments are authentic but were probably unearthed in other
caves in the Judean Desert. The use of aDNA methods, such
as the methods used and developed in this study, to compare
specimens with other ancient specimens, can distinguish be-
tweenmanuscripts that were discovered in the same areas, orig-
inate in the same animal source, or were prepared using similar
techniques as for the DSS.
This research has approached the study of the DSS from a

multidisciplinary perspective, combining genetic analyses of
the aDNA extracted from the DSS fragments with philological
and historical examination of the ancient literary and religious

works copied therein. Such an integrative approach could be
applied to analyses of many additional scrolls and diverse man-
uscripts. We are hopeful that it will encourage others to collabo-
rate and combine their expertise to solve the mysteries of
the past.

STAR+METHODS

Detailed methods are provided in the online version of this paper
and include the following:

d KEY RESOURCES TABLE
d RESOURCE AVAILABILITY

B Lead Contact
B Materials Availability
B Data and Code Availability

d METHOD DETAILS
B Sampling of the specimens
B Ancient DNA methods
B DNA Extraction
B Library Preparation
B Mitochondrial Capture
B Quality control, trimming and merging of NGS data
B Mapping NGS data based on established ancient hu-

man pipeline against whole genomes

Figure 7. Circos Display of Identical Nucleo-
tides Shared by the Various Specimens
Each line represents 200 positions shared by two

specimens, where both have identical nucleotides

different from the Ovis aries reference genome.

The size of each specimen is proportional to the

number of its alternative nucleotides compared

with the reference genome.
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B Remapping, additional trimming and filtering of human
contamination

B Species identification
d QUANTIFICATION AND STATISTICAL ANALYSIS

SUPPLEMENTAL INFORMATION

Supplemental Information can be found online at https://doi.org/10.1016/j.

cell.2020.04.046.
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Sverrisdóttir, Ó.O., Daskalaki, E.A., Skoglund, P., Naidoo, T., Svensson,

E.M., et al. (2015). Ancient genomes link early farmers from Atapuerca in Spain

to modern-day Basques. Proc. Natl. Acad. Sci. USA 112, 11917–11922.

Hahn, C., Bachmann, L., and Chevreux, B. (2013). Reconstructing mitochon-

drial genomes directly from genomic next-generation sequencing reads–a

baiting and iterative mapping approach. Nucleic Acids Res. 41, e129.

Haldane, J.B.S. (1919). The combination of linkage values and the calculation

of distances between the loci of linked factors. J. Genet. 8, 299–309.

Hansen, A., Willerslev, E., Wiuf, C., Mourier, T., and Arctander, P. (2001). Sta-

tistical evidence for miscoding lesions in ancient DNA templates. Mol. Biol.

Evol. 18, 262–265.

Haran, M. (1985). Bible scrolls in eastern and western Jewish communities

from Qumran to the high middle ages. Hebr. Union Coll. Annu. 56, 21–62.

Hassanin, A., Ropiquet, A., Couloux, A., andCruaud, C. (2009). Evolution of the

mitochondrial genome in mammals living at high altitude: new insights from a

study of the tribe Caprini (Bovidae, Antilopinae). J. Mol. Evol. 68, 293–310.

Hassanin, A., Bonillo, C., Nguyen, B., and Cruaud, C. (2010). Comparisons be-

tweenmitochondrial genomes of domestic goat (Capra hircus) reveal the pres-

ence of numts and multiple sequencing errors. Mitochondrial DNA 21 (3–4),

68–76. https://doi.org/10.3109/19401736.2010.490583.

Hassanin, A., Delsuc, F., Ropiquet, A., Hammer, C., Jansen van Vuuren, B.,

Matthee, C., Ruiz-Garcia, M., Catzeflis, F., Areskoug, V., Nguyen, T.T., and

Couloux, A. (2012). Pattern and timing of diversification of Cetartiodactyla

(Mammalia, Laurasiatheria), as revealed by a comprehensive analysis of mito-

chondrial genomes. C. R. Biol. 335, 32–50.

Hofreiter, M., Jaenicke, V., Serre, D., von Haeseler, A., and Pääbo, S. (2001).

DNA sequences from multiple amplifications reveal artifacts induced by cyto-

sine deamination in ancient DNA. Nucleic Acids Res. 29, 4793–4799.

Jull, A.J.T., Donahue, D.J., Broshi, M., and Tov, E. (1995). Radiocarbon Dating

of Scrolls and Linen Fragments from the Judean Desert. Radiocarbon 37,

11–19. https://doi.org/10.1017/S0033822200014740.

Kahila Bar-Gal, G. (2000). Genetic changes in Capra species of Southern

Levant over the past 10,000 years as studied by DNA analysis of ancient

and modern populations. PhD thesis (Hebrew University of Jerusalem).

Kang, D.D., Li, F., Kirton, E., Thomas, A., Egan, R., An, H., andWang, Z. (2019).

MetaBAT 2: an adaptive binning algorithm for robust and efficient genome

reconstruction from metagenome assemblies. PeerJ 7, e7359.

Katoh, K., and Standley, D.M. (2013). MAFFT multiple sequence alignment

software version 7: improvements in performance and usability. Mol. Biol.

Evol. 30, 772–780.

Kircher, M. (2012). Analysis of High-Throughput Ancient DNA Sequencing

Data. In Humana Press), D.N.A. Ancient, B. Shapiro, and M. Hofreiter, eds.,

pp. 197–228.

Kuhn, J.M.M., Jakobsson, M., and Günther, T. (2018). Estimating genetic kin

relationships in prehistoric populations. PLoS ONE. Published online April

23, 2018. https://doi.org/10.1371/journal.pone.0195491.

Kumar, S., Stecher, G., and Tamura, K. (2016). MEGA7: Molecular Evolu-

tionary Genetics Analysis Version 7.0 for Bigger Datasets. Mol. Biol. Evol.

33, 1870–1874.

Langmead, B., and Salzberg, S.L. (2012). Fast gapped-read alignment with

Bowtie 2. Nat. Methods 9, 357–359.

Langmead, B., Trapnell, C., Pop, M., and Salzberg, S.L. (2009). Ultrafast and

memory-efficient alignment of short DNA sequences to the human genome.

Genome Biol. 10, R25.

Lartillot, N., Lepage, T., and Blanquart, S. (2009). PhyloBayes 3: a Bayesian

software package for phylogenetic reconstruction and molecular dating. Bio-

informatics 25, 2286–2288.

Lazaridis, I., Patterson, N., Mittnik, A., Renaud, G., Mallick, S., Kirsanow, K.,

Sudmant, P.H., Schraiber, J.G., Castellano, S., Lipson, M., et al. (2014).

Ancient human genomes suggest three ancestral populations for present-

day Europeans. Nature 513, 409–413.

Li, H. (2016). seqtk (Elixir bio.tools).

Li, H., and Durbin, R. (2009). Fast and accurate short read alignment with Bur-

rows-Wheeler transform. Bioinformatics 25, 1754–1760.

Li, H., Handsaker, B., Wysoker, A., Fennell, T., Ruan, J., Homer, N., Marth, G.,

Abecasis, G., and Durbin, R.; 1000 Genome Project Data Processing Sub-

group (2009). The Sequence Alignment/Map format and SAMtools. Bioinfor-

matics 25, 2078–2079.

Li, D., Liu, C.-M., Luo, R., Sadakane, K., and Lam, T.-W. (2015). MEGAHIT: an

ultra-fast single-node solution for large and complex metagenomics assembly

via succinct de Bruijn graph. Bioinformatics 31, 1674–1676.

Lv, F.-H., Peng, W.-F., Yang, J., Zhao, Y.-X., Li, W.-R., Liu, M.-J., Ma, Y.-H.,

Zhao, Q.-J., Yang, G.-L., Wang, F., et al. (2015). Mitogenomic Meta-Analysis

Identifies Two Phases of Migration in the History of Eastern Eurasian Sheep.

Mol. Biol. Evol. 32, 2515–2533.

Malmström, H., Svensson, E.M., Gilbert, M.T.P., Willerslev, E., Götherström,
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STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Biological Samples

Dead Sea Scroll fragment samples DSSConservation Laboratories of the Israel

Antiquities Authority

N/A

IAA parchments Casali Institute, Hebrew University of

Jerusalem

N/A

Ancient leather artifacts Israel Antiquities Authority N/A

Chemicals, Peptides, and Recombinant Proteins

RNase AWAY surface decontamination ThermoFisher Scientific 7002

AmpliTaq Gold DNA polymerase ThermoFisher Scientific N8080259

AMPure XP for PCR purification Beckman Coulter A63881

KAPA2G Fast HotStart ReadyMix Merck (Sigma-Aldrich) KK5601

Critical Commercial Assays

High Sensitivity D1000 Kit Agilent Technologies 5067- 5584, 5067- 5585

myBaits! Mito Arbor Biosciences 303048

High pure viral nucleic acid large volume kit

(for Roche columns)

Roche molecular systems 5114403001

Deposited Data

Raw and analyzed data This paper SRA: SRP151790

Human reference genome build 37, hs37d5 Genome Reference Consortium GenBank: GCF_000001405.17

human reference genome (GRCh38.p6) Genome Reference Consortium GenBank: GCF_000001405.32

Ovis aries reference genome (Oar_v4.0) International Sheep Genome Consortium GenBank: GCF_000298735.2

Capra hircus reference genome (ARS1) USDA ARS GenBank: GCA_001704415.1

Capra hircus reference genome (CHIR_1.0) International Goat Genome Consortium GenBank: GCA_000317765.1

Capra hircus reference genome (CHIR_2.0) Beijing Genomics Institute GenBank: GCA_000317765.2

Bos Taurus reference genome (UMD3.1) Center for Bioinformatics and

Computational Biology, University of

Maryland

GenBank: GCA_000003055.5

Bos Taurus reference genome (Btau_4.6.1) Cattle Genome Sequencing International

Consortium

GenBank: GCF_000003205.5

Camelus bactrianus reference genome

(Ca_bactrianus_MBC_1.0)

Inner Mongolia Agricultural University GenBank: GCF_000767855.1

Equus asinus reference genome

(ASM130575v1)

Inner Mongolian Agricultural University GenBank: GCF_001305755.1

Equus caballus reference genome

(EquCab2)

The Genome Assembly Team GenBank: GCA_000002305.1

Sus scrofa reference genome (Sscrofa9) The Swine Genome Sequencing

Consortium (SGSC)

GenBank: GCA_000003025.1

Sus scrofa reference genome (Sscrofa10) The Swine Genome Sequencing

Consortium (SGSC)

GenBank: GCF_000003025.5

Gallus gallus reference genome

(WASHUC2)

Genome Reference Consortium GenBank: GCA_000002315.5

Human mitochondrial genome (rCRS) GenBank GenBank: J01415.2

Ammotragus lervia mitochondrial genome RefSeq GenBank: NC_009510.1

Bos taurus mitochondrial genome GenBank GenBank: V00654.1

Bos taurus isolate RHV529 mitochondrial

genome

GenBank GenBank: KJ709685.1
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Equus asinus mitochondrial genome RegSeq GenBank: NC_001788.1, GenBank:

X97337.1

Equus caballus mitochondrial genome RefSeq GenBank: NC_001640.1

Equus caballus mitochondrial genome,

strain: trotter

GenBank GenBank: AB859014.1

Oryx dammah mitochondrial genome Hassanin et al., 2012 GenBank: JN632677.1

Capra hircus isolate 64_Ch65mitochondrial

genome

GenBank GenBank: KR059208.1

Capra hircus isolate 985 mitochondrial

genome

GenBank GenBank: KJ192236.1

Capra hircus mitochondrial genome RefSeq GenBank: NC_005044.2

Capra hircus mitochondrial genome GenBank GenBank: KP662715.1

Capra ibex mitochondrial genome Hassanin et al., 2009 GenBank: NC_020623.1

Capra nubiana mitochondrial genome Hassanin et al., 2009 GenBank: FJ207527.1

Ovis aries mitochondrial genome GenBank GenBank: AF010406.1

Ovis aries mitochondrial genome,

Assaf breed

GenBank GenBank: HE577850.1

Ovis orientalis mouflon mitochondrial

genome

Lv et al., 2015 GenBank: NC_026063.1

Ovis orientalis ophion mitochondrial

genome

GenBank GenBank: KF312238.2

Sus scrofa mitochondrial genome GenBank GenBank: AJ002189.1

Sus scrofa mitochondrial genome GenBank GenBank: AF034253.1

Camelus bactrianus mitochondrial genome GenBank GenBank: AP003423.1

Eptesicus fuscus mitochondrial genome GenBank GenBank: MF143474.1

Pipistrellus kuhlii mitochondrial genome GenBank GenBank: KU058655.1

Rousettus aegyptiacus mitochondrial

genome

RefSeq GenBank: NC_007393.1

Rhinolophus Monoceros mitochondrial

genome

GenBank GenBank: AF406806.1

Megaderma lyra mitochondrial genome GenBank GenBank: MG586969.1

Hipposideros armiger mitochondrial

genome

GenBank GenBank: JN980966.1

Rhinopoma hardwickei mitochondrial

genome

GenBank GenBank: AF263231.1

Tibetan high-altitude sheep dataset Sichuan Agricultural University SRA: SRR5149616

Software and Algorithms

Analysis code This paper https://github.com/neuhofmo/

Dead_Sea_Scrolls

MergeReadsFastQ_cc.py Kircher, 2012 https://bioinf.eva.mpg.de/fastqProcessing/

FilterUniqSAMCons_cc.py Kircher, 2012 https://bioinf.eva.mpg.de/fastqProcessing/

bwa Li and Durbin, 2009 http://bio-bwa.sourceforge.net/

cutadapt Martin, 2011 https://cutadapt.readthedocs.io/en/stable/

Bowtie Langmead et al., 2009 http://bowtie-bio.sourceforge.net/

index.shtml

Bowtie2 Langmead and Salzberg, 2012 http://bowtie-bio.sourceforge.net/bowtie2/

index.shtml

Fastqc Andrews, 2010 https://www.bioinformatics.babraham.ac.

uk/projects/fastqc/

FastQ Screen Wingett, 2015 https://www.bioinformatics.babraham.ac.

uk/projects/fastq_screen/
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RESOURCE AVAILABILITY

Lead Contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Oded
Rechavi (odedrechavi@gmail.com).

Materials Availability
This study did not generate new unique reagents.

Data and Code Availability
The accession number for the sequencing data reported in this paper is SRA: SRP151790. The code used for the processing and
analysis is available in the project’s GitHub repository, at https://github.com/neuhofmo/Dead_Sea_Scrolls.

METHOD DETAILS

Sampling of the specimens
The scrolls were sampled by the team of the DSS Conservation Laboratories of the IAA. While sampling the scrolls, the conservators
used gloves and a delicate scalpel to cut small pieces (%0.5cm2) from the edge of the scroll fragments where there was no writing. In
cases where the scrolls were in a poor state of preservation, crumbs were scraped off from the back side of the scroll using a scalpel.

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

SGA Simpson and Durbin, 2012 https://github.com/jts/sga

bamtools Barnett et al., 2011 https://github.com/pezmaster31/bamtools

Seqtk Li, 2016 https://github.com/lh3/seqtk

Mira Chevreux et al., 1999 http://www.chevreux.org/

projects_mira.html

MITObim Hahn et al., 2013 https://github.com/chrishah/MITObim

SAMtools Li et al., 2009 http://www.htslib.org/

bedtools Quinlan and Hall, 2010 https://bedtools.readthedocs.io/en/latest/

Geneious Biomatters Ltd. https://www.geneious.com/

BLAST Altschul et al., 1990 https://blast.ncbi.nlm.nih.gov/Blast.cgi

MAFFT Katoh and Standley, 2013 https://mafft.cbrc.jp/alignment/software/

RAxML Stamatakis, 2014 https://cme.h-its.org/exelixis/web/

software/raxml/index.html

Phylobayes Lartillot et al., 2009 http://www.atgc-montpellier.fr/

phylobayes/

Biopython Cock et al., 2009 https://biopython.org/

gargammel Renaud et al., 2017 https://github.com/grenaud/gargammel

ococo B!rinda et al., 2016 https://github.com/karel-brinda/ococo

Mega7 Kumar et al., 2016 https://www.megasoftware.net/

MATLAB R2017b MathWorks https://www.mathworks.com/products/

new_products/release2017b.html

Circa OmGenomics http://omgenomics.com/circa/

MEGAHIT Li et al., 2015 https://github.com/voutcn/megahit

MetaBAT2 Kang et al., 2019 https://kbase.us/applist/apps/metabat/

run_metabat/release

dRep Olm et al., 2017 https://drep.readthedocs.io/en/latest/

CheckM Parks et al., 2015 https://ecogenomics.github.io/CheckM/

Remap NCBI https://www.ncbi.nlm.nih.gov/genome/

tools/remap

pysam Pysam developers https://github.com/

pysam-developers/pysam
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The samples were collected into clean Eppendorf tubes for further analysis in a lab dedicated to aDNA. Overall, 39 specimens were
sampled (for the list of sampled specimens and produced libraries see Tables S1 and S2). Furthermore, four pieces of IAA parchment
prepared from sheep and cattle skin, part of an IAA funded research, were sampled under similar conditions, as a positive control of
our species identification methods. The IAA parchments were sampled at the Casali Institute, Hebrew University of Jerusalem. The
leather objects from other sites in the Judean Desert were sampled by the Organic curators and conservators of the IAA.

Ancient DNA methods
We generated genomic sequence data from 35 ancient and four modern specimens, as well as mitochondrial capture data from 3
pieces of ancient scroll fragments. All samples were prepared in a facility dedicated to aDNAwork at the Evolutionary Biology Centre
in Uppsala, Sweden. The work in this facility is separated fromwork onmodern and amplified DNA. The lab has an airlock, positive air
pressure, is fitted with UV-lights, and is thoroughly cleaned with bleach and RNase AWAY surface decontamination (ThermoFisher
Scientific, #7002, eliminate RNase and DNA from laboratory surfaces) to remove contaminating DNA. To further minimize the risk of
contamination all work is conducted in a laminar flow hood by specially trained staff wearing protective clothing (face mask, full body
suit, and triple gloves).

DNA Extraction
Multiple extracts and libraries were generated frommost of the samples (Table S2); these were processed in a random order to avoid
batch effects that could influence the results. Due to the delicate nature of the material (see Figure 2A), DNA was initially extracted
using several silica-basedmethods to determine themost suitable method for these degraded samples. The testing phase was done
on fragments: Unknown-001, Unknown-002, Unknown-003, 4Q405-518 and 11Q17. The testing phase included: i) Extraction buffer
as in (Malmström et al., 2007) combinedwith Roche columns (Roche, 5114403001) according toMeyer et al. (2012) and Dabney et al.
(2013b). ii) Silica basedmethod as in Yang et al. (1998) with modifications as in Günther et al. (2015) and Sawyer et al. (2012) (AY/AY*;
Table S2) or iii) Silica based method as in Allentoft et al. (2015), Dabney et al. (2013b), and Meyer et al. (2012) (MPBR; Table S2). All
extractions were eluted in 44-110 ml of EB or TET buffer. To remove contamination a 30min washing stepwith 1ml EDTA or EDTAwith
1%Triton X-100 was included. DNAwas extracted also from this fraction (Malmström et al., 2007) (WAY for EDTA orWAY* EDTAwith
1% Triton X-100; Table S2). All pieces were extracted overnight. The MPBR method has previously been shown to capture more
short fragments compared to other silica-methods (Allentoft et al., 2015; Dabney et al., 2013b; Meyer et al., 2012), and our own ex-
periments confirm this observation.

A second phase silica-based extraction was done as in Dabney et al. (2013b) and Meyer et al. (2012) (GR; Table S2) followed as
described above. A 30 min washing step with 1ml EDTA was employed here as well, followed by DNA extraction from this fraction
(Malmström et al., 2007) (WGR; Table S2). In this phase we processed the following fragments: 4Q57 frg. 27, 4Q57 frg. 6v, 4Q57 frg.
9v, 4Q71-nt, Mas1k, 4Q404 frg. 5v, 11Q17, 4Q405-36 and NewScroll-41.

For leather specimens a third phase silica-based extraction was done as in Dabney et al. (2013b) andMeyer et al. (2012) with some
modifications designed for hair and leather (Gilbert et al., 2004) (GRL; Table S2) followed as described above. In this phase we pro-
cessed the following specimens: Sandal-96-9105, Garment-99-9035, Sandal-43-6809, Sandal-35-1270, Sandal-43-6811, WS4,
WS7, WS(4or7). Each round of extraction included 2 blank tubes which were processed according to the different phase of
extractions.

Library Preparation
DNA libraries were prepared using 20ml of extract, with blunt-end ligation coupled with P5 and P7 adapters and single indexes
described in Meyer and Kircher (2010) with modifications as in Günther et al. (2015). From each extract one to five double strand
libraries were built. Since aDNA is already fragmented the shearing step was omitted from the protocol. Library blank controls
including water as well as extraction blanks were carried along during every step of library preparation. Each blunt-end library
was amplified in 4 to 12 replicates with one negative PCR control per index-PCR. The amplification reactions had a total volume
of 25 ml, with 3 mL of DNA library, and the following in final concentrations; 1X AmpliTaq Gold Buffer, 2.5mM MgCl2, 250nM of
each dNTP, 2.5U AmpliTaq Gold (Thermofisher, #N8080259), and 200nM each of the IS4 primer and P7-index primer (Meyer and
Kircher, 2010). The optimal number of cycles was determined by qPCR. The negative controls were also run on qPCR in order to
obtain amplification. Libraries were amplified between 14-22 cycles using conditions as in Meyer and Kircher (2010). For each library
four amplifications with the same indexing primer were pooled and purified with AMPure XP beads (Beckman Coulter, A63881). Li-
braries were quantified on Tapestation using the High Sensitivity Kit (Agilent Technologies, #5067-5584, #5067-5585). In total, 15
extraction blanks were passed through the entire protocol. In order to get anything to amplify in these blanks, we needed to run
27-30 PCR cycles (compared to between 14 and 22 cycles for the reported samples). Three of the 15 blanks showed no amplification,
not even adapter-dimers. 12 of the 15 blanks showed amplification and presence of DNA (as determined from qPCR, PCR and Ta-
pestation), with a distinct adapter-dimer peak (around 115-125 bp in size). Of these 12, five showed a peak with an insert (around
200 bp), which had a lower intensity compared to the adapter-dimer peak. Four of these blanks with an insert were sequenced to
determine the origin of the insert DNA. The sequence data of these four blanks were mapped against hg19 (human), sheep, cow,
and goat, and the genome coverage was < 0.0004x for all blanks for all four species (compared to a mean/median genome coverage
of the target animal of 0.01x/0.006x across 286 sample libraries), and the clonality was R 0.95. To further examine any potential
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contaminant, perhaps from reagents, the number of sequence reads aligning to the mt of hg19 (human), sheep, cow, and goat were
tallied. For Blank1, we obtained 5,278,436 sequence reads, and 6 sequence reads mapped to hg19 mt, none to the other animals’
mts. For Blank2, we obtained 58,062,897 sequence reads, and 13 sequence reads mapped to hg19 mt, 5 to the sheep mt, 1 to the
goat mt and 2 to the cow mt. For Blank3, we obtained 617 sequence reads, none of the which aligned to any of the animals mts. For
Blank4, we obtained 8,912,671 sequence reads, and nonemapped to ht19mt, 32 to the sheepmt, 30 to the goatmt and 41 to the cow
mt, all mapping to the same region.We conclude that themajority of the DNA in the blanks were adapter-dimers and non-mammalian
contaminants. For initial screening, 10 libraries were pooled at equimolar concentrations for sequencing on an Illumina HiSeq 2500
using v.4 chemistry and 125 bp paired-end reads and HiSeq X10 using v.X chemistry and 150 bp paired-end reads at the SNP & SEQ
Technology Platform at Uppsala University. The average/median coverage for the identified species after filtering reads aligned to
human (see Remapping, additional trimming and filtering of human contamination), was 0.01x/0.006x respectively. Differences in
sequenced data are derived from the variation in the size and quality of the sampled specimens (see Tables S2 and S3 and
Figure S1A).

Mitochondrial Capture
To enrich for mitochondrial DNA, capture was done by using commercial myBaits! Mito (Arbor biosciences, Ann Arbor, MI, USA,
#303048) for: Cow (Bos taurus), goat (Capra hircus) and sheep (Ovis aries). Capture experiments were conducted according to
the myBaits protocol v.4.01 for degraded DNA libraries with some modifications. Two libraries were captured in each reaction
(½ of a bait reaction per library). Hybridization step was done at 60!C for 42 hours. Library amplification was done in 50 mL reaction
using KAPA2G Fast HotStart ReadyMix (Merck Sigma-Aldrich, KK5601). Three amplification reactions were made for each library
using 5 mL of library per reaction. Libraries were pooled at equimolar concentrations and sequenced as described above. The
captured mitochondria were then only used for species identification (see Jeremiah fragments species identification using
mitocapture).

Quality control, trimming and merging of NGS data
Only sequences with the correct index were included in the processing of data to safeguard against contamination, possibly occur-
ring outside the clean room facilities. Paired-end reads were trimmed and merged using MergeReadsFastQ_cc.py (Kircher, 2012) if
an overlap of at least 11 base pairs was found.

Mapping NGS data based on established ancient human pipeline against whole genomes
We first processed the sequence data using standard and well-established parameter settings for working with ancient human DNA
sequences (e.g., Günther et al., 2015 and references therin). Merged reads were mapped single ended with bwa aln 0.7.13 (Li and
Durbin, 2009) to the human reference genome (build 37, hs37d5) using the following non-default parameters: seeds disabled -l 16500
-n 0.01 -o 2 (Lazaridis et al., 2014; Skoglund et al., 2014b) as well as to the sheepOvis aries (Oar_v4.0, GenBank: GCF_000298735.2),
the goat Capra hircus (ASM170441v1, GenBank: GCA_001704415.1), and the cow Bos taurus (UMD3.1, GenBank:
GCA_000003055.5). Each sample was then merged at library level using SAMtools (v 0.1.19) (Li et al., 2009) before removal of
PCR duplicates to ensure maximum retention of reads. To remove PCR duplicates, reads with identical start and end positions
were collapsed using a modified version of FilterUniqSAMCons_cc.py (Kircher, 2012). Only sequence reads longer than 35 bp,
with a mapping quality of at least 30, and with a minimum of 90% agreement with the reference were retained.
The majority (60.6%) of ancient specimens examined show one or more features characteristic of degraded DNA (Briggs et al.,

2007; Hansen et al., 2001; Hofreiter et al., 2001; Sawyer et al., 2012): (i) short fragments (50-60 bp) and (ii) cytosine deamination
consistently higher at fragment termini (Hansen et al., 2001; Sawyer et al., 2012). The process of making parchments includes chem-
ical treatments that likely affect DNA deamination. The ancient parchments display typical aDNA deamination which shows a gradual
decline in deamination while moving from the terminal base further into the fragment. In some samples, with remarkably low amounts
of data, we did not detect smooth damage curves, but the signal of greater levels of deamination toward the fragment ends was still
present. The fragments with the largest amount of data (Unknown-002 and Mas1k) have standard postmortem damage patterns. In
contrast, in the IAA parchments, we observe a clear deamination signal for the terminal base at the DNA fragments. However, this
deamination does not appear to extend into the fragment. This pattern may represent DNA lesions which are the result of the harsh
treatment applied to these parchments in the process of their preparation (see Figure S2).
The reads mapped to sheep, cow, and goat, depending on the animal of origin, were generally shorter than the reads mapped to

human (Figures S1B and S1C). See Species identification and Alignment of WGS DNA to organisms for more details regarding the
reads processing and alignment.
As the amount of retained sequence readswas low formany samples, we explored various possibilities of retainingmore sequence

data from the ancient samples. The low levels of retained sequence informationwere not unexpected; the standard criteria for ancient
human sequence have been set relatively strict, the quality of the reference sheep genome and reference goat genome are much
lower than the human reference genome, and the levels of diversity and differentiation amongOvis andCapra species a few thousand
years ago are unknown. All these factors will result in loss of sequence data when using stringent mapping conditions.
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Remapping, additional trimming and filtering of human contamination
The fastq files generated in Quality control, trimming and merging of NGS data were processed with an additional stage of adapter
trimming and quality control using cutadapt version 1.1 (Martin, 2011) with the parameters -n 6 -q 26. We removed additional repet-
itive sequences (such as TTTTTTTTTTTT; AAAAAAAAAAAA; CCCCCCCCCCCC; GGGGGGGGGGGG) from both ends to avoid low
quality reads, contaminants and readswith low information content. To remove human contamination (see Figures S1B and S1C), the
data was then aligned to the human reference genome (GRCh38.p6, GenBank: GCF_000001405.32) using bowtie2 v2.2.8 (Lang-
mead and Salzberg, 2012) with the –very-sensitive flag (Chang et al., 2015). The quality of the samples was assessed using Fastqc
v0.11.5 (Andrews, 2010).

To illustrate the effect of the human contamination on the read lengths, we compared the mean length of the following groups:
reads mapped to human (‘‘Aligned to human’’), reads mapped to sheep after removing human contamination (‘‘Filtered’’), and reads
mapped to sheep without removing human contamination (‘‘Unfiltered’’). The mean length was calculated based on the .sam files
produced by bowtie2 (Figure S1B).

Species identification
Species identification was done in the following parallel methods.
Method 1 for identifying species
Alignment to various nuclear and mitochondrial reference genomes. The data fromMapping NGS data based on established ancient
human pipeline against whole genomes were mapped to the whole genomes mentioned in that section as well as the following mito-
chondrial genomes: Bos taurus (GenBank: V00654.1), Bos taurus (GenBank: KJ709685.1), Capra hircus (GenBank: KR059208.1),
Capra hircus (GenBank: KJ192236.1), Capra hircus (GenBank: NC_005044.2), Equus asinus (GenBank: NC_001788.1), Equus cab-
allus (GenBank: NC_001640.1),Oryx dammah (GenBank: JN632677.1),Ovis aries (GenBank: AF010406.1), andSus scrofa (GenBank:
AJ002189.1) in order to determine the species of origin. The resulting mitochondrial and whole genome coverages were then
compared across species to infer the species for each sample (see Tables S4B and S4C).

FastQ Screen. In order to increase the resolution and be able to include additional species we used FastQ Screen (Wingett, 2015)
which has been previously used in identifying species used for making parchments (Teasdale et al., 2015). It allows screening of a
library of sequences against a user-determined sequence database, thus allowing for easy detection of the sequence composition in
a library.

Merged fastq files (Quality control, trimming and merging of NGS data) were pooled per fragment. Since all merged reads were
used, the reads were pre-processed using SGA (v.0.10.14) (Simpson and Durbin, 2012). All reads shorter than 35 nt were removed,
and the SGA’s dust threshold was set to the default 4. Using FastQ Screen (v.0.9.2) (Wingett, 2015) together with Bowtie (v.1.1.2)
(Langmead et al., 2009) and bwa mem (v.0.7.13) (Li and Durbin, 2009). The following genomes were included in the sequence whole
genome database: Human (build 37), Ovis aries (Oar v4.0, GenBank: GCF_000298735.2), Capra hircus (CHIR_1.0, GenBank:
GCA_000317765.1), Bos taurus (UMD3.1, GenBank: GCA_000003055.5), Equus Caballus (EquCab2, GenBank:
GCA_000002305.1), Sus scrofa (Sscrofa9, GenBank: GCA_000003025.1), Gallus gallus (WASHUC2, GenBank:
GCA_000002315.5). Performing FastQ Screen on whole genomes yielded inconclusive results, due to high portions of human
contamination, hence, we focused on the mt genomes consistent with the standard procedures of species identification. The mito-
chondrial genome database included: human (rCRS, GenBank: J01415.2), Ammotragus lervia (GenBank: NC_009510.1), Bos Taurus
(GenBank: V00654.1), Camelus bactrianus (GenBank: AP003423.1), Capra hircus (GenBank: KJ192236.1), Equus asinus (GenBank:
NC_001788.1),Oryx dammah (GenBank: JN632677.1) andOvis aries (GenBank: AF010406.1). The results can be found in Table S4B.

De novo assembly of themitochondria. Tominimize the biases introduced whenmapping reads to a reference genome, wewanted
to confirm our results through a de novo assembly approach. The analysis was restricted to reads that mapped to either Ovis aries
(GenBank: AF010406.1), Capra hircus (GenBank: KJ192236.1, GenBank: KR059208.1 or GenBank: NC_005044.2) or Bos taurus
(GenBank: KJ709685.1) mitochondria, using the methods described in Mapping NGS data based on established ancient human
pipeline against whole genomes. These reads were then converted back into fastq format using bamtools (v.2.3.0) (Barnett et al.,
2011), and assembled de novo using the method described in Hahn et al. (2013). In the specific case of fragment Unknown-002,
in order to assemble the mitochondria, the 244,787 reads which were converted back to fastq format had to be randomly sub-
sampled down to 50,000 reads using Seqtk (v1.0) (Li, 2016) with the s-parameter set to 100. We used Mira 4.0.2 (Chevreux et al.,
1999) for the initial seeding step using Sus scrofa (GenBank: AJ002189.1), thereafter MITObim (Hahn et al., 2013) was used on
top of Mira with kmers set to 25. For those samples with enough reads to perform the de novo assembly (namely Unknown-001, Un-
known-002, Unknown-003, 4Q57 frg. 7v, Mas1k, NewScroll-39, NewScroll-40, NewScroll-41, 4Q59 frg. 25, Hev/Se6, WS(4or7),
4Q405 and 11Q17), the resulting contigs were blasted (Altschul et al., 1990) against the NCBI nucleotide database (November
2016) using default parameters (see Table S4C).
Method 2 for identifying species
Alignment of mitochondrial DNA to organisms.We pooled together shotgun sequencing libraries produced from the same specimen
and removed the first and last nucleotide of every read using a custom script. The pooled libraries were then mapped to the human
genome as described in Remapping, additional trimming and filtering of human contamination. Similarly, reads frommitocapture pro-
tocols of the same specimen (Mitochondrial Capture) followed the same procedures.
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The reads which could not be aligned to the human genome were saved (using the bowtie2–un parameter) and then aligned to 11
different mitochondrial reference genomes of wild and domestic animal species common in the Near East: Bos taurus: GenBank:
V00654.1; Camelus bactrianus: GenBank: AP003423.1; Capra hircus: GenBank: KP662715.1; Capra ibex: GenBank:
NC_020623.1; Capra nubiana: GenBank: FJ207527.1 (Hassanin et al., 2009); Equus asinus: GenBank: X97337.1; Equus caballus:
GenBank: AB859014.1; Ovis aries: GenBank: HE577850.1; Ovis orientalis mouflon: GenBank: NC_026063.1; Ovis orientalis ophion:
GenBank: KF312238.2; Sus scrofa: GenBank: AF034253.1. The alignment was performed using bowtie2 v2.2.8 (Langmead and Salz-
berg, 2012) with the –very-sensitive flag. As all the specimens tested mapped to either sheep, goat, or cow, we focused on these
three species in our downstream analysis.
Mitochondrial DNA coverage calculation. For each mapping analyses, the bowtie2 SAM files produced in Alignment of mitochon-

drial DNA to organisms, were converted to BAM using the view and sort programs of SAMtools v1.3.1 (Li et al., 2009). The per-base
coverage of the mitochondrial genome was then calculated from the BAM using bedtools genomecov with the –d flag (Quinlan and
Hall, 2010). The coverage was visualized with Geneious 9.0.5 (Biomatters Ltd.), as shown in Figure 4F. The percentage of bases with
non-zero coverage out of the reference mitochondrial genome was then calculated with Geneious 9.0.5 and consensus sequences
were extracted. Depending on the sample, the best coverage was obtained for either the sheep (most samples), the goat (e.g.,
Sandal-35-1270), or the cow (e.g., NewScroll-41, Garment-43-6809) reference sequence. Mitochondrial sequences of different Cap-
rini species are highly similar in size and length; nevertheless, in most of the DSS examined, the percent of the sheep (Ovis aries) and
mouflon (Ovis orientalis) mito-genome that was covered by aligning sequences was higher than the coverage of goat (Capra hircus),
and the rest of the species examined (see Figures 4A–4C and 4F and Table S4A). Our results align with earlier studies from the 1950s
and 1960s which suggested, based mostly on microscopic inspection of fibers in the skin, that many DSS derive from sheep (Ryder,
1958), although results were not always conclusive (Poole and Reed, 1962; Reed and Poole, 1964). The different consensus se-
quences obtainedwere used as query to perform aBLAST (Altschul et al., 1990) search against the NCBI nucleotide database (March
2017). In some cases, the reference sequence used for the mapping did not influence the species identification and the different
consensus sequences gave the same BLAST result (either sheep, cow or goat). In a few cases (namely specimens 4Q404 frg. 8v,
4Q404 frg. 9v, 4Q344 and some of 4Q57 fragments), BLAST searches of consensus sequences obtained from mapping to the
goat or the cow mt genome best matched goat or cow (although the coverage was lower than the coverage obtained for sheep).
This suggests that DNA contaminants from other animals could be present in some of the scroll samples (see Figures 4A–4C and
Tables S4 and S5). When only reads that align to one organism were retained, only one species was detected (see Figure S4B
and Filtration of mitochondrial sequences from contaminants). The traces from different animal sources in the scrolls may be due
to the process of their preparation in antiquity. It is known from literary sources that methods for rendering skins into parchments
entailed the use of materials from various organic sources (for example, for tanning) (Campana et al., 2010; Haran, 1985; Poole
and Reed, 1962).
Filtration of mitochondrial sequences from contaminants. For each sample produced in Alignment of mitochondrial DNA to organ-

isms, we aligned the consensus sequences, obtained from the sheep, goat and cow mapping, using MAFFT v7.308 (Katoh and
Standley, 2013) under the L-ins-i algorithm. In the absence of contaminants, we expect the p-distance between pairs of sequences
to be null, although the coverage of the mitochondrial genome would be different. As a case in point, a scroll made of sheep, would
present a greater number of reads mapping to the sheep reference, less reads mapping to the goat reference (only in regions that are
conserved between these two species) and the least amount of reads mapping to the cow reference (since sheep and cow are more
distant and share less homologous regions than sheep and goat).
However, as we expect only one mitochondrial genome within each individual, the reads mapping to these different sequences

should be the same. Consequently, we infer that the presence of p-distances between sequences higher than 0.01 would indicate
the presence of contaminants. In this case, an additional filtration was performed by removing all the reads that mapped to the pu-
tative contaminant. For example, if the p-distance between the cow and sheep consensus obtained is 0.01, all reads that mapped to
the cow sequence were removed from the sheep mapping, and vice versa. If the distance was lower than 0.01 the sequences were
considered to be identical and the consensus with the lower amount of ambiguous characters was retained (see schematic drawing
of the process in Figure S4B).
After filtration, only consensus sequences showing a reference-sequence coverage higher than 20% were included in the phylo-

genetic analyses (in Generation of mitochondrial phylogenetic tree). Since the mtDNA control region of sheep and goat contain
repeated elements whose number vary among and within individuals (Gorkhali et al., 2016; E et al., 2018; Parma et al., 2003;
Wood and Phua, 1996), an issue which can affect read mapping, the mtDNA control region was excluded when computed the dis-
tance between sequences.
Jeremiah fragments species identification using mitocapture. To further investigate the origin of the Jeremiah fragments in this

study, we performed amito-capture procedure, which yielded higher mt DNA content relatively to the shotgun sequencing (seeMito-
chondrial Capture). For the mito-capture process, we used commercial baits designed for cow, sheep, and goat mitochondrial ge-
nomes. We aligned the reads for each one of the three animals and detected only negligible amount of reads that aligned to goat. To
control for potential contamination andmisalignment (see Filtration of mitochondrial sequences from contaminants), we focused only
on the reads aligned to either cow or sheep, but not the other. We also removed reads that aligned to bat species, which might have
inhabited the Qumran caves and contaminated the samples (Eptesicus fuscus, GenBank: MF143474.1; Pipistrellus kuhlii, GenBank:
KU058655.1; Rousettus aegyptiacus, GenBank: NC_007393.1; Rhinolophus Monoceros, GenBank: AF406806.1; Megaderma lyra,
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GenBank: MG586969.1; Hipposideros armiger, GenBank: JN980966.1; Rhinopoma hardwickei, GenBank: AF263231.1). In order to
distinguish between aDNA to potential modern contamination, we further focused on reads that were shorter than 75 nt. In the cases
of 4Q70 and 4Q72b, we detected notably higher coverage of the cow genome (see Table S5). In addition, for 4Q72b, BLAST searches
show that the consensus sequence of the reads aligned to both cow and sheep resulted in cow hits. As to 4Q72a, the coverage
observed for the sheep mt genome was higher than that of the cow mt genome, however, the mild difference suggests a potential
presence of amplified mitocapture baits. To investigate the source of these DNA reads, we took advantage of a blank sample which
represents the DNA products acquired in the processes of DNA extraction, library preparation, mitocapture and sequencing. The
blank sample contains reads that align to cow or sheep; however, while the cow reads were verified as cow using BLAST searches,
the consensus sequence made from sheep reads actually resulted in Capra hits (and not Ovis hits). Thus, while the cow reads in
4Q72a might have been the result of spurious amplification, this is unlikely the case of the sheep reads, which are likely to represent
the true origin of the fragment. This conclusion is also supported when restricting the analysis to regions supported by at least 3
reads, which yielded a notably higher coverage of the sheep genome. Additionally, a maximum likelihood phylogenetic tree of the
three Jeremiah fragments and representatives of the Bovidae diversity confirmed these results (see Figure S3A). The phylogenetic
tree is generated as in Generation of mitochondrial phylogenetic tree below, with the following additional constraints (to reduce the
potential effect of discussed contamination): consensus sequence requires aminimum coverage of 3 reads and agreement of at least
75% of reads for every position.

Generation of mitochondrial phylogenetic tree. To determine from which animal skin the specimens were made, a phylogenetic
analysis was performed; the reconstruction is based on complete mitochondrial (mt) sequences, from a representative sample of
the Bovidae diversity. Only specimens which achieved at least 20% mtDNA coverage were used for the phylogenetic analysis.
The reads usedwere produced and cleaned as described inAlignment of mitochondrial DNA to organisms and Filtration of mitochon-
drial sequences from contaminants.

The analyses were based on the large Cetartiodactyla dataset of Hassanin et al. (2012). To reduce computation time, only Bovidae
species and their closest outgroup, the Moshidae, were considered. Additionally, together with the specimen sequences, several
representative sequences of the genetic diversity of the genusOvis (sheep andmouflons) (Lv et al., 2015) were addedmanually, since
this genus was only represented by a single sequence in the original dataset. Positions with more than 50% of missing data among
the aligned sequences were excluded from the alignment. The Bovidae dataset included 140 sequences and 14,867 nucleotide po-
sitions. Phylogenetic analyses were performed both under the maximum likelihood and the Bayesian criteria. Following Hassanin
et al. (2012), 36 partitions were considered in the maximum likelihood analysis: the tRNA and non-coding regions, the 12S rRNA,
the 16S rRNA, and the three codon positions of 11 protein partitions. All mitochondrial protein coding gene were analyzed separately
except the overlapping ATP8 + ATP6 and ND4L + ND4, which were jointly analyzed. The variable control region was excluded from
this dataset. The maximum likelihood analysis was performed using RAxML version 8.2.9 (Stamatakis, 2014) under the GTR+CAT
model. Branch supports were computed using 100 rapid-bootstrap computations. The Bayesian analysis was performed using Phy-
lobayes version 4.1 (Lartillot et al., 2009) under the CAT-GTR + Gamma 4 mixture model of evolution. Four independent MCMC
chains were ran for 23,000 trees. After a visual inspection of the likelihood evolution of the chains the first 13,000 trees of each chain
were excluded from the analysis (burn-in). The remaining trees were then sampled every 10 trees. The Bayesian consensus was then
computed from the 4,000 (1000x4) sampled trees. Convergence was assessed with the bpcomp and tracecomp programswhich are
part of Phylobayes. The maximum and average differences in clade posterior probability among the chains were 0.296 and 0.004.
Additionally, the effsize and rel_diff parameters were always higher than 150 and lower than 0.3, respectively, which indicates a cor-
rect convergence of the chain (see Figure 3).

Generation of a sheep phylogenetic tree. To better decipher the phylogenetic position of the specimen sequences, a phylogenetic
analysis was performed including onlymembers of the genusOvis. Specifically, all Ovis completemt sequences available in the NCBI
nucleotide database (on 03November 2016) were downloaded. Sequenceswere aligned using the L-ins-i algorithm ofMAFFT (Katoh
and Standley, 2013) as implemented in Geneious 9.0.5 (Biomatters Ltd). Control regions, which are known to include repeated ele-
ments in sheep (Gorkhali et al., 2016; E et al., 2018; Wood and Phua, 1996), were excluded from the alignment as well as positions
with more than 50% of missing data. The final sheep dataset included 126 sequences and 15,437 positions. The dataset was
partitioned and analyzed in the same manner as described for the Bovidae dataset. Phylogenetic analyses were performed both un-
der themaximum likelihood and the Bayesian criteria. The reads usedwere produced and cleaned as described inAlignment of mito-
chondrial DNA to organisms and Filtration of mitochondrial sequences from contaminants.

Four phylobayes chains were ran for 22,000 trees and sampled every 10 trees. The Bayesian consensus was then computed from
3,600 sampled trees, after removing the first 13,000 trees of each chain (burn-in). The maximum and average differences in clade
posterior probability among the chains were 0.19 and 0.004. Similarly, the effsize and rel_diff parameters were always higher than
100 and lower than 0.3, respectively, indicating a correct convergence of the chains.

Phylogenetic relationships recovered the monophyly of the main sheep haplogroups (Figure S3B). However, relationships among
sheep haplogroups slightly differ from previous studies as haplogroup E appears nested within clade haplogroup C rather than being
placed as sister clade of haplogroup C. Because of low support within haplogroup C and given the long branch of 4Q57 frg. 12, it
cannot be excluded that 4Q57 frg. 12 could belong to haplogroup E rather than haplogroup C.

Generation of a cow phylogenetic tree. To characterize the mt ancestry of the two samples originating from cow based on the
whole genome shotgun sequencing (NewScroll-41 and Garment-43-6809), a phylogenetic analysis was performed including only
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members of the genus Bos. Specifically, representative of the different B. taurus haplogroups were chosen based on previous works
(Achilli et al., 2008, 2009; Olivieri et al., 2015) and the tree was rooted with zebu (Bos indicus) sequences. Complete mt sequences
were aligned using the L-ins-i algorithm of MAFFT (Katoh and Standley, 2013) as implemented in Geneious 9.0.5 (Biomatters Ltd) and
trimmed from positions with more than 50% of missing data. Unlike the sheep and goat analyses, the control region, which does not
include long repeated elements in cow were included in the alignment and represented by an additional partition in the ML analysis.
The final cow dataset included 148 sequences and 16,340 positions. The dataset was partitioned and analyzed in the same manner
described for the Bovidae dataset. Four phylobayes chains were ran for 35,000 trees. However, one of the chains did not converge
and was thus excluded. The Bayesian consensus was then computed from 9,000 (3,000x3) sampled trees after removing the first
5,000 trees of each chain. The maximum and average differences in clade posterior probability among the chains were 0.189 and
0.003. Similarly, the effsize and rel_diff parameters were always higher than 50 and lower than 0.3, respectively, which indicates a
correct convergence of the analysis.
Phylogenetic relationships recovered the monophyly of the main cow haplogroups P, Q, R and T (Figure S3C). Relationships

among the different T haplogroups (T1-4) are, however, not supported. Although relationships among the T1 and T3 haplogroups
are unresolved, the two cow samples Garment-43-6809 and IAA parchment NewScroll-41 appear to be nested within the T1
haplogroup (Figure S3C) which is frequent among extant Egyptian specimens (Olivieri et al., 2015).
Generation of goat phylogenetic tree. To characterize the mt ancestry of sample Sandal-35-1270 originating from goat, a phylo-

genetic analysis was performed including members of the genus Capra, Hemitragus, and Peudois. Specifically, all C. hircus and
C. aegagrus complete mt sequences available in the NCBI nucleotide database (on 30 June 2017) were downloaded. Complete
mt sequences were aligned using the L-ins-i algorithm of MAFFT (Katoh and Standley, 2013) as implemented in Geneious 9.0.5 (Bio-
matters Ltd). Similar to the sheep analysis, the control region, which include repeated elements in goat (Parma et al., 2003) were
excluded. The final goat dataset included 137 sequences and 15,429 positions after excluding positions with more than 50% of
missing data. The dataset was partitioned and analyzed as indicated above. The four phylobayes chains were ran for 41,000 trees.
The Bayesian consensus was then computed from 15,200 sampled trees, after removing the first 3000 trees. The maximum and
average differences in clade posterior probability among the chains were 0.27 and 0.004, respectively. Similarly, the effsize and re-
l_diff parameters were always higher than 50 and lower than 0.3, respectively, except for the rel_diff parameters nmode = 0.630 and
allocent = 0.692. To further confirm that the convergence was sufficient to address the position of Sandal-35-1270 we compared the
consensus tree obtained with the first 7,600 sampled trees with the consensus obtained with the last 7,600 trees of the four chains. In
both cases the support for themonophyly of the different goat haplogroups, and the relationships within these haplogroups remained
the same.
Phylogenetic relationships recovered the monophyly of the main goat haplogroups (Figure S3D). While most goats in the world

belong to haplogroup A, the sample Sandal-35-1270 was surprisingly found to cluster within haplogroup G (Figure S3D). Members
of haplogroup G are found nowadays in Turkey, Iran and Egypt (Ahmed et al., 2017; Colli et al., 2015). Our results thus suggest that
haplogroup G was more widespread in the past and that it is not the result of small-scale domestication event as it has been
suggested (Colli et al., 2015).
Alignment of WGS DNA to organisms
The reads which could not be aligned to the human genome using the method described in Remapping, additional trimming and
filtering of human contamination were saved (using the bowtie2 –un flag) and then aligned to seven different reference genomes of
the following organisms: Bos taurus, GenBank: GCF_000003205.5; Camelus bactrianus, GenBank: GCF_000767855.1; Capra hircus,
GenBank: GCA_000317765.2; Equus asinus, GenBank: GCF_001305755.1; Equus caballus, GenBank: GCF_000002305.2;Ovis aries,
GenBank: GCF_000298735.2; Sus scrofa, GenBank: GCF_000003025.5. The alignment was performed using bowtie2 v2.2.8 (Lang-
mead and Salzberg, 2012) with the parameters: –local -D 22 -R 4 -N 1 -L 18 -i S,1,0.50 to enable flexible alignment (see Alignment
and filtering protocol for higher read retention for the motivation behind flexible alignment). The reads were processed and PCR dupli-
cates were removed using the script FilterUniqueSAMCons_rand.py (Kircher, 2012) as in Mapping NGS data based on established
ancient human pipeline against whole genomes. As controls, the same process was done for unfiltered reads (reads before alignment
to the human reference genome) and for the subset of reads which aligned to the human genome (using the bowtie2 –al flag) (see sche-
matic drawing in Figure S4A). Furthermore, for the various analyses, we also applied additional filters on the read lengths andmapping
quality. The exact values chosen are specified for each analysis in the appropriate section.
Genomic DNA coverage calculation
The bowtie2 SAM output files, produced after the alignment of the processed reads as described before (see Mapping NGS data
based on established ancient human pipeline against whole genomes and Alignment of WGS DNA to organisms) were used for
the coverage calculation. Coverage for each base was calculated using the pysam module for Python 3.6.2 (https://github.com/
pysam-developers/pysam; based on SAMtools; Li et al., 2009) and Biopython (Cock et al., 2009) and using a designated wrapper
script. For each sample, only positions where all the covering reads had the same nucleotide value were considered, to reduce
bias caused by contamination.
Processing of sheep outgroup
In order to validate our analyses which are based on genetic variation, we added an outgroup in the form of aWGSdata retrieved from
a single high-altitude sheep in Tibet (SRA: SRR5149616, Tibetan Sheep), which should be phylogenetically distant both from ancient
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andmodern sheep in the region. A subset of the reads (50%) was downloaded fromNCBI SRA database, passed the same alignment
process as the rest of the samples and then used in the clustering described in the following sections.
aDNA data simulations using gargammel
We used gargammel (Renaud et al., 2017) with the following parameters: –comp 0.85,0,0.15 -n 20000000 –loc 4 –scale 0.5 -rl 150,
based on the components described below:

a) To determine the composition of each sheep sample, we examined the average number of sheep reads (15%), human reads
(17%) and bacteria reads (68%) in all of the sheep specimens studied in our analysis.

b) To determine the bacterial composition within the bacteria fraction, we analyzed the bacterial species using de-novo assembly
of bacterial scaffolds and blast again NCBI database, as described in Metagenomic analysis. We then picked the bacterial
species common to at least five specimens. We added the bacterial genomes from NCBI and distributed their proportion
uniformly within the bacterial fraction.

c) To determine the levels of deamination and its pattern, we usedmapDamagewith default parameters, based onMas1k, a scroll
fragment with high levels of information. We adjusted the soft-clipping notation in the respective SAM file to properly represent
read edges.

d) To determine the read length distribution, we analyzed the read length distribution in the samples and found the approximated
log-normal distribution representation (rounded).

Clustering the sheep specimens based on variation in their genomic data sequences
Out of the 39 specimens sequenced, we were able to identify 30 as likely to be made of sheep, using one of the following criteria:

1) Their Ovis mitochondrial coverage was higher than 20% and the phylogenetic analysis (Figure 3; Species identification) placed
them within the Ovis clade.

2) Their Ovis mitochondrial coverage was higher than the coverage reached whenmapped to any other organism, and their mito-
chondrial coverage (when normalized to the specie with the highest coverage) is higher by at least 10% than the coverage of
any other reference mitochondria (see Figures 4A–4C and 4F; Table S4A).

3) One exception to the above rules is 4Q71-nt, for which theOvis was preferable to any other species by only 5%; however, since
4Q71-t has reached the abovementioned requirement, and as we know for sure that 4Q71-nt and 4Q71-t belong to the very
same specimen, we included both of them in our analysis.

In order to identify variation in genomic sequences between the various samples, we first implemented a variant calling procedure
using the ococo v.0.1.2.3 (B!rinda et al., 2016) on the BAM produced in Alignment of WGS DNA to organisms (the number of variants
identified for each specimen can be seen in Figure S5C). Next, for each individual sample, we recognized a set of positions in which
the nucleotide identity that derived from the WGS deviates from that of the Ovis aries reference genome (GenBank:
GCF_000298735.2). To avoid false positive positions, we restricted the set of positions to contain only those that are covered by
at least 3 individual reads. Furthermore, we demand full agreement on the identity of the nucleotide in the position of interest among
all the reads of a given sample, as well as full agreement on the nucleotide identity between different samples of the same specimen.
Having a set of positions in which at least one specimen shows deviation from the nucleotide identity of the reference genome, we
next turned to characterize the extent of information embedded in each such position for all the specimens analyzed. Specifically, for
a given fragment, an informative position is defined as a position showing either high-confident deviation of the nucleotide identity
from the reference (as described above), or is covered by at least 3 reads, where all of them contain the same nucleotide as in the
reference. Then, we looked for positions that were found to be informative for more than 50% out of the 30 examined sheep spec-
imens and the additional outgroup. Based on these positions, we created a vector of the corresponding nucleotides, clustered the
fragments and generated a tree using the Maximum Likelihood criterion under the GTR-GAMMA model, using RAxML version 8.2.9
(Stamatakis, 2014), with the command -m ASC_GTRGAMMAX –asc-corr = lewis -p 82331 -f a -x 34839 -N 500. 500 Bootstrap com-
putations were performed in order to assess the reliability of the branches of the constructed tree. In order to reduce non-genetic bias
potentially caused by the antiquity of the DSS fragments and other ancient specimens, we excluded genetic variation whichmight be
derived from cytosine deamination and restricted our analysis to transversions only. Tree visualization was done usingMega7 (Kumar
et al., 2016; Figure 5). For this analysis, we used 91 libraries that belonged to 30 specimens originated from sheep (as identified in
Species identification sections, see Table S4 and Figure 4A-C).

In addition, we used the nucleotide vectors (used for generating the tree in Figure 5) tomeasure the amount of information per spec-
imen (number and percent of informative positions), as displayed in Figures S5B and 5D and Table S6.We also calculated the variants
detected when mapping to the sheep genome (as they appear in the VCF file), to measure the effect of the overall deviation from the
reference detected for every specimen, as displayed in Figure S5C. The figures were produced using custom python scripts.

Trees based on partial sets of the specimens, as shown in Figure S6B, were generated similarly. For this purpose, we set the
minimal coverage threshold to 5, 7 and 10 of the specimens (compared to 16 specimens in Figure 5). As a result, when the
minimal coverage threshold is low, the sequence representing each specimen is longer and contains a relatively higher fraction of
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non-informative positions. To avoid the potential effects of gapped sequences on the clustering, we further restrict a minimal infor-
mative positions per specimen to 40%. Hence, the number of the specimens in the trees presented in Figure S6B is positively corre-
lated with the coverage threshold.
To control for the effects of possible human contamination, we focused on the human-aligned reads found in our samples. In par-

allel to the generation of the tree presented in Figure 5, we used a similar ‘‘high-yield’’ pipeline on the human reads filtered in Remap-
ping, additional trimming and filtering of human contamination (see Figure S4A). We applied the same criteria described above and
generated a 400 nt-long vector of human-aligned reads representing deviation from the sheep reference genome (see Figure S6A [i])
and a 2,165 nt-long vector of human-aligned reads representing deviation from the human reference genome (see Figure S6A [ii]).
Alignment and filtering protocol for higher read retention
The specific sheep breeds that were herded around the Dead Sea in the Roman Period are unknown, but research suggests that they
differ from the breed which populates Israel today (Gootwine, 2015). Therefore, we used relaxed alignment criteria when aligning to
the sheep genome (on the filtered reads produced in Remapping, additional trimming and filtering of human contamination). We de-
tected damage patterns in sheep reads when removing reads with Mapping Quality lower than 30 (see Figure S2C); We observed a
tradeoff between the relaxation of the alignment criteria and the quality of the damage patterns, and found that, asmight be expected,
allowing additional mismatches (as in the ‘‘high yield’’ protocol) overshadows the striking damage pattern, and does not allow, by
definition, to unequivocally rule out the possibility that the clustering is affected by modern sequences. Nevertheless, the correct
clusters which emerged were constructed solely based on sheep-aligning sequences (except for the case of WS7, clustering based
on human or bacteria-aligning sequences does not reveal meaningful clusters, see Figures S6A and S7C), and modern sheep DNA,
unlike modern human contaminant DNA from people handling the scrolls, is unlikely to have contaminated the samples.
Piece-to-piece analysis
In parallel to the analysis described in Clustering the sheep specimens based on variation in their genomic data sequences and using
the data from Alignment of WGS DNA to organisms, we also compared each possible pair of specimens (pairwise comparison),
hence benefitting from the maximum amount of information shared by each two specimens (termed henceforth as piece-to-piece).
For this analysis we used only readswith length > 30nt andMapQR 22 (in addition to the standard removal of PCRduplicates). These
parameters were chosen as they allow higher read retention while keeping the general characteristics of the original library (see Fig-
ure S5A and stage 3 in Table S3). We verified that the base quality for the positions used was high (BaseQ = 60 for more than 95% of
positions).
The piece-to-piece analysis is done in several steps. First, we created a set of informative positions for each specimen as

described in Clustering the sheep specimens based on variation in their genomic data sequences. Similarly, to avoid false positive
positions, we restricted the set of positions to those that are covered by at least 3 individual reads with full agreement among all the
reads of a given library. Next, for the set of informative positions, we created a matrix representing the nucleotide identity (either the
reference or alternative) in each fragment, while demanding full agreement on the nucleotide identity between different samples of the
same specimen. For example, for specimen 4Q404 frg. 8, we used 6 libraries; we included a given position in our analysis only if there
are no conflicts regarding the nucleotide identity among the libraries. Of course, we did not require any agreement between different
specimens (for instance, the informative positions of specimen 4Q frg. 8 were determined independently of the rest of the 4Q404
specimens).
Then, for each pair of specimens, we extracted the set of positions for which both specimens have reliable information on the

nucleotide identity, and at least one of the two specimens shows deviation from the nucleotide identity of the reference genome.
Finally, for each pair of specimens we calculated the fraction of positions in which the two specimens have an identical alternative
nucleotide, resulting in n X n similarity matrix, where n = number of specimens. We then ran PCA analysis using MATLAB R2017b on
the similarity matrices for the sole purpose of visualization (Figures 6, S6C, and S6D). In addition, we present the level of similarity
between selected specimens, which we used for validation, to the rest of the specimens (see Figures 6 and S6C). In this analysis,
72.69% out of the specimen pairs had at least 1,000 shared position (see Figure S5E). As a control, a similar analysis was made
on reads that aligned to human (see Figure S7A for comparison), to rule out bias by human contamination.
The genetic clustering based on sheep DNA is robust to external factors
We examined whether the scroll fragments might also cluster based on technical characteristics or DNA contaminations:
First, the scrolls do not cluster together simply based on the amount of sequence information retained from each sample either in

terms of global coverage or in terms of the coverage along the shared positions (for details see Figures 7 and S5B–S5E and Table S6).
Second, to consider the possibility that some contaminant sequences, which partially align to the sheep genome, contribute to
driving the clustering patterns that we observe, we performed several additional control analyses (described above), including clus-
tering based on non-sheep aligning sequences (human and bacterial, see Figures S6A, S6C, and S7). When we attempted to cluster
the specimens based on reads that align to the human genome, we did not detect patterns that agree with the relatedness of the
fragments in antiquity. This analysis failed to identify the connections and clashes between specimens which are predicted to cluster
together or apart based on complementary lines of evidence, such as textual content, scribal character, paleographic profiles, and
historical considerations (Figures S6A and S7A). Indeed, the human-aligning sequences and the absence of damage patterns for
these sequences, suggest that the contaminant human DNA does not arise from the DNA of the people who made the
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scrolls, but rather from people who handled the scrolls in more recent times, during the 70 years that passed since their discovery
(Figures S1B, S1C, and S2). The two waterskin samples did however share similar patterns of human contamination, likely since they
were held and handled separately from the other samples in modern times.

Moreover, we performed ametagenomics analysis (see below), classifying the different bacteria associatedwith each fragment. As
expected, specimens 4Q71-t and 4Q71-nt, which derived from the very same scroll fragment, share similar bacteria population.
However, as to the whole set of specimens, clustering based on the reads that align to bacteria do not agree with the clusters which
are based on the variation in the sheep genome, suggesting that our main results are not governed by potential contamination
(Figure S7C).

In summary, the DNA of different contaminants, modern or ancient, does not appear to drive and/or bias our results, and focusing
on differences in the sheep’s nuclear genome sequences can enable sorting of the ancient specimens.
Circos display of shared positions between specimens
In order to generate a circos plot displaying the shared positions between the specimens, we generated two .bed files: The first file
determined the order of the specimens in the circos plot and their size; the sizes represent the number of positions in which each
specimen has coverage of at least 3 reads and differs from the sheep reference genome. The second file represents the number
of shared positions between each pair of sheep specimens, which was calculated based on the number of shared positions and
the similarity score described in Piece-to-piece analysis. Rows added to the file based on the number of shared positions between
the specimens, and each row indicates a relationship between randompoints on the two specimens. Each line represents 200 shared
positions. Both files were produced using a custom python script, and then used in the Circa program to generate a circos plot (see
Figure 7).
Metagenomic analysis
We assembled reads into contigs using MEGAHIT (v1.1.3) (Li et al., 2015). MEGAHIT was run using the -kmin-1pass flag and ‘-m
0.95’. We binned contigs from each sample using MetaBAT2 (v2.12.1) (Kang et al., 2019) which groups samples based on tetranu-
cleotide frequency. MetaBAT2s default minimum contig length of 1500bp was relaxed to 1kbp.

Contig bins isolated from different samples may represent the same microbial specie. We dereplicated all contig bins using dRep
(v2.2.3) (Olm et al., 2017). We assessed the quality of dereplicated bins using CheckM (v1.0.18) (Parks et al., 2015). Contig bins with
less than 80% genome completeness or more than 10% contamination were discarded. We were left with 17 bins which we refer to
as Metagenome Assembled Genomes (MAGs). We also used CheckM to roughly assess the taxonomic lineage of each genome.

We mapped reads from each sample to the MAGs using Bowtie2 (v2.3.0, very sensitive local preset; Langmead and Salzberg,
2012). We assessed read coverage across each genome using SAMtools and a custom script to aggregate SAMtools results
(https://github.com/dcdanko/gimmebio/tree/master/gimmebio/assembly). The results of this analysis are displayed in Figure S7C.
Linkage Disequilibrium analysis
The goal of the Linkage Disequilibrium (LD) analysis is to control for the potential effect of dependence between variable positions.
We created a ‘‘genetic map’’ of the Oar_v4.0 genome that represents the genetic distance of each position from the beginning of the
chromosome. For this purpose, we remapped the Illumina OvineSNP50 Genotyping BeadChip positions from Oar_v1 (Supreme,
2013) to Oar_v4 using NCBI Remap (https://www.ncbi.nlm.nih.gov/genome/tools/remap). SNPs that were found to belong to two
different chromosomes in the different genome versions, were removed from the dataset to avoid inaccurate mapping. In addition,
nucleotides with genetic distance higher than both of their neighbors were removed, to reduce mapping mistakes. Between SNPs
with known genetic locations, linear interpolation was used to map additional positions.

For every fragment, at every genetic location a ‘‘consensus’’ nucleotide was designated if it was covered by at least 4 reads after
pooling together the libraries of the same specimen, while demanding full agreement on the nucleotide identity within and among the
libraries representing the same specimen. The reads were produced as described in Alignment of WGS DNA to organisms.

For each pair of specimens, we calculated a similarity score by comparing all of the genetic locations that had a ‘‘consensus’’
nucleotide in both fragments, and the nucleotide identity of at least one of them differs from the reference genome. Each of these
nucleotide locations are given a weight that corresponds to its genetic distance from the closest nucleotides (on either side) that
also fit this condition. The weights allow regions with a relatively high number of covered variable positions to affect the scoring simi-
larly to regions which have a low number of covered variable positions. That way, we minimize the bias caused by highly covered
genomic regions on the global score (Kuhn et al., 2018). The cutoff for this weighting (i.e., the distance between the closest fitting
nucleotide on one side and the closest one on the other) was set to be 5cM (recombination rate of 0.05, Haldane, 1919) in order
to limit the influence of isolated nucleotides (see Figure S6C).

The weight of the i-th location on a chromosome which fits the mentioned condition is calculated as following:

di = genetic distance of the ith fitting location from the 5
0
end of chromosome

w = minfdi + 1 "di"1; 5cMg
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QUANTIFICATION AND STATISTICAL ANALYSIS

All the details regarding statistical tests used in this article can be found in the appropriate figures and figure legends. In all figures
displaying phylogenetic trees (Figures 3, 5, S3, S6A, S6B, and S7B), we provide bootstrap support scores. Bootstrap support scores
are calculated by RAxML and PhyloBayes, as described in the figure legends and in the STAR Methods section.
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Supplemental Figures
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Extrac!onMethods:
# Y - Silica based method as in Yang et al. 1998.
# AY - Silica based method as in Yang et al. 1998 with modifica!onsas in Malmstrom et al. 2007.
#WAY - a 30 min washing step with 1ml EDTA. DNA extrac!on from this frac!on according to AY.
#WAY* - a 30 min washing step with 1ml EDTA with 1% Triton X-100. DNA extrac!on from this frac!on according to AY.
# MPBR - Silica base method as in Meyer et al. 2012, Dabney et al. 2013 and Allento"et al. 2015.
# GR - A second phase silica-based method as in Meyer et al. 2012 and Dabney et al. 2013.
#WGR - A 30 min washing step with 1ml EDTA. DNA extrac!on from this frac!on according to GR.
# GRL - A second phase silica-based method as in Meyer et al. 2012 and Dabney et al. 2013 with modifica!onsfrom Gilbert et al. 2004
designed for hair and leather. 
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Figure S1. Characteristics of Ancient and Modern DNA Extracted from the Specimens Sampled in the Study, Related to STAR Methods
A) Comparison of the DNA reads sequenced using various DNA extraction methods. Shown are boxplots displaying the number of reads per library produced by

each of eight production methods. i) raw reads sequenced for each library. ii) reads retained after the removal of human contaminants, alignment to the sheep

(legend continued on next page)
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genome, and removal of PCR duplicates. During our experiments, three methods (namely WGR, GR, GRL) were shown to produce the highest number of reads

andwere later used inmost of the following DNA extractions and thus inmost of the samples used in this study. Extractionmethod names and descriptions can be

found in the bottom panel. For more details see Tables S2 and S3. Whiskers mark 1.5 IQRs (Interquantile range: IQR=Q3 "Q1. B) The effects of removing human

DNA contamination from the specimens, demonstrated for reads aligned to sheep. i) Themedian read length of reads aligned to sheep of the following groups: (a)

all reads (unfiltered), (b) reads aligned to human and (c) reads that did not align to human (Mann-Whitney U-test: unfiltered-human: 88.5, human-sheep: 45.5). ii)

The number of reads aligned to sheep of the following groups: (a) all reads (unfiltered), (b) reads aligned to human and (c) reads that did not align to human

(Mann-Whitney U-test: unfiltered-human: 32, human-sheep: 74). All P-values represent Mann-Whitney test with Bonferroni correction for multiple comparisons.

**** corrected p value < 1x10"7. Calculations based on all libraries which belong to specimens identified as sheep. C)Most of the humanDNA fragments extracted

from the specimens are longer, and distinguishable from the ancient DNA of the animals whose skins were used for the preparation of the specimens. Read length

plots show the read length distribution of the merged reads in each specimen. Shown here are read length plots for three representative specimens: (i)Mas1k, an

ancient scroll fragment fromMasada, (ii)Hev/Se6, an ancient scroll fragment from Nahal Se’elim, (iii) 4Q404 frg. 8v, an ancient scroll fragment fromQumran Cave

4 and (iv) NewScroll-041, an IAA parchment.
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Figure S2. The Ancient Scrolls, but Not the IAA Parchments, Show a Typical Cytosine Deamination Signature, Related to STAR Methods
Damage plots show estimated nucleotide misincorporation patterns. For each specimen, top panels show substitution rate of C to G/A/T in relation to the

distance from the 50 end of the reads; bottom panels show substitution rate of G to A/T/C in relation to the distance from the reads’ 30 end. A) Shown here are

damage plots for four representative specimens: top left: Mas1k, an ancient scroll fragment from Masada; top right: Sandal-35-1270, an ancient sandal likely

made of goat skin; bottom left NewScroll-039, IAA parchment, which shows a modern damage pattern with deamination in the first and last base, perhaps as a

result of DNA lesions caused by the harsh parchment preparation treatment; bottom right: Sandal-43-6811, a sandal made of an unknown animal source, for

which damage patterns appear to be noisy due to poor coverage. Interestingly, the preference of C- > T and G- > A substitutions can still be observed. The

presented damage plot is based on the alignment to sheep; similar patterns were seen for cow and goat. B) Same specimens as in (A), with damage plots

produced using the human standard pipeline described in the STARMethods section. C) Same specimens as in (A), with damage plots after the removal of reads

with MapQ lower than 22 and/or length lower than 30, while keeping reads with alignment length higher than 30 (see STAR Methods). A tradeoff between the

relaxation of the alignment criteria and the quality of the damage patterns can be observed. The results correspond to data shown in Table S3. D) Reads simulated

in similar setting to ancient samples. Shown here damage plots for a simulated aDNA library produced by gargammel (see STAR Methods). The plot presented

was produced similarly to (A) and shows typical cytosine deamination signature.
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Figure S3. Phylogenetic Position of DSS Samples among Representatives of Sheep, Cow, Goat, and Bovidae Diversity, Related to Figure 3
A) Jeremiah fragments among Bovidae diversity: Phylogenetic tree generated based on Hassanin et al. (2012) dataset from a matrix of 14,867 nucleotide po-

sitions and 140 taxa using maximum likelihood criterion under the CAT-GTR model (as implemented in RaxML version 4.1). ML bootstrap supports above 50%

(using 100 rapid-bootstrap computations) are given near the corresponding node. The hash marks indicate that the branches leading to 4Q72b and 4Q70 have

(legend continued on next page)
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been shortened five times for visualization purposes. B) Sheep: Phylogenetic tree generated from a matrix of 126 individuals and 15,437 mt positions (excluding

the control region) using Bayesian inference under the CAT-GTR model as implemented in Phylobayes. Bayesian posterior probabilities/ML bootstrap supports

(using 100 rapid-bootstrap computations) are only given for relevant nodes. A minus sign (‘‘"’’) indicates that the corresponding node is absent from the ML

bootstrap consensus tree. Lineage and haplogroup names follow Lv et al. (2015). The hash mark indicates that the branches leading to the outgroup and to Ovis

ammon hogdsoni have been shorten to half for visualization purposes. C) Cow: (specimens Sandal-436809 and NewScroll-41) Phylogenetic tree generated from

a matrix of 148 individuals and 16,342 mt positions (including the control region) using Bayesian inference under the CAT-GTR model as implemented in

Phylobayes. Bayesian posterior probabilities/ML bootstrap supports (using 100 rapid-bootstrap computations) are only given for relevant nodes. Lineage names

follow Achilli et al. (2009). The hash mark indicates that the branches leading to the outgroup have been shorten to half for visualization purposes. D) Goat:

(specimen Sandal-351270) Phylogenetic tree generated from a matrix of 137 individuals and 15,429 mt positions (excluding the control region) using Bayesian

inference under the CAT-GTR model as implemented in Phylobayes. Bayesian posterior probabilities/ML bootstrap supports (using 100 rapid-bootstrap

computations) are only given for relevant nodes. A minus sign (‘‘"’’) indicates that the corresponding node is absent from the ML bootstrap consensus tree.

Lineage names follow Colli et al. (2015). The presence of numt contaminants in some sequence was identified by Hassanin et al., 2010. The hash mark indicates

that the branches leading to the outgroup have been shorten to half for visualization purposes.
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Figure S4. Schematic Drawings of Analyses Described in This Study, Related to STAR Methods
A) Schematic drawing of the major steps of the analysis pipelines performed on the specimens. Shown are the major steps used for processing and analyzing the

specimens as described in the STARMethods. B) Schematic drawing of themitochondrial reads filtering process. The drawing describes the process of removing

reads when consensus sequences, based on different mitochondrial reference genomes, show p-distance higher than 0.01 (as described in the STARMethods).

Only consensus sequences with coverage higher than 20% are used in the downstream phylogenetic analysis.
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Figure S5. The Clustering of the Specimens Is Not Biased Because of the Amount of Information in the Specimens or the Mapping Quality of
the Reads, Related to STAR Methods and Figures 5 and 6
A) High positive correlation between the amount of raw reads and the amount of processed reads along the high-yield pipeline and in the standard human

pipeline. The three left panels correspond to different stages along the high-yield pipeline (the results correspond to data shown in Table S3 after summing and

grouping according to each of the sheep specimens). As can be seen in the upper panel, there is a significantly high correlation between the amount of raw reads

in the various specimens to the amount of the reads in each specimen after applying filtering and cleaning procedures (described in detail in the STARMethods).

Spearman correlation between the stages 1-3 to stage 0 (from left to right): 0.885, p: 3.868e-7; 0.899, p: 2.717e-7; 0.95, p < 2.225e-100. In addition, we compared

the number of reads produced by the standard human pipeline (stage S) to the raw reads (Spearman: 0.484, p: 0.007, right panel) and the reads produced in stage

3 (Spearman: 0.503, p: 0.005). The lower panels show histograms of the percentage of reads remained after each of the processing stages compared to stage 0.

As can be seen, despite the drastic decay in the number of reads induced by the standard human pipeline, we detect significant positive correlation between

stage S and stages 0-3. Stage 0: raw reads; Stage 1: removal of human reads and alignment to sheep; Stage 2: removal of PCRduplicates; Stage 3: read lengthR

30 nt, MapQR 22. Panels B-D demonstrate that the phylogenetic analysis of the specimens is not biased due to the amount of information in the specimens. B)

Shown is a bar plot depicting the percentage of informative positions out of the 4,189 positions used for each fragment to generate the phylogenetic tree in

Figure 5. The specimens are presented here in accordancewith their location along the phylogenetic tree (see Figure 5). As can be seen, the amount of information

does not direct the relationship between the different specimens. C) Shown is the number of positions with nucleotides different from the reference genome

(Oar_v4.0) for each specimen. Marked are subsets of specimens which their association was demonstrated in Figure 6A (for instance, the three IAA parchments

are marked in a distinctive color). As can be seen, the coupling between different specimens is not biased by the extent of deviation from the reference genome

(i.e., in order to be clustered together, the two specimens must show similar variations in their covered nucleotide content). D) Shown is a visual representation of

the varying amount of informative positions in the different fragments used to generate the tree in Figure 5. Positions covered by each specimen are marked in

white. E) Histogram of the number of informative positions shared by specimen pairs. Shown is the distribution of the number of informative positions, shared by

each of the different 465 specimen pairs analyzed in the pairwise comparison (i.e., all possible pair combinations for n = 31 specimens; see Figure 6). As can be

seen, the majority of the comparisons are based on thousands of informative positions. 72.69% of the specimen pairs share more than 1000 positions. The red

line marks number of positions = 1000.
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Figure S6. Clustering of the Sheep Specimens Is Not Driven by Human DNAContamination or Sparse Genomic Coverage, Related to Figures
5 and 6
A) Clustering of the sheep specimens based on variation in their genomic sequences of the human contamination. i) Clustering of human contamination reads that

aligned to the sheep genome. Shown is a clustering of the specimens based on their nucleotide identity in 400 informative positions along the genome, each is

covered by at least 3 reads in at least 50% of the 30 examined specimens and outgroup. ii) Clustering of human contamination reads that aligned to the human

genome. Shown is a clustering of the specimens based on their nucleotide identity in 2,165 informative positions along the genome, each is covered by at least 3

reads in at least 12 out the 30 examined specimens. The nucleotide identity of at least one specimen differs from that existing in the Ovis aries (in (i)) or Homo

sapiens (in (ii)) reference genome. In (ii), we looked at the variation in the human contamination compared to theHomo sapiens genome, hence the sheep outgroup

is not represented. The tree was generated using themaximum likelihood criterion under the GTR-GAMMAmodel. Maximum likelihood bootstrap support values

(based on 500 bootstrap computations) are indicated near the corresponding node. For the purpose of clarity, branch lengths are not reflected in the figure. B)

Clustering of the specimens with the highest amount of information. Shown are phylogenetic trees (as in Figure 5), containing fragments with at least 40%

informative positions out of the positions used for generating the tree (see STARMethods for further details). As can be seen, even after strict filtering procedures,

our results are consistent with the results achieved and displayed in Figure 5. The three panels differ from each other by the minimal information required per

position. Here shown trees based on positions for which at least 5, 7 or 10 specimens have sufficient information. C) Similarity analysis of the various specimens

using pairwise comparison of shared genomic positions while taking into account the genetic distance between adjacent positions. As can be seen, the shown

results are similar to the results shown in Figure 6, suggesting that the extent of similarity between specimens is not affected by highly covered genomic regions. i)

The extent of similarity between selected specimens and all other examined specimens. As can be seen, the outgroup is strikingly different from all other

specimens. All compared positions covered by at least 4 reads. ii) PCA projection of the sheep specimens based on pairwise similarity matrix. Different specimen

groups aremarked in colors (see legend). iii) PCA projection of the sheep specimens based on pairwise similaritymatrix. QSP and non-QSP fragments aremarked

in gray andwhite triangles, respectively (note legend on the right). TheQSP fragments aremarked in red in Figure 5. D) Similarity analysis of the various specimens

using pairwise comparison of shared genomic positions. Shown is a PCA projection of the sheep specimens based on pairwise similarity matrix. The plot shown

corresponds to the results presented in Figure 6. All specimens are annotated.
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Figure S7. Human and Microbial DNA Does Not Bias the Results of Our Analyses, Related to Figures 5 and 6
A) Similarity analysis of the various specimens using pairwise comparison is not biased by contamination. i) The extent of similarity between selected specimens

and all other examined specimens. As can be seen, the outgroup is different from all other specimens. The comparison is based on genomic positions covered by

at least 3 filtered reads. This figure is identical to Figure 6A. ii) Same as (i), where the comparison is based on genomic positions covered by reads that are aligned

to human. As can be seen, the similarity pattern governed by human contamination dissociate the examined specimens from their natural related specimens. B)

Clustering of the sheep specimens based on the standard human pipeline. Shown is a clustering of the specimens based on their nucleotide identity in 161

informative positions along the genome, each is covered by at least 2 reads in at least 3 of the examined specimens. TheMaximum Likelihood tree was generated

as in Figure 5. As the standard pipeline does not explicitly filter contamination, some of the results may be affected, to some extent, by human or environmental

(legend continued on next page)
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contamination (see The Genetic Clustering Based on Sheep DNA Is Robust to External Factors in the STAR Methods). The numbers on the nodes represent

bootstrap values. C) Clustering of the specimens based on the genome coverage of Metagenome Assembled Genomes (MAGs). This heatmap shows the

coverage of 17 deduplicated high quality MAGs (y axis) in each sample (x axis; for full sample names see Table S2). MAGs are named based on the sample where

they were computationally isolated. The colored bar indicates the rough lineage of a given genome (see STARMethods). As can be seen, the resulting clusters do

not agree with the clusters which are based on the variation in the sheep genome, suggesting that our main results are not governed by potential contamination.

ll
Article


