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ANCIENT DNA ANALYSIS OF A HOLOCENE BISON FROM THE RAUCHUA

RIVER, NORTHWESTERN CHUKOTKA, AND THE EXISTENCE
OF A DEEPLY DIVERGENT MITOCHONDRIAL CLADE
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The remains of a Holocene extinct steppe bison, Bison priscus Bojanus 1827, that died 9.5 thousand years ago,
were discovered on the Rauchua River (Chukotka, Russia) in 2012. Sample F-3246 yielded ancient DNA
and, when compared to other extant and extinct Bison lineages, clustered outside the known bison genetic di-
versity, suggesting that this bison represented a divergent and heretofore unknown lineage of extinct bison.
While this conclusion is supported by a morphological analysis of sample F-3246, additional examples of this
divergent bison phenotype and genotype are required in order to understand its position in bison evolutionary
history. Here, we assemble complete mitochondrial genomes from 26 additional ancient Bison samples from
northern Siberia, aiming to improve the knowledge of the evolutionary history and geographic range of the
Rauchua bison lineage. Surprisingly, we did not identify the Rauchua haplotype in any of the newly tested
bison, including those discovered from the Rauchua River locality. Nonetheless, additional mitochondrial
genomic data from Siberian bison, and a new high-coverage mitogenome recovered from the original Rau-
chua bison (F-3246), confirm the existence of the deeply divergent clade and shed new light on the evolu-
tionary history of bison during the Pleistocene to Holocene transition in Siberia.
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The remains of a Late Pleistocene steppe bison, Bi-
son priscus Bojanus 1827 were discovered by the Rau-
chua River, North-Western Chukotka, Russia, in 2012
(Kirillova et al., 2015). The sample F-3246 was well
preserved, yielded an uncalibrated radiocarbon age of
9497 + 92 years before present (BP) (AA101271), and
contained sufficient endogenous ancient DNA (aDNA)
to assemble a complete mitochondrial genome with
163x coverage. When compared to data generated from

a large dataset of extant and extinct Bison lineages
from across the Northern Hemisphere, the Rauchua
bison fell outside of, but sister to, known steppe bison
genetic diversity.

Morphology of tubular bones also suggests that
Rauchua specimen differs from most Late Pleistocene
and Holocene bison. The specimen includes an al-
most complete carcass with remains of soft tissues
(Kirillova et al., 2015). Although the specimen is an
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adult bison, it is distinctively more gracile than any
other bison known from Siberia and North America.
While the length of the long bones are similar to other
Pleistocene bison, its metapodials are longer.

The phylogenetic position of the Rauchua lineage,
augmented by additional genetic evidence, led us to
conclude that specimen F-3246 represents an extinct
lineage that diverged from all other bison prior to the
expansion of bison into eastern Beringia around
160,000 years ago (Kirillova et al., 2015; Froese et al.,
2017). Based on the Holocene age of F-3246, its pop-
ulation may have been one of the last to survive past
the Pleistocene in the Northern Siberian refuge.

The goal of our current study was twofold. First,
because the Rauchua bison haplotype was so diverged
from other bison haplotypes, we aimed to replicate
and therefore confirm the results generated previously
from the Rauchua bison using additional bone ele-
ments that were shipped and processed separately.
Second, we aimed to build on the previous results from
the Rauchua bison study to provide new insights into
bison taxonomy and evolution by generating and ana-
lyzing DNA from additional ancient bison remains.
Specifically, we aimed to isolate mitochondrial DNA
from other bison samples from the region of the Rau-
chua River, as well as from newly collected samples
from Chukotka and other locations in the Russian Far
East. Using data recovered from these specimens, we
infer a mitochondrial phylogeny and explore the phy-
logenetic diversity of bison in Western Beringia during
the last Ice Age and the beginning of Holocene warm-
ing, with a particular focus on the divergent Rauchua
lineage.

MATERIALS AND METHODS

We extracted ancient DNA from 29 bison samples
(collection of the “National Alliance of Shidlovskiy
“Ice Age”) from five locations (fig. 1, tabl. 1) follow-
ing the protocol described by (Dabney et al., 2013),
with in-house modifications to reduce contamination
(Korlevi¢ et al., 2015). We then prepared double-
stranded DNA sequencing libraries from these ex-
tracts following (Meyer, Kircher, 2010). We cleaned
the resulting libraries with SPRI beads in 18% PEG-
8000 solution and sequenced each on an Illumina
MiSeq machine using the v3 chemistry and a paired-
end 2 X 75 cycle strategy. Most libraries were barcoded
using only one index, although some (F-1267—F-1297)
were dual-indexed to avoid index swaps and incorrect
read identification (Costello et al., 2018). Libraries
were pooled so as to recover at least 500000 reads from
each library. To avoid contamination, all protocols
preceding indexing PCR were executed in the PCR-
free sterile ancient DNA laboratory facility at the Pa-
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leogenomics lab, University of California Santa Cruz.
After shotgun sequencing, we then assessed the quality
and authenticity of each DNA extract to learn (1) en-
dogenous content (proportion of DNA assigned to
Bison); (2) library complexity (diversity of molecules
recovered during library preparation); (3) average
DNA fragment length (expected to be less than 100bp
due to DNA fragmentation in samples that are older
than 5000 years); and (4) deamination profile (cyto-
sine damage reflecting DNA degradation, fig. 2).

Using SeqPrep (https://github.com/jstjohn/Se-
gPrep), we removed adapters and then merged reads
that overlapped by at least 15bp and discarded reads
shorter than 28bp to allow confident mapping. We
then mapped all non-discarded reads to the bison
nuclear genome UMD 1.0 (GenBank ID GCF _
000754665.1) using BWA ‘aln’ with the seeding option
disabled and a minimum mapping Phred quality score
of Q>20 (Li, Durbin, 2009). We then checked the au-
thenticity of the aDNA reads (exploring cytosine de-
amination patterns) and the fragment size distribution
using MapDamage?2 (Jonsson et al., 2013).

After determining whether each extract was suffi-
ciently well preserved to proceed, we enriched each li-
brary for bison mitochondrial DNA using an in-solu-
tion hybridization capture protocol with bison mitog-
enome RNA baits (Arbor Biosciences, Ann Arbor,
USA, previously MYcroarray), following the MYbaits
recommended protocol versions 2 and 3, except that
the hybridisation step was extended to 36 hours. The
enriched libraries were cleaned and pooled following
the strategy described above, and sequenced on the
I1lumina MiSeq.

To process sequenced bait-captured libraries we
followed the same protocol as described above, but us-
ing B. bonasus NC 014044 mitogenome as a reference
for mapping (Zeyland et al., 2012). Finally, we assem-
bled complete mitogenomes using the Mapping Itera-
tive Assembler MIA (Briggs et al., 2009), as described
in (Heintzman et al., 2016).

We aligned the 16 newly assembled Bison mito-
chondrial genomes to a set of 29 previously published
extinct and extant Bison species and other bovids using
Muscle (Edgar, 2004). For phylogenetic reconstruc-
tion, we split the alignments into four partitions and
identified the most appropriate models of nucleotide
substitution for each partition using jModeltest2 (Dar-
riba et al., 2012). The following setup was used accord-
ing to results of the test: HKY + G for protein coding
sequences, HKY + I + G for D-loop, GTR+G for
rRNAs, and HKY + G for tRNAs.

Finally, we performed phylogenetic inference on
the partitioned dataset using RAXML (Stamatakis,
2014) and MrBayes (Ronquist et al., 2012) as de-
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Fig. 1. The map of Eurasia with sample locations marked with a circle: Middle Indigirka River (North-Eastern Yakutia), Bilib-
insky region (North-Western Chukotka), Rauchua River (North-Western Chukotka).

scribed in (Maschenko et al., 2017), but with the nu-
cleotide models listed above.

RESULTS

We extracted aDNA and prepared next-generation
sequencing libraries from four new specimens collect-
ed at the mouth of the Rauchua River (North-Western
Chukotka), eight specimens from the Middle Indigir-
ka River (North Yakutia), and 14 specimens from the
Bilibinsky region, North-Western Chukotka: Maly
Anuy River; Ostrovnovskaya tundra — to the West of
the mouth of the Rauchua River; the East Siberian Sea
coast — 200 km to the West of the Rauchua River
mouth (fig. 1, tabl. 1). In addition, we also re-extract-
ed DNA from three new F-3246 sub-samples (the
original Rauchua lineage individual). Most of the bi-
son samples listed in table 1 were bones, with the ex-
clusion of two samples of horn sheath that are dis-
cussed below. Assembled mitochondrial genomes of
well-preserved specimens were deposited in GenBank
(accession numbers MN049905-MN049913).

As expected, aDNA preservation dramatically var-
ied between samples (tabl. 1). DNA preservation is of-
ten reported as a fraction of sequenced reads that map
to a conspecific or closely related genome (endoge-
nous proportion of DNA) in relation to the fraction of
all other (exogenous, i.e. contaminant) reads that do
not map to the host genome. Sources of exogenous
DNA include co-extracted co-preserved DNA from
plants, animals, and microbes that invade the sample
after death. One of the subsamples of the the original
Rauchua River sample, subsample F-3246/12, was the
best preserved among the three tested, with 55% of re-
covered DNA mapping to the Bison nuclear genome.
Bones sampled from the Middle Indigirka River were
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the least well preserved. From this set of samples,
F-1291 and F-1294 (fig. 3, tabl. 1) yielded about 1%
endogenous DNA. Interestingly, both of these are
horn sheath tissue, rather than bone. Samples from
Maly Anuy River, Ostrovnovskaya tundra, and East
Siberian Sea coast show very good DNA preservation
(tabl. 1) based on endogenous bison DNA.

The Rauchua bison lineage was an unexpected
finding. We decided that, as part of our undertaking to
identify additional samples belonging to this lineage,
we would return to the original sample and replicate
these results, using samples that were sent and pro-
cessed entirely independently of the original sample.
We extracted new DNA from this specimen using three
different bones (F-3246/9, F-3246/12, F-3246/13):
right humerus, right fore autopodia, and left ulna. All
three DNA extracts were successfully enriched, pro-
ducing high coverage mitogenomes (tabl. 1). None of
these mitogenomes showed discrepancies with the
original published Rauchua haplotype, suggesting that
the Rauchua bison lineage as reported is valid and is
not an artifact of mitochondrial genome assembly,
contamination, or other sources of error.

Despite poor preservation of bison DNA in half of
the newly processed bison samples, we were able to
enrich most DNA libraries for sufficient quantities of
mitochondrial DNA to assemble mitogenomes to >3x
coverage for 16 samples, which we then used for phy-
logenetic analysis. Both Bayesian and Maximum
Likelihood approaches produced consistent tree to-
pologies (fig. 3). All newly assembled bison mitochon-
drial lineages fall within the known diversity of steppe
bison mitochondrial genomes. None of the new sam-
ples clustered with the original Rauchua lineage, in-
cluding a new sample from the Rauchua River mouth
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Table 1. Specimens used in the study

NASID | UCSCID Locality Er]fgie’n;“ Corf;g;’?x)
F-1267 SCI18.CL011 | Middle Indigirka River (North-Eastern Yakutia) 0.46 0
F-1286 SCI18.CL010 | Middle Indigirka River (North-Eastern Yakutia) 0.2 0
F-1287 SC18.CL009 |Middle Indigirka River (North-Eastern Yakutia) 0.24 0
F-1288 SCI18.CL007 | Middle Indigirka River (North-Eastern Yakutia) 0.21 0
F-1291 SCI18.CL001 |Middle Indigirka River (North-Eastern Yakutia) 1.08 3.3
F-1294 SCI18.CL003 | Middle Indigirka River (North-Eastern Yakutia) 1.6 0
F-1295 SC18.CL002 |Middle Indigirka River (North-Eastern Yakutia) 0.12 0
F-1297 SC18.CL004 | Middle Indigirka River (North-Eastern Yakutia) 0.07 1.2
F-2519 SC14.AE008 | Maly Anuy River (North-Western Chukotka) 21.01 223
F-3006 SC14.AE009 | Maly Anuy River (North-Western Chukotka) 56.11 837
F-3246/9 |SC14.PH043 | Rauchua River mouth (North-Western Chukotka) 26.4 4
F-3246/12 | SC14.PH043 | Rauchua River mouth (North-Western Chukotka) 54.99 128
F-3246/13 | SC14.PH043 | Rauchua River mouth (North-Western Chukotka) 4.74 12
F-3267 SC14.AE010 | Maly Anuy River (North-Western Chukotka) 12.45 22
F-3521 SC14.AE014 | Ostrovnovskaya tundra (North-Western Chukotka) 6.9 20
F-3524 SCI14.AE015 | Ostrovnovskaya tundra (North-Western Chukotka) 22.63 133
F-3531 SC14.AE016 |Ostrovnovskaya tundra (North-Western Chukotka) 5.42 13
F-3807 SC14.AE012 | Maly Anuy River (North-Western Chukotka) 27.12 139
F-3941 SC14.AE013 | Maly Anuy River (North-Western Chukotka) 46.13 480
F-3952 SCI14.AE011 | Maly Anuy River (North-Western Chukotka) 2.34 7
F-4089 SC14.AE023 | East Siberian Sea coast (North-Western Chukotka) 15.3 39
F-4090 SC14.AE022 | East Siberian Sea coast (North-Western Chukotka) 11.81 72
F-4091 SC14.AE019 | East Siberian Sea coast (North-Western Chukotka) 1.73 17
F-4092 SC14.AE020 |East Siberian Sea coast (North-Western Chukotka) 1.05 47
F-4095 SC14.AE018 |East Siberian Sea coast (North-Western Chukotka) 9.3 60
F-4171 SC19.CL001 |Rauchua River mouth (North-Western Chukotka) 38.28 6
F-4172 SC19.CL002 |Rauchua River mouth (North-Western Chukotka) 1.5 1.8
F-4173 SC19.CL003 | Rauchua River mouth (North-Western Chukotka) 1.37 0.15
F-4176 SC19.CL004 | Rauchua River mouth (North-Western Chukotka) 0.59 0.55

Abbreviations: NAS — National Alliance of Shidlovskiy “Ice Age”, UCSC — University of California Santa Cruz, endogenous DNA —
proportion of non-contaminant Bison DNA, mtDNA — mitochondrial genome. For location details please see the Results section and

fig. 1.

(F-4171), the same locality where the original Rauch-
ua bison was found.

Two samples, F-1297 (from the Middle Indigirka
River) and F-4172 (from the Rauchua River mouth),
have very little DNA preserved, and resulted in an av-
erage mitochondrial coverage of around 1x. While we
were unable to include them in our phylogenetic re-
constructions, we were nonetheless able to genotype
these individuals from the portions of the mitochon-
drial genome that were recovered. Using the Rauchua

mitochondrial haplotype and a panel of extinct
B. priscus as a reference, we identified nucleotide sub-
stitutions in the mitochondrial genome that were dis-
tinct from other bison and unique to the Rauchua lin-
eage. Most of these substitutions are located in the cy-
tochrome oxidase unit 1, the gene that has been used
as a barcode for confident identification of various
taxa (Luo et al., 2011). We manually inspected those
fragments of the poorly preserved F-1297 and F-4172
mitochondrial genomes that were covered by a mini-
300JI0TUYECKUM KYPHAJ Ne 10
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Fig. 2. Ancient DNA degradation profile of F-1291 from Middle
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mum of three reads (to ensure that any differences
were supported by independent reads and not there-
fore due to DNA damage or sequencing error) looking
for informative substitutions. In both samples we iden-
tified 35 informative nucleotide sites that were both
covered by at least three reads and span nucleotide po-
sitions that would have Rauchua-specific substitu-
tions. Neither F-1297 nor F-4172 had the Rauchua al-
lele at any of these positions, and instead both had that
of the main lineage of Siberian bison. These results in-
dicate that both F-1297 and F-4172 are part of the
main lineage of Siberian B. priscus, and not the Rau-
chua lineage. We would like to mention, however, that
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only F-1297 was dual indexed to avoid incorrect read
assignment. Base calling of the single-indexed F-4172
library should be interpreted with caution due to a
possibility of index hopping (Costello et al., 2018).

DISCUSSION

The results of this study demonstrate that the Rau-
chua lineage is even more enigmatic than previously
thought. Despite extensive sampling in the northern
Russian Far East, covering most of the territory where
Eurasian steppe bison were present during the Pleisto-
cene—Holocene transition and the Rauchua locality
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Fig. 3. Maximum likelihood phylogenetic tree reconstructed on complete mitochondrial genomes of various bovids, including
extinct and extant Bison species. Support for major divergences is marked below or above the branches: bootstrap calculated with
RAXML, and posterior probability (in percent, calculated with MrBayes). Both numbers are shown in cases where corresponding
node was supported by both phylogeny reconstruction methods. Divergence of Rauchua lineage is shown with a circle. The new
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published sequences are shown with corresponding GenBank ID numbers. Numbers at the end of sequence names are median

IntCal13-calibrated radiocarbon ages (Reimer et al., 2013).

itself, we did not find any new specimens belonging to
the Rauchua bison lineage (fig. 3). Instead, our results
show that the majority of western Beringian Bison
priscus cluster together into a clade within the diversity
of Holarctic Bison priscus mitochondrial genomes, as
described previously (Shapiro et al., 2004; Heintzman
et al., 2016; Froese et al., 2017).

We currently do not know why the population to
which the Rauchua bison belonged is so rare in the pa-
leontological record. It is notable that the Rauchua bi-
son itself has a relatively recent radiocarbon date of
only 9497 + 92 years BP. The end of the Pleistocene
was marked by megafaunal extinctions across the

300JIOTUYECKHNU KYPHAJ

globe, with most mainland extinctions in Siberia oc-
curing by 14-10 thousand years ago (Stuart et al.,
2004; Koch, Barnosky, 2006). The Rauchua bison
therefore postdates these extinctions, and is one of the
youngest bison thus far dated from the Russian Far
East (Van Geel et al., 2014; Markova et al., 2015). It is
possible that the Rauchua bison lineage persisted in
more southerly locations during the Pleistocene,
where bones are either not preserved or have yet to be
recovered. The Rauchua lineage may have moved
northward as the climate improved after the transition

into the Holocene, and established populations, albeit
Ne 10
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briefly, in the region that was previously occupied by
the main lineage of Siberian steppe bison.

Bison is among the most well represented taxon in
Late Pleistocene fossil deposits and among the taxa
best represented by ancient mitochondrial DNA data
(Shapiro et al., 2004; Heintzman et al., 2016; Soubrier
etal., 2016; Palacio et al., 2017; Froese et al., 2017; Za-
zula et al., 2017). This research has revealed several
surprises, including the presence of other cryptic bison
lineages. For example, (Soubrier et al., 2016) reported
a genetically distinct but morphologically indistin-
guishable bison lineage that may have coexisted with
Bison priscus in the Southern Ural region during the
Late Pleistocene. This cryptic lineage, which has been
referred to as Bbl or Bison schoetensacki, has mito-
chondrial data that is more similar to European bison,
Bison bonasus, than it is to the steppe bison Bison
priscus (Soubrier et al., 2016; Palacio et al., 2017). The
discovery and genetic characterization of both Clade X
and the Rauchua bison lineage highlight the extensive
genetic diversity of this geographically widespread tax-
on, which further paleontological and genetic research
will be necessary to explore. In particular, additional
bison samples from southern regions of Eurasia are
necessary to shed light on evolution of the Bison genus,
and on the divergent Rauchua lineage specifically.

Despite an extremely rich paleontological record,
hypotheses about Bison evolution and taxonomy have
been conflicting for a long time, because of the exten-
sive morphological diversity within the genus (Grange
et al., 2018). While mitochondrial DNA data can pro-
vide new insights into the evolution of this particular
group of taxa, mitochondria represent only a single,
maternally inherited locus. The evolutionary history
revealed by analysis of mitochondrial DNA tells,
therefore, only a part of the evolutionary story of the
species in question. To fully resolve the evolutionary
history of bison, and to fully understand the relation-
ship between the Rauchua lineage and other Siberian
steppe bison, analysis of nuclear DNA will be neces-
sary. Fortunately, some of the samples presented in
this study are sufficiently well preserved to attempt this
work.

The results of our study confirm the existence of
the deeply divergent Rauchua clade and shed new light
on the evolutionary history of bison during the Pleis-
tocene to Holocene transition in Siberia. Future anal-
ysis of samples processed for this study will reveal
when the Rauchua bison lineage diverged from that of
the other bison and whether and to what extent the
Rauchua bison population admixed with other Late
Pleistocene bovids.
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AHAJIN3 TPEBHEN JTHK I'OJIOLIEHOBOI'O BM30HA C PEKU PAYUYYVA,
CEBEPO-3ATTATHAA YYKOTKA: CYIIECTBOBAHUE PAHO
JUBEPTUPOBABIIIEID MUTOXOHAPUAJIBHOM KJIAJIbI
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3Mpyseii Yuusepcumema Tpomcé, Hopeexcckuii Yuusepcumem Apxmuxu, Tpomcé NO-9037, Hopseeus
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B 2012 r. Ha peke Payuya (Uykotka, Poccust) 6bL1 HalineH ckesieT ['0JIolleHOBOTO CTeIHOTro 6u30Ha, Bison
priscus. COTJIacCHO pauoyIJIepOIHOM NaTUPOBKe, eMy 9.5 Thicstd JeT. M3 obpasua (F-3246) ynanoch Bbiae-
quth apeBHIoo JIHK. [1pu reHeTMueckoM aHain3e BhISICHAJIOCH, YTO OTOT OU30H SIBJISIETCS 0a3aIbHOM JTH -
HUE# 110 OTHOLLIEHUIO K MAaTEPUHCKUM JIMHUSM IMPOYUX BBIMEPIINX U COBPEMEHHBIX OM30HOB. DTOT pe-
3yJIbTaT JEMOHCTPUPYET, UTO OU30H ¢ peku Paydyya mpuHamiexXuT K paHee HEU3BECTHOI paHHe-IUBEePTU-
poBaBlIlIell MOMYJISLUUU. XOTS 3TOT OOpaszell MMeeT HE TOJbKO IFeHeTUYecKre, HO U Mopdoaoruyecku
OTJINYMSI, OH MPEACTABIISIET CO0O0I EAMHUYHYIO HAXONKYy. JIJ1s1 BBISIBJICHUS MOJIOXKEHMS TOI reHeTUUeCKO
JIMHUU B 3BOJIIOLIMOHHOUW MUCTOPUU OM30HOB HEOOXOAMMBI JOMOJHUTENbHbIE JaHHbIe. B HacTosiem uc-
CJIeIOBAaHUU MBI COOpajyv IOJHbIE IPEBHUE MUTOXOHAPHATbHBIE TEHOMBI UTST 26 HOBBIX 06pa3inoB Bison
Sp., HalineHHbIX B CeBepHOi1 CubMpU, HaesICh BBIICHUTD 3BOIOLIMOHHYIO UICTOPUIO U apeasl MOoIyJIsiluu,
K KOTOPOI mprHaiexana Ou30H ¢ peku Paydya. YauBuTeIbHbIM 00pa3oM, HU B OTHOM U3 UCCJICTOBAaHHBIX
00pa31oB, BKIIIOYAs JaXke HOBbIe HAXOIKM ¢ peku Paydya, Mbl He Hanumi ramiotun Paydya-6uszoHa. Tem
He MeHee, IOTIOJTHUTEIbHbIE TaHHbIE O MUTOXOHIPUAIbHBIX TeHOMaX peBHe-Cubupckoro 6M3oHa, a Tak-
K€ HOBbIE MUTOT€HOMBI, PEKOHCTPYUPOBAaHHbBIE U3 OPUTHMHAILHOrO obpasua F-3246, omHO3HAYHO IOMI-
TBEPXKAAIOT CYIIIECTBOBaHNE paHHE-IUBEPrMpOBaBIlIeii JUHNUU U MIPOJIMBAIOT CBET HAa BOJIIOIIUIO CTEITHOTO
ouzoHa Bo BpeMs IlneiicTrorieHoBo- I 0/101IeHOBOTO IIepexoa.

Karouegoie crosa: CrenHoit 3yop, apeBHsist AHK, mutoxonapuanbHbiii reHoM, IlieiicTorieHoBast MmeracayHa
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