S M@;2MQK2 M HvbBb Q7 M+B2Mi M/ JQ/2"

2Mi2 B+ .2KQMbi i2b :2MQKB+ ai #BHBiv Q
S *GBM2 ;27Q JBHH2MMB

wW?2KBM w?Qm- AM;2 GmM/bi aK- HB+B h M@ .B2N\

L #BH@6 22/ HBF? M-J iBM C a2 ;2 Mi- :2KK G N\

6Qi FBb-a i?22b? L B'-> Mb E ai2MaB2M- 2i

hQ +Bi2 i?Bb p2 ' bBQM,

W?2KBM w?Qm- AM;2 GmM/bi*aK- HB+B h M@.B2M- a2# biB M .m+?
S M@;2MQK2 M HvbBb Q7 M+B2Mi M/ JQ/2°"Ma HKQM2HH 2Mi2 B+
i?2 AMp bBp2 S *GBM2 ;2 7Q° JBHH2MMB X *m "2Mi "BQHQ;v @ *"-
RyXRyRefDX+m#XkyR3Xy8Xy83 X T bi2m @ykyyey89

> G A/, T biz2m @ykyyey89
21iTbh,ff?2 H@T bi2m X "+?Bp2b@Qmp2 i2bX7 fT bi2]
am#KBii2/ QM 9 62# kyRN

> G Bb KmHiB@/Bb+BTHBM v GOT24WB p2 Dmbp2 "i2 THm B/BbBIBTHBN
"+?Bp2 7Q i?72 /2TQbBi M/ /Bbb2KIBEBMBR MNQ@T™+B2® " H /BzmbBQM /2 /
2MiB}+ "2b2 "+?2 /Q+mK2Mib- r?2i?@+B2MMiB}2mM2b#/@ MBp2 m "2+?22 +?22- T
HBb?2/ Q° MQiX h?2 /IQ+mK2Mib MK VW+RK2Z2EF IQKHBbb2K2Mib /62Mb2B;M
i2 +?BM; M/ "2b2 "+? BMbiBimiBQWER BM?8 7M#M2I @b Qm (i~ M;2 b- /2b H
#Q /-Q 7 QK Tm#HB+ Q T ' Bp i2T2HRAB+B @2MT2BIpXib X

.Bbi'B#mi2/ mM/2  * 2 iBpR *EMOKIBRM% 9Xy AMi2 M iBQM H GB+2M



Highlights Authors
d Salmonella enterica aDNA sequences were found within 800- Zhemin Zhou, Inge Lundstr¢,m,
year-old teeth and bone Alicia Tran-Dien, ..., Simon Y.W. Ho,

) ) ) M. Thomas P. Gilbert, Mark Achtman
d The invasive Para C lineage was debned from 50,000 modern

S. enterica genomes Correspondence

zhemin.zhou@warwick.ac.uk (Z.Z.),
tgilbert@snm.ku.dk (M.T.P.G.),
m.achtman@warwick.ac.uk (M.A.)

d The Para C lineage includes Ragna, the aDNA genome, and
human and swine pathogens

d Only few genomic changes occurred in the Para C lineage

over its 3,000-year history In Brief

Zhou et al. reshape our understandings of
the origins of an invasive bacterial
pathogen, Salmonella enterica Paratyphi
C, by combining a reconstructed pan-
genome from an 800-year-old skeleton in
Norway with 221 genomes from modern
bacteria.

Zhou et al., 2018, Current Biology 28, 242002428

August 6, 2018 @ 2018 The Authors. Published by Elsevier Ltd. ‘ eII:ress
https://doi.org/10.1016/j.cub.2018.05.058




Pan-genome Analysis of Ancient and Modern
Salmonella enterica Demonstrates Genomic Stability
of the Invasive Para C Lineage for Millennia

Zhemin Zhou, ** Inge Lundstrgm, 2 Alicia Tran-Dien, 3 Sebastian Duchéne,* Nabil-Fareed Alikhan, 1 Martin J. Sergeant, *
Gemma Langridge, >0 Anna K. Fotakis, 2 Satheesh Nair,>1! Hans K. Stengien, ® Stian S. Hamre,” Sherwood Casjens, 8
Axel Christophersen, ¢ Christopher Quince, 1 Nicholas R. Thomson, ® Frang ois-Xavier Weill,3 Simon Y.W. Ho,®

M. Thomas P. Gilbert, 26* and Mark Achtman 1.12.*

Warwick Medical School, University of Warwick, Gibbet Hill Road, Coventry CV4 7AL, UK

2Centre for GeoGenetics, Natural History Museum of Denmark, University of Copenhagen, @ster Voldgade 5-7, 1350 Copenhagen, Denmark
3Unite des Bacteries Pathogenes Enteriques, Institut Pasteur, Paris, France

“Department of Biochemistry and Molecular Biology, University of Melbourne, Parkville, Victoria 3010, Australia

SWellcome Trust Sanger Institute, Cambridge, UK
SNTNU University Museum, N-7491 Trondheim, Norway

“Department of Archaeology, History, Cultural Studies and Religion, University of Bergen, Post Box 7805, 5020 Bergen, Norway
8Pathology Department, University of Utah School of Medicine, Salt Lake City, UT 84112, USA

9School of Life and Environmental Sciences; University of Sydney, Sydney NSW 2006, Australia

10present address: Molecular Microbiology, Norwich Medical School, University of East Anglia, Norwich, UK

11Present address: Gastrointestinal Bacteria Reference Unit, Public Health England, London, UK

12| ead Contact

*Correspondence: zhemin.zhou@warwick.ac.uk (Z.Z.), tgilbert@snm.ku.dk (M.T.P.G.), m.achtman@warwick.ac.uk (M.A.)

https://doi.org/10.1016/j.cub.2018.05.058

SUMMARY

Salmonella enterica serovar Paratyphi C causes
enteric (paratyphoid) fever in humans. Its presenta-
tion can range from asymptomatic infections of the
blood stream to gastrointestinal or urinary tract
infection or even a fatal septicemia [ 1]. Paratyphi C
is very rare in Europe and North America except for
occasional travelers from South and East Asia or
Africa, where the disease is more common [ 2, 3].
However, early 20 "-century observations in Eastern
Europe [3, 4] suggest that Paratyphi C enteric fever
may once have had a wide-ranging impact on human
societies. Here, we describe a draft Paratyphi C
genome (Ragna) recovered from the 800-year-old
skeleton (SK152) of a young woman in Trondheim,
Norway. Paratyphi C sequences were recovered
from her teeth and bones, suggesting that she died
of enteric fever and demonstrating that these bacte-
ria have long caused invasive salmonellosis in
Europeans. Comparative analyses against modern
Salmonella genome sequences revealed that Paraty-
phi C is a clade within the Para C lineage, which
also includes serovars Choleraesuis, Typhisuis, and
Lomita. Although Paratyphi C only infects humans,
Choleraesuis causes septicemia in pigs and boar
[5] (and occasionally humans), and Typhisuis causes
epidemic swine salmonellosis (chronic paratyphoid)
in domestic pigs [ 2, 3]. These different host speci c-
ities likely evolved in Europe over the last 4,000
years since the time of their most recent common

ancestor (tMRCA) and are possibly associated with
the differential acquisitions of two genomic islands,
SPI-6 and SPI-7. The tMRCAs of these bacterial
clades coincide with the timing of pig domestication
in Europe [6].

RESULTS AND DISCUSSION

According to historical records [ 7], humans have long been
af icted by bacterial infections, yet genomic analyses of extant
bacterial pathogens routinely estimate a tMRCA of no more
than a few centuries [8]. In general, evolutionary trees contain a
stem group, which may include lineages that are now rare or
extinct, as well as the crown group of extant organisms. Histor-
ical reconstructions based only on the crown group ignore the
older sub-lineages in the stem group and thereby provide an
incomplete picture of the older evolutionary history of the
pathogen. In contrast, analyses of ancient DNA (aDNA) can
shed light on additional millennia of bacterial pathogen evolution
that occurred prior to the origin of the crown group [ 9, 10]. We
therefore searched for ancient bacterial lineages by scanning
metagenomic sequences from teeth and long bones of 33
skeletons who were buried between 1100 and 1670 CE in Trond-
heim, Norway [11] (Figures 1A and 1C).

SK152 is the skeleton of a 19- to 24-year-old woman of 154 +
3 cm height who was buried in 1200 + 50 CE, according to
archaeological investigations [11]. Calibrated radiocarbon (**C)
dating of two teeth estimated her burial as 100-200 years earlier
(Figure S1B); this minor discrepancy may re ect the reservoir
effect on radiocarbon dating from a predominant diet of sh
products [13]. Based on d*®Ocamon iSOtopic measurements
from her rst and third molars, this woman likely migrated from
the northernmost inland areas of Scandinavia or Northwest

aaaaaaa
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Figure 1. Geographic, Archaeological, and Metagenomic Features

of Skeleton SK152

(A) Excavation site (Folkebibilotekstomten, 1973-1985) of the church cemetery
of St. Olav in Trondheim, Norway. The burial location of SK152 (red circle)
belongs to a building phase that has been dated archaeologically [ 11] to 1200
CE (range 1175-1225).

(B) Entire skeleton (top) and femoral long bone plus two teeth from which
Salmonella DNA was extracted (bottom).

(C) Map of Europe surrounding Norway (green) and location of Trondheim
(red).

(D) Deamination rate for metagenomic reads in the Salmonella Paratyphi C
Ragna genome, human DNA and 11 single genome assemblies (Cxx) identi ed
by Concoct [12]. C18 (Acidovorax) and C72 (Eubacterium) show high levels of
deamination rates, as do reads from humans or Ragna, while the other as-
semblies have low levels and likely represent modern environmental bacteria.
Data: Mean plus error bars showing standard deviations. See also Figure S2
for properties of aDNA reads.

Russia during her childhood and arrived in Trondheim by her
early teens [14] (Figure S1A). The skeleton rested on a wooden
plank (a symbolic cofn) in a grave lled and covered with

anoxic, acidic, and waterlogged wood chips and soil ( Figure 1B).

Metagenomic Reads Associated with SK152

We identi ed 266 Salmonella enterica sequence reads in one
tooth from skeleton SK152 and many more Salmonella se-
guences from additional libraries from SK152 teeth and bone,
but not from dental calculus (Table 1). We attempted to recon-
struct this Salmonellagenome (henceforth designated “Ragna”)
from the SK152 sequence libraries. Concoct [12] was able to
reconstitute 11 near-complete microbial genomes from those
data (Figure 1D). Nine of these genomes likely re ect recent
soil contamination because their 5 %single-stranded deamination
rates were low [15], with DNA damage < 0.22, versus values of
0.47 for human DNA and 0.9 for Ragna.

The two other assembled genomes exhibited high levels of
DNA damage and are thus likely to have been endogenous to
this corpse since burial. Genome C72, from a novel species of
Eubacterium, was found almost exclusively in dental calculus,

and these bacteria may have been a component of a bio Im

associated with periodontal disease, as are other Eubacterium
species [16]. Genome C18 belongs to Acidovorax, which is asso-
ciated with plant pathogens [ 17] and may have been introduced
with the wood chips that covered the skeleton. We therefore
decided to reconstruct the Ragna genome by read mapping

against its close relatives within S. enterica.

The Para C Lineage

Identifying close relatives of the Ragna genome required an
overview of the genetic diversity of S. enterica subspecies enter-
ica. Tothis end, we inferred phylogenetic trees of 2,964 genomes
that represented the diversity of 50,000 strains of S. enterica
in EnteroBase [18]. These contained 711,009 single-nucleotide
polymorphisms (SNPs) in 3,002 core genes (2.8 Mb).
A maximum-likelihood tree of the concatenated core genes
revealed the existence of multiple, discrete lineages (Figure 2A).
The initial sequence reads from Ragna were most closely related
to one of these lineages, the “Para C lineage.” The Para C line-
age is comprised of monophyletic clades of serovars Paratyphi
C, Choleraesuis, and Typhisuis, which were already known to
be related by lower resolution analyses [3], plus one genome of
the extremely rare serovar Lomita (Figure 2). Paratyphi C only
infects humans, but serovar Choleraesuis is associated with
septicemia in swine (and occasionally humans) and Typhisuis
is associated with epidemic swine salmonellosis (chronic paraty-
phoid) in domestic pigs [2, 3]. Although these other serovars
continue to cause disease in southern and eastern Asia, Choler-
aesuis is rare in Europe today except in wild boar [5], and
Typhisuis has been eradicated from European pigs. For our
further phylogenetic analyses, we included two genomes of
serovar Birkenhead as an outgroup because they were the
closest genetic relatives of the Para C lineage (Figure 2).

Reliable inference of the evolutionary timescale and phylogeo-
graphic history of the Para C lineage depends on a broad tempo-
ral and spatial range of sources for the bacterial strains. How-
ever, EnteroBase only contained 100 Salmonella genomes
from the Para C lineage, and they were of limited geographical
and temporal diversity. We therefore combed the strain collec-
tion at the Institut Pasteur, Paris, and sequenced 119 additional
Para-C-lineage genomes from diverse, historical sources.
Our nal dataset comprised 219 modern Para-C-lineage
genomes, isolated between 1914 and 2015 from multiple conti-
nents (Table S1).

A maximume-likelihood tree of the core SNPs within the 219 ge-
nomes showed that they fell into well-de ned sub-lineages
within each serovar (Paratyphi C: PC-1, PC-2; Choleraesuis:
CS Kunzendorf, CS sensu stricto, CS-3; Typhisuis: TS-1, TS-2)
(Figure 2B). We also calculated a pan-genome, which was
used to map the SK152 metagenomic reads after initial process-
ing and de-duplication. Mapping identi ed 1,030,108 unique
Salmonella reads in teeth (0.05%-0.18% of all reads) or the
femur (0.01%), but not in dental calculus (Table 1). All of these
reads were speci c to Paratyphi C and covered 98.4% of a refer-
ence Paratyphi C genome (RKS4594) with a mean read depth of
7.3-fold (Table 1). To avoid spurious SNP calls associated with
DNA damage, we only called SNPs in the Ragna genome that
were covered by at least two reads, resulting in 95% coverage
of RKS4594 (Figure S2).



Table 1. Reads Specibc to

S. enterica within Metagenomic Sequences of Samples from SK152

No. of Total unique

No. of

unique Mean read Genome

See also Figure S1 for archaeological information and dating estimates for the burial of SK152. N/A: Not applicable

Our data demonstrate that Paratyphi C bacteria caused hu-
man infections in Norway 800 years ago, and their presence in
both teeth and bones suggests that SK152 died of septicemia
associated with enteric fever. Paratyphi C aDNA from 1,545 CE
has also been recently described from mass graves in Mexico
[19], consistent with a continuous history of systemic human dis-
ease associated with this pathogen.

Pan-genomic Stability

The selective pressures associated with local ecological interac-
tions are thought to cause variation of gene content in microbes
[20]. We therefore anticipated that 800 years of evolution would
have resulted in dramatic differences in gene content between
Ragna and modern Paratyphi C genomes, and we expected
even greater differences between Paratyphi C and the other
clades of the Para C lineage. Surprisingly, 78% of the 4,388 +
99 genes (total length 4.8 £ 0.08 Mb) in a Para-C-lineage genome
were intact core genes, and only 604 core SNPs distinguished
Ragna from the MRCA of modern Paratyphi C (Figure 3). Some
core genes are universally present in the Para C lineage plus
Birkenhead even though they belong to mobile genetic elements
that are variably present in other Salmonella, e.g., the pathoge-
nicity islands SPI-1 to SPI-6, SPI-9, and SPI-11 to SPI-14 (Fig-
ure 2B). Similarly, the virulence plasmid was present throughout
the Para C lineage except for Typhisuis sub-lineage TS-2.
A further constant feature of the Para C lineage was the absence
of genes encoding typhoid toxin, which is thought to trigger
enteric fever by serovars Typhi and Paratyphi A [21].

Other studies have indicated that microbial host adaptation is
accompanied by the accumulation of pseudogenes [ 22], driven
by the streamlining of genes that are no longer necessary for
the infection of multiple hosts [ 23], or by rewiring of transcrip-
tional regulation [24]. The 2,964 representative Salmonella
genomes contained a median of 40-60 pseudogenes. The
numbers of pseudogenes were unexceptional for the most
recent common ancestors (MRCASs) of the Para C lineage (25
pseudogenes) or of Paratyphi C, Choleraesuis plus Typhisuis
(69 pseudogenes) Figure S3C), suggesting that neither of these
MRCAs was adapted to any particular host. However, the
MRCAs of the individual serovars may well mark the beginnings

of host adaptation because they were associated with higher
numbers of pseudogenes (Choleraesuis: 95; Paratyphi C: 116;
Typhisuis: 181). These pseudogenes may simply represent func-
tions that are not required for infection of their individual hosts or
may even have contributed to host speci city.

We also attempted to identify mobile genetic elements in the
accessory genome of the Para C lineage that could account
for their differential host speci cities. The 3,901 accessory genes
clustered together within 227 Gls (genomic islands and other
mobile elements), including 37 plasmids, 32 prophages, 16
IMEs (integrative and mobilizable elements), SPI-5 to SPI-7,
and two ICEs (integrative and conjugative elements) (Table S2).
Parts or all of these Gls were acquired or lost on 311 independent
occasions. However, at least 60% of gains or losses are unlikely
to be important for host speci city because they were restricted
to a single genome (Table S2), and most gains or losses were
very recent (Figure S3B). Most of the other gains or losses are
also unlikely to represent successful evolutionary changes in
virulence or host speci city because, as in other Salmonella
[25-27], they were restricted to individual sub-lineages, and
sister sub-lineages differing in the possession of those genes
are also prevalent in invasive disease (Figure 2B). For example,
Paratyphi C is more virulent for mice after lysogenization up-
stream of pgtE by a P22-like prophage, SCP-P1 [28] (here
Gl076), whose gene product prevents opsonization [29]. How-
ever, GI076 is absent from half of the Paratyphi C genomes,
including Ragna (Figure 2B). Similarly, the PmH102 allele of a
type 1 mbrial adhesin facilitates speci ¢ adhesion to porcine
cells by serovar Choleraesuis [30], but PmH is totally lacking in
CS sensu stricto. Indeed, none of the inferred virulence factors
and Gls seemed likely to be consistently related to differential
virulence or host speci city ( Table S3), with the notable excep-
tions of SPI-7 and SPI-6.

SPI-7 (GI107) is a pathogenicity island which encodes the
Vi capsular polysaccharide in serovars Typhi, Paratyphi C
(including Ragna), and Dublin. Vi might promote enteric fever in
humans because it prevents the opsonization and clearance
that is triggered by binding of the C3 component of complement
to lipopolysaccharide [ 31]. The presence of SPI-7 in all Paratyphi
C, and its absence from all Typhisuis and Choleraesuis, suggests
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