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Title: Characterization and cartography of the global genetic

diversity, evolution and spread of Yersinia pestis

Abstract

Plague is a severe zoonotic infectious disease caused by the gram-negative bacterium

Yersinia pestis. Mostly known by its pandemic past, Y. pestis has spread from Central Asia

in multiple occasions and it has successfully established in persistent endemic areas present

in Asia, Africa, and the Americas, where plague represents a threat for public health. The

patterns of global genetic diversity and spread of Y. pestis have not been characterized in

detail yet, as some lineages and important endemic areas were missed in previous genomic

studies. Here, we generate whole-genome sequences of more than 1000 Y. pestis isolates

collected over more than 100 years from major endemic areas of plague. Together with most

of the available modern and ancient genomes in public repositories, we conduct the largest

phylogenomic analysis of Y. pestis to date. We refine the species population structure by

identifying new clades and infer routes of spread of plague in regions that were overlooked

in previous studies, notably in Africa. We also characterize new signatures of expansion

and functional diversification within lineages, identifying functional variants in lineages that

had been poorly sampled before. By using different genomic approaches, we identify specific

gene repertories in different lineages and characterize the expansion of insertion sequences

(IS) during Y. pestis evolution, particularly within the 1.ANT lineage where we describe an

enrichment in IS-driven gene interruptions. In the present study, we also apply phylody-

namic and phylogeographic approaches to uncover the evolution and spread of Y. pestis in

Vietnam, using hundreds of isolates recovered across four decades in the context of extensive
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human plague outbreaks and animal surveillance efforts. We identify a major clone that

circulated during major outbreaks in the country and describe contrasting patterns of Y.

pestis spread between the period of maximal incidence of plague, compared to the decades

following the issue of the Vietnam War. Our results support the hypothesis that the rapid

large-scale spread of Y. pestis in Vietnam was human-mediated and that it determined the

long-term persistence of plague in the last decades of the past century. This work provides

unprecedented insights into the evolutionary mechanisms that have shaped the current di-

versity within the Y. pestis species and describes the use of new frameworks for the study

of Y. pestis maintenance and spread in epidemic and endemic contexts.

Keywords

Plague, Yersinia pestis, genomics, evolution, phylogenetics, molec-

ular epidemiology, whole-genome sequencing
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Titre: Caractérisation et cartographie de la diversité génétique

globale, évolution et dispersion de Yersinia pestis

Résumé

La peste est une maladie infectieuse zoonotique grave causée par la bactérie gram-négative

Yersinia pestis. Notamment célèbre en raison de son passé pandémique, Y. pestis s’est

propagée depuis l’Asie centrale à plusieurs reprises et s’est établi avec succès dans des zones

endémiques présentes en Asie, en Afrique et dans les Amériques, où la peste représente une

menace pour la santé publique. La diversité génétique et la propagation de Y. pestis n’ont

pas encore été caractérisées en profondeur, car certaines lignées et zones endémiques im-

portantes ont été omises dans les études génomiques précédentes. Dans cette étude, nous

avons généré des génomes complets de plus de 1000 souches de Y. pestis collectées au long

de 100 ans dans les principales zones endémiques de peste. En combinant ces génomes avec

la plupart des génomes modernes et anciens disponibles dans les bases de données publiques,

nous effectuons la plus grande analyse phylogénomique de Y. pestis à ce jour. Une mise

à jour de la structure de la population de l’espèces a été effectuée en identifiant de nou-

veaux clades, et des nouvelles routes de propagation de la peste ont été identifiées dans des

régions qui ont été négligées dans les études précédentes, notamment en Afrique. Nous car-

actérisons également des nouveaux signaux d’expansion et de diversification fonctionnelle au

sein des lignées, en identifiant des variantes fonctionnelles dans des lignées qui avaient été

peu échantillonnées auparavant. En utilisant différentes approches génomiques, nous identi-

fions des répertoires de gènes spécifiques dans différentes lignées et caractérisons l’expansion

de séquences d’insertion (IS) au cours de l’évolution de Y. pestis, en particulier au sein de la

lignée 1.ANT où nous décrivons un enrichissement en interruptions de gènes induites par IS.
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Dans la présente étude, nous appliquons également des approches phylodynamiques et phy-

logéographiques pour analyser l’évolution et la propagation de Y. pestis au Vietnam, en util-

isant des centaines de souches collectées sur quatre décennies dans le contexte d’importantes

épidémies de peste et durant des travaux de surveillance chez l’animale. Nous identifions

un clone principal qui a circulé lors des épidémies majeures dans le pays et décrivons des

différentes dynamiques de propagation de Y. pestis entre la période d’incidence maximale

de la peste et les décennies qui ont suivi l’issue de la guerre du Vietnam. Nos résultats

soutiennent l’hypothèse selon laquelle la propagation rapide et à grande échelle de Y. pestis

au Vietnam était d’origine humaine et qu’elle a déterminé la persistance à long terme de la

peste au cours des dernières décennies du siècle dernier. Ce travail fournit des informations

sans précédent sur les mécanismes et les évènements évolutifs qui ont façonné la diversité

actuelle au sein de l’espèce Y. pestis et décrit l’utilisation de nouvelles méthodes pour l’étude

de la dispersion et du maintien de Y. pestis dans des contextes épidémiques et endémiques.

Mots clés

Peste, Yersinia pestis, génomique, évolution, phylogénie, épidémiologie

moléculaire, séquençage
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Résumé long

La peste est une maladie infectieuse zoonotique grave causée par la bactérie gram-négative

Yersinia pestis et transmise par des ectoparasites, notamment différentes espèces de puces.

La peste est l’une des maladies connues les plus anciennes pour l’homme, tant qu’elle est

considérée la seule maladie infectieuse épidémique caractérisée par la présence de ganglions

inflammés, appelés ”bubos”, ce qui donne le nom a la forme principale de la maladie, connue

sous le nom de peste bubonique. Notamment célèbre en raison de son passé pandémique, la

peste a en effet été la cause d’au moins trois pandémies historiques. La première, ou peste

du Justinien, a touché la région méditerranéenne aux 6e et 8e siècles, tandis que la deuxième

pandémie (qui démarre par la Peste Noire) causa la mort d’entre 30-50% de la population

européenne au Moyen Age (14e-18e siècles). Enfin, la troisième pandémie démarre en Chine

vers la fin du 19e siècle et se propage à échelle mondiale grâce aux routes de transport

maritime en plein développement. Aujourd’hui, la peste représente toujours un risque pour

la sante publique dans plusieurs pays où la maladie s’est établie de façon endémique. La

peste existe surtout en tant que maladie des rongeurs qui servent de réservoir principal du

bacille Y. pestis, à partir desquels la transmission zoonotique vers les humains a lieu de

manière accidentelle. En effet, la peste circule de façon active dans le réservoir animal dans

les régions du monde communément appelées foyers , qui touchent une trentaine de pays

dans le globe qui ont notifié des cas de peste humaine dans les dernières 30 années. Les

puces représentent des éléments clés pour l’écologie et la transmission de la peste, car elles

servent de vecteurs majeurs pour la transmission de Y. pestis chez les rongeurs, ainsi que
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pour la transmission zoonotique de ceux derniers vers les populations humaines qui habitent

dans les zones endémiques. En raison de son réservoir animal et de sa nature zoonotique,

la peste reste une maladie qui ne peut probablement pas être éradiquée, ce qui justifie la

nécessite de surveiller de façon continue la présence et distribution de Y. pestis dans les foyers

endémiques, ainsi que de poursuivre la recherche sur son risque épidémique et transmission,

le risque d’antibiorésistance ainsi que des stratégies prophylactiques. L’épidémie de peste

à Madagascar en 2017 sert d’exemple de ce risque de réémergence épidémique de la peste

dans un pays endémique et de sa capacite de propagation jusqu’aux zones urbaines, ce qui

peut éventuellement porter à la propagation de la maladie à l’échelle internationale dans un

contexte de mouvements humains globalisés. Les pays qui ont notifié le plus de cas de peste

humaine dans les dernières 25 années sont en effet Madagascar, la République Démocratique

du Congo, la Tanzanie et l’Ouganda, mais des cas sporadiques de peste chez les hommes

ont eu aussi lieu dans les dernières années en Chine, Mongolie, Pérou ou encore les Etats

Unis, ce qui montre l’ampleur de la distribution globale de la maladie aujourd’hui. La peste

demeure aujourd’hui une maladie liée à la pauvreté, car c’est dans des régions isolées et

parfois politiquement instables où les populations humaines continuent à habiter dans des

cabanes, exposées au contact avec des rongeurs sylvatiques et domestiques et leurs parasites

qui peuvent être vecteurs de maladies comme la peste. Le contrôle de la peste humaine dans

les régions endémiques nécessite donc des approches de santé globale, y compris la surveil-

lance du pathogène et sa distribution, le développement d’outils de diagnostic rapide, des

méthodes prophylactiques efficaces, des connaissances sur les relations entre hôte, vecteur et

pathogène, ainsi que d’une maitrise pratiques culturelles humaines.

La bactérie Y. pestis est une gammaprotéobactérie anaérobique facultative et non-motile qui

appartient au genre Yersinia. Le genre Yersinia est composée de 26 espèces identifiées et com-

prends trois lignées qui sont des pathogènes majeurs chez l’homme et d’autres mammifères

: Y. pestis, l’agent de la peste, et Y. pseudotuberculosis et Y. enterocolitica, qui causent des
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yersinioses entériques. Le genre Yersinia reste un exemple intéressant d’acquisition parallèle

des mécanismes de pathogénicité dans ces lignées qui sont pathogènes chez l’homme. Cette

acquisition des capacités de pathogénicité est associée à l’acquisition du plasmide pYV, qui

contient les gènes responsables de l’expression du système de sécrétion de type 3 (T3SS)

ainsi qu’à des protéines effectrices, et de l’̂ılot de pathogénicité qui contient le sidérophore

Yersiniabactin. Le séquençage du génome complet de la souche de référence CO92 révéla

d’importants détails sur les caractéristiques génétiques et évolutives de Y. pestis, à savoir,

des évidences de sa plasticité génétique, l’accumulation de pseudogènes, l’enrichissement

en séquences d’insertion, ainsi que la présence de trois plasmides de différentes origines. Ce

génome de référence consiste d’un chromosome de 4,65 Mbp et de trois plasmides (pYV : 70,3

kbp ; pMT1 : 96,2 kbp ; pPla : 9,6 kbp). La comparaison des séquences géniques entre des

souches de Y. pestis et de Y. pseudotuberculosis montra que Y. pestis ne serait donc qu’un

clone de Y. pseudotuberculosis qui aurait acquis des mécanismes de virulence spécifiques lui

conférant un phénotype d’infection et de transmission qui permettent d’expliquer son extrême

pathogénicité et signes cliniques différents de ceux des infections par Y. pseudotuberculosis.

L’émergence de Y. pestis à partir de son ancêtre Y. pseudotuberculosis est effectivement

caractérisée par des évenements d’acquisition de nouveaux gènes par transfert horizontal

(notamment les plasmides pMT1 et pPla), ainsi que par la réduction génomique menant à

l’inactivation et la perte d’expression de plusieurs facteurs (environ 10% des gènes ont été

inactivés chez Y. pestis par rapport à Y. pseudotuberculosis). Ces évènements moléculaires

marquent la transition d’un mode de vie et de transmission typique d’un pathogène gas-

trointestinal vers celui d’un pathogène adapté à la colonisation d’une nouvelle niche, celui

du tracte digestif des puces qui deviennent son vecteur principal de transmission.

L’entrée dans l’ère génomique a permis la génération de données de séquençage à haut

débit pour plusieurs centaines de souches de Y. pestis au cours de la dernière décennie.

L’usage de marqueurs moléculaires stables et distribués au long du chromosome tels que
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des polymorphismes par mutations ponctuelles (SNP) a permis pour la toute première fois

d’identifier les principales lignées évolutives et de caractériser leur distribution géographique

et dissémination en dehors de l’Asie à plusieurs reprises. Ces analyses précédentes se sont

basées sur un nombre réduit de souches de Y. pestis collectées notamment dans l’Asie, et

qui ont montré l’évolution clonale du pathogène au niveau de l’espèce, avec des lignées

représentées par des branches qui émergent d’une branche évolutive centrale dans la phy-

logénie de Y. pestis. La nomenclature couramment utilisée pour classifier les génomes dans les

lignées identifiées s’est basée sur ces analyses, et prend la branche principale d’appartenance

du génome (0-4) ainsi que la biovar basée à priori sur la capacité de certaines lignées à

dégrader des sucres particuliers (biovars ORI, ANT, MED, PE, IN). De même, ces analyses

suggèrent un possible origine de l’émergence de Y. pestis quelque part en Chine ou en Asie

Centrale, ainsi que la dissémination d’une lignée clonale, 1.ORI, au niveau global durant la 3e

Pandémie (1855-jusqu’à présent). Les analyses phylogénomiques représentent par conséquent

des approches particulièrement intéressantes pour analyser la diversité génétique du bacille

de la peste, pour comprendre sa maintenance et dispersion, ce qui peut éventuellement ap-

porter des informations de valeur pour comprendre l’épidémiologie de la peste. De plus, le

développement des analyses paléogénomiques dans les années récentes a permis la recon-

struction des premiers génomes et métagénomes anciens de Y. pestis à partir des ADN isolés

de victimes associées à des pandémies historiques de peste en Europe, et sporadiquement

dans des échantillons d’ADN ancien du Néolithique. Ces analyses ont permis non seulement

de prouver la présence de Y. pestis lors de ces pandémies historiques et d’autres périodes

historiques, mais aussi d’utiliser ces analyses génomiques pour inférer les lignées évolutives

de Y. pestis qui ont causé ces pandémies historiques, notamment la peste du Justinien et les

pestes du Moyen Age (deuxième pandémie).

Malgré ces avancements récents, notre compréhension de la diversité génétique et de l’évolution

de l’espèce Y. pestis s’avère incomplète car des régions endémiques importantes ont été omises
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ou peu couvertes dans des analyses génomiques précédentes, ce qui limite une connaissance

plus approfondie des dynamiques de maintien et dispersion de ce pathogène. En outre, les

études ayant analysé les variations génomiques altérant la fonction des gènes (et donc cau-

sant des potentielles différences entre souches menant à des changements d’adaptation ou de

virulence) se sont basées sur l’analyse d’un faible nombre de génomes, ce qui a pu limiter

l’identification de mutations présentes dans des lignées qui étaient absentes dans ces analyses.

L’objectif principal de cette thèse était donc de générer un ensemble de données génomiques

nous permettant de développer des comparaisons de génomes de Y. pestis à l’échelle de

l’espèce, y compris la diversité qui est disponible actuellement avec les ADN anciens. Dans

ce but, nous avons séquencé le génome complet de plus de 1000 souches de Y. pestis d’une

collection globale de souches collectées au long du dernier siècle jusqu’à nos jours (1899-

2017), et qui comprend des importantes régions endémiques de peste présentes parmi 29

pays représentés dans la collection. Tout prenant une perspective génomique et d’évolution

moléculaire, nous développons d’abord dans un premier manuscrit une caractérisation de la

diversité génétique, de la distribution géographique et de l’histoire évolutive de Y. pestis,

afin de réponde à des questions qui font partie de la compréhension de l’évolution globale

de Y. pestis et de l’épidémiologie de la peste. Nous avons donc reconstruit l’analyse phy-

logénomique la plus complète de l’espèce Y. pestis (plus de 2800 génomes), en ajoutant les

données générées dans ce projet avec celles disponibles dans les bases de données publiques.

En se concentrant sur des centaines de génomes de souches isolées lors de la Troisième

Pandémie, nous retraçons l’évolution et dispersion d’une sous-lignée qui représenterait une

des vagues de dispersion de cette pandémie et qui serait introduite parallèlement en Afrique,

en Amérique du Sud et sporadiquement en Europe vers la fin du 19e siècle, d’après nos

estimations issues de phylogénies datées. Nous avons apporté pour la toute première fois

une estimation de l’émergence et de l’évolution de la lignée 1.ANT qui circule notamment en

Afrique Centrale et de l’Est, ce qui servira de base pour répondre à des questions concernant
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le possible origine et route d’introduction de cette lignée dans le continent Africain. En effet,

l’évolution globale des lignées de Y. pestis est marquée par leur histoire de dispersion dans

des nouvelles régions. Nous avons montré que les différentes lignées présentent aussi des

différentes longueurs de branches terminales dans les phylogénies, ce qui pourrait être in-

terprété comme un nouvel indicateur du degré d’expansion des lignées de Y. pestis. D’autre

part, nous développons une analyse intégrée de différents mécanismes de variation génomique

sur des centaines de génomes de Y. pestis afin de révéler des possibles signaux de diversifica-

tion et d’adaptation chez Y. pestis. Nous avons observé un enrichissement en mutations dans

des gènes codant des facteurs de réponse aux stresses parmi des génomes des lignées 1.ORI

et 1.ANT et nous identifions plusieurs gènes associés à la virulence des Yersinia parmi les

gènes ayant accumulé le plus de mutations parmi les génomes analysés. De même, l’analyse

pangénomique de plus de mil génomes apporte des nouvelles évidences que les différentes

lignées se caractérisent par la présence de répertoires géniques spécifiques. Nous montrons

enfin que le nombre de copies d’éléments d’insertion (IS) n’a pas cessé d’augmenter au long de

l’évolution de l’espèce Y. pestis, contribuant à l’inactivation de certaines fonctions géniques,

notamment pour la lignée 1.ANT. Les effets spécifiques de ces variations génomiques sur

l’adaptation et virulence de Y. pestis seront explorés dans des prochains études.

D’autre part, des analyses phylodynamiques et phylogéographiques peuvent servir pour com-

prendre la maintenance et la dispersion de Y. pestis dans des pays où la peste est endémique.

Dans le deuxième manuscrit, nous explorons les dynamiques évolutives et la dispersion de

Y. pestis à partir de centaines de souches isolées au siècle dernier au Vietnam, qui fut l’une

des régions de peste les plus actives dans le siècle passé. Nous démontrons l’émergence et

circulation d’un clone majeur dans le pays lors des importantes épidémies de peste dans la

décennie de 1960, ce qui suggère des causes anthropogènes derrière la dissémination de ce

clone (appelé sc1). La dispersion rapide de ce clone majeur se déroula dans un contexte

de conflit armé prolongé dans le pays, et sa transmission et établissement dans des nou-
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velles aires géographiques mena à l’émergence de plusieurs lignées de Y. pestis (appelées

sc3-sc13) qui seraient responsables de la persistance de la peste au Vietnam jusqu’à la fin

du siècle dernier. Cette étude montre également la nécessité de maintenir la surveillance de

la circulation de Y. pestis dans les pays endémiques au long de plusieurs décennies afin de

mieux comprendre les dynamiques épidémiologiques et évolutives de Y. pestis dans les pays

endémiques.

En définitive, cette thèse montre que l’intégration des données génomiques de centaines ou

milliers de génomes comprenant des régions de peste historiquement actives reste essentiel

pour découvrir des évènements de variation génomique et des possibles signaux d’évolution

adaptative chez Y. pestis, ainsi que de caractériser la diversité génétique de ce pathogène

de la distribution de ses lignées. Ces efforts doivent être menés davantage grâce à la collab-

oration entre plusieurs acteurs, de ceux chargés de maintenir la surveillance dans les pays

endémiques jusqu’à ceux chargés de développer des approches d’épidémiologie génomique, ce

qui permettrait de développer une connaissance plus approfondie des dynamiques de main-

tenance et dispersion de la peste et éventuellement d’informer des mesures de contrôle de la

maladie plus efficaces.
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pati d’institut no hem abandonat mai aquest humor i ganes de viure que mos varen juntar.

Lo que ha faltat més en aquests quatre anys han estat tots els moments en els que no he

pogut compartir amb vosaltres com solem fer.

A la meva familia, que m’ha donat el privilegi de poder decidir el meu propi cami i donat

suport en totes les decisions: el que m’ha duit a avui escriure això no deixa d’estar impregnat
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Chapter 1

Plague

Plague is a vector-borne zoonotic disease which is transmitted by ectoparasites, mostly differ-

ent species of fleas, to a variety of wildlife rodents. Transmission within rodent communities

creates natural reservoirs for plague, which are present widely around the world and en-

sure the maintenance of the disease (1). Caused by the gram-negative bacterium Yersinia

pestis, plague is one of the oldest known diseases in human history (2), likely being the only

epidemic-causing disease characterized by the presence of swollen lymph nodes known as

buboes that appear in the groin or armpit (figure 1.1). This feature gives its name to the

main form of the disease known as Bubonic plague. However, plague has diverse clinical

manifestations, including septicemic infection (septicemic plague), and pneumonic infection

(pneumonic or pulmonary plague). The word plague, derived from its Latin form plaga,

meaning “malignant disease”, “destruction” or “wound”, and has been coined since the an-

cient times to refer to a variety of scourges or diseases in humans and animals (see Horobin

S.). Alternatively, the term pestilence, derived from Latin pestis, has also been used to re-

fer to the disease and therefore gives its name to its etiological agent, the plague bacillus

Yersinia pestis. Indeed, any of the terms plague, pestilence and pest have been generally

used to describe catastrophic events in the past (3). This portrayal of plague in our common

language can be understood by the devastating effects of plague pandemics in history (see
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section 2.3.2.).

Figure 1.1. Location of the buboes in human plague. As indicated, the print was obtained from the
1519 French version of the ”Regime against pestilence, done and composed by the doctors from the
city of Bale”, extracted from (4).
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Section 1.1

Plague epidemiology and distribution

Plague still represents a threat in public health in numerous countries in which the disease

is endemic. Existing first as a disease of wild rodents, plague is maintained within rodent

populations that serve as the main reservoir of the disease, from which zoonosis can occur

(1). Fleas represent key elements in plague ecology and transmission, acting as major vectors

of Y. pestis transmission within rodent reservoirs (5). Plague actively circulates within the

animal reservoir in regions of the world frequently called in the literature as natural plague

foci (6). Therefore, countries considered to endemic for plague are those in which natural

foci are present and co-exist with human populations, creating thus a risk of human plague

(see the WHO site). At the present day, about 33 countries may be considered endemic for

plague, since they have at least one natural plague focus (having shown signs of activity

in the last 30 years)(7). Despite not being a WHO-notifiable disease since 2005, plague is

subject to International Health Regulations and the occurrence of suspect cases of pulmonary

plague in any country and suspect cases of plague in areas not considered to be endemic

for plague must be notified to the WHO (8). Concerning the clinical manifestations of

plague in outbreaks, declared cases of plague altern between bubonic form and less frequent

pneumonic form of the disease (9). However, pneumonic plague has been responsible of

worrisome urban plague outbreaks, since it allows interhuman transmission from pneumonic

cases to close contacts and can therefore lead to a rapid expansion of the disease (10, 11),

whereas bubonic forms are mostly associated to sporadic plague cases (7).

Overall, human plague incidence around the world in the recent decades appears to

decline. This may be explained by the occurrence of plague cases mostly in remote areas,

which makes epidemic events less likely, as well as the deployment of surveillance and response

efforts in endemic countries such as Madagascar (7, 11). It is however important to note

4
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that the distribution of human plague incidence is far less noticeable than the distribution

of the plague endemic foci: if about 33 countries appear to host endemic areas of plague,

only 5 countries declared human plague cases in 2018. Indeed, areas at risk of plague are

diverse and vast in extension, yet some characteristics are common to most known plague

foci (2). Endemic foci are frequently found I) in low-populated or remote rural areas, II) at

higher altitudes relative to the rest of the country and III) within arid or semiarid areas with

limited average precipitation (12–18). It has been recently pointed out that high soil salinity

co-localize with plague outbreaks in the US (19), in agreement with the observed resistance

of Y. pestis to high salinity (20). Most importantly, active plague foci require indeed the

presence and survival of Y. pestis bacteria, one or more rodent reservoir species and one or

more competent ectoparasite vector. Vector competence represents the ability of a vector to

transmit a disease and hence determines its transmission potential (21).

Plague in Africa. In the last 25 years (data from 1994-2018), 45 262 cases of human

plague have been notified to the WHO by 25 different countries in Africa, Asia and the

Americas (7, 8, 22, 24) (figure 1.2A). The African continent alone has experienced most

cases worldwide (91%), being Madagascar and in the Democratic Republic of Congo (DRC)

at the head of plague incidence (16, 23). Madagascar has experienced plague cases every

year, with plague foci distributed within the central highlands of the island, mainly dis-

tributed within the Tsiroanomandidy and the Ambositra districts (25). This triangle of

plague endemic areas is linked to the presence of two flea species that are vectors of plague,

Xenopsylla cheopis and Synopsyllus fonquerniei, which are present at high elevations but not

in lower and in the coast of Madagascar (26) Competent species of fleas are considered re-

sponsible for the maintenance and spread of plague among rodent populations (Rattus rattus

and Rattus norvegicus) in Madagascar endemic areas, contributing to the risk of zoonosis to

humans (27). Consequently, most cases of plague in Madagascar are bubonic (transmitted

from rodents mostly by flea bites), that in some cases may progress to pulmonary forms
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No plague cases declared between 1994-2018

More than 10000 cases declared between 1994-2018

1001  to  10000 cases declared between 1994-2018

501  to  1000 cases declared between 1994-2018

101  to  500 cases declared between 1994-2018

1  to  100 cases declared between 1994-2018

Figure 1.2. A: World map with countries colored based on cases of human plague declared to the
World Health Organization (WHO) in the last 25 years of available reports (1994-2018). B: Incidence
of plague in the last 25 years. The bars summarize the total recorded cases of human plague reported
to the WHO (1994-2018). Based on available data from the WHO (7, 22, 23) (see the Weekly
Epidemiological Records).

(28). In 2017, however, Madagascar experienced a plague outbreak of unusual size consist-

ing mostly of pulmonary plague cases, which affected urban areas including the capital city

Antananarivo (11). This outbreak raised concerns regarding the confirmed human-to-human

transmission of pulmonary plague occurring in urban areas (7), especially in populated cities

near ports and airports where international spillover may occur. The last concerning episodes
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of urban plague in Madagascar had been observed in the 1990s within and near the seaport

city of Mahajanga in the north of the island, where the pathogen appeared to have been

imported in multiple occasions from the endemic areas in the central highlands (29).

After Madagascar, the DRC has notified most cases of plague in Africa (figure 1.2B),

mainly present in remote areas of the Orientale province of the country, with sporadic out-

breaks occurring in Ituri (14, 30, 31). Plague cases also recurrently occur on the other side of

the DRC border, in the West Nile region in Uganda (12, 32, 33). These dispersed and local-

ized, yet stable plague endemic foci in DRC and neighboring Uganda appear to be within the

oldest known focus in the African continent and probably have a common origin shared with

other Central and Eastern African plague endemic areas in Kenya, Tanzania, and Zambia

(see section 2.2.2.). In the 1990s, human plague cases rose in several African countries in-

cluding Madagascar, DRC, Tanzania, Mozambique, Uganda, Zambia and Zimbabwe (34–38),

which may be explained by either increase in plague activity and improvements in notifica-

tions to the WHO in areas that were less monitored in the past despite being endemic for

plague (16). In the last years, plague has also been reported in Northern Africa. In 2003.

Algeria notified a small outbreak (23, 39), as it occurred later in 2008 (40). In 2009, neigh-

boring Libya also declared a limited plague outbreak near Tobruk, raising the question of a

possible expansion of the plague focus in neighboring Algeria, which was active the previous

year. Molecular typing of Y. pestis isolates from Algerian and Libyan outbreaks revealed

that two different genotypes circulated respectively in each of the countries (41), suggesting

that plague foci in these two countries of the Maghreb region are independent.

Plague in Asia. Plague endemic foci are also active in several Asian countries. China has

experienced human plague cases almost every year in the last decades. The Inner Mongolia

Autonomous Region natural focus has been active in the recent years, with bubonic and

pulmonary plague cases occurring in 2020 and 2019 (42). This raised concerns when the first

confirmed case of pulmonary plague was imported from this area to the major city of Beijing
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(43). The small outbreak, with 4 cases, was related to the contact with an infected hare in

the Inner Mongolian plague focus, mostly characterized for the presence of gerbils Meriones

unguiculatus serving as a major reservoir of animal plague (44, 45). The Yunnan province

was the birthplace of the expansion of plague around the world by the second half of the

19th century (46). Outbreaks of human plague have been reported in Yunnan until 2016

related to the exposure to infected house rats (Rattus flavipectus), that are main reservoirs

of animal plague in Yunnan (47). It is however the Qinghai-Tibet plateau the largest animal

plague focus in terms of extension present in China (17). This vast area is the one at highest

risk of human plague in China, where Marmota himalayana marmots are considered major

reservoirs of animal plague. Several outbreaks in human have been reported in the area,

that were associated to the contact with infected Tibetan sheeps (Ovis aries) that appear

to be important intermediate hosts between reservoir marmots and humans in this focus

(48). Marmots are indeed important animal reservoirs of plague in Asia. In Mongolia, two

fatal cases of plague occurred in 2019 associated with the consumption of raw marmot meat

and organs, being one of few cases recorded of Y. pestis infection via the oral route (49).

Rodent surveillance in Mongolia revealed a remarkable prevalence of Y. pestis, notably in the

western regions such as Bayan Ulgii (49), whereas most of recorded cases of human plague

appear to be traced to contact with infected marmots (15, 50). A similar situation occurs in

neighboring Russia (Gorno-Altai and Tuva mountains) and Kyrgyzstan (Tien Shan, Alai and

Talas mountains), where cases of human plague have also been traced to marmots (51, 52).

Despite the decline observed since the entry into the 21st century, plague foci were still

very active in South-East Asia by the decade of 1990s (figure 1.2B) (8). The southern

provinces of Vietnam have experienced important epidemics in the past and they are con-

sidered endemic regions of the disease (notably the Central Highlands region). In the 1960s,

human plague cases in Vietnam accounted for around 90% of plague incidence worldwide

(22). No cases of human plague have been recorded in Vietnam since 2002, and no Y. pestis
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could be isolated between 2001 and 2006, suggesting that the plague focus in Vietnam may

have entered a period of silence (18). Like the Madagascar endemic foci, plague in Vietnam

is driven by the dynamics of rat populations (R. rattus), that act as reservoirs, and that of

the oriental flea (X. cheopis), that act as major vector of the disease (18). After important

epidemics early in the 20th century, plague re-emerged in India in 1994 causing 876 cases

and 54 deaths (22). Affecting mostly the city of Surat in the Gujarat state, the outbreak

of pneumonic and bubonic plague caused panic into the local population when nearly 500

000 residents of Surat fled the city trying to escape the disease (53). An earthquake and

important floods that occurred in the Gujarat region the previous year are believed to have

disturbed the equilibrium of rodent populations in this plague focus, which may then have

created the conditions for zoonoses to neighboring human populations in the 1994 outbreak

(22).

Plague in the Americas. In the Americas, a total 1073 human plague cases have been

notified in the last 25 years by Peru, the United States, Brazil and Bolivia (8, 22). Peru

dominates the plague picture in the Americas, recording plague in humans almost every

year. Reservoirs of animal plague in Peru include guinea pigs (Cavia porcellus) and black

rats (R. rattus) (54). In 2010, an outbreak of four pneumonic plague cases (two of them

of nosocomial origin) were recorded in La Libertad region (55), where a plague outbreak

had already occurred the previous year (56). Vast areas in the Western part of the United

States (US) are considered endemic for plague, including the states of New Mexico, Arizona,

Colorado, California, Oregon and Nevada, where most plague cases in humans are sporadic

and appear in the bubonic form (57) (see the CDC Maps and statistics). Although the

maintenance of plague in animal reservoirs in North America is not fully understood, plague

activity is usually documented in mammals such as ground squirrels (Spermophilus spp.)

or prairie dogs (Cynomys spp.), mediated by fleas (Oropsylla spp.) as main vectors in the

US (58). The north-eastern coast of Brazil (regions of Alagoas, Bahia, Ceara, Minas Gerais,

9
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Paraiba, Piaui, Pernambuco and Rio Grande do Norte) is endemic for plague and experienced

human plague cases until the very end of the 20th century (58). Plague in Brazil is limited

to foci in rural areas, where despite the restricted human plague cases declared in the recent

years, serological surveys indicate that these foci are still active (59). These foci would be

sustained by endemic circulation of Y. pestis within black rats (R. rattus) and local wildlife

rodents such as Necromys lasiurus, Calomys expulsus and Monodelphis domestica. (60).

Plague in Europe. Europe has not experienced human plague cases since the 1940s,

that corresponded mostly to outbreaks associated with introductions of the disease in major

ports during the 3rd plague pandemic (61). If plague disappeared from Western and Central

Europe, with no known sylvatic animal reservoirs to date, human and animal plague had

a different story in Eastern Europe, specifically in the Caucasus (62). The Caucasus and

Northern Caspian regions in present day Russia have a long-standing plague epidemic history

due to the establishment of stable plague foci in the area. Therefore, Russia has recurrently

experienced outbreaks early in the 20th century, and live Y. pestis bacteria have been isolated

from infected animals up to 2015, suggesting that animal plague foci in these areas in the

Caucasus are still active (63, 64). These foci appear to be related to a diverse range of animal

species including gerbils (Meriones meridianus, M. tamariscinus, Rhombomis opimus) and

the small souslik (Spermophilus pygmaeus), and main vectors are fleas Neopsylla setosa and

Citellophilus tesquorum (64).

Plague reemergence. A remarkable feature of plague is the observed pattern of reemer-

gence of the disease in humans after long periods of silence in endemic countries. Plague is

indeed considered a reemerging infectious disease since 1996 (65, 66) because of its natural

animal reservoirs and epidemic history. Known endemic areas of plague around the world

are therefore at risk for reemergence of the disease, where it represents an important threat

for public health (24). Plague reemergence in endemic areas also implies the risk of spread
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of the disease into areas that had never suffered from plague in the past. Several countries

have experienced a reemergence of human plague in the recent years: India in 1994 (after

30 years without declared cases), Algeria in 2003 (after > 50 years), Libya in 2009 (after 25

years) and Yunnan province in China in 2016 (after 10 years). Some of these events, such as

the 1994 outbreak in Surat, India, led to important social impact due to episodes of panic,

as well as an estimated 260 million dollars loss related to measures imposed to control the

outbreak (see the Surat Plague and its Aftermath). This highlights the important social and

economic cost associated to plague epidemics, notably in developing countries, which calls

for efficient and regular efforts to monitor and control the disease. The factors driving the

dynamics of silent periods and subsequent reemergence with spillover to human populations

are still major questions in plague epidemiology and highlight the complex ecological cycle

of plague (see section 1.2.). This cycle brings together the dynamics of rodent reservoir

and vector populations, which in their turn are influenced by climate and other ecological

variations, and finally human factors (1, 67–69).

Human socio-cultural and economic factors shall also be considered, as they can influence

the re-emergence of plague and its spread at local levels. Human plague represents at

the present-day a disease related to poverty. Present-day bubonic plague outbreaks occur

mostly in rural and remote areas, where ancient traditions and beliefs are still maintained

(70). It is indeed in those remote and sometimes politically disrupted regions in endemic

countries such as the Democratic Republic of Congo, Uganda, Tanzania or Madagascar where

human communities still live in simple mud houses, exposed to the contact with sylvatic and

domestic rodents, their parasites and pathogens they carry. The control of human plague

in endemic areas requires so global health approaches, including improved diagnostics tools

and case management, the development of prophylactic treatments (i.e.: vaccines) and a

thorough understanding of both human cultural practices and of the host-vector-pathogen

interplay (71).
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Section 1.2

Reservoirs, vectors and transmission cycle

1.2.1. Hosts & animal reservoirs of plague

The plague bacillus, Y. pestis, can be isolated in nature from different sources. More than

300 mammal species and even three bird species can serve as hosts and act as reservoirs

for plague (72)(figure 1.3). Most of these species are of the order of the rodents, whereas

several species of carnivores, lagomorphs, insectivores, and ungulates can also be infected

with Y. pestis. Regarding birds, known hosts are wheatears of the Oenanthe spp. genus

(73–75).

This incredibly diverse set of animal species that can act as hosts of plague also represents

a wide range of susceptibility of the different species to Y. pestis infection, hence contributing

differently to the dynamics of maintenance and transmission of plague around the world in

reservoirs. If some animals appear to be highly sensitive (73), many mammals appear to

have some degree of resistance to Y. pestis infection, such as particular species of marmots,

rats, gerbils, grasshopper mice, voles, dogs, raccoons and barders (2, 73). The degree of

resistance of these species to Y. pestis infection may reflect their long-term exposure and

species coexistence with Y. pestis in wildlife (76). For instance, it has been reported that

in Madagascar, black rats (R.rattus) from plague endemic areas exhibit high resistance

to Y. pestis infection compared to rats captured from non-endemic areas (26) and that

this resistance could be transferred to the offspring (77). Dogs appear to be relatively

plague-resistant and have been shown to develop antibodies against Y. pestis, although

they can eventually develop primary pneumonic plague and hence contaminate humans (78,

79). In contrast, some carnivores such as cats appear to be highly susceptible to Y. pestis

infection, which may help explaining the important pneumonic plague transmission from

ill cats to humans (80, 81). Gunnison’s prairie dogs are also highly susceptible to plague,
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being frequently found naturally infected in the United States (82, 83). Carnivores may be

infected by Y. pestis when ingesting contaminated rodents or by the bites of fleas laying

on their preys (84). In Northern Africa, Middle East and other Asian areas, camels have

been reported to be hosts of Y. pestis after exposure to contaminated rodent carcasses

or their excrement (3), although flea-borne transmission to camels has also been proved

experimentally (85). Consumption of raw camel organs of infected individuals can therefore

lead to the development of plague in humans (86), comparable to what has recently been

observed with consumption of raw organs of plague-infected marmots in Asia (49).

Rodent species

Acomys spp.

Aethomys spp.

Akodon spp.

Allactaga spp.

Alticola spp.

Ammospermophilus spp.

Apodemus spp.

Arvicanthis spp.

Arvicola spp.

Atlantorexus getulus

Bandicota spp.

Bathyergus spp.

Bolomy spp.

Brachytarsomys spp.

Callospermophillus spp.

Calomys spp.

Cardiocranius spp.

Cavia spp.

Caviella spp.

Cerradomys spp.

Cricetomys spp.

Cricetulus spp.

Cryptomys spp.

Ctenomys spp.

Cynomys spp.

Dasymys spp.

Dendromus spp.

Desmodillus spp.

Dipodomys spp.

Dipus sagitta

Echimys spp.

Eligmodonlia spp.

Ellobius spp.

Funambulus spp.

Galea spp.

Gerbilliscus spp.

Gerbillus spp.

Glaucomys spp.

Golunda spp.

Grammomys spp.

Graomys spp.

Graphiurus spp.

Hesperomys spp.

Holochilu spp.

Jaculus spp.

Jerboa spp.

Kerodon spp.

Lagostomus spp.

Lagurus spp.

Lasiopodomys spp.

Lemniscomys spp.

Lophuromys spp.

Marmota spp.

Mastomys spp.

Meriones spp.

Mesocricetus spp.

Microcavia spp.

Micromys spp.

Microtus spp.

Milardia spp.

Mus spp.

Mylomys spp.

Mystromys albicaudatus

Neotamias spp.

Neotoma spp.

Ochotona spp.

Oenomys spp.

Olygoryzomys spp.

Onychomys spp.

Oryzomys spp.

Otomys spp.

Otospermophilus spp.

Parotomys spp.

Pedetes spp.

Pelomys spp.

Perognallms spp.

Peromyscus spp.

Phyllotis spp.

Praomys spp.

Psammomys spp.

Rattus spp.

Reithrodontomys spp.

Rhabdomys spp.

Rhipidomys spp.

Rhombomys spp.

Saccostomus spp.

Scandentia spp.

Sciurus spp.

Sigmodon spp.

Spermophilus spp.

Steatomys spp.

Tachyoryctes spp.

Tamia spp.

Tamiasciurus spp.

Tartera spp.

Thallomys spp.

Thomomys spp.

Thrichomys spp.

Xerus spp.

Other animal hosts

Antilocapra americana

Bassariscus astutus

Camelus spp.

Canis spp.

Capra spp.

Cervidae

Crocidura spp.

Cynictis penicillata

Didelphis spp.

Equus spp.

Erinaceus spp.

Felis spp.

Lama glama

Lepus spp.

Loxodonta spp.

Lynx spp.

Macaca spp.

Martes spp.

Mephitidae spp.

Mephitis spp.

Monodelphis spp.

Mustela spp.

Odocoiledus spp.

Oenante oenante

Oryctolagus spp.

Ovis spp.

Pekaniapennanti spp.

Presbytis spp.

Procyon spp.

Puma spp.

Spilogale spp.

Suncus spp.

Suricata suricatta

Sus spp.

Sylvilagus spp.

Sylvisorex spp.

Syncerus spp.

Urocyon spp.

Ursus spp.

Vulpes spp.

Flea vectors

Aetheca wagneri

Amphipsylla spp.

Anomiopsyllus spp.

Atyphloceras spp.

Callopsylla spp.

Catallagia spp.

Ceratophyllus spp.

Chiastopsylla spp.

Citellophilus spp.

Coptopsylla spp.

Craneopsylla spp.

Ctenocephalides spp.

Diamanus montanus

Dinopsyllus spp.

Eumolpianus eumolpi

Foxella spp.

Frontopsylla spp.

Hectopylla spp.

Hoplopsyllus spp.

Hystrichopsylla spp.

Listropsylla spp.

Malaraeus spp.

Megabothris spp.

Megathroglossus spp.

Meringis spp.

Monopsyllus spp.

Neopsylla spp.

Neothyphloceras spp.

Nosopsyllus spp.

Odontopsyllus spp.

Opisocroslis spp.

Opisodasys spp.

Ochopeas spp.

Oropsylla spp.

Parapsyllus spp.

Pleochaetis spp.

Polygenis spp.

Psocopsylla spp.

Pulex irritans

Rhadinopsylla spp.

Stivalius spp.

Synosternus spp.

Thrassis spp.

Tiamastus spp.

Tritopsylla spp.

Xenopsylla spp.

Malaraeus spp.
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Monopsyllus spp.

Neopsylla spp.
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Figure 1.3. Schematic list of documented animal reservoirs, intermediate hosts and ectoparasite
vectors described in the literature.(2, 72)

1.2.2. Vectors and vector-borne transmission of plague

The transmission of plague within animal reservoirs can be achieved through their associated

ectoparasites that act as vectors of Y. pestis transmission. About 80 different species of fleas

are known vectors of plague in rodents (87–89) (figure 1.3). Indeed, fleas are considered

to play a pivotal role in the transmission and maintenance of plague in nature (90). The

discovery of the role of fleas in the transmission of plague came slightly after the discovery of
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Y. pestis as its etiological agent and lead for the first time to a model for the understanding

of plague vector-borne transmission. Paul-Louis Simond, a medical doctor sent by the In-

stitut Pasteur, observed plague bacilli in rat flea digestive tract in 1898 India (91). Almost

simultaneously, Masanori Ogata (colleague of Kitasato), suspected the same role of fleas for

plague transmission and could successfully infect mice using fleas that had been feeding on

an infected rat (92). Simond pursued his research and performed an experiment in which

he placed a näıve rat in a cage close to a dying infected rat covered with fleas, that he had

found in the house of a plague victim. It appeared that the näıve rat died 5 days after

the death of the infected rat, all without allowing any direct contact between both animals.

He therefore concluded that fleas were the missing link that conciliated the transmission of

plague between infected rats, from rats to humans and between humans (91), a discovery

that made him feel, in his own words: “a baffling emotion when thinking that I had just

violated a secret that has been worrying humanity since the appearance of plague in the

world”.

Similar to what seems to occur for hosts of Y. pestis infection, different species fleas and

other ectoparasites also contribute differently to the maintenance and circulation of plague

in nature. Consequently, some species may be considered as truly vectors of plague if they

are i) parasites of major plague hosts ii) present stably and abundantly in populations, even

along different periods of the year iii) highly mobile, migrating within individuals and host

populations iv) frequently feeding from plague hosts allowing a stable level of transmission

and if v) Y. pestis has been highly adapted to colonizing the digestive tract of the partic-

ular insect species (72). This definition may however be too limited to completely describe

the interaction between fleas and the highly flea-adapted plague bacillus. Soviet scientist

Vladimir Stepanovich Petrov argued indeed that considering fleas only a vector could not

fully explain their role on the plague transmission cycle (93). He highlighted that the total

time that Y. pestis resides inside fleas was actually much higher than the time the bacillus
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resides inside the bodies of infected mammals. Moreover, a long-term maintenance of the

pathogen in fleas would be necessary to preserve bacteria during periods when transmission

chances decrease dramatically such as during hibernation months in mammals such as mar-

mots. This interesting view would consequently attribute to fleas not only a role as vectors

of Y. pestis transmission, but they could be interpreted as true reservoirs of plague too.

Y. pestis appear to be highly adapted to the colonization of the flea digestive tract, where

it will remain confined during the entire course of infection. This tract is divided into three

segments: the esophagus with its suction pump and the proventriculus valve, the midgut or

stomach, and the intestines and rectum of the insect (5). Two major modes of flea-borne

transmission have been characterized. The first one is known as early-phase transmission

and occurs within the first hours to the first few days after an infectious blood meal (94),

when fleas are immediately infectious and hence can transmit Y. pestis to another animal

during its following blood meal (95). This mode of transmission appears rarely unless several

fleas are feeding from the same individual and transmission efficiencies are low, depending

on the flea species (96) being from ˜0-10% depending on the bacterial load in each infectious

blood meal for fleas such as X. cheopis(97), Oropsylla hirsuta (98) and O. montana (94).

The second mode of transmission is known as “biofilm-dependent transmission” and occurs

after the formation of a cohesive bacterial biofilm by Y. pestis in the proventricular valve of

the flea midgut within 1 to 3 days after ingestion (5, 96). As Y. pestis divides, the biofilm

grows until occluding the proventricular valve blocking it, preventing the flea to feed and

ultimately leading to starvation. In this situation, the aspirated blood comes into contact

with Y. pestis present in the biofilm blocking the proventriculus, contaminating the blood

meal. The blocked flea will not be able to swallow the meal and therefore will regurgitate

it at the same biting site, transmitting Y. pestis bacteria present within the contaminated

aspirated blood. The blockage of the flea by Y. pestis biofilm dramatically changes the

feeding behavior of the fleas in the benefit of bacilli to enhance their transmission: a blocked
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flea will then spend the following days trying desperately to feed in repeated occasions,

each of them representing a potentially new transmission of Y. pestis. The efficiency of

transmission of the biofilm-dependent mode appears to be much higher than the one of

early-phase transmission. Blocked X. cheopis may transmit Y. pestis in 25-50% of their

bites (5), therefore representing increased chances of transmitting the disease to a healthy

individual. For transmission to occur, a minimum infection threshold in the mammal host

is required. A bacteremia level in the infected host of about 107 bacteria/mL would be

necessary to infect 30 to 50% of fleas (97, 99). This important bacteremia, causing high

mortality, appears to be necessary for Y. pestis transmission back to fleas, that is why it is

thought that the hypervirulence characterizing Y. pestis may actually serve to compensate

for the poor vector efficiencies of most flea species (100). The evolutionary adaptation of Y.

pestis to the colonization of the flea midgut has been the source of extensive research efforts

(see section 2.1).

1.2.3. Other sources of Y. pestis in nature

Besides its circulation within the mammal-ectoparasite transmission cycle in plague endemic

areas, Y. pestis has also been isolated from other sources in nature. Several observations

and experiments suggest that Y. pestis can persist in the soil for a certain period and under

certain conditions. This was hypothesized as early as 1894 in Hong Kong, when Alexandre

Yersin isolated plague bacilli from the soil in a house of plague victims (101). The hypothesis

of contaminated soils as a source of Y. pestis was also explored by Henri Mollaret, who

observed in an experiment the survival of Y. pestis up to 16 months in a contaminated soil

(102). In a more recent experiment, Y. pestis was found to persist in soil up to 280 days

while maintaining full virulence fitness in subsequent mice infections using the contaminated

soil (103). On the field, several Y. pestis isolates have been recovered from soil in different

natural plague endemic areas such as Iran, from a burrow that hosted animals that died

from plague 11 months before (104). In Arizona, a Y. pestis isolate was recovered from the
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soil under the carcass of a mountain lion 3 weeks after its death (95). More recently, another

Y. pestis isolate (Algeria3) was obtained when analyzing saline soil samples collected in an

endemic area in Algeria (20). Related to the persistence of Y. pestis in the soil, it has been

hypothesized that plague bacilli may be maintained in the soil by surviving intracellularly

in protozoa such as amoebas (105). The survival of Y. pestis and its intracellular replication

for 2-5 days in Dictyostelium discoideum and Acanthamoeba castellani trophozoites has been

recently described in vitro (106, 107). The persistence of Y. pestis in the soil, either as free

organisms or living inside protozoan cells, may allow the infection of burrowing rodents

via the aerosol route or through cutaneous wounds. This hypothesis would provide new

perspectives for the understanding of the sustainment of plague in endemic areas as well as

during periods in which the activity of animal reservoirs and their vectors is limited (103).

However, the possible contribution of soil and protozoa for the maintenance of Y. pestis in

nature to serve as a reservoir for the cycle of plague still remains subject of debate, requiring

field work and long-term surveillance of soils in endemic areas of plague.
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Section 1.3

Transmission cycle and plague ecology

1.3.1. Transmission within the animal reservoir

The understanding of the ecological cycle of plague is decisive for the development and

application of effective plague control measures in endemic areas. In endemic and non-

endemic areas, plague can be related with the animal reservoir in two types of state: enzootic

and epizootic (figure 1.4). The enzootic state refers to the Y. pestis circulation in endemic

areas, where the disease persists stably in communities of partially resistant rodents that

act as reservoirs in the rodent-flea infection cycle. On the other hand, in the epizootic state

Y. pestis circulates into moderately to highly susceptible mammals. For the development of

epizootics, it is therefore necessary that more susceptible hosts are present, so that important

bacteremia occur in infected mammals, and that an important number of fleas eventually

become infected to sustain the epizootic (70, 72). Epizootics can occur when Y. pestis is

introduced into communities of susceptible rodents in regions not endemic for plague, leading

to important rodent mortality (73). In endemic areas, epizootic periods may alternate with

enzootic periods. This alternance dynamics between enzootic and epizootic circulation of Y.

pestis is influenced by multiple factors and is not yet fully understood (67, 70, 108). Perhaps

the most commonly accepted hypothesis to explain the alternance between enzootic and

epizootic cycles remains the trophic cascade hypothesis, which is based on a typical climatic

model. According to the trophic cascade hypothesis, periods of exceptional precipitation

induce a subsequent increase in plant growth, representing in a more abundant food source

for rodents that can be epizootic hosts for plague. Population density of these rodents

increases in consequence and so do the populations of their fleas and other parasites. When

this period of abundance is followed by a period of severe drought, food becomes scarce

and rodent populations may starve and debilitate, hence be more susceptible to infection
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by Y. pestis. Therefore, a much higher number of rodents may develop septicemic plague

infection and die. Fleas from these individuals, infected with Y. pestis, will then need to

switch onto the survivors seeking for new sources of food, thereby perpetuating the process

of epizootic and susceptible rodent death (72). Besides the vector-borne transmission of

plague between rodent communities, the capacity of Y. pestis-infected soil and flea feces for

infecting rodents or fleas through the oral or aerosol route has not been fully explored (2). In

conclusion, the series of factors driving the dynamics of persistence and ecological cycling of

plague in natural foci remain fundamental questions to be answered in plague epidemiology.

1.3.2. Transmission of plague in human populations

Vector-borne transmission. Due to the increased Y. pestis transmission during epi-

zootics, the risk of zoonotic transmission of Y. pestis to neighboring human populations is

higher during epizootic periods (figure 1.4). In humans, plague is a zoonotic disease that

may be contracted directly through animal bites, their carcasses, the consumption of raw

infected meat and organs, or indirectly mediated by ectoparasites acting as vectors (73, 74).

Handling of infected carcasses of marmots, rats, mountain lions, camels, Tibetan sheeps,

guinea pics and dogs has been reported as sources of plague infection (48, 91, 109–112).

Infection through contact with live or dead infected animals may occur via the inhalation of

infectious aerosols, leading to pneumonic infection, or through breaches on the skin, leading

to bubonic plague (111, 113, 114).

In the recent year, plague transmission through the consumption of contaminated meat

and organs has also been reported in Asia and Northern Africa (86, 115). When epizootics

affect rodents living in urban areas associated to human communities (peridomestic rodents),

transmission from their associated fleas to humans becomes more frequent, leading to the

development of bubonic plague outbreaks that may remain limited. The oriental rat flea,

X. cheopis, is considered a major vector of plague epidemics in humans since the late 19th

century, notably in tropical and subtropical areas (2). In addition to fleas, some authors point
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Figure 1.4. Natural cycle of plague and pathways of transmission of Y. pestis within the animal
reservoir, intermediate hosts and spillover to humans. This figure was created by my fellow Mara E.
Carloni.

to the possible contribution of human ectoparasites to the human-to-human transmission of

plague, although this hypothesis remains disputed. The capacity of body lice (Pediculus

humanus) to be infected by Y. pestis has occasionally been described on the field (30),

and their ability to transmit Y. pestis to animal hosts has been observed experimentally

(116, 117). Human fleas (Pulex irritans) have also been studied as a possible vector of Y.

pestis infection in humans, after finding P. irritans in houses of plague victims of several

endemic countries for plague (118), and the transmission capacity of P. irritans evaluated

in animals with poor efficiency (119). The possible contribution of human ectoparasites on

plague transmission in historical pandemics has been subject of discussion (2, 120).

Aerosol transmission. Y. pestis is highly infectious via the aerosol route, and inhalation

of infectious droplets leads to the development of primary pneumonic plague, the most

severe form of plague (see section 1.4.) (121). Due to its nature, this form of plague can
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be transmitted between humans through the aerosol route. Survival of Y. pestis on surfaces

such as steel or glass appears to be limited to less than 72h (122). Interhuman transmission

of pneumonic plague thus appears to require close contact with a pneumonic plague patient

(≤ 1 m) (10, 123). This situation is likely to occur in familiar context or in shared transports,

for instance (11, 27). Airborne transmission of plague has been historically associated with

major pneumonic plague epidemics in Manchuria (present-day China) in 1910-11 (124, 125).

More recently, a pneumonic plague outbreak occurred in Madagascar affecting major urban

areas (11). It has been estimated that a pneumonic plague patient may infect 1.3 healthy

individuals on average (126). The impact of pneumonic plague in the interhuman plague

transmission during historical pandemics remains difficult to assess (2, 127), but it may be

one of the factors influencing the reemergence capacity of plague in endemic countries such

as Madagascar (121).

21



1.4 Clinical signs and pathology of plague Plague

Section 1.4

Clinical signs and pathology of plague

The clinical manifestations of plague in humans vary according to the infectious route. It can

be generally considered that symptoms develop after an incubation period of 2-7 days, with

patients initially experiencing unspecific, flu-like symptoms such as sudden fever, headache,

chills, weakness, nausea and vomiting (70, 128). Humans are particularly sensitive to Y.

pestis infection, as individuals of any age and sex remain susceptible (129). Besides these

general symptoms, specific symptoms take on several forms that lead to the main clinical

presentations of the disease, being bubonic, septicemic, and pneumonic plague.

1.4.1. Bubonic plague

Bubonic plague is the most prevalent clinical form of plague since flea-borne transmission of

Y. pestis to humans is the most frequent route of transmission of plague to humans (figure

1.5). This form develops after the bite of one or several infected fleas and has 40-60%

mortality rates if left untreated (73). Classical symptoms of bubonic plague develop after an

incubation period of 2-7 days and include the adenopathy of lymph nodes draining the site of

inoculation. The swollen, enlarged, painful lymph nodes are known as buboes, hence giving

the name to this commonly known form of plague. Buboes develop most frequently in femoral

and inguinal lymph nodes, but they can also develop in the axillary and cervical nodes (74).

Buboes developing in the neck (cervical nodes) appear to correlate with the development

of severe symptoms with poor outcome for the patient. What distinguishes bubonic plague

from adenopathy due to other causes is the fact that plague is the only disease characterized

by the development of buboes that is associated with important epidemics. Moreover, the

rapid onset of plague and swelling buboes is another specific feature of bubonic plague

(128). If bubonic infection progresses without treatment, a patient may then develop a

systemic infection (septicemic plague) that can lead to pulmonary infection and development
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of secondary pneumonic plague (80).
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Figure 1.5. Schematic representation of the three clinical manifestations of plague and their
relationships. This figure was created by my fellow Pierre Lê-Bury.

1.4.2. Septicemic plague

Septicemic plague occurs when Y. pestis reaches the bloodstream directly, resulting either

from a flea bite, direct infection through breaks on the skin, or through the progression of

the adenopathic infection in a bubonic plague patient. This form of plague is characterized

by a septic shock and patients may develop bleeding from the skin and mucous membranes,

internal hemorrhages, and peripheral gangrene due to blood coagulation. Positive culture of

Y. pestis from blood samples can help diagnose septicemic plague. The onset of septicemic

infection by Y. pestis is fast and patients may die in less than 24 h if not given adequate

antibiotic treatment (70, 128).
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1.4.3. Pneumonic or pulmonary plague

Pneumonic plague is the most virulent and lethal form of plague, although it is also less fre-

quent. Primary pneumonic plague develops after exposure to infected droplets of a coughing

patient of pneumonic plague, and secondary pneumonic plague occurs as an outcome of the

systemic dissemination of Y. pestis to the lungs after bubonic or septicemic plague (2). The

incubation period in primary pneumonic plague is shorter than in bubonic plague, generally

2 to 4 days after exposure. Pneumonic plague can also result from laboratory-acquired infec-

tions due to exposure to high bacterial loads in aerosols, which may only show an incubation

period of few hours. Pneumonic plague manifests as a bronchopneumonic illness and includes

cough, chest pain, fever, scant sputum and hemoptysis. It is estimated that 8-10% of bubonic

plague patients develop pneumonic plague if left untreated (128). This form of plague shows

the highest fatality rates of Y. pestis infections, of virtually 100% but may be reduced to

25% if antibiotic treatment is given within the first 24 h after the onset of respiratory symp-

toms (74, 121). As mentioned earlier, pneumonic plague is the only form of plague that is

human-transmissible and can therefore lead to the emergence of localized outbreaks, notably

in urban environments (130). One of the most intriguing aspects of Y. pestis infection is

the ferocious transition from the absence of clinical symptoms in the incubation period, to

the burst of inflammation and eventual fatal septicemic infection caused by this dreadful

pathogen (131). A pre-inflammatory phase characterizes this early lag period in which Y.

pestis travels towards the lymph node from the flea bite site (in bubonic plague) or infects the

lungs (in pneumonic plague). This phase is characterized by the modulation of host’s innate

immune response by Y. pestis (132). Indeed, Y. pestis can survive within macrophages and

can inhibit phagosomal maturation (133, 134). An important distinction between bubonic

and pneumonic plague that may explain their differences in incubation period and disease

onset is the environmental temperature in which bacteria multiplied before its transmission

to a new host: for aerosol transmission acquired from a pneumonic patient, Y. pestis grew
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around 37 °C within the lungs, while for bubonic plague Y. pestis grew < 30 °C in fleas that

are the transmission vectors (121). Growth temperature regulates the expression of major

Y. pestis virulence factors that promote the progression towards the inflammatory stage of

infection. The inflammatory phase is characterized by systemic dissemination of Y. pestis,

inducing tissue destruction and the consequent onset of clinical signs of disease in the host

that follows the innate immune system response (131).
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Section 1.5

Plague diagnostics

Early diagnostic of human plague is of critical relevance to begin antibiotic treatment as

quickly as possible to prevent the risk of fatality associated to any of the three forms of

plague. However, plague diagnostic is challenging in endemic areas of plague due to the

need of trained personnel and biosafety equipment for the processing of samples. Diagnostic

of plague can be established from clinical samples including bubo aspirates, respiratory

samples (sputum), blood, lymph node biopsies, pharyngeal swabs and urine (70). Handling

of clinical samples suspected of containing Y. pestis can be performed under biosafety level

2 environments (BSL-2), but all cultures and manipulation of Y. pestis cultures should be

performed in a biosafety level 3 (BSL-3) environment (6). The gold standard for plague

diagnostic requires the confirmation by in vitro culture and isolation of Y. pestis from the

clinical sample. In 2021, the WHO published a revision of the diagnostic criteria for plague

case definition (135). According to the WHO definition, a confirmed plague case requires

either a positive culture of Y. pestis, or the detection of Y. pestis DNA using conventional

polymerase chain reaction (PCR) targeting specific targets on the chromosome and plasmids

of Y. pestis genome. It is important to note that for a plague case to be confirmed, the

patient should show clinical features suggestive of plague, as well as the placement of the

case in a wider epidemiological context (i.e.: in case of an outbreak, recent travel to an

endemic area, or the exposure to infected animals).

Assessment of Y. pestis presence in diagnostic samples can be performed directly by

microscopic observation, where adequately stained bacteria have a “safety pin” appearance.

Y. pestis grows relatively easily in vitro when cultured in brain heart infusion, Luria-Bertani

or MacConkey agars after 24 to 72 h incubation in aerobic conditions at 28 °C, which is its

optimum temperature. The use of selective agar for Yersinia spp., which is supplemented
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with cefsulodin, irgasan and novobiocin (CIN) limits the growth of other bacteria that may

be present in the complex clinical samples (70). After 48-72 h incubation, suspected colonies

may be identified using biochemical tests or PCR diagnostic (131).

Of great interest to facilitate the quick diagnostic of plague in case of outbreak is the

recent development of rapid diagnostic tests (RDT) that is based on the Y. pestis specific

F1 capsular antigen. These tests can be read in just 15 minutes and has been validated for

the diagnostic of bubonic plague with specificities and sensibilities reaching 100% (136). The

tests, based on a solid immunochromatographic band, are produced at the Institut Pasteur

de Madagascar and appear to be significantly more economic than other available molecular

tests. However, the use of these F1 RDT assays has yet limited efficacy for the diagnostic

of pneumonic plague due to the observed rates of false-positive and negative lectures from

sputum samples collected during the 2017 pneumonic plague outbreak in Madagascar (131).

Sample quality and processing, as well as the availability of trained personnel is critical to

evaluate the efficacy of the use of RDT on the field in an epidemic situation. The WHO

has emitted strong recommendations for the use of F1 RDT for the detection of bubonic

plague in endemic areas, whereas its use for pneumonic plague detection in case of outbreak

is only conditionally recommended (135). Several PCR-based protocols have been developed

and allow for the detection of Y. pestis directly on bubo aspirates, blood, rodent biopsies

and fleas (137–139). The amplification of Y. pestis DNA also permits the confirmation of

isolated colonies from cultured samples. The amplification of both plasmid-encoded pla and

caf1 loci allows for the positive identification of Y. pestis, but in case of uncertain results,

a third reaction targeting the chromosomal inv (1100 bp amplicon size specific to Y. pestis)

locus can help providing positive identification of the pathogen (131). The caf1 gene is

considered specific to Y. pestis, whereas pla gene is also present in Citrobacter spp. and

Escherichia spp. (140, 141). Portable, real-time PCR instruments have been developed and

may be helpful for their use in remote endemic areas (142). Interestingly, rapid detection of
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Y. pestis DNA using loop-mediated isothermal amplification (LAMP) assays have recently

been developed, showing high sensitivity and specificity in human plague biological samples,

including sputum from pneumonic plague patients (143).
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Section 1.6

Plague treatment & antibiotic resistance

The extreme virulence of Y. pestis and the quick development of severe symptoms either

in bubonic, septicemic or pneumonic plague is detrimental for the treatment of the disease.

Owing to the fast, life-threatening evolution of plague, the administration of adequate an-

timicrobial treatment as early as possible is fundamental for the recovery of plague patients

(73). The earliest efforts to treat plague patients in the era of microbiology date to Alexandre

Yersin, who developed antiserum together with Calmette, Roux and Borrel at the Institut

Pasteur in 1895 (2). When Yersin established in Vietnam, he dedicated himself to the ob-

tention of plague antiserum to be used in local outbreaks occurring in the coast where he

established a Pasteur institute (144). Antiserums were developed until antimicrobials were

introduced for the treatment of plague, as for other infections caused by bacteria. For more

than four decades, streptomycin was the antibiotic recommended against Y. pestis infection

and is still being used in endemic countries such as Madagascar (70). The use of gentamicin

alone or combined with tetracycline is an adequate substitute to streptomycin (145). The

current antibiotics endorsed by the WHO and Centers for Disease Control (CDC) as being

effective for the treatment of plague include common antibiotics against Enterobacteriaceae:

doxycycline, streptomycin, gentamicin, levofloxacin, ciprofloxacin, moxifloxacin and chlo-

ramphenicol (146–149). In 2021, the WHO also emitted conditional recommendations on

the use of fluoroquinolones as substitute to streptomycin, chloramphenicol and doxycycline

for the treatment of bubonic, pneumonic and septicemic plague (150). Suspected bubonic

plague patients should be placed in isolation until 2 days since the start of the antimicro-

bial treatment to prevent the possibility of airborne transmission if the patient develops

pneumonic plague (73). Treatment should continue uninterrupted for 10 to 14 days and sup-

portive therapy may be necessary in case of septic shock or gangrenes occurring in septicemic
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plague (2).

The use of the above mentioned available antimicrobial treatments is generally effective

in absence of infection with resistant Y. pestis strains. Antimicrobial resistance (AMR) does

not yet represent a threat for plague treatment in endemic countries. This is illustrated by

the absence of known resistance plasmids in more than 700 Y. pestis strains isolated in the

United States (151), as well as by the absence of resistance phenotype against 8 common

antibiotics in almost 400 Y. pestis strains collected from 17 countries (152). All the Y. pestis

isolates associated with the 2017 unusual plague outbreak in Madagascar were susceptible

to antibiotics commonly used to treat plague (11). However, the rapid expansion of AMR in

bacterial species other than Y. pestis may represent a risk for the acquisition of resistances in

the plague bacillus through its interaction with the available resistome increasingly present in

the environment (153). In 1995, a Y. pestis strain was isolated from a patient in Madagascar

that appeared to be resistant to eight antimicrobials, including those recommended for plague

treatment (tetracycline, streptomycin, chloramphenicol), its prophylaxis (sulfonamide and

tetracycline) as well as ampicillin, kanamycin and spectinomycin. The multiresistance was

mediated by a transferable plasmid (154). A second and third isolates from Madagascar

appeared to be resistant to streptomycin and doxycycline (155, 156), respectively. In all

cases antimicrobial resistance was mediated by transferrable plasmids of 40kb, 150kb and

170 kb that were unrelated one to each other, suggesting independent acquisitions in Y.

pestis strains from Madagascar. These reported horizontal acquisitions of AMR in Y. pestis

may have occurred via conjugation with some enteric bacterial species within an infected

host (rodent or human) or flea vector (154). Recently, a streptomycin-resistant Y. pestis

strain was isolated from a patient in Tibet and showed a novel mechanism of streptomycin

resistance based on a single amino acid substitution in the ribosomal gene rpsL (157). A

second multi-drug resistant strain was isolated in Mongolia that showed resistance to seven

antibiotics (chloramphenicol, tetracycline, sulfomethoxacole, gentamicin and doxycycline),
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although the genetic basis conferring the resistance phenotype was not uncovered in the study

(158). Although antibiotic resistant Y. pestis are rare and do not yet seem to represent an

important threat for the treatment of plague, their sporadic presence strengthens the need

for surveillance of AMR in Y. pestis isolated regularly in endemic areas of plague.
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Section 1.7

Vaccination against plague

Despite the existence of effective antimicrobial treatments against plague, the endemic nature

of plague exposes even some of the most remote areas in Africa, Asia, and the Americas to the

risk of plague. In this context, prophylactic vaccination would be beneficial to communities

inhabiting in endemic areas of plague, notably when the risk of antibiotic resistance is present

(131). At present, there is yet no vaccine recommended by the WHO for the prevention of

plague in endemic countries (2). The use of attenuated Y. pestis strains to confer immunity

against plague dates back to the times of Alexandre Yersin, when he developed attenuated

strains that protected mice (159). The first vaccine against plague that was widely used

in humans is the live attenuated Y. pestis EV76 vaccine strain (160). EV76 vaccine was

developed from a strain isolated by Girard and Robic in Madagascar in 1926 and appeared to

protect against bubonic and pneumonic plague but also displayed important side effects, such

as headache, malaise and pyrexia (161). A subculture of EV76 was established in the former

Soviet Union in 1940, designated EV NIIEG vaccine, and has been used to protect plague

researchers and inhabitants of plague endemic areas in the former USSR until present day

(159). A killed whole-cell Y. pestis vaccine was produced in the United States and Australia

but appeared to have limited efficacy and did not protect against pneumonic plague (131).

Some of the most advanced candidates are subunit vaccines based on Y.pestis F1 (main

component of its bacterial pseudocapsule) and V (essential component of a secretion system)

antigens. Two doses of these F1-V vaccine candidates provide up to 100% protection against

bubonic and pneumonic plague (162, 163). However, F1-V type vaccines appeared unable

to protect African green monkeys against aerosolized Y. pestis, raising questions regarding

its possible efficacy in humans (Smiley ST 2008). Recently, several more subunit vaccine

candidates are being developed and may be administered through the intra-nasal route to
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protect against pneumonic plague (164–167). A promising strategy for the development of

plague vaccines is the use of live Y. pseudotuberculosis. A vaccine candidate based on a live

attenuated Y. pseudotuberculosis producing Y. pestis F1 pseudocapsule and other antigens

has been developed by the Yersinia Unit in the Institut Pasteur. The candidate, named

VTnF1, can be administered through the oral route and provided protection against both

bubonic and pneumonic plague in mice (168, 169).
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Chapter 2

Yersinia pestis

Y. pestis is a pleomorphic, Gram-negative bacillus of 0.5-0.8 um diameter and 1-3 um long.

It exhibits a bipolar, “hairpin” staining with Wright’s stain. The bacillus is a facultative

anaerobe, nonmotile, nonsporulating and nonlactose fermenter, growing within 24 to 72 h

between 4 to 40 °C, although its optimum growth is reached around 25-28 °C. On solid media,

Y. pestis grows gray-white, translucent colonies of 1-2 mm diameter after 48 h incubation.

Between 48 and 72 h incubation, colonies usually appear with a raised and irregular “fried

egg” appearance (70, 73). Like other Enterobacterales species, Y. pestis has typical cell wall

but its lipopolysaccharide is defined as rough, carrying the core components but lacking the

extended O-group side chains. Therefore, no O-antigen serogroups can be defined for Y.

pestis. Y. pestis also possesses a pseudocapsule (bacterial envelope) often termed capsular

antigen or fraction 1 (F1) antigen, made up by proteins and sugars, (73, 170, 171). At 37 °C,

the bacillus loses its capacity to ferment glycerol, and requires biotin, thiamine, pantothenate

and glutamic acid. These metabolic requirements have several consequences regarding the

type of colonization and multiplication in both the flea vector and potential hosts of Y. pestis,

precluding a saprophytic existence of the organism within the animal reservoir (70, 172).
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Section 2.1

Evolution

2.1.1. Yersinia genus: taxonomy, ecology, and evolution

The plague bacillus, Y. pestis, was one the first species to be described within what would

become later the genus Yersinia. The genus belongs to the Yersiniaceae family and is a

member of the larger Enterobacterales order, together with other gram-negative, faculta-

tively anaerobic gammaproteobacterial genera such as Escherichia. Enterobacter, Klebsiella,

Salmonella, Serratia and Shigella (173). The genus Yersinia is composed by 26 species and

includes three major human and animal pathogens that have been extensively character-

ized: Y. pestis, the agent of plague, and Y. pseudotuberculosis and Y. enterocolitica that

cause enteric yersinioses (131). Y. pseudotuberculosis and Y. enterocolitica are transmitted

through the fecal-oral route and have their main reservoirs in farm and wild animals, di-

verse species of birds and rodents, for Y. pseudotuberculosis, and mostly pigs for pathogenic

Y. enterocolitica (174). Enteritis caused by Yersinia are considered the 4th most prevalent

foodborne zoonotic diseases in the European Union (175), justifying the need for a thor-

ough understanding of Yersinia genus diversity and distribution. A multilocus sequence

typing (MLST) analysis permitted the characterization of the “Y. pseudotuberculosis com-

plex”, a lineage composed by Y. pseudotuberculosis, Y. pestis, Y. wautersii and Y. similis

(176). Y. wautersii is considered putatively pathogenic since harbors known pathogenicity

factors but the specific mechanisms driving its pathogenicity remain to be investigated (177).

Two other Yersinia species are known animal pathogens: Y. ruckeri, a fish pathogen, and

Y. entomophaga, an insect pathogen (178, 179). In addition, 14 non-pathogenic Yersinia

species have been described in the last decades: Y. aldovae, Y. aleksiciae, Y. bercovieri,

Y. frederiksenii, Y. intermedia, Y. kristensenii, Y. massiliensis, Y. mollaretii, Y. nurmii,

Y. pekkanenii, Y. rohdei, Y. similis, Y. hibernica and Y. canariae. In the recent years,
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the advent of genome sequencing technology and its implementation into the framework of

surveillance and reference laboratories has facilitated the automatization of species identifica-

tion and strain characterization for epidemiological purposes. Recently, Savin and colleagues

developed a core-genome MLST (cgMLST) scheme based on sequences of 500 genes shared

in all Yersinia (180). This allowed to describe 6 novel, non-pathogenic species in the last

years: Y. artesiana, Y. proxima, Y. alsatica, Y. occitanica, Y. vastinensis, and Y. thracica

(181). The updated phylogenetic structure of the genus Yersinia is detailed in figure 2.1A.

Y. enterocolitica
Y. mollaretii
Y. pseudotuberculosis
Y. massiliensis
Y. alsatica
Y. intermedia
Y. aldovae
Y. bercovieri
Y. proxima
Y. rohdei
Y. kristensenii
Y. ruckeri
Y. similis
Y. vastinensis
Y. aleksiciae
Y. occitanica
Y. frederiksenii
Y. artesiana
Y. thracica
Y. wautersii
Y. canariae
Y. entomophaga
Y. hibernica
Y. pekkanenii
Y. nurmii
Y. pestis

Species

0.1

Y. enterocolitica
Y. pseudotuberculosis
Y. wautersii
Y. pestis

0.1

Y. enterocoliticaY. pestis

Y. pseudotuberculosis

Y. wautersii 2-5

1B

Yersinia genus

Pathogenic Yersinia species

Figure 2.1. A: Phylogeny of most recently delineated species within the Yersinia genus. The tree was
adapted from (181) and (180) with permission from the authors. B: A focus on the described
pathogenic species for humans, from the same phylogenetic tree: Y. pestis, Y. pseudotuberculosis, Y.
enterocolitica biotypes 1B and 2-5. Y. wautersii is considered probably pathogenic to humans.
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One notable feature of the Yersinia genus is the speciation trajectory that led to the emer-

gence of pathogenic species in humans and other mammals (Y. pestis, Y. pseudotuberculosis

and Y. enterocolitica), while their related species within the genus appear to be environmen-

tal, non-pathogenic bacteria. It was thus thought that human pathogenic Yersinia species

had evolved from a common ancestor that acquired the shared pathogenicity and virulence

features (182, 183). However, pathogenic Yersinia lineages (the Y. pseudotuberculosis, Y.

pestis and Y. wautersii cluster on the one hand, and a subgroup of Y. enterocolitica on

the other) are found in opposed branches in the Yersinia genus phylogeny (figure 2.1B).

Besides the phylogenetic reconstruction, the access to WGS data of diverse Yersinia species

allowed the comparative analysis of specific genes between lineages of the genus to uncover

markers of the acquisition of pathogenicity in known pathogenic Yersinia. The factors that

were early acquired independently in the two lineages are the intimin Ail and the pYV plas-

mid encoding the T3SS, which is considered a requirement for the capacity of pathogenic

Yersinia to invade host cells and cause inflammation and hence determining their pathogenic

potential (184, 185). Other important examples of gene gain in Yersinia evolution include

the high pathogenicity island (HPI) encoding the siderophore yersiniabactin, present in Y.

pseudotuberculosis, Y. pestis and a virulent lineage of Y. pseudotuberculosis (186, 187) and

the hms locus, present only in the Y. pseudotuberculosis-Y. pestis complex and important for

the Y. pestis flea-borne transmission (188). These cornerstone events mark the acquisition of

virulence in pathogenic Yersinia lineages and altogether this is interpreted as a hallmark of

the independent and parallel acquisition of pathogenicity in different Yersinia species (189).

Indeed, the horizontal acquisition of virulence factors in environmental organisms to become

highly adapted pathogens appear to be a common path in the emergence of pathogenicity

within several Enterobacterales genera (189, 190). For the ancestors of pathogenic Yersinia,

this allowed them to colonize similar ecologic niches (i.e.: the mammal gut) and to indepen-

dently specialize for its colonization and establishment into the new environment.
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2.1.2. Y. pestis genome and molecular microbiology

In the recent decades, the genomes of numerous major human pathogens have been se-

quenced, providing unprecedent opportunities to understand their evolution and pathogenic-

ity. Early entering the genomic era, sequence comparison of five housekeeping genes between

tenths of diverse Yersinia isolates led to strong evidence proving that Y. pestis is an evolved

clone of the more diverse Y. pseudotuberculosis bacillus and that therefore, all known Y.

pestis share a common ancestor with Y. pseudotuberculosis (191). The first completed

genome of Y. pestis was decoded few years later, in 2001 by Parkhill and colleagues in

the Wellcome Sanger Institute (192). The genome corresponded to strain CO92, a clinical

isolate from a fatal human case of pneumonic plague acquired from an infected cat in Col-

orado (USA), 1992 (193). CO92 is thereafter considered the reference genome for Y. pestis

and is accessible under the RefSeq reference ID NC 003143. It consists of four replicons

(figure 2.2): the 4.65-Mb chromosome as well as three plasmids, namely pYV/pCD1 (70.3

kb), pMT1 or pFra (96.2 kb) and pPCP1 or pPla (9.6 kb).

Interestingly, Y. pestis chromosome harbors a 102-kb unstable chromosomal region named

pgm (pigmentation) locus carrying important genes for virulence and transmission. The lo-

cus is flanked by copies of insertion sequences of the type IS100, explaining its transferability

through recombination (194). The pgm locus (figure 2.2) is composed of two parts: a 68-kb

segment called the “pigmentation” segment coding for the hms gene (haemin storage), a

factor required for the formation of biofilms that allow Y. pestis to block the flea foregut

and enhance the vectorial transmission (188), and a 35-kb segment composed by an integra-

tive and conjugative element (ICE) that is known as the Yersinia high pathogenicity island

(HPI). The presence of the HPI distinguishes pathogenic Yersinia able to cause severe sys-

temic infections, often fatal in humans, from other pathogenic Yersinia that do not carry

this genomic island (195). The HPI carries genes (i.e.: fyuA, irp1, irp2, ybtP) necessary for

the expression and transport of the siderophore yersiniabactin, a high-affinity iron-chelating
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system that allows Y. pestis to sequester iron from the host, to import zinc as well as to limit

the respiratory oxidative burst response of immune cells during infection (186, 196, 197). The

HPI is found in several bacterial genera including enteric pathogens such as extraintestinal

pathogenic (ExPEC) Escherichia coli (198), suggesting the horizontal transferability is com-

mon in other pathogens sharing similar ecological niches. Another described genomic island

is the filamentous prophage Ypf Phi (figure 2.2), similar to an E. coli 018:K1:H7 prophage

called CUS-1 (199). The prophage was shown to be infectious and conserved in diverse Y.

pestis strains and could be either maintained as an episome or integrated within the chro-

mosome such as in the CO92 reference genome. The depletion of the prophage appeared to

slightly decrease Y. pestis pathogenicity in mice, suggesting its acquisition conferred a selec-

tive advantage for the pathogen (200). Y. pestis genome also harbors traces of HGT from

insect pathogens, such as insecticidal toxin complexes (Tcs) from Photorhabdus luminescens,

Serratia entomophila and Xenhorabdus nematophilus (201).

Perhaps the most striking feature highlighted when the CO92 genome was first analyzed

was the surprising GC skew variation (G-C/G+C), which was suggestive for the very recent

horizontal acquisition of DNA (i.e.: prophages, integrons), or rather the recombination of

large blocks of DNA that may occur when growing Y. pestis in vitro. PCR confirmation

of flanking regions in CO92 subcultures confirmed the observed translocations, suggesting

an important plasticity of Y. pestis genome. Importantly, Y. pestis genome appears to be

rich in repetitive sequences, mostly interspersed repetitive sequences and insertion sites (IS)

elements (figure 2.3), which are thought to be major driving forces of Y. pestis genome

plasticity (192). IS are mobile DNA sequences of less than 2.5 kb composed by repeat se-

quences flanking a gene cassette coding for a recombinase enzyme (transposase) that ensures

its own translocation into the same or other DNA replicons (202). CO92 genome includes

at least 4 different families of IS: IS200/IS1541, IS100, IS285 and IS1661 (203). Y. pestis

appears to have accumulated up to 10-fold more IS copies compared to the ancestor species
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Y. pseudotuberculosis and to other species of Yersinia (192). The accumulation of repetitive

sequences, including IS, is a hallmark of pathogens having undergone evolution to adapt to

particular hosts or environments. Gene inactivation due to IS insertion results in metabolic

streamlining, which is characteristic of host-adapted pathogens (204). Recently, it has been

shown that IS expansion shaped the evolution of Shigella flexneri and S. sonnei, which

are human-adapted clades of E. coli, by driving their diversification and convergent loss of

metabolic functions via the IS insertion in genes affecting similar functional pathways (205).

Y. pestis genome is rich in pseudogenes, and genome reduction is considered to have played

a decisive role during Y. pestis speciation (see section 2.1.3). In CO92 genome, out of

149 identified pseudogenes, 51 appeared to be consequence of an IS insertion within their

reading frame (192). Other closed Y. pestis genomes have been released since CO92, includ-

ing used laboratory strains such as KIM10+ and 91001, which have both different genetic

backgrounds compared to the reference genome, but that are overall closely related one to

each other (206, 207).

In addition to the chromosome, most Y. pestis isolates also carry three plasmids of

different size that include genes important for Y. pestis virulence and vector transmission:

pCD1/pYV. The 70-kd plasmid called pYV (for Yersinia virulence) or pCD1 (for calcium

dependence) is a plasmid that is specific to pathogenic Yersinia species and is critical for

their virulence (131). The Y. pestis pYV was inherited from is conserved with the one of its

ancestor Y. pseudotuberculosis. This plasmid encodes the Yersinia type 3 secretion system

(T3SS) (figure 2.2) composed of 29 proteins (ysc genes) with a strong induction of their

expression at 37 °C but includes also secreted effector proteins called Yops (Yersinia outer

proteins). The main role of pYV is to prevent phagocytosis as well as to overcome the immune

response of the mammalian host, ensuring the survival and multiplication of bacteria during

infection (195). Once induced its expression, the T3SS delivers the Yops effector inside target

hosts cells on contact, which will trigger the inhibition of actin polymerization (208). This
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Figure 2.2. Circular representation of the replicons in the Y. pestis CO92 reference genome
(NC 003143, NC 003131, NC 003132, NC 003134) (192). Relevant operons and loci associated to
pathogenicity and vector transmission (discussed through the main text) are displayed.
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mechanism prevents the phagocytosis of Yersinia by phagocyting cells and suppresses the

transcription of genes for the innate immune response, allowing bacterial proliferation in the

host (209, 210). pYV also encodes the YadA adhesin, which is important for cell invasion in

Y. enterocolitica and Y. pseudotuberculosis, but yadA is a pseudogene in Y. pestis due to a

1 bp deletion causing a frameshift (211). Few copies of pYV are found in each Y.pestis cell,

although the copy-number may depend on the growth status and environment of the cell.

Indeed, it has been shown that Yersinia up-regulate the pYV copy number during infection

in order to ensure the dose of plasmid-encoded genes, a mechanism that is necessary for the

full virulence phenotype in pathogenic Yersinia (212).

pPCP1/pPla. The smallest, Y.pestis-specific multi-copy (>100 copies) plasmid of 9.6

kb called pPla (for plasminogen activator) contains only 9 ORFs (figure 2.2) including a

plasminogen activator protease (Pla) and a bacteriocin system (pst and pim). Pla is an outer

membrane protease with multiple targets either on the same bacterial cell surface and on host

cell and extracellular proteins. Its proteolytic activities on host complement components like

C3 may contribute to inhibit cell apoptosis and suppress the immune reaction in phagocytes

(195). Most importantly, the capacity of Pla of cleaving host plasminogen into plasmin

inhibits host coagulation cascade inducing the disruption of blood clots. This activity may

facilitate the dissemination of Y. pestis from the site of inoculation by the flea to distant sites

such as the lymph node and spleen (214). Moreover, Pla has been shown to be required for

Y. pestis to cause the fulminant respiratory infection that characterizes pneumonic plague

(215). These described roles credit the protease Pla as one of the major virulence factors of

Y. pestis both for bubonic and pneumonic routes of infection. The origin of pPla remains

unknown, although its almost universal distribution in diverse Y. pestis suggests it was

horizontally acquired early during Y. pestis emergence (131).
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Figure 2.3. Up: Distribution of long repeat regions along selected bacterial chromosomes. The
different plots represent the symmetric matrix of every pair of k-mer sizes repeats within each
chromosome. These plots were generated using RepeatPlot (A. Criscuolo:
https://gitlab.pasteur.fr/GIPhy/RepeatPlot, based on the graphical representation of the
pioneering work by E. Rocha (213).Down: Circular representation of links between repetitive
sequences within Y. pestis CO92 chromosome.
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pMT1/pFra. The second specific plasmid that differentiates Y. pestis from Y. pseudotu-

berculosis is pMT1 (for murine toxin) or pFra (for fraction 1). First full sequence of pMT1

revealed its mosaic structure with important variations in G+C composition, suggesting the

plasmid has undergone multiple rearrangements and events of HGT (216). The pMT1 plas-

mid is present in 1-2 copies per cell, shows variability in size within different Y. pestis strains

(90-100 kb) and harbors loci that have been extensively characterized: the F1 antigen or

capsule operon and the murine toxin ymt. The F1 capsule operon (figure 2.2) is composed

by caf1 (capsular structural subunit, also called F1 antigen), caf1M (chaperone), caf1A (cap-

sule anchoring protein) and caf1R (AraC transcriptional activator). The F1 capsular protein

is an important Y. pestis surface antigen which has also served as basis of several vaccine

candidates (195). A polymer of F1 antigen forms an envelope or pseudocapsule around the

bacterial cell when multiplying at 37°C, which appears to be important to provide some resis-

tance to phagocytosis by monocytes (217). However, caf1/F1 or other capsular operon genes

may not be present in all Y. pestis isolates found in wildlife, suggesting their presence is not

essential for Y. pestis virulence (218, 219). The second well-studied pMT1-encoded gene is

the Yersinia murine toxin Ymt. The gene encodes a phospholipase D enzyme which may be

toxic to rats but not for other mammals (195). The ymt gene appears to have been acquired

horizontally in pMT1 and it was initially thought to be essential for the colonization of the

flea digestive tract by Y. pestis, thus playing a critical role in the flea-borne transmission

of plague and pathogen ecological cycling in the animal reservoir (220). Nonetheless, it has

been recently shown that the protective function of ymt rather depends on the type of blood

in which the flea feeds and hence where Y. pestis will multiply, since Ymt-deficient Y. pestis

could efficiently survive and be transmitted when fleas fed on brown rats. Therefore, the

critical role of Ymt would be to greatly expand the range of hosts in which Y. pestis can es-

tablish a flea-borne circulation, such as in black rats, mice, and humans (221). Interestingly,

both the F1 operon and the ymt gene showed divergent G+C composition compared to the
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rest of pMT1 sequence, indicating that they had been possibly incorporated into pMT1 by

HGT (216).

Despite the significant role played by pMT1 as a replicon harboring relevant genes for

Y. pestis transmission and cell envelope characteristics, little is known about the origin of

pMT1 and its acquisition by the common ancestor of the species. Sequencing of pMT1

provided some insights, such as the homology of around 50% of its sequence with a plas-

mid of Salmonella enterica serovar Typhi, as well as deletions blocks of 2kb observed when

comparing pMT1 sequences from different strains (222). Since no conjugation system was

originally found in CO92 pMT1 sequence, it was hypothesized that the plasmid would have

been acquired through transformation. Recently, Pfeifer and colleagues made a captivating

observation when analyzing the presence and distribution of phage-plasmids among diverse

bacterial genera. Phage-plasmids (P-P) are elements known to be both plasmids and phages

(i.e.: P1 phage, SSU5. . . ) since they encode the necessary genetic components for their

replication in line with the cell cycle, but also a full set of genes required for lysogeny and

particle formation (223). P-Ps are therefore also temperate phages that can infect bacteria,

produce virions, and lyse host cells (224). The study on the pangenome and gene homolo-

gies within putative P-Ps found that Y. pestis pMT1 has all the characteristic elements of

a P-P and that most of its genes have homology with the SSU5 supercommunity of P-Ps,

which includes SSU5/pHCM2 from S. enterica sv Typhi, as well as other Enterobacterales

putative P-Ps (i.e.: pKpn from Klebsiella). This recent description of pMT1 as a putative

P-P provides an interesting hypothesis on the possible origin and relationship of pMT1 with

replicons found in other bacterial pathogens. The possible P-P nature of pMT1 may suggest

it arrived to Y. pestis common ancestor as an infectious phage that was then maintained in

the genome. The described capacity of pMT1 to recombine and integrate Y. pestis chromo-

some (225) goes in the sense that pMT1 may be better understood as a P-P, although this

hypothesis remains to be explored experimentally.
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Altogether, Y. pestis genome is characterized by its genetic plasticity, the accumulation of

pseudogenes through different mechanisms including frequent disruption by IS, as well as by

the presence of 3 extrachromosomal replicons of different origins. These features of genome

plasticity, horizontal acquisition of plasmids and gene inactivation probably resulted from

the recent evolutionary adaptation of Y. pestis ancestor to a new ecologic niche through its

transition from an enteric life (that of Y. pseudotuberculosis), towards that of a vector-borne,

systemic pathogen.

2.1.3. Emergence of Y. pestis from Y. pseudotuberculosis

Since the identification of Y. pestis by Alexandre Yersin in 1894, and the description of other

bacteria from the genus Yersinia through the past century, it became clear that Y. pestis and

Y.pseudotuberculosis are closely related as they shared many characteristics (73). Y. pestis

and Y. pseudotuberculosis have more than 95% average nucleotide identity in their sequences

(figure 2.4), which has been proposed as a cut-off for bacterial species delineation (226, 227).

Therefore, Y. pestis and Y. pseudotuberculosis form a single species at the molecular level

but have been classified in different species because of their strikingly different pathogenicity,

clinical features during infection and ecological niche (189, 228). To unravel more details

on the evolutionary relationship between these two closely related pathogens before their

genome sequences were available, Achtman and colleagues compared the sequences of five

housekeeping genes in different Yersinia. Since the genetic distances between alleles in Y.

pestis and Y. pseudotuberculosis appeared only within the range of Y. pseudotuberculosis, it

became clear that Y. pestis is a clone that emerged from Y. pseudotuberculosis (191).

One of the central and most fascinating questions regarding Y. pestis evolution was the

understanding of the molecular changes that led to the emergence of an extremely viru-

lent, vector-borne pathogen like Y. pestis from a gastrointestinal pathogen ancestor like Y.

pseudotuberculosis. The sequencing of first genomes of both Y. pestis (CO92 strain) and Y.

pseudotuberculosis (IP32953 strain) permitted to shed some light on the divergence process
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Figure 2.4. A: Similarity plot displaying the average nucleotide identities of several Y. pestis
chromosomes over Y. pseudotuberculosis chromosome sequence.The plot was generated using
SimiPlot (Criscuolo A., https://gitlab.pasteur.fr/GIPhy/SimiPlot).

that led to Y. pestis speciation by comparing their full sequences (229). The evolutionary

events that guided the emergence of Y. pestis from Y. pseudotuberculosis have been grad-

ually described through the last decades. These can be summarized as the combination of

gene acquisition via HGT and genome reduction via gene loss or inactivation, both processes

impacting the gain of virulence and the adaptation to a new environment by the ancestor of

Y. pestis (figure 2.5) (230).

Major gene gain during Y. pestis speciation is associated with the horizontal acquisition

of the two plasmids that are specific to the species, namely the pPla/pPCP1 and pFra/pMT1.

As mentioned previously, the acquisition of these plasmids (or phage-plasmid for pMT1) were

determinant for Y. pestis evolution as they encode factors allowing to expand the mammal

host range of infection (Ymt phospholipase), and for the fatal infection and tissue destruc-

tion associated to Y. pestis infection (Pla protease) (215, 221). Although the impact of gene

gain has been extensively explored in Y. pestis, major changes are associated with the loss

of function of genes that are active in Y. pseudotuberculosis. Genome decay or reduction,
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Figure 2.5. Schematic representation of relevant evolutionary events during the emergence and early
evolution of Y. pestis from Y. pseudotuberculosis. Gene gain events and gene loss are displayed in
green and blue, respectively. The flea represents an effect in vector-borne transmission by fleas, the
lymph node represents an effect in bubonic plague, and the balaclava represents an effect in immune
system evasion. The scheme is inspired from (131).

meaning gene inactivation and loss, often occurs when genes or gene clusters appear no longer

useful for the survival of a microbe or when the microbe undertakes adaptation to a new

ecological niche (231). Gene loss has been shown to play a central role in the emergence of

some bacterial pathogens, as removing unnecessary genetic elements may confer pathogens

a better fitness when adapting to a novel niche (232). This mechanism is a common sig-

nature in the emergence of major pathogens such as Mycobacterium tuberculosis, M. leprae

and Shigella spp., (233–235). When comparing the genomes of Y. pestis and Y. pseudotu-

berculosis, it was observed that around 10% of Y. pestis genes were pseudogenes (lost their

function) compared to their homologs in the Y. pseudotuberculosis ancestor. Many of the

genes that were inactivated during Y. pestis emergence encode virulence factors (Inv and

YadA invasin and adhesin, respectively), metabolic and transporter genes (pheA, iucA), and

motility systems (flhD regulator), factors that were important for the life of Y. pseudotu-

berculosis as a gastrointestinal pathogen (182, 192, 229). This niche was no longer typically

inhabited by Y. pestis, which adapted to colonize the flea gut and to become a pathogen

infecting the mammal lymphatic system. Therefore, the inactivation of several genes served
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also to the survival and adaptation of Y. pestis to the flea, notably, the pde2, pde3, rcsA

and ureD loci (figure 2.5). The inactivation of these first three loci led to an enhanced

ability of Y. pestis to form biofilms in the flea foregut, which is important for a mechanism

of flea-borne transmission of plague (159). The loss of function of the urease gene ureD was

critical to allow a reduced toxicity in the flea tract (236). These changes through pseudo-

genization marked the switch in the pathogenic lifestyle of Y. pestis ancestor towards that

of a vector-borne pathogen (230). Another feature that characterizes Y. pestis compared to

Y. pseudotuberculosis is its cell surface, as Y. pestis expresses a rough lipopolysaccharide

(LPS) that lacks the O antigen. The inactivation of five genes necessary to build a func-

tional O antigen appeared to have facilitated the function of the Pla surface protease and

to contribute to the tissue invasion by Y. pestis (237). Y. pestis also expresses a modified

(tetra-acylated) lipid A on its LPS due to the loss of the lpxL gene. The hexa-acylated LPS

is commonly present in many Gram-negative bacteria and is efficiently recognized by host

toll-like receptor 4 (TLR4) signaling, in contrast to the Y. pestis modified LPS which has

low affinity for TLR4 (203). These mutations impacting the cell surface are thought to have

contributed to the gain of virulence and immune subversion by Y. pestis (132).

Overall, the genomic and functional analyses of both Y. pestis and its ancestor Y. pseu-

dotuberculosis have revealed precious insights into the process of gene gain and genome decay

that led to the emergence of Y. pestis as an extremely virulent, flea-borne pathogen causing

plague. Still, several specific mechanisms of virulence, transmission, and immune evasion by

Y. pestis are not fully understood. It is probable that the broadening of Y. pestis genomic

data, advances in in vitro and in vivo microscopy and infection models may allow to reveal

more secrets that make Y. pestis a remarkable model to understand bacterial evolution and

pathogenicity.
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Section 2.2

Population genetics of Y. pestis

The entering into the genomic era has represented an exponentially increasing amounts of

available bacterial and viral sequencing data (238). Available genomic data for Y. pestis

has raised from the first closed genome in 2001 (192), to more than 1,500 samples included

in integrated bacterial genomics databases such as EnteroBase (consulted in June 2022)

(239). Within these two decades, the field of paleogenomics emerged and has provided

for the first time with genomic data from Y. pestis present in infected human beings in

the past millennia (240). Population genomics methods have permitted the unravelling

of key evolutionary events marking the emergence of Y. pestis, the identification of the

main lineages defining the taxonomy of the species, and an improved understanding of the

dynamics of spread and maintenance of plague both during historical pandemics and within

endemic countries. Phylogenetic approaches are particularly attractive to analyze genomic

data to illuminate the genetic diversity of the plague bacillus, and the understanding of its

distribution and dynamics can ultimately provide valuable information for the understanding

of the epidemiology of plague. In these last introductory sections, an overview will be

provided on Y. pestis diversity, evolution and spread through the lens of population genomics.

2.2.1. Genetic monomorphism, selection, and neutral evolution in Y. pestis

The genetic diversity within bacterial species is usually large enough that the comparison of

several housekeeping genes is usually enough to discriminate between unrelated strains. The

analysis of few conserved genes was therefore a powerful and rapid strategy to understand the

population genetic structure of pathogen isolates (241). However, some bacterial pathogens

appeared to have a small to no polymorphism when comparing few conserved genes between

diverse isolates. These pathogens with such a reduced level of genetic diversity have some-

times been called as genetically monomorphic organisms (242). Interestingly, most relevant
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microbes described as being genetically monomorphic include highly pathogenic microorgan-

isms such as Bacillus anthracis, Mycobacterium tuberculosis, Burkholderia mallei, Salmonella

enterica serovar Typhi, Shigella sonnei and Yersinia pestis (191, 243–246). Many of these

genetically monomorphic pathogens appear to have clonal population structures in which

homologous recombination and homoplasies are rare compared to other bacteria (242). The

observed clonal evolution is consistent with the idea that they represent successful, adapted

virulent clones that emerged out from a pool of more diverse bacteria (233). In the case of Y.

pestis, the reduced levels of genetic diversity may be explained by the evolutionary bottleneck

that resulted from its emergence and change of ecological niche compared to its ancestor Y.

pseudotuberculosis (242). Further evidence supporting this hypothesis came for the first time

with the whole-genome sequencing of more than a hundred diverse Y. pestis, mainly from

Asia, allowed to identify single nucleotide polymorphisms (SNP) that were used to build a

species phylogeny that confirmed the clonality characterizing Y. pestis evolution (247). The

analysis of the distribution in the phylogeny of the identified SNPs within core-genes was

used to explore possible traces of natural selection having influenced Y. pestis evolution.

The dN/dS ratio was estimated for individual nodes of the phylogeny, and ranged values

near to 1, which was interpreted as a signal of neutral evolution. This represented that most

of the observed diversity in Y. pestis species evolution would result from genetic drift rather

than selection (203). The search for homoplasic SNPs as markers of diversifying and parallel

selection revealed only 28 homoplasies within the core-genes in the dataset studied. Finally,

the analysis of clusters of non-synonymous, protein-altering, SNPs (nsSNPs) revealed only

22 outlier loci that accumulated more nsSNPs and/or homoplasies compared to the rest of

the core-genes. No obvious unifying trends were found within the list of genes showing these

markers of diversifying selection (247). Still, despite the diverse genomes included in the

study, these analyses were based in more than a hundred samples, in absence of a long-term

and more exhaustive sampling for several plague endemic areas outside of Asia. The iden-
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tification of genes that may be negatively selected or hyperconserved is another aspect that

still needs to be explored regarding the functional evolution in Y. pestis species.

2.2.2. Genetic diversity of Y. pestis, genotyping and distribution

Since the discovery of Y. pestis as the agent of plague, efforts were put on characterizing

its diversity in order to establish possible relationships between some strains and historical

pandemics as well as variants circulating in endemic areas of plague. Y. pestis is a homo-

geneous species with a single O serogroup and phage type (203), and hence other typing

were developed compared to other bacterial pathogens characterized by pathovars. The

most widely used typing method for Y. pestis is biotyping, based on the ability of some

Y. pestis strains to ferment glycerol and reduce nitrate. Based on the distribution of the

strains biotyped and historical data, three biovars were established: Antiqua, Medievalis

and Orientalis (248). This nomenclature assumed that these biovars caused, respectively,

the 1st, 2nd and 3rd plague pandemics, although only biovar Orientalis is correctly associated

with the 3rd plague pandemic, whereas the other two biovars cannot be retraced back to any

pandemic. Y. pestis biovar Antiqua can reduce nitrate compared to biovar Medievalis and

Orientalis, while Y. pestis biovar Orientalis lost the ability to ferment glycerol. Additional

biochemical reactions were added to differentiate between Y. pestis strains, including the

ability to ferment arabinose, rhamnose and melibiose (87). With the advent of molecular

typing techniques such as the analysis of variable number of tandem repeats in multiple locus

(MLVA), further differences between Y. pestis strains could be established, and differences

in virulence in humans and host distribution were also added to the classification (249, 250).

Accordingly,Y. pestis may be classified into 5 different biovars: Antiqua, Medievalis, Orien-

talis, Intermedium and Pestoides (or Microtus). Pestoides are thought to be diverse Y. pestis

which are strongly associated to several sylvatic animal plague areas (mainly voles of the

Microtus genus), notably in the former Soviet Union countries (251). The biotyping classifi-

cation had important limitations and incongruencies resulting from the possibility that some
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strains may revert their phenotype, and molecular typing methods based on repetitive se-

quences analysis had limited resolution and suffered from recurrent homoplasies (242). Once

the first Y. pestis genomes were sequenced, the definition of Y. pestis groups according to

phylogenetic groups based on SNPs identified within the sequenced genomes appeared to be

an adequate strategy to define the intra-species taxonomy of the pathogen (252).

The use of SNPs for phylogenetic and genotyping purposes is particularly useful in the

case of genetically monomorphic bacteria such as Y. pestis as they may provide more stable

phylogenetic relationships across samples and, if identified in a whole-genome fashion, they

can provide greater resolutive power (253). Whole-genome SNPs (wgSNPs) have therefore

been widely used to reconstruct the phylogenies of different human pathogens in the recent

years (254–256). To conciliate the classical Y. pestis biotypes nomenclature (based on bio-

chemical reactions) and the phylogenetic groups (based on marker SNPs initially identified

from the first Y. pestis genomes), Achtman and colleagues defined a nomenclature system

that designated the Y. pestis populations according to their phylogenetic branch (i.e.: 0-4),

followed by the abbreviation for the known biovars: PE, Pestoides (also called Microtus);

MED, Medievalis; ANT, Antiqua; IN, Intermedium; ORI, Orientalis (252). As more Y. pestis

isolates were classified using this nomenclature, a number was added after the biovar abbre-

viation to define the monophyletic sublineages within the main population. For instance,

the monophyletic lineage of Y. pestis from the biovar Orientalis fall in the branch that was

called branch 1, and therefore the lineage is called 1.ORI; accordingly, 1.ORI1, 1.ORI2 and

1.ORI3 would be different sublineages of the 1.ORI population. This nomenclature system

has been widely used in recent studies that sought to provide more genomes and classify

the new samples into main Y. pestis lineages (62, 64, 89, 247). The main drawback of this

nomenclature system is that is based on phylogenetic relationships established using the Y.

pestis genetic diversity inherent to the isolates being included in each new analysis. Conse-

quently, when isolates forming novel branches in the Y. pestis phylogeny are added, if the
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names of the previously called lineages or sublineages is maintained, the real phylogenetic

order does not appear obvious from the strict nomenclature fashion (i.e.: 0.PE7 lineage is

ancestral to 0.PE2 and 0.PE4 in Y. pestis phylogeny).

The first attempt to unravel the patterns of Y. pestis global genetic diversity, resulting

from a collective and coordinated effort from reference laboratories around the world, com-

pared 17 genomes allowing identify 1364 SNPs within core genes sequences (conserved in all

isolates). This SNP discovery approach was then used to perform SNP-typing on 288 global

isolates to call the states of selected SNPs and use these states to reconstruct a Y. pestis tree

based on a minimum spanning tree approach (46). Few years later, the first evolutionary

insights into Y. pestis diversity fully based on WGS came from the sequencing of 118 diverse

Y. pestis from China and Mongolia, that were combined to the few available genomes to

build a core-genome SNP phylogeny that revealed new branches in the Y. pestis species tree

(247). These two cornerstone studies provided for the first time a global depiction of the

diversity, evolution and spread of Y. pestis and plague. First, the reconstructed phylogenies

confirmed the clonal population structure of Y. pestis species, in which several branches

emerged from a central evolutionary branch that derives directly from the Y. pestis common

ancestor with Y. pseudotuberculosis (figure 2.6). The second relevant finding was that the

newly identified lineages and sublineages revealed patterns of strong geographical clustering.

Several lineages or populations from the groups 0.PE and 0.ANT emerge early from the

central branch and were mainly isolated from China, Mongolia and countries from Central

Asia and the Caucasus. Lineage 0.PE3 is comprised only by the particular Angola strain,

which according to its name receives an alleged African origin, although it is considered

unknown (257). At the end of branch 0, a polytomy appears in most Y. pestis phylogenies

(also called “big bang” polytomy), where branches 1, 2, 3 and 4 emerged. Branch 2 was

split into two lineages: 2.ANT, represented by samples from China, Nepal and Russia, and

lineage 2.MED, including Y. pestis isolates distributed within China and the Middle East.
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Branch 3 included isolates from China and Mongolia (3.ANT lineage), while branch 4 is

represented by few isolates from Mongolia and the former Soviet Union (4.ANT lineage).

Branch 1 includes isolates from diverse geographic origins and comprises three lineages:

1.ANT, 1.IN and 1.ORI. 1.ANT appeared to be restricted to Central and Eastern Africa,

while 1.IN are exclusively found in the eastern regions of China. The most evolved lineage

in branch 1 is composed by 1.ORI isolates, which are associated to the 3rd Plague Pandemic

that emerged by the end of the 19th century in China and are distributed through all the

continents (46, 247). Even if these first attempts to characterize the global distribution of

Y. pestis isolates could identify most of its diversity, these studies were performed before or

early in the advent of next-generation sequencing and hence an in-depth genomic analysis

was not always possible. The study by Morelli and colleagues could attribute the lineage

of few hundreds of selected Y. pestis isolates around the world, but their complete genome

sequence was not generated but for a tenth of them, which could be a source of phylogenetic

discovery bias (46, 242). On the other hand, the work by Cui and colleagues was based

on WGS but only on few representative isolates from each lineage and sublineages present

mainly in China (247).

The development of paleogenomics and paleomicrobiology (see later) fields was marked

by the sequencing of the first ancient Y. pestis genomes and metagenomes that were recovered

from victims of historical plague pandemics in Europe (240). Ancient Y. pestis genomes

reconstructed from victims of the 1st Plague Pandemic or Justinianic plague in Europe (6th-

8th centuries) form a monophyletic lineage emerging from the central branch 0 after modern

0.ANT1 isolates (258, 259). Recent ancient DNA (aDNA) studies have provided with tenths

of Y. pestis recovered from victims of the 2nd Plague Pandemic, including the 14th century

Black Death outbreak. These studies placed the 2nd Pandemic ancient samples branching

early within branch 1 (forming the also called 1.PRE lineage), being the most ancestral Y.

pestis genomes in this branch (239, 260–263). The oldest Y. pestis aDNA samples that
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Figure 2.6. A: Schematic representation of Y. pestis phylogeny, where major identified lineages are
displayed. The Angola genome (0.PE3) is not shown for clarity of the visualization due to its long
branch. Major branches in the phylogeny and the polytomy leading to the emergence of branches 1-4
are indicated at left. Lineages associated to historical plague pandemics or to ancient DNA
metagenomes from prehistory are highlighted (right).

have been analyzed contemporary to this period date to 1338-39 in present-day Kyrgyzstan.

Strikingly, these samples fall in the middle of the polytomy in Y. pestis phylogeny (figure

2.6), preceding all the 2nd Pandemic samples and hence representing the direct ancestor

of the lineage that caused this pandemic in Europe (264). The sequencing of aDNA from

prehistoric human samples has also allowed the reconstruction of Y. pestis genomes from

around 5,000 years ago Eurasia (265–269). These ancient genomes fall at the most ancestral

part of Y. pestis phylogeny, emerging from branch 0 such as a lineage associated to the late

Neolithic and early Bronze Age plague (also called LNBA)(270). These prehistoric Y. pestis

represent the most ancestral described genomes in the species phylogeny, and branch early

to the contemporary isolates of the 0.PE7 lineage. It is important to note that the branches

associated to the prehistoric plague, as well as those associated to the 1st Pandemic, only

include genomes recovered from aDNA and therefore represent lineages that probably have

become extinct, with no contemporary representative Y. pestis persisting until the present

day.
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The increase in next-generation sequencing implementation in the recent years has pro-

vided with a general outline of Y. pestis diversity, including lineages represented by aDNA

metagenomes recovered from victims of historical plague pandemics. Besides these works

characterizing new main lineages in Y. pestis phylogeny, several studies reporting novel

genomes have permitted to expand the diversity found within lineages already described in

the past, giving a dynamic, step-wise and sometimes scattered overview of Y. pestis genetic

groups (48, 62, 64, 271–273). This situation gives the opportunity to recap the species global

phylogenetic history, mutation spectrum and gene content using the hundreds of genomes

that have been published in the recent years. Thus, the sequencing and share of WGS

data of novel Y. pestis isolates remains critical for our understanding of the evolutionary

relationships of the plague bacillus.

2.2.3. Microevolution of Y. pestis

The recent increase in Y. pestis genomic data, both from the sequencing of isolates collected

in the contemporary era and ancient genomes from victims of historical plague epidemics

has revealed some remarkable traces of evolutionary adaptation of the plague bacillus having

occurred since the divergence of the most ancestral lineages. The identification of genetic

variations that may have contributed to Y. pestis adaptation remains particularly difficult

due to its reduced levels of genetic diversity in terms of SNPs (242, 247). Nevertheless, the

combination of genomic analysis of ancient and modern genomes has allowed the identifica-

tion of several genomic variants that have further been investigated in experimental setups.

Such variants may be point mutations, small insertions and deletions, or gene content vari-

ation. These genomic alterations helped to retrace the microevolution of Y. pestis and has

uncovered some patterns of adaptation that may have contributed to the evolutionary success

of the plague bacillus once it had already diverged from the Y. pseudotuberculosis ancestor.

One of the investigated factors important for Y. pestis virulence is the Pla protease, encoded

in the Y. pestis-specific pPla/pPCP1 plasmid (214). It has been observed that the punctual
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mutation from isoleucine to threonine at position 259 (I259T) differentiate the most ances-

tral Y. pestis genomes (the prehistoric samples from aDNA, as well as contemporary lineages

0.PE7, 0.PE2 and 0.PE4) from the rest of Y. pestis (207, 240, 274, 275). If the presence of the

derived threonine in Pla protease did not appear to be required to cause pneumonic plague,

this mutation was associated with the capacity of Y. pestis to cause a more invasive infection

when studied in mice models of bubonic plague (215). Y. pestis would thus have gained Pla

early in its emergence by horizontally acquiring the pPla/pPCP1 plasmid, allowing to cause

pneumonic plague, and then critically selected the I259T Pla variant to facilitate tissue in-

vasion and its dissemination within the mammal host during bubonic plague. Intriguingly,

another genomic alteration implicated the pla locus later in Y. pestis evolution. The anal-

ysis of ancient Y. pestis genomes from human remains of the late Middle Age in Latvia led

to the identification of a decay in pla locus coverage (276). If the locus was still present

in the recovered genomes, its decay highlighted the presence of pla-deleted pPCP1 plasmid

mixed with pla-positive pPCP1 plasmids, suggesting the coexistence of both forms within

the same Y. pestis genomes. The partial deletion of a ˜2kb region in pPCP1 plasmid was

also found in several other late 2nd and 1st pandemic Y. pestis ancient genomes, indicative of

the convergent evolution of Y. pestis to reduce the pla gene dose at the end of two historical

plague pandemics (277). This decay in pla gene as a factor relevant for Y. pestis virulence in

bubonic plague infection was hypothesized to be a possible cause for the extinction of plague

in Europe, as the branches where the deletion has been described include only ancient DNA

genomes (276). However, the virulence potential of Y. pestis carrying the mixed pla+/pla-

pPCP1 plasmids can just be evoked in a theoretical framework, as the impact of the partial

pla deletion has never been investigated in experimental plague models of infection. On the

other hand, Y. pestis from the 0.PE2 lineage isolated in natural animal plague foci in Asia

appear to lack the complete pPCP1 plasmid (131, 278). These isolates fully lacking the Pla

protease encoded by the plasmid are still fully capable of causing septicemic infection in
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mice (214). The convergent partial depletion in pPCP1 implicating the pla locus, as well

as the loss of the whole plasmid in 0.PE2 lineage suggest that the reduction or loss of Pla

activity may be beneficial for Y. pestis to adapt to particular environments. Intriguingly,

a 49-kb chromosomal deletion including mtgB and mtgC genes appear in parallel in sev-

eral late 1st and 2nd pandemic ancient Y. pestis genomes. The implicated loci encode for

Mg2+ transporters that may be important for Y. pestis survival within host cells such as

macrophages (262, 279). Again, the impact of this convergent deletion has not been ad-

dressed experimentally, and thus it is difficult to estimate the impact of such alterations in

Y. pestis virulence.

2.2.4. Diverse mutation rates and the cryptic molecular clock of Y. pestis

Pathogen phylogenies are attractive tools to understand the genealogy, diversity and spread

of infectious diseases. When the time of sampling of the microbial isolate or the age of the

reconstructed genome is known, this information can be incorporated into phylogenetic and

evolutionary models. This allows the calibration of the phylogenetic tree, building a dated or

time-calibrated tree in which: i) branch lengths are converted to time units, ii) the positions

of branch tips correspond to the indicated sampling times, and iii) the ages of internal nodes

are inferred and placed in the most likely divergence time according to a distribution (280).

Powerful methods to reconstruct dated trees are based on Bayesian phylogenetic inference,

which is implemented in popular software such as BEAST (281, 282). Bayesian phylogenetic

analysis is based on Bayesian statistical methodology allowing to make direct probabilistic

statements about the model and parameters of the phylogenetic inference (283). Briefly, the

tree topology and substitution model indicate the statistical model for the input data, that

usually are DNA sequence alignments and their sampling times. Molecular phylogenies that

use Bayesian inference will therefore generate a dated tree to which a posterior probability is

associated, that is, the probability that the reconstructed evolutionary model is correct given

the data (284). Dated molecular phylogenies also use molecular clock assumptions to model
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the divergence between sequences, calibrated by their sampling times. This can be used to

estimate the mutation rates of a pathogen throughout the tree and how these mutation rates

change between taxa (285). The reconstruction of dated phylogenies can then be used to

infer the time of emergence of a particular lineage, to estimate the time a pathogen spread

into a particular area (i.e.: in phylogeographic analysis), as well as to provide insights on

the mutation rates associated to microbial lineages (286).

The first insights on the evolution and mutation rates of Y. pestis lineages were obtained

from the analysis of a dataset of 134 diverse isolates (247). This study described the overdis-

persion of branch lengths between different Y. pestis lineages, which could not be directly

explained by the progressive accumulation of diversity during the sampling period of the

isolates. The reconstruction of a model for the temporal evolution using a Bayesian phyloge-

netic inference found that a relaxed molecular clock performed better than the assumption

of a strict molecular clock to model Y. pestis evolution. Intriguingly, this inference showed

that the mutation rate had changed within branches and throughout time in the phylogeny

in up to 40-fold between the fastest and slowest-evolving branches. The possible drivers of

the inferred historical variations in Y. pestis mutation rates are still not fully understood.

As homoplasies are relatively rare in Y. pestis and the analysis of mutation spectrum did not

provide with strong patterns of selective pressure, the hypothesis that seems more plausible

is that rate variation would be a mirror of the demographic changes in Y. pestis evolu-

tionary history (247). Indeed, Y. pestis phylogeny is defined by the presence of star-like

branching events (polytomies), which may reflect the clonal expansion during the spread of

the pathogen in epidemics. Such examples of radiation are observed in the 1.ORI lineage

associated to the 3rd Pandemic, or the polytomy preceding the emergence of branches 1, 2,

3 and 4 (also known as “Big Bang”)(287). According to this hypothesis, Y. pestis muta-

tion rate variation would change according to the different bacterial replication rates when

plague bacilli circulate within their sylvatic animal reservoirs (enzootic cycle), compared to
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their spread to other intermediate animal hosts (epizootic cycle) and in human plague epi-

demics. Therefore, mutation rates would accelerate in epidemics and epizootics because of

a quick increase in the number of bacterial generations in a given period of time, and hence

that fastest-evolving branches in Y. pestis phylogeny may be associated to epidemic events

(247). This hypothesis may be complemented by recent observations of the mutation rates

in emerging viruses such as SARS-Cov-2. It has been described that the emergence of new

SARS-Cov-2 lineages or variants, particularly variants of concern (VOC), is characterized

by the fixation of a certain number of mutations in a small period of time. Interestingly,

the episodic increase of mutation rates up to 4-fold at the stem of the branch leading to an

epidemic VOC lineage has been observed for SARS-Cov-2 (288). In the case of SARS-Cov-2,

the emergence of VOCs is followed by their fast epidemic expansion, thanks to beneficial

mutations acquired during its emergence, that may help the virus escape host immunity

(289). Therefore, the increased mutation rate during the emergence of new variants would

be also related to the selection of mutations that increase transmissibility between hosts,

which has not yet been described in the case of Y. pestis pandemic lineages. The precise

mechanism of emergence of VOCs in SARS-Cov-2 is still unclear.

On the light of the generation of genomic data for several hundreds modern and ancient

Y. pestis genomes in the recent years, Eaton and colleagues attempted to further explore

the mysterious variation in clock rates of the plague bacillus. When attempting to perform

statistical tests on the temporal signal in the dataset, they could not fit a single clock model

to the whole dataset comprising all diverse Y. pestis lineages, in line with the previous obser-

vations of rate variation in the plague bacillus (247, 287). Indeed, it was observed that some

lineages of Y. pestis were more variable in terms of genetic to temporal distance regression,

while others had lower levels of variation (evolving more “clock-like”). Accordingly, tempo-

ral signal was found in most lineages when their evolution was assessed in a lineage-specific

fashion, although the lack of temporal signal in some lineages may be due to the absence
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of isolates covering a sufficiently large period (i.e.: several decades) to provide enough sig-

nal. This study proposed a strategy to model the Y. pestis temporal evolution by targeting

specifically each of the monophyletic lineages, with the aim of bypassing the conflicting rate

variation observed along Y. pestis phylogeny. It has been recently discussed that mutation

and speciation rate variations across species phylogenies may lead to inference errors of di-

vergence times (290). This strategy may thus allow to provide more informative divergence

dates and help reconstruct the evolution of individual lineages. On the other hand, when

attempting to study the evolution and divergence of Y. pestis lineages at the species level,

this strategy may not fully benefit from the function that aDNA genomes can provide for

calibrating the molecular clock at precise positions of the phylogeny (287).

Reconstructing the temporal evolution of Y. pestis seems problematic due to the com-

plexity of its patterns of genetic diversity (i.e.: multiple polytomies), demographic history

(interspersed pandemics and natural circulation in endemic areas), and the disparities in

mutation rates that are inferred when attempting to analyze its evolution at species level.

It is likely that a combination of different approaches, together with the development of new

evolutionary models, may provide a deeper understanding of the evolutionary dynamics of

Y. pestis through the last millennia.
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Section 2.3

Spread of plague inferred from phylogenies

The advent of next-generation sequencing has been followed by the development and im-

plementation of methods allowing to reconstruct with relative confidence the temporal and

evolutionary relationships between pathogen genomes. The combination of genomic data

and metadata associated to the different pathogen isolates may be used to uncover spatial

patterns of transmission of infectious diseases (291). This is particularly attractive in the

case of Y. pestis as a pathogen having caused pandemics through human history, claiming

the lives of million human beings almost all over the world. Y. pestis is a clonal pathogen,

for which all its lineages emerged from a central evolutionary branch that evolved from the

common ancestor with Y. pseudotuberculosis ancestor. This feature is a mirror of the unidi-

rectionality guiding Y. pestis evolution from the root to the tips in its phylogeny, allowing to

directly infer the historical routes of plague transmission out of the branching of different lin-

eages in the tree (46). Therefore, phylogenomics methods, combined with historical record,

have been used to infer the historical spread of plague at different scales of time, including

the periods associated to the three documented plague pandemics (203). Historical sources

detailing plague epidemics include archives, personal diaries, paintings, records, and human

remains (i.e.: mass graves) (2). According to the available records, plague has caused at least

three major pandemics in human history. The 1st Plague Pandemic or Plague of Justinian,

named after the emperor of the Roman Empire Justinian I, spanned between the 6th to

the 8th century, mostly affecting the Mediterranean area. The 2nd Plague Pandemic started

in 1346 and continued until the 18th century in Europe. Finally, the 3rd Plague Pandemic

started in the late 18th century in China, and since 1894-98 it spread to all continents to

persist until present day (2, 46, 73). The combination of phylogenetics and population ge-

nomics approaches with a historical perspective, has revealed interesting details concerning
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each of the different pandemics.

2.3.1. Spread of plague during the 3rd Plague Pandemic and contemporary Y.

pestis lineages

The 3rd Plague Pandemic is thought to have started in the Chinese province of Yunnan by

the second half of the 19th century, when plague epidemics reemerged in the region. Plague

was already endemic in Yunnan, and by 1894 the epidemic had spread to the cities of Canton

and Hong Kong causing thousands of deaths (73, 101). Between 1898 and the first years

of the 20th century, plague was imported to all continents travelling with the expanding

steamships trading routes connecting colonial empires at the time. More than 100 countries

recorded plague cases during the 3rd Pandemic, affecting mostly port cities and coastline

provinces (61, 108). Plague invaded territories that had never been previously documented

plague before the 3rd Pandemic, including North and South America, the South and West

of Africa and Australia. Subsequent outbreaks caused more than 10 million deaths only in

India and China alone (203). The timeline of the 3rd Plague Pandemic parallels the one

of the developments of modern microbiology techniques and the discovery of the plague

agent by Alexandre Yersin in Hong Kong in 1894. Since the late 19th and all along the 20th

centuries, numerous Y. pestis isolates have been recovered by laboratories around the globe

either in an epidemic context or for surveillance purposes (mostly isolates recovered from

infected mammals and fleas). Morelli and colleagues called the genotypes of few hundred

isolates from a global Y. pestis collection, based on conserved SNPs identified within few

available genomes. It was observed that Y. pestis from the biovar Orientalis (1.ORI lineage),

associated with the 3rd Pandemic, suffered multiple events of radiation in its phylogeny, that

they interpreted as multiple waves of plague transmission in the broader pandemic context

(46). The emergence of the 1.ORI lineage as the lineage causing the 3rd pandemic probably

occurred in the Yunnan province, as the isolates sharing a common ancestor to the lineage

were found in China (1.IN). A first wave of Y. pestis transmission defined by the 1.ORI1
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sublineage spread from China to the neighboring India (where a first outbreak occurred

in 1896), Vietnam, Indonesia (Java), as well as to the western coast of USA. The 1.ORI2

sublineage exhibits a radial expansion of Y. pestis isolates that were recovered from South

America, Africa, Southeast Asia and Europe, where plague outbreaks were described in

historical records although the precise origin of the 1.ORI2 ancestor is rather unclear. Due

to the extensive sampling in the country, a third monophyletic sublineage (1.ORI3) was

defined by the Y. pestis isolated from Madagascar. Y. pestis may have been imported to

Madagascar by an infected ship from India (292) and was permanently established in the

island, as isolates from the 1.ORI3 have been subsequently isolated since. 1.ORI3 appeared

to have been also sporadically transmitted to the Middle East, although these transmissions

could not create stable foci such as those present in Madagascar (203). After the radial

expansion associated with 1.ORI lineage during the 3rd Pandemic, Y. pestis permanently

established in several countries, creating plague endemic areas that persisted for decades,

even until the present day. Y. pestis from different clades of the 1.ORI lineage have since

been isolated along different decades in endemic countries such as Madagascar, Brazil, and

the USA (46, 293, 294). Since Y. pestis from the 1.ORI lineage form monophyletic clades in

these countries, it is considered that all extant Y. pestis circulating in these endemic areas

of plague derived from a single successful introduction in each of these countries (203). The

maintenance of plague foci that were established early during the 3rd plague pandemic has

led to regular human plague activity in these endemic areas and this it is considered that

the pandemic has not concluded, as we still live in it (2).

In addition to the inference of routes of plague transmission linked to the 3rd Plague

Pandemic, whole-genome SNP-based phylogenies including Y. pestis isolates from the last

century allowed to describe the transmission of other Y. pestis lineages not associated to

the 3rd Pandemic lineage (1.ORI). Despite having emerged previous to 1.ORI, these lineages

spread in some cases at the same time period as the 3rd Pandemic. The different sublineages
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of Y. pestis from the 2.MED lineage appeared to be distributed along Asia, following the

points corresponding to ancient human trade routes like the Silk Road. Consistent with

the inferred emergence of 2.MED around the 15th century, this lineage may have travelled

westwards to the Middle East following ancient trade routes (46, 247). However, the posterior

finding of Y. pestis composing the most ancestral clade within 2.MED in the Caucasus

region may indicate that the lineage was already widespread in Asia before this transmission

occurred (62). The recent sequencing of multiple isolates from the 2.MED lineage in the

Caspian Sea and Caucasus areas revealed the circulation of Y. pestis in the region, that

suffered plague epidemic episodes with important mortality in the last century (64). The

spread of Y. pestis from the 1.ANT lineage, restricted to Eastern and Central Africa, has

also been subject of discussion. Sublineages of 1.ANT are distributed within Kenya, the

DRC and Uganda, but the origin of the ancestor of the lineage remains unknown. It was

hypothesized that infected ships from China could have carried the ancestor of this lineage

to Africa early in the Middle Ages, although this hypothesis appeared less probable after

inferring the emergence of 1.ANT around the 16th century (247). Plague may have been

imported from somewhere in the Middle East to Eastern Africa by a route that is still

unknown, as the origin of the emergence of this lineage remains obscure (295).

2.3.2. Spread of plague inferred from ancient DNA and paleogenomics

The understanding of past disease has benefitted from the use of diverse sources of infor-

mation to reconstruct epidemic events and describe the health of past populations. Besides

historical sources, archaeologists and anthropologists have studied skeletons and preserved

bodies to study past diseases (240). For instance, the analysis of skeletal remains may re-

veal particular bone modifications or malformations that may indicate traces of infectious

diseases such as tuberculosis (M. tuberculosis), leprosy (M. leprae) and syphilis (T. pal-

lidum)(296). Concerning plague, in the last decades archaeologists and anthropologists have

become more interested in plague burials, often studying mass graves and pits that were
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in most cases chronologically associated with pandemics such as the 1st or the 2nd Plague

pandemics (297, 298). The retrieval of DNA from skeletons of putative victims of ancient

diseases may be used to identify past pathogens that allow to establish their cause of death.

The recovery of such nucleic acids from skeletons, or ancient DNA (aDNA) research, can

be interpreted as molecular fossils for past pathogens and microbiomes, permitting to un-

derstand their diversity, date their evolution and spread as well as determine their virulence

potential (267). The sequencing of aDNA metagenomic samples and the reconstruction of

ancient pathogen genomes has given birth in the last decade to the emerging field of pale-

ogenomics and paleomicrobiology (240). aDNA may allow to reconstruct almost complete

pathogen genomes using a combination of library enrichment and shotgun sequencing, fol-

lowed by reads mapping to a reference genome (258, 261, 299). However, paleogenomics

research faces several challenges due to the intrinsic characteristics of aDNA. Environmen-

tal DNA represents the majority of DNA present in the sample, and aDNA appears to be

usually very fragmented and damaged due to deaminations of cytosines (C) to uracil (U),

interpreted as thymines (T) by DNA polymerases during library generation (240). These

drawbacks impose the need to generate huge sequencing libraries to recover enough genome

depth, as well as the implementation of authentication methods allowing to unambiguously

validate the ancient origin of the DNA sample (300). In 1998, ancient Y. pestis was detected

for the first time by PCR targeting several loci, from DNA isolated from the dental pulp of

victims found in a mass grave associated to the 2nd pandemic (301). After the development

of NGS technology and authentication methods, the first ancient Y. pestis genome was re-

constructed from skeletons recovered in London that had been associated to the Black Death

epidemics (299). Both the detection of Y. pestis DNA and the reconstruction of the first

ancient genome provided for the first-time unambiguous evidence proving the implication of

Y. pestis in historical plague pandemics such as the 2nd pandemic. Since these early works,

paleogenomics and paleomicrobiology studies have provided multiple and interesting insights

67



2.3 Spread of plague inferred from phylogenies Yersinia pestis

regarding the evolution and historical spread of Y. pestis in the past.

Paleogenomics of the 1st Plague Pandemic/Justinian plague (541 – 8th cen-

tury). The1st Pandemic of Plague of Justinian, named after the emperor of the Roman

Empire, Justinian I, began in 541, spreading around the Mediterranean area during three

years in the first wave of the pandemic. In the further centuries, multiple outbreaks suc-

ceeded in consecutive waves lasting until the 8th century, affecting first port cities and then

penetrating deep inland (figure 2.7) (2). Although the impact this pandemic had on civi-

lizations present at the time remains controversial, some authors estimate the death toll of

the 1st Pandemic in between 15 to 100 million victims (302, 303). About a dozen Y. pestis

ancient genomes associated to the plague of Justinian have been recovered in the recent years

in Germany, England, France, Spain and Kyrgyzstan (258, 259, 304, 305). All 1st Pandemic

ancient genomes fall in the same clade in Y. pestis phylogeny, branching between contem-

porary lineages called 0.ANT1, 0.ANT2 and 0.ANT5. The finding of samples from the same

period of time and associated pandemic context in diverse locations in Europe suggested

that plague was widespread across the continent at the period, contrary to the historical

sources that suggested that the pandemic was restricted to the Mediterranean (73). A 45-kb

and 49-kb deletions were described in few derived strains within the clade of the 1st pan-

demic (0.ANT4). These deletions affected the mgtB and mgtC loci encoding transporters

that may be important for Y. pestis virulence (304). The origin of the Justinian Plague

remains subject of discussion, as historical sources described the outbreak origins in Egypt,

further spreading to the Eastern Mediterranean and then to Europe (306, 307). However,

the placement of the lineage associated to the 1st pandemic between different 0.ANT clades,

composed by contemporary isolates present in China and Kyrgyzstan, suggest a Central

Asian origin for the pandemic (51, 247). The recovery of ancient Y. pestis genomes from

Africa and the Eastern Mediterranean from the 6th century may help to solve the route of

entry of the 1st pandemic in Europe.
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Paleogenomics of the 2nd Plague Pandemic, including the Black Death (1346-18th

century). It is considered that the 2nd Pandemic began somewhere in central Asia by the

1330s (247, 262). After the first outbreaks in Western Asia, plague spread to Northern

Africa and Europe and within 7 years of a first epidemic known as “Black Death” (1346-

1353), plague killed between 30-50% of the European population at that time (308). From

the 14th to the 17th century, plague became a common disease in Western Europe (figure

2.7), to become more rare in the 18th, when it extinguished from Europe for reasons that are

yet not fully understood (2). More than 50 ancient Y. pestis genomes have been recovered

from victims of the 2nd Plague Pandemic. The phylogenetic placement of these samples has

revealed interesting details regarding the evolution and spread of this pandemic. First, the

few genomes associated to the Black Death period fall together early in the branch 1 of Y.

pestis tree, suggesting that the Black Death outbreak was caused by the spread of a major

clone (261). Recently, the probable source for the Black Death outbreak has been described

thanks to the recovery of ancient genomes from plague victims in present-day Kyrgyzstan in

1338-39. This suggests that the Y. pestis that caused the Black Death few years later had

emerged from the plague foci present in Central Asia, foci that are still active until the last

decades represented by isolates of the 0.ANT lineages (264).

Second, the ancient genomes recovered from plague victims in Europe in the following 16-

18th centuries fall together in the same branch immediately after the Black Death samples,

suggesting that a common lineage of Y. pestis circulating in Europe had been evolving for

centuries and appears now to be extinct, as no contemporary representative isolates have

been identified (262). The interpretation of the observed phylogenetic patterns during the 2nd

Pandemic regarding the spread of plague in Europe still causes controversy, as two hypotheses

have been proposed. Some scholars have proposed that plague was introduced into Europe

in multiple occasions from a reservoir near in Asia, given the level of genetic diversity and

the support of climatic indicators (260, 309). This hypothesis would aim to explain the
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Figure 2.7. World maps of the First and Second plague pandemics. Up: Locations where there
are historical mentions of the First plague pandemic or plague of Justinian (6th to 8th centuries).
Down: Map of the Second plague pandemic (including the Black Death, 1346 to the 18th century) in
Europe. Each point represents a putative plague outbreak based on historical records. Coordinates of
the locations from historical sources used to make the figure were kindly provided by Rémi Barbieri,
previously published in a complete review (2).
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multiple epidemic waves described along the centuries. On the other hand, the hypothesis

of a single introduction of plague in Europe has been proposed, which would represent the

existence of stable plague animal foci within or nearby Europe explaining the persistence of

the disease through four centuries. This hypothesis is supported by aDNA data, as Black

Death genomes fall together at the same point in the phylogeny, and subsequent genomes

form a derived branch after this first outbreak samples (261, 262). It is interesting to note

that the Black Death genomes fall early in Branch 1, representing the ancestors of the derived

Y. pestis that caused the 3rd Pandemic in the late 19th century in China (260, 262). Still,

the precise location of plague foci that could explain the maintenance of plague in Europe

during the 2nd Pandemic, as well as the reasons why plague disappeared from Europe after

the 18th century are still open questions.

Paleogenomics of prehistoric plague and the origin of Y. pestis emergence.

Ancient Y. pestis genomes have been mostly recovered from locations and time associated

to historical plague pandemics, as historical accounts are available to support the molecular

evidence of the epidemics given by aDNA. However, aDNA can also provide evidence for

the existence of Y. pestis infection thousands of years before the first documented plague

pandemic. The most ancient Y. pestis genomes recovered date back to around 5,000 years

ago in Latvia and Sweden, confirming the existence of probably life-threatening Y. pestis

infections in a period and context without indicators of epidemics (i.e.: mass graves)(266,

269). In the recent years, several prehistoric Y. pestis ancient genome data have been

recovered, leading to the hypothesis of an emergence of prehistoric plague epidemics. In a

recent work, Andrades Valtueña and colleagues described the emergence and persistence of a

Late Neolithic/Early Bronze Age (LNBA) Y. pestis lineage that was widespread in Europe,

but likely became extinct. The study also showed the presence of divergent prehistoric Y.

pestis genomes contemporary to the LNBA lineage that led to the emergence of lineages

that persist up to the present day (270). The genomic analysis of prehistoric genomes led
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to the discovery of a fragment in pMT1 plasmid including the ymt locus that was missing

in most ancestral Y. pestis genomes and the LNBA lineage. The absence of ymt, as well

as the active form of the ureD urease gene and several biofilm regulator loci led to the

hypothesis that these prehistoric Y. pestis were not yet fully adapted to colonize fleas, and

therefore, that bubonic plague may not have been the form of the disease caused by these

strains (265, 266). Since Neolithic Y. pestis genomes represent the most ancestral branches

in the species phylogenies, their sources have also been considered for the understanding of

the possible origin of the emergence of Y. pestis from Y. pseudotuberculosis. Some of the Y.

pestis lineages that emerged early and persisted up to the present are only found in China

and/or in some foci in Central Asia. This observation, together with the remarkable genetic

diversity and widespread presence of Chinese isolates in the phylogeny led to the believe that

Y. pestis may have emerged somewhere in China, and later spread abroad following ancient

human trade routes (247). On the other hand, aDNA studies found the most ancestral Y.

pestis emerging in Europe around 6,000-7,000 years ago and the quick diversification of Y.

pestis in the Neolithic (269, 270). The recovery of more prehistoric ancient Y. pestis from

Central and Eastern Asia may provide critical clues for the understanding of the possible

source of speciation of the pathogen from its common ancestor with Y. pseudotuberculosis.
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Section 2.4

Molecular typing and genomic epidemiology of

plague

Microbiologists have for long sought for markers that allow to subdivide pathogens into

groups, as means to discriminate between strains. Discriminatory makers can be used for

epidemiological purposes to i) test whether outbreaks share a common source, ii) track epi-

demic spread of particular strains, and iii) understand the long-term outline of geographic

and epidemiological patterns of infectious diseases (242, 310). Tracking the source of a con-

tamination is especially relevant when considering the potential use of biothreat agents such

as Y. pestis, which is considered a category A select agent (131, 311). Molecular markers,

mainly based on DNA variations, have provided with a myriad of typing methods that have

been implemented in many diverse bacterial species (312). However, some of these typing

methods are not suitable for subdividing genetically monomorphic microbes such as Y. pestis

due to their low diversity (242, 252). Despite this challenge, due to the historical significance,

extreme virulence, and potential threat of Y. pestis infections, its typing has been subject of

many efforts. Some of the techniques that have been used for typing Y. pestis isolates include

pulse-field gel electrophoresis (PFGE), the analysis of the presence of insertion sequences (IS

fingerprinting), the analysis of CRISPR sequences, and the analysis of microsatellite repet-

itive sequences in MLVA (252, 313–316). However, these methods face several problems,

including standardization between laboratories, phylogenetic consistency, and frequency of

homoplasies (242). The advent of WGS, its implementation into many research and surveil-

lance laboratories, as well as the development of different genomics methods have gradually

pushed to abandon the molecular typing methods used in the past to study Y. pestis. SNPs

identified from whole-genome sequences (wgSNPs) are considered the most resolutive and

consistent markers of the molecular evolution of Y. pestis, allowing to track the evolutionary
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and transmission history of this pathogen (310). Whole-genome sequence data of new iso-

lates can help identifying novel SNPs compared to a reference, as well as characterizing other

genetic features that may be relevant to understand their diversity and virulence potential

(i.e.: indels, gene presence/absence, rearrangements. . . ) (317, 318).

Several SNPs defining major Y. pestis lineages have been identified and are useful to at-

tribute novel isolates to known populations (46, 317). However, to date no genotyping scheme

based on wgSNPs has been developed for the subdivision of Y. pestis into genotypes to pro-

vide direct informative data on the genetic and geographic relationships between samples.

The absence of a standardized genotyping method represents that currently the only way

of classifying Y. pestis genomes into lineages is through the reconstruction of whole-genome

phylogenies incorporating samples from different prior studies (62, 287). Most research and

public health laboratories have hence directly relied on phylogenetic analyses in order to

attribute novel Y. pestis genomes to a known lineage and identify their SNPs (294, 319).

Recently, a novel core-genome MLST (cgMLST) typing method has been implemented for

typing Y. pseudotuberculosis isolates in outbreak context (320), and a cgMLST clustering

approach (HierCC) has been implemented into the Enterobase database for the genotyping

of Yersinia species (321). Given reduced diversity described in Y. pestis, it may be diffi-

cult to extend of these schemes for the resolutive typing of Y. pestis. On the other hand,

genotyping frameworks based on wgSNPs have been developed for major human pathogens

such as Mycobacterium tuberculosis (322), Shigella sonnei (256) and Salmonella enterica

serovar Typhi (323). These bacterial species are also genetically monomorphic or display

low levels of genetic diversity comparable to Y. pestis (242). Such frameworks permit a fast

and accurate typing of clinical or surveillance isolates directly from WGS without the need

for time—consuming and not always user-friendly comparative genomics and phylogenetics

methods (256). As WGS becomes available in an increasing number of laboratories for the

sequencing of Y. pestis isolates, the development of a hierarchical wgSNP-based framework
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for the typing of Y. pestis would facilitate a straightforward identification of lineages and

sublineages from WGS data, helping the fast tracking of Y. pestis strains in outbreaks and

emergency contexts.

Indeed, many epidemiologically relevant questions can be addressed using pathogen ge-

nomic data. What is the origin of an outbreak and the disease mode of transmission?

Is an outbreak related to another previous or distant one? How many introductions of

the pathogen into human communities there have been? What may be the drivers of

(re)emergence of outbreaks? Providing answers to these questions remains critical for the

development of intervention strategies to control infectious diseases (324). The integration

of epidemiological data with pathogen genomic data to investigate infectious diseases has

given name to the emerging field known as genomic epidemiology (325). Microbial WGS

data has hence provided with unique opportunities to track the possible source of pathogen

strains during outbreaks (190) to provide insights into the emergence and development of

epidemics (326, 327), to characterize genetic features of circulating pathogen groups (328),

and to better understand the emergence and dissemination of antibiotic-resistant lineages

(329). Such evolutionary and genomic epidemiology studies are usually based in popular

workflows for finding SNPs within bacterial genomes, building phylogenetic trees and other

evolutionary reconstructions, comparative genomics and the integration of temporal and

geographic data of the isolates. In most of the recent works using WGS for the genomic

epidemiology and evolution of Y. pestis, similar strategies have been used. Several studies

have attempted to characterize the diversity of Y. pestis based on isolates from historical col-

lections from different geographic sources (46, 62, 247), while others have focused on isolates

recovered from surveillance efforts in the same plague endemic areas along several decades

(271, 293, 294). Shotgun sequencing is usually performed on genomic DNA to generate

short reads in Illumina-based libraries, and reads are assembled into contigs using de novo

assembly approaches. Then, wgSNPs and indels are then called by mapping the reads to
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the reference chromosome Y. pestis strain CO92 (330), and positions that have low depth

or fall within repetitive sequences and non-core regions are filtered out. The alignment of

concatenated wgSNPs can be used to build a phylogenetic tree using maximum-likelihood

algorithms (331, 332), or to infer population structure relationships by minimum spanning

distance trees (333). When the isolation time of the bacterial genomes is known, different

phylogenetic dating approaches can be implemented to infer divergence dates for the different

branches in the phylogeny (281, 282, 334). Such analyses may allow to define different genetic

groups present in the dataset, as well as to infer their dynamics of emergence and mainte-

nance through time. The study of the relationships between genome sequence evolution and

geography of infectious diseases has been addressed in the emerging research field known as

phylogeography (335). If both the sampling time and location coordinates of isolation of the

different microbial isolates are known, the dissemination of pathogens from one location to

another can be deduced from dated phylogenies. Some phylogeographic models have been

developed in order to explicitly assign geographic locations to unsampled ancestral isolates

represented by internal nodes in the tree, that represents the collection of pathogen move-

ments that are phylogenetically linked (336, 337). Phylogeographic approaches can hence

be used to draw the patterns of pathogen spread, providing unique insights into the spatial

dynamics of diseases during epidemics (335, 338). This information can then be applied

for evaluating the possible association of external factors on the maintenance and spread of

pathogens, which is critical to inform possible counteracting measures to control and prevent

the spread of ongoing or future outbreaks (339, 340).

Although many of these approaches have become popular to study the temporal and

spatial dynamics of different viral infections, their implementation for the study of Y. pestis

dynamics has been less recurrent. Some studies have focused on the molecular typing of

isolates in plague endemic areas to track the possible source of Y. pestis during local plague

outbreaks (319). This has been usually achieved by calling wgSNPs to both determine the
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main phylogenetic lineage of the isolates as well as to describe more refined subgroups within

them. For instance, this strategy has permitted the identification of new sublineages circu-

lating in known endemic areas (272, 341), and to trace human plague cases back to different

animal reservoirs and intermediate hosts associated to plague in the region (47, 48, 342).

Other works have focused on understanding the spatial, temporal and evolutionary dynam-

ics of Y. pestis in endemic countries. Phylogeographic analyses have illustrated the dynamic

nature of natural plague foci, describing changes in the abundance of local genetic groups and

fluctuations in plague epidemics (343). The sequencing and genomic analysis of historical

isolates in the Caucasus and Caspian Sea plague foci revealed the expansion and reactiva-

tion of plague foci in the area as a result of the reintroduction and long-term establishment

of a 2.MED1 sublineage in the second half of the 20th century (64). Interestingly, phy-

logenomic studies have also revealed common evolutionary patterns in endemic countries in

which plague was established during the 3rd Plague Pandemic in the late 19th century/early

20th century. In such countries, Y. pestis was introduced during the pandemic spread and

successfully established in permanent in sylvatic rodent populations, creating stable endemic

foci and recurrent risk of human plague (46). After this successful introduction in the 3rd

pandemic, a shared feature within several plague foci studied is the quick spread within the

country (invasion phase), which appears as a radial expansion (i.e.: polytomies) and a low

degree of population structure in phylogenies (294). This phase is followed by the formation

of genetically and geographically restrained groups that display spatial and temporal sta-

bility, emerging as clades or sublineages in the phylogeny (344). The genomic investigation

of Y. pestis isolates from the same plague endemic areas covering several decades has been

developed in Madagascar, one of the countries where plague is most active. In Madagas-

car, higher levels of Y. pestis genetic diversity were observed in areas with higher elevation,

suggesting environmental factors play an important role on the maintenance of plague in

this country (293). The analysis of isolates from long-term plague surveillance may also
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reveal the transient spread of Y. pestis from active endemic areas into areas normally not

affected by plague, as it was observed in the plague outbreaks in the port city of Mahajanga

in Madagascar along the 1990s decade (29).
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1 – Large-scale characterization of the patterns of global genetic

and geographic diversity of Yersinia pestis populations and their

functional diversification

Genomic analyses represent powerful tools to study infectious diseases, allowing to discrim-

inate between circulating strains, infer the origins of dispersion and identify genetic deter-

minants of their virulence and adaptation mechanisms. Yersinia pestis is a clonal pathogen

with reduced levels of genetic diversity, and hence it is necessary to use whole-genome se-

quencing data to reveal finer pattens of genetic change between isolates. A few phylogenomic

analyses in the past decade have described the major lineages in Y. pestis species evolution

and given a preliminary cartography of their geographic distribution. In parallel, within

the recent years the field of microbial paleogenomics has emerged and provided for the first

time with genomic data from Y. pestis present in infected human remains over the past

millennia, including the strains that circulated in major plague pandemics in human history.

However, the extent of the global genetic diversity of Y. pestis has not been fully explored,

as some important endemic areas that remain active in the past decades remain poorly cov-

ered in past studies, and some identified lineages include only few representative genomes.

Moreover, there have been few studies attempting to characterize the patterns of genomic

variation affecting gene function in the microevolution of Y. pestis species. These previous

attempts have been based in genomic comparisons of some tenths of genomes, which may

have obscured the identification of variants present in lineages and geographic areas absent

from the analyses.

The first general goal of the present thesis was to generate a large genomic dataset allow-

ing to perform comparisons of Y. pestis genomes at the species level, including the diversity

that has been made available in the recent years with the inclusion of ancient DNA datasets.

For this purpose, we envisioned the whole-genome sequencing of a global collection of more

than 1000 Y. pestis isolates maintained by the Yersinia Research Unit and the National Ref-
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erence Laboratory for Plague & other Yersinioses at the Institut Pasteur. The initial phase

of the project requiring the sequencing of such a large collection of isolates was developed

together with our colleagues in the Environment and Infectious Risk – CIBU unit at the

Institut Pasteur, who manage the sequencing platform. To integrate the tenths of available

ancient DNA metagenomes of Y. pestis and generate the most complete phylogenetic and

genomic analysis of Y. pestis to date, we established a close collaboration with our colleagues

in the Microbial Paleogenomics Unit (MPU) in the Institut Pasteur, headed by Nicolas Ras-

covan. The development of different bioinformatic workflows to process the complex genomic

datasets of Y. pestis (ancient and modern sequencing data) was determinant for this first

objective of this thesis. This collaborative effort allowed the generation of whole-genome

sequences of more than 1100 Y. pestis isolates collected from different sources, which was

required for this project and for setting up the basis of new tools for the genotyping of Y.

pestis isolates in future works. We used population genomics methods to develop the most

extensive analysis to date of Y. pestis diversity, evolutionary history, and global spread. We

developed an integrative approach to interrogate different mechanisms in Y. pestis evolution

with the aim of deciphering important factors for the emergence of lineages and their func-

tional diversification.

2 – Study of the dynamics of Yersinia pestis in the contexts of

epidemic and endemic circulation using advanced phylogeographic

approaches

The development of genomic and phylogeographic methods in the recent years has permit-

ted the reconstruction of pathogen dissemination during outbreaks, revealing the dynamics

behind the spread of infectious diseases. Such information inferred from models based on
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the combination of pathogen evolution and temporal-geographical data can be used to in-

form about the complex patterns of maintenance and spread of diseases, which in turn may

contribute to the response to emerging and reemerging infections such as plague. Concern-

ing plague, few endemic areas have been studied in detail in the recent years, including the

ones present in Madagascar, China or Brazil, where phylogenomic analyses have in some

cases helped to reveal local factors associated to the dynamics of plague in these areas.

In addition, recently developed landscape phylogeographic approaches, allowing to retrace

pathogen spread in a continuous time and space, have never been applied to study Yersinia

pestis dispersion in epidemic and endemic context.

In the second part of this thesis, we apply a phylodynamic and phylogeographic approach

to investigate the evolution and spread of Y. pestis in Vietnam, using hundreds of isolates

recovered across four decades in the context of extensive human plague outbreaks and animal

surveillance efforts. To develop this research, we worked together with Simon Dellicour

(Université Libre de Bruxelles, KU Leuven), whose pioneering work on the phylogeography

of infectious diseases and critical advices were important to fullfill our study. Despite having

accounted for up to 90% of the worldwide burden of plague during several years of the

last century, there are currently no available molecular studies that characterize the spread

of Y. pestis in Vietnam. Major outbreaks of plague were recorded in the country at the

height of the long-standing Vietnam War of 1955-1975. The aim of this part was to place

the recovered Y. pestis isolates in a spatio-temporal context, providing information on the

linkage of infections through time and space in the epidemic and endemic circulation of Y.

pestis in this country. The inference of dispersal events would then be a valuable resource

for future analyses aiming to illuminate possible factors that influenced the spread of plague

in Vietnam.
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Chapter 3

Results

Section 3.1

Manuscript A - Genetic diversity, evolution and

spread of plague revealed through the analysis of

global Yersinia pestis genomes

Next will be presented the manuscript detailing the results of the first part of this thesis,

which explores the evolution and diversity of Y. pestis at the species level. This investigation

is currently ongoing, and an updated version of the manuscript (including further results) is

intended to be submitted for publication in the following months.
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Institut Pasteur de Madagascar, Antananarivo, Madagascar; 11Plague Reference Laboratory, Bunia,
Congo

Abstract
The zoonotic pathogen Yersinia pestis, the agent of human plague, has caused three major pandemics and
established in endemic areas present worldwide that are at risk of plague reemergence. We used
whole-genome sequences of 1549 Y. pestis isolates from 29 countries collected over more than 100 years, and
together with 1257 publicly available genomes from modern and ancient genomes, we conduct the largest
phylogenomic analysis of Y. pestis to date. We refine the species population structure and infer routes of
spread of plague in regions that were overlooked in previous studies, notably in Africa, where multiple
introductions are retraced to the Third Pandemic. We also characterize the expansion rates and functional
diversification within lineages, identifying unsuspected trends within the previously poorly described 1.ANT
population in Africa. By using different genomic approaches, we identify specific gene repertoires in different
lineages and characterize the expansion of insertion sequences (IS) during Y. pestis evolution, particularly
within the 1.ANT lineage where an enrichment in IS-driven gene interruptions is described. Our work provides
unprecedented insights into the evolutionary mechanisms and patterns that have shaped the current diversity
within the Y. pestis species.

Introduction
Plague is a fatal zoonotic disease caused by the gram-negative bacterium Yersinia pestis, responsible of threema-
jor pandemics that have profoundly impacted human history (1). Y. pestis common ancestor evolved 5000-6000
years ago (2) and since, Y. pestis has spread from Asia in multiple occasions. During the third plague pandemic,
plague reemerged in China and spread worldwide (3), and today plague is maintained in endemic areas that are
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currently present in Africa, Asia, Eastern Europe, and the Americas (4, 5). Major plague endemic areas include
Madagascar (6, 7), the Democratic Republic of Congo (8, 9) and China (10, 11), where outbreaks of human plague
have occurred in the last decades. Plague is a vector-borne disease, transmitted to humans by fleas from rodent
reservoirs (12). Bubonic plague is themajor form of the disease, produced upon bacterial unrestricted growth in
local draining lymph nodes (1). Pneumonic plague is a less frequent and more aggressive clinical manifestation
in which Y. pestis proliferates in the lungs, potentially leading to inter-human transmission of the disease (13).
Septicemic plague is also a highly severe form that arises when bacteria reach the blood system (14).

Considered as one of themost virulent bacterial pathogens to humans (1), Y. pestis is a recently emerged clone
of its enteropathogenic ancestor Y. pseudotuberculosis (15) that evolved through the combination of events of
gene gain (including two virulence-associated plasmids) and genome reduction (16, 17). These changes allowed
Y. pestis to colonize an insect vector and to establish new transmission routes to infect mammal hosts (18–20).
In the recent years, genomic analyses have started to retrace the clonal evolution of Y. pestis, leading to the
identification of major lineages from the sequencing of bacterial isolates circulating in the past century (21–24),
as well as from the analysis of ancient DNAmetagenomes recovered from victims of historical plague pandemics
(25, 26) and until prehistoric times (27, 28). The steady expansion of Y. pestis genomic data has led to a stepwise
increase in the genetic diversity present in Y. pestisphylogenies, inwhich lineages that have been circulating in the
past decades are interspersed between the emergence of extinct lineages that caused pandemics and outbreaks
centuries ago (29). However, previous attempts to characterize the global genetic diversity of Y. pestis were
based on the analysis of a reduced number of genomes from isolates that were recoveredmainly in areas within
Asia (3, 21–23), while some regions in the world where plague actively circulates remained underrepresented.
Moreover, the analysis of Y. pestis genetic diversity hasmainly focused on the characterization of pointmutations,
ignoring other mechanisms that may be important drivers of genomic variation within Y. pestis isolates.

Here, we take steps to overcome these limitations by sequencing 1549novel Y. pestis genomesof isolates from
several important endemic regions worldwide that were collected all along the past and current century. We use
population genomics methods to develop the most extensive analysis to date of Y. pestis diversity, evolutionary
history, and global spread. We take an integrative approach to interrogate different mechanisms impacting Y.
pestis evolution, deciphering important factors for the emergence of lineages and their functional diversification.

Results
Population structure and diversity of Y. pestis lineages
We sequenced 1549 novel Y. pestis genomes originating from 29 different countries that cover important plague
endemic areas in the world, including Africa, the Middle East, South-East Asia and South America (fig. 1AB,
fig.S1dataset S1). Isolates were mostly recovered from human clinical cases of plague (n=1087/1549, 70.2%),
from which a minority were isolated from pulmonary plague cases (56/1087, 5.2%%). The rest of novel isolates
analyzed in this study were recovered in the context of animal plague surveillance, including a range of rodent
species (239/1549, 15.4%) and fleas (88/1549, 5.7%) (fig. S1). Animal hosts include different species of rats (Rat-
tus sp. 168/239, 70.3%) and gerbils (Meriones sp. 29/239, 12.1%), while the oriental rat flea is the most common
ectoparasite vector present in the dataset (X. cheopis 57/88, 64.7%) (dataset S1). The collection covers a time
span of 118 years (1899-2017), with the oldest samples closely following the first isolation of Y. pestis in 1894 (31).
Most were isolates sampled all along the second half of the 20th century (fig. 1D, fig. S1).

To provide an updated overview of the Y. pestis phylogenetic diversity and population structure, we built a
maximum likelihood phylogeny including most of the publicly available modern genomes (n=1174), together
with the 1549 novel sequences. We implemented a workflow (see Methods) allowing to include ancient DNA
(aDNA) Y. pestis metagenomes (n=83) recovered from victims past Y. pestis infections, including historical pan-
demics, to the genomic analysis of modern isolates. This allowed the reconstruction of the largest phylogeny of
Y. pestis species to date, using a total of 2806 modern and ancient genomes (fig. 1AC, Dataset S2). The tree is di-
vided into 20 different lineages following a previously established nomenclature (3, 21, 23, 29) and confirmed the
overall clonal evolution of Y. pestis, with lineages emerging from a central branch (fig. 1C, fig. S2). These lineages
have uneven frequencies, as 1.ORI (n=2036) represents the 72.5% of the sampled isolates, while some lineages
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Figure 1. Phylogenetic analysis, geographical and temporal distribution of the genomes included in this study (n=2806), including the newly sequenced isolates (n=1549).
A: Maximum-likelihood phylogenetic tree of the 2806 ancient and modern Y. pestis genomes. The external rings annotations indicate the lab source of the isolates (Institut Pasteur collection or public
repositories), the world region, continent, isolation date and animal host, respectively. The most internal ring and tips are colored according to the lineage distribution described in C. B: Geographical
distribution of the genomes in the complete dataset included in the phylogeny (up), and locations of the new sequences from isolates present in the Institut Pasteur collection (down). C: GrapeTree (30)
visualization of the phylogenetic tree shown in A, but with log-scaled branch lengths and branches of length lower than 1e-7 collapsed to facilitate visualization of the clonal lineages that are extensively
sampled. The tree was rooted on the Y. pseudotuberculosis as outgroup. Nodes of the tree are colored according to the 20 main lineages represented in the phylogeny, following lineage designations of
previously published sources (3, 21, 29). Branches corresponding to historical outbreaks are highlighted, including ancient DNA metagenomes (n=83) recovered from victims of the First (Justinian
plague) and the Second plague pandemics, as well as of genomes recovered from individuals dating from the Neolithic and of the Late Neolithic - Bronze Age (LNBA) lineage. The 1.ORI lineage that
caused the Third plague pandemic includes 2036 modern genomes. D: Temporal distribution of the isolates sequenced in this study, that span from 1899 to 2017 (119 years). Darker blue bars indicate
periods of extensive sampling obtained for two countries (Vietnam: 1962-66, Madagascar: 1995-98). E: Proportion of genomes by continent (up) and isolation source (down). Colours correspond to the
lineages represented in the phylogeny in C.
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are represented by less than 20 isolates: 0.PE5 (n=19), 4.ANT (n=15), 3.ANT (n=13), 0.ANT3 (n=11), 0.ANT5 (n=6),
0.ANT2 (n=3), 0.PE7 (n=2), 0.PE3 (n=1) (fig. 1, fig. S2). Congruent with previous studies (2, 25, 26, 32), the phy-
logeny also placed branches corresponding to ancient Y. pestis genomes from the Neolithic and Late Neolithic
as the most ancestral in Y. pestis evolution, while branches corresponding to samples associated to the Justinian
Plague and to the Second Pandemic fall at the trunk of branch 0 and of branch 1, respectively.

The different lineages of contemporary Y. pestis genomes display contrasting levels of average nucleotide
diversity index (𝜋) (Kruskal-Wallis test, p < 2.2e-16, fig. S3). We found 0.PE lineages to be the most diverse,
consistent with the placement of 0.PE lineages within the most ancestral clades of the phylogeny, while more
recently evolved lineages (i.e.: 1.ORI, 1.IN) have accumulated less diversity. Surprisingly, we found 1.ANT to be
within the lineages presenting the highest diversity, despite its more recent emergence as part of branch 1 (fig.
S2, fig. S3).

The global Y. pestis phylogeny also displays a strong geographical structure of lineages, in line with previous
observations (3). 1.ORI lineage is found in all continents except Australia; 1.ANT lineage is restricted to Central
and Eastern Africa, while all the other lineages (0.PE, 0.ANT, 1.IN, 2.ANT, 2.MED, 3.ANT, 4.ANT) are almost ex-
clusively present over Eurasia (fig. 1, fig. S4). The extensive sampling and widespread distribution of 1.ORI is
consistent with its dissemination during the Third Pandemic (fig. 1C)(3). The comparative analysis of thousands
of 1.ORI genomes provided additional evolutionary substructure within this lineage. 1.ORI lineage presents a
star-like topology, defined by the radiation of different sublineages that were interpreted as reflecting different
waves of plague expansion during the Third Pandemic (fig. 1AC)(3). The most ancestral sublineage, 1.ORI1, is
present in China, South-East Asia and North America. A polytomy following 1.ORI1 gave rise to multiple sublin-
eages of diverse abundances. 1.ORI2 (n=12) is found only in India and South Africa while 1.ORI3 (n=668) covers
all genomes from Madagascar and four from the Middle East. We identified two extensively sampled mono-
phyletic sublineages that we named 1.ORI4 and 1.ORI5. 1.ORI4 (n=593) is present in South-East Asia, and 1.ORI5
(n=675) is present in Africa, South America and Europe (fig. 1, fig. S5). We sequenced 43 new genomes of the
1.ANT lineage (n=46) that were distributed within three sublineages following previous descriptions (3). The
early-branching 1.ANT3 (n=11) is found in Yemen, Kenya and the Democratic Republic of Congo (DRC). 1.ANT2
(n=14) is present in Kenya and Tanzania, while 1.ANT1 (n=21) circulates within the plague endemic area of Ituri
(DRC) and neighboring Uganda (fig. S6). The phylogenetic analysis also confirms the subdivision of the 2.MED
lineage (n=186, widely distributed over Asia and the Middle East) into four sublineages: 2.MED0 (n=8), 2.MED1
(n=147), 2.MED2 (n=6) and 2.MED3 (n=25). We generated 60 novel genomes of the 2.MED1 sublineage that were
recovered from the Middle East and Libya, in the context of animal plague surveillance (Kurdistan in Iran) and of
human plague outbreaks (2009 plague outbreak in Libya (33), (fig. S6).
Retracing the routes of plague spread
The reconstructed phylogenies, including the new and previously published isolates, provide new insights into
the evolution and spreading history of the Y. pestis lineages, particularly 1.ORI (Third Pandemic), 1.ANT, and
2.MED1 (fig. 2). We selected a subset of representative ancient and modern Y. pestis genomes (table S1) and
used the Bayesian framework implemented in BEAST (34) to date the divergence of different clades (fig. S7).
The Third Plague Pandemic is associated with the emergence of 1.ORI lineage in China, followed by its global
dissemination starting in 1894 (3, 35). Our estimations of the evolution of 1.ORI lineage (tMRCA 1759 AD; 95%
highest posterior density (HPD) 1695-1814) slightly predate previous estimations (21), but the interval of both
estimations overlap. As it has been previously described (3), 1.ORI1 was introduced early in the Third Pandemic
into South-East Asia and North America, and 1.ORI2 spread to India and South Africa. These transmissions were
followed by the introduction of 1.ORI3 into Madagascar and the Middle East, and of 1.ORI4 into Vietnam and
Myanmar (fig. 2A, fig. S5). These observations support the proposed view of different waves of plague spreading
during the Third Pandemic (3)(fig. 1, fig. S5).

The extensive sampling of Third Pandemic isolates revealed new patterns of spread within the newly de-
scribed 1.ORI5 sublineage. 1.ORI5 emerged more recently and radially spread to Africa, South America, and
Europe (fig. 2BC). Plague may have invaded the Southern region of Africa from the coast in South Africa because
two descendant clades of 1.ORI5 include isolates from South Africa, Zimbabwe and Namibia (fig. 2BC). We es-
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timate this transmission early in the 20th century (Zimbabwe-Namibian clade: 1904 AD; 95% HPD 1857- 1942),
consistent with historical records describing the first plague outbreaks in the South African coast in 1900 and
further inland expansion in the context of the Anglo-Boer war of 1899-1902 (36). 1.ORI5 may have also invaded
Western Africa on multiple occasions, since we find two independent clades containing isolates from Senegal.
Plague probably spread from the Western African coast into Northern Africa because a descendant clade of
1.ORI5 consists of isolates from Senegal as well as from Morocco and Algeria (fig. 2B). This clade diverged in the
late 19th century (1866 AD; 95% HPD 1816-1899), coinciding with the recorded plague invasions of the Northern
African coast at the turn of the 20th century (37, 38). Multiple independent radiations of 1.ORI5 were responsible
for the transmission of plague into South America (Argentina, Bolivia, Brazil, Peru) and Europe (Germany). A
clade of 1.ORI5 including isolates from Bolivia, Germany and Argentina may illustrate the recurrent introduction
of plague into European ports by infected ships from former colonies such as Buenos Aires (39) (fig. 2B). Overall,
the patterns of 1.ORI5 spread follow the described behavior of the early Third Pandemic, repeatedly infecting
major ports and causing subsequent urban outbreaks (40, 41).

We also report the spread of 1.ANT, the first lineage emerging after the ancient Y. pestis genomes that caused
the Second Pandemic (fig. 1A, fig. S2, fig. S6). We estimate the emergence of 1.ANT around the 15th century (1437
AD; 95% HPD 1357- 1545), and its early diversification in the late 16th century (1595 AD; 95% HPD 1476-1712),
giving rise to 1.ANT3 (fig. 2A). Interestingly, the finding of an isolate from Yemen within the most ancestral
positions of the 1.ANT3 sublineage supports the idea of the introduction of 1.ANT into Africa from Central Asia
via the Middle East, following ancient trade routes (fig. 2C) (40, 42, 43). 1.ANT2-1.ANT1 diverged as early as the
17th century (1726 AD, 95% CI 1615 -1819) and represent the further spread of plague from Eastern (Tanzania,
Kenya) into Central Africa (Uganda, DRC). The 1.ANT1 sublineage may have evolved early in the 19th century
(1815 AD; 95% HPD 1725- 1888). We found two distinct clades of 1.ANT1 circulating during the human plague
outbreaks in the Ituri region (DRC) between 2004-2010 (fig. S6).

The 2.MED lineage emerged in the 15th century (median 1404.18, 95% HPD 1249.87 - 1560.15) and further
spread through Asia (fig. S6). The estimation dates indicate that the most recently derived sublineage, 2.MED1,
evolved in the 18th century (1722 AD; 95% HPD 1631 -1802) establishing in vast areas in the Caucasus, the
Middle East and Central Asia (24). The 2.MED1 clade that currently circulates in Iran evolved at the end of the
19th century (1871 AD; 95% HPD 1827- 1905), spreading from the Kurdistan area into the neighboring Caucasus
(Russia, Azerbaijan), Turkey and Northern Africa (Libya)(fig. 2AD). The estimated transmission of plague into
Libya from or nearby Western Iran early in the 20th century (1938 AD; 95% HPD 1914-1948) closely follows the
last decades of rule on present-day Libya by the Ottoman Empire (1864-1912), which extended from South of the
Caucasus up to theMaghreb (44). It is tempting to speculate that humanmovements and tradewithin such areas
under the same rule were responsible for the establishment of 2.MED1 into Libya, where it has caused human
plague outbreaks until the last decade (33). We notice the frequent presence of human isolates interspersed
between Y. pestis isolates recovered from animal reservoirs and their ectoparasite vectors both in 1.ANT and
2.MED1 phylogenies (fig. 2AB), indicating that zoonotic spillovers are common in these lineages despite not
being associated to historical pandemics.
Different signatures of expansion within Y. pestis lineages
The different patterns of historical spread of plague have probably influenced the evolution of the diverse Y. pestis
lineages. The presence of multiple polytomies (star-like radiations) across the phylogeny has been stressed in
previous studies as being a recurrent feature in Y. pestis evolution (21). Such polytomies include the node known
as the “Big Bang” thatmarks the split of branch 0 into branches 2, 3, 4 and 1, but polytomic nodes are also present
in the 1.IN and the Third Pandemic 1.ORI lineages (fig. 1, fig. S2, fig. S5). These radial topologies have been in-
terpreted as hallmarks of rapid effective viral or bacterial population expansion events in a context of outbreak
spread (45). To further investigate possible phylogenetic signatures of expansion in Y. pestis evolution, we com-
pared the distributions of terminal branch lengths for major groups of modern Y. pestis lineages as a measure of
their expansion, expecting that shorter terminal branch length distributionsmay indicate higher expansion rates
(46, 47). We found branch 1 lineages (1.ORI, 1.IN, 1.ANT) to have the shortest median terminal branch lengths
compared to the rest of lineages, except 4.ANT (pairwise two-sided Wilcoxon rank-sum tests significant p-value

5 of 37



   

   

 

  

  

  

                 

C D

B

A

1.ORI5 clade

1.ANT lineage 2.MED1 clade

Yemen

Kenya

Tanzania

Uganda

DR of Congo

Iran
Turkey

Libya

Russia
Azerbaijan

      

      

    
 

 

 

 

 

 

 

 

 

 

 

                           
        

       

       

       

       

                            

       

                 
              

            

       

                            

                     
          
             
      

                      
          
      
                                        
                  

          
      
             
      
                            
                             

                                  

                                 

Figure 2. Inference of transmission events of different Y. pestis lineages. A: Dates of relevant nodes of the time-scaled phylogeny inferred using BEAST. The plotted date intervals correspond to
the 95% highest posterior density (HPD) intervals, while the points indicate the median value of the inferred ages for selected nodes within the 1.ANT, 2.MED and 1.ORI lineages, respectively. The
complete dated tree is shown in fig. S7. B: Focus on the phylogeography of the 1.ORI5 identified in this study (see Methods). Subtree of the 1.ORI5 clade (left), with tips colored with the colors displayed
in the right map. The nodes marked with asterisks have bootstrap supports >85%. The closer map (right) summarizes the inferred spreading routes of the 1.ORI5, where transmissions indicated by
continuous lines represent introductions inferred from clades that directly emerge from the 1.ORI5 common ancestor, while discontinuous lines represent transmissions that are inferred from
monophyletic clades within 1.ORI5. C: Focus on the Central-East African 1.ANT lineage phylogeography. Each genome in the circular subtree is connected to the geographic location at the country level.
The 1.ANT lineage is divided into three sublineages: 1.ANT3 (upper clade), 1.ANT2 (left clade) and 1.ANT1 (down clade), which describe an eastwards expansion of the lineage within this region in Africa.
D: Focus on the clade within the 2.MED1 sublineage that includes novel genomes from the Kurdistan in Iran (n=54, in green), that are the most ancestral within the clade. Transmissions to neighboring
Turkey, Azerbaijan, Russia and Libya are inferred from the circular subtree, represented as in fig. S6. The three isolates from Libya were collected in the context of reemergence of plague in Libya in
2009.
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< 0.05, fig. S8). However, we note that lineages 4.ANT (n=15) and 3.ANT (n=13) are barely sampled, limiting their
comparison. As 1.ORI isolates are overrepresented in the phylogeny (n=2023), we also estimated the medians
of the terminal branch lengths on a random subset (n=200) of 1.ORI isolates using nonparametric bootstrapping
(see Methods), together with all the rest of lineages. Bootstrapping revealed a similar hierarchy, with 1.ORI, 1.IN
and 1.ANT presenting the shortest median terminal branch lengths, followed by 4.ANT, 0.ANT, 3.ANT, 2.MED,
2.ANT and 0.PE (fig. S9. The finding that branch 1 lineages have the shortest terminal branch length suggests
that these lineages might be under expansion. This signature of increased dissemination is supported by the
global spread of 1.ORI during the Third Pandemic in the last century, as well as the circulation of 1.IN and 1.ANT
causing human plague outbreaks in the recent decades (48–51). In contrast, 0.PE lineages present nearly ten-fold
longer median terminal branch lengths compared to 1.ORI, suggesting their maintenance in more restrained cy-
cles of transmission (fig. S9). 0.PE (also called “Pestoides”) lineages rarely cause outbreaks in humans and their
circulation is considered to remain mostly confined to the animal reservoir (52, 53).
Functional diversification in Y. pestis lineages
The particular evolutionary paths and spreading histories of different Y. pestis lineages may have resulted in
point mutations contributing to their virulence and adaptation. To better understand the relationship between
lineage diversification and changes in gene function in Y. pestis, we analyzed the protein-altering (PA) mutations
(i.e.: nonsynonymous or nonsense mutation events) identified within the 2806 genomes included in the global
phylogeny. Different depth thresholds were applied for ancient and modern Y. pestis genomes, and both single-
tons and shared variants (shared by 90% of genomes) were removed, allowing to identify 1615 PAmutations. To
characterize functional variants that may be enriched in particular Y. pestis lineages, genes were annotated and
grouped into different 95 functional categories (see Materials and Methods). To allow comparisons between
functional categories, counts of mutation events were normalized based on the sum of sequence lengths of
genes present in each category (fig. S10). We then used correspondence analysis to investigate possible rela-
tionships between Y. pestis lineages and mutation enrichment for some functional categories. For instance, we
found that isolates from the 1.ANT group specifically acquired PA mutations affecting genes related to stress
sensing (barA, rseP, skp, surA) and membrane traffic (YPO1579). Missense variants in genes related to response
to different types of stress (proV, cdr) also appear to be enriched in some 1.ORI clades (fig. 3A). As both 1.ANT
and 1.ORI lineages have spread to different locations since their emergence, such variantsmay have contributed
to their adaptation to the conditions encountered at the areas where they have established. On the other hand,
genes that exhibit an excess of PA variants may be indicative of diversifying selection. To uncover genes showing
high levels of variation, we estimated the ratio of PA mutation events per gene, normalized to the count of syn-
onymous mutations per gene, as a measure of diversifying selection. We identified thirteen genes presenting a
high PA ratio (>3) and three genes showing clustered mutations (>10 sites altered) (fig. 3B). Most of these vari-
ants are scattered along the phylogeny or shared by some lineages (fig. S11). Interestingly, within these loci we
find genes that have been shown to be important for virulence or adaptation in pathogenic Yersinia spp. (yapF,
ail, yopT ) or other bacteria (aspA, ftsK, cysJ, cdiA)(table S2). Two of these genes (aspA, ftsK ) had been identified
in a previous work as genes presenting hallmarks of diversifying selection in Y. pestis (21). We note that two of
the variants present in YopT effector locus (YPCD1.20, 437G>A, 103C>T) cause the formation of premature stop
codons that probably abrogate its function. These nonsense variants are exclusively present in isolates of the
1.ANT3 and 1.ANT2 sublineages, while 1.ANT1 maintained the functional genotype.
Genomic content variation shaped the evolution of Y. pestis
Besides coding sequence diversification, variation in gene content may have also contributed to the emergence
of different Y. pestis lineages. The acquisition of two plasmids and the loss of several gene functions are consid-
ered as cornerstone evolutionary events that led to the speciation of Y. pestis from its ancestor Y. pseudotuber-
culosis (18, 54). However, little is known about the genomic differences that characterize the different lineages
as they emerged in the evolution of Y. pestis. A previous study identified the specific loss of 18 loci in branch 2
lineages (2.ANT and 2.MED), suggesting that genomic variation has also occurred during Y. pestismicroevolution
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(55). We extend these observations by comparing the genomes of 1939 modern isolates, including most of the
novel genomes sequenced in this study. We reconstructed the Y. pestis pan-genome from de novo assemblies
and identified a total of 23523 orthologous gene families (with a minimum 80% identity cut-off), 3717 of which
were present in >90% of isolates, that we defined as the core-genome. We identified 10583 gene families that
were variably present in some isolates, defining the accessory genome. To further understand the changes in
coding capacities between different lineages, we focused on the distribution of accessory genes that were likely
not part of the three common plasmids. For this purpose, we filtered only gene families that were present within
contigs that did not contain sequences of any of the three known plasmids (see Materials and Methods). Our
analysis reveals a mosaic pattern of gene repertoires distributed across the phylogeny (fig. S12), indicating that
the emergence of different Y. pestis lineages was characterized by events of gene gain and gene loss besides
their diversification through point mutations in core-genes. We could identify clusters of 4-106 genes that are
lineage-specific, while some other clusters are shared by two or more lineages (fig. 4). The presence of distinc-
tive gene repertoires in Y. pestis lineages raises questions regarding their impact on the adaptation to different
environments and host niches in which the different lineages circulate. Further analyses are needed to better
understand the interplay of phylogeny, geography, and host niche in shaping Y. pestis pangenome.

106

100

66

46

3939

34

26
24

1313
10

8 7
4

11
9

4 4 4 3 3 3 3 3 2 2 2 1 1 1 1 1 1 1 1 1 1 1 1

8 7

3 2 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
4 3 2 2 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

6

2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 2 1 1 1 1 1 1 1 1 1 1 1 1 1 2 1 1 1 1 1 1 1

17

8
5

2 1 1 1 1 1 1 1 1

7

3 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1

9

5
2 2 2 1 1 1 1 1 1 1 1 1

50

15

2 2 2 1 1 1

5

1 1 1

12

0

30

60

90

120

In
te

rs
ec

tio
n 

Si
ze

0100200300400
Set Size

  0 PE2
  0 PE3
  0 PE4
  0 PE5
 0 ANT1
 0 ANT5
 0 ANT2
 0 ANT3
  3 ANT
  4 ANT
  2 ANT
  2 MED
  1 ANT
   1 IN
  1 ORI
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Insertion sequence expansion during Y. pestismicroevolution
Genome reduction or gene inactivation is another major process that guided the adaptative emergence of Y.
pestis as a vector-borne pathogen, evolving from an enteropathogenic ancestor (18). A hallmark of this adapta-
tion has been the accumulation of insertion sequences (IS), which are thought to be major driving forces of Y.
pestis genomic plasticity, as they can interrupt genes and cause genomic rearrangements. IS are highly preva-
lent in Y. pestis, and about a third of the total pseudogenes in Y. pestis reference genome are consequence of IS
insertions (54). Previous population genomics studies in Y. pestismostly focused on point mutations and indels,
ignoring the possible contribution of IS in genomic variation between Y. pestis isolates. We identified six types
of IS that are present in most available Y. pestis closed genomes (n=62): IS200 (also called IS1541), IS100, IS285,
IS1661, ISYpe1 and ISYps7. Asmost of these IS are also present in Y. pseudotuberculosis, we compared the number
of IS copies in closed genomes from both species (table S3). As previously reported (18, 54), Y. pestis chromo-
somes present more IS than Y. pseudotuberculosis (median 122 vs 20), which account for 2.6-4.5% of bases in Y.
pestis compared to <1% in Y. pseudotuberculosis (fig. S13). Themost prevalent IS types in Y. pestis closed genomes
are IS200, IS100 and IS285, in line with previous findings (54). To better understand the evolutionary trajectories
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of IS in Y. pestis lineages and its potential contribution to functional gene loss, we explored the IS variation in
a dataset of modern Y. pestis genomes (n=245) representative of the genetic and geographic diversity of the
pathogen, together with five Y. pseudotuberculosis genomes as comparison. We identified chromosomal inser-
tion sites for the six common IS types in short-read data (see Materials and methods) and detected a similar
number (median 119) of insertions counts found in closed genomes. The analysis also confirmed the higher
prevalence of IS200, IS100, and IS285 insertions within diverse Y. pestis isolates (fig. S14, table S3). To infer the
dynamics of IS in relation to the population structure, we analyzed the distribution of IS counts between lineages
across the Y. pestis phylogeny (fig. 5A). Interestingly, we found a strong positive correlation between the total
IS counts and the number of nodes from each genome to the most recent common ancestor (MRCA) of the ge-
nealogy (R2 = 0.62, fig. 5B), indicating that IS have been also expanding since the divergence of most ancestral Y.
pestis lineages. Since the number of branching events across the Y. pestis phylogeny are considered indicative of
lineage emergence and expansion (21), the accumulation of IS insertions may be a secondary marker of lineage
diversification. Accordingly, the distribution of IS insertions within Y. pestis chromosome clustered the genomes
mostly following the lineages that are defined by their specific point mutation variation (fig. 5CD). We found
1.ANT to have the highest number of IS insertions compared to the rest of lineages, which appears to be mainly
caused by the expansion of IS100 in 1.ANT isolates (fig. 5C). To investigate the possible impact of this signature of
IS expansion on functional gene loss in 1.ANT lineage, we focused on IS insertions that were specific to 1.ANT iso-
lates. We detected 133 specific gene interruptions caused by IS insertion that are present in at least one isolate.
Most of the genes interrupted by IS insertions are related tomembrane transport and carbohydratemetabolism
(fig. 5E), while the interruption of several genes coding for Tc toxins (tcaC, YPO3681) and structural genes of type
VI secretion systems (vgrG, tssH) is common in most isolates of the 1.ANT3 and 1.ANT2 sublineages. The impact
of the observed gene-truncating IS insertions on the 1.ANT virulence and ecology remains to be determined,
together with the specific gene loss in other lineages that may be attributed to IS.

Discussion
In the last decade, genomic analyses have provided the first insights into the evolution and diversity of Y. pestis
species. These analyses have retraced the clonal distribution of Y. pestis lineages, both from the sequencing of
modern bacterial isolates (3, 21, 23, 24, 57) and ancient DNAmetagenomes fromvictims of past Y. pestis infections
(2, 25–28). The phylogeny of Y. pestis species is defined by the alternance of Y. pestis lineages that have caused
historical plague pandemics and outbreaks in the past, interspersed between the emergence of groups that have
been evolving for long, which are responsible for the persistence of plague over vast locations in Asia. In this
study, we used phylogenomic analyses to uncover missing pieces in the evolutionary history and global genetic
diversity of Y. pestis. Through the sequencing of a large collection of isolates from the past and current century,
we inferred new patterns of dissemination of Y. pestis during the Third Pandemic, notably for the introductions
of the newly described 1.ORI5 sublineage into Africa. During the period in which the ongoing Third Pandemic has
developed, Y. pestis from lineages other than 1.ORI have also circulated during outbreaks and several collected
isolates of these lineages are part of the studied dataset. We have expanded the available genetic diversity
of the East African 1.ANT lineage, and we retraced its evolution and distribution up to the outbreaks in the last
decade caused by this Y. pestis population (8). The origin of 1.ANT and its establishment into the African continent
remain subjects of debate (42, 58), as it is the first lineage emerging after the ancient DNA genomes recovered
from victims of the Second Pandemic in Europe, suggesting a possible link between both events (fig. 1). Our
results support the hypothesis of the introduction of 1.ANT from Asia into Africa from the East, possibly through
the Red Sea (42). The 2.MED lineage distribution is particularly large, appearing widespread across longitudes
in Asia. We further retrace the spread of the 2.MED1 sublineage through the Caucasus area and westwards into
Africa, suggesting its historical spread was human-mediated.

The phylogeny of Y. pestis thus appears to mirror the spreading events of plague that are responsible for the
geographical distribution of the disease. Such historic of spread have probably impacted the evolution of Y. pestis,
and hallmarks of expansion events may become apparent in the phylogenies, such as the recurrent presence of
polytomies in the tree (21). We provide new insights into this question by analyzing the distribution of terminal
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branch lengths among isolates, which has been used to inform about lineages that show rapid dissemination in
other pandemic pathogens such as Mycobacterium tuberculosis (46, 47). We showed that isolates from lineages
of branch 1 (1.ORI, 1.ANT and 1.IN) presented shorter terminal branch lengths, suggesting that these lineages
had undergone recent expansion. If these results are expected for 1.ORI due to its spread and establishment
into new areas during the Third Pandemic, it is more interesting for 1.ANT and 1.IN, which appear to be more
geographically restricted (fig. 1, fig. S4). Terminal branch lengths may be used as indicators of a higher recent
transmission history for these lineages, compared to other lineages that rather appear to remain restricted
to transmission cycles within rodent communities, such as 0.PE lineages (53). These findings may illuminate
groups of Y. pestis that have circulated more actively, hence representing an increased risk of spillover to human
communities living nearby. The distributions of terminal branch lengths might result from the interaction of
several factors including transmission rates, mutation rates and dynamics of latency (59). Significant variations
in mutation rates have been observed to occur along the Y. pestis phylogeny, which have also been related to
different branching patterns (i.e.: polytomies)(21, 60). In turn, it was hypothesized that this heterogeneity in clock
rates was caused by episodic events of increased epidemic transmission occurring throughout the evolution of
Y. pestis (21). The comparative analysis of terminal branch lengths and mutation rates may therefore help to
clarify the relationships between these factors in Y. pestis evolution.

In the second part of our study, we go beyond historical reconstructions and explore the functional diversity
of Y. pestis lineages from different angles, starting by protein-altering (PA) variants. Y. pestis is considered a ge-
netically monomorphic pathogen (61), as it accumulated reduced levels of genetic diversity since the divergence
of the most ancestral lineages. Previous works have analyzed the ratio of PA (nonsynonymous) to synonymous
mutation (dN/dS) by estimating its value across the nodes on the Y. pestis phylogeny. The distribution of dN/dS
closely remained close to parity, ruling out possible hypotheses of strong diversifying selective pressures guiding
Y. pestis diversification and in favor of its global evolution tending to neutrality and genetic drift (21). However,
we argue that the sole exploration of ratios values does not inform about the distribution and functional impact
of PA mutations occurring in specific Y. pestis populations, which may hide possible signatures of adaptation or
diversifying selection. For instance, it has been recently shown that PA variants affecting the rpoZ gene influence
biofilm formation in Y. pestis, and the occurrence of these variants has been placed into the context of climatic
variations through decades in the region where isolates carrying these variants circulate (62). By stepping on the
considerable increase in genomic data generated in this and other recent studies, we have explored the func-
tional diversification in Y. pestis genomes and identified enrichment trends in genetic groups from the 1.ANT
and 1.ORI lineages. The presence of specific PA mutations in genes coding for proteins related to stress sensing
and response in these lineages may point to factors that contributed to the adaptation of Y. pestis to different
environmental conditions. Moreover, the finding that multiple loci associated to virulence mechanisms are part
of the genes presenting highest rates of nonsynonymous variants is remarkable and deserve further analyses
to characterize their possible impact in gene function using complementary approaches. On the other hand,
our previous understanding of Y. pestis diversity in terms of gene content remains limited, as precedent analy-
ses of the Y. pestis pangenome were based in a reduced set of genomes (21, 55). By comparing the genomes
of thousands of Y. pestis isolates, we provide evidence that Y. pestis lineages are characterized by specific gene
repertoires, suggesting that variation in gene content may have played a role in the emergence of different Y.
pestis lineages.

We finally analyzed the prevalence and distribution of IS within Y. pestis lineages to explore possible patterns
of functional gene loss during Y. pestis microevolution. Genome reduction through functional gene loss is one
of the hallmarks of the emergence of Y. pestis from its ancestor species Y. pseudotuberculosis, which is thought
to have contributed to its adaptation to a different ecologic niche and transmission route (16). For instance, the
inactivation of Y. pestis Invasin (inv) by an IS200 insertion is considered to have played a role in this transition from
an enteropathogenic to a vector-borne lifestyle (16, 63). IS are considered key determinants of the adaptation
and genome reduction of other relevant pathogens, including Bordetella pertussis, Mycobacterium leprae and
Shigella spp. (64–67). A recent study found that the parallel expansion of IS in different Shigella spp. led to
convergent patterns of gene inactivation and loss of specific metabolic pathways (67). We demonstrate that IS
have been expanding during Y. pestis species microevolution, notably due an expansion in IS100 copies. As IS100
are also present in all three plasmids common in most Y. pestis isolates (54), the expansion of this IS type in Y.
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pestis chromosomesmay be plasmid-driven, as it has been suggested for the described expansion of IS in Shigella
species (67). Intriguingly, we found a specific signature of IS expansion in isolates of the 1.ANT lineage, leading
to the interruption of tenths of loci in genomes of this lineage. The impact of IS expansion in the functional gene
loss in different Y. pestis lineages and across the evolutionary path specific to Y. pestis remains to be carefully
investigated. Moreover, the finding that Y. pestis genomes cluster in similar groups according to the positions of
IS insertion in the chromosome and according to phylogenetic lineages is particularly interesting. These patterns
of insertion, together with the observed increase IS copies throughout the phylogeny, indicate that IS expansion
may represent a signature of diversification in Y. pestis lineages. Our results complement recent studies that have
shown that the patterns of small indels in Y. pestis lineages also mirror their phylogenetic relationships defined
by point mutations (68). These findings altogether point towards a more complete understanding of Y. pestis
evolution, in whichmultiplemechanisms (pointmutations, gene gain, and gene inactivation through IS insertions
and indels) act as driving forces in the emergence of Y. pestis lineages and their functional diversification. Future
analyses should focus on elucidating possible selective signals in Y. pestis genomes by investigating in parallel
these threemechanisms that appear now as possible drivers of genetic diversity in Y. pestis species. The different
patterns of diversity caused by these mechanisms need to be placed into the specific ecologic and epidemic
backgrounds and the evolutionary history of Y. pestis lineages. Their analysis, together with functional assays,
may help revealing factors that are important for the adaptation of Y. pestis during its spread and successful
establishment into new areas. The sequencing and analysis of comprehensive genomic datasets is essential to
identify new evolutionary patterns and provide enough statistical power to contrast different hypotheses. We
generated the largest genomic dataset for Y. pestis to date, which has doubled the available number of genomes
for this pathogen. Recent studies have mostly been focused on the diversity of isolates present in Asia and few
other endemic countries or analyzed ancient Y. pestis genomes that have been recoveredmainly in Europe, while
other regions in the world remained under-represented. The genomic data from diverse regions in the African
continent provided in ourworkmay help filling thismissing gap in our understanding of Y. pestis diversity in Africa.
The growing availability of more genetically and geographically diverse Y. pestis datasets will also be of help for
the typing and genomic epidemiology of plague. In the present study, we develop an integrative approach to
interrogate different mechanisms in Y. pestis evolution. Taking further steps into these aspects may facilitate our
understanding of the mechanisms that have allowed one the most successful pandemic pathogens to persist
and reemerge on several occasions throughout the last centuries.
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Methods
Bacterial isolates and genome sequencing
A global collection of 1549 Y. pestis isolates was collected from different teams and Instituts Pasteur around the
world between 1899 and 2017, in the context of human outbreaks and of plague surveillance efforts, notably in
Vietnam (n=575) and Madagascar (n=586), where exhaustive sampling was obtained within the 1960s and 1990s
decade, respectively. The total isolates were obtained from 29 present-day countries (fig. 1, dataset S1), mostly
from Africa (n=747, 48%), and Asia (n=686, 44%). Most of the isolates were recovered from human clinical cases
of plague (n=1087, 70%), while the rest of new isolates included in this study were recovered in the context of
animal plague surveillance, in which different species of 16 different animal hosts and flea vectors were sampled.

All manipulations of live Y. pestis isolates were performed in biosafety level 3 laboratory conditions at the In-
stitut Pasteur. Whole-genome sequencing reads of the isolates were obtained using an Illumina MiSeq platform,
generating pair-end sets of 2x300 bp lengths. Sequencing libraries were prepared following the protocol of the
Nextera DNA Flex library preparation kit (Illumina).
Sequence analysis and de novo assembly
The sequencing reads of the 1549 Y. pestis isolates from the Pasteur collection were added to a larger genomic
dataset that included most of the available Y. pestis samples available in public repositories (n= 1363, as of July
2021). Raw sequencing reads were used when possible, while for 404 samples only genomic assemblies were
available. This initial dataset included ancient DNA metagenomes from different centuries that have been ana-
lyzed in recent studies (n=136).

Genomic assemblies present in public repositories (NCBI, EnteroBase (29) for the samples included in the
dataset were obtained and kept for downstream analyses. For all modern Y. pestis genomes for which only raw
sequencing reads were available (n=2076), including the 1549 newly sequenced isolates, de novo assemblies
were generated using the fd2dna workflow (https://gitlab.pasteur.fr/GIPhy/fq2dna), which develops the steps
that are described next. Correction of reads, clipping and trimming from adapter sequences and nonconfident
calls was performed using AlienTrimmer v.0.4.0 (69), and redundant or over-represented reads were identified
and reduced using the khmer tool package v1.3 (70). Aminimum threshold of 12xwas used in the pre-processing
steps, and sequencing errors were identified and corrected by Musket v1.1 (71). De novo assemblies of pre-
processed reads into contigs and scaffold sequences were finally generated using SPAdes v3.1.2.0 (72).
Phylogenetic analyses
To process the large dataset of samples in this study, we implemented a workflow based on Nextflow (73) work-
flow manager, that is available on a GitLab repository: https://gitlab.pasteur.fr/metapaleo/amphy. This work-
flow allowed to integrate raw sequencing data from modern Y. pestis genomes and ancient DNA metagenomes,
together with samples for which only contigs were available. For contigs, reads were simulated using wgsim
function in samtools v1.13 (74). Reads for all samples were trimmed for adapter sequences using Adapter-
Removal v2.3.1. (75) and only bases with a quality of 2 or less were removed and reads larger than 30 bp
were retained. Trimmed reads for paired-end data were collapsed and merged and mapped against Y. pestis
CO92 reference genome (NC_003143.1, NC_003131.1, NC_003134.1, NC_003132.1) using BWAmem v0.7.17 (76).
Aligned reads were processed and using samtools v1.13 (74), discarding reads with an overall mapping quality
lower than 30. Then, duplicates were detected and removed using MarkDuplicates from Picard-Tools v2.23.8
https://broadinstitute.github.io/picard/ and merged for each sample before realignment using GATK v4.1.9 (77).
For ancient DNA samples, further steps were necessary, and pre-processed reads were therefore also rescaled
using mapDamage v2.2.1 (78) for base damage (i.e.: masking the C > T and G > A mutations predicted resulting
from ancient DNA degradation). Genotypes were called from clean aligned reads on Y. pestis CO92 genome using
GATK HaplotypeCaller. Sites were filtered for a minimum 4x depth for ancient DNA samples or 10x for modern
ones, and maximum 1000x depth. A minimum base quality score of 20 was also used, and calls were filtered for
allelic balance of 0.1. Indels were insertions were removed, while deletions were replaced by “N”, and resulting
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VCFs were transformed into consensus fasta sequences. Coding sequences were extracted from the consensus
using gene annotations from the reference genome and only genes with less than 10% of missing calls (“N”) for
each sample were kept in a first step, while only genes kept in at least 50% of samples were retained for further
steps. Gene consensus sequences passing the filters mentioned above for each file were then aligned and used
for downstream phylogenetic analyses. A total of 2806 Y. pestis genomes (dataset S2) passing the previously
mentioned filters were retained, including the 1549 novel genomes and 1257 modern and ancient genomes
present in public repositories. To analyze the population structure of Y. pestis species including all the retained
samples, a phylogeny was reconstructed. Variants present within the sequences were partitioned in 3 positions
based on codon positions and a maximum-likelihood phylogeny was computed using RAxML-NG v1.0.2 (79) us-
ing a GTR+Gamma substitution model. Finally, 100 Bootstrap distance trees were generated using fastME v2.1.6
(80). The analysis of terminal branch length (TBL) for the 2806 taxons in the maximum-likelihood phylogeny was
developed by extracting the estimated branch lengths from the tree using gotree v1.18.3 (81), and plotting their
distributions using the R-package ggplots2 (82). Non-parametric bootstrapping (NPR) was performed in R v4.1.2
on the estimated TBLs by taking the full taxon sets in all groups of Y. pestis lineages except for 1.ORI. For this lin-
eage, the values of TBL for 200 random samples were taken and then NPR was performed using 1000 bootstrap
replicates for TBL of each lineage group as shown in fig. S9. The inferred phylogeny and available metadata for
the 2806 Y. pestis genomes have been integrated into a project inMicroReact, which is accessible via the following
link: https://microreact.org/project/jx9yf1sDRf3Svc3PBi7XLL-global-phylogeny-of-2806-genomes.

To gain resolution in the phylogenetic relationships of lineages of interest (shown in fig. 2), a parallel inference
was developed by restricting the analysis to modern Y. pestis genomes and including single nucleotide variants
(SNV) that are intergenic, together with variants falling within coding sequences. For this analysis, that we called
the “focus” analysis, 1010 representative genomes of all lineages with contemporary genomes and including
all available countries were used. Samples kept in this analysis are detailed in dataset S2. In short, trimmed,
pre-processed reads generated in the previous analysis were used for mapping on Y. pestis CO92 chromosome
(NC_003143.1) using the RedDog-nf pipeline https://github.com/katholt/reddog-nf with default parameters (a
minimum 5x read depth to call variants, 50%minimum coverage and minimum 10x average depth for the reads
mapping on the replicon). All the 1010 samples covered >90% of the reference chromosome with an average
depth >10x. Variants falling within repetitive regions and variable sequences identified in previous works (3)
were removed from the variant tables. Only variable positions that were conserved in at least 95% of genomes
were kept. A maximum-likelihood phylgeny was generated with the recovered SNVs using IQ-TREE 2 v2.2 (83)
using ModelFinder (84) and 1000 bootstrap replicates.

The time-scaled phylogenetic tree (fig. S7) was reconstructed in BEAST2 v2.6.0 (34) using the BEAGLE library
v3.1.2 (85) for parallel acceleration in GPU nodes. We used a subset of 198 Y. pestis genomes representative of all
known major lineages and sublineages, including new genomes obtained in this study to date their divergence,
together with the sequence of Y. pseudotuberculosis IP32953 used as outgroup to root the tree. The aligned data
used to build the maximum-likelihood tree mentioned above was partitioned based on codon positions and
based on previous experiments, a constant population size coalescent and an unlinked GTR substitution model
with four gamma rate categories were used (2, 27). A relaxed log normal clock was assumed for modelling the
mutation rates within branches, as previous analyses have found strong evidence for the adequacy of loose
clocks for modelling Y. pestis evolution (21, 60). For this analysis, 7 independent Markov Chain Monte Carlo
(MCMC) were run with 200 million states each, sampling every 1000 states and first 10% states of each run were
removed as burn-in. The estimated effective sample sizes (ESS) of all estimated parameters were all > 200. Trees
of the combined runs were summarized using TreeAnnotator (86) to generate amaximum clade credibility (MCC)
tree annotated based on median heights.
Functional analysis of variants
To characterize variation in gene function due to point mutations in different Y. pestis lineages and detect highly
variable genes, we recovered variant calls from VCFs files generated in the previously described phylogenetic
workflow (AMPHY). In order for a variant to be called, a minimum cut-off 10 reads supporting the call for modern
genomes and 5 reads for ancient genomes was set up. We merged in the same table all selected calls for the
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2806 Y. pestis genomes included in the phylogeny. We excluded variants (including singletons) that were not
conserved in at least 5 genomes, or that they shared the same call in >2500 genomes, identifying a total of 3451
variants . The functional effect of each variant was determined using SnpEff v.4.3 (87), and variants falling within
coding regions (n=2407) were recovered. To identify highly variable genes, we computed the ratio of protein-
altering (nonsynonymous and nonsense) mutations per gene, normalized to the synonymous mutations per
gene and plotted the distribution of the ratio using the ggplots package (82). To compare the gene functions
impacted by variants in different Y. pestis lineages, we only kept protein-altering variants (nonsynonymous and
nonsense, n=1615) for downstream analyses. The metabolic function categories of the genes where the filtered
variants fall were determined using the SEED subcategories annotation available in the RAST server (88) for the
Y. pestis CO92 genome (NC_003143.1). To allow comparisons of variant counts between the different functional
subcategories, the total counts of variants in each subcategory was normalized to the sum of sequence lengths
of genes present in the corresponding subcategory using the formula:

𝑐𝑜𝑢𝑛𝑡𝑠 =
𝑣𝑖∑𝑛
𝑖=1 𝑙𝑖

106

Where vi represents the total number of variants present in each functional subcategory and li representsthe length in bp of each gene present in the subcategory.
Heatmaps of recovered protein-altering variants and of total variant counts within different functional sub-

categories were generated using R package ggplots. Genomes were sorted in heatmaps using the maximum-
likelihood phylogeny reconstructed above, imported using the DECIPHER (89) and Dendextend (90) R-packages.
To investigate relationships between lineages defined by the phylogeny and variant counts present in different
functional subcategories, correspondence analysis was developed on normalized variant counts using the Fac-
toMineR and FactoExtra (91) R-packages. The output biplots of the correspondence analysis are defined by axes
that cover the maximum inertia of the data, and allow graphical associations between groups of genomes and
functional subcategories enriched in mutations for these genomes.
Pangenome analysis
In order to explore the overall patterns of gene presence and absence in Y. pestis, we computed the pangenome
of 2666 Yersinia pestis genomes using PanACoTA v. 1.3.1 (92). PanACoTA is a modular tool to build pangenomes
from assemblies and during the first step performs a quality assessment of the data. In the quality assessment,
a total of 720 genomes were excluded due to low quality (511), being identical or having a distance higher than
0.6 to other genomes in the dataset (209). The rest of the genomes (1949) were then annotated, and the gene
clustered (-i 0.8) into gene families. We additionally removed 11 genomes due to an unusually high number
of genes (>5000 genes) and a genomes of Y. pseudotuberculosis that was included by mistake in the workflow,
being 1937 the final number of genomes included in the pangenome reconstruction. The resulting pangenome
contains a total of 23523 gene families, which contain both chromosomal and plasmid encoded genes. In order
to identify if a gene family was chromosomal or plasmid encoded, we extracted all the genes present in contigs
labelled as complete plasmid in our dataset, resulting in the plasmids found in 42 assemblies. The gene families
containing any of those genes were labelled as plasmid since it is likely that those genes were at some point in
their evolution plasmid encoded and they could have a different evolutionary history that those encoded in the
chromosome. By this procedure we detected 1172 plasmid-encoded gene families.

The output of PanACoTA was transformed in a matrix of presence (1) and absence (0) where gene families
were located in the columns and the genomes in the rows. We defined the core genome of Y. pestis by selecting
genes present in more than 90% of the genomes (3717 gene families). We excluded the core genes and the
genes present in a single genome (singletons, n= 9001), resulting in 10583 gene families that are part of the
accessory genome. We analyzed gene families that were chromosomally encoded (n= 10112) by creating lists of
all gene families grouped by lineage. For a gene family to be included in a lineage list, this should be present in at
least one genome of the lineage. We plotted the intersections between the lineage gene families lists using the
UpSetR package (93). The matrix of presence and absence for the non-core and non-singleton chromosomally
encoded gene families were also visualized as heatmaps using the heatmaply (94), where the genomes were
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ordered with a dendrogram based on the phylogenetic tree (see section Phylogenetic Analyses) using the ape
(95) and phylogram (96) R packages.
Insertion sequence analysis
IS present in Y. pestisCO92 reference genomewere detected using ISSaga (97) for IS sequences that are present in
the curated database ISFinder (98). IS types that were present in at least one complete copy with 80% nucleotide
identity to an IS in the database were kept (IS100, IS200/IS1541, IS285, IS1661, ISYpe1 and ISYps7). To obtain a
preliminary estimation of the IS burden in the general Y. pestis and Y. pseudotuberculosis populations and com-
pare both species in terms of IS, all genomes of both species marked as ‘completed’ in PATRIC database (n=62
Y. pestis, n=26 Y. pseudotuberculosis, as of March 2022) were downloaded. BLAST+ v.2.2.3 was used to search
the six previously identified IS types within the closed genomes. Nucleotide BLAST+ hits with >95% identity and
>90% coverage were kept and counts per each genome are reported in table S3.

To identify IS insertions within paired-end data, we employed the strategy developed by Hawkey et al (67).
First, to allow more precise detection of IS insertion sites on Y. pestis chromosome, an IS-free version of Y. pestis
CO92 reference chromosome was generated as follows. BLAST+ hits positions on the reference chromosome
for copies of the six previously identified IS types (ISSaga) were annotated and inspected. The regions were
the identified IS types copies fell were removed from the reference chromosome to generate the IS-free ref-
erence. Annotations of the CDS and gene features in the original, complete, chromosome were then trans-
ferred to the IS-free reference using RATT (99). The IS-free reference chromosome has been deposited in GitHub:
https://github.com/guillemmasfiol/GlobalPlague. Then, we used ISMapper v2 (56) with default parameters to de-
tect IS insertions for the six IS types onto the IS-free CO92 reference, using raw reads of a dataset of 245modern
Y. pestis genomes representative of all lineages and sublineages, together with 5 Y. pseudotuberculosis genomes
as comparison (table S3). To place detected IS copies with ISMapper together with the phylogenetic context of
the genomes analyzed in the dataset, reads were also mapped onto the IS-free reference using RedDog-nf with
default parameters, and amaximum-likelihood phylogeny was built on the variants conserved in 95% of samples
using IQ-TREE2. This phylogeny was used to generate the plot in fig. 5A, and the patristic distance in number of
nodes for each taxon to the root of the tree was calculated using gotree. Finally, insertions of most prevalent
IS types (IS100, IS200 and IS285) that were specific to at least one 1.ANT lineage genome were identified, and
insertions falling within coding sequences (n=133) were extracted from the ISMapper outbput tables. Functional
annotations for the list of genes that were putatively interrupted by IS in 1.ANT genomes were generated using
eggNOG-mapper v2 (100) and counts for each COG category were plotted in ggplots2 R-package.
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Supplementary Figure 1. Geographical and temporal distribution of the genomes sequenced in this study from the Institut Pasteur collection (n=1549).
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Supplementary Figure 2. Maximum-likelihood phylogeny of the 2806 modern and ancient Y. pestis genomes analyzed in this study. The nodes defining the start of major branches (0-4) as
defined in previous studies are indicated. The star marks the node of emergence of branches 1-4, also known as "Big Bang". Color strips include annotations for the correspondence of genomes to
major lineages, sublineages or clades, isolation niche, year, continent, geographic region and source laboratory, respectively. Color legend corresponds to the tree shown in figure 1A.
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Supplementary Figure 3. Average nucleotide diversity within genomes from groups of modern Y. pestis lineages (n=2723 genomes). Average nucleotide diversity estimates were computed by
windows of 10000 bp from the variant tables (VCF), each one representing a point in the displayed distributions.
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Supplementary Figure 4. Part 1 (continues in next page). Cartography of the locations of genomes for each of the 20 major lineages included in the 2806 phylogeny. : Only genomes for
which at least the location at country level is known are displayed (n=2675). Coordinates correspond to the maximum level of precision when available (commune), whereas centroid points are shown
when only the country of isolation of the genome was available.
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Supplementary Figure 4. Part 2. Cartography of the locations of genomes for each of the 20 major lineages included in the 2806 phylogeny. : Only genomes for which at least the location at
country level is known are displayed (n=2675). Coordinates correspond to the maximum level of precision when available (commune), whereas centroid points are shown when only the country of
isolation of the genome was available.
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Supplementary Figure 5. Phylogeny and geographic distribution of the 2036 Third Pandemic 1.ORI lineage genomes. Up: A zoom on the 1.ORI lineage from the phylogenetic tree shown in figure
1C. The identified sublineages or clades within 1.ORI are indicated. Down: Geographic distribution of 1.ORI isolates. Points are colored according to the identified sublineages.
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Supplementary Figure 6. Phylogeny and geographic distribution of the 1.ANT and 2.MED lineages. Up: Focus on the subtee corresponding to the 1.ANT lineage, from the focus phylogeny (see
Methods) shown in figure 2. Down: Focus on the subtee of the complete 2.MED1 sublineage from the focus phylogeny. Tips are colored according to the country correspondence of the isolates.
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Supplementary Figure 7. Maximum Clade Credibility (MCC) tree from the molecular dating inference using BEAST. The dating dataset includes 198 modern and ancient Y. pestis genomes, and Y.
pseudotuberculosis IP32953 to root the tree (not shown to facilitate visualization of the divergence dates within Y. pestis). The tree is scaled to inferred median divergence dates, from the most recently
sampled isolates (2018) to the MRCA of alll Y. pestis (median: 5278 years before present (yBP), 95: 4934-5816 yBP). Divergence dates for selected lineages from this tree are shown in figure 2A. The
different lineages included in the phylogeny are indicated at the right panel.
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Supplementary Figure 8. Distributions of terminal branch lengths for groups of Y. pestis lineages (up) and major phylogenetic branches (down). Pairwise two-sided Wilcoxon rank-sum tests
with Benjamini-Hochberg correction were performed to test the significance of comparisons. Significant comparisons: 0.ANT vs 0.PE (p-value = 4.65e-10), 0.ANT vs 1.ANT (p-value = 0.042), 0.ANT vs 1.IN
(p-value = 0.000261), 0.ANT vs 1.ORI (p-value = 2.19e-13), 0.ANT vs 2.ANT (p-value = 2.31e-05), 0.ANT vs 2.MED (p-value = 0.014), 0.PE vs 1.ANT (p-value = 6.72e-08), 0.PE vs 1.IN (p-value = 4.16e-14), 0.PE
vs 1.ORI (p-value = 1.87e-41), 0.PE vs 2.ANT (p-value = 0.035), 0.PE vs 2.MED (p-value = 9.54e-06), 0.PE vs 4.ANT (p-value = 0.005), 1.ANT vs 1.ORI (p-value = 0.042), 1.ANT vs 2.ANT (p-value = 1.18e-05),
1.ANT vs 2.MED (p-value = 0.001), 1.ANT vs 3.ANT (p-value = 0.042), 1.IN vs 1.ORI (p-value = 0.042), 1.IN vs 2.ANT (p-value = 8.02e-10), 1.IN vs 2.MED (p-value = 3.99e-08), 1.IN vs 3.ANT (p-value = 0.027),
1.ORI vs 2.ANT (p-value = 3.23e-21), 1.ORI vs 2.MED, (p-value = 6.97e-32), 1.ORI vs 3.ANT (p-value = 0.002), 2.ANT vs 4.ANT (p-value = 0.042). Comparisons below significance thresholds: 0.ANT vs 3.ANT
(p-value = 0.169), 0.ANT vs 4.ANT (p-value =0.696), 0.PE vs 3.ANT (p-value = 0.222), 1.ANT vs 1.IN (p-value =0.659), 1.IN vs 4.ANT (p-value =0.366), 1.ORI vs 4.ANT (p-value =0.084), 2.ANT vs 2.MED (p-value
=0.073), 2.ANT vs 3.ANT (p-value =0.678), 2.MED vs 4.ANT (p-value = 0.201), 3.ANT vs 4.ANT (p-value = 0.305). For major phylogenetic branches (0-4), significant comparisons are: branch 1 vs branch 2
(p-value = 6.2e-48), branch 1 vs branch 3 (p-value = 0.004), branch 1 vs branch 0 (p-value = 2.2e-48). Comparisons below significance threshold are: branch 1 vs branch 4: (p-value = 0.14), branch 0 vs
branch 2 (p-value = 0.332), branch 0 vs branch 3 (p-value = 0.884), branch 0 vs branch 4 (p-value = 0.111), branch 2 vs branch 3 (p-value = 0.884), branch 2 vs branch 4 (p-value = 0.151), branch 3 vs
branch 4 (p-value = 0.332).
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Supplementary Figure 9. Nonparametrical bootstrapping computed on the terminal branch lengths from the global Y. pestis phylogeny. To avoid sampling bias, 200 random terminal branch
lengths (TBL) of 1.ORI genomes were used as representatives for the lineage, while all genomes for lineages other than 1.ORI were used. Non-parametric bootstrapping was performed on 1000
permutations. The median values and confidence intervals for the TBLs within each group of lineages.
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Supplementary Figure 10. Nonsynonymous mutation counts between functional categories in 2806 Y. pestis genomes.. The heatmap includes the 1615 protein-altering (PA) mutations identified
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Supplementary Figure 12. Differences in presence and absence of genes between Y. pestis genomes.. Heatmaps based on presence and absence of genes from the Y. pestis pangenome analysis
of 1939 modern genomes. Each column represents the identified gene content of a Y. pestis genome, and columns follow the hierarchy defined by the phylogenetic tree shown in figure 1. Upper
plot: gene families shared in at least 100 genomes. Lower plot: gene families shared between 50 and 100 genomes. These different conservation cut-offs allow to highlight groups of gene families that
are either exclusive of particular lineages, shared between some of them, or genes that were lost during the evolutionary path (from right to left).
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Supplementary Figure 13. Counts of 6 IS types within Y. pestis and Y. pseudotuberculosis closed genomes. Barplots showing the total number of IS in selected close genomes available on the
PATRIC database, as well as the median values within the populations of the two species (table S3).
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Supplementary Figure 14. Prevalence of the 6 IS types commonly found in Y. pestis genomes.. Boxplots showing the distribution of number of IS in the dataset of 245 Y. pestis genomes, identified
using ISMapper on short-read data.

Supplementary Figure 15. Comparison of the IS burden in Y. pestis genomes. Boxplots showing the distribution of counts for the 6 IS types in each modern lineage included in the analyzed dataset
of 245 genomes in order to identify the IS types that have expanded the most.
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3.2 Manuscript B - Outbreak dynamics and spread of Yersinia pestis in an
endemic country using phylodynamic and phylogeographic approachesResults

Section 3.2

Manuscript B - Outbreak dynamics and spread of

Yersinia pestis in an endemic country using

phylodynamic and phylogeographic approaches

Next will be presented the manuscript detailing the results of the second part of this thesis,

which explores the dynamics of spread of Y. pestis within an endemic country. This inves-

tigation is currently ongoing, and an updated version of the manuscript (including further

results) is intended to be submitted for publication in the following months.
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Outbreak dynamics and spread of Yersinia
pestis in an endemic country using genomic and

phylogeographic approaches
Guillem Mas Fiol1,�, Simon Dellicour2,3, Mathias Vandenbogaert4,5, Charlotte Balière4,5, Aurélia Kwasiborski4,5, Valérie

Caro4,5, and Javier Pizarro-Cerdà1,6,�

1Yersinia Research Unit, Institut Pasteur, Université Paris Cité, Paris, France
2Spatial Epidemiology Lab (SpELL), Université Libre de Bruxelles, Brussels, Belgium

3Department of Microbiology, Immunology and Transplantation, Rega Institute, KU Leuven, Leuven, Belgium
4Environment and Infectious Risk Unit, Institut Pasteur, Université Paris Cité, Paris, France

5Cellule d’Intervention Biologique d’Urgence (CIBU), Institut Pasteur, Université Paris Cité, Paris, France
6WHO Plague Research Collaboration Center, Institut Pasteur, Université Paris Cité, Paris, France

In the recent years, whole-genome sequencing has provided
valuable insights into the epidemiology of plague in endemic
countries by analyzing the distribution and genetic diversity of
Yersinia pestis populations in relation to the animal reservoir.
However, genomic data has rarely been used to explore the dy-
namics of transmission and spread of Y. pestis during outbreaks
of human plague in endemic countries. Here, we apply a phy-
lodynamic and phylogeographic approach to uncover the evolu-
tion and spread of Yersinia pestis in Vietnam, using hundreds of
isolates recovered across four decades in the context of extensive
human plague outbreaks and animal surveillance efforts. We
identify a single clone that circulated during major outbreaks in
the country and describe contrasting patterns of Y. pestis spread
between the period of maximal incidence of plague, compared
to the decades following the issue of the Vietnam War. Our re-
sults support the hypothesis that the rapid large-scale spread
of Y. pestis in Vietnam was human-mediated and that it deter-
mined the long-term persistence of plague in the last decades of
the past century.

Introduction
Plague is a severe zoonotic infectious disease caused by the
gram-negative bacterium Yersinia pestis. Mostly known by
its pandemic past, Y. pestis has spread from Central Asia in
multiple occasions and it has successfully established in per-
sistent natural foci present in Asia, Africa, and the Ameri-
cas, where it is mostly maintained as a vector-borne disease
in rodents (1, 2). Because of its persistence in natural ani-
mal reservoirs and its epidemic potential, plague represents
a threat for public health in areas where the disease is en-
demic (3). This risk is illustrated by recent outbreaks of hu-
man plague in Madagascar, China and Mongolia (4–6). Y.
pestis circulates in endemic areas by an enzootic transmis-
sion cycle primarily involving fleas and rodents (7). In such
areas, zoonotic spillover to humans mainly results from the
bites of infected fleas, and subsequent interhuman transmis-
sion is possible through the aerosol route (4). Plague is fa-
tal in 40-100% of cases if proper antimicrobial treatment is
not delivered in the first days of infection (8). Y. pestis dis-
seminated globally during the third pandemic that started in
China in the late 19th century, leading to the current world-

wide distribution of plague (1). In this study, we focus on
the evolution and spread of plague in Vietnam, a country that
recorded nearly 90% of worldwide plague incidence in the
1960s decade (9). The plague epidemic in Vietnam likely re-
sulted from its successful introduction during the third pan-
demic. Historical records date the first outbreak in Vietnam
in Nha Trang in 1898, carried by an infested ship coming
from Hong Kong (10). The city of Saigon (present-day Ho
Chi Minh City) was infected in 1906 and became an endemic
focus during the posterior decades (11). From the beginning
of the 20th century, until the 1950s, plague expanded from the
south to the coastal provinces, while from 1954 to 1997, Viet-
nam reported cases of human plague nearly every year (12).
Starting in 1962, plague manifested in areas not considered to
be endemic in the previous years (10). Major outbreaks with
thousands of cases were recorded between 1966 and 1972
in a context of recrudescence of the prolonged armed con-
flict developing in the former South Vietnam (1955-1975),
which disrupted its healthcare capabilities. Living condi-
tions created by war brought into close contact humans and
an extremely abundant rodent population, which may have
triggered zoonotic infections such as plague (10). After the
conclusion of the armed conflict, plague cases continued to
occur along the central coasts of Vietnam during the 1980s,
although the incidence importantly decreased (13). In the
last decades, four provinces in the Central Highlands (Tay
Nguyen) became the major focus of plague and represented a
source for the persistence of the disease in the country, which
reported the last cases of human plague in 2003 (14). The
exceptional incidence of plague in Vietnam along the second
half of the 20th century received attention from local public
health authorities aiming to control the disease (14). This
led to the recovery of hundreds of Y. pestis isolates collected
at various locations during outbreaks and surveillance cam-
paigns in rodents across four decades Despite the important
plague activity in this country, the war context in which ma-
jor epidemics developed limited the recovery of detailed epi-
demiological information that could have allowed a thorough
understanding of the spread of plague in Vietnam. Here, we
used genomics and spatially explicit phylogeographic
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Figure 1. Epidemiological reports on human plague incidence and historical context in the second half of the 20th century Vietnam. A: Timeline
of human plague cases declared to the WHO between 1954 and 1996 (left graph), including the period of maximum incidence (1966-1972), marked
by the development of large outbreaks throughout the former South Vietnam. Timeline of total the number of Y. pestis isolates sequenced in this study
(right graph). These isolates were collected from Vietnam and neighboring Cambodia by three different centers (Institut Pasteur of Nha Trang, Institut
Pasteur of Da Lat and Institut Pasteur of Ho Chi Minh City (former IP of Saigon)) and sent to the WHO Research & Collaboration Center for Plague in
the Institut Pasteur in Paris. B: Schematic timeline of plague and major historical events over the 20th century Vietnam. After the first recorded plague
outbreaks at the turn of the 20th century, the first decades were marked by an initial expansion of plague along the central coast, eventually setting into
stable foci. The War of Vietnam developed throughout two decades at the middle of the century. The airborne mass spray of chemical defoliants over
large areas in Vietnam (operation Ranch Hand) was perpetuated for almost a decade (1961-72) by the US and South Vietnam air forces. The context
of war overlapped with the development of major plague outbreaks and the expansion of plague into areas that did not record plague in the previous
decades. After the conclusion of the conflict and reunification of Vietnam, plague activity was sustained along the central coasts of Vietnam although
the incidence importantly decreased. In the last decades of the century, four provinces in the Central Highlands (Tay Nguyen) became the major focus
of plague persistence in the country. By 2002, the last cases of human plague were recorded, indicating that the disease have entered a silent period.
The timeline summarizes previous epidemiological descriptions (10, 11, 13, 14).

approaches to unveil the dispersal history and dynamics
of Y. pestis in Vietnam. By analyzing the genomes of 574
of isolates, we link the epidemic in Vietnam to the global
radiation of the third plague pandemic and its subsequent en-
demic establishment in Vietnam and other areas in South-
East Asia. We find that a single clone of Y. pestis circulated
during the outbreaks in the 1960s and further diverged in dif-
ferent restricted groups that were responsible for the main-
tenance of plague in the following decades. Using state-of-

the-art phylodynamic and continuous space phylogeographic
models, we retrace the demographic dynamics and disper-
sal history of Y. pestis in Vietnam, revealing contrasting pat-
terns of spread between the period of maximal incidence of
plague and the decades following the issue of the war in Viet-
nam. Our study highlights the pertinence of phylodynamic
and spatially explicit phylogeograhic approaches to uncover
the transmission of plague in an endemic country, notably
when precise epidemiological data is absent or limited.
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Results

Endemic circulation of plague in South-East Asia and
introductions of Y. pestis into Vietnam.
Between 1955 and 1996, a total of 578 Y. pestis isolates
were recovered and sent by clinical and public laboratories of
three health centers in present-day Vietnam to the WHO ref-
erence laboratory for plague of the Institut Pasteur in Paris.
The isolates originate from Vietnam (n=574) and neighbor-
ing Cambodia (n=4) and samples with traceable sources con-
sist of clinical isolates of human plague (87%), but also from
surveillance activities in rodents (10%) and their associated
ectoparasite vectors (3%) (fig.1, dataset S1). De novo as-
semblies were generated for all the isolates from the gener-
ated short reads sequencing data. Quality control and genome
statistics for the sequenced genomes is detailed in table S1.
To place the recovered isolates into its broader evolutionary
background and to identify the potential introductions of Y.
pestis in Vietnam, a core-genome maximum-likelihood phy-
logeny was built including all the isolates together with a di-
verse dataset (n=142) representative of all the known Y. pestis
lineages available in public repositories, as well as Y. pseudo-
tuberculosis as the closest ancestor to Y. pestis to root the
tree (dataset S2). The isolates fell into two separate mono-
phyletic groups within the 1.ORI lineage, representing two
independent introductions of Y. pestis into Vietnam (fig. 2A).
This finding is consistent with previous descriptions of two
distinct groups of 1.ORI having spread into Vietnam from
China, where the 1.ORI lineage emerged (2). Both transmis-
sions can be placed in the context of the global dissemina-
tion of Y. pestis from the 1.ORI lineage, which caused the
Third Plague Pandemic starting by the late 19th century (15).
The first introduction affected Cambodia and the South of
Vietnam and is associated to Y. pestis of the 1.ORI1 clade
(n=8 isolates). Plague may have entered Cambodia first, as
the most ancestral isolates in the 1.ORI1 clade are from the
South of Cambodia, followed by its spread to the neighbor-
ing Vietnam. This suggests an early circulation of plague
around the Mekong Delta region, near the present-day bor-
der between Cambodia and Vietnam (fig. 2B). However, this
1.ORI1 clade present in Cambodia and Vietnam likely be-
came extinct, since all isolates were collected in 1955 and
no other isolates belonging to this clade have been identified
past this date. The second monophyletic group identified in-
cludes the rest of Vietnamese isolates (n=570) and is part of
the 1.ORI4 clade together with another group of isolates from
Myanmar, as well as from the Yunnan and Guanxi provinces
in China (fig. 2AB). The 1.ORI4 clade represents a second
introduction of Y. pestis in South-East Asia that led to the en-
demic establishment of plague in Vietnam, as Y. pestis from
this clade have been isolated along several decades (1962 to
1996)(dataset S1). Therefore, this endemic clade was critical
for plague epidemiology in Vietnam in the second half of the
20th century (fig. 1). Altogether, these results indicate that
the activity of plague in mainland South-East Asia in the past
century is mainly the result of the endemic circulation of the
Y. pestis present within each of the territories where plague
established long-term foci, rather than repeated cycles of in-

troduction from external sources.

A single Y. pestis clone circulated in major plague out-
breaks in Vietnam.

To characterize the genetic groups of Y. pestis that caused
plague in Vietnam, we explored the relationships among the
570 Y. pestis genomes which are part of the South-East Asian
1.ORI4 clade. We generated a maximum-likelihood phy-
logeny based on variant sites identified in the core-genome
of the isolates, together with 2 Chinese 1.ORI4 clade isolates
that were used as outgroups to root the tree. From this tree,
we identified 13 different monophyletic lineages or subclades
(sc1 - sc13) of isolates with strong support in the phyloge-
netic tree (i.e.: >85% bootstrap supports at their common
ancestor node) (fig. 3A). A tree-independent hierarchical
Bayesian clustering approach was run on the same alignment
to compare its population structure to the identified lineages,
inferring at the subcluster hierarchy level the same groups of
isolates that are monophyletic in the previous phylogeny, ex-
cept for one subcluster (2) that was paraphyletic (fig. S1).
All the 13 subclades contained isolates recovered from in-
fected human patients, while isolates from 7 different lin-
eages were recovered from Polynesian rats (Rattus exulans).
Only sc12 was isolated from brown rats (Rattus norvegicus)
and sc10 from black rats (Rattus rattus). Finally, several iso-
lates from the sc1, sc6, sc10 and sc12 groups were collected
from oriental rat fleas (Xenopsylla cheopis) (fig. 3A). We
distinguished two main groups of lineages that are in sharp
contrast in terms of genetic diversity and spatiotemporal dis-
tribution: sc1 on one side and the rest of subclades (sc2 to
sc13) on the other. These latter subclades (sc2 to sc13) are
each composed by less than 25 Y. pestis isolates that were
all collected between 1984-1996 except for sc2 which was
collected in 1963 (fig.3B, fig. S2). We found sc4 (n=19),
sc10 (n=10), sc8 (n=12), sc9 (n=5), sc2 (n=2) and sc3 (n=2)
to be mainly present in provinces of the central coast and
the south of Vietnam (Khanh Hoa, Binh Dinh, Phu Yen, Ho
Chi Minh City). In contrast, sc5 (n=5), sc6 (n=9), sc7 (n=7),
sc11, (n=2) and sc13 (n=1) were almost exclusively collected
in provinces of the Central Highlands (Lam Dong, Dak Lak,
Gia Lai, Dak Nong). Interestingly, sc12 (n=21) presents a
mixed pattern as it is present in six different provinces scat-
tered along the central coast, the Central Highlands, and Ho
Chi Minh City (fig. 3B, fig. S2). On the other hand, we found
sc1 (n=463) to be the major Y. pestis group causing plague
along the 1962-1970 period. Sc1 is present in all locations
sampled in this period, which are distributed along a North-
South axis linking the central coast (Khanh Hoa province) to
the major city in the south (Ho Chi Minh City) via the central
highlands (Lam Dong province) (fig. 3B, fig. S2). More-
over, sc1 lacks population structure in the phylogeny, as most
of sc1 isolates (62%) are separated by <2 single nucleotide
variants, compared to the rest of lineages together (38%) (fig.
3A, fig. S3). According to these observations, sc1 may rep-
resent a single clone that caused the remarkable plague out-
breaks in the 1960s decade in Vietnam. Its wide distribution
across the center and south of the country suggests that sc1
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Figure 2. Endemic circulation of Y. pestis in South-East Asia in the context of the Third Pandemic and introduction events into Vietnam.
A: Maximum-likelihood phylogeny computed from whole-genome variants (n=16127) identified within the 578 isolates from Vietnam (n=574) and Cam-
bodia (n=4) sequenced in this study (table S1), together with 142 Y. pestis representative genomes for all the known lineages available in public
repositories (table S2). Nodes marked with asterisks have a bootstrap support >80% . The tree places the isolates collected from Vietnam into two
distinct clades (1.ORI1, 1.ORI4, in purple) of the Third Pandemic 1.ORI lineage, a lineage that emerged in China and reached mainland South-East
Asia in at least two occasions, but was also introduced into Madagascar, India and the United States. The strong geographical clustering within these
clades highlight the endemic circulation of Y. pestis in the countries where they have been isolated. B: Sampling locations of the isolates from the two
clades, each representing an independent introduction of Y. pestis into South-East Asia. The 1.ORI1 clade includes only 8 isolates from Vietnam and
Cambodia. The 1.ORI4 clade (n=570 Vietnamese isolates), widespread over the center and South of Vietnam, established in long-term foci in Vietnam.

likely affected most provinces recording plague in this period
(10), although no Y. pestis isolates from other provinces are
present in the dataset to prove this hypothesis (dataset S1).
The finding that sc1 dominated the global picture of plague
outbreaks in the 1960s decade raises questions regarding an
enhanced virulence fitness of this Y. pestis subclade. To in-
vestigate if the extensive spread of sc1 during outbreaks was
caused by a genetic background suggestive of possible vir-
ulence or adaptive advantages, we screened the presence of
known virulence determinants in sc1 assembled genomes and
compared them to the rest of lineages identified in Vietnam.
Most of the isolates carried the major known virulence de-
terminants of Y. pestis, and no clear virulence gene compo-
sition appeared to be specific to any of the identified sub-
clades (fig. S4). Two of the known Y. pestis-specific plasmids
(pFra and pPla) and an integron including the Yersiniabactin
siderophore (pgm locus) were not detected in several hundred
isolates, but these replicons may be cured when isolates are
stored or when they multiply in vitro to extract their DNA
(16, 17). We complemented this analysis by generating the
pangenome of the same set of isolates (n=570) and found no
particular differences in the sizes of gene repertories between
the different identified subclades (fig. S5). The absence of
obvious differences in virulence gene repertories between Y.
pestis isolates from Vietnam suggests that the expansion of
sc1 likely resulted from other factors rather than acquiring

any particular virulence fitness during its emergence.

Evolutionary dynamics of Y. pestis genetic groups.
The expansion of sc1 and subsequent evolution of the rest
of lineages may have been driven by demographic variations
in the Y. pestis populations circulating in Vietnam. We em-
ployed a phylodynamic approach using the Skygrid model
implemented in BEAST v1.10 (18, 19) and a relaxed molecu-
lar clock model (20) to infer the dynamics of Y. pestis genetic
diversity through the last four decades of the past century.
Before implementing time-scaled phylodynamic inference,
we identified isolates (table S3, n=16, including the only two
sc2 genomes) which deviated from the expected regression
of a relaxed clock (see Materials and Methods). After ex-
cluding these outlier samples, the model allowed the estima-
tion of a time-scaled phylogeny with 554 isolates (fig. 4A,
fig. S6), which showed that the epidemic in Vietnam in the
1960s originated from the recent emergence and expansion
of sc1. We estimated the date of the most recent common
ancestor of the sc1 isolates to the end of the 1950s (median:
1959.97, Bayesian 95% highest posterior density (HPD) in-
terval 1955.4-1960.28), few years before the period of max-
imum incidence of plague in Vietnam (1966-1972, fig. 4A).
Interestingly, the dated phylogeny also inferred the parallel
emergence of the different lineages (sc3 to sc13) from the
sc1 that circulated preceding their emergence. All these lin-
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Figure 3. Population structure and distribution of Y. pestis genetic groups in Vietnam. A: Maximum-likelihood phylogeny based on the n=570
isolates part of the 1.ORI4 clade that established into Vietnam. Tips are colored according to the 13 identified monophyletic lineages or subclades (sc).
Sc2 to sc13 emerge from sc1. The plots next to the tree show the proportion of isolates per subclade and host species where they were isolated (up)
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The temporal and geographic distribution of the different genetic groups is shown in fig. S2.

eages emerged between 1961 and 1966, during the temporal
window of diversification of sc1 (fig. 4A), which is supported
by their populations measurably evolving after the isolates of
sc1 due to the strong temporal signal detected in the dataset
(R2 = 0.66) (fig. 4B). The Skygrid coalescent model used
allowed the estimation of the bacterial effective population
size (Ne), which has been interpreted as an indicator of the
genetic diversity of the evolving population (19, 21). The in-
ferred Y. pestis effective population size resulted in estimates
that globally followed the trends of human plague recorded
in Vietnam (fig. 4C). The estimates show the raise in the
effective population size starting in 1960 and peaks around
1964, coinciding with the inferred emergence and expansion
of sc1. This increase in the estimated population sizes seems
to stabilize towards the end of the 1960s decade until 1980.
We note that this plateau is likely a consequence of the lack
of sampling in the whole 1970s decade, since it is expected
that the absence of sequences to coalesce may lead to an ap-
parent plateauing in the estimates (19). The population size
estimates between 1970 and 1980 are in consequence uncer-
tain, as shown by the wider 95% posterior density ranges in
this period (fig. 4C). Estimations of the Y. pestis genetic di-

versity raise again after 1980, and the peaks in the effective
population size estimates remarkably mirror the distribution
of recorded cases in the last decades of the 20th century until
January 1996 (time of the most recent isolate). The inferred
phylodynamic model suggests the emergence and rapid radial
expansion of sc1 early in the 1960s, causing the outbreaks
recorded in this decade. The epidemic expansion of sc1 also
led to the emergence and evolution of lineages that would
cause plague outbreaks in the following decades.

Contrasting patterns of Y. pestis spread throughout
decades.
The emergence of Y. pestis lineages and their dissemination
during epidemics illustrates the potential of plague to travel
long distances and effectively establish into areas where it
had never been present before (22). These dynamics resem-
ble the ones observed in viral zoonotic diseases such as Ebola
(23, 24) and West Nile (25, 26). However, the dynamics be-
yond these spreading events remain poorly understood within
plague endemic countries. In the last part of this study, we
used a spatially explicit phylogeographic approach to model
the Y. pestis spread in Vietnam throughout decades. These
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Figure 4. Phylodynamics of Y. pestis in Vietnam. A: Maximum clade credibility (MCC) tree of the Skygrid analysis inferred using BEAST (18),
including 554 genomes after excluding outlier sequences. The exploded time-scaled phylogeny shows the emergence of different monophyletic lineages
(sc3 - sc13) compared to the evolution of sc1 lineage. These lineages emerged during the period of diversification of sc1 in the 1960s decade, and later
diversified in the following decades. The complete MCC tree is shown in fig. S6. B: Root-to-tip regression of the genetic and temporal distances within
the genomes included in the Skygrid and subsequent phylogeographic analyses, suggestive of a strong molecular signal in the dataset. C: Dynamics of
bacterial effective population sizes (Ne) through time inferred using the flexible Skygrid model (up), and the temporal distribution of human plague cases
declared to the WHO between 1955 and 1996.

approaches integrate sampling times and spatial coordinates
of pathogen isolates to the inference of molecular clock phy-
logenies, allowing the reconstruction of the probable location
of the root and internal nodes and hence the inference of epi-
demic spread using pathogen genetic data (18). We employed
a relaxed random walk model that accommodates diffusion
rate heterogeneity among Y. pestis lineages (27). The phy-
logeographic reconstruction was represented on a map, re-
vealing two contrasting patterns of spread of plague between
decades. First, the recurrent dissemination of Y. pestis along
an axis that links the central coast (Khanh Hoa province) and
the major city of Ho Chi Minh via the Central Highlands
(Lam Dong province) since the end of the 1950s until the

early 1970s decade (fig. 5, fig. S7). This spreading axis fol-
lows one of the major transport routes in the country (fig. S8),
although the statistical association between major roads and
the inferred events of Y. pestis spread was not formally tested.
On the other hand, the inferred spreading events through the
last twenty years of the 20th century unveil the circulation of
Y. pestis within provinces in the central coast and the Cen-
tral Highlands, consistent with the recorded establishment of
the Central Highlands as the major focus of endemic main-
tenance of plague in these last decades (13, 14). The disper-
sal events inferred through the 1980s and 1990s correspond
to the lineages (sc3 to sc13) that evolved after the period of
epidemic spread of plague in Vietnam, and that are more ge-
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ographically restricted (fig. 3B). This general pattern of Y.
pestis maintenance in geographically restricted groups is il-
lustrated by the presence of isolates from the same lineage in
the same province over several consecutive years (i.e.: sc4 in
Binh Dinh province, or sc8 and sc10 in Khanh Hoa province).
However, long-distance Y. pestis dissemination also appears
to have occurred in this second time period, as illustrated by
the inferred spread of sc12 across five different provinces in
the central coast after its emergence in the Central Highlands
(Gia Lai province).

To estimate how fast Y. pestis circulated across decades,
we calculated several key statistics of spatial dynamics by
extracting the spatio-temporal information embedded in the
phylogenies from the Bayesian phylogeographic analysis (ta-
ble S4). We estimated that Y. pestis circulated in Viet-
nam with a mean lineage dispersal velocity of ~ 96 km/year
throughout the four decades covered by the phylogeographic
inference. We also calculated the weighted lineage disper-
sal velocities, which represent the total distance covered by
the dispersal events estimated in the trees divided by the sum
of the branch duration (28) (see Materials and Methods).
Weighted statistics provide with lower variance estimates that
may be more useful to compare the evolution of dispersal ve-
locities among particular time periods and datasets (29). We

analyzed how the weighted lineage dispersal velocity evolved
through time and found that dispersal velocity remarkably
changed across decades, presenting peaks that closely follow
the epidemiological records in the country (fig. 5). The high-
est inferred dispersal velocity is observed around 1962, cor-
responding to the expansion of sc1, which diversified in the
same time period as previously observed in the phylodynamic
reconstruction (fig.4AC). This early peak of Y. pestis disper-
sal velocity overlaps with the beginning of airborne mili-
tary operations in Vietnam (1961-1971) that resulted in the
mass spraying of herbicides, including Agent Orange, by the
United States and Republic of Vietnam air forces over large
surfaces along the central coast and the south of the coun-
try (30, 31). It has been hypothesized that this massive spray
of chemical defoliants (over seven million liters within ten
years) may have disrupted the environment of rodent popula-
tions that are reservoirs of plague (9), leading to the eventual
expansion of plague areas and its subsequent risk of spillover
to neighboring human populations. The rapid spread of Y.
pestis inferred in the first half of the 1960s decade also oc-
curs in the context of important human migration from rural
areas into cities escaping the war situation. Population move-
ments and hygiene conditions in refugee communities have
been pointed as possible drivers of the spread of plague in
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the time of the war in Vietnam (32). We also note that this
peak in Y. pestis dispersion immediately precedes the start of
mass vaccination campaigns using live plague vaccine in the
country that lasted from 1962 to 1972, although it was esti-
mated that the immunized population (over 25 million peo-
ple) only represented 43% of the total population in infected
areas (10, 33). Moreover, as plague is a zoonotic infection, it
is likely that immunization may have only reduced mortality
rates in human infections, without affecting pathogen circu-
lation in the animal reservoir. The increase in lineage disper-
sal velocities observed in the 1960s outbreaks was followed
by a reduced and more sustained pattern of Y. pestis spread,
notably in the 1980s-90s decade (fig. 5). These differential
spreading dynamics represent the endemic circulation of Y.
pestis lineages that locally evolved during previous decades
(sc3 to sc13), as spreading events in these decades also seem
to implicate generally smaller distances between the central
coast and the Central Highlands. These results altogether in-
dicate that Y. pestis rapidly spread between provinces early in
the period of maximum outbreak incidence in Vietnam, fol-
lowed by its endemic circulation in the following decades,
which present reduced dispersal rates. The analysis of the in-
ferred dispersal velocities also revealed non-negligeable vari-
ability among lineages, as estimated by the variation of dif-
fusion coefficients (mean CV = 21.13). This heterogeneity in
dispersal velocity suggests that external factors (i.e.: environ-
mental, human) may have influenced the spreading dynamics
of Y. pestis in Vietnam, although the statistical association
between phylogenetic branch durations (determinants of ve-
locities) and external factors remain to be explored in future
analyses.

Discussion
Plague remains a public health concern in endemic countries
due to its capacity to reemerge and rapidly spread into new
areas during outbreaks (12). The case of Vietnam in the sec-
ond half of the last century remains a remarkable example
of this risk, being one of the countries reporting the high-
est incidence of plague(10, 13). The occurrence of human
plague cases in Vietnam had been shown to peak during the
hot and dry season (February to April) (11, 34). This sea-
sonality is thought to be due to the population dynamics of
rats and their fleas that act as vectors of plague transmis-
sion, both influenced by climatic conditions that determine
the availability of food (14). However, variations in these
factors alone can hardly explain the exceptional occurrence
of plague outbreaks recorded in the last century, which de-
veloped in the context of long-term conflict involving large
areas in the center and south of the country (9). This context
limited the recovery of information that may have allowed a
deeper understanding of plague in Vietnam (35). Moreover,
the process that led from the widespread occurrence of plague
across several provinces to the eventual establishment of the
Central Highlands as the major areas of long-term persistence
of plague is not fully understood (10, 13). In this study, we
generated genomic data of 574 isolates from Vietnam recov-
ered over 40 years from 11 provinces that recorded a high

occurrence of plague outbreaks, and use this data to infer the
dynamics of plague in the country.

We first linked the plague epidemic in Vietnam to the
global expansion of the third plague pandemic, which re-
sulted in the endemic establishment of Y. pestis in Vietnam
and other areas of South-East Asia (fig. 2). By integrat-
ing genomic data into spatially explicit phylogeographic and
phylodynamic inference, we retrace the dispersal history and
the dynamics of plague outbreaks in Vietnam. Through the
investigation of the genetic relationships of Y. pestis lineages
and the comparative analysis of their dispersal statistics, we
highlight two contrasting trends in the spread of Y. pestis in
this country. We demonstrate the wide scale spread of Y.
pestis in plague outbreaks for almost a decade (1962-1970),
followed by a second period presenting a reduced and sus-
tained spread that established the endemic persistence of Y.
pestis in the last decades of the 20th century. The first pe-
riod is characterized by a raise in the bacterial effective pop-
ulation in the first half of the 1960s decade, followed by a
second period which is associated with a more steady and
cyclic variation of effective population size (fig. 4C). We
provide evidence for the emergence and large-scale dissem-
ination of a clone (sc1) in this first period. This clone was
probably responsible of the plague outbreaks in the 1960s
decade, which had a markedly high incidence representing
up to the 90% of worldwide incidence at the time (9). In
few years, sc1 rapidly spread following a latitudinal gradi-
ent between the central coast, the Central Highlands, and the
main urban area of Ho Chi Minh City (fig. 5). Since we
could not find evidence indicating that sc1 had a particular
virulence background suggestive of a selective advantage, its
emergence and broad dissemination likely resulted from sc1
encountering the driving factors and conditions permitting
the expansion of its geographic range. The inferred exten-
sive Y. pestis spread developed in the context of prolongated
conflict and foreign military intervention in Vietnam. It has
been suggested that the transportation of food and popula-
tion displacements from rural areas towards cities trying to
escape the war may have driven the spread of plague in the
1960s Vietnam (10, 34, 36, 37) . The phylogeographic re-
construction revealed the spread of Y. pestis in the 1960s fol-
lowed some of the main transportation networks in the south
of Vietnam (fig. 5, fig. S8), consistent with a possible role
of human-mediated transport in the spread of plague in this
decade. This scenario is also supported by the presence of the
same clone (sc1) in diverse landscapes across multiple con-
secutive years: from the central coast (Nha Trang town) to
the higher altitudes in the Lam Dong province until the urban
areas in Ho Chi Minh city. While transportation routes have
been shown to positively associate with the spreading veloc-
ity of plague in China (38), their association to the inferred
spreading events and lineage dispersal velocities in Vietnam
remains to be formally tested. The recovery of historical data
accounting for population movements in Vietnam may also
contribute to clarify this question. On the other hand, the
large-scale use of herbicides and bombing campaigns dur-
ing the war have also been pointed as possible drivers of
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the occurrence of plague in Vietnam by disturbing the envi-
ronment of rodent communities that are reservoirs of plague
(9, 39). Mass spraying of chemical defoliant agents deeply
altered the forest and crops in affected areas (30, 31), and
agricultural crops influence food availability and hence the
dynamics of rodent populations that are reservoirs of Y. pestis
(40). If the disruption of the ecological cycle of plague in ro-
dent populations possibly increased the risk of spillover of Y.
pestis to human communities nearby, the possible impact of
mass defoliation on rodent dynamics appears unlikely to ex-
plain the rapid dissemination of Y. pestis across hundreds of
kilometers estimated by our phylogeographic reconstruction
(~103 km/year at the turn of 1962). Considering the limited
geographic extent of the ecology and transmission cycle of
plague in rodents (41), these rapid and long-distance disper-
sal events are likely human-mediated.

Another relevant finding is that the expansion and spread
of sc1 settled the basis for the parallel emergence of differ-
ent Y. pestis genetic groups that would be responsible for its
maintenance and circulation in the 1980-90s decades. The
emergence of these lineages (sc3-sc13) overlaps with the in-
ferred period of expansion of sc1 in the first half of the 1960s
decade (fig. 4A), suggesting that, during its spread into dif-
ferent areas, sc1 found a favorable niche for its establish-
ment and further diversification. The presence and abundance
of susceptible hosts is considered a factor that likely deter-
mine the successful long-term establishment of plague after
its spread into a new location (41, 42). The rodent species
most frequently found infected by Y. pestis in this period
were rats (R. norvegicus, R. rattus, R. exulans) and the house
shrew Suncus murinus, and X. cheopis fleas were considered
the main vector of plague in Vietnam (34). Such species of
peridomestic rats and fleas were found in large amounts in
the 1960s inhabiting close to urban areas (43) and are thought
to be responsible for the long-term maintenance of plague in
Vietnam (13). The observed maintenance of Y. pestis in ge-
netic groups that are more geographically restricted in the
1980s-90s decade suggests a switch towards sustained cycles
of local transmission that may have driven the dynamics of
plague until the end of the last century. This latter pattern
of endemic maintenance and diversification of Y. pestis has
been better studied in Madagascar, which harbors some of
the most active endemic areas of plague (4). In Madagascar,
different Y. pestis subpopulations have been found to persist
in the same geographic locations over decades, and the sizes
of such populations appear to fluctuate between expansion
and contraction events (44, 45). We observe a similar pat-
tern in the evolution of Y. pestis lineages in the last decades
of the 20th century in Vietnam, suggesting that related mech-
anisms may have guided the endemic circulation of plague
in this country. If several ecological components influencing
the dynamics of Y. pestis populations established in Mada-
gascar have been identified (i.e.: elevation, temperature fluc-
tuations, crop harvests)(40, 46), the local determinants of Y.
pestis maintenance in Vietnam are less clear, as the disease
seems to have entered in a period of silence without human
cases since 2002 (14). Therefore, the maintenance of surveil-

lance activities in endemic areas will be critical to assess the
risk of plague reemergence in Vietnam.

Our study also points out the versatility of spatially ex-
plicit phylogeographic and phylodynamic reconstructions for
the understanding of the dynamics of plague in an endemic
country. These analytical approaches allowed to uncover
the extension of rapid and long-distance spread of Y. pestis
during its largest outbreaks in Vietnam, but also the subse-
quent local establishment and evolution of Y. pestis in more
restricted groups. The inferred weighted dispersal veloc-
ity (average ~ 10 km/year) of Y. pestis lineages in Vietnam
over four decades is comparable to the velocities inferred for
other zoonotic diseases using similar analytical frameworks,
such as animal Rabies (9-35 km/year) (47–50). The high-
est inferred weighted lineage dispersal velocity for Y. pestis
in Vietnam at a particular time point is of ~103 km/year (at
the end of 1961), which is proportionate to the inferred ve-
locities of the invasion phase of West Nile Virus in the USA
(~165 km/year)(26). If the application of landscape phylo-
geographic and phylodynamic reconstructions appears par-
ticularly useful to reconstruct the epidemic history of in-
fectious diseases, such investigations require the recovery
of pathogen samples with their detailed temporal and geo-
graphic coordinates information. The collection of isolates
needs to cover a sufficiently long time frame in order to
capture enough temporal signal, a concept also referred as
“phylodynamic threshold” (51, 52). This may hold partic-
ularly challenging for Y. pestis, which is a slowly-evolving
pathogen with remarkable clock variation at the species level
(53, 54). However, we provide evidence for a strong molec-
ular clock signal for Y. pestis evolving for over forty years
in Vietnam, suggesting that it may be necessary to collect
isolates over several decades from the same Y. pestis popu-
lations in order to provide enough signal to reliably calibrate
the molecular clock. Further, the extension of the conclusions
drawn from spatially explicit phylogeographic inference also
rely on the sampling distribution of the isolates (55). Al-
though the great number of isolates collected in the 1960s
outbreaks is probably a good indicator of the prevalence of
sc1 lineage that we find widespread in this period, the recov-
ery of isolates of this group from only six locations available
in our dataset suggests they may not represent the true ex-
tent of its spread during the decade of maximum incidence.
It would be thus useful to perform analyses based on larger
and more geographically diverse datasets that cover regions
under-sampled in the current study, particularly for the 1960s
decade. However, the intensification of the war at the end
of this decade made the recovery of isolates from many ar-
eas a particularly dangerous and difficult task, which may
have prevented the collection of samples from many loca-
tions. For instance, in 1972, no Y. pestis isolation was made
to confirm the reported cases from 11 out of 30 administra-
tive areas that recorded plague outbreaks (32). Even if the
resolution of phylogeographic analyses relies on sampling,
they still represent powerful tools to elucidate the dispersion
of pathogen lineages available in the dataset (26). By recon-
structing the dispersal and evolutionary dynamics of Y. pestis
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in Vietnam, we shed light on the epidemic history of plague
in a country that had never been explored using genomic epi-
demiology approaches, despite holding some of the highest
incidences of human plague in the 20th century (12). Using
phylogeographic inference, we place the recovered Y. pestis
isolates in a spatio-temporal context, providing information
on the linkage of infections through time and space in an en-
demic country for plague. The inferred dispersal events may
be a valuable resource for future analyses aiming to illumi-
nate the environmental or anthropogenic factors that influ-
enced the spread of plague in Vietnam. Recent works have
provided with statistical frameworks to move beyond histor-
ical reconstructions of outbreak spread and formally test for
epidemiological hypotheses using pathogen dispersal infor-
mation (26). The analysis of large collections of Y. pestis
isolates from other endemic countries with sustained plague
activity in the past may also benefit from the implementa-
tion of these frameworks to unravel the dynamics of plague
in such areas. Such information may eventually be useful to
inform strategies to better control and monitor plague in en-
demic countries.
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Methods

Dataset collection.
Between 1955 and 1996, a total of 578 Y. pestis isolates were
recovered from Vietnam and Cambodia by three centers in
present-day Vietnam (the Institut Pasteur of Nha Trang, the
Institut Pasteur of Ho Chi Minh City and the Institut Pasteur
of Da Lat). Bacterial isolates were sent to the WHO Collabo-
rative Reference Center and French National Reference Lab-
oratory for Plague in the Institut Pasteur in Paris. For clini-
cal isolates, available patient data were delinked from all the
samples and any culture or derived DNA from them, and sam-
ples were analyzed anonymously by attributing a barcode (IP
plus digits) to each one of the isolates. The associated data
for the complete dataset of Y. pestis isolates (n=578) with se-
quencing data generated in this study is detailed in (table S1).
The geographic coordinates of isolation of each isolate were
recovered using the provided metadata of the samples when
the most precise level of location was available (commune
level, n=537 isolates). When the sampling locations were

known only at the province level (n=41 isolates), we consid-
ered centroid points of their corresponding provinces as their
sampling coordinates.

Whole-genome sequencing and de novo assembly.

Y. pestis isolates were grown in vitro and their total DNA
was isolated using PureLink Genomic DNA kit (Invitro-
gen). All manipulations of live Y. pestis isolates were per-
formed in biosafety level 3 laboratory conditions at the In-
stitut Pasteur. Sequencing libraries were prepared follow-
ing the protocol of the Nextera DNA Flex library prepa-
ration kit (Illumina). Sequencing of the pooled libraries
was performed using an Illumina MiSeq platform render-
ing 2x300-bp pair-end reads. De novo assemblies were built
for all the generated read data using the fq2dna pipeline
(https://gitlab.pasteur.fr/GIPhy/fq2dna). In short, fq2dna
performs pre- and post-processing steps for treating high-
throughput sequencing reads, their filtering and enhancing,
de novo assembly and scaffold sequence accuracy assess-
ment. We used a minimum sequencing depth of 12x was used
in the pre-processing steps. Trimming and clipping of reads
is performed using AlienTrimmer v.0.4.0 (56), and redundant
or over-represented reads are identified and reduced using the
khmer tool package v1.3 (57). Sequencing errors are finally
corrected using Musket v1.1 (58). Finally, de novo assembly
was performed using the pre-processed reads using SPAdes
v3.1.2.0 (59).

Phylogenetic analysis of dataset and publicly available
genomes.

Paired-end raw sequencing reads were mapped onto the chro-
mosome of the reference genome Yersinia pestis strain CO92
(RefSeq ID NC_003143) (60) using the snippy suite (See-
man T., https://github.com/tseemann/snippy), setting a mini-
mum depth of 10 reads covering each particular position and
a minimum quality of 100 in the resulting VCF.

To place the newly sequenced isolates into the Y. pestis
species phylogenetic context, a maximum-likelihood (ML)
tree was generated based on the 578 novel isolates sequences,
together with 142 genomes from modern Y. pestis isolates
available in public repositories (table S2) that represent the
global genetic (all identified major lineages in previous publi-
cations (54, 61), and Y. pseudotuberculosis IP32953 genome
was used as outgroup to root the phylogeny. For this pur-
pose, whole-genome alignments of the reference-based con-
sensus sequences generated using the snippy suite were used.
Putative recombinogenic regions within the alignment were
identified and masked using Gubbins v1.4.10 (62). Poly-
morphic sites present within the recombination-free align-
ment were then used to build a ML phylogeny using IQ-
TREE v2.0.6 (63), including ModelFinder (64) for selecting
the best substitution model fitting to the dataset (GTR+F+R2
model), and 1000 ultra-fast bootstrap iterations (65). The
resulting phylogeny was visualized using FigTree v1.4.4
(http://tree.bio.ed.ac.uk/software/figtree/).
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Phylogenetic analysis and population structure of the
main Vietnamese clade.
To reconstruct the phylogenetic relationships and infer
the population structure of the n=570 Y. pestis isolates
identified as part of the 1.ORI4 clade (fig. 2A), the same
described steps were followed but including only the 570
Vietnamese isolates together with two other 1.ORI4 isolates
(F1955003 and F1953005) part of the same clade to root
the phylogeny of Y. pestis isolates from Vietnam. Outgroup
banch was removed from the final tree, leaving 570 isolates.
The phylogeny was based on 1001 identified core-genome
chromosomic variants within the isolates. Monophyletic
lineages were identified from the resulting ML tree (clades
presenting >85% of bootstrap support at their common
node, termed “subclades” or “lineages” in the main text).
To compare the population structure inferred by the ML
reconstruction, we used the same alignment to inform a
tree-independent hierarchical Bayesian clustering algorithm
(66, 67). This analysis resulted in 11 different groups at
subclusters level that followed the same monophyletic clades
detected before in all cases except for hierBAPS subcluster
2 which was paraphyletic. The annotated ML phylogeny
with the identified subclades and hierarchical Bayesian
subclusters can be consulted in the MicroReact project:
https://microreact.org/project/ofJq3XjWUNmxn9uc14EUWC-
plague-in-vietnam-1962-1996.

Virulence gene analysis and pangenome reconstruc-
tion.
To explore the presence of virulence determinants within
Y. pestis isolates from Vietnam, we queried all the de
novo assemblies of genomes in this study against the
gene sequences available in the Virulence Factor DataBase
(http://www.mgc.ac.cn/VFs/ , (68) using Abricate (Seeman
T, GitHub, https://github.com/tseemann/abricate.). The cov-
erages of the best hits were extracted and plotted on a
heatmap ordered by the phylogenetic tree of the 570 Y. pestis
isolates generated in the previous step (fig. S4). To esti-
mate the gene families present within the newly sequenced
genomes, we annotated the de novo assemblies using Prokka
v.1.14.5 (69) and estimated the pangenome in the present iso-
lates using Panaroo v1.2.3 (70) using the --clean-mode strict
flag.

Time-scaled phylogeny and phylodynamic analysis.
Before reconstructing time-scaled phylogenies and phylo-
geographic inference, we explored the temporal signal in
the n=570 genomes the major clade of Y. pestis in Viet-
nam present in our dataset. We used treetime (71) to de-
tect sequences that deviated more than 3 inter-quartile dis-
tances from the regression of the genetic and temporal dis-
tance. We found n=16 isolates that did not follow this crite-
rion for a loose molecular clock and were considered as out-
liers. Therefore, the resulting set of n=554 Y. pestis genomes
was used for subsequent inference of time-scale phylogenies.
The list of genomes kept and excluded from this analysis
is detailed in table S1. A maximum-likelihood phylogeny

was built for the 554 sequences and the root-to-tip regression
of their sampling dates and genetic distances was consistent
with the populations measurably evolving through time as-
suming a molecular clock (R=0.66) (fig. 4). We inferred
time-scaled phylogenetic trees using BEAST 1.10.4 (18) and
BEAGLE 3 library (72) to accelerate the inference using
GPU nodes. Based on previous works inferring the time-
scaled evolution of Y. pestis, we used a GTR+Γ substitution
model and assumed a relaxed molecular clock, with indepen-
dent evolutionary rates for each branch (20). We specified the
flexible skygrid model as the tree prior to model changes in
population effective sample size through time (19). Precise
dates (resolution to isolation day) were used when available
and assumed a mid-point (June) for the isolation year when
only the year of recovery of the sample was known.

We ran two independent Markov Chain Monte-Carlo
(MCMC) of 2x106 generations each. Tracer (73) was used
ensure the mixing and convergence of both runs as well as to
confirm that the estimated sampling sizes (ESS) values for
all estimated parameters were >200. After discarding the
initial 10% of trees as burn-in, we summarized the inferred
trees to generate a maximum clade credibility (MCC) tree
using TreeAnnotator 1.10.4 (18). This dated tree was used
to infer divergence dates of the different Y. pestis lineages in
the dataset (referred as the “time-scaled phylodynamic infer-
ence” in the main text). The estimates of the effective bacte-
rial population size through time were extracted from the sky-
grid analysis using Tracer and plotted using the R-package
ggplots2 (74).

Spatially explicit phylogeographic analysis.

The continuous space phylogeographic analysis was devel-
oped using the relaxed random walk (RRW) diffusion model
implemented in BEAST (v.1.10.4)(27, 75). This model al-
lows the reconstruction of temporally and spatially refer-
enced phylogenies while considering the variation in disper-
sal velocity among branches (76). Despite we launched par-
allel GPU nodes to speed-up the analyses, the poor MCMC
mixing did not allow the recovery of enough sampling from
the posterior in reasonable amount of time, an issue that has
already been pointed out in other works (26). To circumvent
this challenging issue, we implemented the same approach as
in Dellicour et al.(26) and performed 100 independent phy-
logeographic analyses, each based on a different fixed tree
sampled from the posterior distribution a previous skygrid
analysis. This approach may provide a reasonable strategy
to account for phylogenetic uncertainty, as each analysis is
based on a different fixed topology. Each analysis was run
until ESS values were all > 200, and the last spatially anno-
tated tree from each independent run was extracted. All the
subsequent phylogeographic analyses (dispersal history re-
construction and estimation of dispersal statistics) were based
on this collection of 100 spatially annotated trees. We used
TreeAnnotator 1.10.4 (18) to generate a MCC tree with the
annotations of the spatially explicit phylogeographic recon-
struction (displayed in fig. 5). The inferred location of in-
ternal nodes and dispersal history were plotted in R using
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custom scripts and the R-package “seraphim” (28, 77). The
locations of the 95% HPD polygons for the internal nodes
and tips are displayed in fig. S7.

Estimation and comparison of lineage dispersal statis-
tics.
Each phylogenetic branch (called “lineage” in the main text)
in the phylogeographic reconstruction can be considered as
conditionally independent movement vectors (75). We ex-
tracted the spatio-temporal information for the branches in
the 100 independent spatially-annotated trees using the R-
package “seraphim”, allowing to summarize the branches as
movement vectors over geographic coordinates (77). The R-
package “seraphim” was also used to estimate and summarize
the dispersal statistics based on the collection of vectors ex-
tracted from the trees. We estimated two statistics: the main
lineage dispersal velocity (νmean) and the weighted lineage
dispersal velocity (νweighted)(77). These metrics measure the
dispersal velocity associated with phylogenetic branches, and
particularly the weighted statistic implicates normalizing by
branch time duration (48), and are computed as follows:

vmean = 1
n

n∑

i=1

di

ti

and

vweighted =
∑n

i=1 di∑n
i=1 ti

Where di and ti represent the traveled geographic distance
vectors (great-circle distance in km) and the time elapsed (in
years) for each phylogeny branch, respectively. The interest
of weighted metric is that it produces lower variance esti-
mates, useful to compare branch dispersal velocities between
different subsets of the same dataset. This is because phy-
logeny branches are with short branch duration will have a
lower impact on the weighted lineage dispersal velocity com-
pared to the mean lineage dispersal velocity (29).

Data availability.
Supplementary tables and the XML files for the

phylodynamic and phylogeographic analyses can
be found on a dedicated repository in GitHub:
https://github.com/guillemmasfiol/PestisPhylogeo.
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Supplementary Figure 1. ML phylogeny of the 570 Y. pestis isolates of the clade circulating between 1962-1996 (1.ORI4 clade). The ML tree
corresponds to the phylogeny shown in Fig. 3. Tips are colored according to the identified monophyletic subclades. The color strip annotations show
the genetic group at the subcluster level estimated by the Bayesian analysis of population structure approach (hierBAPS). hierBAPS subclusters follow
the same distribution as the identified monophyletic subclades except for the hierBAPS subcluster 2 which is paraphyletic. The annotation of host niche
and animal species where each isolate was collected is displayed
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Supplementary Figure 2. Temporal and geographic distribution of the Y. pestis isolates in Vietnam from two major periods of sampling. The
map shows the locations of the 570 Y. pestis isolates used in the inference of the ML tree, divided in the two major decades of sampling in the dataset
(1960s decade and 1980s-90s decade). Colors and shapes are defined as in Fig. 3. The timeline of sampling of the isolates is colored according to the
identified lineages of the isolates.

Mas Fiol et al. | Unpublished work | 15



non_sc1

sc1

0 10 20 30 40
Pairwise SNV distance

Genetic group

non_sc1

sc1

Supplementary Figure 3. Distribution of pairwise SNV distances within isolates from the different identified lineages. Distances were calculated
for all monophyletic lineages that are represented by at least two genomes (up). The second plot compares the distribution of pairwise SNV distances
within isolates of sc1 compared to the other lineages together.
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Supplementary Figure 4. Virulence gene analysis in the 570 Y. pestis genomes part of the major population circulating in Vietnam. Heatmap
of hits for virulence genes screened in the Y. pestis genomes of the 1.ORI4 clade. Each column corresponds to a virulence-associated gene (n=123)
present in the genomes of the dataset resulting from BLAST hits against the Virulence Factor Database, as well as for the sequences of the three major
plasmids in Y. pestis reference CO92 (pYV, pMT1, pPla). The heatmap colors are scaled to the percentage of coverage on the hit sequence, and the y
axis is ordered according to the phylogenetic tree shown in Fig. 3. The lineage correspondence for each genome is also indicated indicated.
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Supplementary Figure 5. Pangenome analysis of the 570 Vietnamese genomes A: Pangenome partitions as identified by Panaroo from the
detection of 4224 orthologous gene families. The total number of gene families in each partition and their percentage are shown. Core genes correspond
to gene families conserved in at least 99% of isolates. The accessory genome was partitioned between the soft core genes (conserved in >95%), shell
genes (conserved in between 15% and 95 % of isolates) and cloud genes (conserved in up to 15% of isolates). B: Distributions of total gene counts
(left) per genome and of the total number of contigs (right) in the de novo assemblies used as input for the pangenome reconstruction. Dots are colored
by the corresponding lineage of the genome. The discrete groups of genomes according to their total gene count is due to the presence or absence of
replicons that are frequently lost during in vitro culture of the isolates: the pMT1 plasmid and the pgm locus (as explained in the main text).
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Supplementary Figure 6. Maximum clade credibility (MCC) tree from the Skygrid phylodynamic inference. The time-scaled tree includes the
dataset of 554 genomes after excluding outlier sequences. The tree was inferred using the flexible Skygrid model and corresponds to the one displayed
in Fig. 4. Tips of each leaf are colored according to the monophyletic lineage, and horizontal bars indicate at each node indicate the 95% highest
posterior density (HPD) intervals for their inferred age.
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Supplementary Figure 7. 95% HPD polygons for the locations of nodes in the spatially explicit phylogeographic reconstruction. The polygons
correspond to the geographically-annotated MCC tree based on 100 posterior trees, as shown in Fig. 5, and are colored according to their inferred
median age.
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Supplementary Figure 8. Major transportation networks in Vietnam. The distribution of major transportation routes in the country as shown in the
small plot in Fig. 5, including railways, principal roads and secondary roads. The geospatial dataset was obtained from the OpenDevelopment site.
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General discussion
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The presented thesis explored the diversity, geographic distribution, and evolutionary

history of Y. pestis species through the lens of genomics and molecular evolution. The first

manuscript developed the analysis of a global collection of Y. pestis isolates that were col-

lected over the last century. From this analysis, we aimed at retracing the recent evolutionary

paths of plague that were missed in previous works, and to integrate the new genomes into a

global overview of Y. pestis species evolution and genetic diversity. In the second manuscript,

we studied the dynamics of Y. pestis spread during outbreaks in an endemic country with

relevant epidemic history.

Genomic analyses have emerged in the recent years as powerful tools to study infectious

diseases. With the technological advances to generate, manipulate and analyze whole-genome

sequencing data, new horizons have appeared in the study of human pathogens. Pathogen

phylogenies represent the reconstruction of microbe genealogies and allow to place the historic

of infections into a temporal and spatial context (335). In the last decade, a few phyloge-

nomic analyses have allowed to identify the major lineages in Y. pestis species evolution,

mainly through the sequencing of isolates collected over the past century (46, 62, 64, 89). In

parallel, within this last decade the field of microbial paleogenomics has emerged and pro-

vided for the first time with genomic data from Y. pestis present in infected human remains

over the past millennia (240), including the strains that circulated in major plague pan-

demics in history (262, 264, 304). Pathogen phylogenies represent however just a glimpse, a

snapshot, of the diversity and evolutionary relationships of the samples that are present in

the analysis. Therefore, the hypotheses that are formulated from phylogenetic inference may

be complemented, if not reformulated, when new diversity is added through the obtention

of more samples (345). The recent increase in available Y. pestis genomes has expanded

the diversity found within lineages described in the past, giving a stepwise and usually par-

tial outline of Y. pestis evolution, as most studies have limited to the interpretation of the

placement of the novel genomes, but rarely on analyzing the general patterns of Y. pestis
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diversity at species level. In this work, we aimed to fill this gap and take the opportunity

to recapitulate the species global phylogenetic distribution and patterns of genomic varia-

tion using thousands of Y. pestis genomes from global sources. By taking a genomic-driven

approach, in the presented work we addressed some questions that are part of the global

understanding of Y. pestis evolution and epidemiology.

When and where do Y. pestis lineages emerge and spread?

Phylogenetic analyses have been extensively used to retrace the emergence of different

lineages of Y. pestis and in relation to the development of events which are relevant to human

history. Reconstructing the emergence and spread of lineages can give valuable information

to better understand plague epidemiology and develop strategies to control the disease. In

the first manuscript, we used the large collection of Y. pestis isolates mainly collected in

the context of the Third Pandemic to retrace the pandemic spread of the 1.ORI lineage,

confirming its dissemination in successive waves that introduced Y. pestis into different

continents (46). This led us to focus on one of this waves, that we related to the emergence of

the 1.ORI5 sublineage, which spread into Europe, Africa and South America. We have shown

that this sublineage was introduced into different coastal areas in the South and North-West

of the African continent at the end of the 19th century, that we could associate to historical

records. Some of these introductions were responsible for the long-term establishment of

plague, where it has persisted to cause outbreaks until the recent decades like in Algeria

(23). We have also provided for the first time with a detailed outline of the emergence

and evolution of 1.ANT lineage in Central and Eastern Africa. The possible origin and

transmission route into Africa of this lineage aroused great interest from the historians

of plague because 1.ANT directly branches after the 2nd pandemic ancient genomes from

Europe, a lineage that become extinct with the disappearing of plague from Europe. We

hope that the provided 1.ANT genomes contribute to solve ongoing discussions regarding
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the emergence and spread of this lineage.

An intriguing question for which Y. pestis phylogenetic analyses have been particularly

informative has to do with the endemic establishment of plague into a new area during

epidemic or pandemic expansion. It can be pointed out that for several countries that be-

came endemic for plague during the Third Pandemic (i.e.: Brazil, Madagascar, Peru), all

the Y. pestis diversity present at the long term resulted from a single and successful in-

troduction event. Many countries experienced plague outbreaks at the early years of the

Third Pandemic (16, 61), when the major 1.ORI clone was spreading worldwide, and hence

these countries were exposed in multiple occasions to the long-term establishment of plague

within local rodent populations. This conclusion is relevant for the epidemiology of plague

since it indicates that even in the context of pandemic circulation of Y. pestis, the successful

introduction and establishment of plague is a relatively rare event. The reasons beyond the

dynamics of maintenance of plague are complex and require the understanding of disease

ecology (1). It has been suggested that Y. pestis may sometimes only become transiently

introduced into local rodent communities, dissipating after few years (293, 344). This in-

terplay between the animal reservoir of plague, and the (re)emergence and spread of Y.

pestis in outbreaks or pandemics has also been approached from the genomic analysis of Y.

pestis. For instance, it has been possible to infer that major outbreaks of human plague were

likely caused by the emergence and rapid expansion of genetically similar Y. pestis strains,

such as during the Black Death in the 14th century (262, 299), or the early Third Pandemic

(46). The analyses of Y. pestis genomes associated to these outbreaks could not deduce any

evidence suggesting that the emergence of these clones circulating in widespread outbreaks

could be explained through the acquisition of genetic factors favoring a possible increase in

virulence (299). A plausible explanation for the rapid spread of epidemic clones may have to

do with the meeting of multiple conditions, including the abundance of susceptible rodent

populations (346), their ecological relation with humans nearby (72) and the movements of
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human populations, that influence the spread of infections (347). Our analysis of terminal

branch lengths may represent a new perspective in the interpretation of Y. pestis phylogenies

and the emergence and spread of lineages, as shorter terminal branch lengths may illuminate

lineages that have undergone recent expansion.

The sequencing of Y. pestis genomes from the same endemic area during different out-

breaks separated in time can provide relevant insights into the maintenance of Y. pestis

between outbreaks and its epidemic spread. Phylodynamic approaches can be used to ad-

dress the question of whether a second outbreak stems from the persistence of the pathogen

circulating in a previous outbreak or if it results from a new introduction event from an ex-

ternal source. In the second manuscript, we had the opportunity to explore these dynamics

of evolution and spread of Y. pestis from the analysis of isolates that were collected over

decades from Vietnam, which was one of the most active endemic areas of plague in the

past century (348). Our analyses suggested that the Y. pestis strains that were responsible

for the human plague activity in the 1980s and 90s decade evolved from the clone that had

become widespread in Vietnam during major outbreaks in the 1960s decade, and that these

strains had been evolving between the outbreaks separated through decades. The analysis of

Y. pestis isolates collected over decades in the same endemic country contributed to give a

better approximation of the minimum temporal threshold that may be necessary to calculate

robust estimates of the evolutionary rates of Y. pestis in endemic countries. Moreover, we

estimated the dynamics of spread of Y. pestis during outbreaks in Vietnam using continuous

space phylogeographic approaches, which had never been used to explore past plague out-

breaks. In this analysis it was possible to link infections through time and space and infer

the spreading velocities of plague in Vietnam. The context of development of the fastest

Y. pestis transmissions overlapped with the development of a long-standing war in Viet-

nam, which may have triggered human displacements that would explain the rapid spread of

plague that we inferred. This context reminds us the distressing relationship between wars
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and infectious diseases, which extends to the present times with the recent plague outbreaks

in the Ituri region of the Democratic Republic of Congo, as well as for the outbreaks of

cholera in Yemen (2016-17)(326), or of measles in Syria (2017-18)(349).

Patterns of genomic variation between Y. pestis lineages

In another main axis of this thesis, that we began to develop in the first manuscript, we

go beyond historical and evolutionary reconstructions and explore the functional diversity

of Y. pestis lineages from different standpoints. The identification of genetic variations that

contribute to Y. pestis adaptation may be challenging due to the reduced levels of genetic

diversity that were initially found when comparing the point mutations between most of the

known Y. pestis lineages (242, 247). Genomic comparisons have yet identified few genomic

variants that appeared after the emergence of Y. pestis and may have been important for

its virulence and dissemination. A single amino acid substitution in the Pla protease has

been associated with the capacity of Y. pestis to cause a more invasive infection in animals,

as revealed when studied in mice models of bubonic plague (215). The acquisition of novel

factors also appears to have played a role in the evolutionary success of Y. pestis (230). The

analysis of ancient DNA metagenomes of Y. pestis from the Late Neolithic has permitted to

refine the estimations for the acquisition of the Ymt phospholipase (265, 270), which would

have allowed Y. pestis to greatly expand the range of hosts in which it can establish a flea-

borne circulation (221). These molecular changes occurred at the most ancestral lineages in

Y. pestis phylogeny, indicating that most of the contemporary Y. pestis lineages emerged

once the bacillus already had become a flea-borne, extremely virulent pathogen. Therefore,

we can hypothesize that many of the adaptative changes in Y. pestis lineages that circulate

nowadays may rather be related to ensuring its survival and suitable transmission in the

endemic cycles where they circulate. An example of such adaptation is the recent finding

that Y. pestis can use variants in the rpoZ gene to alter its levels of biofilm formation
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according to fluctuating climatic conditions (271). There may be also genomic changes

in recently emerged lineages implicating differential virulence in mammal hosts, but such

variants have not yet been identified.

Genomic variation may also have helped Y. pestis to establish permanently into new

geographic areas after epidemic or pandemic expansions such as the Third Pandemic, during

which Y. pestis established in many different countries, with their specific ecologic conditions

and rodent and vector species diversities. This hypothesis, however, has not been addressed

in previous Y. pestis genomic analyses. Our work is, to the best of our knowledge, the first

large-scale genomic analysis of Y. pestis species that explores in parallel multiple sources of

genomic variation to address possible hallmarks of adaptative evolution in Y. pestis lineages.

We identified an enrichment of missense variants in genes coding for factors associated to

stress sensing in isolates from the 1.ORI and 1.ANT lineages, and we found that multiple

loci associated to virulence mechanisms are part of the genes presenting highest rates of

missense variants. The pangenomic analysis of hundreds of assemblies provided evidence of

the variation in gene repertories associated with different lineages. Finally, we demonstrate

the expansion of IS during Y. pestis microevolution, notably through the expansion of IS100

and IS200 copies. The pattern of IS insertions in the Y. pestis chromosome was also infor-

mative of the lineage to which the genome belongs to, which confirms the basis of previous

efforts for using the specific patterns of IS insertions for the typing of Y. pestis isolates (315).

The expansion of IS was remarkably higher in 1.ANT lineage, which has led to the specific

inactivation of more than a hundred genes in genomes of this lineage. The characterization

of the potential functional impact of these inactivations is an exciting perspective that we

would like to adress in short term.

Even if these results are still preliminary, the uncovering of these novel patterns of di-

versity is particularly exciting and altogether points towards a more complex understanding

of Y. pestis evolution, in which multiple mechanisms including point mutations, gene gain,
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gene inactivation through IS insertions (and probably through indels too (350)) act together

as driving forces in the emergence of Y. pestis lineages and their functional diversification.

The combination of these different types of genomic variation has possibly contributed to

the adaptation of Y. pestis during its historical spread and long-term establishment into

diverse geographies and ecological niches. This work highlights the need for developing

large genomic analyses of diverse Y. pestis isolates to be able to effectively detect possible

signals of adaptation in the evolution of Y. pestis lineages. Future steps will be directed

towards characterizing the impact of the variants identified in different isolates, using ex-

perimental approaches. The pursuing of the search of signatures of adaptative selection in

Y. pestis will require the analysis of other signals that have not been explored yet in this

work, such as homoplasies. Large datasets of global Y. pestis genomes may also be used to

infer patterns of genetic variation present within major epitopes that are targets of vaccine

candidates currently under development (351). This may help identifying possible pitfalls

within future efforts in plague immunization and contribute to the evaluation of ongoing

vaccine candidates. Genome sequencing of large collections of isolates can also inform about

antibioresistance risks in the era of widespread antimicrobial resistance, by detecting the

prevalence of resistance gene sequences within the bacterial population. In this study, no

new antimicrobial resistant Y. pestis isolate was identified within the isolates sequenced

(data not shown), which suggests that antimicrobial resistance has not yet been a selective

factor for Y. pestis populations causing the spread of resistant clones. However the recent de-

scription of Y. pestis isolates resistant to streptomycin in Madagascar and China (157, 352)

strengthens the need for surveillance of antimicrobial resistances in the context of countries

where plague is endemic.

In all, analyses of Y. pestis genomic diversity have provided relevant details on the com-

plex dynamics of Y. pestis in plague endemic areas, which are affected by diverse ecological

and epidemiological factors. The study of the genomic epidemiology of plague requires the
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recovery of Y. pestis isolates over decades of surveillance in infected animals and human

patients, together with a detailed knowledge of the epidemiological history of plague in the

area. The regular monitoring of Y. pestis circulation and isolation of live bacilli from rodent

populations and during outbreaks of human plague is therefore key to infer the dynamics of

the disease in endemic countries. This planned surveillance is not only informative for epi-

demiological trends of plague in such countries, but it has been also decisive for the success

of plague control in important endemic areas for decades, like in the former Soviet Union

(109). At a broader scale, the integration of genomic data from large collections covering

different historically active plague regions is essential to uncover novel patterns of genomic

variation and possible adaptive evolution signatures, as well as to characterize the diversity

and specific markers of the global genetic and geographic groups of Y. pestis. This highlights

the need for the open sharing of pathogen genomic data within countries and institutions,

which has been stressed during the COVID-19 pandemic as a key to outbreak preparedness

(353). The development of a resolutive scheme for the genotyping of Y. pestis isolates and its

implementation for research and public health laboratories would represent an opportunity

for retracing the possible sources of future plague outbreaks in the era of unprecedented

international travel and communication, which will be decisive for taking early moves on the

control of future outbreaks.

152



Part V

Concluding remarks
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With this thesis, I hope to have contributed to the better understanding of the diversity,

evolution, and epidemiology of the plague bacillus. The genomic resources generated with

this work will be valuable for both plague research and public health strategies, and may I

realize when summarizing these results that we have probably just scratched the surface of

the patterns that were hiding behind the large amount of sequencing data generated here.

This project was presented itself as challenging and ambitious since its conception. Nev-

ertheless, it altogether represented the extraordinary chance of developing a project on a

unique collection of strains in the world, in one of the oldest laboratories within the Institut

Pasteur. I could feel the legacy of previous fellows and their pioneering work, implicating

the research on different aspects of plague through many international partnerships, since

the very early days working in the Yersinia Research Unit. I was fortunate enough to join a

team of passionate and valuable researchers both at the personal and scientific levels, which

regularly fueled the discussions and interactions on the different projects. Coming from a

molecular biology and microbiology background, this project has also introduced me to an

almost full-genomics work, which has provided me with a surprisingly balanced combination

of constant learning experiences and frustrations. These early steps into academic research

have highlighted to me an essential aspect of scientific research, which may as well be the

only possible solution to some of the deep, structural problems that the scientific community

will have to address in the following decades. Indeed, collaborative research is this key factor

for the development of both this project and a myriad of ongoing scientific research efforts.

Collaboration represents necessarily the sharing of work, resources, expertise, and infrastruc-

ture applied at all steps of a research project. The work hereby presented thus represents a

collaborative effort at all these different levels. First, the collection of Y. pestis isolates stems

from the previous and ongoing interactions and share of strains between different laborato-

ries of the Pasteur international network and others, who developed the decisive field work,

and the Institut Pasteur in Paris. The generation of sequencing data of all the collection
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also involved the laboratory hosting the sequencing platform and the technical expertise on

sequencing methods. It would not be possible to put all these samples into their genetic

and evolutionary context without the publication of genomic data of the different strains

analyzed in previous studies by other teams. The open sharing of pathogen genomic data

has been critical for this and many other genomic studies; for Y. pestis, which is a select

agent with bioterrorism potential, sharing genomic data of local strains is way more conve-

nient than the difficult transfer of live strains between laboratories. Collaboration extends

to a third level, as collaborative and transdisciplinary efforts are determinant to analyze the

data and provide valuable interpretation. The implication of different skillful actors able

to develop bioinformatic approaches, analytical frameworks and historical context was thus

another meaningful aspect of this project. Last, the open sharing of analytical tools and

methods is decisive for the analysis of genomic data. This project, like many others, has

benefited from the myriad of bioinformatic tools and approaches that are widely and openly

distributed to the community for the prosperity of future scientific works. This example of

fruitful development of collaborative research may perhaps appear as one of the oases within

the desert of generalized, frenetic competition into which scientific research, and mostly

biomedical research, appears to be navigating since some time in the past. Competition

has been imposed into all levels of scientific production, from funding attribution to results

communication into the system of scientific journals that may appear outdated in the digital

era. Ironically enough, some of the most revolutionary findings in biological research have

not come from a constant sake of competition but from fortuitous and basic scientific ob-

servations. The finding of penicillin or the discovery of the Clustered Regularly Interspaced

Short Palindromic Repeats (CRISPR) in bacterial genomes are two powerful reminders that

competition may not be the most effective engine for scientific advancement. The dynamics

of competition and ever-growing seek for justification of practical or commercial prospects

of research appear to be detrimental for research (354, 355), and may be a source disap-
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pointment to many young researchers taking the early steps into what could otherwise be an

exciting journey in research. This challenging horizon for many graduates and early-stage

scientists deserves the implication of all actors, and particularly the young generations, to

decide how should science be done and towards which goals. The open sharing of information

and resources and the generalization of collaboration as a new paradigm of scientific research

may be a legitimate way to advance in our understanding of infectious diseases and any other

biological research field. Altogether, cooperation dynamics, together with a reliable funding

may encourage the development of liberty and creativity that will provide us with original

and high-quality science, for the goodness of all scientists and that of the community.
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55. Luis F Donaires, Manuel Céspedes, Pedro Valencia, Juan Carlos Salas, Maŕıa E Luna, Alex
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Maria Betânia Melo de Oliveira, Geane Maria de Oliveira Gonçalves Ferreira, and Alzira
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331. Alexey M Kozlov, Diego Darriba, Tomáš Flouri, Benoit Morel, and Alexandros Stamatakis.

Raxml-ng: a fast, scalable and user-friendly tool for maximum likelihood phylogenetic

inference. Bioinformatics, 35(21):4453–4455, 2019.

332. Bui Quang Minh, Heiko A. Schmidt, Olga Chernomor, Dominik Schrempf, Michael D.

Woodhams, Arndt von Haeseler, and Robert Lanfear. Iq-tree 2: New models and efficient

methods for phylogenetic inference in the genomic era. MOLECULAR BIOLOGY AND

EVOLUTION, 37(5):1530–1534, MAY 2020. ISSN 0737-4038. doi: 10.1093/molbev/

msaa015.

333. Zhemin Zhou, Nabil-Fareed Alikhan, Martin J Sergeant, Nina Luhmann, Cátia Vaz, Alexan-
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