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    Chapter 1   
 Plague: A Disease Which Changed the Path 
of Human Civilization                     

     Barbara     Bramanti     ,     Nils     Chr.     Stenseth     ,     Lars     Walløe     , and     Xu     Lei    

    Abstract     Plague caused by  Yersinia pestis  is a zoonotic infection, i.e., it is main-
tained in wildlife by animal reservoirs and on occasion spills over into human popu-
lations, causing outbreaks of different entities. Large epidemics of plague, which 
have had signifi cant demographic, social, and economic consequences, have been 
recorded in Western European historical documents since the sixth century. Plague 
has remained in Europe for over 1400 years, intermittently disappearing, yet it is not 
clear if there were reservoirs for  Y. pestis  in Western Europe or if the pathogen was 
rather reimported on different occasions from Asian reservoirs by human agency. 
The latter hypothesis thus far seems to be the most plausible one, as it is sustained 
by both ecological and climatological evidence, helping to interpret the phylogeny 
of this bacterium.  

  Keywords      Yersinia pestis    •   Outbreak   •   Pandemics   •   Historic   •   Civilization  

   When traveling around in Europe today, we can still fi nd monuments everywhere 
evoking the ancient pestilences, monuments such as churches, chapels, columns, 
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and altarpieces [ 1 ]. In addition, historical hospitals and lazarettos, and other 
buildings, 1  recall the past plagues, as do plenty of paintings, tableaus, pictures, 
sculptures, and wax reliefs. Plague is also depicted in certain famous novels, such 
as Boccaccio’s  The Decameron , Manzoni’s  I Promessi Sposi , Daniel Defoe’s  A 
Journal of the Plague Year , and Camus’  La Peste , as well as in fables such as “Les 
Animaux Malades de la Peste” by La Fontaine. The terms “pest,” “plague,” and 
“pestilence” are also so commonly incorporated in expressions and proverbs in any 
European language 2  that, more or less consciously, the collective memory refers to 
past epidemics continuously. Even in drugstores we can fi nd memories of the past 
plagues: from antiquity onward perfumes were often used as medicine and addition-
ally in the Middle Ages to ward off the bubonic plague. This medicinal property 
was, for instance, attributed to the original Eau de Cologne that was launched in 
Cologne in 1709 by Giovanni Maria Farina (and is still commercialized to this 

1   Among the monuments recalling plague, we can mention Castel Sant’Angelo in Rome, which 
was originally the mausoleum of Hadrian and was converted into a castle at the beginning of the 
fourteenth century. Legend holds that the Archangel Michael appeared atop the mausoleum in 590 
CE, sheathing his sword as a sign of the end of the plague in Rome. Other monuments of note 
include fi ve plague churches in Venice, erected between the fi fteenth and seventeenth centuries as 
vows for deliverance from some of the 70 epidemics of plague recorded in this port to the Levant. 
Of particular relevance is the School and Church of San Rocco (1485–1550), decorated with paint-
ings by Tintoretto of Saint Roch’s life. St. Roch, the Christian saint especially invoked against the 
plague, set out from Montpellier as a mendicant pilgrim for Rome during a poorly defi ned epi-
demic of plague in the second half of the fourteenth century. He could heal sick people in the 
public hospitals by prayer, the sign of the cross, and the touch of his hand. To St. Roch is devoted 
also the Rochuscapelle in Bingen on the Rhine, a chapel erected by the city in 1677 in thanksgiving 
for surviving the plague of the year before. The festival of St. Roch, which is still held there every 
year, was notably celebrated by Goethe (Sankt-Rochus-Fest zu Bingen, Hamburger Ausgabe, 
Band 10, Am 16. August 1814). Other monuments of importance include the Pestsäule of Vienna, 
erected by Emperor Leopold I in 1687 to celebrate the end of the epidemic, and again in Vienna, a 
city repeatedly ravaged by the plague, one can see the Karlskirche, built after the plague of 1713 
and dedicated to the plague saint, St. Carlo Borromeo. In Florence the loggia Orsanmichele (origi-
nally housing a grain market) was transformed into a church to protect the picture of the Virgin 
who was claimed to have saved the city from the Black Death of 1348. Also in Florence, as a 
consequence of the plague which badly hit the city during the second half of the fourteenth century, 
the cultural period of the Rinascimento (Renaissance, from the Italian for “rebirth”) took root and 
spread, eventually characterizing European history of the fi fteenth–seventeenth centuries. 
2   Some examples are “to avoid or hate someone or something like the plague” (Italian idiomatic 
expression); “to stink like the plague” and “the choice between plague and cholera” (German idi-
omatic expressions); “A Sunday’s child never dies of the plague” and “He who trusts a woman and 
leads an ass will never be free from plague” (French proverbs); “Nothing is ever well done in a 
hurry, except fl ying from the plague or from quarrels, and catching fl eas” (Italian proverb); “Plague 
seize the hindmost” (Latin proverb); “Lies are the plague of speech” and “Forgetfulness is the 
plague of knowledge” (Arabic proverbs); “A stupid friend is a greater plague than a wise enemy” 
(Turkish proverb); “An honest wife is a treasure that lasts, a sad wife is worse than the plague” and 
“A new doctor is a plague on the country” (Sicilian proverbs); “It is better to murder during time 
of plague” (English proverb); and “If God should listen to rooks, he should send a plague to 
horses” (Bulgarian proverb). 
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day). 3  Although perfumes were not effi cient disinfectants, their scent at least might 
have helped to reduce the unbearable odors linked to the pestilence. In vivid depic-
tions by contemporary chroniclers, painters, and sculptors, victims were often por-
trayed as affected by strong coughing followed by hemoptysis (i.e., spitting of 
blood) and sometimes exhibiting suppurative lymphadenopathy (buboes) or necrotic 
extremities. Plague victims were depicted as suddenly falling down dead in the 
street, their bodies carted off by carriage and thrown in large plague pits containing 
a number of corpses deposited in layers “like lasagna.” 4  The smell must have been 
truly horrifi c and not easily masked by the use of perfume. 

 Besides leaving a horrifi c and distressing impression, plague had a long-lasting 
impact on the history of Europe (in terms of social, political, and economical devel-
opments) as over centuries it repeatedly hit cities and villages, with devastating 
demographic consequences. The Black Death itself (1346–1353) has been esti-
mated to have reduced the population in the affected areas of Europe by about one 
third, by the middle of the fourteenth century. A second plague epidemic occurred 
in 1358 in parts of Italy and Germany and spread to large parts of Europe (e.g., to 
Norway in 1359–1361), whereas a third epidemic spread in the mid-1370s (again 
including Norway). As a result, for areas of Europe where estimates are available, 
we know that by 1400, the population in these areas decreased to less than half of 
what it was before the Black Death [ 2 ,  3 ]. The sequence of plague epidemics con-
tinued in Western Europe until the mid-seventeenth century. In countries for which 
records are available, we know that there were between 20 and 30 epidemics of 
plague during the course of 300 years. The population of Europe was kept low dur-
ing this whole period and only started to increase substantially again after the mid- 
seventeenth century. 

1.1     Three Historical Plague Pandemics 

 “Plague,” “pestilence,” and “pest” are general terms often used in the past to describe 
catastrophic events. By reviewing historical records, historians have proposed that 
only three pandemics (Fig.  1.1 ) were effectively consistent with the infectious dis-
ease currently called plague, caused by the gram-negative coccobacillus  Yersinia 
pestis . A caveat here is that, as we go further back in time, historic sources become 
more rare and more succinct, which limits our ability to tie a particular pathogen to 
an epidemic. We cannot therefore exclude the possibility that there have been earlier 
pandemics of plague, but can merely assert that there is currently no clear historic 
evidence for such pandemics.

   The fi rst plague pandemic, as described by Procopius, started in the middle of the 
sixth century in Egypt and spread rapidly to the whole Mediterranean Basin. From 

3   Farina, Jean-Marie (1825).  Précis sur les propriétés médicales de l’Eau de Cologne . 
Warin-Thierry. 
4   di Coppo Stefani, Marchionne (1903).  Cronica Fiorentina . Citta di Costella: Lapi. 88 pp. 
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Pelusium on the Nile Delta, it reached Constantinople by ship in 541–542 CE: this 
fi rst outbreak, which marks the onset of the fi rst pandemic, is generally referred to 
as the “Justinian plague” due to the name of the Byzantine emperor at the time, 
Justinian. Although the source of this pandemic is not known, contemporaneous 
chronicles placed the origin of the plague in Axum, in the southeastern region of 
Africa, which was an important naval and trading connection to the East. India has 
also been proposed by historians as a possible source for this plague, as well as the 
Great Steppe region in Asia [ 4 ]. As for its spreading, few reports attest to the pres-
ence of plague in the northern part of Europe, but it is generally considered that 
plague quickly spread to the Rhine region and Ireland [ 5 ]. Repeated cycles of plague 
epidemics are known to have occurred in Europe following the Justinian outbreak 
and to have continued until 750 CE. 

 The second pandemic began with the devastating outbreak of the fourteenth cen-
tury, now referred to as the Black Death (1346–1353). From Caffa on the Caspian 
Sea, plague spread to all of Europe and persisted there with a series of intermittent 
epidemics until the middle of the eighteenth century, after which it virtually disap-
peared from the continent [ 6 ]. The last offi cial epidemic is considered to have 
occurred in Moscow in 1771, although other outbreaks were also recorded later and 
the pandemic may have persisted in parts of Europe 5  until the end of the nineteenth 
century [ 7 ]. The origin of the Black Death is not well known, but according to his-
torical records, the disease may have traveled with Mongol armies to the Crimea 
where it was further transported via Genoese ships to the West. Inscriptions found 
on Nestorian graves near Lake Issyk-Kul in Kyrgyzstan (1338–1339), Central Asia, 
refer to an unknown epidemic, but there is no direct proof that it was due to plague. 

 Historians regard the third pandemic 6  to have started in 1772 in Yunnan Province, 
southwest China, infecting approximately 2.6 million people and causing 2.2 mil-
lion deaths in China alone [ 8 ]. The pandemic’s time of origin is still debated – there 
is evidence of the presence of plague in China at least as far back as 1644 and 1754, 
but from 1772 onward, continuous records of epidemics were reported. From 
Yunnan Province, plague spread to the southeast coast and reached Beihai in 1867. 
Plague was recorded in Taiwan Province in 1869 and Hainan Island in 1882. In 
February 1894, plague spread to Guangzhou Province (Canton) and resulted in the 
death of approximately 70,000 people. In the same year, the infection reached Hong 
Kong and from there spread globally via maritime shipping [ 9 ]. In northeast China, 
plague killed tens of thousands of people between the years of 1910 and 1920 [ 9 ]. 

5   In this text, Europe is defi ned as a geographical entity: the northwestern peninsula of the larger 
landmass known as Eurasia, separated from Asia by the Ural Mountains, the Ural River, and the 
crest of the Caucasus Mountains. 
6   The distinction between the second and third pandemic is relevant for the western European 
countries where the last epidemics of the second pandemic occurred in the eighteenth century; 
these include the Baltic pandemic of 1709–1713, the devastating plague of Messina in 1743, and 
the plague of Moscow in 1770–1771. Smaller outbreaks were recorded at, e.g., Noja and Malta, ca. 
1815. In Eastern Europe there were repeated epidemics throughout the eighteenth and nineteenth 
centuries. 
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Europe was not signifi cantly infected during this pandemic, 7  whereas Asia, America, 
Australia, and Africa were impacted. In these years, plague reached at least two new 
continents where the disease had never been recorded before: Australia and South 
and North America. 

 Offi cially, the third pandemic is still ongoing, although human cases are mainly 
limited to those resulting from contact with rodents from wildlife plague reservoirs, 
followed by small localized outbreaks [ 10 ]. Nevertheless, the number of human 
cases is substantial: between 1954 and 1997, the World Health Organization (WHO) 
received reports of plague from 38 countries, with notifi cation of 80,613 cases and 
6587 deaths. 8  In some places like Madagascar, where plague was introduced in 
1898, epidemics have struck nearly every year: in early 2015 the death toll was 79 
and in early 2016, it was 63 out of at least 174 detected cases. 9  Plague continues to 
be closely monitored, as it is listed by the WHO in its report on the global surveil-
lance of epidemic-prone infectious diseases, 10  along with eight other diseases which 
pose important public health threats. Its prevalence is controlled in endemic regions 
of 478 countries, regions which cover substantial areas. In China alone, where 24 
human cases of plague were reported from 2009 to 2014, the endemic area covers 
approximately 1.5 million km 2 .  

1.2     A Brief History of the Study of Plague 

 From antiquity until the nineteenth century, medical knowledge based its explana-
tion for infectious diseases on the miasmatic theory. This theory postulated that 
diseases and epidemics were caused by poisoned air (miasma) and were detectable 
by the accompanying foul smell. The miasma was thought to contain dangerous 
particles, particles originating from decomposing biological matter and dispersed 
by the winds under particular astrological and climatic conditions. This bad air then 

7   Several countries in Europe have reported outbreaks of plague (see also Fig.  1.1 ), the fi rst being 
Portugal in 1899 with the epidemic of Oporto, which likely arrived from Alexandria (Echenberg, 
Myron (2007).  Plague ports :  the global urban impact of bubonic plague ,  1894–1901 . New York: 
New York University Press. 366 pp.). Generally, the outbreaks in Europe were rapidly brought 
under control, with a low number of confi rmed cases and deaths. 
8   World Health Organization.  WHO Report on global surveillance of epidemic-prone infectious 
diseases – plague  [cited 2013 Apr 15].  http://www.who.int/csr/resources/publications/plague/
CSR_ISR_2000_1/en/index5.html 

 According to another interpretation, the third pandemic, caused by  Y. pestis  biovar Orientalis, 
ended at the middle of the last century when the WHO received notifi cation of less than 2000–3000 
human cases (during the period 1954–1997). By this interpretation, we are currently in a period of 
endemic plague caused by representatives of different biovars, including Orientalis (for indication 
about the phylogeny of current strains, see [ 70 – 72 ]). 
9   http://www.reuters.com/article/2015/02/11/us-health-plague-madagascar-idUSKBN0L-
F1LI20150211 ;  http://outbreaknewstoday.com/plague-death-toll-in-madagascar-reaches-63-58932/ 
10   http://www.who.int/csr/resources/publications/surveillance/WHO_CDS_CSR_ISR_2000_1/en/ 
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entered the human body through the skin’s open pores and produced disease, plague 
included. 

 In order to combat the spread of plague, several measures were taken based on 
the medical knowledge of the day. To reduce the risk of dangerous particles entering 
the skin’s pores to begin with, warm baths were discouraged and thermal and com-
mon baths were in general closed during plague outbreaks. 11  The belongings of 
victims as well as their clothing were also considered poisoned, and contact with the 
fur of pets was not recommended – in fact the historical records show that cats were 
killed during plague outbreaks. In the late Middle Ages, other measures were intro-
duced in places such as Ragusa (and later Milan and Venice) to fi ght the spread of 
the infection. These measures included the implementation of quarantine and cor-
don sanitaire and the prohibition of human assemblages (e.g., [ 11 ]). 

 From the middle of the eighteenth century, the early part of the Enlightenment 
era, scientifi c and medical information about plague started to be collected in a 
more rational and empirical way, in contrast to previous data which was largely 
anecdotal. Evidence for this shift can be found in a large number of annotations 
related to plague by scholars in different fi elds: medicine (symptoms, disease pro-
gression, autoptic evidence 12 ), epidemiology (ethnic groups and social classes 
involved, age, gender, and type of exposed worker), ecology (seasonality of the 
outbreaks, climatic conditions, susceptible animals and their ecological niches), 
hygiene (information about public and private hygiene, infections within the house-
hold, effectiveness of measures such as quarantine and cordon sanitaire), and geog-
raphy (places of origin and spread of the plague). Experiments were even carried 
out in the nineteenth century, mostly to determine the susceptibility of different 
animals to plague [ 12 ], but also in some cases to test susceptibility in humans. The 
goal of these experiments was primarily to disclose the nature and the mechanisms 
of the human contagion and assess whether it was a contagious disease at all. 13  As a 
result, a large body of accurate knowledge on the disease and how it spread was 
accumulated, even before the dawn of the bacteriological era (see, e.g., de Merens). 

 At the end of the nineteenth century, thanks to Robert Koch and Louis Pasteur, 
the introduction of a new discipline, medical bacteriology, provided a challenge to 
the miasma theory, though consensus was not reached immediately. During the 
plague of Hong Kong in 1894, the etiological agent of the epidemic was discovered 
by Alexander Yersin: following the advice in his publication [ 13 ], plague was offi -
cially recognized as an infectious disease produced by the bacterium  Pasteurella 
pestis . The bacterium’s name was later changed to  Yersinia pestis  in the 1950s, in 

11   Erasmus in 1526 observed: “Twenty-fi ve years ago, nothing was more fashionable in Brabant 
than public baths; today there are none, the new plague has taught us to avoid them.” Cited by 
Ashenburg, K. (2007).  The dirt on clean :  an unsanitized history . New York: North Point Press. 
12   Records of autopsies can be found even earlier, see Cohn, Samuel K., Jr. (2010).  Cultures of 
plague :  medical thinking at the end of the Renaissance . Oxford: Oxford University Press. 342 pp. 
13   Contemporaneous descriptions might have been based on the miasma framework, but seem to 
have been very aware that plague was contagious through human interactions. This is according to 
records collected in Horrox, Rosemary (1994).  The Black Death . Manchester: Manchester 
University Press. 364 pp. 
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part to honor Yersin’s contributions, but also as microbiologists needed a new fam-
ily name due to changes in the systematic division. The discovery of  Y. pestis , sup-
ported by microscopical and experimental evidence, led to a drastic change in 
medical plague perspectives, as the medical community realized that a microorgan-
ism – and not polluted air – was the culprit of the common symptoms of the 
pathology. 

 From the clinical point of view, three different presentations of the plague were 
eventually recognized: bubonic, septicemic, and pneumonic. In bubonic plague, 
small numbers of  Y. pestis  penetrate a lymphatic vessel, interact with macrophages, 
and rapidly migrate to the local draining lymph node 14  where they multiply and give 
rise to enlarged purulent abscesses called “buboes” [ 14 ]. In the attempt to fi ght 
against the pathogen, the body reacts with a severe infl ammatory response and 
symptoms such as fever, headache, confusion, or delirium. The period of incubation 
is generally 1–2 weeks and symptoms can persist some days. Without any antibiotic 
treatment, about 40–70 % of those affected by bubonic plague die because of car-
diotoxins released from the buboes. Bubonic plague can also evolve into septicemic 
plague, which results in a high-level bacteremia and septicemia, characterized by 
hemorrhagic and necrotic spots on the skin and rapidly followed by septicemic 
shock and  exitus . Septicemic plague will also develop as primary form if  Y. pestis  is 
injected directly into a blood vessel. Pneumonic plague can either develop when 
 Y. pestis  is directly inhaled, causing a fatal pneumonia, or it can emerge as a second-
ary form from either bubonic or septicemic plague; in any case, and as with septice-
mic plague, this severe form of the disease is always fatal and kills its victims within 
2–3 days after the onset of the fi rst symptoms. 

 Returning now to the outbreak in Hong Kong in 1894, Yersin made another 
important observation 15 : he noted that the streets were littered with dead black rats 
( Rattus rattus ). A similar observation was also annotated by the Japanese physician 
Ogata Masanori on Formosa in 1897: he defi ned the outbreak as a “rat pest” and 
showed that rat fl eas ( Xenopsylla cheopis ) carried the plague bacillus. Shortly after, 
in 1898, the French physician Paul-Louis Simond refi ned this concept: besides the 
unusually large number of dead rats on the streets of Karachi, he also reported the 
presence of lesions on the legs and feet of plague patients that could have been 
caused by the bite of a hematophagous insect, likely the fl ea. With a very simple 
experiment, using the infected fl eas of an infected rat, he showed that the bacillus 
could be transmitted by the bites of the rat fl eas to a healthy rat. However, Simond’s 
conclusion that plague can be transmitted to humans by the bites of infected fl eas 
was only accepted about 10 years later by medical authorities, when independent 

14   New observations support the theory that it is not the bacteria engulfed by local macrophages that 
cause infection. Rather, it is the few bacteria that are freely transported to the lymph nodes within 
minutes after a victim is bitten which are responsible. Gonzalez R.J., Lane M.C., Wagner N.J., 
Weening E.H., Miller V.L. (2015). Dissemination of a highly virulent pathogen: tracking the early 
events that defi ne infection.  PLoS Pathogens , 11(1):e1004587. 
15   Yersin also observed that the disease was equally carried by many other mammals, including 
water buffaloes. 
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experiments irrefutably confi rmed his results: when a rat is dead and its blood tem-
perature decreases, its infected fl eas abandon the cadaver and infest the next host, a 
rat or another mammal, humans not excluded, and transmit the plague bacillus with 
their bites. 

 This advancement in scientifi c understanding was what public health authorities 
needed to effectively implement measures in the fi ght against plague. Worldwide, 
following the motto “avoid the rat-fl ea-human transmission chain,” massive rat- 
proofi ng measures were instituted [ 15 ]. In maritime vessels (Fig.  1.2 ) and port facil-
ities, rats were caught and killed, vessels were fumigated, and insecticides were 
used in any suspected area, while putative infected patients were isolated in quaran-
tine stations. Hygiene was improved in areas close to wharves, as streets were 
cleansed and houses disinfected as soon as new cases were reported. The population 
was alerted and kept informed via newspaper advertisements, posters, and pam-
phlets. Throughout the outbreaks, some rudimentary types of vaccines were tenta-
tively inoculated, although supplies soon ran out among the public in panic [ 16 ]. 

  Fig. 1.2    Rat guards for ships. With the ordinance of July 9, 1912 in the United States, the use of 
rat guards for plague control became widespread on commercial vessels. A rat guard is a sort of 
round metal “shield,” placed over mooring lines to make it nearly impossible for rats to climb over 
and get onto or off the vessel when docked (Credit: Thomas Bredel). Black rats were very common 
on all commercial ships from far back in history (and up to 1940s). Black rats on ships were likely 
the main way the third pandemic spread from Hong Kong to India and later to the rest of the world. 
Possibly, black rats on vessels also were responsible for the rapid spread of plague during the 
second pandemic in the Mediterranean, along the coasts of Northern Europe as well as on rivers       
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Thanks to all these measures and the introduction of antibiotics, plague was stopped 
in the middle of the twentieth century in several of the countries where it had been 
imported from Hong Kong or India, for instance, in Australia and in Europe. But 
plague did not disappear from the world.

1.3         Plague Is a Zoonosis: A Disease Transmitted 
Between Animals and Humans 

 Despite the measures introduced to combat it globally, plague has still persisted. In 
the United States, the WHO reported about 999 confi rmed or probable human 
plague cases for the period between 1900 and 2010, mostly in the bubonic form. In 
recent decades, a range of 1–17 human cases per year has been reported in the 
United States, typically in the rural West (Fig.  1.1 ). The reason for the persistence 
of plague was disclosed in the fi rst years of the twentieth century. Although plague 
quickly disappeared from the great harbors of California, three human cases were 
reported in the rural part of this state: some suspected that burrowing communities 
of wild rodents had picked up the plague bacillus by contact with infected rats and 
their fl eas in the Californian ports. Two scientists, Wherry [ 17 ] and McCoy [ 18 ], 
provided evidence for this theory with the isolation of  Y. pestis  in California ground 
squirrels ( Spermophilus beecheyi ) from the same region. Today, the region west of 
the 100th meridian is regarded by the WHO as one of the largest world reservoirs of 
wild rodent plague. In these types of regions, also called plague foci, plague is enzo-
otic, i.e., it persists in communities of partially resistant rodents (reservoir species) 
and in their fl eas. 

 In wildlife, different modes of transmission impact the rate at which plague 
spreads in varying ways. For example, in the United States, ever since the fi rst intro-
duction of plague in 1894, transfer among animals has been estimated to occur at a 
rate of about 25 km (16 miles) per year [ 19 ]. This dissemination has been partially 
accelerated by human agency, but is mainly due to the life patterns of ground- 
burrowing wild rodents: as a rule, young rodents abandon their familial burrow and 
wander across country, sometimes over several miles to seek a new home [ 20 ]. As 
they move across an extensive range, they can join other communities and foster the 
dissemination of plague mediated by fl eas transferred in the new burrows. Direct 
transmission is also not unusual, and it is believed that  Y. pestis  can be passed across 
mucous membranes and broken skin. The pneumonic form of plague may also be 
directly disseminated among animals in respiratory droplets (although this is not the 
case with rodents [ 21 ]). Additionally,  Y. pestis  can be orally transmitted via bites or 
by eating infected meals. Carnivores and omnivores may be infected by eating the 
tissue from contaminated animals and thereby contribute to maintaining plague in a 
region and occasionally transmit the pathology to humans. But since predators gen-
erally live isolated or in small communities, this mechanism cannot infl uence the 
modality and speed of dissemination of plague to a larger extent than the transmis-
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sion among rodents does [ 22 ]. It has also been proposed that the dissemination of 
the plague bacterium can be due to its persistence in the soil of infected burrows (the 
so-called telluric hypothesis [ 23 ]), and a study seems to demonstrate that  Y. pestis  
can remain viable and virulent after 40 weeks of incubation in sterilized humidifi ed 
sand [ 24 ]. Survival in soil would be a model alternative to enzoonotics 16  for explain-
ing the perseverance of plague in a region during inter-epizootic periods, but the 
matter is still controversial. Independent of the source of contagion in wildlife, by 
1940 about 34 species of rodents and even more species of fl eas were discovered to 
be infected by  Y. pestis  in the United States alone [ 20 ]. 

 Elsewhere in the world, animal reservoirs for plague were already observed in 
Mongolia as early as 1895 and were later also discovered in other parts of Asia, 
Africa, and South America. In present-day China, 86 species of vertebrate host 
(including 14 major rodent hosts) and 63 species of arthropod vector (including the 
major fl ea vector) have so far been identifi ed [ 25 ,  26 ]. 

 Different local hosts, vectors, and  Y. pestis  strains give rise to different natural 
plague foci, which can be classifi ed into 12 types and 19 subtypes [ 27 ,  28 ]. In 
Europe and its surrounding regions, known plague foci only exist in Iran, Georgia, 
Russia, Armenia, Azerbaijan [ 29 ], and North Africa 17 , in territories placed on the 
desert belt or at the boundaries with deserts. In plague foci, epizootic periods may 
occasionally alternate with enzootic periods, inducing the death of a large number 
of plague hosts. Typically, three conditions are considered necessary for the devel-
opment of an epizootic: more susceptible hosts, a large number of bacteria in the 
infected mammals (fatal high-level bacteremia), and a large number of infected 
fl eas [ 30 ]. Several factors which regulate the interactions between the plague bacil-
lus and its hosts and vectors can infl uence the alternation of enzootic/epizootic 
plague cycles [ 31 ]. However, the trophic cascade hypothesis, driven by a typical 
climatic pattern, seems to be the most appropriate model, especially in the plague 
sylvatic foci of the Asiatic desert belt [ 32 – 35 ]. A trophic cascade occurs when 
increased precipitation produces greater plant growth, which in turn results in an 
abundance of food production for epizootic rodents. This phenomenon leads to an 
increased animal population density and consequently to a greater number of fl eas 
[ 34 ] and plague bacteria. If this period of plenty is followed by a severe drought, 
some individuals (the ones more susceptible or possibly debilitated by starvation) in 
the wild rodent populations develop septicemia and die of plague. The infected fl eas 
on these individuals, after partaking of blood meals rich in  Y. pestis  bacteria, aban-
don the cold corpses of the victims and crowd onto the survivors, thereby contribut-
ing to the self-maintaining process of the epizootic. Depending on climatic 
conditions, the trophic cascade can simultaneously occur on a landscape scale in 
regions that have a similar biotope to one another yet are geographically separated 
(the Moran effect [ 36 ,  37 ]). 

16   The terms “enzootic” and “epizootic” are equivalent to nonhuman endemic and epidemic condi-
tions, respectively. 
17   http://www.who.int/csr/resources/publications/plague/whocdscsredc992a.pdf 
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 During an epizootic period, the chance of infective contact is higher, and trans-
mission between animals and humans more readily occurs. In regions where plague 
is present in the sylvatic cycle, humans can acquire plague by direct contact with 
infected animals (by skinning or eating them or by accidental fl ea bites [ 10 ]). Once 
infected, the person in question can transport the disease back to his or her village 
or city. But plague can also be introduced into the urban cycle by wild rodents scav-
enging for food, as what happened in Los Angeles during the epidemic of 1924–
1925, when both infected ground squirrels and rats were detected in the city [ 38 ]. 
With the exception of some communities of rats in Madagascar (which have become 
resistant to plague [ 39 ]), rats are generally very susceptible to the disease, which 
can lead to great die-offs such as the one observed by Yersin in Hong Kong, mark-
ing the onset of an epidemic among humans. Moreover, other commensal, perido-
mestic, and domestic animals are sensitive to plague and can directly – or indirectly 
with the mediation of their parasites – transmit the bacillus to humans. Domestic 
cats and dogs are known to carry plague, although dogs tend to have a higher resis-
tance to the bacteria in comparison to cats and thus do not develop the high-level 
bacteremia, which is generally considered to be necessary for transmission. 18  In 
contrast, cats are quite susceptible and can transmit plague by ectoparasites or 
 respiratory droplets. Camels, often used in caravans to transport humans and goods 
in Asia, the Near East, and North Africa along the desert belt, can become infected 
when their feed is contaminated by dead rodents or their excretions. 19  Camel-to- 
human contagion episodes have repeatedly been demonstrated, in particular related 
to the practice among nomads of eating dead animals regardless of the cause of 
death [ 40 ]. Finally, as early as the 1940s, observed outbreaks in rural settlements in 
Iran led researchers to suggest that plague epidemics can also be directly promoted 
by wild rodents without any mediation of commensal or peridomestic animals [ 41 ].  

1.4     Plague Is a Vector-Borne Infectious Disease 

 Given the persistence of plague in enzootic animals in several continents and the 
recurrent epizootic episodes driven by climatic conditions, we should expect epi-
demics to strike with some regularity. Fortunately, since the 1920s, the majority of 
human plague cases reported by the WHO have been sporadic, and these cases have 
originated by humans coming into casual contact with wild rodents within enzootic 
foci [ 38 ]. Only in some places – recently primarily in Africa – has human plague 
infection more frequently developed into larger epidemics. Intriguingly, we still do 

18   A case of dog-to-human transmission of pneumonic plague was recently reported (Runfola J.K., 
House J., Miller L., et al. (2015). Outbreak of human pneumonic plague with dog-to-human and 
possible human-to-human transmission – Colorado, June–July 2014.  Morbidity and Mortality 
Weekly Report , 64:429–434). 
19   Records from the former USSR detail 38 plague outbreaks among camels within the period 
1907–1967.  http://cns.miis.edu/opapers/pdfs/130904_soviet_antiplague_pdf 
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not understand exactly how the mechanisms underlying the spread and maintenance 
of human contagion operate once plague has entered the urban cycle. 

 In the urban cycle, one source of interpersonal transmission is via the inhalation 
of infected respiratory droplets of pneumonic plague (aerosol transmission). 
However, epidemics of pneumonic plague are rare and only spread rapidly in local-
ized and contained outbreaks (1–117 cases [ 42 – 44 ]). The largest known outbreaks 
of primary pneumonic plague occurred in Manchuria in 1910–1911, 1917–1918, 
and 1920–1921, with 60,000, 16,000, and 9000 deaths, respectively [ 45 ]. Contagion 
via inhalation seems to require particular conditions to effectively spread, such as 
crowded and poorly ventilated spaces and a cold climate. 

 In addition to aerosol transmission, casual contact with infected (animal or 
human) tissue represents a real risk of infection for humans. Contagion by direct 
contact could cause a contained spread to occur among relatives and close commu-
nities of people who take care of their dead [ 46 ], but it is unknown to what extent 
this mechanism can maintain an epidemic, since death practices and rituals are usu-
ally abandoned after a short period of time. 

 So if aerosol transmission and contagion by direct contact alone are unlikely to 
maintain plague epidemics in human populations, what can? The experience of the 
last pandemic has shown that the great pathogenicity of  Y. pestis , unique within the 
Enterobacteriaceae family, can be explained by an adaptation to two different 
 systems and different temperatures: on the one hand, the blood, lymphoid, and retic-
uloendothelial systems of mammalian hosts (body temperature, typically 37 °C) 
and, on the other hand, the digestive tract of various fl ea species at ambient tempera-
ture [ 47 ,  48 ]. In other words, both mammalian hosts and ectoparasites can be the 
promoters of any pestilence, which leads us back to the role fl eas play in the spread 
of plague. 

 In nature, there are about 80 species of fl eas that can be infected by  Y. pestis  [ 49 ], 
and in the 1950s, mathematical models were fi rst used to calculate the vector effi -
ciency of different fl ea species [ 50 ,  51 ]. The results indicated that  X. cheopis  was the 
most effi cient vector for the transmission of plague, likely due to the underlying 
mechanism of infection. Taking a closer look at the mechanism, it is thought that 
fl eas in general become infected with  Y. pestis  after taking blood meals from mam-
mals with high-level bacteremia or septicemia.  Y. pestis  bacteria are generally elimi-
nated by fl eas via the digestion process, but in some fl ea species, such as  X. cheopis , 
another mechanism can be activated. In this alternative mechanism,  Y. pestis  can 
survive and multiply in the stomach (midgut) of an infected fl ea and form agglomer-
ates of bacterial cells that can attach to the proventriculus, a valve-like chamber 
between the midgut and esophagus [ 52 ]. After an 8–16-day incubation period [ 53 ], 
this agglomerate of  Y. pestis  bacteria, protected by a biofi lm, can effi ciently block 
the proventriculus and hence block the passage of blood meal in the gut. As the 
digestive tract is blocked, the fl ea repeatedly attempts to feed but can only regurgi-
tate into the bitten host a number of bacteria that are dislodged from the biofi lm [ 30 , 
 54 ]. 

 Although considered the most effi cient method of transmission, this method 
does have its own limitations [ 30 ]. First, a high bacterial load is required to cause 
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the digestive tract of fl eas to become blocked. Second, even if this condition is satis-
fi ed, only 50 % of the individual infected fl eas can be effectively blocked. Third, 
only 45 % of the fl ea bites of an individual blocked fl ea are effective in transmitting 
the bacterium. Fourth, a prerequisite for effi cient fl ea-borne transmission is the 
maintenance of the vectorial capacity of the infected fl ea in question [ 55 ], but the 
proventricular blockage quickly leads to dehydration of the fl ea and subsequently 
death by starvation [ 49 ]. For this reason, the infective period of a blocked fl ea is 
only a few days. In addition, the median number of  Y. pestis  cells transmitted by 
blocked  X. cheopis  is less than 100 [ 21 ]. Intriguingly, this is an effi cient enough 
number to transmit disease, since less than ten to twenty bacteria were demonstrated 
experimentally to produce plague in mammal hosts [ 30 ]. This observation therefore 
paves the way for other hypotheses regarding possible mechanisms of infection: 
poor vectors should not be discarded as insignifi cant in the dissemination of plague 
[ 47 ]. 

 Indeed, alternative fl ea-borne mechanisms for mammalian infection have been 
demonstrated to be effi cient enough in maintaining plague in host populations. The 
ground squirrel fl ea,  Oropsylla montana , the primary vector for plague transmission 
to humans in North America, transmits  Y. pestis  by so-called “early-phase” trans-
mission (EPT [ 53 ,  56 ]), which does not require the 8–16 days of extrinsic incuba-
tion period necessary to develop an effi cient proventricular blockage [ 53 ]. The 
mechanism of this early-phase transmission is not fully understood: it could be due 
to mechanical transmission of few  Y. pestis  bacilli surviving on the bloodstained 
mouthparts of fl eas between consecutive feedings or, more likely, be driven by 
regurgitation of the infectious remnants from a previous blood meal [ 53 ]. This 
model was proposed for fl eas that do not develop proventricular blockage, such as 
the so-called human fl ea, 20   Pulex irritans . Recent fi ndings on an outbreak in 
Madagascar support the role of  P. irritans  in causing outbreaks of plague in the 
absence of infected  X. cheopis  [ 57 ]. The EPT model seems to support the idea that 
plague is a self-sustained vector-borne infectious disease in humans, an alternative 
mode of transmission fi rst proposed by Blanc and Baltazard [ 41 ,  58 ] and often 
reproposed in the literature [e.g.,  49 ,  59 – 61 ]. Blanc and Baltazard [ 41 ] also showed 
that human body lice ( Pediculus humanus ) from plague victims had  Y. pestis  in the 
gut and could infect shaven guinea pigs. Therefore, when considering plague epi-
demic transmission in humans, body lice, which can be transmitted by the exchange 
of clothing and can infect humans through feeding and feces, could also be a good 
vector candidate [ 62 ,  63 ]. What plague research shows us is that the methods and 
scale of transmission are varied and complex for this vector-borne disease.  

20   P. irritans  is a cosmopolitan insect with a wide host spectrum, even though its common name 
suggests a primary affi liation with humans. 
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1.5     Discrepancies Between the Third Pandemic and the Two 
First Pandemics 

 When taking into account the evidence collected on plague since the end of the 
nineteenth century, doubt has been cast on the actual nature of the fi rst two pandem-
ics. Discrepancies observed in the historical records regarding the description of the 
symptoms can be attributed to the belief in the miasmatic theory (see a debate about 
this in [ 3 ]). But besides the symptoms, Cohn [ 7 ] recognized a series of additional 
discrepancies between the current third pandemic and the fi rst and second ones. The 
most surprising anomaly regards the absence of rats: no historical report on the past 
pestilences mentions dead rats, although other animals are specifi cally mentioned as 
having died of plague (e.g., pigs in Boccaccio’s  The Decameron ). Paintings and 
other artistic representations as well don’t hint at the presence of urban rodents, 
although as described by Yersin [ 13 ] and other scholars, the phenomenon could 
hardly have been overseen. Further, black rats and  X. cheopis  were proposed to have 
been absent or very rare in some regions of Medieval Europe [ 61 ,  64 ], a hypothesis 
which has recently received support from archeological evidence [ 60 ]. Moreover, 
plague caused by black rats and blocked fl eas like  X. cheopis  is effi cient but slow, 
but we know that previous pestilences were fast movers [ 7 ]: sophisticated modeling 
methods have demonstrated that the Black Death spread by 1.5–6 km per day [ 65 ]. 
Yet another discrepancy is that the plague of the third pandemic has historically 
mostly been a plague of the harbors, whereas the two fi rst ones penetrated rapidly 
beyond docklands. Finally, as observed by Cohn, outbreaks during the fi rst and 
second pandemics could hit at any time of the year “before usually settling into a 
summer pattern for the southern Mediterranean and the Near East, that is during the 
hottest and driest points of the year, the least hospitable season for the most effi cient 
fl ea vector of  Y. pestis  –  X. cheopis ” [ 7 ].  

1.6      Y. pestis  Was the Causative Agent of All Known Plague 
Pandemics 

 While Yersin [ 13 ] was strongly convinced that the bacterium he had isolated was 
also responsible for the fi rst and second pandemics, his assertion was repeatedly 
challenged over the last decades due to the arguments cited above. The debate was 
recently settled by two molecular studies carried out on human skeletons from 
plague pits of the fi rst [ 66 ] and the second pandemics [ 67 ]. The results were later 
independently confi rmed by other studies [ 68 ,  69 ]. Following the theory that a sep-
ticemic event could have preceded the exitus and using the technique of ancient 
DNA analysis based on the retrieval of genetic material from the teeth, scientists 
were able to isolate  Y. pestis  DNA from putative victims buried in multiple or mass 
graves. By using the same genetic markers employed for the characterization of 
extant strains, they could also properly classify the ancient strains. In particular, the 
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identifi cation of single nucleotide polymorphisms (SNPs) allowed the reconstruc-
tion of phylogenetic trees [ 70 – 72 ] and the placement of the genealogical position of 
the ancient strains in relationship to the modern ones. This method unveiled essen-
tial information: fi rst, it was confi rmed that the strains of the fi rst and second pan-
demics, strains that are now extinct, were ancestral to those responsible for the third 
pandemic (referred to as 1.ORI). This fi nding also confi rmed the historical informa-
tion of a recent introduction of  Y. pestis  1.ORI strains in North America and 
Madagascar in newly established reservoirs. Second, related but different clones of 
 Y. pestis  were simultaneously circulating in Europe during the historical outbreaks 
[ 67 ,  69 ,  72 ]. Finally, it could be postulated that the origin of the bacteria responsible 
for the three pandemics was probably in Asia, although some scholars have pro-
posed that the etiological agent of the third pandemic developed in Europe before it 
was introduced into China [ 69 ].  

1.7     The Ecological and Climatic Dynamics of Plague 

 Since humans are an endpoint for the bacterium, it is not surprising that the histori-
cal strains of  Y. pestis  are now extinct. Instead, the genetic variability observed in 
extant strains [ 71 ,  72 ] mostly represents the evolution that occurred in wildlife res-
ervoirs under the effect of different population dynamics over time, such as popula-
tion expansions and contractions, isolation by distance phenomena, and episodes of 
bottlenecks or founder effects. As plague is primarily a zoonosis, its dynamics can-
not be understood unless we understand the dynamics of the disease in its wildlife 
reservoir [ 10 ,  73 ]. 

 Ecological studies of the plague system have shown that in order for the disease 
to spill over to humans, the abundance of the host wild rodent population needs to 
be above a certain threshold for a few years [ 74 ] and simultaneously spread out over 
a large geographic area [ 35 ]. The dynamic link between wildlife plague reservoirs 
and human populations has been studied by Samia et al. [ 32 ]. Their study demon-
strated that, in addition to the wildlife threshold, another threshold exists: the plague 
bacterium spills over into the human population particularly when the ratio between 
fl eas (the vector) and rodents (the host) is itself above a certain threshold. 
Biologically, this implies that the fl ea population on each individual rodent host 
becomes highly crowded, likely leading to higher fl ea mobility. Yet external drivers 
such as climate also play a role in the outbreak and dissemination of plague. 

 One of the most important external drivers in the outbreak of plague is climate, 
which affects both the location of plague foci and the intensity of the epidemic. For 
Central Asia it has been demonstrated that an increase of 1 °C will lead to a dou-
bling of the prevalence of plague in its host [ 33 ] (see also [ 75 ,  76 ]). It has also been 
shown that climate variation primarily affects the behavior of the fl eas (the vector) 
and their population dynamics [ 32 ]. In northern and southern China, the locations 
of natural plague foci are separately distributed, and the effects of climate factors on 
plague dynamics may show spatial heterogeneity between these two different 
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regions. As regards the effect climate has on the intensity of an outbreak, Xu et al. 
[ 76 ] investigated the association of human plague intensity with proxy data on cli-
mate condition, using spatial and temporal human plague records in China from 
1850 to 1964. The results demonstrated that the nonlinear responses of plague 
intensity to dry/wet conditions were different in northern and southern China [ 76 ]. 
Subsequently, by using a two-dimensional wavelet analysis, clustering groups were 
more precisely identifi ed in the same database, and at least four well-defi ned inde-
pendent foci were identifi ed. In addition, environmental differences between plague 
territories – including but not limited to climate factors – were defi ned using eco-
logical niche modeling [ 77 ]. A previous study has shown that the spatial temporal 
dynamics of plague are associated with a time-lagged global climate index [ 78 ]. 
The study employed cross-wavelet analysis to reveal that increasing rates of human 
plague oscillate in phase with the southern oscillation index 21  (SOI), but in anti-
phase with the sea surface temperature (SST) over periods of 2–4 years and approxi-
mately 8 years (6–10 years), respectively. This suggests that El Niño and the 
Southern Oscillation (ENSO)-driven climate variation might be an important factor 
for the outbreak of human plague in China [ 78 ]. 

 Climate factors not only infl uence the outbreak of plague but also drive its spatial 
spread. The pattern of plague dissemination in China has been studied using two 
methods: nearest neighbor approach, a novel method which deals with both short- 
and long-distance transmissions, and trend surface analysis. These two methods 
were also used to investigate the spread of plague in Europe and the western United 
States [ 75 ]. The results indicated that the spread of plague has been slower on main-
land China than it was in Europe during the Black Death and has been in the western 
United States since the 1900s. Factors such as fl oods and the presence of major 
roads, rivers, and coastlines accelerated the spread of plague and shaped transmis-
sion patterns [ 75 ,  79 ]. Additionally, the spread of climate-driven plague has been 
found to occur on a large spatial scale, on an intercontinental or global one. Research 
by Schmid et al. [ 79 ], synthesizing the ecologically dynamic effects of climate vari-
ation, indicates that plague in Europe has probably been repeatedly introduced from 
Central Asia in response to climatic effects occurring in Central Asia – not ones 
locally in Western Europe. 

 As already discussed, climate may impact plague due to its ability to initiate a 
trophic cascade, as climate affects the plant-rodent-fl ea-pathogen system in natural 
plague foci. For instance, surveillance data of two types of natural plague foci in 
Inner Mongolia has shown that plague epizootics in the Mongolian gerbil ( Meriones 
unguiculatus ) were driven by the effect of climate variation on the growth of local 
vegetation and consequently the density of the host population [ 80 ]. Furthermore, 
this phenomenon shows similarities with what has been observed in great gerbil 

21   The SOI is a standardized index calculated on sea level pressure differences between Tahiti and 
Australia and gives information about large-scale fl uctuations in air pressure across the tropical 
Pacifi c. Abnormalities of the SST in the same part of the ocean can drive El Niño (and La Niña) 
episodes. El Niño (La Niña) and the Southern Oscillation (ENSO) affects weather conditions in 
many parts of the world by suffi cient modifi cations of the atmosphere. 
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( Rhombomys opimus ) plague foci in pre-Balkhash, Kazakhstan: the prevalence of 
plague in rodents increases with warmer springs and wetter summers [ 33 ].  

1.8     The Historical Plagues Could Have Been Self-Sustained 
Vector-Borne Pandemics 

 It has long been assumed that previous pandemics were initiated by the arrival of 
black rats originating from Asian enzootic regions, allowing the establishment of 
new plague reservoirs in European wildlife. In particular, the Black Death period is 
often considered to have started as an isolated episode of plague introduced into the 
local fauna which then, with enzootic-epizootic cycles, led to the reinfection of 
human populations over the course of four centuries. Nevertheless, the locations of 
the foci responsible for the plague pandemics, as well as the nature of the mamma-
lian reservoirs responsible for them, have never been established. To this day, there 
is speculation around these questions, as well as to what caused the disappearance 
of those putative foci from Western Europe. Plague has affected Europe and 
Constantinople until the nineteenth century, yet later plague episodes at the time of 
the third pandemic have been clearly attributed to introductions from outside, either 
directly from China or indirectly from Asia and Africa, and not to reactivation of 
local reservoirs. At present, there is no plague focus in Western Europe [ 81 ]. 

 Both the topography and climate of Western Europe consistently differ from 
those of all other plague foci of the world, which makes it diffi cult to explain the 
presence of a local reservoir in the past. Perhaps because of this reason, it was often 
proposed that no wild rodents but the commensal or peridomestic rats themselves 
developed a reservoir for plague in Europe by acquiring immunity to the disease, as 
has been seen in present-day Malagasy populations of black rats and brown rats 
( Rattus norvegicus ) [ 28 ]. The disappearance of the black rat from most European 
countries could explain the absence of current rat reservoirs, but we currently fi nd 
high numbers of the brown rat in present-day Europe. Yet the brown rat was only 
introduced to European countries in the late eighteenth century, and there is no evi-
dence that it was present in Western Europe during previous plague outbreaks, so its 
role remains uncertain. Additionally, while immunity could explain the absence of 
a mass die-off of rats in the historical records, it does not explain the lack of annual 
recurrence of outbreaks in Europe which are otherwise typical of endemic regions. 
For instance, in Madagascar, plague has resurfaced nearly every year 22  since 1980 in 
the same localities, despite plague surveillance and the use of insecticides and anti-
biotics. Even in the Malagasy port city of Mahajanga, where there were no environ-
mental conditions for the establishment of a permanent reservoir, outbreaks of 
plague that were not preceded by an epizootic of rats were recorded annually for a 
decade between 1991 and 1999 [ 81 ]. In contrast, in Medieval Europe, the recur-

22   http://www.who.int/csr/disease/plague/madagascar-outbreak/en/ 

1 Plague: A Disease Which Changed the Path of Human Civilization

http://www.who.int/csr/disease/plague/madagascar-outbreak/en/


20

rence of plague in the same localities typically showed epidemiological cycles of up 
to 3 years of outbreak followed by 11 years of disappearance [ 12 ]. 

 Assuming that in Europe there once were well-established plague foci, Wagner 
et al. [ 69 ] proposed that  Y. pestis  strains from European foci reinfected wild rodents 
in China. The conclusion reached is one possible interpretation of the  Y. pestis  
extant phylogeny, but there is another possible explanation [ 71 ,  72 ], which suggests 
that plague did not establish itself in permanent reservoirs in Europe, but rather was 
imported again and again from Asian reservoirs. This interpretation of the phylog-
eny of  Y. pestis  strains is now supported by new climatological data [ 79 ], refi ning 
the hypothesis of recurrent reintroductions to Europe from the outside by develop-
ing a new consistent model: on several occasions, geographically widespread cli-
matic patterns in Asia were observed to precede the reintroduction of plague in 
Europe by about 15 years [ 79 ], namely, a pluvial period followed by a drought. This 
climatic pattern, which could have started the trophic cascade described in Sect.  1.3 , 
has also been observed at the time of the Black Death, confi rming that this model is 
credible. Fifteen years is not a long time for spillover from a reservoir to occur and 
for plague to spread over large distances in the Middle Ages. Yet, once the neces-
sary time had elapsed for epizootics to develop, plague could have been picked up 
on the trading routes of the Silk Road by caravans and their camels and traveled 
with humans from one caravanserai to the next or from city to city. At the start of 
the Black Death, a similar process occurred, as plague spread from city to city, 
 moving by human agency from Astrakhan near the Caspian Sea to the Crimea, 
Constantinople, Messina, and the Mediterranean harbors of Europe over a period of 
4 years – a considerable amount of time [ 82 ]. In Asian human settlements, plague 
could have started new epidemics before being transported to Europe by other cara-
vans or by maritime vessels, epidemics of which we have no historical record. 

 The proposed model of recurrent introductions of plague into Europe doesn’t 
completely exclude the role of rats (perhaps often reintroduced into European har-
bors by maritime vessels [ 64 ]). Rather, it dismisses the notion that black rats and 
their fl eas ( X. cheopis ) are  necessary  to explain the recurrence of pestilences in 
Europe. Moving away from previous assumptions about plague reservoirs in 
Europe, the resulting model proposes a different scenario for the historic pandem-
ics: plague as a self-supporting system of infection, recirculating for a while in 
human European populations after its importation from enzootic places in Central 
Asia. Following maritime and fl uvial routes or mainland roads, bubonic plague 
might have spread with humans, at their speed, possibly by means of hematopha-
gous parasites. Since humans move in different directions, it is even theoretically 
possible under this model that strains of  Y. pestis  were reintroduced by humans in 
the Chinese reservoirs, as proposed by Wagner et al. [ 69 ]. 

 Indeed, multiple historical records strongly suggest that traveled routes were 
responsible for the spread of plague. These records directly attribute the entrance of 
plague into a healthy settlement to soldiers, pilgrims, seamen, merchants, or travel-
ers coming from regions with plague (the so-called Case 1). From the symptoms 
described in the reports of contemporaneous chroniclers, pneumonic plague is also 
often recognizable, which could have been responsible for some outbreaks or single 
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cases of human-to-human transmission. The time between fi rst symptoms and death 
is 2 days, which is rather short, but the time between being infected and dying is 
2 days plus 3–4 days. Therefore, the possibility that infected people could carry and 
spread pneumonic plague over long distances seems plausible [ 42 ]. A single trav-
eler infected by bubonic plague could have covered at least 40 km (25 miles) by 
land and an even greater distance by sea, before developing symptoms or dying. 
Additionally, the arrival via commercial routes of plague-infested belongings and 
clothing of people who had died of the disease has also often been linked to the 
further spread of plague. An example of this can be seen in the case of the tailor 
George Viccars, who fi rst contracted bubonic plague in Eyam (in 1665) after having 
imported from London clothing from people claimed by the plague [ 83 ]. 

 It has been suggested by Cohn [ 7 ] that the seasonality of plague in Europe was 
not consistent with the temperatures usually required to activate the mechanism of 
transmission mediated by  X. cheopis . However, as previously mentioned, there are 
at least 80 known species of fl eas that can transport plague besides  X. cheopis . The 
early-phase transmission mechanism [ 53 ,  56 ], proposed specifi cally for these other 
fl ea species, could potentially explain the rapid spread of human plague across the 
European continent during the second pandemic. Additionally, there are several 
other potential vectors yet to be discovered, and the absence of seasonality in north-
ern Europe suggests that other parasites, e.g., human body lice, could have been 
vectors for this region, while the inverse seasonality [ 75 ] observed in temperate 
regions (compared to desert belt ones) suggests that fl eas were the likely vectors in 
southern Europe. 

 The model of frequent reintroductions, which negates the need for the presence 
of a local plague reservoir, can also easily explain the differences observed between 
the second and the third pandemic: no droughts were consistently connected with 
past outbreaks in Europe [ 7 ,  79 ] since drought wasn’t necessary to introduce wild 
rodents into the urban cycle – simply put there was no local plague reservoir of wild 
rodents in Europe to start with. Finally, the model of (vector-borne) human-to- 
human transmission explains why plague is largely absent from the European con-
tinent today (with the exception of the regions already mentioned) – the absence of 
local rodent reservoirs diminishes the possibility of accidental contact, and the 
potential for the importation of plague from outside of Europe is severely limited by 
present-day regulations, improved communications, and improved environmental 
and personal hygienic conditions. 

 We have come a long way since the days when people believed that plague was 
caused by poisonous air. Yet, despite the large number of studies and the data that 
exists on  Y. pestis  and plague, not everything is decoded. Even more work is required 
to clarify what happened in the past pandemics, particularly during the fi rst one 
where little historical information is available. In the case of the second pandemic, 
two recent aDNA studies [ 84 ,  85 ] have proposed that the phylogeny of  Y. pestis  
strains from the eighteenth century demonstrates a continuity of plague in local 
Western European reservoirs from the time of the Black Death. However, in the 
discussion, the authors had to admit that this genetic continuity could not unam-
biguously be interpreted as proof for ancient reservoirs within Europe. This is espe-
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cially questionable when considering the plague of 1720–1722 in Marseille [ 85 ], a 
city which was an active harbor and a place of recurrent epidemics. From historical 
records 23  it is known that plague was imported in 1720 from outside of Marseille, 
from regions closer to and economically connected with Asia [ 86 ]. In any case, 
regardless of which pandemic is under discussion, further genetic studies are 
required to refi ne the phylogenetic information on ancient strains, in order to sup-
port or refute certain theories, and other studies (e.g., ecological, climatological at 
different scales, historical, epidemiological, microbiological) are essential to cor-
rectly interpret the genetic information available. 24      
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    Chapter 2   
 Discovery of the Plague Pathogen: Lessons 
Learned                     

     Ruifu     Yang      and     Thomas     Butler    

    Abstract     Plague resulted in three pandemics in history; however, its causative 
pathogen was isolated until the third pandemic in Hong Kong in 1894. At that time, 
two famous researchers, Dr. Alexandre Yersin and Dr. Shibasaburo Kitasato, went to 
HK, in order to identify the pathogen. The two great researchers had done a lot of 
work to isolate and identify the causative pathogen. However, Dr. Alexandre Yersin 
reported the real pathogen for plague, and we now acknowledge his work by nomi-
nating the pathogen’s genus as  Yersinia . In this chapter, we discussed the lessons 
learned from the two researchers’ experience on isolation and identifi cation of 
plague pathogen.  

  Keywords      Yersinia pestis    •   Alexandre Yersin   •   Shibasaburo Kitasato   •   Lesson   • 
  Isolation  

   There are three plague pandemics recorded in human history, which have changed 
the path of human civilization. However, the causative agent of the plague was not 
identifi ed as  Yersinia pestis  until the beginning of the third pandemic in Hong Kong 
(HK) in 1894. Although the solid culture method had been invented 11 years before 
isolation of the plague pathogen [ 1 ], only Dr. Alexandre Yersin and Dr. Shibasaburo 
Kitasato grasped the opportunity to isolate this pathogen in HK during the plague 
outbreak [ 2 ]. The outbreak of bubonic plague in HK occurred on May 5, 1894 [ 3 ]. 
Dr. James Alfred Lowson, a 28-year-old Scottish doctor, diagnosed the fi rst case of 
bubonic plague in HK and also helped Dr. Kitasato in his efforts isolate the caus-
ative agent. Dr. Kitasato arrived in HK on June 12, 1894, where he was welcomed 
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by the local government and Dr. Lowson. Dr. Yersin arrived in HK 3 days later (on 
June 15), but was not treated as warmly as Dr. Kitasato. The two experts competed 
to identify the causative agent of the plague, with support from the Koch Institute 
and the Pasteur Institute, two famous institutes in microbiology, respectively [ 4 ]. 
This chapter will take readers back more than 120 years to better understand the two 
pioneers’ work at that time and summarize the lessons we should learn from their 
story. 

 Research on bacterial pathogens greatly advanced in the nineteenth century after 
the invention of solid culture media by Dr. Robert Koch (1882–1901) in the period 
of 1876–1882 for bacterial isolation and by developing bacterial staining and disin-
fection methods [ 1 ].  Bacillus anthracis , the agent for anthrax, was successfully iso-
lated in 1876, and  Mycobacterium tuberculosis  and  Vibrio cholerae  were also 
isolated in 1882 and 1884, respectively. These advances paved the way for isolating 
the plague pathogen. During the plague outbreak in HK, Dr. Yersin and Dr. Kitasato 
both claimed the initial identifi cation of the responsible pathogen; however, contra-
dictory descriptions were initially reported. 

2.1     Dr. Yersin and His Work in HK 

 Dr. Yersin was born in 1863 in Switzerland. He studied medicine at Lausanne, 
Switzerland, from 1883 to 1884. Then, he went to Marburg, Germany, and Paris, 
France, between 1884 and 1886 to continue his studies. He also worked in Louis 
Pasteur’s research laboratory with Emile Roux on the development of the anti-rabies 
serum. He obtained French nationality in 1888 to practice medicine in France. After 
receiving his Ph.D. in 1888, Dr. Yersin worked with Dr. Koch for 2 months in 
Germany. In 1889 he joined the newly created Pasteur Institute as part of Dr. Emile 
Roux’s group, where he discovered the diphtheric toxin produced by a bacillus 
called  Corynebacterium diphtheria . In 1890 he left the Pasteur Institute for French 
Indochina in Southeast Asia as a physician. 

 During the bubonic plague outbreak in 1894 in HK, the French government and 
the Pasteur Institute requested Dr. Yersin to go to HK to investigate the epidemic. 
Although Dr. Yersin was quite famous in France at that time, he did not receive a 
welcome party by the local government upon his arrival at June 15, 1894, possibly 
because Dr. Kitasato was a worldwide-known microbiologist and the local govern-
ment already regarded him as the offi cial investigator of the plague epidemic [ 4 ]. 
Dr. Yersin arrived in HK alone with only simple instruments, including a micro-
scope and autoclave, and no offi cial or personal support for his investigation. He 
hired local people to help him to build a small hut, just next to the hospital where 
Dr. Kitasato’s laboratory was located [ 2 ,  4 ,  5 ]. At the beginning of his investigation, 
he could not obtain specimens for detecting potential pathogens. He had to bribe 
corpse removers and English sailors to “steal” samples for investigation. After 
repeated appeals to the HK government, he was fi nally allowed to collect corpse 
samples. He collected samples of swollen bubo for observation under a microscope 
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and isolating the potential pathogen using rodents (rats, mice, and guinea pigs) and 
solid culture. Dr. Yersin demonstrated that short bacilli were present in both patient 
specimens and rodent organs, proving that a bacillus caused the bubonic plague in 
HK. 

 After this great discovery, Dr. Yersin continued his work on an antiplague serum 
preparation although its effi cacy was disappointing in the fi eld.  

2.2     Dr. Kitasato and His Work in HK 

 Dr. Kitasato (  January     29,   1853    –  June     13,   1931    ) was a   Japanese       physician     and   bacte-
riologist    . He is remembered as the codiscoverer of the infectious agent of   bubonic 
plague     in   HK     in 1894, almost simultaneously with   Dr. Yersin    . 

 Dr. Kitasato was born in Okuni village,   Higo Province     (present-day   Kumamoto 
prefecture    ),   Kyushu    . He was educated at Kumamoto   Medical School     and   Tokyo 
Imperial University    . He studied under Dr.   Koch     in   Germany     from 1885 to 1891. In 
1889, he was the fi rst person to grow the   tetanus     bacillus in pure   culture     and in 1890 
cooperated with   Emil von Behring     in developing a serum therapy for tetanus using 
this pure culture. He also worked on   antitoxins     for   diphtheria     and   anthrax    . Dr. 
Kitasato and Behring demonstrated the value of antitoxins in preventing disease by 
producing   passive immunity     to tetanus in an animal that received graded injections 
of blood serum from another animal infected with the disease. 

 After returning to Japan in 1891, he founded the Institute for Study of Infectious 
Diseases with the assistance of   Fukuzawa Yukichi    . One of his early assistants was 
  August von Wassermann    . Notably, Dr. Kitasato demonstrated how dead cultures 
can be used in   vaccination    . He also studied the mode of infection in   tuberculosis    . 

 Dr. Kitasato and his assistants arrived in HK on June 12, 1894, and, as mentioned 
above, were warmly welcomed by local government and hospitals. The local offi -
cials even prepared a laboratory in a hospital for his investigation [ 2 ].  

2.3     Difference in Results Between the Two Pioneers 

 Yersin isolated the plague bacilli on June 20, 1894, and described the pathogen as 
follows [ 2 ,  6 ]:

  The pulp of the bubo, in every case, was fi lled with a thick puree of short, thick bacilli with 
rounded ends, easily colored with aniline dyes but not by the method of Gram. The ends of 
the bacilli are more stained than the center. Often the bacilli appear to be covered by a cap-
sule. One can recover a great amount from the buboes and lymph nodes of the diseased. The 
blood also contains them but not in such great numbers and only in very grave and deadly 
cases. 

 The pulp of the bubo, when inoculated on agar, gives rise to white transparent colonies 
whose edges seem iridescent when examined under refl ected light. The culture does even 
better on glycerin agar. The bacilli also grow in coagulated serum. 
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 In broth, the bacilli show a very characteristic aspect similar to erysipelas: clear liquid 
with fl ocked particles along the length and bottom of the tube.... 

 These cultures examined under the microscope show true chains of short bacilli, some 
appearing like a ball. On agar, if you examine the cultures with great care and high magni-
fi cation, one can see bacilli among normal forms that sometimes are thin and sometimes fat 
chains of rods joined laterally. These swollen and abnormal forms become more and more 
numerous in old cultures and stain poorly. 

 Dr. Yersin also performed animal experiments, confi rming that mice, rats, and 
guinea pigs died 3–5 days after inoculation with bacterial cultures of the suspected 
pathogen [ 2 ]. The animals’ spleen and liver were swollen, and the pathogen could 
be re-isolated from the animals’ blood, lymph nodes, spleens, and livers. 

 Dr. Kitasato published two papers in regard to the HK plague investigation. One 
was an editorial comment based on Dr. James A. Lawson’s data [ 2 ,  7 ]:

  The organism, which is a bacterium resembling the bacilli found in the hemorrhagic septi-
cemias, except that the ends are somewhat more rounded when stained lightly appears 
almost like an encapsulated diplococcus, but when more deeply stained it has the appear-
ance of an ovoid bacillus, with a somewhat lighter center, especially when not accurately 
focused. When, however, it is focused more accurately it is still possible to make out the 
diplococcus form. 

 Two weeks later, Dr. Kitasato published his report on the plague pathogen in the 
 Lancet  [ 8 ]. He described his fi ndings as follows:

  The different colonies are of a whitish-grey colour and by a refl ected light have a bluish 
appearance; under the microscope they appear everywhere as if piled up with ‘glass-wool’, 
later as if having dense, large centres. If a cover-glass preparation is made from a cultivation 
on agar-agar, and having been stained, is observed under the microscope long threads of 
bacilli are seen, which might, by inspection, be mistaken for a coccus chain, but are recog-
nized with certainty as ‘threads of bacilli’ under closer observations. 

 However, this report might be translated from Japanese or German, and the inac-
curacy of translation might lead to the current misunderstanding [ 2 ]. Dr. Kitasato 
also found similar bacterial pathogens during the autopsy of 15 corpses who died 
from plague, and he performed similar animal experiments as Dr. Yersin [ 2 ]. 

 In summary, Dr. Yersin and Dr. Kitasato described similar fi ndings, although 
there are the following discrepancies: 

 First, the growth characteristics in both are different: Dr. Yersin described typical 
growth features as currently observed for  Y. pestis  including “clear liquid with 
fl ocked particles”; however, Dr. Kitasato reported it as “turbulent cultures.” 

 Second, the Gram staining reactions are different: Dr. Yersin reported that the 
pathogen was not easily stained but that Gram staining could be used, while Dr. 
Kitasato thought Gram staining could not be used for identifying the plague 
pathogen. 

 Third, Dr. Yersin found morphological variation in the plague pathogen cultures, 
especially in old cultures, but Dr. Kitasato did not report any variation. 

 Fourth, the descriptions of the bacterial colonies and infected lymph nodes and 
other organs in animal experiments are also slightly different between the two pio-
neers’ reports. 
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 Although there are descriptive discrepancies between their works, the two scien-
tists made obvious advances in the fi nding of the plague pathogen. Therefore, we 
should credit both pioneers as the co-fi nders of plague pathogen. However, research-
ers in the fi eld have different ideas. In 1895, one of Dr. Kitasato’s assistants in HK, 
Dr. Tanemichi Aoyama, published a paper in a Japanese journal in German, men-
tioning that the morphology of the possible pathogen found by Dr. Kitasato was 
different from that isolated by Dr. Yersin [ 2 ]. Dr. Kitasato isolated the bacterium 
from patient blood and it might therefore be a bacterium resulting from a secondary 
infection, such as  Streptococcus  ssp. Dr. Kitasato himself also wrote a paper admit-
ting that the bacteria he found might be contaminated with other bacteria, likely 
 Staphylococcus  spp. or  Streptococcus  spp.  

2.4     Lessons Learned 

 Recollection of the past is not only to settle disputes, such as who was the fi nder of 
the plague pathogen, but also to learn lessons and strengthen our scientifi c enquires. 

 Scientifi c behaviors and attitudes determine one’s reputation. International col-
leagues in the fi eld of science discredited Dr. Kitasato’s contribution to the fi nding 
of the plague pathogen because he disputed the differing opinions from interna-
tional colleagues to save face and his position in the fi eld of infectious diseases. We 
acknowledge that Dr. Kitasato has done a lot of work in isolation and identifi cation 
of the plague pathogen during the outbreak of plague in HK. In response to solid 
evidence that Dr. Kitasato’s isolate was a type of  Streptococcus , he still pointed out 
in a paper that his isolate was not a typical plague pathogen, and he thought it still 
played a critical role in development of the plague. His attitude of refusing to admit 
contamination is understandable at the time if we look into his background. As 
mentioned earlier, he made great contributions to the fi eld of infectious diseases 
during his work in Dr. Koch’s laboratory. He was the fi rst foreign person to be 
endowed a professor position by the German government at the age of 40 years 
when he returned to Japan. He was also preparing to create his own research insti-
tute in Japan with great aspirations at that time. If he admitted that his isolate of 
plague pathogen was wrong because of contamination, his ambitions would come 
to grief. It is the self-protection of his prestige that made only international col-
leagues accredit the fi nder of plague pathogen to Dr. Yersin. If Dr. Kitasato admitted 
the contamination in his response to international colleagues’ query and reported 
that he indeed found the plague pathogen but it was unfortunately contaminated by 
 Streptococcus , then, he would at least be partially credited as one of the fi nders of 
plague pathogen. Only  Streptococcus  was left because possibly that the subculture 
operations only picked out the contaminated strains to be left to the fi eld of 
science. 

 Monopoly of scientifi c research and personal interests in solving scientifi c issues 
need to be addressed. Dr. Kitasato was an offi cial researcher invited by HK offi cials 
and assisted by a local hospital and professionals. However, in contrast, Dr. Yersin 
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was an independent investigator researching the cause of the plague outbreak with-
out offi cial invitation or assistance. Dr. Yersin worked hard in isolating and identify-
ing the causative agent. The fi nal report from Dr. Yersin is not as long as that of Dr. 
Kitasato, but it stands the test of time. This indicates that attitude and spirit are criti-
cal for solving a scientifi c issue, but external conditions and supports are not indis-
pensable. At that time, Dr. Kitasato was anxious to achieve quick success and 
achieve instant benefi ts; hence, he reported unreliable data with mistakes. It is 
regrettable that he denied himself the honor of being the co-fi nder of the plague 
pathogen. Dr. Wu Lien-teh (1879–1960), a plague investigator in China, evaluated 
their works in HK as follows: Dr. Kitasato should be attributed as the fi rst person to 
describe the plague pathogen; however, Dr. Yersin was the fi rst one to describe it 
correctly and accurately. 

 In different nations, there are different degrees of research monopoly in infec-
tious diseases; therefore, how to integrate domestic and international intelligence to 
cope with an outbreak of severe infectious disease is an important topic. The out-
break of Ebola in West Africa at the end of 2013 awakened international support for 
these impoverished countries [ 9 ]. Similarly, during the German outbreak of food 
poisoning caused by  Escherichia coli  O104:H4 in 2011, an open-source genomics 
strategy was developed for coping with it using genome sequencing and Internet- 
based crowdsourcing techniques [ 10 ]. These two examples show different strategies 
to integrate international intelligence to solve a common threat. 

 The accuracy of scientifi c reporting is also of paramount importance. The only 
criterion for recognition of scientifi c achievement by international colleagues is its 
accuracy in the report. Although Dr. Kitasato’s paper was longer and reported ear-
lier than Dr. Yersin’s, the self-contradictory data in Dr. Kitasato’s reports refl ected 
his non-stringent attitude to scientifi c data. Dr. Kitasato only isolated the potential 
pathogens from blood, and he did not use swollen lymph nodes for bacterial isola-
tion, indicating that he did not think the feature of importance at that time. If he 
thoroughly investigated the patients and collected swollen buboes from patients to 
isolate the bacterium, he would have successfully obtained the correct pathogen. 

 However, the plague pathogen is easily confused with other common bacterial 
pathogens in the clinical laboratory [ 2 ]. Another reason for disputes between Dr. 
Kitasato and Dr. Yersin is that  Y. pestis  was not easy to be differentiated from 
 Streptococcus  at that time. Notably, the two early papers by Dr. Kitasato described 
a bacterium resembling  Streptococcus . We currently have different means, includ-
ing Gram staining, biochemical assays, and 16S rDNA sequencing, to differentiate 
these two pathogens. 

 In summary, history provides lessons and in the case of  Y. pestis , Dr. Yersin is 
now recognized as the discoverer, and Dr. Kitasato missed out on this honor because 
of his overconfi dent attitude in response to colleagues’ queries. Importantly, whether 
you are famous or not, you should respect colleagues’ different opinions. We also 
need to be vigilant to ensure that all published data are accurate. Readers interested 
in Dr. Yersin’s life after this discovery and the impact of the discovery on vaccine 
development and antimicrobial therapy should consult previously published reviews 
[ 5 ,  11 ,  12 ].     

R. Yang and T. Butler



33

   References 

     1.    Kaufmann SH, Schaible UE. 100th anniversary of Robert Koch’s nobel prize for the discovery 
of the tubercle bacillus. Trends Microbiol. 2005;13(10):469–75.  

             2.    Bibel DJ, Chen TH. Diagnosis of plaque: an analysis of the Yersin-Kitasato controversy. 
Bacteriol Rev. 1976;40(3):633–51.  

    3.    Editorial. The epidemic of plague in Hong Kong. BMJ. 1894;1(1746):1326.  
      4.    Solomon T. Hong Kong, 1894: the role of James A Lowson in the controversial discovery of 

the plague bacillus. Lancet. 1997;350(9070):59–62.  
     5.    Hawgood BJ. Alexandre Yersin (1863–1943): discoverer of the plague bacillus, explorer and 

agronomist. J Med Biogr. 2008;16(3):167–72.  
    6.    Yersin A. La peste bubonique a Hong-Kong. Ann Inst Pasteur Paris. 1894;8:662–7.  
    7.    Editorial. The plague at Hong-Kong. Lancet. 1894;2:325.  
    8.    Kitasato S. The bacillus of bubonic plague. Lancet. 1894;2:428–30.  
    9.    Zhang WY, Chen Y, Kamara A, Chen ZL, Chang GH, Wurie I, Kargbo D, Kargbo B, Liu 

C. Field labs in action for Ebola control in Sierra Leone. Infect Dis Trans Med. 
2015;1(1):2–5.  

    10.    Rohde H, Qin J, Cui Y, Li D, Loman NJ, Hentschke M, Chen W, Pu F, Peng Y, Li J, et al. Open- 
source genomic analysis of Shiga-toxin-producing  E. coli  O104:H4. N Engl J Med. 
2011;365(8):718–24.  

    11.    Butler T. Yersinia infections: centennial of the discovery of the plague bacillus. Clin Infect Dis. 
1994;19(4):655–61; quiz 662–653.  

    12.    Butler T. Plague history: Yersin’s discovery of the causative bacterium in 1894 enabled, in the 
subsequent century, scientifi c progress in understanding the disease and the development of 
treatments and vaccines. Clin Microbiol Infect. 2014;20:202–9.    

2 Discovery of the Plague Pathogen: Lessons Learned



35© Springer Science+Business Media Dordrecht 2016 
R. Yang, A. Anisimov (eds.), Yersinia pestis: Retrospective and Perspective, 
Advances in Experimental Medicine and Biology 918, 
DOI 10.1007/978-94-024-0890-4_3

    Chapter 3   
 Taxonomy of  Yersinia pestis                      

     Zhizhen     Qi    ,     Yujun     Cui     ,     Qingwen     Zhang    , and     Ruifu     Yang    

    Abstract     This chapter summarized the taxonomy and typing works of  Yersinia 
pestis  since it’s fi rstly identifi ed in Hong Kong in 1894. Phenotyping methods that 
based on phenotypic characteristics, including biotyping, serotyping, antibiogram 
analysis, bacteriocin typing, phage typing, and plasmid typing, were fi rstly applied 
in classifi cation of  Y. pestis  in subspecies level. And then, with the advancement of 
molecular biological technology, the methods based on outer membrane protein 
profi les, fatty acid composition, and bacterial mass fi ngerprinting were also used to 
identify the populations within  Y. pestis . However,  Y. pestis  is a highly homogenous 
species; therefore, the above typing methods could only provide low resolution, 
e.g., only one serotype and one phage type were observed for the whole species. 
Since the 1990s, molecular typing based on DNA variations, including single- 
nucleotide polymorphism, gene gain/loss, variable-number tandem repeats, clus-
tered regularly interspaced short palindromic repeat, etc., was introduced and 
improved the resolution and robust of typing result. Especially in recent years, 
genotyping-based whole-genome-wide variations were successfully employed in  Y. 
pestis , which built the “gold standard” of typing scheme of the species and could 
distinguish the samples under the strain level. The taxonomy and typing works 
leaved us enormous polymorphism data; therefore, a comprehensive fi ngerprint 
database of  Y. pestis  was needed to collect and standardize these data, for facilitating 
future works on evolution, plague surveillance and control, anti-bioterrorism, and 
microbial forensic researches.  
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   In terms of taxonomy, the genus  Yersinia  belongs to the family  Enterobacteriaceae , 
order  Enterobacteriales , class  Gammaproteobacteria , phylum  Proteobacteria , and 
domain  Bacteria . By the end of March of 2015, 19 species and two subspecies were 
described validly in this genus (  http://www.bacterio.net/yersinia.html    ) (Table  3.1 ). 
The genus  Yersinia  was named by van Loghem (1944) after the Swiss/French bac-
teriologist Alexandre Yersin, who fi rst isolated the causal organism of plague, 
 Yersinia pestis  (the type species of this genus), in 1894 (Lehmann and Neumann 
1896) [ 1 ,  2 ]. In addition to  Y. pestis , two other  Yersinia  species are associated with 
human infections.  Yersinia pseudotuberculosis  and  Yersinia enterocolitica  are 
enteropathogens that cause mild diarrhea. After its isolation and identifi cation, the 
plague pathogen was known by many names, including  Bacterium pestis  (Lehmann 
and Neumann 1896),  Bacillus pestis  (Lehmann and Neumann 1896) Migula 1900, 
 Pasteurella pestis  (Lehmann and Neumann 1896; Bergey et al. 1923), and  Pestisella 
pestis  (Lehmann and Neumann 1896) Dorofeev 1947.

    Y. pestis  is thought to have evolved from  Y. pseudotuberculosis  (possibly sero-
group O:1b) 2000–6000 years ago [ 27 – 29 ]. Through stringent DNA-DNA hybrid-
ization, Bercovier et al .  confi rmed that the DNA homology (83 %) between these 
two species is much higher than the species defi nition criterion of 70 %. Therefore, 
they recommended that  Y. pestis  should be reclassifi ed as  Yersinia pseudotuberculo-
sis  subsp.  pestis  (Lehmann and Neumann 1896) Bercovier et al .  1981. However, the 
clinical outcome of the diseases caused by these two species is obviously different, 
which will cause confusion in the clinical and public health fi elds if this recommen-
dation were to be accepted [ 17 ]. Hence, the proposal was denied by the Judicial 
Commission of the International Committee on Systematic Bacteriology [ 30 ]. 

3.1     Phenotyping 

 Phenotyping methods are based on phenotypic characteristics and include biotyp-
ing, serotyping, antibiogram analysis, bacteriocin typing, phage typing, and plasmid 
typing.  Y. pestis  is a homogenous species with only one serotype and one phage type 
[ 29 ], and only a few antibiotic-resistant strains have been found [ 31 ,  32 ]. A biotyp-
ing system based on biochemical features is widely acknowledged in the fi eld of 
plague research. Because of the nature of plague and its causative agent, it is diffi -
cult to exchange strains of this bacterium between plague researchers. Some other 
typing systems, such as ecotyping and subspecies classifi cation systems, are only 
studied and used in certain countries [ 33 – 35 ]. Although these traditional methods 
have been found to be insuffi ciently discriminatory, have poor reproducibility, suf-
fer from a lack of availability of specifi c reagents, and are affected by physiological 
factors, they have contributed substantially to the prevention and control of plague 
and our understanding of  Y. pestis . 

Z. Qi et al.
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3.1.1     Biotyping 

 Since its discovery in 1894,  Y. pestis  has been studied intensively to understand its 
diversity of phenotypic traits. Early investigators used glycerol fermentation to 
classify  Y. pestis  strains into glycerol-positive and glycerol-negative strains [ 33 ]. 
The negative strains were termed the oceanic type because they were usually iso-
lated from rats in seaports, and the positive ones were termed the continental type 
because they were isolated from “wild” rodents, ground squirrels, and gerbils from 
natural plague foci [ 33 ]. 

 The widely used biovar system at present is the one raised by Devignat et al .  
[ 36 ], in which glycerol fermentation and nitrate reduction are used to classify  Y. 
pestis  into three biovars, Orientalis, Antiqua, and Medievalis. Based on historical 
data and the bacteriological characteristics of the strains isolated from remnant foci 
of ancient plague, Devignat [ 36 ] hypothesized that biovars Antiqua, Medievalis, 
and Orientalis caused the fi rst, second, and third pandemics, respectively. It is hardly 
possible to confi rm the link between the fi rst two pandemics and biovars Antiqua 
and Medievalis, other than to argue for hypotheses on the basis of historical data. 
Melibiose fermentation was shown by Mollaret and Mollaret [ 37 ] to distinguish 
biovar Orientalis and biovar Antiqua strains, neither of which ferments this sugar, 
from most biovar Medievalis strains, which do ferment it. Additional biochemical 
characteristics, including rhamnose, arabinose, melibiose, melezitose, maltose, 
mannose, and trehalose use, as well as pesticin–fi brinolytic–coagulase activities, 
nutritional requirements, susceptibility to pesticin, and virulence for mice and 
guinea pigs, have been used to characterize  Y. pestis  strains from different natural 
plague foci as more  Y. pestis  variants were found [ 33 ,  34 ]. For example, a strain 
from Inner Mongolia, China, is avirulent to humans and was isolated from Brandt’s 
vole ( Microtus brandti ). It should be classifi ed as Medievalis according to the three- 
biovar system, but Zhou et al .  recently proposed it to be a new biovar, Microtus, 
based on its glycerol fermentation, nitrate reduction, and arabinose utilization phe-
notypes, as well as a genetic analysis [ 38 ]. As discussed in the section of subspecies 
classifi cation, another new biovar, Intermedium, was proposed according to genetic 
diversity research [ 39 ]. Therefore,  Y. pestis  can be assigned into fi ve biovars—
Antiqua (glycerol positive, arabinose positive, and nitrate positive), Medievalis 
(glycerol positive, arabinose positive, and nitrate negative), Orientalis (glycerol 
negative, arabinose positive, and nitrate positive), Microtus (glycerol positive, arab-
inose negative, and nitrate negative), and Intermedium (its biochemical features still 
need to be determined) [ 38 ]. The fi rst three biovars are postulated to be linked to the 
fi rst, second, and third pandemics, respectively, of human plague, while the fourth 
is avirulent to humans, only naturally causing plague in  Microtus  spp. and its associ-
ated epizootics. As mentioned below, there are some natural plague foci in Russia 
where no human cases of plague have been found. New biovars can be envisioned 
to be found in the future; however, it should be noted that biovar characteristics are 
unstable and that one strain can undergo spontaneous phenotypic variation that 
would cause it to be classifi ed as another biovar [ 33 ]. For example, strain Nicholisk 

Z. Qi et al.
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51, an isolate from Manchuria, was assigned as a member of biovar Orientalis by 
IS 100  genotyping and the presence of specifi c phage remnants but is glycerol posi-
tive and should be classifi ed as biovar Antiqua [ 40 ]. The authors considered strain 
Nicholisk 51 to be an ancestor of biovar Orientalis or a variant of this biovar that had 
undergone phenotypic reversion back to the glycerol-positive phenotype [ 40 ].  

3.1.2     Ecotyping 

 An ecotyping system, which used several biochemical features, including glycerin, 
rhamnose, maltose, melibiose, and arabinose fermentation, nitrate reduction, amino 
acids utilization, mutation rate from pigmentation (Pgm) +  to Pgm − , and water- 
soluble protein patterns on sodium dodecyl sulfate-polyacrylamide gel electropho-
resis (SDS-PAGE), was developed to group Chinese isolates of  Y. pestis  into 18 
ecotypes [ 34 ,  35 ,  41 ] (Table  3.2 ). Each of these ecotypes is located in a particular 
geographic region. Most of the plague foci with different primary reservoirs have 
unique ecotypes [ 42 ]. For the other plague foci, there is more than one ecotype in a 
single focus with a single primary reservoir, and each of the ecotypes corresponds 
to a unique set of natural landscapes and primary vector(s). The ecotyping system, 
which has been used as a framework for ecological and epidemiological analyses of 
plague in China, gives a preliminary explanation of the relationships between the 
ecotypes of  Y. pestis  and the natural environment, reservoirs, and vectors.

3.1.3        Subspecies Classifi cation 

 The subspecies classifi cation system was raised by Russian scientists, and because 
of the limited availability of documents in English, the following description about 
this classifi cation system is taken from Anisimov’s review [ 33 ]. To ensure the integ-
rity of this review, some authors mentioned in the following three paragraphs were 
cited from Anisimov’s review [ 33 ], and their original papers were not cited again in 
this chapter. For details, please read Anisimov’s review [ 33 ]. 

 Using numerical taxonomy, Martinevskii classifi ed  Y. pestis  into three varieties: 
 mediaasiatica montana  (corresponding to biovar Antiqua),  mediaasiatica deserta  
(corresponding to biovar Medievalis), and  oceanica  (corresponding to biovar 
Orientalis). He also concluded that strains isolated from common voles in natural 
foci of infection in the Transcaucasian highlands or from Mongolian pikas in the 
Altai Mountain and Transbaikalian regions were a different species,  Yersinia pestoi-
des , and included three varieties:  Yersinia pestoides parvocaucasica ,  Yersinia 
pestoides altaica , and  Yersinia pestoides transbaicalica . “Pestoides” is now reap-
pearing in publications emanating from the USA as a strain designation and as part 
of the nomenclature used to classify strains imported from the Former Soviet Union 
(FSU), although this classifi cation was rarely used in the FSU. This nonetheless 

3 Taxonomy of Yersinia pestis
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further indicates the amount of genetic and phenotypic diversity of plague isolates 
in relation to the sylvatic areas where they circulate as epizootic pathogens. 

 Timofeeva proposed a new classifi cation of  Y. pestis  into subgroups, which was 
based on numerical taxonomy, and used subspecies as a taxon designator. This clas-
sifi cation was formulated according to the International Code of Bacterial Taxonomy 
and used the nomenclature indicating the main species and subspecies (i.e . ,  Yersinia 
pestis  subsp.  pestis ). She further divided the main  Yersinia pestis  subspecies into 
two more groups, continental and oceanic. Additionally, with the help of numerical 
taxonomy, Peisakhis and Stepanov proposed a classifi cation of  Y. pestis  strains that 
were isolated in the FSU into groups based on 25 phenotypic features, including 
rhamnose, melibiose, and arabinose fermentation, nitrate reduction, pesticin, fi bri-
nolytic, and coagulase activities, susceptibility to pesticin 1, and virulence to guinea 
pigs. To standardize the classifi cation system of  Y. pestis  isolates, the Conference of 
Experts of the Anti-Plague Establishments of the Soviet Union recommended clas-
sifying all of the variants of the plague pathogen that were isolated from the territory 
of the FSU and Mongolia into the “subspecies”  Y. pestis  subsp.  pestis  (sometimes 
referred to as the “main” subspecies),  Y. pestis  subsp.  altaica ,  Y. pestis  subsp.  cau-
casica ,  Y. pestis  subsp.  hissarica , and  Y. pestis  subsp.  ulegeica  based on numerical 
analyses of 60 phenotypic features, including rhamnose, melibiose, arabinose, glyc-
erol, and melezitose fermentation, nitrate reduction, urease utilization, pesticin 1 
production, susceptibility to pesticin 1, fi brinolytic and coagulase activities, nutrient 
dependence (leucine, methionine, arginine, thiamine, cysteine, phenylalanine, thre-
onine, and tyrosine), and virulence to guinea pigs. In 1998, Sludskii proposed one 
more intraspecifi c group,  Y. pestis  subsp.  talassica . The last fi ve subspecies are 
sometimes referred to as the “non-main” subspecies, and they have also been 
referred to as the “pestoides” group of  Y. pestis  isolates. All pestoides strains fer-
ment rhamnose and are dependent on additional nutrients and exhibit elective viru-
lence (they are less virulent in guinea pigs, but highly virulent in mice). These 
strains are described in the literature as causes of plague epizootics in voles and 
Mongolian pikas, occasional human plague cases without further human-to-human 
transfer, but they have never been associated with plague outbreaks and epidemics 
[ 33 ,  43 ]. 

 By comparing the properties of strains belonging to the main subspecies,  pestis , 
with strains of other subspecies using numerical taxonomy, many signifi cant differ-
ences were found between the  pestis  and  caucasica  subspecies, whereas subspecies 
 altaica  and  hissarica  were found to be closely related. It was also found that, in 
general, among the fi ve non- pestis  subspecies (i.e . , the pestoides subgroup), subspe-
cies  caucasica  was classifi ed as biovar Antiqua and subspecies  altaica ,  hissarica , 
 ulegeica , and  talassica  were classifi ed as biovar Medievalis. 

 There are two biovar Microtus-related foci in China: one is in Inner Mongolia 
and the other is in Qinghai province. The strains isolated from the primary host  M. 
brandti  and  M. fuscus  are very closely related. From a typing study of  Y. pestis  iso-
lates using a multiple locus variable-number tandem repeats (VNTRs) analysis 
(MLVA) and clustered regularly interspaced short palindromic repeats (CRISPRs), 
the strains from  M. brandti  and  M. fuscus  were proposed to be reclassifi ed into sub-
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species  xilingolensis  and  qinghaiensis , respectively [ 39 ]. The isolates from these 
two foci cluster with the  hissarica  and  altaica  subspecies. These four subspecies are 
suggested to be the most closely related to  Y. pestis  subsp.  pestis  [ 39 ]. 

 From the MLVA analysis, a new biovar, Intermedium, was proposed to describe 
rhamnose-positive  Y. pestis  subsp.  pestis  strains that occasionally infect humans and 
that are isolated mostly from marmots in the northern Tian Shan Mountains in 
China [ 39 ]. Table  3.3  lists the details that differentiate these biovar or subspecies. 

 To avoid confusion from so many biovar or subspecies designations, Anisimov 
proposed a simple subspecies and biovar nomenclature [ 44 ]. In this system,  Y. pestis  
is divided into two subspecies,  pestis  and  microtus ; then, the subspecies are further 
classifi ed into biovars.  Y. pestis  subspecies  pestis  contains four biovars, including 
Antiqua, Medievalis, Orientalis, and Intermedium.  Y. pestis  subspecies  microtus  
contains eight biovars, including Caucasica, Angola, Talassica, Qinghaiensis, 
Xilingolensis, Altaica, Hissarica, and Ulegeica. This simple classifi cation helps us 
to understand the nature of  Y. pestis . The strains from subspecies  pestis  can cause 
humans outbreaks and epidemics, while subspecies  microtus  isolates might be a 
reason of rare sporadic human cases. They can also be differentiated by biological 
features, their geographic distribution, and genetic biomarkers (Table  3.3 ).

3.1.4        Plasmid Typing 

 There are different kinds of plasmids in  Y. pestis  strains from different regions 
around the world. Most of the bacteria contain three plasmids, i.e . , pPCP1 (also 
designated pYP, pPla, or pPst, 9.5 kb or approximately 6MDa), pMT1 (also desig-
nated pFra, pTox, or pYT, approximately 100 kb or 65 MDa), and pCD1 (also des-
ignated pYV, pCad, pLcr, or pVW, approximately 70 kb or 45MDa). The fi rst two 
plasmids are unique to  Y. pestis , and their acquisitions are thought to have played 
key roles in the evolution of the plague bacillus. All pathogenic yersiniae contain 
the virulence-associated pCD1 plasmid, which encodes a fi nely-tuned type III 
secretion machinery that exports anti-phagocytic factors [ 46 ]. pPCP1 encodes the 
plasminogen activator and the bacteriocin pesticin. pMT1 is responsible for the syn-
thesis of the fraction 1 capsular antigen and phospholipase D. The plasminogen 
activator is involved in the dissemination of bacteria from the site of the initial fl ea-
bite, while phospholipase D (previously termed the murine toxin) plays a major role 
in bacterial survival in fl eas [ 47 ]. The greatest size variations witnessed in the pMT1 
and pCD1 are greater than that in pPCP1 [ 48 ]. Filippov et al. investigated the plas-
mid content of 242  Y. pestis  strains from various natural plague foci of the FSU and 
other countries [ 49 ]. Of these strains, 172 (71 %) were shown to carry the three 
plasmids described previously, which are approximately 6, 45–50, and 60 MDa, 
respectively. Twenty strains (8 %) from different foci harbored additional cryptic 
plasmids, most often of approximately 20 MDa in size. Plasmid pPCP1 displayed a 
relatively constant molecular mass. In contrast, size variations of pCD1 (45–49 
MDa) and, especially, pMT1 (60–190 MDa) were found. The molecular masses of 
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these plasmids correlated with the host strain origin. Strains from Vietnam, 
Indonesia, Brazil, and Africa that lack the ability to ferment glycerol contain a 
60-MDa pMT1. Strains from Gissar natural plague focus #34, in the western part of 
Tajikistan, and Talas focus #40 contain a 68-MDa pMT1. Strains from Mountain 
Altai natural plague focus #36of, southern Siberia, contain a 69-MDa pMT1. 
Microtus strains from mountainous areas of the FSU contain an 80-MDa pMT1, 
while strain 924 from China contains a 92-MDa pMT1and strain 679 from plague 
foci in the Volga-Ural region contains a 190-MDa pMT1. For plasmid pCD1, strain 
EV76 from Madagascar and glycerol-negative oceanic strains possess a 45-MDa 
pMT1, while the majority of glycerol-positive strains have a 47-MDa pMT1. Strains 
from Mid-Asia desert areas contain a 48-MDapCD1, and Microtus strains from 
mountainous areas of the FSU possess a 49-MDa pCD1 [ 48 ]. Strains isolated from 
plague foci around Qinghai Lake in China possess a different plasmid profi le than 
those isolated from the Tanggula Mountains. 

 There are also other plasmids in  Y. pestis  from different regions [ 43 ,  50 – 53 ]. A 
6-kb cryptic plasmid (pYC; 5919 bp) was found in  Y. pestis  isolates from regions of 
Yunnan province in China [ 50 ]. This plasmid is increasingly harbored by  Y. pestis  
isolates recovered from a domestic rodent cycle in the southern regions of Yunnan 
province [ 50 ]. In another study, Dong et al .  screened 1020 strains of  Y. pestis  iso-
lates from 44 counties of Yunnan province in China and the China-Myanmar border 
[ 51 ], and they found that these strains carried nine kinds of plasmids with molecular 
weights of approximately 3.93, 6.05, 22.97, 35.65, 45.35, 64.82, 74.59, 111.36, and 
129.55 MDa. The plasmid profi les of the strains could be divided into ten types 
(plasmidovars, as deemed by Russian scientists) according to their plasmid content. 
Types I to V were common and clustered according to their geographic distribution 
[ 51 ]. Xu et al .  analyzed 109  Y. pestis  strains that were isolated from four natural 
plague foci in Xinjiang, China, and they divided these strains into fi ve plasmidovars 
(I to V) [ 54 ]. They found a good correlation between plasmidovars and the geo-
graphic distributions of the isolates: plasmidovars I to V are found in a gray marmot 
( Marmota baibacina )-long-tailed ground squirrel ( Spermophilus undulatus ) plague 
focus of the northern Tian Shan Mountains; plasmidovars I and V are found in a  M. 
baibacina  plague focus of the southern Tian Shan Mountains; and plasmidovar I is 
only in a long-tailed marmot ( Marmota caudata ) plague focus of the Pamir Plateau 
and a Himalayan marmot( Marmota himalayana ) plague focus of the Kunlun 
Mountains. 

 Song et al. [ 53 ] reported a 21,742-bp plasmid, pCRY, from  M. brandti . A pair of 
primers targeting the  repA  gene in pCRY was used to screen 257 strains of  Y. pestis  
from different regions and different hosts or vectors for the presence of this plasmid, 
and the results demonstrated that this plasmid is only presented in 11 strains, three 
from a  M. brandti  plague focus of the Xilingol Grassland, six from a Mongolian 
gerbil ( Meriones unguiculatus ) plague focus of the Inner Mongolian Plateau, one 
from a Daurian ground squirrel ( Spermophilus dauricus ) plague focus of the 
Songliao Plain, and one from a  M. himalayana  plague focus of the Gangdise 
Mountains. Plasmid pMT1 has been reported to be rearranged in different  Y. pestis  
strains. Song et al. [ 53 ] and Golubov et al. [ 43 ] reported a 106,642-bp pMT1 and a 
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137,036-bp plasmid, pG8786, from  M. brandti  and the common vole ( Microtus 
arvalis ) ,  respectively. They share a common 4642-bp region that is not present in 
other reported pMT1 plasmids. Another 32,617-bp is unique to isolates from voles 
in the high mountainous Caucasus region in Georgia [ 43 ]. Studies indicated that 
these special forms of pMT1 may represent an ancestral form of pMT1 [ 43 ]. 

 Many studies have examined plasmid variations in different strains of  Y. pestis  
from different regions in the FSU [ 33 ]. Variations in plasmid contents and sizes can 
be used to classify different strains of  Y. pestis  into different plasmidovars, which 
are associated to a high, but not exclusive, degree, with strain source and phenotype, 
thereby documenting the potential use of this method for epidemiologic investiga-
tions and for contributing to the determination of the pathogenic potential of a given 
isolate. However, plasmid variations in American strains of  Y. pestis  are not as obvi-
ous as those of isolates from the FSU, Mongolia, and China [ 33 ,  55 ]. In Brazil, a 
profi le of four plasmids with molecular masses of 6.4 MDa (pPCP1), 14.9 MDa 
(cryptic), 44 MDa (pCD1), and 60 MDa (pMT1) was found in all 26 strains that 
were isolated from Paraiba State. DNA cleavage with EcoRI further demonstrated 
the uniform plasmid content of these  Y. pestis  isolates [ 33 ,  55 ]. An analysis of the 
plasmid contents of 250 Brazilian  Y. pestis  strains stored in culture collections for 
different periods confi rmed that the majority of the strains contained a homoge-
neous pattern composed of the three classic  Y. pestis  plasmids: pPCP1, pCD1, and 
pMT1 [ 33 ,  55 ]. An analysis of the plasmid patterns of 53  Y. pestis  isolates from 
three plague foci from the state of Ceará, Brazil, showed that 39 strains had the three 
classical plasmids, while seven isolates had an additional plasmid that was larger 
than 90 kb. The other seven lacked all or some of the plasmids [ 56 ]. Chu et al .  from 
the US Centers for Disease Control and Prevention reported that geographic isolates 
of  Y. pestis  might be differentiated by their plasmid profi les and that isolates from 
the western USA harbored an additional plasmid, estimated to be approximately 
19 kb in size, a dimer of the 9.5-kb plasmid [ 52 ]. This plasmid was found in isolates 
from Arizona, California, Colorado, New Mexico, and Texas [ 52 ]. 

 Reports of the discovery of plasmid-mediated, high-level resistance to multiple 
antibiotics indicate the high potential of  Y. pestis  to acquire new genetic materials 
[ 57 ,  58 ], which makes clinical treatment and prophylaxis more diffi cult.   

3.2     Genotyping 

 Genotyping is based on the analysis of nucleic acid fragments from target microor-
ganisms for subtle variations to differentiate closely related bacterial strains. This 
can be achieved by fi ngerprinting chromosomal or plasmid DNA by restriction frag-
ment length polymorphism (RFLP), RFLP-DNA probe hybridization patterns, 
polymerase chain reaction (PCR)-based amplifi cation profi les, and DNA fragment 
sequencing comparisons. All these methods cannot provide a complete picture of 
chromosomal or plasmid polymorphisms, which are provided by genomic typing 
techniques, as mentioned in the following sections of this review. Different methods 
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have been employed to differentiate  Y. pestis  strains from different regions around 
the world. It is diffi cult to say which method is better because most of the methods 
have not been compared in parallel. However, according to the data reported, the 
stabilities of pulsed-fi eld gel electrophoresis (PFGE) profi les [ 59 ] and fl uorescent 
amplifi ed length polymorphisms (FAFLP) profi les [ 60 ] of subcultures have been 
questioned. Ribotyping did not classify isolates into their respective biovars [ 59 , 
 61 – 63 ]. Specifi c insertion sequences (IS), including IS 100  [ 64 ], IS 285  [ 65 ], and 
IS 1541  [ 66 ,  67 ], were used as markers in RFLP analyses [ 27 ,  68 ] and in a PCR- 
based technique [ 40 ]. The last approach revealed low resolution and produced iden-
tical patterns of IS 100  distribution in Antiqua and Medievalis isolates, which might 
be caused by biased sampling in the experiment [ 40 ,  63 ]. Although a variable- 
number tandem repeat technique [ 63 ,  69 ,  70 ] was reported to have a greater dis-
crimination capacity than did ribotyping, isolates from different areas were found to 
harbor identical types. An analysis of the fragments of fi ve housekeeping genes in 
36  Y. pestis  isolates from various locations did not identify any sequence diversity 
[ 27 ], but when 19 of these 36  Y. pestis  isolates were analyzed using the multiple 
spacer typing (MST) method, 12 MST profi les were found [ 63 ]. Although randomly 
amplifi ed polymorphic DNA (RAPD) has been reported for  Y. pestis  typing, it was 
demonstrated to be less discriminative and it exhibited low typing ability [ 41 ,  71 , 
 72 ]. Therefore, to obviate the typing bias caused by the less discriminative power of 
a particular method, it is recommended that polyphasic methods, which employ 
more than one of the aforementioned genetic techniques, should be used to differ-
entiate  Y. pestis  strains. 

3.2.1     Pulsed-Field Gel Electrophoresis 

 PFGE, which separates DNA fragments after digestion of the chromosome with 
restriction endonucleases that cleave infrequently [ 73 ], can facilitate a broad view 
of the whole genome of an organism. It is highly effective in molecular epidemio-
logical studies of bacterial isolates, and it is superior to other methods in discrimi-
nating among isolates of  Escherichia coli ,  Staphylococcus aureus , and many other 
species [ 74 ]. Additionally, it can be used to evaluate the clonal relatedness among 
bacterial isolates and to investigate outbreaks [ 75 ]. It has also been proven to be an 
effective method for qualitatively evaluating intraspecifi c genetic variation, as it 
enables the identifi cation of individual isolates of a given species by comparing 
their macrorestriction patterns [ 76 ]. 

 Using PFGE techniques, Lucier and Brubaker [ 62 ] found that the SpeI-digested 
DNA patterns of eight  Y. pestis  strains were closely related to their respective 
biovars. Similar results were obtained by Rakin and Heesemann [ 77 ] using the 
I-CeuI macrorestriction of nine  Y. pestis  strains and by Huang et al . , who also used 
SpeI [ 78 ]. 

 The choice of an appropriate macrorestriction enzyme is critical for PFGE analy-
sis. Huang et al .  compared the genomic restriction patterns of three different 
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enzymes (NotI, Sfi I, and SpeI) [ 78 ]. NotI digestion generated closely grouped bands 
of high molecular weight, as reported by Lucier and Brubaker [ 62 ], with many co- 
migrating fragments. In contrast, Sfi I digestion produced many closely grouped 
lower-molecular-weight bands. However, SpeI produced a relatively wide range of 
DNA fragments that could easily be resolved by the PFGE separation conditions 
used by Huang et al. [ 78 ]. Therefore, SpeI digestion seems to be the best enzyme for 
PFGE analysis of  Y. pestis . 

 To evaluate the extent of the variability of the PFGE pulsotype within one strain, 
Guiyoule et al .  [ 59 ] randomly picked eight and four colonies from stock cultures of 
the Saigon 55–1239 and Kenya 169 strains, respectively, and their DNAs were sub-
jected to PFGE. Five and three different SpeI restriction patterns, respectively, were 
observed for each of these two strains, indicating a high heterogeneity of the pulso-
types within a given strain. They also found similar phenomena using other restric-
tion enzymes, such as XbaI or NotI, which reminds us of the limits of using PFGE 
to analyze  Y. pestis . In our laboratory, we also found that the FAFLP profi les dif-
fered between three subcultures of the same strain [ 60 ].  

3.2.2     Ribotyping 

 Ribotyping is a method that can identify and classify bacteria based upon differ-
ences in their rRNA genes [ 79 – 81 ]. It generates a highly reproducible and precise 
fi ngerprint that can be used to classify bacteria from the genus through and beyond 
the species level. DNA is extracted from a colony of bacteria and then restricted 
into discrete-sized fragments. Then, DNA is transferred to a membrane and probed 
with an rDNA probe to reveal the pattern of rRNA genes. Variations among bacte-
ria in the position and intensity of the rRNA bands can be used for their classifi ca-
tion and identifi cation. The copy numbers of rRNA operons in  Y. pestis  differ. In 
the three sequenced strains of  Y. pestis , the Orientalis strain CO92 has six copies 
[ 82 ], the Medievalis strain KIM has seven copies [ 83 ], and the Microtus strain 
91001 has seven copies [ 53 ]. The arrangement of the three rRNA genes in CO92 
and KIM is in the order of 16S-23S-5S, while that in 91001 differs, as an extra 5S 
rRNA gene follows the above arrangement. Yu et al. investigated the distribution 
of  Y. pestis  strains with different copy numbers of rRNA operons in Chinese iso-
lates from different natural plague foci. The isolates from plague foci situated to 
the east of the  S. dauricus alaschanicus  plague focus of the Loess Plateau in Gansu 
and Ningxia provinces possess seven copies of rRNA operons, while those from 
plague foci to the west of the Gansu corridor have six copies, except isolates from 
the  M. fuscus  plague focus of the Qinghai–Tibet Plateau, which have seven copies. 
These results correlate excellently with the microevolutionary analysis of  Y. pestis  
in China, as Zhou et al. demonstrated that  Y. pestis  had three microevolutionary 
routes in China. Branch one involved isolates from natural plague foci situated to 
the west of the Gansu corridor, and isolates from biovar Antiqua to biovar Orientalis 
had six copies of the rRNA operon. The second branch included strains from 
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natural plague foci to the east of the Gansu corridor, and isolates from biovar 
Antiqua to biovar Orientalis had seven copies of the rRNA operon. The third 
branch contained isolates from  Microtus  plague foci that belong to the new biovar 
Microtus. 

 This technique has been automated by using a RiboPrint® instrument and a 
relevant database [ 84 ]. Databases for  Listeria  (80 pattern types),  Salmonella  (97 
pattern types),  Escherichia  (65 pattern types), and  Staphylococcus  (252 pattern 
types) have been established, but do not include the EcoRI patterns of  Y. pestis . 
Grif et al. [ 84 ] showed that the automated ribotyping system did not allow the reli-
able differentiation of  Y. pestis  from  Y. pseudotuberculosis , but it did clearly demar-
cate  Y. pestis  from other species, such as  Y. enterocolitica . The use of additional 
enzymes, such as PvuII, PstI, and AseI, allowed for correct identifi cation and sub-
typing. In 1994, Guiyoule et al. [ 59 ] reported that the ribotypes of individual colo-
nies within a given  Y. pestis  strain were stable and were not modifi ed after fi ve 
passages in vitro. 

 Different endonucleases, including EcoRI, EcoRV, HindIII, KpnI, and BamHI, 
were evaluated for their ability to yield the best DNA banding pattern [ 59 ], and 
the results showed that EcoRI and EcoRV were the most appropriate restriction 
enzymes for  Y. pestis . DNAs from 70 strains from different regions around the 
world were analyzed by EcoRI and EcoRV digestion, followed by southern 
hybridization with a nonradioactive 2-acetylaminofl uorene-labeled 16S-23S 
rRNA probe. The hybridization profi les of the 16S-23S rRNA probe with the 
genomic DNA digested with EcoRI or EcoRV were named the EcoRI and EcoRV 
ribopatterns and designated by the letters RI and RV, respectively, followed by a 
numeral. The combination of the EcoRI and EcoRV ribopatterns was renamed as 
the ribotype of a strain, and the ribotype was represented by capital letters A to 
P. Although 11 EcoRI (RI.1 to RI.11) and 11 EcoRV ribopatterns (RV.1 to RV.11) 
were found in the  Y. pestis  strains studied, the profi les obtained were relatively 
homogeneous, with most of them differing only by the presence or absence of one 
restriction fragment. The majority of the strains (74.3 % and 81.4 %) had two 
main EcoRI or EcoRV profi les, respectively, which were RI.1 (30 of 70) and RI.4 
(22 of 70) and RV.2 (30 of 70) and RV.5 (27 of 70). However, some of the strains, 
including the Senegal Fa, Belgian Congo Li, and Kurdistan PKRV strains, had 
unique and specifi c patterns with both EcoRI and EcoRV. The results obtained 
with the two restriction enzymes were consistent: RI.1 was most often linked to 
RV.2, and RI.4 was most often linked to RV.5, which suggests some parallelism in 
the conservation (or the loss) of the EcoRI and EcoRV sites in the rRNA operons 
of  Y. pestis . 

 When the EcoRI and EcoRV profi les were combined, 16 different ribotypes (A 
to P) were obtained. Ribotypes B (RI.1 plus RV.2) and O (RI.4 plus RV.5) were 
found in 65.7 % of the strains, and nine ribotypes were only found in one strain. 

 Good correlation was found between the ribotypes and the biovars of the strains 
studied (Table  3.4 ), and the relationship between the ribotypes and geographic ori-
gins of the strains, such as how the geographical distributions of ribotypes B and O, 
differed. B was found on fi ve continents, while O was restricted to Central Africa 
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and Central Asia, and the locations of ribotype O strains corresponded to the remain-
ing plague foci of the fi rst and second pandemics, while the distribution of ribotype 
B refl ected the geographical spread of  Y. pestis  during the third pandemic [ 7 ,  18 ], 
which indicates that a ribotype B strain was responsible for the third pandemic. The 
results also showed that biovar Medievalis was much more homogeneous than 
biovars Orientalis and Antiqua.

   In another study, Guiyoule et al. [ 61 ] used a representative sample of 59  Y. pestis  
strains isolated from 1939 to 1996 in 21 different geographical regions in 
Madagascar, and they found three new EcoRI patterns, RI.12, RI.13 and RI.15; one 
new EcoRV pattern, RV.12; and, hence, three new ribotypes, ribotypes Q, R, and 
T. The designations RI.14 and ribotype S were attributed to strains from a 1994 
outbreak in India. An analysis of the epidemiological characteristics of the strains 
harboring the two new ribotypes demonstrated that all ribotype R strains came from 
different clinical samples of human patients, while ribotype Q came from rodents 
and human patients, essentially from bubo aspirates. More interestingly, a relation-
ship was found between the geographical origins of the strains and their ribotypes: 
the two ribotype R strains were isolated in the Ambositra subprefecture, while the 
ribotype Q strains were isolated in the Ambohimahasoa subprefecture. These two 
neighboring regions are located on the high plateau, in the southern part of the 
Madagascar central “plague triangle.” 

 The expansion of  Y. pestis  can be hypothesized based on the ribotyping analysis 
data: one main clone of  Y. pestis  of ribotype O (biovar Antiqua) spread from Central 
Asia to Central Africa and caused Justinian’s plague, and later, a variant of the 
same clone (ribotype O), which lost the ability to reduce nitrate (biovar Medievalis), 
spread from Central Asia to Crimea and was responsible for the Black Death. It is 
probable that a  Y. pestis  ribotype B clone was responsible for the third pandemic 
and that it was derived from the fi rst clone. This hypothesis is in complete agree-
ment with Wu et al.’s and Devignat’s proposition. Wu et al .  stated that plague has 
been present since time immemorial in the Central Asiatic plateau, which is consid-
ered the original home of the infection [ 61 ]. Devignat [ 36 ] hypothesized that the 
Antiqua and Medievalis biovars might have originated from the above primary 
focus. 

 Four EcoRI types were found in  Y. pestis  isolates in China (professor Fan Zhenya, 
personal communication). Type D is only distributed in strains from the  M. brandti  
plague focus of the Xilingol Grassland, and type C is distributed in isolates from the 
 M. unguiculatus  plague focus of the Inner Mongolian plateau. Types A and B are 
distributed in other foci.  

  Table 3.4    Correlation 
between ribotypes and 
biovars  

 Ribotype  Biovar 

 F and G  Orientalis and Antiqua 
 O  Medievalis or Antiqua 
 A to E  Orientalis 
 H to N  Antiqua 
 P  Medievalis 
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3.2.3     IS-Based Typing 

 Insertion sequence (IS) elements have been loosely defi ned as small (<2.5 kb), phe-
notypically cryptic segments of DNA, with a simple genetic organization, which are 
capable of inserting at multiple sites in a target molecule [ 20 ]. ISs are involved in 
phenomena other than the acquisition of accessory functions. 

 McDonough and Hare identifi ed IS 100  sequences in a specifi c subset of  Y. pseu-
dotuberculosis  isolates that were also sensitive to the  Y. pestis -produced bacteriocin, 
pesticin. In contrast,  Y. pseudotuberculosis  strains that did not contain IS 100  
sequences were not sensitive to pesticin. They proposed that IS 100  serves as a 
molecular marker for identifying a subset of  Y. pseudotuberculosis  isolates that have 
a particularly close evolutionary and/or ecological relationship with  Y. pestis . 

 Many ISs form an integral part of the chromosomes of most bacterial species, 
and they participate in chromosomal rearrangements and promote plasmid integra-
tion. In contrast, some specifi c IS elements at defi ned places in the chromosome are 
suffi ciently stable to allow them to be used as markers in RFLP analyses for species 
typing and epidemiological studies [ 85 ]. 

 Whole-genome sequencing of three strains of  Y. pestis , CO92, KIM, and 91001 
[ 53 ,  82 ,  83 ], revealed that they have abundant ISs in their genomes. They also have 
different copy numbers of IS elements [ 53 ]. For IS 100 , the IS copy number in rela-
tion to the strain is CO92 (44) > KIM (35) > 91001 (30); for IS 1541 , it is CO92 
(62) > KIM (49) > 91001 (43); for IS 285 ; it is 91001 (23) > CO92 (21) > KIM (19); 
and for IS 1661 , it is KIM (10) > CO92 (9) > 91001 (8), which indicates that IS 100  
played more critical roles than other IS elements in the microevolution of  Y. pestis . 

 RFLP analyses provide information about the local genome environments of 
specifi c gene sequences on the basis of the probe used. IS 100  and IS 285  have been 
evaluated for typing  Y. pestis . Huang et al. [ 78 ] used a RFLP analysis with IS 100  as 
a probe to analyze 37 strains of  Y. pestis , and these strains were divided into 16 
types, with 43 % belonging to IS 100  type 1. Typing with IS 285  as a probe was less 
specifi c, and it led to only four RFLP types, with 81 % belonging to type 1. Achtman 
et al. also probed RFLP patterns with IS 100  to analyze 36  Y. pestis  isolates, and the 
resulting phylogenetic tree indicated that the three biovars formed distinct branches 
[ 27 ]. Just like ribotyping, a mixture of 16S and 23S rRNA genes as probes is more 
discriminative than any single probe [ 86 ]. Thus, it is benefi cial to use a mixture of 
IS elements as probes to perform RFLP analyses that have the most discriminative 
power. Leclercq et al. developed a RFLP method based on the mixture of IS 100 , 
IS 285,  and IS 1541  elements for studying  Y. pestis  strains with worldwide diversity. 
The approach was designated as “3IS-RFLP,” which could group  Y. pestis  isolates 
according to their geographical origin and therefore should be valuable in tracing 
the source of the plague outbreak [ 87 ]. 

 Motin et al. developed a PCR-based genotyping system that detects the diver-
gence of IS 100  locations within the  Y. pestis  genome, and they used it to characterize 
a large collection of isolates of different biovars from different geographical origins 
[ 40 ]. The dendrogram of  Y. pestis  isolates constructed by the unweighted pair group 
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method with arithmetic mean (UPGMA) indicated that the Orientalis biovar formed 
a homogeneous group, while the Antiqua and Medievalis biovars clustered together. 
Biovar Antiqua isolates showed a variety of fi ngerprinting profi les, whereas 
Medievalis isolates clustered with the Antiqua isolates originating from Southeast 
Asia, which suggests that they have close phylogenetic relationships.  

3.2.4     Multilocus Sequence Typing 

 Multilocus sequence typing (MLST) involves comparing the sequences of 5–7 
housekeeping genes to epidemiologically type bacterial and parasitic strains. MLST 
typing has highlighted different mutation rates in various bacteria, and this makes 
the technique suitable for different purposes in each species. Its advantage is that 
sequence information is highly reproducible and easily deposited into growing 
banks of MLST sequences (e.g., see   http://mlst.zoo.ox.ac.uk    ), which is aided by the 
rapid deposition and dissemination of information on the Internet. Furthermore, 
each laboratory will not need to obtain reference strains or conduct extensive valida-
tions before typing their own strains [ 88 ]. 

 Achtman and colleagues compared the sequences of fragments of fi ve housekeep-
ing genes ( dmsA  (anaerobic dimethyl sulfoxide reductase chain A),  glnA  (glutamine 
synthetase),  thrA  (aspartokinase),  tmk  (thymidylate kinase), and  trpE  (anthranilate 
synthase component I)) and a gene involved in the synthesis of lipopolysaccharide 
( manB  (phosphomannomutase)) in 36 strains representing the global diversity of  Y. 
pestis  and in 12–13 strains from each of the other related species,  Y. pseudotubercu-
losis  and  Y. enterocolitica . They showed that all of the  Y. pestis  strains tested were 
identical and very similar to the  Y. pseudotuberculosis  strains.  Y. enterocolitica  
strains were also highly conserved but were quite distinct from the former two spe-
cies. This supports other evidence that  Y. pestis  and  Y. pseudotuberculosis  are closely 
related and should be reclassifi ed as two subspecies. Clinical and historical consider-
ations have prevented this so far. As the mutation rate is so low, Achtman and col-
leagues were able to estimate the point at which  Y. pestis  is likely to have diverged 
from  Y. pseudotuberculosis  as 1500–20,000 years ago, some time prior to the fi rst 
plague pandemic in the sixth century, which is in agreement with Suntsov’s ecology-
based analysis that showed that the formation of the plague causative agent and natu-
ral foci took place in the Pleistocene, without the participation of humans [ 89 ].  

3.2.5     Multiple Spacer Typing 

 Genome analysis of the closely related bacteria showed that intergenic spacers, 
which have been subjected to less evolutionary pressure than coding sequences, 
may be suffi ciently variable to differentiate closely related microorganisms [ 90 –
 95 ]. Drancourt et al. [ 63 ] developed an intergenic spacers sequencing method to 
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determine the biovar-specifi c spacer pattern in  Y. pestis . They named this method 
MST. After comparing the sequences of  Y. pestis  strains CO92 and KIM, primers 
fl anking the intergenic sequences that were conserved in CO92 and KIM homologs 
were designed to screen 35 strains that are representative of the three  Y. pestis  
biovars (11 Antiqua, 12 Medievalis, and 12 Orientalis isolates), which were isolated 
from 1947 to 1996 from various host species in 13 countries. This method was also 
used to analyze some ancient DNAs extracted from skeletons, which dated to the 
Justinian pandemic era, as determined by radiocarbon dating, at least one of which 
was recorded to be from a patient who died during the pandemic. The data showed 
that MST differentiates the three biovars of  Y. pestis , and it supports the view that 
most  Y. pestis  isolates cluster according to their biovar, while biovar Antiqua iso-
lates are more distantly related to each other than those of biovars Orientalis and 
Medievalis. They also found that one  Y. pestis  Antiqua isolate, number 611 form 
Japan, formed a fourth branch, which suggests that  Y. pestis  may comprise four dif-
ferent lineages, instead of the three that have been recognized thus far. A new lin-
eage was confi rmed recently as a new biovar, Microtus [ 38 ,  53 ,  96 ], indicating the 
need to exploit the diversities of  Y. pestis  by international collaborations on different 
collection of this deadly bacterium. 

 An analysis of ancient DNA from human remains yielded the surprising fi nding 
that biovar Orientalis, which now occurs worldwide, was involved in all three pan-
demics. The authors also detected  Y. pestis  in additional human remains from Black 
Death sites in Southern France and provided more evidence of Orientalis’ role in the 
second pandemic [ 97 ,  98 ]. Combined with the historical record of the epidemio-
logic pattern of the Black Death, the authors argued that Black Death outbreaks in 
Northern Europe were not caused by the transmission of  Y. pestis  via blocked rat 
fl eas, but rather by mechanical transmission of plague bacteria by another ectopara-
site that used humans as their primary host, or another pathogen may have caused 
these outbreaks, as evidenced by the failure to detect  Y. pestis  DNA in the dental 
pulps of suspected plague victims in Copenhagen and Verdun that date from the 
eighteenth century. The absence of  Y. pestis -specifi c DNA from multiple putative 
European plague burial sites [ 99 ], as well as other lines of evidence [ 100 – 103 ], sup-
ports this hypothesis. However, Raoult and Drancourt analyzed DNAs extracted 
from the teeth of a child and two adults from a fourteenth-century grave in France 
using suicide PCR. They concluded that the medieval Black Death was plague [ 97 ], 
and they confi dently defended their results against other reports [ 99 – 103 ] that 
unless their work is proven to be wrong, or another agent is found, the above specu-
lation that another agent was the cause of the Black Death is unsubstantiated [ 104 ].  

3.2.6     Variable-Number Tandem Repeat 

 The polymorphism associated with tandem repeats has been instrumental in mam-
malian genetics for the construction of genetic maps, and it is still the basis of DNA 
fi ngerprinting in forensic applications [ 105 ,  106 ]. Tandem repeats are usually 
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classifi ed among satellites (spanning megabases of DNA, associated with hetero-
chromatin), minisatellites (repeat units in the range of 6–100 bp, spanning hundreds 
of base pairs), and microsatellites (repeat units in the range 1–5 bp, spanning a few 
tens of nucleotides). 

 Recent studies showed that tandem repeat polymorphisms of mini- and microsat-
ellites are likely to be a highly signifi cant source of very informative markers for 
identifying pathogenic bacteria, even for recently emerged, highly monomorphic 
species [ 107 – 114 ]. Tandem repeats probably contributes to the pathogen’s adapta-
tion to its host, and they also account for bacterial phenotypic variations, depending 
on their location. For example, if a tandem repeat is located within the regulatory 
region of a gene, it can function as an on/off switch in gene expression at the tran-
scriptional level [ 115 ]. Similarly, if it is located within a coding region and has a 
repeat unit length of three bases, it may cause antigenic variation for that bacterium, 
but if the repeat unit length is not a multiple of three, it can result in the production 
of truncated translation products. 

 VNTR sequences are common in the  Y. pestis  genome. They occur frequently in 
both intergene- and gene-coding regions and are distributed evenly throughout the 
genome and the two virulence plasmids, pCD1 and pMT1 [ 69 ]. Tandem-repeat typ-
ing may prove to be a powerful complement to the existing phylogenetic tools for 
studying  Y. pestis . Adair et al .  [ 70 ] identifi ed a tetranucleotide repeat sequence, 
(CAAA) N , in the genome of  Y. pestis , and they demonstrated that this region has 
nine alleles and great diversity (calculated as 1 minus the sum of the squared allele 
frequencies) (diversity value, 0.82) within a set of 35 diverse  Y. pesti s strains. 

 MLVA was shown to be capable of distinguishing closely related strains and suc-
cessfully classifying more distant relationships. Pourcel et al. [ 116 ] and Klevytska 
et al .  [ 69 ] examined representative strains of  Y. pestis  using 25 and 42 VNTR loci, 
respectively, and vast differences in diversity were observed among these loci. 
Pourcel et al. [ 116 ] grouped 180  Y. pestis  into 61 different genotypes, and the three 
biovars were distributed in the three main branches, which demonstrated the hetero-
geneity of biovar Medievalis. They proposed that seven selected markers could be 
used to quickly characterize a new strain. Compared with other genotyping meth-
ods, MLVA is easy to standardize for establishing databases. This is useful because 
 Y. pestis  is one of the most dangerous bioterrorism agents, which prevents the inter-
national exchange of bacterial strains and collaborative studies. This creates a bar-
rier for researchers who are trying to better understand plague ecology and evolution 
around the world. Thus, it is a good idea to use a web-based comparison for identi-
fying VNTR genotypes of  Y. pestis . 

 Le Flèche et al. [ 115 ] created a database (  http://minisatellites.u-psud.fr    ) of tan-
dem repeats for pathogenic bacteria that is based on publicly available bacterial 
genomes, and they illustrated its application by characterizing minisatellites from 
two important human pathogens,  Y. pestis  and  Bacillus anthracis . They found that 
 Y. pestis  contains 64 minisatellites with repeat units at least 9 bp long in which the 
unit is repeated at least seven times. 

 Then, Denoeud et al. [ 117 ] presented an Internet-based resource to help develop 
and perform tandem repeat-based bacterial strain typing. The tools are accessible 
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through the above URL. There are four parts in the web page: The “Tandem Repeats 
Database” enables the identifi cation of tandem repeats across entire genomes. The 
“Strain Comparison Page” identifi es tandem repeats that differ between different 
genome sequences from the same species. The “Blast in the Tandem Repeats 
Database” facilitates the search for a known tandem repeat and the prediction of 
amplifi cation product sizes. The “Bacterial Genotyping Page” is a service for strain 
identifi cation at the subspecies level. 

 Limited by the availability of samples, the aforementioned MLVA genotyping 
studies mostly focused on biovar Orientalis  Y. pestis  strains. Li et al. [ 39 ] collected 
383 Y. pestis  strains that were isolated from the majority of the known foci in China, 
the FSU, Mongolia, and a number of other foci around the world, which covered  Y. 
pestis  strains in all four biovars, and included rhamnose-positive strains. The 25 
loci-based MLVA typing system developed by Pourcel et al. [ 116 ] was used to 
resolve a combined strain set that contained more than 500 strains, including previ-
ously published data for 180 strains, into 350 different genotypes [ 39 ]. The biovar 
Microtus strains were grouped together and were closely related with pestoides 
strains isolated from the FSU, and both these groups were located at the ancestral 
branches in the dendrogram based on the 25 MLVA loci, which agrees with estima-
tions from previous studies [ 28 ,  45 ,  118 ]. Strains of the other three biovars were 
classifi ed into two main branches, one of which contained Antiqua isolates from 
Africa and Northwest China, as well as the entire biovar Orientalis group, while the 
other contained the biovar Medievalis isolates and biovar Antiqua isolates from 
Mongolia, Northeast China, and Tibet. The two main branches were proven to cor-
respond with branches 1 and 2 that were defi ned in subsequent research based on 
genome-wide single-nucleotide polymorphisms (SNPs) [ 119 ,  120 ]. The clustering 
results suggest a very close relationship between the strains in the corresponding 
foci, and they provide a database for source tracing  Y. pestis . 

 The high mutation rates of VNTR loci increase the possibility of reversions and 
convergent mutations, which may lead to homoplasies and bias in phylogenetic 
reconstructions [ 121 ]. Additionally, although adding VNTR loci into an MLVA typ-
ing scheme would increase the discriminative power, using too many loci would 
largely increase the operation time and workload, which will not satisfy the need for 
rapid genotyping and source tracing when facing natural plague outbreaks or bioter-
rorism attacks. Therefore, Li et al. [ 122 ] further investigated the characteristics of 
VNTRs in fi ve  Y. pestis  genomes, and they probed the relationship between the 
positions of VNTRs and their diversities in 97 representative  Y. pestis  strains. Then, 
according to the known SNP-based phylogeny of  Y. pestis , Li et al. developed a 
simple hierarchical genotyping scheme based on optimized “14 + 12” VNTR loci, 
which provided high discriminative power and could classify the  Y. pestis  strains 
into subpopulations, as well as substantially reducing the operational time and cost. 
When a large number of strains need to be genotyped, a 14-VNTR loci analysis 
could be used to initially designate isolates into major populations, and then 1–5 
additional loci could be used to classify them into subpopulations. Notably, if only 
a limited number of strains need to be genotyped, it would be more convenient to 
determine the polymorphism of all 26 VNTRs simultaneously before performing a 
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hierarchical analysis. This “14 + 12” hierarchical scheme was used to determine the 
genotypes of 956  Y. pestis  strains, and the generated population structure was con-
sistent with a phylogeny based on a whole-genome SNP analysis [ 119 ,  120 ]. 
Therefore, this newly developed genotyping scheme would facilitate not only the 
global source tracing of future plague outbreaks but also microevolution studies of 
this important pathogen.  

3.2.7     Clustered Regularly Interspaced Short Palindromic 
Repeat-Based Typing 

 The CRISPR/CRISPER-associated (Cas) system has become particularly well 
known since 2013 because of its application in multiplex genome engineering 
through RNA-guided, site-specifi c DNA cleavage [ 123 – 125 ]. CRISPR is a special 
type of repeat element that consists of noncontiguous direct repeat sequences (DR, 
24–47 bp) separated by similarly sized unique sequences, which are widely distrib-
uted in bacterial and archaeal genomes [ 126 ,  127 ]. CRISPRs, Cas proteins, and 
leader sequences (the noncoding sequences that fl ank the CRISPRs on one side) 
constitute a prokaryotic immune system against bacteriophage attack via an RNA 
interference-like mechanism [ 128 – 132 ]. The DR sequences of CRISPRs are usually 
conserved within one species [ 133 ], while the unique parts, also called spacers/
spacer arrays, seem to be one of the most rapidly diversifi ed regions in prokaryotic 
genomes. Even in the same species, different spacer arrays often exist in different 
isolates [ 45 ,  134 ,  135 ], making them a powerful tool for genotyping and microevo-
lutionary studies of prokaryotes. The fi rst genotyping application that was based on 
CRISPR polymorphisms was the “spoligotyping” that is widely used in 
 Mycobacterium tuberculosis  [ 136 ]. Subsequently, CRISPR diversity-based geno-
typing and evolutionary studies were employed in many pathogen species, includ-
ing  Streptococcus thermophilus ,  Salmonella enterica  serovar Virchow,  Salmonella 
enterica  subsp.  enterica ,  Campylobacter jejuni , and  Y. pestis  [ 45 ,  129 ,  137 – 139 ]. 

 In  Y. pestis , three types of CRISPR loci were identifi ed in the chromosome, 
which are designated as YPa, YPb, and YPc [ 134 ,  140 ]. Cui et al. determined the 
sequences of all three CRISPR loci from a collection of 125  Y. pestis  strains that 
were isolated from 26 natural plague foci of China, the FSU, and Mongolia [ 45 ]. 
One hundred and thirty-one spacers were identifi ed, and 77 (59 %) of them have 
homologous sequences in a prophage (YPO2096–2135 in the CO92 genome), 
whereas 22 spacers (17 %) are homologous to other nonviral regions in the  Y. pestis  
chromosome. There are 83, 37, and 11 spacers in the YPa, YPb, and YPc loci, 
respectively, which suggests that the CRISPR loci have different degrees of activity 
and that the YPa locus is the most diverse. The spacer sizes range from 29 to 34 bp, 
and the majority are 32 bp (79 %). The longest CRISPRs in  Y. pestis  contain 14 
spacers, while some contain only one spacer. Interestingly, in an Angola strain 
(which belongs to lineage 0.PE3), there is only one truncated DR, and the leader 
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sequence was left in YPb and YPc, and no spacers were observed [ 45 ,  140 ]. The 
spacer was designated as a letter plus a number. The letter (a, b, or c) indicated the 
CRIRSPR locus that carried the spacer, and the number indicated a specifi c sequence 
that could be found from the predefi ned spacer dictionary [ 45 ]. Multiple spacers 
composed the spacer array in a CRISPR locus, which were represented as a letter 
plus a series number. Such as the spacer array “a-1-3-6-7,” which means four spac-
ers, a1, a3, a6, and a7, is arranged in order within the CRISPR locus YPa. 

 The diversity of CRISPRs provides fi ne discriminative power for genotyping  Y. 
pestis . By combining spacer arrays of the three loci, 49 genotypes were identifi ed in 
125  Y. pestis  strains. The fi rst part of the spacer arrays (farside of the leader sequence) 
was conserved, with “a-1-2-3-4-5-6” in YPa, “b-1-2-3-4” in YPb, and “c-1-2-3” in 
YPc, and these conserved spacers were named species-specifi c spacers, while the 
spacers closer to the leader sequence often revealed geographical clustered charac-
teristics, i.e . , specifi c spacers were always found in isolates from the same natural 
plague focus. These spacers were subsequently called region-specifi c spacers 
(RSSs). Given the good correlation between spacer arrays and the geographical 
distribution of isolates, all of the studies’ strains can be conveniently grouped into 
12 clusters, designated by adding a prefi x “C” to the name of a representative spacer 
(most of which are RSSs). Using this classifi cation, most natural plague foci have 
one main cluster, except the one to the east of the Kunlun Mountains [ 45 ]. CRISPR- 
based typing provides a new solution for differentiating previously undistinguish-
able strains. For example, foci L and M are two geographically distinct natural 
plague foci in China. The phenotypic and biochemical features of the  Y. pestis  iso-
lates from these two foci are almost identical, and they cannot be distinguished by 
conventional phenotyping and genotyping methods [ 96 ,  118 ]. There are approxi-
mately 120-bp differences (the length of the two spacers, as well as the DR 
sequences) in the YPc locus between the strains from these two foci, which are 
easily identifi ed by a PCR–gel electrophoresis method [ 45 ]. 

 The molecular typing method based on polymorphism of CRISPRs was also 
applied in determining the diversity of  Y. pestis  strains in the FSU and Mongolia. By 
analyzing three CRISPR loci on 59 rhamnose-positive  Y. pestis  strains, Platonov 
et al. identify more Mongolia isolates belonging to biovar qinghaiensis, which pro-
vide further evidence that ancient  Y. pestis  populations spread between China and 
Mongolia [ 44 ]. To comprehensively explore the diversity of  Y. pestis  strains in 
Mongolia, which harbors numerous highly active plague foci, Riehm et al .  selected 
100 strains from 37 areas and analyzed them by a combination of MLVA and 
CRISPR methods [ 141 ]. The study revealed that six main clusters, including three 
Microtus biovars, Ulegeica, Altaica, and Xilingolensis, were present in the samples 
and that they exhibited a distinct geographically specifi c distribution. The largest 
cluster comprises 78 strains, all belonging to the lineage 3. ANT, and it was the 
dominant  Y. pestis  population in Mongolia, but was rarely isolated elsewhere. The 
CRISPR analysis revealed that seven spacers, as well as six spacers that were pres-
ent in all 14 different CRISPR genotypes, were newly observed. Riehm et al .  pre-
sented a more reasonable nomenclature method to term each CRISPR genotype, 
which could refl ect the diversity of all three CRISPR loci. First, all observed spacer 
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arrays were given a number as a code, e.g . , “a-1-2-3-4-5-6-7” was coded as “1” and 
“a-1-2-3” was coded as “2.” Then, the CRISPR genotype was presented in a three- 
digit code, which represented the diversity of the YPa, YPb, and YPc loci, e.g . , the 
code “1-1-1” represented that in the isolates, spacer array “a-1-2-3-4-5-6-7” was 
observed at YPa, “b-1-2-3-4-48” at YPb, and “c-1-2-3” at YPc. Notably, a lack of 
amplifi cation for one locus was coded X, such as “1-X-1.” 

 As increasing numbers of whole-genome sequences have been deciphered 
recently, the requirement to analyze the diversity of CRISPR loci in genome 
sequences has increased. Three online software programs at a CRISPR website 
(  http://crispr.u-psud.fr/     )  could be used to perform such analyses. One of them is 
CRISPRFinder, which could identify the location and nucleotide sequence of known 
or new CRISPR loci. The other is CRISPRcompar, which could compare the varia-
tion in CRISPR loci of different isolates. The third is CRISPRtionary, which could 
be used to deposit and retrieve information pertaining to the spacers. All of these 
tools would substantially facilitate further genotyping or evolutionary analyses 
based on CRISPR polymorphisms [ 140 ,  142 ,  143 ].  

3.2.8     Pseudogene Profi les 

 It is becoming increasingly clear that bacterial genomes constantly undergo struc-
tural changes due to horizontal gene acquisition, gene loss, intra-genome recombi-
nation, and mutational events [ 144 ,  145 ]. Investigations of genetic diversity based 
on these mechanisms will lead to a complete picture of the genomic diversity of  Y. 
pestis  during its focus expansion. In our laboratory, we used a pseudogene profi le to 
investigate mutational events during the microevolution of  Y. pestis , while a DNA 
rearrangement profi le was used to analyze intra-genome recombination, and whole- 
genome microarray hybridization was used to assess horizontal gene acquisition 
and gene loss. These data provided us an opportunity to analyze the genetic diver-
sity of  Y. pestis  in China during its focus expansion, and they revealed the relation-
ship between genome structural changes, the mutation of key metabolic genes, and 
microevolution. 

 Tong et al. analyzed the pseudogene profi le of  Y. pestis  based on three kinds of 
gene inactivation mechanisms: nonsense mutations, frameshift mutations, and dis-
ruption by IS elements. A total of 24 mutations in 24 genes, including 17 mutations 
that resulted from an IS element, two frameshift mutations, one in-frame deletion, 
one fragment deletion, two nonsense mutations, and one nonsynonymous mutation, 
were screened by PCR in 260  Y. pestis  strains that were isolated from different foci 
in China, as well as in seven strains of  Y. pseudotuberculosis . It was found that  Y. 
pestis  isolates from the same focus had an identical mutation profi le, and the 260  Y. 
pestis  isolates were divided into eight genotypes, while  Y. pseudotuberculosis  har-
bored wild-type alleles for all mutations. The isolates of the three known biovars 
were grouped into distinct branches in the phylogenetic tree, which supports the 
proposition that biovars Medievalis and Orientalis arose directly from biovar 
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Antiqua. The constructed phylogenetic tree suggests that isolates from focus B (the 
 M. baibacina–S. undulatus  plague focus of the Tian Shan Mountains) should be the 
oldest lineage of  Y. pestis  in China, except for isolates from foci L (the  M. brandti  
plague focus of the Xilingol Grassland) and M (the  M. fuscus  plague focus of the 
Qinghai–Tibet Plateau), which might be a special lineage of  Y. pestis  with a unique 
origin.  

3.2.9     Gene Loss and Acquisition Profi les 

 Bacteria can evolve via gene loss and acquisition to adapt to new niches. These 
events can be analyzed using whole-genome sequencing and subtractive hybridiza-
tion, but they are too expensive and laborious to be applied to large numbers of 
bacterial strains. A whole-genome-based DNA microarray is an ideal technique for 
analyzing genomic fragment differences among large numbers of bacterial strains. 
Zhou et al. employed a whole-genome DNA microarray, comprising 4005 open 
reading frames (genes) from  Y. pestis  strains 91001 and CO92, to screen for differ-
ences among 43 strains of  Y. pestis  and seven strains of  Y. pseudotuberculosis  [ 96 ]. 
They found 29 genomic regions (termed different regions, DFRs) among these 
strains. Then, one or more genes were chosen from each DFR to represent the cor-
responding DFR, and PCR amplifi cation of the selected genes was performed on 
260 isolates of  Y. pestis , which were obtained from different natural plague foci, to 
screen the distribution of DFRs in these strains. The DFR profi les of these isolates 
could be assigned into 14 genomovars. More recently, Dai et al. found a new DFR, 
DFR23, through suppression subtractive hybridization technology [ 146 ]. Li et al. 
used these 23 DFRs to genotype 909  Y. pestis  that were isolated from 15 plague foci 
from 1943 to 2005, which presumably represented the most abundant diversity of  Y. 
pestis  strains in China. All strains were grouped into 32 genomovars. Most of the 
genomovars fell into three clusters, namely, A, B, and C, except for genomovars 01b 
and genomovars 04. All Orientalis strains (205 strains in three genomovars) were 
grouped in cluster A. All Medievalis strains (122 strains in eight genomovars) were 
grouped in cluster B, and Microtus strains (66 strains in three genomovars) were 
grouped in cluster C. This clearly illustrates the close relationships among strains of 
the same biovar in China. However, Antiqua strains (516 strains in 18 genomovars) 
were distributed in different branches of all three clusters, which revealed the con-
siderable genomic diversities of Antiqua strains. Platonov et al. determined the 
genomovar of 275  Y. pestis  strains from natural plague foci of the FSU and Mongolia 
based on the same 23 DFRs [ 147 ]. Interestingly, 64 novel genomovars were detected, 
which implied that the  Y. pestis  population in these foci occupied wider polymor-
phism in respect of gene gain/loss than the foci in China. The reason for the highly 
DFR diversity in the FSU isolates is worth to be further explored. The result also 
indicated that more  Y. pestis  isolates worldwide should be determined to obtain the 
comprehensive DFR profi les of the species. 
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 The DFRs represent dynamic regions of the  Y. pestis  genome in natural popula-
tions, which suggests that they result from acquisition or deletion events during the 
adaptive evolution of  Y. pestis . The parallel microevolution of the  Y. pestis  genome 
in natural populations was outlined by evidence of genome content fl ux through the 
loss/acquisition of plasmids and chromosomal segments. Biovar Orientalis evolved 
from biovar Antiqua by acquiring a genomic island, rather than arising from biovar 
Medievalis, which is in agreement with previous studies [ 34 ,  35 ]. Gene acquisition 
in this case promotes the dramatic evolutionary segregation within species, i.e . , the 
emergence of biovar Orientalis strains. Opposite to the selective genome expansion 
by horizontal gene acquisition, genome reduction occurs through the loss of DFRs. 
Gene loss seems to be dominant in the continued microevolution after the rapid 
speciation of  Y. pestis . The lost genes are always nonessential for bacterial survival 
(and, thus, unable to provide a selective benefi t for bacterial growth or fi tness in the 
host) in a specifi c host niche; i.e . , if genes are rendered useless because of redun-
dancy within the host niche, then loss bias occurs. The parallel loss of DFRs leads 
to the discrete segregation of progenitor and offspring strains. This genome reduc-
tion gradually enables the offspring strains to reside in a more host-specifi c niche 
(see below), without overlapping the niches of its progenitor strains. 

 The microevolution of genomovars is perfectly consistent with the expansion of 
plague foci. Each genomovar is confi ned to a specifi c geographic region, namely, a 
plague focus or part of a focus with a unique combination of natural environment, 
host reservoirs, and vectors. Most of the geographic regions with different primary 
reservoirs have unique genomovars. Sometimes, there is more than one genomovar 
in a single focus within a single primary reservoir, but each of the genomovars cor-
responds to a unique combination of natural environment and primary vector(s). 

 The long-term persistence of  Y. pestis  in nature is accompanied by its interac-
tions with animal reservoirs and fl ea vectors.  Y. pestis  is pathogenic to its rodent 
reservoirs, while infections are limited to the entire population of the reservoir. 
Even during animal plague epidemics, the rodent population does not decline. There 
is a relative balance between  Y. pestis  and its reservoirs and vectors in natural foci. 
However, the specifi c natural environment in a defi ned geographic region (a plague 
focus or a part of the focus) will ultimately determine the food chain-based relation-
ship among  Y. pestis  and its reservoirs and vectors. The unique set of hosts (reser-
voirs and vectors) in the specifi c natural environment and their interactions with  Y. 
pestis , termed a host niche, determines the persistence and the type of  Y. pestis . 

 It is logical to say that the origin of the ancestral  Y. pestis  strain is associated with 
only one kind of rodent but that it has the potential to infect other species of animals. 
Once the bacteria are exposed to new animals in new geographic regions by animal 
contacts or vector-borne routes, new host niches will come into being gradually. 
During this time, genetic variations, such as gene acquisition, gene loss, point muta-
tions, and genome rearrangements, occur randomly in the  Y. pestis  genome. When 
 Y. pestis  temporarily colonizes a new host niche, the specifi c host niche directs natu-
ral selection, leading to the stabilization and vertical inheritance of benefi cial 
genetic variations in the genome of the colonizing  Y. pestis  strain, which may be 
defi ned as directional microevolution of the genome. A specifi c host niche deter-
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mines not only the long-term persistence of  Y. pestis  but also the genomovar of  Y. 
pestis  itself, i.e . , the expansion of plague foci is part of the stepwise adaptation of  Y. 
pestis  to new host niches. 

 Each host niche in different natural plague foci provides a unique environment in 
which natural selection occurs, which thereby directs the parallel adaptation of  Y. 
pestis . This led  Y. pestis  to evolve from a newly emerged single-host species to a 
multi-host pathogen. In other words, the parallel adaptation to various niches drives 
 Y. pestis  strains to diversify into different biovars or genomovars. Specifi c genom-
ovars are limited to certain geographic regions (or host niches) through a course of 
within-species segregation, or the so-called pathogen specialization, which has the 
advantage of avoiding overlapping niches.  

3.2.10     Genome-Wide SNP-Based Typing 

 SNPs have been increasingly used to genotype bacterial pathogens in recent years. 
Compared with other types of molecular targets, such as VNTRs, CRISPRs, and 
DFRs, SNPs reveal relatively low mutation rates and, hence, could provide more 
stable phylogenetic relationships across samples [ 121 ]. Many pathogens, such as  Y. 
pestis, S. enterica  serovar Typhi,  B. anthracis , and  Burkholderia mallei , are geneti-
cally monomorphic and harbor only a limited number of DNA variations. For exam-
ple, in a globally representative collection of  S. enterica  Typhi strains, only 82 SNPs 
were identifi ed within an 80-kb genomic fragment [ 148 ], and for  Y. pestis , no SNPs 
were found in six genes with a total size of 2509 bp [ 27 ]. Therefore, to increase the 
discriminative power of an SNP-based typing method, longer genome regions need 
to be explored to fi nd more SNPs, which serve as typing targets. Comparisons 
among whole-genome sequences would provide the most diverse information and 
the highest resolution power. Therefore, given decreasing sequencing costs, whole- 
genome- wide SNP analysis has become the new gold standard in genotyping and 
evolution analyses. 

 Prior to 2004, three complete genome sequences of  Y. pestis  strains CO92, KIM, 
and 91001 were released [ 53 ,  82 ,  83 ]. Achtman et al. compared 3250 orthologous 
coding sequences among these three genomes, and they found only 76 synonymous 
SNPs (sSNPs), which demonstrate the highly conservative nature of  Y. pestis  [ 28 ]. 
The ancestral nucleotide status of the sSNPs was defi ned as being identical to that 
of the  Y. pseudotuberculosis  genome (IP32953), while the statuses in the  Y. pestis  
genomes were defi ned as accumulated mutations since the speciation of  Y. pestis  
from  Y. pseudotuberculosis . A three-branch phylogeny was deduced according to 
these sSNPs. One branch that contained strain 91001 (branch 0, branch length of 27 
sSNPs) split off fi rst, and then after thousands of years of evolution, the branches 
containing strain CO92 and KIM split into branch 1 (20 sSNPs) and branch 2 (15 
sSNPs), respectively. As molecular markers to distinguish the three branches of  Y. 
pestis , 44 sSNPs were selected to screen 105  Y. pestis  strains by dHPLC. Eight 
phylogroups were identifi ed, and to facilitate the transition between traditional des-
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ignations based on biochemical phenotypes and phylogenetic relationships based 
on molecular markers, Achtman et al. designed a nomenclature system for  Y. pestis  
that combined molecular relatedness and the traditional biovar designations. The 
populations were designated according to their branch plus an abbreviation for the 
biovar (abbreviations, ANT, Antiqua; PE, Pestoides (including Microtus isolates); 
MED, Medievalis; ORI, Orientalis; IN, intermediate strains between 1.ANT and 
1.ORI) followed by a number of sequential populations, e.g . , the group of bacteria 
related to Orientalis is referred to as 1.ORI to refl ect the association of the Orientalis 
phenotype with branch 1, and almost all pestoides isolates were placed into groups 
0.PE1, 0.PE2, 0.PE3, and 0.PE4 in branch 0. 

 Achtman et al. noted that biovar Antiqua strains were grouped into distinct 
groups that were designated as 1.ANT and 2.ANT, which were located on branches 
1 and 2, respectively, although both strains can ferment glycerol and reduce nitrate. 
Similarly, the biovar Medievalis strain that can reduce nitrates is found among 
groups 2.MED, 2.ANT, 0.PE1, and 0.PE4, probably because of multiple, indepen-
dent molecular events. Finally, the designation pestoides for organisms that can 
ferment melibiose and rhamnose combines a variety of diverse organisms from 
groups 0.PE1, 0.PE2, and 0.PE3. Therefore, they noted that the molecular popula-
tions are not fully compatible with the classical phenotypic categories that are used 
to designate biovars, and biovars are not necessarily monophyletic and should not 
be used for evolutionary or taxonomic purposes. Achtman et al .  also noted that 
phylogroups were not necessarily a reliable indicator of phenotype, e.g . , one 2.MED 
isolate (pestoides J) was unable to ferment glycerol, and 1.ORI includes one isolate 
(Nicholisk 51) that can ferment glycerol. Similarly, some 2.ANT isolates can reduce 
nitrate, whereas others cannot. 

 As more genome sequences were released, Morelli et al. [ 119 ] compared 17  Y. 
pestis  genomes and identifi ed 1364 SNPs from coding regions of their core genome 
(genome fragments that were present in all of the analyzed samples). By performing 
SNP discovery in up to a 185-kb genome region for other strain collections (99 from 
China, 90 from the USA, 82 from Madagascar, and 99 from other regions) via 
dHPLC, 141 SNPs were found. Sequenom MassARRAY SNP typing was per-
formed on whole genomes that were amplifi ed from the DNA of 288 global isolates. 
The states of 933 selected SNPs were used to construct a species phylogenetic tree 
by the minimal spanning method. The population structure was consistent with pre-
vious research, and it was composed of three main branches, except for a new popu-
lation, 3.ANT, which was located at the end of branch 0 and may represent a fourth 
branch (branch 3, which was subsequently verifi ed by whole-genome sequencing). 

 More new subpopulations were observed in Morelli et al.’s research, and inter-
estingly, the subpopulations revealed a pattern of strong geographical clustering. 
Populations in branch 0 were mostly isolated from China (0.PE4, 0PE7, 0.ANT1, 
0.ANT2, and 0.ANT3), except for 0.PE2, which was from the FSU. The 0.PE3 
group contains only a single Angola strain with an unknown isolation location, but 
its name implied an African origin. Branch 1 contains three populations, 1.ANT, 
1.IN, and 1.ORI, each of which had three subpopulations. Isolates in 1.ANT were 
restricted to east and central Africa. The next population on branch 1, 1.IN (termed 
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because it was intermediate between biovars Orientalis and Antiqua in the phyloge-
netic tree), was from the Qing–Tibet Plateau in China. The youngest population in 
branch 1, 1.ORI, spread globally from Hong Kong, China, during the third plague 
pandemic. The subpopulation 1.ORI1 mostly appears in India and the USA now. 
1.ORI2 experienced multiple, independent dissemination events that enabled it to 
reach Europe, South America, Africa, and Southeast Asia, and now it is mostly 
present in Southwest China and adjacent countries. 1.ORI3 spread to Madagascar 
and then Turkey, and it was still active in Madagascar in recent years. Branch 2 split 
into two populations, 2.ANT and 2.MED. All isolates in 2.ANT2 and 2.ANT3 were 
from China, whereas the two strains that belonged to 2.ANT1 were isolated in 
neighboring Nepal. Similarly, all 2.MED2 and 2.MED3 isolates were from China, 
whereas 2.MED1 strains were from Kurdistan in Central Asia. As strains isolated 
from China are scattered in multiple populations over the entire phylogenetic tree, 
Morelli et al. inferred that  Y. pestis  might have originated and evolved from China 
and then spread to other regions on multiple occasions [ 119 ]. 

 Before the widespread use of next-generation sequencing technology in bacterial 
population genetic studies, most of the typing analyses were based on variations 
that arose by comparing a few of the strains for which whole-genome sequences 
were available, followed by screening for more isolates to determine the states of 
these variations in different loci. Such methods generate phylogenetic discovery 
bias [ 149 ], which can group divergent strains together, particularly if the two 
genomic sequences are from closely related strains [ 150 ]. Therefore, the real phylo-
genetic distances across samples would be ignored, thereby reducing the discrimi-
native power in typing and evolution research. To better decipher the genetic 
diversity and historical evolution pattern of  Y. pestis  while avoiding the infl uence of 
phylogenetic discovery bias, Cui et al. [ 120 ] selected 118  Y. pestis  strains that were 
isolated from China and Mongolia. They combined them with 15 published genome 
sequences of strains that were isolated globally to identify whole-genome-wide 
SNPs for each sample and then rebuilt the phylogenetic tree. This study differenti-
ated all 133 strains into 132 genotypes based on 2298 high-quality SNPs. Only two 
strains that were isolated within 1 month of each other in the same local area were 
indistinguishable. Two novel branches, branches 3 and 4, which are as old as 
branches 1 and 2, were identifi ed. The fi ve-branch population structure was fi nally 
defi ned and used as the standard in other typing or evolutionary studies of  Y. pestis  
[ 122 ,  151 – 153 ]. 

 The sequenced isolates cover a wide geographic area of China, and they origi-
nated from a variety of hosts, providing a good chance to assess the extent of host 
specifi city and geographic clustering of  Y. pestis  populations. Subpopulations were 
clearly not randomly distributed among hosts (Fig.  3.1a ; nonparametricχ 2  test, 
64.61; 999 permutations;  p  = 0.001). Subpopulations were also clearly geographi-
cally clustered (Fig.  3.1b ; multiple analysis of variance, Pillai–Bartlett trace = 1.75, 
 p  < 2.2 × 10 −16 ). Because these two factors are largely confounded statistically, it was 
impossible to evaluate the relative importance of geography and ecology in shaping 
the population structuring of  Y. pestis  in China.
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   Cui et al. found that the deepest branching subpopulation, 0.PE7, was isolated in 
the Qinghai–Tibet Plateau, China, and that this region encompasses the most diverse 
isolates; therefore, it may be the original source of  Y. pestis . In the western part of 
China, the geographical sources of many isolates overlap with, or are near, areas 
that were historically associated with subroutes I and II of the Silk Road, which 
were used over a 2000-year period for trading with Central Asia and Europe [ 154 ]. 
Other isolates overlap with the Tea Horse Road (also referred to as the Southwest 
Silk Road) [ 155 ], which was the primary trade route for over 1300 years to South 
Asia, including India and Nepal (subroute III), and Southeast Asia, including 
Vietnam and Myanmar (subroute IV). The spread of plague from China to other 
areas probably occurred via these four routes, e.g . , 2.MED2 was isolated along 
subroute I, which probably refl ects the manner of its spread to Western Asia [ 156 ]. 
Similarly, 2.ANT1 may have spread to Nepal along subroute III, because 2.ANT1 
was isolated near that route at the Nepalese border. Finally, the third pandemic that 
spread globally from Hong Kong in 1894 was caused by 1.ORI and followed epi-
demic outbreaks in Yunnan province [ 157 ]. The predecessor of 1.ORI (1.IN2) and 
one of the lineages within 1.ORI (1.ORI2) were both isolated in Yunnan province in 
the vicinity of the Tea Horse Road (subroute IV).   

a b

  Fig. 3.1    Spatial and host distribution of the sampled  Y. pestis  isolates. ( a ). Spatial distribution of 
the sources of the isolates according to longitude and latitude that were scaled to a mean value of 
zero and standard deviation of 1.0 to account for differences between latitude and longitude. 
Ellipses encompass 95 % of the dispersion (inertia) of each group, and the geographic sources of 
singletons are indicated by points. ( b ). Numbers of isolates per bacterial population and host 
genus. Non-rodent mammalian hosts are indicated in a gray font       
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3.3     Outer Membrane Protein Profi les 

 The outer membrane proteins of 38  Y. pestis  isolates from all known plague foci of 
northeast Brazil were analyzed by SDS-PAGE [ 158 ]. Approximately 20 bands were 
consistently found in all strains analyzed, and 11 were selected for comparative 
studies. Although qualitative differences among the electrophoretic profi les of the 
outer membrane proteins of the  Y. pestis  isolates were not observed, quantitative 
alterations were clearly noted for most of these proteins. No particular quantitative 
alteration of the outer membrane protein electrophoretic profi le could be associated 
with the period of isolation and geographic origin of the isolates. A 64-kDa outer 
membrane protein was expressed at signifi cantly higher levels in  Y. pestis  strains 
that were isolated from a recent plague outbreak. The possible use of outer mem-
brane protein electrophoretic profi les of  Y. pestis  isolates as a tool for epidemiologi-
cal studies and for the analysis of virulence determinants is discussed below. 

 In a recent study, three techniques for obtaining outer membrane-enriched frac-
tions from  Y. pestis  were evaluated [ 159 ]. The techniques analyzed were differential 
solubilization of the cytoplasmic membrane with Sarkosyl or Triton X-100 and cen-
trifugation in sucrose density gradients. An SDS-PAGE analysis of an outer mem-
brane isolated by the different methods resulted in similar protein patterns. The 
measurement of NADH dehydrogenase and succinate dehydrogenase (which are 
inner membrane enzymes) indicated that the outer membrane preparations obtained 
by the three methods were pure enough for analytical studies. In addition, prelimi-
nary evidence of the potential applicability of outer membrane proteins for identify-
ing  Y. pestis  geographic variants was presented.  

3.4     Fatty Acid-Based Typing 

 More than 300 fatty acids and related compounds have been found in bacteria, and 
the wealth of information contained in these compounds can be estimated not only 
by considering the presence or absence of each acid but also by quantitatively ana-
lyzing the data. An automatic gas chromatographic system, the Sherlock Microbial 
Identifi cation System (MIS), has been developed to analyze bacterial fatty acids that 
are 9–20 carbons in length. The peaks are automatically named and quantitated by 
the system. Branched-chain acids predominate in some Gram-positive bacteria, 
while short-chain hydroxy acids often characterize the lipopolysaccharides of Gram-
negative bacteria. The fatty acid profi les can be used to identify and trace bacteria. 

 Song et al. [ 160 ] evaluated the possibility of using cellular fatty acid (CFA) 
information to type  Y. pestis . They used 58 strains, representing different ecotypes, 
which were isolated in different regions in China. Major CFAs of the tested strains 
are 16:0, cyclo 17:0, 3OH-14:0, ω7c 16:1, and monounsaturated 18-carbon acids, 
which account for more than 70 % of the total CFAs. A dendrogram of the tested 
strains revealed high homogeneity among these  Y. pestis  isolates, which suggests 
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that a CFA analysis cannot serve as a powerful tool in typing  Y. pestis  strains. All of 
the strains used were identifi ed as  Y. pseudotuberculosis  by the Sherlock system, 
which was caused by CFA differences between the tested strains and Sherlock stan-
dard library strains. The Chinese strains of  Y. pestis  lack ω5c 16:1 and have an extra 
cyclo ω8c 19:1 compared with the database used by the Sherlock system, implying 
that CFA analyses are not useful for typing  Y. pestis.  Tan et al. used normalized 
Sherlock MIS and Sherlock standard libraries to analyze the fatty acid composition 
of different strains of  Y. pestis  and  Y. pseudotuberculosis . They found that ratios of 
certain CFA components could serve as chemical markers to differentiate the two 
closely related bacteria [ 161 ]. Specifi cally, the ratios of 14:0⁄18:0 vs. 18:1 × 7c⁄18:0, 
3-OH-14:0⁄18:0 vs. 18:1 × c⁄18:0, 16:1 × 7c⁄18:0 vs. 18:1 × 7c⁄18:0, 12:0⁄18:0 vs. 
18:1 × 7c⁄18:0, and 12:0 ALDE⁄18:0 vs. 16:1 × 7c⁄18:0 fatty acids could be used to 
differentiate  Y. pestis  from  Y. pseudotuberculosis .  

3.5     Bacterial Mass Fingerprinting 

 Bacterial mass fi ngerprinting is a typing method that is based on MALDI-TOF 
MS. MALDI-TOF MS has been increasingly used in recent years to identify bacte-
ria by determining their protein profi les [ 162 ]. The technology is rapid and sensi-
tive, and it can distinguish bacteria at the genus, species, subspecies, or even strain 
levels [ 163 ]. Specimen preparation for MALDI-TOF MS is relatively simple and 
can be fi nished within minutes, and the workfl ow can be standardized for most bac-
terial species. Liu et al .  evaluated the effects of different experimental conditions, 
including the number of bacterial cells used, and treatment procedures with differ-
ent solutions, matrix species, and solvents, on mass spectra, and they showed that an 
optimized protocol could identify different bacterial species, including  Y. pestis ,  E. 
coli ,  Burkholderia cepacia ,  B. anthracis , and  S. aureus  [ 164 ]. However, only the 
EV76  Y. pestis  strain, an avirulent vaccine strain, was used to represent the  Y. pestis  
species in this study. 

 Ayyadurai et al. reassessed the usefulness of MALDI-TOF protein profi ling, in 
combination with a protein profi le database, for identifying 39 different  Yersinia  
strains representing 12 different  Yersinia  species [ 165 ]. Thirteen  Y. pestis  strains, 
including strains of the three major biovars, Antiqua, Medievalis and Orientalis, 
were included in the database. The results demonstrated that the 12 species of the 
 Yersinia  genus could be unambiguously identifi ed by their unique protein profi le, 
and the three biovars could be well distinguished by MALDI-TOF MS. Furthermore, 
Ayyadurai et al. collected two more  Y. pestis  isolates and 11 more  Y. enterocolitica  
isolates and compared them against the database. The results showed that all of the 
strains could be differentiated to the species level, thereby proving that MALDI- 
TOF MS could reliably identify  Y. pestis  strains.  

Z. Qi et al.



69

3.6     The Future of  Y. pestis  Typing 

 Molecular typing and microbial DNA fi ngerprinting were introduced successfully 
during the 1990s. While contributing to the effi ciency of the medical microbiology 
laboratory and enhancing our insights into the processes of microbial population 
genetics and pathogenesis of infectious diseases, both technologies will continue to 
play indispensable roles in tracing the sources of bioterrorism-related agents and in 
aiding the control of bioagents, as well as their use by bioterrorists, which is the 
main task of microbial forensics, a newly emerging discipline concerning bioterror-
ism countermeasures. 

 As mentioned above, many methods can be used to type  Y. pestis . Which meth-
ods we should employ is a diffi cult choice because more methods give us more 
choices, which in turn often makes us more hesitant in our decision making. How 
we choose a method depends upon the type and aim of the investigations. For nor-
mal epidemiological investigations, the principle for choosing a suitable method is 
that the selected method should be feasible if it can help you solve your specifi c 
problem. It should archive the typing data at low cost in terms of consumables, 
technical expertise, and required equipment. The resulting data should be easily 
compared between different laboratories. For bioterrorism-related, pathogen tracing 
investigations, the methods selected should be stable, sensitive, and standardized, 
and there should be a database for correlated comparisons among different labora-
tories. The method should be high throughput and easily automated. For the fi rst 
situation, phenotypic, genetic, and chemical typing methods are the best choice, 
while for the second situation, genomic and chemical analysis techniques are pre-
ferred. Until now, we did not have a standardized, comprehensive database for these 
techniques, although forensic scientists have worked to achieve this aim. However, 
many unpredictable diffi culties await us in the future, which include the increasing 
control of pathogen transfers between laboratories, the standardized methodology 
endorsed by scientists from different countries, database construction and analysis, 
information sharing and inter-discipline collaborations, etc. Furthermore, we need 
to overcome political barriers to work together toward our fi nal goal because studies 
of bioterrorism-related pathogens are often infl uenced by political policies. 

 The polymorphism databases for  Y. pestis  are not only used for the above fi eld 
but also for evolutionary and pathogenesis studies. As shown by our and other labo-
ratories, both genetic and genomic polymorphism analysis methods can be applied 
in these fi elds. Polyphasic polymorphism studies of  Y. pestis  will also create a model 
for future studies of other medically important microorganisms. This will teach us 
how to organize an international collaboration to construct a database of deadly 
pathogens.     
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    Chapter 4   
 Physiology of  Yersinia pestis                      

     Robert     R.     Brubaker    

    Abstract     This chapter outlines the physiology of  Yersinia pestis  with emphasis on 
identifying unique functions required for tissue invasion and acute disease. These 
activities are opposed to often incompatible processes expressed by very closely 
related  Yersinia pseudotuberculosis , which causes localized gastrointestinal infec-
tion. Gain of new information in  Y. pestis  entailed lateral transfer of plasminogen 
activator and anti-phagocytic capsular antigen via the plasmids pPCP and pMT, 
respectively, and derepression of the pigmentation locus facilitating colonization of 
the fl ea vector. The ability to survive in austere natural environments became unnec-
essary following mastery of the closed fl ea–rodent–fl ea life cycle permitting con-
comitant chromosomal degeneration (large and small deletions, additions, 
inversions, translocations, transposon inserts, and single base substitutions causing 
nonsense and missense mutations). Consequently, modern  Y. pestis  lacks a func-
tional pentose–phosphate pathway, glyoxylate bypass, and is unable to directly 
catabolize L-aspartate and close metabolic derivatives directly via the tricarboxylic 
acid cycle. The missing gene products accounting for these and numerous other 
metabolic lesions are now well-established. This group includes formyltetrahydro-
folate deformylase (PurU) required for synthesis of glycine. This defi ciency is asso-
ciated with a dramatic ability of  Y. pestis  to catabolize L-serine, required by the host 
to initiate methylation of DNA (necessary in turn to initiate successful innate 
immune processes leading to delayed-type hypersensitivity).  
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4.1       Introduction 

 A large number of mammalian species including man are vulnerable to  Yersinia 
pestis , the causative agent of plague. This organism causes both severe mortality in 
typical hosts (over 50 % for the bubonic and 90 % for the pneumonic forms, respec-
tively) and high infectivity (about 10 bacteria by fl eabite and a 100–1000-fold more 
by aerosol). This lethal combination generated three worldwide epidemics termed 
the Justinian Plague of the mid-sixth century (about 50 million deaths), the Black 
Death initiated during the mid-fourteenth century (between 75 and 200 million 
deaths), and the Third Pandemic throughout the late nineteenth and early twentieth 
century (approximately 12 million deaths). Concerns that the earlier pandemics 
were actually caused by distinct etiologies have now been resolved by demonstra-
tion of  Y. pestis -specifi c DNA sequences in human skeletal remains from ancient 
plague cemeteries [ 1 ,  2 ]. Consequently, it is now generally accepted by microbiolo-
gists and historians alike that plague is the most devastating epidemic bacterial dis-
ease experienced by mankind. 

 The physiological basis for this extraordinary pathogenicity remains uncertain 
although it is established that wild-type cells of  Y. pestis  resist all forms of innate 
immunity including containment within granulomatous lesions, the hallmark of 
delayed-type hypersensitivity [ 3 ]. Nevertheless, impressive progress has been made 
in resolving the recent evolution of  Y. pestis  from very closely related but relatively 
benign enteropathogenic  Yersinia pseudotuberculosis . Plague emerged less than 
10,000 years ago [ 4 ] and, as judged by a rooted phylogenetic tree based upon single 
nucleotide polymorphisms [ 5 ],divergence has proceeded to the present day giving 
rise to specifi c lineages or molecular groups (Fig.  4.1 ) analogous to the classical 
biovars of Devignat [ 6 ]. The brevity of this evolutionary process only permitted 
change by acquisition of new genes by lateral transfer and modifi cation or loss of 
existing genes. The former include determinants encoded by new plasmids or high 
pathogenicity islands that facilitate invasion of tissue or survival in the fl ea vector. 
The latter entail structural or regulatory modifi cations of similar shared genetic ele-
ments or elimination of primarily chromosomally encoded activities no longer 
required by  Y. pestis  in its new closed life cycle (but essential to  Y. pseudotubercu-
losis  for expression of chronic enteropathogenic disease or survival for extended 
periods in austere natural environments). As described in the next sections, the pro-
gression occurring from  Y. pseudotuberculosis  until divergence of the 0.PE4 molec-
ular group is straightforward but often tumultuous. Curiously, members of this 
lineage and its progenitors possess most or all of the known virulence determinants 
shared by contemporary  Y. pestis  [ 5 ,  7 ]. However, these strains only promote dis-
ease in murid rodents as opposed to isolates from the next 0.ANT1 molecular group 
and all subsequent lineages (Fig.  4.1 ). These later strains cause plague in non-murid 
rodents as well as a variety of other mammalian species including primates [ 7 ,  8 ].

   Little is known about the genetic change(s) that account for this impressive late 
increase in invasiveness and virulence. The still extant  Y. pestis  strains lacking this 
critical alteration were assigned to the subspecies  Microtus  and are considered to be 
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“enzootic, non-main, or pestoides” isolates [ 7 ,  8 ]. The purpose of this chapter is to 
defi ne the structure and function of contemporary highly pathogenic “epidemic or 
main”  Y. pestis  emphasizing both unique genetic information acquired by recent 
lateral transfer and the physiological consequences of extensive chromosomal loss 
on fi tness in vitro.  

4.2     Phenotypes 

  Y. pseudotuberculosis  is a member of the family Enterobacteriaceae known to pos-
sess fully functional and tightly regulated Embden–Meyerhof (glycolytic), pentose–
phosphate, Entner–Doudoroff, and tricarboxylic acid (TCA) cycle or pathways plus 

  Fig. 4.1    The evolution of  Yersinia pestis ; change from the enzootic to epidemic phenotype 
occurred after divergence of the 0.PE4 but before emergence of the 0.ANT1 lineages, respectively 
[ 5 ]       
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a complete set of respiratory cytochromes. These organisms are also capable of 
growth, at least under aerobic conditions, at room temperature (26 °C) in minimal 
medium containing only inorganic salts and a fermentable source of carbon. Growth 
at 26 °C but not host temperature (37 °C) also induces production of complex lipo-
polysaccharide (LPS) containing unusual and highly antigenic terminal hydropho-
bic dideoxyhexoses [ 9 ,  10 ] that favor survival within harsh or austere natural 
environments. Genes promoting production of this full LPS are downregulated at 
37 °C in  Y. pseudotuberculosis  and are largely cryptic in  Y. pestis  [ 7 ]. Nevertheless, 
a comparison of salient portions of the two genomes demonstrated that  Y. pseudotu-
berculosis  serotype O:1b (encompassing the dideoxyhexose paratose) was the pro-
genitor of  Y. pestis  [ 11 ]. 

 Total DNA of  Y. pestis  was assayed under stringent conditions of association and 
found to have 9 %, 23 %, and 83 % homology with that of  Escherichia coli ,  Yersinia 
enterocolitica , and  Y. pseudotuberculosis , respectively [ 12 ]. This relationship pre-
dicted that the amount of DNA found to be specifi c for  Y. pestis  would be minimal 
and the results of subsequent sequencing revealed that only the two plasmids of the 
species and 32 chromosomal genes are unique [ 13 ]. In contrast, about 13 % of all 
functional genes within  Y. pseudotuberculosis  are now inactive in  Y. pestis  [ 13 ] due 
to chromosomal degeneration caused by inversions and translocations, small addi-
tions and deletions, missense mutations, and rampant proliferation of IS elements. 
The latter in  Y. pseudotuberculosis  exist as a combined total of 20 copies of IS 100 , 
IS 1541 , IS 1661 , and IS 285 , whereas this number was about sixfold higher in epi-
demic  Y. pestis  [ 13 – 15 ]. The consequences of this evident random loss extend to all 
areas of intermediary metabolism as well as the integrity and effectiveness of the 
envelope. The resulting physiological lesions are obviously not detrimental to infec-
tivity and virulence but do prevent long-term survival in limited natural environ-
ments and thus serve to contain  Y pestis  within a closed fl ea to rodent to fl ea life 
cycle. This phenotype is atypical in that the plague bacillus is both lethal to the fl ea 
vector due to blockage of its foregut and also causes death of the mammalian host, 
thereby assuring that freshly infected resident fl eas will depart in search of new 
victims. A response of this nature is consistent with that of a newly evolved parasite 
as contrasted with more highly adapted pathogens that tend to minimize damage to 
their hosts [ 16 ]. 

 All three pathogenic yersiniae share an approximately 70-kb plasmid termed 
pCD ( c alcium  d ependence) in  Y. pestis  and pYV ( y ersiniae  v irulence) in the entero-
pathogenic species. pCD mediates a low-calcium response (LCR) at 37 °C but not 
26 °C defi ned as bacteriostasis accompanied by upregulation of a pCD-encoded 
type 3 secretion system (T3SS) during cultivation without Ca 2+  versus the occur-
rence of vegetative growth and downregulation of the T3SS in media containing 
≥2.5 mM Ca 2+  [ 17 ]. It is signifi cant that this concentration of Ca 2+  is identical to that 
of mammalian plasma and that, in enriched Ca 2+ -defi cient media, the LCR of  Y. 
pestis  is exacerbated [ 18 ] by addition of that concentration of Mg 2+  (20 mM) present 
in mammalian cytoplasm [ 19 ]. This relationship was defi ned by the early discover-
ies that oxalated solid medium containing added 20 mM Mg 2+  is selective at 37 °C 
for mutants lacking pCD [ 20 ] and that the same concentration (in the absence of 
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added Ca 2+ ) also upregulated components [ 21 ] later found to be encoded by pCD 
that mediate the T3SS. These products include virulence effectors termed Yops ( y er-
siniae  o uter  p roteins) [ 22 ] and activities that promote their translocation (Lcr + ). Ca 2+  
is dominant over Mg 2+  in that pCD-encoded gene products remain suppressed 
in vitro if the former is present at concentrations of ≥2.5 mM regardless of the 
molarity of added Mg 2+  [ 23 ]. These nutritional aspects of the LCR in  Y. pestis  are 
similar to those observed for  Y. pseudotuberculosis , although the onset of bacterio-
stasis is typically less pronounced in this species. In contrast, cells of most strains 
of  Y. enterocolitica  continue slow logarithmic growth at 37 °C in Ca 2+ -defi cient liq-
uid cultures and form colonies on solid media containing magnesium oxalate. These 
fi ndings emphasize that temperature and calcium are important factors that affect 
structure and function of wild-type yersiniae in various fashion depending upon the 
species. 

4.2.1     Temperature 

 Chromosomally encoded YmoA imposes downregulation at 26° by the pCD/pYV- 
encoded transcriptional activator LcrF (VirF in  Y. enterocolitica ). Thermal release is 
probably accomplished by melting salient DNA bends and results in induction of 
T3SS virulence effecters and machinery [ 24 ]. Other regulatory systems, of course, 
account for expression of the numerous additional temperature-dependent functions 
of yersiniae [ 25 ].  

4.2.2     Ca 2+  

 Downregulation of pCD/pYV-encoded gene products by Ca 2+  is accomplished by 
the negative regulator YopD and its chaperone LcrH [ 26 ]; mutational loss of these 
genes results in a Ca 2+ -blind phenotype defi ned as an inability to multiply at 37 °C 
regardless of the presence of suffi cient Ca 2+  to ensure growth of wild-type yersiniae 
[ 17 ]. Ca 2+  also closes physiological gates comprised of YopN–SycN–YscB–TyeA 
[ 27 ,  28 ] and LcrG-LcrV (V antigen) [ 29 ]. The Ca 2+ -blind phenotype is also con-
ferred by mutational loss of YopN and LcrG, whereas mutants lacking  lcrV , encod-
ing a major protective antigen [ 21 ,  30 ], are Ca 2+ -independent. Although Ca 2+  
downregulates the LCR in vitro, this inhibition is blocked in Ca 2+ -rich mammalian 
plasma or lymph where contact of yersiniae with the surface of professional and 
nonprofessional phagocytes promotes translocation of Yops into host cell cytoplasm 
[ 31 ,  32 ]. This ability to prevent Ca 2+  from downregulating the LCR in vivo may 
refl ect competition at the bacterial surface between the free cation and a specifi c 
receptor. This possibility was strengthened by studies of YscF, a small pCD-encoded 
protein that polymerizes to form the external needle of the T3SS injectisome. This 
activity contains aspartyl residues which, when replaced with neutral amino acids 
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(unable to bind calcium), yielded Ca 2+ -blind mutants suggesting a role as sensor 
[ 33 ]. This observation is consistent with the fi nding that bacteriostatic Ca 2+ -starved 
Lcr +   Y. pestis  bound signifi cantly more carrier-free  45 Ca 2+  at 37 °C than did growing 
mutants cured of pCD [ 34 ]. 

 Results of further analysis suggest that the injection of virulence effectors can 
also occur following secretion of translocators and their associated Yops across the 
inner and outer membrane prior to impending host cell contact. These complexes 
then assemble and associate with pores of the host target cell plasma membrane 
where the translocators mediate entry of their Yops into cytoplasm [ 35 ,  36 ]. As 
mentioned below, this concept concerns other variables, especially the concentra-
tion of Mg 2+  and proteolysis caused by the plague plasminogen activator. 

 The physiological consequences of Ca 2+  deprivation and the reason why the cat-
ion serves as a temperature-dependent nutritional factor have received additional 
study. As subsequently shown, static Ca 2+ -starved Lcr +  cells of  Y. pestis  are enlarged 
and contain nucleoids in the form of axial fi laments. This morphology is typical of 
Enterobacteriaceae in stationary phase or otherwise starved for some essential nutri-
ent and refl ects a reduced adenylate energy charge inconsistent with cell division. 
This proved to be the case with Lcr +  yersiniae as shown by using a Ca 2+ -defi cient but 
otherwise highly enriched synthetic medium where temperature shift from 26 to 
37 °C permitted completion of ongoing rounds of DNA replication but blocked the 
initiation of new rounds [ 18 ]. These fi ndings suggested that Ca 2+  starvation pro-
motes a lesion in bioenergetics associated with expression of the LCR and the 
results of further work showed that a combination of Na + , Cl − , and L-glutamic acid 
was necessary to assure bacteriostasis [ 37 ]. The pH of chemically defi ned Ca 2+ -
defi cient culture media (supplied with K +  to maintain cationic equivalents) also 
infl uenced growth of Lcr +  cells and cultures containing added NaCl and L-glutamate 
at pH 7.5 prompted almost immediate shutoff of cell division. In contrast, essen-
tially full-scale growth plus complete expression of all tested pCD-encoded gene 
products occurred at pH 6.5 in the presence of added L-glutamate but not NaCl [ 38 ]; 
it is probably signifi cant that this environment mimics Na + - and Cl − -defi cient host 
cell cytoplasm [ 19 ]. Other Ca 2+ -defi cient combinations that nurtured essentially 
full-scale growth were pH 5.5 with added Na +  and L-glutamate, where expression 
of pCD-encoded functions was minimal, and pH 8.0 with added Na + , where 
NADH:ubiquinone oxidoreductase (Na + -NQR) is active as a primary electrogenic 
sodium pump [ 39 ]. It is of interest in this context that Ca 2+ -blind  lcrG  and  yopN , but 
not  yopD  or  lcrH , mutants were also rescued from temperature-sensitivity in the 
three permissive environments [ 40 ]. 

 These fi ndings suggest that temperature-dependent nutritional-dependence upon 
Ca 2+  is a nutritional artifact prompted by the ubiquitous presence of Na +  (and Cl − ) in 
media prepared from natural sources, use of sodium oxalate to chelate Ca 2+ , and the 
common practice of adding NaOH to adjust the pH of chemically defi ned media. 
The combination of Na +  plus L-glutamate without added Ca 2+  proved to be espe-
cially inhibitory at neutral pH, possibly because Na +  serves as a porter for its uptake 
via a major (inner membrane)   glutamate:sodium symporter     (GltS), thereby enabling 
Na +  to enter bacterial cytoplasm. It is well-known that Na +  is a cytoplasmic poison 
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and its accumulation within Ca 2+ -starved Lcr +  yersiniae may account for the 
observed reduced adenylate charge associated with bacteriostasis. Additional meta-
bolic lesions specifi cally associated with catabolism of L-glutamate/L-aspartate in 
Lcr +  cells of  Y. pestis  are considered below.  

4.2.3      Y. Pestis -Specifi c Functions 

 As already noted, the ability of  Y. pestis  to cause acute invasive disease is caused in 
part by laterally transferred determinants that promote invasion of tissues. Major 
examples are the ~10-kb plasmid pPCP ( p esticin,  c oagulase, and  p lasminogen acti-
vator) and the ~100-kb plasmid pMT ( m urine  t oxin) or pFra ( fra ction 1) [ 41 ]. In 
addition, epidemic strains possess a 102-kb chromosomal pigmentation region 
(Pgm + ) containing genes within a high pathogenicity island [ 42 ] for siderophore 
(yersiniabactin or Ybt) biosynthesis, necessary for high-affi nity uptake of Fe 3+  [ 43 –
 45 ]. In addition, this sequence contains genes encoding biofi lm synthesis and regu-
latory functions that result in the binding of hemin at room temperature (Hms + ), a 
function accounting for the classical “pigmented” phenotype of Jackson and 
Burrows [ 46 ]. 

4.2.3.1     pPCP 

 This small plasmid harbors only three structural genes [ 47 ] but it is critical for the 
invasiveness of  Y. pestis . It encodes a bacteriocin termed pesticin discovered by 
Ben-Gurian and Hertman [ 48 ], its immunity protein, a “fi brinolytic activity” fi rst 
reported by Madison [ 49 ], and the “coagulase” of Jawetz and Meyer [ 50 ]. Hall and 
Brubaker [ 51 ] showed that pesticin converts target bacteria to osmotically stable 
spheroplasts (Fig.  4.2 ) and additional study showed that the bacteriocin displays 
muramidase activity [ 52 ]. Furthermore, Beesley et al. [ 53 ] demonstrated that both 
the “fi brinolytic” and “coagulase” functions co-purifi ed and required processing by 
the host to initiate activity as evidenced by inhibition of the fi brinolysin with a spe-
cifi c plasminogen activator inhibitor (ε-aminocaproic acid) on fi brin plates contain-
ing plasminogen or by destroying the plasminogen therein by heating. These 
fi ndings fi rst demonstrated that the fi brinolytic activity elaborated by  Y. pestis  is a 
plasminogen activator (Pla). In parallel studies, the consequences of mutational loss 
of pPCP-encoded pesticin and linked Pla [ 41 ] on virulence were evaluated in mice 
[ 54 ]. The results showed that Pla was of little importance following intravenous 
injection but reduced lethality by a million-fold when the bacteria were adminis-
tered subcutaneously (Table  4.1 ). This fi nding established Pla as a major tissue inva-
sion of epidemic  Yersinia pestis . Essentially identical results were reported 
independently by others [ 55 ] and this group fi rst established that Pla was a member 
of the omptin protease family [ 55 ]. Pla is now known to directly or indirectly acti-
vate a number of additional host activities that favor invasion of host tissues 
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(Fig.  4.3 ). Further discussion of these reactions, that account for coagulation and 
deposition of fi brin are beyond the scope of this chapter and the reader is referred to 
the excellent review of Korhonen et al. for this information [ 56 ]. Curiously, Pla was 
not required for tissue dissemination in a primitive enzootic isolate normally lack-
ing pPCP but otherwise sharing unique sequences of  Y. pseudotuberculosis  that pos-
sibly contribute to the innate invasiveness of this species [ 57 ].

     Another interesting feature of Pla is that it degrades undelivered pCD-encoded 
Yops, thereby preventing expression of these virulence effectors in vitro [ 58 – 60 ]. 
Pla itself is fi rst processed and then affi xed in the outer membrane in association 
with rough LPS [ 56 ] where it contacts and hydrolyzes all known secreted pCD- 
encoded gene products except LcrV. This same type of degradation by cells of wild- 
type  Y. pestis  obviously does not always occur during growth in vivo (where Yops 
are normally delivered upon host cell contact, probably by the same mechanisms 
defi ned for the enteropathogenic yersiniae).  

  Fig. 4.2    Morphology of cells of  Yersinia enterocolitica  strain P76M after cultivation for 4 h ( a ) 
and 6 h ( b ) without pesticin ( left ) or with 40 U of pesticin per ml of MOPS-buffered defi ned 
medium ( right ) [ 51 ]       
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4.2.3.2     pMT 

 This large plasmid encodes proteinaceous capsular antigen fraction 1 (Caf1), which 
is essential for full virulence in the guinea pig but dispensable in the mouse [ 61 ] and 
probably man [ 62 ]. In addition, pMT harbors the structural gene for murine toxin. 
This phospholipase is highly toxic for murids but essentially innocuous in other 
mammals. Murine toxin is, however, required for plague bacilli to colonize the fl ea 
[ 63 ]. The remaining genes located on pMT are plebeian and unnecessary for growth 
in vitro or colonization of either the host or vector.  

4.2.3.3     Pigmentation 

 The term “pigmentation” applies to the ability of  Y. pestis  to produce a biofi lm [ 64 ] 
at 26 °C, but not 37 °C, that promotes absorption of certain exogenous small planar 
molecules, especially hemin [ 46 ] or the dye Congo red [ 65 ], by bacteria growing as 
colonies on agar surfaces. Reports describing this discovery also demonstrated that 
injected iron restored full virulence of Pgm −  mutants in mice infected by peripheral 
routes [ 66 ], although it is now established that administration of suffi cient iron to 
saturate serum transferrin also inhibits innate immunity, as occurs with  yopE  
mutants not known to be defective in iron transport [ 67 ]. The Hms +  phenotype is 
important for biofi lm formation in fl eas, thereby facilitating (blockage-dependent) 
transmission to mammals and maintenance of yersiniae within the foregut of the 

    Table 4.1    Infl uence of pCD/pYV, pCDC, and Pgm on 50 % lethal doses of  Yersinia pestis  and 
 Yersinia pseudotuberculosis  by intravenous and peripheral (intraperitoneal and subcutaneous) 
routes of injection in control mice and mice receiving suffi cient injected iron (40 μg) to saturate 
serum transferrin a    

 Phenotype 
 Injected Fe 3+  
(40 μg/mouse) b  

 Route of injection 

 Intravenous  Intraperitoneal  Subcutaneous 

  Y. pestis  
 pCD + , pPCP + , Pgm +   0  8.1 × 10 0   9.9 × 10 0   6.1 × 10 0  

 +  9.8 × 10 0   9.8 × 10 0   5.9 × 10 0  
 pCD − , pPCP + , Pgm +   0  >10 7   >10 7   >10 7  

 +  >10 7   >10 7   >10 7  
 pCD + , pPCP − , Pgm +   0  7.1 × 10 1   3.8 × 10 5   >10 7  

 +  2.3 × 10 1   1.4 × 10 1   >10 7  
 pCD + , pPCP + , Pgm −   0  1.5 × 10 1   >10 7   >10 7  

 +  4.3 × 10 1   >10 7   >10 7  
  Y. pseudotuberculosis  
 pYV +   0  3.9 × 10 1   2.9 × 10 4   1.1 × 10 4  

 +  3.1 × 10 1   2.0 × 10 2   1.4 × 10 2  
 pYV −   0  >10 7   >10 7   >10 7  

 +  >10 7   >10 7   >10 7  

   a Data from references [ 54 ,  97 ], and unpublished observations (R. R. Brubaker)  
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fl ea vector [ 68 ,  69 ]. The Hms +  property has no role in causing disease in the mam-
malian host [ 70 – 72 ]. In contrast, the ability to produce and transport Ybt via its 
specifi c receptor (Psn) is, like Pla, essential for invasion of the host following injec-
tion by peripheral routes (subcutaneous or intraperitoneal) but of no consequence if 
the organisms are administrated intravenously (Table  4.1 ). Furthermore, patterns of 
attenuation were observed in the bubonic plague model for mutants missing the 
entire Pgm +  sequence that were essentially identical to those of mutants specifi cally 
lacking Psn (or its attendant ABC transporter) [ 73 ,  74 ]. Considered together, these 
fi ndings indicate that Ybt per se is essential by the subcutaneous route, critical by 
the intranasal route (with virulence differences in biosynthetic vs transport mutants), 
and irrelevant by the intravenous route. 

 It is of interest in this context that Psn required for high-affi nity uptake of iron 
also serves as the receptor of pesticin [ 75 ]. This relationship was exploited to show 

  Fig. 4.3    Pla enhances fi brinolysis directly in  Yersinia pestis  by activating plasminogen to plasmin 
and indirectly by inactivating the antiprotease plasminogen activator inhibitor-1 (PAI-1), by acti-
vating the precursor of the plasminogen activator urokinase, and by inactivating the plasmin inhibi-
tor α 2 -antiplasmin (α 2 AP). Fibrin degradation allows bacterial dissemination and reduces 
engagement of neutrophils at the infection foci, which is also affected by the Pla-mediated cleav-
age of the C3 complement protein. Pla favors coagulation by activating the precursor of the enzyme 
factor VII (FVII) and by inactivating the anticoagulant tissue factor pathway inhibitor (TFPI). 
Fibrin traps bacteria and decreases their dissemination, and it also increases leukocyte engagement 
[ 56 ]       
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that the mutation rate from Pgm +  to Pgm −  was 10 −5  [ 76 ], a high value caused, at least 
in part, by reciprocal recombination of fl anking  IS 100 elements causing deletion of 
the whole 102-kb sequence [ 44 ]. Additional genes are encoded within the Pgm 
region that may also infl uence virulence; an interesting prospect is RipA ( r equired 
for  i ntracellular  p roliferation) [ 77 ,  78 ]. Perry, Bobrov, and Fetherston [ 79 ] recently 
reviewed the mechanics, regulation, and roles in virulence of Pgm + -dependent and 
Pgm + -independent transport systems for iron and other biologically important tran-
sition metals.  

4.2.3.4     Selective Losses 

 The ability to disseminate within the host and thus cause acute disease (or colonize 
the fl ea) is sometimes incompatible with the chronic enteropathogenic habit (or 
maintenance of equipment necessary for persistence in soil and water).  Y. pestis  has 
therefore undergone selection for a number of loss mutations that eliminate activi-
ties favoring chronic disease or survival in natural environments. Some important 
examples are loss of the major pYV-encoded outer membrane adhesin (YadA) of 
the enteropathogenic yersiniae [ 80 ] and maximal infl ammation caused by YopJ, 
although a truncated version of this protein remains [ 81 ]. Similarly, loss by  Y. pestis  
of the urease in the enteropathogenic yersiniae favored colonization of the fl ea [ 82 ].    

4.3     Structure 

 Thin sections of  Y. pestis  dividing at 37 °C in vitro (Fig.  4.4a ) revealed normal 
gram-negative anatomy including typical irregular lobate nucleoids, ribosome-rich 
cytosol, and envelopes comprising the inner membrane, periplasmic space, and 
outer membrane [ 83 ]. In contrast, static Ca 2+ -starved Lcr +  cells (Fig.  4.4b ) became 
enlarged (but not fi lamentous) and contained nucleoids in the form of long axial 
fi laments [ 23 ,  83 ]. Those genes of  Y. pseudotuberculosis  that regulate or encode 
fl agella and LPS O-group structure are only expressed at 26 °C and are either absent 
or cryptic in  Y. pestis . Plague bacilli are therefore always nonmotile and morpho-
logically rough at room temperature, although at 37 °C colonies exhibit a smooth 
appearance because of the temperature-dependent production of Caf1[ 25 ]. The lipid 
A moiety of LPS in both  Y. pestis  and  Y. pseudotuberculosis  has also undergone 
temperature-dependent modifi cation promoting its hexa-acetylation at 26 °C but 
only tetra-acetylation at 37 °C. This feature, as well as other modifi cations of the 
outer membrane, lessens infl ammation, thereby minimizing the effectiveness of 
innate immunity [ 84 – 86 ]. Another example of this phenomenon already discussed 
is the destruction of Yops in the absence of host cell contact by Pla located in the 
outer membrane.

   Cells of  Y. pestis  and  Y. pseudotuberculosis  (but not more distantly related  Y. 
enterocolitica ) produce a host temperature-dependent [ 25 ] periplasmic catalase- 
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peroxidase now termed KatY. The raison d’être of KatY is unknown other than it is 
distinct from vegetative catalase (KatA), produced in great abundance at 37 °C in 
enriched media containing Fe 3+ , but not essential for expression of virulence [ 87 , 
 88 ]. Putative changes of inner membrane function associated with starvation for 
Ca 2+  were already noted and are considered below in more detail.  

4.4     Function 

 The unique latterly acquired elements of epidemic  Y. pestis  discussed above are 
shared with most enzootic strains and thus do not account for the broad host range 
of the former. Similarly, they have no known role in reducing the ability to compete 
in natural environments and thus do not account for the reduced metabolic fi tness 
observed upon comparison of  Y. pestis  with  Y. pseudotuberculosis . These differ-
ences in fi tness are now generally recognized to occur as a consequence of the 

  Fig. 4.4    Thin sections of 
Lcr +  cells of  Yersinia pestis  
strain EV76 grown at 
37 °C in synthetic medium 
in the ( a ) presence of 
2.5 mM Ca 2+  and ( b ) 
absence of added Ca 2+ ; 
bars,0.1 μm [ 83 ]       
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unavoidable chromosomal degeneration permitted by adaptation of  Y. pestis  to the 
two enriched environments of the mammalian host and fl ea vector. As mentioned 
above, the consequent phenotypic loss is extensive (13 %) and probably almost 
always random except for changes driven by selective pressure to escape restric-
tions imposed by the enteropathogenic habit. The possibility still exists, however, 
that regulatory changes imposed by loss of one or more structural genes might 
directly or indirectly account for the increased host range of epidemic  Y. pestis . 

4.4.1     Intermediary Metabolism 

 Traditionally,  Y. pestis  was assumed to grow optimally at room temperature and, 
regardless of temperature, always more slowly than  Y. pseudotuberculosis . These 
notions are fallacious. Cells of both species exhibit minimum doubling times of 
~70 min at 37 °C in chemically defi ned medium designed to compensate for salient 
gene loss in  Y. pestis  [ 38 ]. 

4.4.1.1     Catabolism 

 Like  Y. pseudotuberculosis , cells of  Y. pestis  exhibit a complete Embden–Meyerh 
pathway but lack a functional pentose–phosphate pathway (or hexose- 
monophosphate shunt) due to loss of glucose 6-phosphate dehydrogenase ( zwf ) [ 89 , 
 90 ]. D-glucose facilitates rapid growth but promotes accumulation of excessive 
acidic end products in all but the most vigorously aerated media. This characteristic, 
which likely contributes to morbidity during terminal septicemia, is readily bypassed 
in vitro by use of D-gluconate that is catabolized by the Entner–Doudoroff pathway. 
Cells of  Y. pestis  contain a complete TCA cycle and readily oxidize the 4C and 5C 
intermediates of this pathway. The glyoxylate bypass in  Y. pestis  is expressed con-
stitutively due to loss of the IclR transcriptional repressor via frameshift mutation 
[ 91 ]. This mutation has no known physiological relevance and likely occurred as a 
random event. 

 Only those naturally occurring amino acids used as sources of energy or nitrogen 
by  E. coli  were catabolized by cells of  Y. pestis  and  Y. pseudotuberculosis  (Table  4.2 ) 
[ 92 ]. The resulting rates of destruction fell into two groups (Fig.  4.5 ). The fi rst con-
sisted of L-serine, glycine, L-threonine, and L-alanine that are all converted to pyru-
vate prior to entering the TCA cycle (as acetyl-Co A). This initial step occurs 
directly from L-serine by its deaminase (SdaA) or from L-alanine by its racemase 
(DadX) and deaminase (DadX), respectively, or indirectly by prior conversion of 
glycine to L-serine by serine hydroxymethyltransferase (GlyA) or of L-threonine to 
glycine by threonine dehydrogenase (Tdh) and then 2-amino-3-ketobutyrate CoA 
ligase (Kbl). These amino acids, especially L-serine, were generally destroyed more 
rapidly by cells of  Y. pestis  than those of  Y. pseudotuberculosis . The very high and 
evidently unregulated SdaA activity in  Y. pestis  (243.8 nmols min mg dry weight  −1 ) 
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is surprising possibly correlated with the broad host range of epidemic isolates and 
considered again in the subsequent discussion of glycine auxotrophy.

    The second group of amino acids is those that were destroyed more rapidly by 
Ca 2+ -starved cells of  Y. pseudotuberculosis  (L-asparagine, L-aspartate, L-glutamine, 
L-glutamate, and L-proline) .  Results of early work showed that growth of  Y. pestis  
was greatly stimulated by CO 2  later found to be physiologically fi xed by phospho-
enolpyruvic carboxylase (Ppc) and phosphoenolpyruvate carboxykinase (Pck) into 
oxaloacetate [ 93 ]. This fi nding suggested that the oxaloacetate pool is low during 
growth in vitro and in need of replenishment by fi xation of CO 2 . Results of further 
study indicated that this reduction in pool size resulted as a consequence of defec-
tive catabolism of L-aspartic acid due to mutational loss of an almost ubiquitous 
prokaryote enzyme termed aspartate ammonium-lyase or aspartase (AspA) [ 92 ]. 
This enzyme hydrolyzes L-aspartate to oxaloacetate. As an obvious consequence of 
this loss, Ca 2+ -starved cells of  Y. pestis  excrete metabolic L-aspartate following 
uptake of L-asparagine, L-proline, and L-glutamate, which remain in metabolic 
equilibrium in AspA +   Y. pseudotuberculosis  where they undergo complete oxidation 
to CO 2 , NH 4  + , and H 2 O (Table  4.2 ). The block imposed by loss of AspA in Ca 2+ -
starved  Y. pestis  is especially insidious in the case of L-glutamate which, like 
L-serine, serves as a favored source of carbon and energy. That is, the consequential 
loss of metabolic carbon as L-aspartate facilitates reduction of the adenylate energy 
charge, thereby causing bacteriostasis. Note that the amino acid change in AspA 
(and  zwf ) refl ects a missense mutation that was not predicted to affect activity; simi-
lar apparently innocuous alterations in other proteins could have comparable effects 
that cannot be identifi ed by genome annotation.  

     Table 4.2    Destruction of readily catabolized amino acids at pH 7.0 by resting Lcr +  cells of 
 Yersinia pestis  strain EV76 and  Yersinia pseudotuberculosis  strain PB1 after cultivation at 37 °C in 
enriched Ca 2+ -defi cient medium a    

 Amino acid 

 Rate of destruction (nmol min mg dry wt −1 ) 

  Y. pestis    Y. pseudotuberculosis   R b  

 L-Serine  243.8  53.1  4.59 
 Glycine  18.1  5.8  3.12 
 L-Threonine  7,7  10.1  0.76 
 L-Alanine  12.8  9.3  1.37 
 L-Asparagine c   6.4  46.6  0.14 
 L-Aspartic acid  0.0  31.0  – 
 L-Glutamine  0.0  2.2  – 
 L-Glutamic acid c   2.5  10.2  0.25 
 L-Proline c   11.9  11.3  1.05 

   a Data from Dreyfus and Brubaker [ 92 ] 
  b R = ratio, where values for  Y. pestis  were set at unity 
  c Amino acids that promoted secretion of L-aspartic acid  
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  Fig. 4.5    Entrance of readily catabolized naturally occurring amino acids ( shown within boxes ) 
into the TCA cycle via acetyl-CoA from pyruvate or fumarate from L-aspartate. The structural 
genes encoding these portals and all other depicted enzymes are functional in  Y. pseudotuberculo-
sis  and  Y. pestis  ( shown in green ) except for aspartase in  Y. pestis  ( shown in red ). Serine deaminase 
( sdaA ) is especially active in  Y. pestis  ( heavy arrow ) accounting for the pronounced catabolism of 
L-threonine, glycine, and, especially, L-serine), whereas the absence of aspartase markedly inhib-
its the destruction of L-aspartate and metabolically related amino acids as shown in Table  4.2        
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4.4.1.2     Anabolism 

 Processes of macromolecular synthesis tend to be conserved in all forms of life and 
no unique mechanisms of this nature have been reported for  Y. pestis . Considerable 
diversity, however, exists in routes of small molecule production, interaction, and 
regulation although these procedures in yersiniae generally resemble those known 
to occur in  E. coli . Unique to most if not all epidemic strains of  Y. pestis  are nutri-
tional requirements for L-cysteine, L-phenylalanine, L-methionine, and either gly-
cine or L-threonine.

    1.     L-cysteine . This requirement is caused by a frameshift in the gene encoding 
3’-phospho-adenylylsulfate reductase (CysH) that catalyzes the formation of 
sulfi te ions (SO 3  −2 ) from sulfate ions (SO 4  −2 ). It is commonplace to fulfi ll this 
requirement in chemically defi ned solid medium by addition of more stable thio-
sulfate ions (S 2 O 3  −2 ) that also provide expedient reducing potential.   

   2.     L-phenylalanine . The nutritional requirement for L-phenylalanine refl ects loss 
of bifunctional chorismate mutase/prephenate dehydratase (PheA) by frameshift 
due to introduction of an IS element (amino acid codon 253). Curiously, this 
event only blocks L-phenylalanine synthesis by isolates of the 1.ORI lineage 
(Fig.  4.1 ) and a different insert (amino acid codon 311) causing a larger deletion 
exists in certain L-phenylalanine-independent strains of earlier lineages.   

   3.     L-methionine . Loss of    O -succinylhomoserine (thiol)-lyase/ O - succinylhomoserine 
lyase (MetB) by frameshift accounts for this nutritional requirement. The enzyme 
utilizes L-cysteine (already a nutritional requirement) and  O -succinyl-L- 
homoserine to form L-cystathionine, long known to be capable of replacing 
L-methionine as an essential nutritional factor     [ 94 ].   

   4.     Glycine (or L-threonine) . The nature of this requirement was perplexing because 
the most common glycine auxotroph of  E. coli  can also utilize L-serine for 
growth. This replacement in plague bacilli, however, is not effective, although 
L-threonine is known to yield glycine in these organisms by catabolic cleavage. 
The genes encoding all anabolic enzymes required for de novo synthesis of 
L-serine and its dehydroxylation to glycine are functional in  Y. pestis  as judged 
by genomic annotation or direct enzymatic assay. Solution of this question, 
therefore, required an explanation of why GlyA is evidently inactive in vitro .  
One possibility was that the observed high rate of L-serine degradation via SdaA 
in  Y. pestis  was suffi cient to successfully compete with GlyA, although the pos-
sibility also existed that the lesion in question actually promoted dramatic SdaA 
upregulation per se.    

  This problem was resolved upon realization that an insertion element causes the 
loss of formyltetrahydrofolate deformylase (PurU) in  Y. pestis  [ 15 ] and that this 
enzyme in  E. coli  is necessary to maintain physiological levels of uncharged (defor-
mylated) tetrahydrofolate within the bacterial cell [ 95 ]. As in the case of  E. coli  
[ 96 ], PurU is necessary in  Y. pestis  to ensure the presence of suffi cient tetrahydrofo-
late to catalyze the GlyA-dependent synthesis of glycine from L-serine (V. L. Motin, 
personal communication). Furthermore, restoration of the PurU +  phenotype reduced 
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the marked ability of epidemic  Y. pestis  to destroy L-serine to a level similar to that 
of  Y. pseudotuberculosis  (R. R. Brubaker, unpublished observations). The 
 physiological signifi cance of this putative regulatory role of PurU is uncertain but it 
is of considerable interest that  purU  was fi rst introduced into the  Y. pestis  genome 
shortly before appearance of the 0.ANT1 lineage (a time close to the 1st plague 
pandemic) and remained fi xed in the population thereafter (R. Yang, personal 
communication).       
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    Chapter 5   
 Ecology of  Yersinia pestis  
and the Epidemiology of Plague                     

     Vladimir     M.     Dubyanskiy      and     Aidyn     B.     Yeszhanov   

    Abstract     This chapter summarizes information about the natural foci of plague in 
the world. We describe the location, main hosts, and vectors of  Yersinia pestis . The 
ecological features of the hosts and vectors of plague are listed, including preda-
tors – birds and mammals and their role in the epizootic. The epizootic process in 
plague and the factors affecting the dynamics of epizootic activity of natural foci of 
 Y. pestis  are described in detail. The mathematical models of the epizootic process 
in plague and predictive models are briefl y described. The most comprehensive list 
of the hosts and vectors of  Y. pestis  in the world is presented as well.  

  Keywords     Epizootic activity   •   Yersinia pestis   •   Focus   •   Foci   •   Model   •   Host   
•   Vector  

5.1       Distribution of Plague Foci and Unanswered Questions 

 In this section, we describe the distribution of natural foci of plague around the 
world, briefl y presenting the landscapes, carriers, and vectors of the plague microbe 
 Yersinia pestis . 
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5.1.1     Brief Description of the Focal Areas 

 Plague is one of the most dangerous epidemic diseases. During the three pandemics 
(in VI, XIV, and XIX–XX c. AD), it has claimed the lives of about 170 million 
people [ 1 ]. The morbidity of people is largely due to the epizootic activity of plague 
foci [ 2 ,  3 ]. 

 Natural plague foci are located approximately at the level of 49° northern lati-
tude in Eastern Europe and 34° south latitude in Africa, 51° northern latitude in 
North America and East Asia, and 37° south latitude in South America. Conditionally, 
this space can be called “the plague area.” 

 Natural plague foci are located in areas with a continental climate, the arid 
steppes and deserts, with insuffi cient rainfall amount for the development of woody 
vegetation. In the area of high-altitude steppes, within this zone the alpine foci of 
plague have been formed. In general, in Africa, Eurasia, and North and South 
America, plague foci confi ned to the arid region of the deserts, semideserts, dry 
plains savannas, steppes, and mountain meadows with their characteristic commu-
nities of warm-blooded animals and their ectoparasites. Such foci can be considered 
primary. The primary resistant natural foci of plague are adjacent secondary foci, 
emerged in populations of synanthropic rodents in the port cities and wet-tropical 
mainland areas, inhabited by rats of different species [ 30 ]. 

 Unfortunately, detailed maps of the focal areas exist only in some countries. 
Modern approximate and far not complete location of the natural plague foci is 
shown in Fig.  5.1 .

   The modern-day situation is described in Tables  5.1  and  5.2 . Despite the absence 
of a pandemic, the number of plague cases in the world is currently>2000 per year, 

  Fig. 5.1    Global distribution of natural plague foci as of March 2016 (     Areas (First adminis-
trative level representation) with potential plague natural foci based on the historical data and 
current information. Source: WHO/PED, as of 15 March 2016. The boundaries and names shown 
and the designations used on this map do not imply the expression of any opinion whatsoever on 
the part of the World Health Organization concerning the legal status of any country, territory, city 
or area or of its authorities, or concerning the delimitation of its frontiers or boundaries. Dotted 
lines on maps represent approximate border lines for which there may not yet be full agreement. 
©WHO 2016. All rights reserved)       
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with most occurring in connection with natural plague foci. These are presented in 
the following sections.

5.1.2         Distribution of Plague Foci 

 Please see the last part of this chapter for detail.  

5.1.3      Unanswered Questions 

 The main question that remains unanswered is whether there is an interepizootic 
period. Among the many hypotheses formulated to answer this question is the one 
proposing that the epizootic process proceeds as a chain of acute sporadic cases. 
This hypothesis of a “nomadic” plague suggests that the epizootic process enters a 
territory when conditions are optimal for the development of an epizootic number 
of hosts and vectors. Plague microbes may be preserved in microfoci, which serve 
as optimal habitats consistently populated by hosts and vectors and thereby continu-
ously maintain the epizootic process. The gradual passage of the pathogen is ensured 
by the ability of plague microbes to persist for long periods of time in the bodies of 
their arthropod (fl eas and ticks) vectors. This offers a means of preservation of the 
plague in the interepizootic period, the circulation of atypical strains, and the 
extended transmission of plague by predatory mammals and birds [ 5 – 12 ]. Other 
hypotheses regarding plague transmission derive from the studies of Yermilov et al. 
[ 13 ], Soldatkin and Rudenchik [ 14 ], Dyatlov et al. [ 15 ], Popov [ 16 ], Sludskyi et al. [ 17 ], 

   Table 5.2    Reports of human plague cases (and related mortalities) in countries: 2012–2015 
(by [ 4 ] corrected by Dubyanskiy V.M.)   

 Continents and countries  2012  2013  2014  2015 

  Total in the world    427  ( 81 )   772  ( 130 )   622  ( 130 )   321  ( 77 ) 
  Africa    416  ( 81 )   743  ( 126 )   597  ( 125 )   301  ( 71 ) 
 Congo  131 (15)  55 (5)  78 (12)  18 (5) 
 Madagascar  256 (60)  675 (118)  482 (112)  275 (63) 
 Tanzania  7 (0)  0 (0)  31 (1)  5 (0) 
 Uganda  22 (6)  13 (3)  6 (0)  3 (0) 
  Asia    1  ( 0 )   1  ( 1 )   5  ( 3 )   4  ( 2 ) 
 China  1 (0)  0 (0)  3 (3)  0 (0) 
 Mongolia  0 (0)  0 (0)  1 (0)  3 (2) 
 Russian Federation  0 (0)  0 (0)  1 (0)  1 (0) 
 Kyrgyzstan  0 (0)  1 (1)  0 (0)  0 (0) 
  America    10  ( 0 )   28  ( 3 )   20  ( 2 )   16  ( 4 ) 
 Bolivia  0 (0)  0 (0)  2 (1)  0 (0) 
 Peru  6 (0)  24 (2)  8 (1)  0 (0) 
 USA  4 (0)  4 (1)  10 (0)  16 (4) 
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Sagymbek et al. [ 18 ], Karimov and Neronov [ 1 ], and many others. They assume that 
the plague pathogen can persist in soil, in corpses, in the excrement of fl eas, and in 
a symbiotic relationship with soil microorganisms, with the bacterium temporarily 
existing in a saprophytic form, and describe the possibility of repeated acts of spe-
ciation. An evaluation of these hypotheses is beyond the scope of this chapter, but 
the knowledge on which they are based is essential. 

 Another question that remains largely unstudied is the change in the plague 
microbe at different phases of the epizootic process in connection with the dynam-
ics of the number of hosts and vectors at different plague foci. In pre-Balkhash 
 natural foci, strains of fraction-1-negative plague have been periodically detected. 
However, fraction-1 negativity is practically absent from natural foci in Caspian 
sandy regions. 

 Whether foci can be poly-hostal or are mono-hostal is also a matter of long- 
standing debate. According to supporters of mono-hostal foci, the main host of the 
plague is suffi cient for the long-term functioning of the epizootic. In the 1940s, 
Fenyuk and, later, Rall reported on mono-hostal foci of plague. However, since then 
a number of researchers have advocated the poly-hostal theory of foci, in which the 
integration of an abundance of different species of rodents living in a natural focus 
plays a major role in the maintenance of a plague enzootic, regardless of the number 
and ecological features of those species. 

 Conversely, Burdelov [ 32 ] refuted the division of plague hosts into main and 
secondary ones. Given the contacts between the different rodent species in the bur-
rows of the great gerbil and in the presence of numerous fl eas, it was argued that an 
epizootic cannot fl ow in a population comprising one species without being infl u-
enced by other species. Circulation of the plague microbe was proposed to be 
ensured by three processes: preservation of the pathogen, its accumulation, and its 
dissemination. Burdelov divided hosts and vectors into “preservers,” in which the 
plague microbe persists for a certain time, “hoarders” in the body of which plague 
microbes can increase in number, and “disseminators” of infection, i.e., animal and 
bird species that can effectively carry fl eas. 

 Existing uncertainty regarding the natural foci of plague hosts has affected the 
development and effi ciency of analytical and predictive models of epizootic pro-
cesses and the establishment of preventive measures.   

5.2     Ecological Characteristics of  Yersinia pestis  Hosts 
and Vectors 

5.2.1     Hosts 

 According to recent data, over 300 species of mammals and three species of birds 
serve as plague hosts [ 1 ,  19 ]. Among mammals, only one [ 1 ] species, the opossum 
 Monodelphis domestica , belongs to the subclass marsupials (Metatheria). All other 
mammalian hosts of  Y. pestis  belong to the subclass of placental animals (Eutheria). 

5 Ecology of Yersinia pestis and the Epidemiology of Plague
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 The 341 species of mammalian hosts can be classifi ed in seven taxonomic orders: 
rodents (Rodentia), 273 species; predatory carnivores (Carnivora), 30 species; lago-
morphs (Lagomorpha), 16 species; insectivores (Insectivora), 10 species; even-toed 
ungulates (Artiodactyla), 6 species; primates (Primates), 4 species; and hyrax 
(Hyracoidea), 1 species. Wild birds, mostly commonly wheatears ( Oenanthe  sp.), 
also can be infected by plague (3 known species). 

5.2.1.1     Animal Species 

 The different host animal species differ in their contribution to maintaining the cir-
culation of  Y. pestis  in natural foci. In the Soviet and Russian literature on this sub-
ject, most authors adhere to the separation of main, secondary(additional), and 
random hosts. 

 According to Sludskyi [ 19 ], the  main host  of the plague is a background species 
with conservative (obligate) use of certain local areas for digging burrows within 
the habitat. These burrows are relatively complex and deep and suited for long-term 
(several years) use. As such, they are perfect hygro-thermostats for enormous num-
bers of fl eas [ 107 ], the exception being vole-type foci. Additional characteristics of 
the main host are its leading position in both the biocenosis and the natural focus as 
well as its wide distribution throughout the territories of the foci. 

 According to Emelyanov [ 21 ], the main hosts of the plague are not limited to 
rodents but include any species inhabiting mountain steppe, steppe, and desert eco-
systems in plague foci. The main host may also be characterized by persistently 
high levels of epizootic contact, whether achieved by high population numbers or 
by high mobility and migration [ 22 ]. However, the computer simulation studies of 
Dubyanskiy [ 23 ] showed that the epizootic process can also function within a popu-
lation main hosts at low abundance. This feature is one of the hallmarks distinguish-
ing main from secondary or random hosts. 

 The settlements of main hosts should be relatively continuous over large areas or, 
if they consist of mosaics, interconnected. 

 Among the pathogenic features of the main hosts, the most important are: the 
occurrence of massive and long-term bacteremia, the presence of lingering forms of 
plague, and the generalization of infection, which in some cases enables the long- 
term preservation of the plague microbe despite epizootic decay. Other important 
features are the relatively high sensitivity to infection of the young of some host 
species, the predominance of septic forms of the disease in these animals, and the 
heterogeneity of a population, that is, the presence of sensitive and resistant indi-
viduals. Exceptions to the latter can be found in the Caucasus and in the northwest 
Caspian region, where there are natural foci of plague with consistently highly sen-
sitive hosts, i.e., gerbils of the  Meriones  genus (Vinogradov, Persian, Asia Minor, 
Tamarisk) [ 24 ,  25 ]. Fleas are the most specifi c of the parasites involved in plague 
transmission. They provide active dissemination of the pathogen during warm sea-
sons and its preservation during cold seasons. Among the fl eas preying on the main 
host, at least one or two species are involved in plague transmission. 
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  Additional or secondary hosts  are mammalian species that contribute to the 
legitimate circulation of the pathogen in nature and are therefore important (but less 
than main hosts) in the sustainability and long-term preservation of the plague 
microbe in natural ecosystems [ 26 ]. For example, in places where the main host is 
a large gerbil, the Libyan jird may be a secondary host. However, for ecological and 
pathogenic reasons, secondary hosts are not capable of providing constant circula-
tion of the pathogen in natural foci. 

 Secondary hosts increase the reliability of mechanisms of infection, as under 
certain conditions they may harbor the pathogen in their populations without the 
participation of the main host and therefore, at least temporarily, assume its function 
[ 27 ]. In the case of the disappearance of the main host from a focus, it might be 
replaced by another species that previously served as the secondary host [ 30 ]. 
Moreover, in some foci the same species can act as the main and as the secondary 
hosts of the plague microbe. 

    According to Sludskyi [ 19 ,  20 ],  random hosts  are animal species that are rarely 
infected by plague in nature, for both ecological and physiological reasons, such as 
sporadic settlements, low population density, the strict specifi city of their fl eas, the 
lack of effective vectors, and high resistance to  Yersinia pestis . If they are infected, 
they will become ill but will not play a role in the development of the epizootic.   

5.2.1.2     The Role of Predatory Birds and Mammals in Natural Foci 
of Plague 

 Tarasov [ 28 ] was one of the fi rst to recognize the important role of predators in natu-
ral foci of plague. He wrote that, according to the dietary specialization of certain 
predators and the numbers of species, the abundance of different groups of rodents 
could be determined. He also proposed a technique to identify a plague epizootic 
based on the accumulation of predatory birds. 

 Demidova [ 29 ] showed that the role of predators is the removal of dead and sick 
animals, which reduces the number that are infected but also spreads the infection 
(infected fl eas and animals corpses) over long distances. The mechanism of infected 
animal distribution by birds of prey was described by Dubyanskiy [ 156 ]. One route 
is when predators bring the infected, fl ea-bearing rodents they have caught into their 
nests. 

 Small mustelids that can penetrate the burrows of their prey (e.g., great gerbils) 
can be attacked by the same fl eas that parasitize their victims and thereby serve as 
additional hosts of  Y. pestis -infected fl eas. The predators then spread the fl eas across 
the hunting area and often become infected with plague themselves. Our fi eld obser-
vations in 2014, which included radiometric tracking of great gerbils, showed 
another mechanism of spread linked with predators. After an attack by the marbled 
polecat ( Vormela peregusna ), the gerbils moved from colony to colony for a few 
days, presumably actively exchanging fl eas in the many visited colonies. They then 
disappeared and could not be found over an area of 4 km, having perhaps moved to 
a new territory, further spreading the infection.   
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5.2.2     Vectors of  Y. pestis  

 General information on the hosts and vectors of  Y. pestis  can be found in Sludskyi 
[ 19 ,  20 ], Karimova, and Neronov [ 1 ], and Kozlov and Sultanov [ 30 ]. In natural foci 
of plague, only fl eas are its main vectors. Under natural conditions, the plague 
pathogen has been detected in 280 species and subspecies of fl eas belonging to 62 
genera [ 19 ]. Besides fl eas, other species of bloodsucking arthropods ( Argasidae , 
 Gamasidae ,  Ixodidae ,  Anoplura ,  Heteroptera , etc.; see Table  5.8 ) also harbor the 
bacterium but they do not play a signifi cant role in plague epizootics and 
epidemics. 

 As with mammalian and bird hosts, different species of fl eas differ in their 
importance in maintaining the circulation of the plague microbe in natural foci. 
Similar to hosts, vectors may be main, secondary (additional), or random. The main 
species of bloodsucking arthropods that defi ne it as a vector, i.e., the specifi c para-
site of the main host, are life cycle, number, and the ability to transmit the pathogen 
and to allow for its continuous transmission from one host to another. Kunitskii [ 31 ] 
was the fi rst to describe the criteria of the main vectors of plague:

    1.    Parasitism in major hosts   
   2.    The presence of the imago in the population throughout the year   
   3.    A suffi cient number of transmissions (and therefore abundance) of the pathogen 

to the imago during the epizootic season, both annually and over the long term   
   4.    In seasons critical for fl ea existence (e.g., in deserts and semideserts, the hot and 

dry period at the end of summer), the maintenance of this level at least in optimal 
habitats   

   5.    A high level of vital activity of the imago during seasons in which there is an 
abundance of both highly sensitive individuals of the main hosts and contacts 
between individuals from different burrows   

   6.    A high degree of adaptation of the plague pathogen to the vector (microbe inten-
sively reproduces and is protractedly preserved in the fl ea intestine)   

   7.    Relative durability during the interepizootic season    

  The main features of plague vectors [ 19 ,  159 ] are summarized in Table  5.3 .
   Petrov [ 22 ] considered the term “vector” highly inaccurate, because it describes 

the essence of the transmission process only partially. This view was based on the 
fact that the total residence time of the plague microbe in fl eas is much higher than 

   Table 5.3    Important features and advantages of the main vector of the plague microbe   

 Dominant species  Transmission of the pathogen at bacteremia of any 
intensity 
 Permanent “immunosuppressive pressure” on the host 

 Constant presence of the imago in 
the population 

 Stability 
 Stable abundance 

 Constant migration  Stability of intrapopulational and interpopulational 
epizootic connections 

 Frequent feeding  Stable level of pathogen transmission 
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in warm-blooded animals and the need for long-term preservation of the pathogen 
in fl eas during periods when the epizootic rapidly declines or stops completely (e.g., 
in marmots, during their annual 9-month hibernation). In the above-described clas-
sifi cation of Burdelov [ 32 ], fl eas play dual roles, acting as conservators and accu-
mulators of the plague microbe. 

 The habitat for the plague microbe is the digestive tract of fl eas, which is divided 
into front ectodermal (esophagus with a suction pump and pre-stomach), middle 
endodermal (midgut or stomach), and rear ectodermal (large and small intestine, 
rectal ampoule, rectum) segments. The fl ea esophagus consists of a thin tube with a 
muscular expansion and a suction pump at its anterior and posterior ends, respec-
tively. Food traveling down the esophagus fi rst reaches the conical pre-stomach, 
which consists of an exterior cuticle inside and an interior well-developed circular 
and longitudinal musculature. Chitin needles within the pre-stomach tear and chop 
ingested red blood cells. The suction pump is surrounded by an unclosed dorsal 
chitin ring, from which muscle bundles travel in the dorsolateral direction and regu-
late the volume of the pump. The relatively homogeneous midgut is made up of 
secretory suction and regeneration cells. The posterior large and small intestine 
have strong plicate cuticles. Water and salts are absorbed from the feces mostly via 
rectal papillae in the ampoule. 

 Although the survival of  Y. pestis  in the fl ea was initially thought to be limited by 
the digestive tract, [ 161 ] and Vashchenok [ 33 ] demonstrated the penetration of the 
pathogen in the midgut epithelial cells and in the cytoplasm of digestive cells. The 
bacterium causes separation of the epithelial cells of the insect stomach, with sub-
sequent penetration into the resulting intercellular space. Breaching of the epithelial 
cell membrane is followed by infi ltration of the cytoplasm and the destruction of 
intracellular organelles [ 34 ,  35 ].   

5.3      Characteristics of the Epizootic Process in Plague Foci 

 According to Korenberg [ 36 ], the plague epizootic process relies on the continuous 
interaction between populations of the pathogen and its natural hosts. In earlier work, 
Rall [ 55 ] divided the epizootic process in nature into development, fl ow, and extinc-
tion phases, followed by an interepizootic period during which infection persists in 
fl eas and in rodents infected by latent forms of plague. The exacerbation and develop-
ment of an epizootic under living conditions unfavorable for rodents are regular and 
necessary steps within the larger chain of events that characterize a plague enzootic. 

 An epizootic can be divided into four phases. Phase 1, accumulation of the 
plague agent, is characterized by sporadic cases or local epizootics in which the 
causative agent is in a highly virulent form. The intensive (acute or “spilled”) phase 
2 of an epizootic is characterized by (a) simultaneous detection of the pathogen in 
different sites within the enzootic area (continuous fi eld), (b) fl ow (i.e., a local, 
strong epizootic) followed by its step-by-step spatial development (extension), and 
(c) independent epizootic spots in different localized areas. During phase 3, 
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epizootic attenuation, there is a high number of infected fl eas, but their rodent hosts 
are immune to the pathogen, which has developed atypical (avirulent, weak viru-
lent) strains. In the fourth and fi nal interepizootic phase, plague epizootic manifes-
tations alternate with periods of complete quiescence of ≥ 3–5 years duration within 
a number of natural foci [ 19 ]. 

 The epizootic process can be examined in detail using the example of the Central 
Asian desert natural focus, where the plague host is the great gerbil ( Rhombomys 
opimus ; fi rst described by Lichtenstein in 1823). The infection of a single individual 
of the great gerbil by the causative agent of plague in spring marks the beginning of 
the epizootic and refl ects the overwintering of pestilential fl eas, mostly of the genus 
 Xenopsylla  [ 37 – 39 ]. Although some rodents may be infected in winter, this seems 
to be rare [ 10 ]. With the springtime infection of rodents, exacerbated by the pres-
ence of individuals infected in winter, a spring-summer epizootic is initiated. 
According to Soldatkin [ 39 ], passivation of the plague microbe requires 7–12 days 
(10 days average), during which infection develops in the great gerbil (3–4 days) 
and its fl eas become capable of transmission, a process involving blockage by the 
bacterium of the fl ea stomach and referred to as block formation (6–7 days). At low 
temperatures, block formation may be delayed for over 2–3 months, whereas at high 
temperature it can occur within 3 days. Passage of the fl eas to other animals results 
in their infection, in a chain reaction, although data on the number of colonies of 
animals infected in spring per unit territory are lacking. 

 According to some researchers, block formation by the fl eas that parasitize great 
gerbils is not an absolute requirement for passing of the plague microbe or the 
development of a massive preagonal bacteremia [ 40 ,  41 ]. This implies that the fre-
quency of causative agent transmission may be higher than determined quantita-
tively based on the frequency and speed of block formation and preagonal 
bacteremia. This should be taken into account when interpreting the results of 
plague modeling. 

 In the fi rst half of spring, great gerbils are highly mobile, associated with the col-
lapse of wintering populations and the formation of mating pairs, each of which 
occupies a separate burrow [ 10 ,  42 ]. Thus, after passing, the fl eas are carried into a 
few neighboring burrows [ 10 ,  39 ]. These subsequently infected burrows are located 
in groups (typically 2–5) set around the burrow containing the fi rst sick animals [ 43 ]. 

 At the same time, the infected fl eas may be transported over a distance of 1–2 
km, which expands the range of plague spots or, following the perpetuation of this 
process, 2–3 new plague spot [ 39 ]. Usually, about a third of animals in a given 
plague spot are infected, and roughly half of them will die from the infection. These 
plague spots, typically a few hundred meters in diameter [ 43 ], are therefore consid-
ered as the smallest structural unit of the epizootic [ 44 ], and they provide a simulta-
neously occurring miniature of all the phases of epizootic development. Thus, 
acutely developing infection of the rodents can be seen in some of the burrows, 
whereas in others the process has reached its end and the rodents have developed 
immunity. Some burrows are unimpaired by the epizootic and therefore provide 
a reserve for its later, further development. The unevenness of epizootic fl ow in 
plague spots and the constant movement of the epizootic throughout the territory are 

V.M. Dubyanskiy and A.B. Yeszhanov



111

well- recognized features of the process. Studies of the spatial structure (focality) 
and the epizootic process [ 7 ,  10 ,  43 ,  45 ,  46 ] have shown that plague spots of plague-
infected burrows constitute a group of neighboring colonies where both great 
gerbils that are infected and have recovered from plague and infected ectoparasites 
reside. These groups are irregularly located and separated from other such groups 
by statistically signifi cant distances. The accumulation of plague spots forms an 
epizootic spot, measuring several kilometers in diameter and considered an interme-
diate structure of the epizootic, whereas its large structure ranges over tens of 
kilometers, as is the case in areas of “spilled” plague epizootics [ 43 ]. 

 In the second half of spring, some animals have already started breeding and are 
mostly sedentary [ 47 ]. However, with the growth of young animals, the gerbils visit 
neighboring burrows and the plague spot therefore expands. Before the appearance 
of the second brood, females nursing the fi rst brood leave the burrow and move to 
another, traveling hundreds of meters. The males are even more mobile, usually 
visiting females in several burrows [ 10 ]. At the same time, fl eas of the genus 
 Xenopsylla  feed intensively on their hosts, often changing hosts [ 48 ]. The transmis-
sion speed of the plague microbe may increase as temperature conditions and the 
frequency of fl ea feeding become optimal for block formation, resulting in the fur-
ther extension of the plague spot. According to Soldatkin [ 39 ], the number of 
infected fl eas is typically much higher than that required for the infection of gerbils 
in a plague spot. This redundancy in the number of infected fl eas together with the 
fl ea exchange rate between gerbils in the colony contributes to the high reliability of 
the epizootic process. Even an initially unsuccessful transmission of  Y. pestis  will, 
following repeated exposure of the animal, eventually lead to its infection. In places 
of epizootic development, 90–100 % of the gerbils may be infected by the bacterium 
[ 49 ]. 

 In summer, the major factor changing the structure of the epizootic is the high 
mobility of the gerbils, as they increase their search for food after the drying up of 
spring forage plants. Young animals continue their resettlement, migrating over dis-
tances up to 18 km [ 10 ]. Infected animals will also be redistributed during these 
territorial migrations. However, in summer the old fl eas die off and the small num-
ber of newly infected fl eas does not provide an adequate level of plague microbe 
transmission. Therefore, the number of infected burrows will increase only slightly 
during June and in July–August will rapidly decline, a process enhanced by the 
acquisition of immunity after the spring-summer epizootic. 

 According to Rudenchik and Soldatkin [ 50 ], despite the small number of newly 
infected fl eas in summer, conditions favor the dispersion of the pathogen within a 
given territory. Regular migrations of an entire gerbil family differ from the spring-
time visits of animals to nearby colonies. The frequency and long distances of the 
former (over a distance of hundreds of meters) contribute to the wide-ranging spread 
of the pathogen. When the number of fl eas is small, this process can go on invisibly 
and lead to the dispersion of only a small number of infected animals; at higher fl ea 
abundances, the result will be a diffused plague epizootic [ 51 ]. 

 For  Xenopsylla  fl eas, autumn marks the beginning of the breeding period of win-
tering populations, which ends with the onset of winter, when the gerbils become 
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inactive [ 39 ]. Conditions supporting epizootic expansion are the entry into the 
process of fl eas of the genus  Coptopsylla , whose hatching starts in autumn. These 
fl eas are effi cient vectors of the plague microbe, but they feed less often and the 
longer blocking formation time reduces the speed of plague transmission. 

 Also in autumn, as the great gerbils begin to store food, they form wintering 
groups such that their mobility again increases [ 47 ], which in turn increases the 
number of infected burrows. Adjacent burrows are predominantly infected, but in 
spring expansion of the plague spots begins anew. According to Soldatkin [ 39 ], the 
conditions for passing in autumn are similar to those in spring. In some cases, how-
ever, because of the delayed transmission of the infecting agent and the briefness of 
the autumn season, the plague spots will not reach their springtime size and may be 
limited to 3–8 burrows. In many burrows containing gerbils with  Y. pestis  bactere-
mia, despite the presence of several (1–10) infected burrows by the end of autumn, 
climate conditions will not favor block formation and therefore plague transmis-
sion. Transmission in winter is further hindered by the low mobility of the gerbils 
and the almost complete cessation of contacts between burrows. But with the arrival 
of fl eas of the genus  Xenopsylla  in an inactive condition and their persistence in the 
burrow throughout the winter, transmission of the pathogen the following spring is 
ensured. 

 A mandatory element in the development of a plague epizootic is territorial 
displacement of the vector, which occurs in two ways. The fi rst is transmission of 
the plague microbe to neighboring burrows, which according to Soldatkin [ 39 ], 
is 100–150 m per 10 days. The second relates to the distant transport of the microbe, 
over distances of 1–2 km but up to 10–18 km [ 10 ,  39 ]. Naiden et al. [ 52 ] traced the 
development of a plague epizootic in Central Kyzylkum in 1961–1966 and found an 
average speed of distribution of as much as 50 km per year. In the northern pre-Aral 
region, the annual range of movement of the plague microbe reached 15 km [ 53 ]. 
More detailed fi eld studies by the same author, conducted at the pre-Ustyurt plague 
focus in the Ushkan camp, showed a maximum speed of the epizootic spots of 
1–2 km per month. 

 During the interepizootic period, the preservation of plague spots and their slow 
increase in “epizootic-free” territories occur. At an as-yet-undefi ned critical thresh-
old of foci accumulation, the plague epizootic spreads, initially according to the 
principle of a branched-chain reaction [ 51 ] and later as an acute and spilled epizo-
otic, resulting in the sudden coverage of large areas. Also of importance in an epi-
zootic is that previously unoccupied burrows can be visited by animals of two or 
three neighboring family groups [ 26 ,  42 ]. This provides all the prerequisites for 
long-term parasitic contact between great gerbils and between them and other 
rodents. According to Burdelov et al. [ 26 ], unoccupied burrows are the nodal points 
of epizootic contact. 

 The abundances of rodents and fl eas are also important determinants of epizootic 
contact. The plague microbe may be found less frequently or not at all in areas with 
a maximum abundance of great gerbils, whereas an epizootic may be ongoing in 
adjacent parts of the settlements with low or intermediate numbers of the rodent 
[ 100 ,  125 ,  129 ]. High rodent numbers imply increased long-range migration, which 
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supports distribution of the plague microbe. Furthermore, an epizootic may bypass 
densely populated areas of great gerbils [ 52 ], refl ecting the lack of places of free 
exchange with ectoparasites and/or a defi cit of free ectoparasites [ 26 ]. Thus, in the 
absence of sporadic cases in rodents, the later emergence of a spilled epizootic is 
prevented [ 54 ]. 

 Even at low numbers, great gerbils may migrate further, from one uninhabited 
burrow to another, thereby intensifying ectoparasite exchange in unoccupied bur-
rows and increasing the so-called dynamic density [ 55 ]. Thus, despite the low num-
ber of hosts, the level of epizootic contact is probably suffi cient to allow their 
sporadic infection. The dynamics of an epizootic on the Bakanas plain between 
1949 and 1995 are described in Fig.  5.2 . As shown in the fi gure, the intensity of the 
epizootic can be described by the percentages of infected sectors, i.e., those where 
epizootic manifestations have been recorded in any form (e.g., in terms of infected 
or recovered animals or infected ectoparasites). It can also be seen that over the long 
term the four phases of epizootic occur cyclically [ 56 ,  57 ], although recurrence is 
disordered. This refl ects the varying number of hosts, the weak expression in some 
foci, and the complete absence in others [ 58 ,  60 ].

   For epizootics involving great gerbils, the fi rst phase has been poorly studied and 
remains controversial. The second phase typically begins with a high and relatively 
constant background number of the rodents [ 10 ,  44 ] and with a high number of 
 Xenopsylla  fl eas. At this stage, epizootics may also include other species of fl eas, 
which promotes infection and transmission. Disease is most often acute, usually 
involving bacteremia, and a high percentage of rodents and fl eas in the population 
are infected. 
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  Fig. 5.2    Infestation of the sectors (in percentages) in epizootic on the Bakanas Plain between 
1949 and 1995       
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 In the period of epizootic attenuation (phase 3), there is a decrease in the number 
of weak and chronically infected animals in the burrows and a reduction in the 
proportion of recently infected fl eas. Atypical (weakly virulent, phage-infected) 
 Y. pestis  strains are isolated during this phase [ 10 ]. 

 The interepizootic period (phase 4) is also controversial and is the least-studied 
phase (see Sect.  5.1.3 ). The phases of the plague epizootic have been linked to 
changes in the level of pathogen virulence. The most virulent strains of  Y. pestis  are 
thought to circulate at the beginning or during the peak of the epizootic, whereas in 
the attenuation phase virulence decreases. Figure  5.3  presents a highly simplifi ed 
scheme of the epizootic process.

5.4        Factors Infl uencing  Y. pestis  and Plague Dynamics 

5.4.1     Environmental and Ecological Parameters 

 Plague microbe transmission varies from year to year and depends on both biotic 
(ecological) and abiotic (environmental: humidity, soil chemistry, etc.) factors 
[ 19 ,  58 ]. 

Plague 
microbe

FleasGreat gerbil

SA SA SA

SA
SA SA

AS SS AS SS AS SS

  Fig. 5.3    Scheme of the connections between the numbers of members of the plague epizootic 
triad (host, vector, microbe) [ 58 ]. SA, SS, and AS, growth in the number of plague epizootic triad 
(host, vector, microbe) components from spring to autumn (SA), spring to spring (SS), and autumn 
to spring (AS), respectively. Red lines, negative link; black lines, positive link       
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5.4.1.1     Abiotic Factors 

 Spatial and geophysical factors account for variations in the conditions of hosts, 
vectors, and the responsible microbe. These factors act indirectly, through the 
hydrometeorological conditions that impact biological processes [ 16 ,  58 ], but direct 
effects cannot be excluded. Cyclicality, linked with the features of solar activity, is 
inherent to the dynamics of host and vector numbers and to epizootics. There are 
also geographically varying cycles, including the zonality of atmospheric processes 
impacting biological relationships. Lavrovskii [ 57 ] pointed out the connection 
between the cyclical patterns within natural plague foci and solar and climatic 
factors. Dubyanskiy [ 58 ] evaluated the complex effect of local abiotic factors on 
epizootic activity within plague foci (see the above-described example of the 
Central Asian desert focus with the great gerbil as the main host). 

 Climatic factors are signifi cant determinants of great gerbil populations and their 
fl eas [ 59 – 61 ,  156 ]. Among the members of the plague triad (host, vector, microbe), 
the host plays the primary role in the epizootic process, given that parasites are 
vitally dependent on the host and because expression of the microbe-induced patho-
genic effect requires a receptive, sensitive host. Weather and climate conditions 
exert indirect infl uences on the food supply and other intermediates. In the case of 
the great gerbil and its life cycle, there is a very close dependence on weather condi-
tions. Consequently, cold winds increase the susceptibility of the gerbils to infection 
and thereby increase of epizootic activity. The nature of the weather in the plague 
foci in spring and autumn is that cooling typically lasts 2–4 days, which alternates 
with periods of warming. Flooding of the burrows, from meltwater during thawing 
in autumn, winter, and spring, has a disastrous impact on great gerbil populations. 

 Changes in external conditions have an even greater impact on the poikilother-
mic fl ea vectors. However, the fl eas’ hosts offer better protection than granted to the 
great gerbil by its burrows. This would explain the delay in the dying off of old fl eas 
in the deepest burrows in summer. 

 Whether other factors, such as electric and magnetic fi elds and spatial changes in 
the atmospheric charge of the atmosphere, also affect the epizootic process is 
unclear. Dubyanskiy and Bogatyrev [ 62 ] found a delayed (16–20 days) positive 
dependence of plague epizootic intensifi cation with increased solar (sunspots 
speakers) and geomagnetic activities. Laboratory experiments using static electricity 
fi elds demonstrated a stable change in the viscosity of the blood of rodents, which 
undoubtedly would affect both the feeding process of fl eas and block formation. 
Changes in the properties of the plague microbe infecting the fl eas in response to a 
negative electric fi eld include the appearance of large amounts of Pgm − , Ca ++ -
independent colonies [ 58 ]. Serzhanov associated the cyclicity of the plague epizo-
otic process with changes in the hydrothermal coeffi cient (HTC), an index of the 
combined effect of temperature and precipitation on fl eas [ 63 ]. In Central Asian 
desert foci, conditions close to the optimum for plague development are character-
ized by HTC values > 0.08–0.09 for southern desert subzones, 0.10–0.15 for the 
transitional band, and 0.15–0.20 for the northern subzone. In the latter two, these 
conditions occur during a 7–8-year period and in the southern subzone for anywhere 
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between 2 and 3 years and up to 10 years. In years with a high HTC and an active 
epizootic process, abiotic factors are of less importance. During the interepizootic 
period, which as a rule is characterized by low HTC values, the ability to preserve 
elementary foci, especially at a low groundwater levels, is important [ 63 ].  

5.4.1.2     Biotic Factors 

 The complexity of the biocenotic structure of the focus is one of the many factors 
infl uencing the character of the epizootic and circulation of the pathogen in nature. 
It is determined by the various hosts, which differ from each other in their ecologi-
cal features, their vulnerability to the plague microbe, disease pathogenesis follow-
ing infection [ 64 ], the species composition and ecological characteristics of the 
vectors, and the nature of the biocenotic connections. 

 Among the biotic factors that directly affect the epizootic are the number and 
dynamic density of rodent hosts [ 65 ] and their settlement types [ 10 ,  66 ]; the num-
ber, migration, and alimentary activity of the fl eas, especially of the  Xenopsylla  
genus; and the characteristics of the epizootics in the previous and current season 
and those of the different strains of the plague microbe. 

 The abundance and activity of the hosts and vectors are of particular importance. 
Within a focus, the number of great gerbils can vary greatly, from a few tens of 
individuals per hectare to near extinction. In summer, despite the decreased number 
of fl eas, an epizootic can develop in areas where the immunity of the gerbils is 
weakened [ 10 ]. Conversely, plague epizootics can fade after a few months because 
of the strengthened immunity of the great gerbils, even if other favorable conditions 
are present [ 67 ]. Studies of blood groups conducted by Ergaliev et al. [ 157 ] showed 
dynamic changes in the proportions of animal sensitive and resistant to the plague 
bacterium. Indeed, a change in population susceptibility is one of the basic mecha-
nisms regulating the epizootic process. Also, in some years, summer and autumn 
breeding can differ in their intensity; in the southern part of the focus, breeding can 
occur even in winter [ 60 ]. 

 Suleymenov [ 19 ,  160 ] summarized the impact of abiotic and biotic factors on the 
epizootic process (Table  5.4 ).

   Factors affecting natural foci in the Palearctic have been studied by Karimova 
and Neronov [ 1 ] using principal components analysis (PCA). In that study, the four 
main components, with a total dispersion of 86.8 %, described a variety of environ-
mental conditions that shape the dynamics of the epizootic. The most important 
factor, temperature conditions, explained 34.5 % of the dispersions of the system 
and was followed by wind (23 %), which was thoroughly investigated by Dubyanskiy 
and coworkers [ 2 ,  61 ,  68 ]. They found that the frequency of occurrence of wind of 
separate rhumbs was the most important aspect, followed by the power of the wind. 
This component was negatively associated with the height above sea level of the 
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focus, i.e., the wind is stronger in open spaces. The third and fourth components 
identifi ed in the PCA were radiation (14.9 %), which was related to temperature 
conditions, and rainfall from September to April, respectively. 

 Dubyanskiy analyzed > 500 biotic and abiotic factors to identify those most 
important for the functioning of the epizootic process in different parts of the Central 
Asian desert known to harbor natural foci. The results are summarized in Table  5.5 .

   Table 5.4    The main factors infl uencing the epizootic and their functions   

 Factor  Effect/function 

 Climatic conditions of the previous year 
(average monthly temperature and 
precipitation) 

 Spring abundance of the main host and main vector 
 Physiological condition of the main host and main 
vector 
 Number and physiological condition of secondary 
hosts and vectors 

 Climatic conditions of the current year 
(average monthly temperatures and 
precipitation) 

 Physiological condition of the main host 
 Intensity of host breeding 
 Dynamics of the main host and main vector 
 Dynamics of secondary hosts and vectors 

 Main host species  Intensity, speed, development, and distribution of 
the epizootic 

 Main host settlement type  Direction and speed of distribution of the epizootic 
 Main host settlement density  Intensity and speed of distribution of the epizootic 
 Seasonal host abundance (spring, summer 
and autumn) 

 Determinant of the beginning, speed, intensity, and 
extent of the epizootic 

 Age and sex structure of the main host 
population 

 Level of interpopulation contacts 

 Intensity of reproduction  Dynamics of host numbers 
 Immunological structure of the main host 
population 

 Character of the epizootic 

 Population of secondary hosts  Dynamics of the epizootic 
 Population of predatory mammals  Speed of distribution and the direction of the 

epizootic 
 Direction of the process 

 Main host numbers  Level and speed of intraspecifi c and interspecifi c 
epizootic contacts 
 Intensity and extent of the epizootic 
 Level of resistance of the main and secondary hosts, 
including the dynamics of acute and chronic 
infectious processes 

 Number of secondary hosts  Degree and speed of intraspecifi c and interspecifi c 
epizootic contacts 
 Intensity and extent of the epizootic 
 Level of host resistance 
 Dynamics of acute and chronic infectious processes 
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5.5          Modeling Plague Epizootic and Epidemic Events 

5.5.1     Analytical Models 

 The impact of specifi c factors on the distinct components of the epizootic process 
has been evaluated in several models, for example, in that of Keeling and Gilligan 
[ 69 ], who used multiple regression analyses. Holt et al. [ 70 ] used a specially 
designed geographic information system spatial-temporal model (Maxent) and was 

   Table 5.5    Biotic and abiotic factors infl uencing the epizootic process in the Central Asian desert   

 Abiotic 
factor 

 Hydrothermal coeffi cient a  
 Wolf-Volfer number 
 Increase in the Wolf-Volfer number from summer to summer 
 Amount of monthly precipitation a  
 Average speed of the southeast wind in March–May, the northeast wind in 
September–November, the western wind in March–August, September–November, 
the northern wind in September and November, the southern wind in September–
November, the northwest wind in June and November, the southwest wind in 
June–August 
 The product of the frequency of the eastern wind and the sum of the air temperature 
sum in June–August a  
 Total humidity between April and September a  
 Frequency of eastern winds in March and November, southeast winds in June and 
November, northeast winds in March–May, southwest winds in March–May and 
September–November, and southern winds in September–November 
 Air humidity in May a  
 Sum of the monthly average temperatures in October–November a  
 Total number of days in June–November with an eastern type of atmospheric 
circulation and in March–May and June–August with a meridional type of 
atmospheric circulation 
 Annual index of geomagnetic activity per year 

 Biotic  Total number of spring and autumn infestation points (%) 
 Increase in these points from spring to autumn (%) 
 Number of great gerbils/burrow in spring, during two springs, in autumn, two 
autumns, and spring and autumn 
 Increase in the number of fl eas/great gerbil burrow from spring to autumn 
 Intensity of great gerbil breeding in June and 
 May (maximum from average decade values) 
 Number of fl eas/great gerbil burrow in autumn 
 Increase (%) in the number of great gerbils/burrow from spring to autumn 
 Proportion of fl ea females with large eggs in May (maximum from average decade 
values) 
 Captivity of tamarisk jird in spring and in autumn (%) 
 Captivity of murine species in autumn (%) 

   a These factors are generalized; specifi c monthly values vary depending on the geographic location 
of the focus and the status of the members of the epizootic triad  
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thus able to identify ecological niches favorable for the plague epizootic in California 
and to preliminarily predict epizootics with respect to climate change. Stenseth 
et al. [ 71 ], Snall et al. [ 72 ], and Kausrud et al. [ 73 ] calculated the average tempera-
ture increase needed to stimulate the activity of plague foci. The spatial heterogene-
ity of Karginsk meso-foci was shown to have been determined mainly by the 
confi nement of epizootics to glacial and proluvial quaternary depositions of the 
second ice age associated with the Middle Pleistocene (113–104 thousand years 
ago) [ 74 ]. Studies of the plague bacterium have revealed its ability to fi ll available 
ecological niches [ 74 ]. In a new and original approach, by Davis et al. [ 75 ],  Y. pestis  
was shown to spread in great gerbil settlements in accordance with the principles of 
percolation theory. 

 SEIR [susceptible (stage of infection), exposed (incubation period), infected 
(stage of infection development), and removal (postinfection immunity)] models, 
which simulate epidemic or epizootic processes and are based on cellular automata 
[ 76 ,  77 ,  78 ], have bypassed the challenges of directly observing an epizootic [ 79 ] 
while allowing its nuances in nature to be taken into account. Soldatkin and 
Rudenchik showed that the epizootic process is feedback-inhibited. One such mech-
anism is entry of the pathogen into already infected burrows, which leads to the loss 
of transmission. This type of inhibition is linearly dependent on the density of bur-
rows in the foci, measured in terms of the number of plague pathogen-free burrows 
adjacent to those that are infected. Another type of “braking” is the gradual deple-
tion of the population of susceptible animals in the infected burrows, such that sub-
sequent passage of the pathogen in these burrows increasingly falls on resistant 
individuals, which impedes the progress of the epizootic. The speed of movement of 
the epizootic between colonies averages 3.3–3.5 intervals (maximum = 19) per 
month. 

 Survival of the disease chain, that is, the development of the epizootic over the 
course of a year in foci of pestilential burrows, has been modeled based on a prob-
ability of 0.999. The results showed that the minimum number of disease chains is 
between 8 and 17, depending on the initial conditions. Changing the input data of 
the model confi rmed the hypothesis that explosive-intensive epizootics can be 
attributed to the delayed extinction of overwintered fl eas. 

 Long-term studies [ 80 ] have shown that great gerbil settlements tend to be 
ordered, rather than diffuse. Dubyanskiy et al. [ 160 ] used SEIR models and cellular 
automata to show that the spatial structure of great gerbil settlements is quantita-
tively related to the intensity of the plague epizootic. In the more ordered  settlements 
of great gerbils, epizootics were shown to occur at a much lower level (sixfold; 
p < 0.01) of epizootic contact [defi ned as any ecological connection (topical, tro-
phic, etc.) between animals, in which plague transmission from donor to recipient 
occurs at a certain rate [ 23 ,  81 ]] than in diffuse settlements (Figs.  5.4  and  5.5 ). 
This means that transmission of the plague microbe in these settlements requires 
fewer infected fl eas and fewer rodents. In areas with a high abundance of great 
gerbils, the structure of the settlement is one of the factors that shape epizootic fl ow 
(see Sect.  5.3 ) [ 82 – 88 ].
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    An analysis of the spatial characteristics enabling the transmission of plague 
infection in the different types of settlements determined that the lower limit of the 
number of great gerbil burrows providing short-term (2–3 months) transmission 
ranged from 25 to 400, depending on the environmental conditions and the burrow 
density [ 87 ,  88 ]. Similar studies of the plague epizootic process over the long term, 
based on permanent fl ow for 25 years, demonstrated that the epizootic process can 
continue uninterrupted at very low densities of occupied burrows (0.1 burrows per 
ha), that is, even when great gerbil numbers are depressed.  

  Fig. 5.4    The intensity of the epizootic process in diffuse (1.33 colonies/ha) and orderly (0.44 
colonies/ha) great gerbil settlements       
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  Fig. 5.5    Densities of occupied colonies over an area of 1 hectare and the relative intensity (%) of 
the (modeled) epizootic process       

 

 

V.M. Dubyanskiy and A.B. Yeszhanov



121

5.5.2     Predictive Models 

 In a one-factor simulation model, Soldatkin and Rudenchik [ 89 ,  90 ] predicted epi-
zootic activity based on the number of fl eas that had ingested the isotope-labeled 
blood of a gerbil. Other models have addressed the roles of air temperature in March 
and total summer precipitation [ 91 ]; the Wolf number, which measures the number 
of sunspots [ 92 ], on the number of great gerbils over a 2-year period [ 158 ]; and the 
density of colonies inhabited by great gerbils for the two preceding years [ 93 ,  94 ]. 
However, experience has shown that these models are inadequate because they do 
not cover all the major infl uencing factors [ 87 ,  88 ]. 

 Using the cybernetic and statistical techniques developed by Genese [ 95 ], Kunitskii 
et al. [ 96 ] created a system that combines two factors: the number of hosts and the 
number of vectors of the plague microbe. This model, which uses historical data, 
recognized 85 % of the cases in the Southern pre-Balkhash. Other authors have used 
multiple regression analyses to predict the number of hosts [ 97 – 99 ], but in those cases 
the utility of this approach was limited by the inaccuracy of the initial observations of 
the plague foci in terms of functional connections and other relevant parameters. 

 Models based on the theory of immunocomputing [ 100 ,  101 ] showed good cor-
respondence with historical data, but whether they can be used to predict epizootics 
in real time was not determined. 

 Models based on differential equations or Markov chains have a number of sig-
nifi cant drawbacks. They can be used only for well-mixed populations with close 
arrangements of the hosts [ 102 ], a condition that is not always satisfi ed in nature. 
Grabowski [ 103 ] noted that: (a) Well-known mathematical models based on differ-
ential equations impose very rigid requirements on the original information. This, 
however, points out the fact that the volume and accuracy of data collected during 
the monitoring of natural foci of plague are often inadequate for the correct use of 
this type of model. (b) Differential equations are used in the simulation of space and 
assume that all of the events unfold from a single point. Examples include regres-
sion models, polynomial models of epizootic activity and predictors, and others in 
which the analysis is performed on the averaged data in the hierarchy: the sector of 
the primary area, the primary area, the landscape-epizootiological area (LER), or on 
autonomous foci (Fadeev and Serdobintseva 1983; [ 2 ,  100 ]). 

 The prediction method proposed by Dubyanskiy et al. [ 2 ], based on the hetero-
geneous sequential statistical recognition procedure (HSSRP) [ 104 ], has thus far 
had the best results in studies of plague foci where the main host is a great gerbil. 
HSSRP links methods based on Bayes’ theorem with the sequential analysis of 
Wald. Among the 55 predictions made using this approach, 85.4 % were true, 12.7 % 
were indeterminate, and 1.8 % were false [ 58 ]. 

 Climate change is expanding both the areas and the species of  Y. pestis  hosts and 
vectors [ 1 ,  105 ], making spatially predictive models more important. A detailed 
spatial prediction of potential focal territories was provided by Karimova and 
Neronov [ 1 ] using discriminant analysis of orographic (altitude), climatic (number 
of days with frost per month, sum of rainfall per month, average monthly tempera-
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tures, maximum temperatures per month, number of days with precipitation, cloudi-
ness per month, solar radiation per month), landscape (types), and biotic (number of 
hosts, presence/absence of plague epizootic) factors. The authors predicted that new 
foci and focal territories will eventually arise in the Palearctic, in the northern pre-
Caspian, on the border of the current plague area in Kazakhstan, in southern 
Turkmenistan, in northeastern Iran and northern Afghanistan, and in the desert 
regions of Mongolia and China. 

 In literature searches (domestic and foreign publications) and long-term investi-
gations conducted in natural and anthropogenic foci of plague in Africa, Eurasia, 
and North and South America, at least 340 species of mammals and birds vulnerable 
to infection by  Yersinia pestis , the causative agent of plague, have been identifi ed. 
These are listed in Table  5.6 .

   Table 5.6    Plague hosts and the geographic region(s) where they are found, described with respect 
to a list of vertebrates among the world’s fauna ([ 20 ], corrected by Dubyanskiy V.M., Yeszhanov 
A.B.)   

 Number  Host  Focus/foci 

 Infraclass Metatheria 
 Blood line Didelphidae 

 1   Monodelphis domestica  L.  Brasilia 
 Infraclass Euteria 
 Order Insectivora 

 2   Crocidura olivieri  Less.  Senegal 
 3   Crocidura suaveolens  Pall.  Uralian Prairie, Ural-Emba* (Kazakhstan), Talas 

(Kyrgyzstan), Volga-Ural sandy areas (Russia, 
Kazakhstan), Caspian sands (Russia) 

 4   Diplomesodon pulchellum  
Licht. 

 Volga-Ural sandy areas (Russia, Kazakhstan), 
pre-Aral Karakum, Zaaralsky, pre-Balkhash 
(Kazakhstan), Karakum (Turkmenistan) 

 5   Hemicentetes nigriceps  
Gunther 

 Madagascar 

 6   Hemiechinus auritus * 
Gmelin 

 Uralian Prairie (Kazakhstan) 

 7   Hylomys suillus * Muller  Southeast Asia 
 8   Sorex  sp.  Central Caucasian (Russia) 
 9   Sylvisorex gemmeus  Thom.  Congo 
 10   Suncus murinus  L.  India, Cambodia, Vietnam, Java 
 11   Neomys fodiens  Pennant  Transcaucasian highland (Armenia, Georgia) 

  Order :  Primates  
 12   Macaca mulatta  Zimm.  India 
 13   Macaca mulatta  Zimm  India 
 14   Semnopithecus entellus  Dufr.  Central India 

 Order:  Scandentia  
 15   Tupaia glis  Diard  Vietnam 

  Order: Lagomorpha  
 16   Ochotona alpina  Pall.  Altay mountains (Russia) 

(continued)
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(continued)

 Number  Host  Focus/foci 

 17   Ochotona daurica  Pall.  Baikal Prairie (Russia), Tuva (Mongun-Taiga) 
mountains (Russia), Altay mountains (Russia), 
Chentij and Khangai (Mongolia), Manchuria (China) 

 18   Ochotona pallasi pricei  Gray  Tuva highland (Russia), Altay mountains (Russia), 
Chentij, Khangai (Mongolia), Gobi Altai (Mongolia) 

 19   Lepus californicus  Gray  USA 
 20   Lepus capensis  L.  South Africa 
 21   Lepus europaeus  L.  North pre-Aral, Ural-Emba* (Kazakhstan), Argentina 

(acclimatized) 
 22   Lepus saxatilis  Cuvier  Zimbabwe 
 23   Lepus tolai  Pall.  Karakum (Turkmenistan), Kyzylkum (Kazakhstan, 

Uzbekistan, Turkmenistan), Muyunkum 
(Kazakhstan), Mangyshlak* (Kazakhstan), and 
pre-Ustyurt* (Kazakhstan), Ural-Emba* 
(Kazakhstan), pre-Balkhash (Kazakhstan) desert, 
Tyanshanskandy highland (Kyrgyzstan, Kazakhstan), 
Altay mountains (Russia) 

 24   Oryctolagus cuniculus  L.  England 
 25   Sylvilagus brasiliensis  

andinus 
 Peru 

 26   Sylvilagus audubonii  Baird  USA 
 27   Sylvilagus bachmani  Water  USA 

  Sylvilagus brasiliensis  L.  Argentina, Bolivia 
 29   Sylvilagus caudatus   Peru 
 30   Sylvilagus brasiliensis  

 gibsoni  
 Bolivia 

 31   Sylvilagus nuttallii  Bachm.  USA 
  Order: Rodentia  ( Family 
Sciuridae ) 

 32   Callosciurus erythraeus  Patt.  Yunnan (China), Southeast Asia 
 33   Dremomys rufi genis  Blanford  Southeast Asia 
 34   Funambulus palmarum  L  Pakistan, Sri Lanka 
 35   Funambulus pennanti  

Wrought 
 India 

 36   Glaucomys sabrinus  Shaw  USA, Canada 
 37   Menetes berdmorei  *Blyth  Vietnam 
 38   Paraxerus cepapi  A. Smith  Zimbabwe 
 39   Sciurus niger  L.  USA 
 40   Sciurus stramineus  Geoffr.  South Loya (Ecuador), Lankoves (Peru) 
 41   Spermophilopsis 

leptodactylus  Licht. 
 Kyzylkum (Kazakhstan, Uzbekistan, Turkmenistan), 
Taukum (Kazakhstan), pre-Balkhash (Kazakhstan) 
deserts 

 42   Tamiasciurus douglasi  
Bachm. 

 California (USA) 

 43   Tamiops macclellandi  *Hors.  Vietnam 
 44   Xerus erythropus  Geoffr.  Senegal 
 45   Xerus inauris  Zimm.  South Africa 

Table 5.6 (continued)
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(continued)

Table 5.6 (continued)

 Number  Host  Focus/foci 

 46   Tamias  quadrivittatus Say.  USA 
 47   Tamias minimus  Bach,  USA 
 48   Tamias speciosus  Merriam  USA 
 49   Tamias townsendii  Bach.  USA 
 50   Tamias umbrinus  J. Allen  USA 
 51   Marmota baibacina  Kastsch  Tien-Shan highland (Kazakhstan, Kyrgyzstan), Altay 

mountains (Russia), ridges of this mountain system 
in China 

 52   Marmota caudata  Geoffr.  Alay highland (Kyrgyzstan), Talas (Kyrgyzstan), 
Gissar highland (Tajikistan), Boro-Horo Ridge 
(Tianshan, China) 

 53   Marmota himalayana  Hods.  China 
 54   Marmota fl aviventris  Aud. et 

Bachm. 
 USA, Canada 

 55   Marmota sibirica  Radde  Baikal Prairie (Russia), Tuva highland (Russia), 
Mongolia, Inner Mongolia (China) 

 56   Cynomys gunnisoni  Baird.  USA 
 57   Cynomys leucurus  Merriam  USA 
 58   Cynomys ludovicianus  Ord.  USA 
 59   Cynomys mexicanus  Merr.  USA, Mexico 
 60   Cynomys parvidens  All.  USA 
 61   Spermophilus (Citellus) 

alaschanicus  Bachner 
 Ningxia Hui (China) 

 62   Spermophilus armatus  Kenn.  USA 
 63   Spermophilus beecheyi  Rich.  USA 
 64   Spermophilus beldingi  Merr.  USA 
 65   Spermophilus columbianus  

Ord. 
 USA 

 66   Spermophilus dauricus  Br.  Baikal Prairie, East Mongolia (Russia), Manchuria 
(Northeastern China) 

 67   Spermophilus erythrogenys  
Br. 

 Pre-Balkhash, Betpak-Dala (Kazakhstan), pre-Alakol 
low mountains (Kazakhstan), Southeast Mongolia, 
Inner Mongolia (China) 

 68   Spermophilus fulvus  Licht.  Volga-Ural sandy areas (Russia, Kazakhstan), 
Volga-Ural prairie (Kazakhstan), Uralian(Ural-Uil) 
prairie (Kazakhstan), Ural-Emba (Kazakhstan), 
pre-Ustyurt (Kazakhstan), Ustyurt (Kazakhstan, 
Uzbekistan, Turkmenistan), Mangyshlak 
(Kazakhstan), Kyzylkum (Kazakhstan, Uzbekistan, 
Turkmenistan), Karakum (Turkmenistan), pre-Aral 
Karakum (Kazakhstan), North pre-Aral 
(Kazakhstan), Zaaralsky (Kazakhstan), Muyunkum 
(Kazakhstan), Betpak-Dala (Kazakhstan) Deserts 

 69   Spermophilus mollis  
idahoensis 

 USA 

 70   Spermophilus lateralis  Say  USA 
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Table 5.6 (continued)

 Number  Host  Focus/foci 

 71   Spermophilus leucurus   USA 
 72   Spermophilus major  Pall. 

1778 
 Uralian Prairie (Kazakhstan) 

 73   Spermophilus mexicanus   USA 
 74   Spermophilus musicus  

Menetrie 
 Central Caucasian (Russia) 

 75   Spermophilus pygmaeus  Pall.  Terek-Sunzha (Russia), Dagestan plains and foothills 
(Russia), Caspian Northwest prairie (Russia), 
Caspian sands (Russia), Volga-Ural prairie (Russia, 
Kazakhstan), Volga-Ural sandy (Russia, Kazakhstan), 
Uralian (Ural-Uil) prairie (Kazakhstan), Ural-Emba 
(Kazakhstan), pre-Ustyurt (Kazakhstan), Ustyurt 
(Kazakhstan, Uzbekistan, Turkmenistan), North 
pre-Aral (Kazakhstan), pre-Aral Karakum 
(Kazakhstan) deserts 

 76   Spermophilus relictus  
Kaschk. 

 Tien-Shan (Kyrgyzstan, Kazakhstan), Talas 
(Kazakhstan) 

 77   Spermophilus richardsonii  
Sab 

 USA, Canada 

 78   Spermophilus 
(Xerospermophilus) 
spilosoma  

 USA 

 79   Spermophilus townsendii  
Bach. 

 USA 

 80   Spermophilus (Ictidomys) 
tridecemlineatus  

 USA 

 81   Spermophilus undulatus  Pall.  Altay mountains (Russia), Tuva highlands (Russia), 
Chentij and Khangai (Mongolia), China 

 82   Spermophilus 
(Otospermophilus ) 
 variegatus  Erxl. 

 USA 

 83   Spermophilus (Urocitellus) 
washingtoni  Howell 

 USA 

  Family:   Geomyidae  
 84   Thomomys bottae  Eud. et 

Cerv. 
 USA 

 85   Thomomys fossor   USA 
  Family: Heteromyidae  

 86   Dipodomys ordii  Wood  USA 
 87   Heteromys anomalus  Thom.  Venezuela 

  Family: Pedetidae  
 88   Pedetes cafer  Pall.  South Africa 
 89   Pedetes capensis  a   Zimbabwe 

  Family:   Cricetidae  
 90   Akodon arviculoides  Wagner  Brazil 
 91   Akodon dolores  Thom.  Argentina 
 92   Akodon mollis  Thom.  Ecuador, Peru 

(continued)
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Table 5.6 (continued)

 Number  Host  Focus/foci 

 93   Akodon orophilus  Osgood  Peru 
 94   Allocricetulus eversmanni  

Brandt 
 Volga-Ural (Russia, Kazakhstan), Uralian (Ural-Uil) 
prairie (Kazakhstan), Ural-Emba, pre-Ustyurt, 
Northern pre-Aral*, pre-Aral Karakum desert 
(Kazakhstan), Khangai (Mongolia) 

 95   Calomys (Hesperomys) 
bimaculatus  Waterh. 

 Bolivia 

 96   Calomys callosus  Rengr.  Brazil 
 97   Calomys fecundus  Thom.  Bolivia 
 98   Calomys laucha  Desm.  Argentina 
 99   Calomys murillus  Thom.  Argentina 
 100   Calomys tener  Winge  Brazil 
 101   Calomys venustus  Thom.  Bolivia 
 102   Cricetus cricetus  L.  Uralian Prairie (Kazakhstan), Dzhungarian* highland 

(Kazakhstan) 
 103   Cricetulus barabensis  Pall.  Baikal prairie (Russia), North China 
 104   Cricetulus migratorius  Pall.  Dagestan (Russia), South Caucasus (Armenia, 

Georgia), Gissar(Tajikistan), Tien-Shan (Kazakhstan, 
Kyrgyzstan), Talas (Kyrgyzstan, Kazakhstan), 
Dzhungarian* highlands, Volga-Ural (Russia, 
Kazakhstan) and Uralian (Ural-Uil) prairies 
(Kazakhstan), Ural-Emba, pre-Ustyurt, Ustyurt, 
North pre-Aral, Zaaralsky, Mangyshlak, pre-Aral 
Karakum deserts (Kazakhstan), Caspian (Russia) and 
Volga-Ural sandy (Russia, Kazakhstan), pre-Alakol 
low mountains (Kazakhstan) 

 105   Cricetulus triton  Wint.  North China 
 106   Eligmodontia moreni  Thom.  Argentina 
 107   Eligmodontia hirtipes  Thom.  Argentina 
 108   Graomys (Phyllotis) cachinus   Argentina 
 109   Graomys chacoensis   Argentina 
 110   Graomys griseofl avus  

Waterh. 
 Argentina, Bolivia 

 111   Graomys medius   Argentina 
 112   Holochillus balnearum  

Thom. 
 Argentina 

 113   Holochillus brasiliensis  
Desmarest 

 Brazil 

 114   Holochillus sciureus  Wagn.  Brazil 
 115   Mesocricetus brandti  Nehr.  Transcaucasian highland Armenia, Georgia 
 116   Mystromys albicaudatus   USA 
 117   Neotoma albigula  Hart.  USA 
 118   Neotoma cinerea  Ord.  USA 
 119   Neotoma desertorum  Merr.  USA 
 120   Neotoma fuscipes  Baird.  USA 
 121   Neotoma intermedia  Rhoads.  USA 

(continued)
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Table 5.6 (continued)

 Number  Host  Focus/foci 

 122   Neotoma lepida  Thom.  USA 
 123   Neotoma micropus  Baird  USA 
 124   Onychomys leucogaster  

W.-N. 
 USA 

 125   Onychomys torridus  Coues  USA 
 126   Oryzomys andinus  Org.  Peru 
 127   Oryzomys arenalis  Thom.  Peru 
 128   Oryzomys fl avescens  Waterh.  Argentina, Bolivia 
 129   Oryzomys intermedius  Leche  Brazil 
 130   Oryzomys palustris  Harl.  USA 
 131   Oryzomys phaeopus  Thom.  Ecuador 
 132   Oryzomys pyrrhorhinus  Vied.  Brazil 
 133   Oryzomys stolzmanni  Thom.  Peru 
 134   Oryzomys subfl avus  Wagner  Brazil 
 135   Oryzomys xanthaeolus  

Thom. 
 Peru, Ecuador 

 136   Oryzomys x. baroni  All.  Ecuador 
 137   Oxymycterus paramensis  

Thom. 
 Bolivia 

 138   Peromyscus boylii  Baird  USA 
 139   Peromyscus   USA 
 140   Peromyscus maniculatus  

Wagn. 
 USA 

 141   Peromyscus truei  Shuf.  USA 
 142   Phodopus sungorus  Pall.  Altay mountains (Russia) 
 143   Phyllotis amicus  Thom.  Peru 
 144   Phyllotis darwini  Thom.  Argentina 
 145   Phyllotis fruticolus  Anth.  Ecuador 
 146   Phyllotis wolfsohni  Thom.  Bolivia 
 147   Rhipidomys equatorius  

Thom. 
 Peru 

 148   Rhipidomys leucodactylus  
Tsch. 

 Bolivia 

 149   Sigmodon hirsutus  Burm.  Venezuela 
 150   Sigmodon peruanus  All.  Peru, Ecuador 
 151   Sigmodon puna   Ecuador 
 152   Zygodontomys lasiurus  Lund  Brazil 
 153   Zygodontomys pixuna   Brazil 
 154   Myospalax psilurus  

Miln.-Edw. 
 China 

 155   Alticola argentatus (roylei)  
Severtz. 

 Alay (Kyrgyzstan), Tien-Shan (Kazakhstan, 
Kyrgyzstan), Talas (Kyrgyzstan), Gissar (Tajikistan) 
highland, Khangai (Mongolia) 

 156   Alticola strelzovi  Kastsch.  Altai and Tuva mountains (Russia) 
 157   Arvicola terrestris  L.  South Caucasus (Armenia, Georgia) and Dagestan 

(Russia) highland, Ural-Emba (Kazakhstan) 

(continued)
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Table 5.6 (continued)

 Number  Host  Focus/foci 

 158   Clethrionomys frater  Thom.  Talas* (Kazakhstan), Dzhungarian* (Kazakhstan) 
highlands 

 159   Ellobius lutescens  Thom.  Kurdistan (Iran) 
 160   Ellobius talpinus  Pall.  Alay (Kyrgyzstan) highlands, Volga-Ural (Russia, 

Kazakhstan) and Uralian*(Kazakhstan) prairie, 
Volga-Ural (Russia, Kazakhstan) sands, Zaaralsky, 
Mangyshlak (Kazakhstan), Kyzylkum (Kazakhstan, 
Uzbekistan, Turkmenistan), Karakum (Turkmenistan) 
deserts 

 161   Eothenomys melanogaster  
Milne-Edw. 

 South China 

 162   Eothenomys miletus   Northwestern Yunnan (China) 
 163   Lagurus curtatus  Cope  USA 
 164   Lagurus lagurus  Pall.  Volga-Ural (Russia, Kazakhstan) and Uralian 

(Kazakhstan) prairies, Volga-Ural sands (Russia, 
Kazakhstan) 

 165   Lasiopodomys brandtii  
Radde 

 Baikal prairie (Russia), Khangai, Chentij (Mongolia), 
Jilin Gol Plateau (Inner Mongolia) 

 166   Microtus arvalis  Pall.  South Caucasus (Armenia, Georgia), Dagestan 
(Russia), Central Caucasus (Russia) highland, 
Volga-Ural(Russia, Kazakhstan) and Uralian 
(Kazakhstan) prairies, Volga-Ural sands (Russia, 
Kazakhstan) 

 167   Microtus daghestanicus  
Schidlowski 

 Dagestan highland (Russia) 

 168   Microtus californicus  Peal  California (USA) 
 169   Microtus carruthersi  Thom.  Gissar highlands (Tajikistan), Talas* highlands 

(Uzbekistan, Kazakhstan) 
 170   Microtus gregalis  Pall.  Alay (Kyrgyzstan), Tien-Shan (Kazakhstan, 

Kyrgyzstan), Altay mountains* (Russia) highlands, 
Baikal (Russia) prairie, Tuva (Mongun-Taiga) 
(Russia), Khangai (Mongolia) 

 171   Microtus (Chionomys) gud  
Satun. 

 Transcaucasian highland (Armenia, Georgia) 

 172   Microtus fortis  Buchn.  China 
 173   Microtus fuscus   Tibet 
 174   Microtus kirgisorum (ilaeus)  

Ognev 
 Tien-Shan highland (Kyrgyzstan, Kazakhstan), Talas, 
Dzhungarian* highlands (Kazakhstan) 

 175   Microtus (montanus)  manus  USA 
 176   Microtus minutus   South China 
 177   Microtus montanus  Peal  USA 
 178   Microtus (Chionomys) nivalis  

Mart. 
 Transcaucasian highland (Armenia, Georgia) 
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Table 5.6 (continued)

 Number  Host  Focus/foci 

 179   Microtus socialis  Pall  Low pre-Araksinsk mountains (Armenia, 
Azerbaijan), Transcaucasian highland (Armenia, 
Georgia), Dagestan valleys and foothills (Russia), 
Volga-Ural, Uralian prairie (Kazakhstan), pre- 
Ustyurt, Ustyurt, North pre-Aral, pre-Aral Karakum, 
Taukum, pre-Balkhash desert (Kazakhstan), Caspian 
sands (Russia), Dzhungarian* highlands 
(Kazakhstan) 

 180   Microtus townsendii  Bachm.  USA 
 181   Ondatra zibethicus  L.  Caspian sands (Russia), pre-Balkhash desert* 

(Kazakhstan) 
 182   Desmodillus auricularis  

Smith. 
 South Africa 

 183   Gerbillus gerbillus  Olivier  Mauritania 
 184   Gerbillus nanus  Blanford  Mauritania 
 185   Gerbillus (Gerbillurus) 

paeba  Smith. 
 South Africa 

 186   Meriones blackleri 
(tristrami)  Thom. 

 Low pre-Araksinsk mountains (Armenia, 
Azerbaijan), South Transcaucasian valleys and 
foothills (Azerbaijan, Georgia), Kurds-Iranian (Iran) 

 187   Meriones erythrourus 
(libycus)  Gray 

 Pre-Ustyurt (Kazakhstan), Ustyurt (Kazakhstan, 
Uzbekistan, Turkmenistan), Ural-Emba 
(Kazakhstan), North pre-Aral (Kazakhstan), 
Zaaralsky (Kazakhstan), Mangyshlak (Kazakhstan), 
pre-Aral Karakum (Kazakhstan), Karakum 
(Turkmenistan), Kopet Dag (Turkmenistan), 
Kyzylkum (Kazakhstan, Uzbekistan, Turkmenistan), 
Muyunkum (Kazakhstan), Taukum (Kazakhstan), 
pre-Balkhash (Kazakhstan), Betpak-Dala 
(Kazakhstan) desert, Alakol mountains (Kazakhstan), 
Ili intermountains (Kazakhstan), South 
Transcaucasian plain-piedmont (Azerbaijan, 
Georgia), Kurds-Iranian mountain prairie, Iran- 
Afghan low mountains, desert, Syrian-Mesopotamian 
desert (Libya*) 

 188   Meriones meridianus  Pall.  Caspian Northwest (Russia), Volga-Ural (Russia, 
Kazakhstan), Uralian (Kazakhstan) Prairie, 
pre-Araksinsk low mountains (Armenia, Azerbaijan), 
Caspian (Russia), Volga-Ural (Russia, Kazakhstan), 
Ural-Emba (Kazakhstan), pre-Ustyurt (Kazakhstan), 
Ustyurt (Kazakhstan, Uzbekistan, Turkmenistan), 
North pre-Aral (Kazakhstan), Zaaralsky 
(Kazakhstan), Mangyshlak (Kazakhstan), pre-Aral 
Karakum (Kazakhstan), Karakum (Turkmenistan), 
Kyzylkum (Kazakhstan, Uzbekistan, Turkmenistan), 
Muyunkum (Kazakhstan), Taukum (Kazakhstan), 
pre-Balkhash (Kazakhstan), Ili intermountains 
(Kazakhstan), Betpak-Dala (Kazakhstan) Desert 
(Southeast Mongolia), Inner Mongolia (China) sands 
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Table 5.6 (continued)

 Number  Host  Focus/foci 

 189   Meriones persicus  Blanf.  Low pre-Araksinsk mountains (Armenia, 
Azerbaijan), Kurds-Iranian (Iran) 

 190   Meriones shawi  Duv., 1842  Kurds-Iranian (Iran) 
 191   Meriones tamariscinus  Pall.  Dagestan foothills-fl ats (Russia), Volga-Ural (Russia, 

Kazakhstan), Uralian (Kazakhstan) Prairie, Caspian 
(Russia), Volga-Ural (Russia, Kazakhstan) sands, 
Ural-Emba (Kazakhstan), pre-Ustyurt (Kazakhstan), 
Ustyurt (Kazakhstan, Uzbekistan, Turkmenistan), 
Mangyshlak (Kazakhstan), pre-Aral Karakum 
(Kazakhstan), North pre-Aral (Kazakhstan), 
Zaaralsky (Kazakhstan), Betpak-Dala (Kazakhstan), 
Karakum (Turkmenistan), Kyzylkum (Kazakhstan, 
Uzbekistan, Turkmenistan), Muyunkum 
(Kazakhstan), Taukum (Kazakhstan), pre-Balkhash 
(Kazakhstan) desert, pre-Alakol low mountains 
(Kazakhstan) 

 192   Meriones unguiculatus  
M.-Edw. 

 Gobi Altai (Mongolia), Inner Mongolia, Manchuria 
(China) 

 193   Meriones vinogradovi  Heptn.  Pre-Araksinsk low mountains (Armenia, Azerbaijan), 
Kurds-Iranian (Iran) 

 194   Psammomys obesus  
Cretzschmar 

 Africa 

 195   Rhombomys opimus  Licht.  Uralian prairie (Kazakhstan), Ural-Emba 
(Kazakhstan), pre-Ustyurt (Kazakhstan), Ustyurt 
(Kazakhstan, Uzbekistan, Turkmenistan), North 
pre-Aral (Kazakhstan), Zaaralsky (Kazakhstan), 
Mangyshlak (Kazakhstan), pre-Aral Karakum 
(Kazakhstan), Karakum (Turkmenistan), Kopet Dag 
(Turkmenistan), Kyzylkum (Kazakhstan, Uzbekistan, 
Turkmenistan), Muyunkum (Kazakhstan), Taukum 
(Kazakhstan), pre-Balkhash (Kazakhstan), Betpak- 
Dala (Kazakhstan), pre-Alakol low mountains 

 196   Tatera afra  Gray  Africa (Kazakhstan), Iran-Afghan low mountains and 
desert, Gobi Altai (Mongolia), Northwest China 

 197   Tatera brantsi  Smith.  South Africa 
 198   Tatera indica  Hardw.  Kurds-Iranian (Iran) mountains and prairie, 

Syrian-Mesopotamian (Syria) desert, and North, 
Central, and South India 

 199   Tatera leucogaster  Peters  Africa 
 200   Tatera lobengulae  de Vint.  South Africa 
 201   Tatera nigrita  Hatt.  Africa 
 202   Tatera robusta  Creter  Tanzania 
 203   Tatera schinzi  Noack.  Africa 
 204   Tatera valida  Bosage  Africa 

  Family :  Muridae  
 205   Acomys cahirinus  Desm.  Egypt 
 206   Apodemus agrarius  Pall.  Caspian sands, Manchuria (China) 
 207   Apodemus chevrieri   Northwestern Yunnan (China) 
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Table 5.6 (continued)

 Number  Host  Focus/foci 

 208   Apodemus speciosus  
Temminck 

 Northwestern Yunnan (China) 

 209   Apodemus sylvaticus  L.  Caspian Northwest prairie (Russia), Uralian 
(Ural-Uil) Prairie (Kazakhstan) low pre-Alakol 
mountains (Kazakhstan), Terek-Sunzha (Russia), 
Central Caucasus (Russia), Talas (Kyrgyzstan, 
Kazakhstan), Dzhungarian* (Kazakhstan), Alay 
(Kyrgyzstan), South Caucasus (Armenia, Georgia), 
Gissar (Tajikistan) highlands 

 210   Dasymys incomtus  Sund.  Africa 
 211   Dendromus haymani  Hatt.  Africa 
 212   Dendromus insignis  Thom.  Africa 
 213   Dendromus melanotis  Smith  Congo 
 214   Dendromus mesomelas  

Brants 
 Congo 

 215   Dendromus mystacalis  
Heuglin 

 Congo 

 216   Hybomys univittatus  Peters  Congo 
 217   Lemniscomys griselda  Thom.  Senegal, Kenya* 
 218   Lemniscomys striatus  L.  Kenya, Tanzania*, Congo 
 219   Lophuromys aguilus  Dollm.  Africa 
 220   Lophuromys fl avopunctatus  

Thom. 
 Tanzania, Congo 

 221   Lophuromys sikapusi * 
Temminck 

 Africa 

 222   Malacotrix typicus  Smith.  Africa 
 223   Micromys minutus  Pall.  China 
 224   Mus booduga  Gray.  India 
 225   Mus bufo  Thom.  Congo 
 226   Mus cervicolor  Hodg.  Southeast Asia 
 228   Mus (Leggada) minutoides  

A. Smith 
 Congo 

 229   Mus musculoides  Temm.  Africa 
 230   Mus musculus  L.  Dagestan plains and foothills (Russia), Volga-Ural 

(Russia, Kazakhstan), Uralian (Kazakhstan) prairie, 
Central Caucasus (Russia) highlands, Ural-Emba, 
pre-Ustyurt, North pre-Aral, Zaaralsky, Mangyshlak, 
pre-Aral Karakum (Kazakhstan), Karakum 
(Turkmenistan), Kyzylkum (Kazakhstan, Uzbekistan, 
Turkmenistan), Muyunkum (Kazakhstan) deserts, 
Volga-Ural (Russia, Kazakhstan), Caspian (Russia) 
sands, pre-Alakol (Kazakhstan), pre-Araksinsk 
(Armenia, Azerbaijan), South Caucasus fl at-foothill 
mountain (Azerbaijan, Georgia), South Caucasus 
highlands (Armenia, Georgia), Sarydzhaz highlands 
(Kazakhstan), Inner Mongolia, Northeast China, 
Vietnam, South America 
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Table 5.6 (continued)

 Number  Host  Focus/foci 

 231   Mus platythrix  Bennett  India, Vietnam* 
 232   Mus triton  Thom.  Africa 
 233   Mylomys cuninghamei  Thom.  Africa 
 234   Rhabdomys pumilio  Sparrm.  Kenya, Zimbabwe 
 235   Steatomys pratensis  Pet.  Africa 
 236   Aethomys chrysophilus  de 

Winton 
 Africa 

 237   Aethomys hindei  Thom.  Africa 
 238   Aethomys namaquensis  

A. Smith 
 Africa 

 239   Arvicanthis abyssinicus  
Rupp. 

 Kenya, Tanzania, Congo 

 240   Arvicanthis niloticus  Desm.  Tanzania, Senegal, Kenya 
 241   Bandicota bengalensis  Gray  South India, Burma 
 242   Bandicota indica  Bech.  South India, Southeast Asia 
 243   Bandicota (bengalensis) 

gracilis  Nehr. 
 India, Sri Lanka 

 244   Bandicota malabarica  Shaw.  Sri Lanka 
 245   Bandicota savilei  Thom.  Vietnam 
 246   Berylmys bowersi  Anderson  Vietnam 
 247   Cricetomys gambianus  

Waterh. 
 Tanzania, Senegal, Congo 

 248   Dipodomys  sp.  USA 
 249   Golunda ellioti  Gray  India 
 250   Grammomys dolichurus  

Smith 
 Congo, Tanzania*, Kenya* 

 251   Grammomys drays  Thom.  Africa 
 252   Leopoldamys edwardsi  

Thom. 
 Southeast Asia 

 253   Mastomys (Praomys) coucha   Africa 
 254   Mastomys natalensis  Smith  Kenya, Tanzania, Mozambique, Congo, Senegal 
 255   Millardia meltada  Gray.  North and Central India 
 256   Nesokia indica  Gray  India 
 257   Niviventer niviventer  Hodg.  Vietnam 
 258   Oenomys hypoxanthus  

Pucheran 
 Congo 

 259   Otomys angoniensis  
Wrought. 

 Kenya, Tanzania 

 260   Otomys denti  Thom.  Congo, Tanzania 
 261   Otomys irroratus  Br.  Africa 
 262   Otomys tropicalis  Wrought.  Africa 
 263   Otomys unisulcatus  Cuvier et 

Geoffr. 
 Africa 

 264   Paratomys brantsi  Smith.  Africa 
 265   Pelomys campanae  Huet.  Africa 
 266   Pelomys fallax  Pet.  Zambia, Tanzania* 
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 Number  Host  Focus/foci 

 267   Rattus andersoni  Thom.  China 
 268   Rattus argentiventer  

Robinson et Kloss 
 Southeast Asia 

 269   Rattus blanfordi  Thom.  India 
 270   Rattus concolor  Blyth.  Java 
 271   Rattus exulans  Peale  Java, Vietnam 
 272   Rattus fl avipectus  

Milne-Edwards 
 Yunnan, Guangdong, Fyuan (South China), Vietnam 

 273   Rattus griseiventer  Bouh.  Java 
 274   Rattus hawaiiensis  Stone  Hawaiian Islands 
 275   Rattus kajzeri  Noack  Africa 
 276   Rattus losea  Swinh.  Southeast Asia 
 277   Rattus molliculus * Robinson 

et Kloss 
 Vietnam 

 278   Rattus nitidus  Hodyson  Northwestern Yunnan (China), Vietnam 
 279   Rattus norvegicus  Berk.  Volga-Ural (Russia, Kazakhstan), Caspian (Russia) 

sands, Africa, India, Northeast and Southeast China, 
South America 

 280   Rattus rattus  L.  Africa, Madagascar, Hawaiian Islands, India, 
Southeast Asia, China, South America 

 281   Rattus sladeni (koratensis)  
Kloss 

 Southeast Asia 

  Family :  Gliridae  
 282   Dryomys nitedula  Pall  South Caucasus (Armenia, Georgia), Gissar 

highlands, Sarydzhaz * (Kazakhstan), Talas* 
(Kazakhstan), Dzhungarian* (Kazakhstan) highlands 

  Family :  Dipodidae  
 283   Allactaga elater  Licht.  Volga-Ural (Russia, Kazakhstan), Trans-Ural 

(Kazakhstan) prairie, Ural-Emba, pre-Ustyurt, 
Ustyurt, North pre-Aral, Zaaralsky, Mangyshlak, 
pre-Aral Karakum (Kazakhstan), Kyzylkum 
(Kazakhstan, Uzbekistan, Turkmenistan), 
Muyunkum (Kazakhstan), Karakum (Turkmenistan) 
Desert, Volga-Ural (Russia, Kazakhstan), Caspian 
(Russia) sands, pre-Araksinsk low mountains 
(Armenia, Azerbaijan), Iran 

 284   Allactaga jaculus (major)  
Pall. 

 Caspian sands (Russia), Volga-Ural (Russia, 
Kazakhstan), Uralian* prairie (Kazakhstan), 
Ural-Emba,* pre-Ustyurt,*Ustyurt,* North pre-Aral, 
pre-Aral Karakum (Kazakhstan) 

 285   Allactaga severtzovi  Vinogr.  Zaaralsky (Aryskum-Daryalik Takyr)*, pre-Aral 
Karakum* (Kazakhstan) deserts 

 286   Allactaga sibirica (saltator)  
Forster 

 Baikal prairie (Russia), Tuva highlands (Russia), 
Altay mountains (Russia), Ustyurt*, pre-Aral 
Karakum*(Kazakhstan) desert, Sarydzhaz* 
highlands (Kazakhstan), Inner Mongolia (China) 

 287   Allactagulus acontion  Pall.  Uralian* prairie (Kazakhstan), Ural-Emba,* pre-
Ustyurt,* Ustyurt,* North pre-Aral,* Kyzylkum, 
Taukum *(Kazakhstan), Karakum (Turkmenistan) desert 
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Table 5.6 (continued)

 Number  Host  Focus/foci 

 288   Dipus sagitta  Pall.  Ural-Emba, North pre-Aral*, pre-Aral Karakum* 
(Kazakhstan), Kyzylkum (Kazakhstan, Uzbekistan, 
Turkmenistan), pre-Balkhash (Kazakhstan), 
Karakum (Turkmenistan) deserts, Volga-Ural sands 
(Russia, Kazakhstan), Inner Mongolia (China) 

 289   Eremodipus lichtensteini  
Vinogr. 

 Kyzylkum (Kazakhstan, Uzbekistan, Turkmenistan), 
pre-Balkhash (Kazakhstan) desert 

 290   Paradipus ctenodactylus  
Vinogr. 

 Karakum (Turkmenistan), Kyzylkum (Kazakhstan, 
Uzbekistan, Turkmenistan) deserts 

 291   Pygerethmus  Pygerethmus 
platyurus Licht. 

 Ural-Emba*, Pre-Ustyurt*, Mangyshlak deserts 
(Kazakhstan) 

 292   Scirtopoda telum  Licht.  Caspian sands (Russia), Caspian Northwest (Russia), 
Uralian* prairie (Kazakhstan), Ural-Emba*, 
pre-Ustyurt*, Ustyurt*, North pre-Aral, Zaaralsky, 
Mangyshlak*, pre-Aral Karakum*, Kyzylkum, 
Muyunkum, Taukum, pre-Balkhash deserts 
(Kazakhstan) 

  Family :  Caviidae  
 293   Cavia aperea  Erxl.  Brazil, Ecuador 
 294   Cavia pamparum  Thom.  Argentina 
 295   Cavia porcella  L.  Ecuador 
 296   Cavia tschudii  Osg.  Peru, Ecuador 
 297   Galea musteloides  Burm.  Argentina, Bolivia 
 298   Galea spixii  Wagl.  Brazil 
 299   Kerodon rupestris  Wied.  Brazil 
 300   Microcavia australis  Geoffr. 

et D. Orb. 
 Argentina 

  Family :  Dasyproctidae  
 301   Dasyprocta variegata   Bolivia 

  Family :  Chinchillidae  
 302   Lagostomus maximus  Thom.  Argentina 

  Family :  Echimyidae  
 303   Cercomys cunicularius  

Thom. 
 Brazil 

 304   Cercomys inermis  Pict.  Brazil 
  Order :  Carnivora  
  Family :  Canidae  

 305   Canis familiaris  L.  Africa, India*, Peru* 
 306   Canis latrans  Say.  USA 
 307   Vulpes corsac  L.  Emba*, pre-Ustyurt*, Ustyurt*, North pre-Aral*, 

Zaaralsky*, pre-Aral Karakum*, Kyzylkum* 
(Kazakhstan), Karakum (Turkmenistan) deserts 

 308   Vulpes vulpes  L.  Volga-Ural prairie (Russia), Volga-Ural sands* 
(Kazakhstan), Ural-Emba*, pre-Ustyurt*, North 
pre-Aral*, Zaaralsky*, Mangyshlak*, pre-Aral 
Karakum*, Kyzylkum* (Kazakhstan) deserts, 
Tien-Shan highlands (Kazakhstan, Kyrgyzstan) 
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 309   Urocyon cinereoargenteus *  USA 
  Family :  Procyonidae  

 310   Procyon lotor   USA 
  Family :  Mustelidae  

 311   Martes americana   USA 
 312   Meles meles  L.  Zaaralsky*, pre-Aral Karakum* deserts 

(Kazakhstan), Tien-Shan highlands (Kazakhstan, 
Kyrgyzstan), USA* 

 313   Mustela altaica  Pall.  Baikal prairie (Russia), Iran 
 314   Mustela erminea   Tien-Shan highlands (Kazakhstan, Kyrgyzstan), 

North pre-Aral deserts* (Kazakhstan), Talas* and 
Dzhungarian* highland (Kazakhstan), Altay 
mountains* (Russia), Hissar* (Tajikistan) highlands 

 315   Mustela eversmanni  Less.  Caspian Northwest (Russia), Volga-Ural 
(Kazakhstan), Baikal prairie (Russia), Ural-Emba*, 
pre-Ustyurt*, Ustyurt*, North pre-Aral, Zaaralsky, 
Mangyshlak, pre-Aral Karakum, pre-Balkhash, 
Muyunkum*, Betpak-Dala*(Kazakhstan), Kyzylkum 
(Kazakhstan, Uzbekistan, Turkmenistan) deserts, 
Tien-Shan (Kazakhstan, Kyrgyzstan), Talas* 
highland (Kazakhstan), Tuva (Russia), Altay 
mountains (Russia) 

 316   Mustela furo   South Africa 
 317   Mustela nigripes   USA 
 318   Mustela nivalis  L.  Uralian prairie* (Kazakhstan), Ustyurt*, North 

pre-Aral*, Zaaralsky*, Mangyshlak*, pre-Aral 
Karakum*, Kyzylkum Muyunkum*, pre-Balkhash 
(Kazakhstan), Karakum (Turkmenistan) deserts, 
South Caucasus (Armenia, Georgia), Gissar 
(Tajikistan), Sarydzhaz *(Kazakhstan) highlands, 
China 

 319   Mustela sibirica  Pall.  Baikal prairie (Russia) 
 320   Mustela putorius  L.  Odessa, 1911 (Russia) 
 321   Taxidea taxus   USA 
 322   Vormela peregusna  Gueld.  North pre-Aral*, Zaaralsky*, Mangyshlak*, pre-Aral 

Karakum* (Kazakhstan), Kyzylkum (Kazakhstan, 
Uzbekistan, Turkmenistan), Muyunkum* 
(Kazakhstan), Karakum (Turkmenistan) deserts 

  Family :  Viverridae  
 323   Cynictis  penicillata Cuvier  Africa 
 324   Herpestes auropunctatus   Hawaiian Islands 
 325   Herpestes javanicus  

E. Geoffr. 
 Vietnam 

 326   Mangusta ichneumon  L.  India 
 327   Paradoxurus hermaphrodites  

Pal. 
 Vietnam 

 328   Helogale parvula   Kenya 
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 329   Suricata  suricatta Erhl.  India 
  Family :  Mephitidae  

 330   Mephitis mephitis   USA 
  Family :  Felidae  

 331   Felis catus  L.  Zaaralsky* (Kazakhstan), Karakum (Turkmenistan), 
Kyzylkum (Uzbekistan, Turkmenistan) deserts, 
Sarydzhaz highlands* (Kazakhstan), China, South 
Africa, USA 

 332   Felis (Puma) concolor   USA 
 333   Felis libyca  Forst.  Uralian (Ural-Uil)* prairie (Kazakhstan), Zaaralsky*, 

pre-Balkhash* deserts (Kazakhstan), pre-Alakol low 
mountains* (Kazakhstan) 

 334   Felis rufa (Lynx rufus  
Schreb.) 

 USA 

  Order :  Hyracoidea  
 335   Procavia capensis  L.  Africa 

  Order :  Artiodactyla  
  Family :  Suidae  

 336   Sus scrofa  L  USA 
  Family :  Camelidae  

 337   Camelus bactrianus  L.  Volga-Ural sands (Russia), Mangyshlak*, pre-Aral 
Karakum* (Kazakhstan), Kyzylkum (Kazakhstan, 
Uzbekistan) deserts 

 338   Camelus dromedarius  L.  Karakum desert (Turkmenistan) 
  Family :  Bovidae  

 339   Saiga tatarica  L.  Mangyshlak, Muyunkum*, Betpak-Dala* 
(Kazakhstan) deserts 

 340   Bubalus  sp.*  Africa 
 341  Domestic goat ( Capra 

aegagrus hircus )* b  
 Libya 

  Class :  Aves  
  Order :  Passeriformes  

 342   Eremophila alpestris  L  Mongolia 
 343   Oenanthe isabellina  Temm.  Volga-Ural prairie, Volga-Ural sands (Russia, 

Kazakhstan), Uralian* prairie (Kazakhstan), 
Mangyshlak* (Kazakhstan), Kyzylkum* 
(Kazakhstan, Uzbekistan, Turkmenistan) desert, 
Altay mountains* (Russia), Hissar* (Tajikistan) 
highlands, Mongolia 

 344   Podoces panderi  Fisch.  Karakum (Turkmenistan), Kyzylkum*(Kazakhstan) 
desert 

  Species described as plague hosts as a result of identifi cation of the antibodies in their organism to 
Fr I, without isolation of the causative agent of plague, marked with* 
  a The last species as a plague host described by Neronov et al. [ 105 ]. Experts on mammalian tax-
onomy recognize only one species in this family:  Pedetes cafer  or  P. capensis , but whether there 
are one or two species is unclear 
  b There is a reported case of six people infected by plague during cutting of two domestic goats; one 
of the six had antibodies to fraction-I (Christie et al., 1980)  
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   Arthropods (fl eas, ticks, lice) infected with  Y. pestis , the causative agent of the 
plague, in nature have been reported in the literature: [ 1 ,  19 ,  20 ,  107 ,  119 ]. They are 
listed in Tables  5.7  and  5.8 . The names of the arthropods are given in accordance 
with the source citation.

   Table 5.7    Species and subspecies of fl eas infected with  Y. pestis  in nature as reported in the 
literature   

 Species  Location  Host 

 1   Acropsylla episema   India  The available literature lacks relevant 
information 

 2   Adoratopsylla 
(Tritopsylla) intermedia 
copha  

 South America   Opossums Didelphis  sp. 

 3   Amalareus dissimilis 
dagestanicus  

 Caucasus   Microtus arvalis  

 4   A. dissimilis  ssp. n.  Eurasia  Cricetidae 
 5   A. penicilliger   Eurasia  Voles  Arvicola terrestris , 

 Clethrionomys frater ;  Microtus 
gregalis  and other murine rodents 

 6   Amphalius runatus   Eurasia   Ochotona pricei  and other pika 
species. In the mountain Altai focus, 
 Y. pestis  was isolated from fl eas and 
was obtained from Daurian pikas, 
long-tailed ground squirrel, and 
jerboas and from the entrances of 
Altai marmot burrows. In Mongolia, 
the fl ea is found on marmots 
long-tailed and Daurian ground 
squirrels, Brandt’s vole, and terrestrial 
predators 

 7   Amphipsylla anceps   Eurasia   Cricetulus migratorius  and other 
murine rodent species 

 8   A. asiatica   Eurasia (Tianshan 
highlands) 

  Microtus gregalis  

 9   A. kuznetzovi   Eurasia  Voles  Alticola  sp.,  Microtus  sp. 
 10   A. montana   Eurasia  ( Alticola argentatus ) 
 11   A. phaiomydis   Gissar Ridge   Microtus carruthersi ; other murine 

rodents 
 12   A. primaris   Eurasia  Voles  Alticola strelzovi ,  Lasiopodomys 

brandti , pikas ( Ochotona pricei ) 
 13   A. rossica   Caucasus   Microtus arvalis ; other murine rodent 

species 
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Table 5.7 (continued)

 Species  Location  Host 

 14   A. schelkovnikovi   Eurasia   Cricetulus migratorius ; other murine 
rodents 

 15   Anomiopsylla hiemalis   North America  Hamsters  Neotoma  sp. 
 16   A. nudatus   Cricetidae 
 17   Atyphloceras 

multidentatus  
 North America  Hamsters  Peromyscus  sp. 

 18   Callopsylla caspia   Transcaucasian, 
Dagestan, Gissar, 
Talas 

  Microtus arvalis ,  M. carruthersi , 
 Alticola argentatus , other murine 
rodents 

 19   C. dolabris   Eurasia  Marmots  Marmota  sp. (Xinjiang, 
China) 

 20   C. saxatilis   Caucasus  Cricetidae 
 21   Catallagia decipiens   North America  Hamsters  Lagurus  sp.,  Peromyscus  sp. 
 22   C. sculleni   Cricetidae 
 23   C. wymani   North America  Voles  Microtus  sp., hamsters 

 Peromyscus  sp. 
 24   Cediopsylla spillmanni   South America  American rabbits  Sylvilagus  sp. 
 25   Ceratophyllus borealis   Caucasus (Armenia)  Birds (Aves) 
 26   C. styx avicitelli   Eurasia  Birds (Aves) 
 27   Chaetopsylla homoea   Eurasia  Carnivorous mammals (Carnivora); 

rodents 
 28   Chiastopsylla numae   Africa  Muridae 
 29   C. rossi   South Africa  Gerbils  Tatera  sp.,  Otomys  sp. 
 30   Citellophilus lebedevi   Tianshan, Alay, and 

Gissar Ridge 
 Marmots  Marmota baibacina  and  M. 
caudata  

 31   C. relicticola   Tianshan   Spermophilus relictus  
 32   C. tesquorum tesquorum   Eurasia  Gophers  Spermophilus  ( Citellus ) sp. 
 33   C. t. altaicus   Mountain Altai  ( M. baibacina ) ( S. undulatus ) 
 34   C. t. ciscaucasicus   Caucasus  ( S. pygmaeus ) 
 35   C. t. mongolicus   Eurasia  Sciuridae (marmots gophers) 
 36   C. t. transvolgensis   North Caspian  ( S. pygmaeus ) 
 37   C. trispinus   Eurasia  ( Spermophilus fulvus ) ( S. 

erythrogenys ) gophers gerbils 
 Rhombomys opimus ,  Meriones  sp. 

 38   C. ullus   Eurasia 
 39   Coptopsylla 

bairamaliensis  
 Eurasia  Gerbils  Rhombomys opimus ,  Meriones  

sp. 
 40   C. caucasica   Eurasia  Gerbils,  Meriones  sp. 
 41   C. lamellifer   Eurasia   Rhombomys opimus ,  Meriones  sp. 
 42   C. olgae   Eurasia  ( Rhombomys opimus ) 
 43   Craneopsylla minerva 

wolffhuegeli  
 Cricetidae 

 44   Ctenocephalides canis   Africa  Carnivorous mammals 
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Table 5.7 (continued)

 Species  Location  Host 

 45   C. felisi   India 
 46   C. f. strongylus  
 47   C. f. orientalis  
 48   Ctenophthalmus 

bogatschevi  
 Caucasus 
(Azerbaijan) 

 Cricetidae 

 49   C. breviatus   Eurasia   Spermophilus pygmaeus  and other 
rodents 

 50   C. cabirus   Africa   Arvicanthis  sp. (Muridae) 
 51   C. calceatus cabirus   Africa  Cricetidae 
 52   C. congener   Eurasia  Mouse  Apodemus  sp., voles  Microtus  

sp. 
 53   C. dolichus   Eurasia  Gerbils  Meriones  sp.,  Rhombomys 

opimus  
 54   C. golovi   Eurasia   Spermophilus musicus , voles  Arvicola 

terrestris ,  Microtus arvalis  and other 
murine rodents 

 55   C. intermedius   Eurasia  ( Microtus arvalis ) 
 56   C. iranus iranus   Caucasus 

(Azerbaijan) 
 Cricetidae 

 57   C. orientalis   Eurasia   Spermophilus musicus , hamster voles, 
and other rodents 

 58   C. phyris   Africa  ( Arvicanthis  sp.,  Lemniscomys  sp., 
 Otomys  sp.) 

 59   C. pollex   Eurasia  ( Spermophilus pygmaeus ) ( Ct. 
migratorius ) 

 60   C. quadratus   Eurasia  Muridae 
 61   C. secundus   Eurasia  Voles  Microtus  sp. 
 62   C. teres   Caucasus   Microtus arvalis  
 63   C. wagneri   Caucasus  Voles  Arvicola terrestris ,  Microtus  sp. 
 64   C. wladimiri   Caucasus   Microtus arvalis  
 65   Ctenophyllus hirticrus   Eurasia  Pikas,  Ochotona  sp. 
 66   Dactylopsylla (Foxella) 

ignota  
 North America  Rodents of the family Geomyidae 

 67   Delostichus talis   South America   Cavia  sp. 
 68   Diamanus (Oropsylla) 

montanus  
 North America  Gophers  Spermophilus  ( Citellus ) sp. 

 69   Dinopsyllus 
brachypectus  

 Madagascar  Gray and black rats 

 70   D. ellobius   Africa  Mouse,  Rhabdomys  sp., gerbils  Tatera  
sp. 

 71   D. lypusus   Africa  Muridae ( Arvicanthis  sp.) 
 72   Echidnophaga 

gallinacea  
 Africa, North 
America 

 Insectivora 
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Table 5.7 (continued)

 Species  Location  Host 

 73   E. oschanini   Eurasia  Gerbils ( Rhombomys opimus , 
 Meriones erythrourus ) 

 74   Epitedia stanfordi   North America  Cricetidae 
 75   E. wenmanni wenmanni   North America  Cricetidae 
 76   E. w. testor   North America  Cricetidae 
 77   Euhoplopsyllus 

andensis  
 South America  Lagomorpha 

 78   E. glacialis affi nis   North America  Lagomorpha 
 79   E. manconis   South America  Lagomorpha 
 80   Foxella ignota   North America   Thomomys  
 81   Frontopsylla caucasica   Caucasian Ridge  Voles  Microtus arvalis  
 82   F. elata   Eurasia  Voles  Microtus  sp. mouse  Apodemus  

sp., hamsters  Cricetulus  sp., pikas 
 Ochotona  sp. 

 83   F. elatoides   Eurasia  ( Spermophilus undulatus ) 
 84   F. frontalis   Eurasia  Birds ( Oenanthe  sp.), different species 

of rodents 
 85   F. glabra vara   Gissar Ridge  ( Microtus carruthersi ) 
 86   F. hetera   Eurasia   Ochotona  sp. in mountain Altai foci, 

found on all animal species 
 87   F. luculenta   Eurasia   Ochotona  sp., gophers  Spermophilus  

sp., voles  Lasiopodomys brandti , other 
rodent species 

 88   F. ornata   Eurasia  Voles  Clethrionomys  sp.,  Microtus  sp., 
 Apodemus  sp., other murine rodent 
species 

 89   F. protera   Eurasia  Voles  Alticola  sp.,  Microtus  sp. 
 90   F. semura   Eurasia  Gophers  Spermophilus  sp. 
 91   F. spadix spadix   Eurasia  Sciuridae 
 92   F. wagneri   Eurasia  Dipodidae, other rodent species 
 93   Hectopsylla eskeyi   South America   Cavia  sp. 
 94   H. suarezi   South America   Cavia  sp. 
 95   Hiphiopsylla lippa   Africa  Muridae 
 96   Hoplopsyllus andensis   South America  Rabbits,  Sylvilagus  sp. 
 97   H. anomalus   North America  Gophers  Spermophilus  sp. 

(Lagomorpha) 
 98   H. glacialis affi nis   North America  Rabbits,  Sylvilagus  sp. 
 99   H. manconis   South America  Rabbits,  Sylvilagus  sp. 
 100   Hystrichopsylla dippiei 

truncata  
 North America  Cricetidae 

 101   H. linsdalei   North America  Voles  Microtus  sp. 
 102   H. talpae   Eurasia  Moles ( Talpa  sp.), voles  Microtus  sp., 

and other rodent species 
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Table 5.7 (continued)

 Species  Location  Host 

 103   Leptopsylla aethiopica 
aethiopica  

 Africa  Muridae 

 104   L. (Pectinoctenus) 
nemorosa  

  Apodemus sylvaticus . In Gissar Ridge 
also  Microtus carruthersi ,  Cricetulus 
migratorius  

 105   L. nana   Eurasia  Voles  Alticola  sp.,  Chionomys  sp., 
 Microtus  sp.,  Cricetulus  sp. 

 106   L. segnis   Eurasia   Mus musculus ; in China, several 
species of rodents 

 107   L. pavlovskii   Eurasia   Phodopus sungorus  and other murine 
rodent species 

 108   L. tashcenbergi   Eurasia  Mouse  Apodemus  sp., other rodent 
species and insectivores 

 109   Listropsylla dorippae   Africa  Gerbils,  Tatera  sp. 
 110   Malaraeus 

bitterrootensis  
 North America  Cricetidae 

 111   M. sinomus   North America  Cricetidae 
 112   M. telchinus   North America  Voles  Microtus  sp., hamsters 

 Peromyscus  sp. 
 113   Megabothris abantis   North America  Cricetidae 
 114   M. clantoni clantoni   North America   Lagurus  sp.,  Peromyscus  sp. 
 115   M. c. johnsoni   North America  Cricetidae 
 116   M. exilis   North America  Cricetidae, Hamsters  Onychomys  sp. 
 117   M. eumolpi   North America  Cricetidae,  Tamias  sp. 
 118   M. turbidus   Eurasia  Voles  Microtus arvalis ,  Clethrionomys  

sp.,  Apodemus  sp. 
 119   M. wagneri   North America  Cricetidae,  Lagurus  sp.,  Peromyscus  

sp. 
 120   Meringis shannoni   North America   Lagurus  sp. and other rodents 
 121   Mesopsylla 

apscheronica  
 Eurasia 
(Transcaucasus) 

  Allactaga  sp. 

 122   M. eucta   Eurasia  Jerboas,  Alactagulus  sp.,  Allactaga  
sp.,  Scirtopoda  sp., Libyan jird 
( Meriones erythrourus ) 

 123   M. hebes   Eurasia  Jerboas,  Allactaga  sp.; gerbils, 
 Meriones  sp. 

 124   M. lenis   Eurasia  Jerboas,  Allactaga  sp., Libyan jird 
( Meriones erythrourus ) 

 125   M. tuschkan   Eurasia  Jerboas,  Allactaga  sp., etc. 
 126   Monopsyllus 

(Ceratophyllus) anisus  
 Eurasia   Rattus  sp. 

 127   Neopsylla abagaitui   Eurasia  ( Spermophilus dauricus ) 
 128   N. bidentatiformis   Eurasia  gophers  Spermophilus  sp.,  Cricetulus  

sp.,  Rattus  sp., and other rodent 
species 
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Table 5.7 (continued)

 Species  Location  Host 

 129   N. galea   Eurasia  ( Lasiopodomys brandti ) ( Cricetulus 
barabensis ) 

 130   N. hongyangensis   Eurasia 
 131   N. inopina   North America  Sciuridae 
 132   N. mana   Eurasia  Voles  Lasiopodomys brandti , gophers 

 Spermophilus undulatus , and other 
rodent species 

 133   N. meridiana   Eurasia (Tianshan 
highlands) 

 134   N. pleskei   Eurasia  Voles  Microtus  sp.,  Cricetulus 
migratorius , and other murine rodents 

 135   N. setosa   Eurasia  Sciuridae; gophers  Spermophilus  sp. 
 136   N. specialis   Eurasia  Muridae 
 137   N. teratura   Eurasia   Cricetulus migratorius  and other 

murine rodents 
 138   Neotyphloceras 

rosenbergi  
 South America   Didelphis  sp. 

 139   Nosopsyllus aralis   Eurasia  Jirds  Meriones  sp. 
 140   N. arcotus   India 
 141   N. consimilis   Eurasia  Voles  Microtus arvalis  and other 

murine rodent species 
 142   N. fasciatus   Eurasia and India   Rattus  sp. 
 143   N. fi dus   Eurasia   Mus musculus  and other Muridae 

species 
 144   N. iranus   Eurasia  Jirds  Meriones  sp. 
 145   N. laeviceps   Eurasia   Meriones  sp. ( Ct. migratorius ) 
 146   N. londiniensis   Brazil, Ecuador  Muridae 
 147   N. mokrzeckyi   Eurasia   Mus musculus  and other murine 

rodent species 
 148   N. monstrosus   Eurasia  Jirds  Meriones  sp. 
 149   N. nicanus   Eurasia  Muridae 
 150   N. nilgiriensis   South Asia  Muridae 
 151   N. punjabensis   South Asia  Muridae 
 152   N. tersus   Eurasia  Great gerbil,  Rhombomys opimus  
 153   N. turkmenicus   Eurasia  Jirds  Meriones  sp. 
 154   Odontopsyllus sp.   South America  Rabbits,  Sylvilagus  sp. 
 155   Ophthalmopsylla 

kasakiensis  
 Eurasia  ( Dipus sagitta ) 

 156   O. kiritschenkoi   Eurasia  Dipodidae, Cricetidae 
 157   O. kukusckini   Eurasia  Murine rodent species 
 158   O. praefecta   Eurasia  Dipodidae; Hurhinsk meso-foci 

(Mongolia); China from the fur of  S. 
alaschanicus  

(continued)
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Table 5.7 (continued)

 Species  Location  Host 

 159   O. volgensis   Eurasia  Jerboas,  Alactagulus  sp.,  Allactaga  
sp.,  Dipus  sp. 

 160   Opisocrostis bruneri   North America  Prairie dogs  Cynomys  sp. 
 161   O. hirsutus   North America 
 162   O. labis   North America   Cynomys  sp. 
 163   O. tuberculatus   North America   Cynomys  sp. 
 164   Opisodasis keeni 

nesiotus  
 North America  Voles  Microtus  sp., hamsters 

 Peromyscus  sp.,  Reithrodontomys  sp. 
 165   O. k. keeni   North America  Cricetidae 
 166   Orchopeas howardii 

howardii  
 North America  Cricetidae 

 167   O. leucopus   North America  Hamsters  Neotoma  sp. 
 168   O. neotomae   North America 
 169   O. sexdentatus   North America   Neotoma  sp.,  Peromyscus  sp. 
 170   Oropsylla alaskensis   Eurasia  Gophers  Spermophilus dauricus ,  S. 

undu  
 171   O. bruneri   North America 
 172   O. hirsuta   North America  Prairie dogs  Cynomys ludovicianus  
 173   O. idahoensis   North America  Gophers  Spermophilus  sp., 

 Otospermophilus  sp. 
 174   O. ilovaiskii   Eurasia  Gophers  Spermophilus  sp. 
 175   O. rupestris   North America  Gophers  Spermophilus  sp., 

 Otospermophilus  sp. 
 176   O. silantiewi   Eurasia  Marmots  Marmota  sp. In Mongolia, 

on susliks, Brandt’s vole, pikas, 
terrestrial predators 

 177   Panallius galeanus   South America   Cavia  sp. 
 176   Paradoxopsyllus 

curvispinus  
 Eurasia  Muridae 

 177   P. custodies   Eurasia  Muridae 
 178   P. dashidorzhii   Eurasia   Ochotona  sp.; in the Altay mountains, 

pikas, voles, and other small animals; 
in Mongolia, long-tailed ground 
squirrel, narrow-skulled vole 

 179   P. integer   Eurasia   Ochotona  sp.,  Rattus  sp. 
 180   P. kalabukhovi   Eurasia   Ochotona  sp. 
 181   P. repandus   Eurasia  Gerbils,  Meriones  sp.,  Rhombomys 

opimus  
 182   P. scorodumovi   Eurasia  Gerbils,  Ochotona  sp. 
 183   P. teretifrons   Eurasia  Gerbils,  Meriones  sp.,  Rhombomys  sp. 
 184   Paramonopsyllus 

skaloni  
 Eurasia  Pikas,  Ochotona  sp. 

 185   Paraneopsylla ioffi    Eurasia   Ochotona  sp., voles  Alticola  sp. 
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Table 5.7 (continued)

 Species  Location  Host 

 186   Peromyscopsylla 
bidentata  

 Caucasus(Azerbaijan)  Cricetidae 

 187   P. hesperomys adelpha   North America  Hamsters  Peromyscus  sp. 
 188   Phalacropsylla alios   North America  Cricetidae 
 189   Pleochaetis dolens   South America   Cavia  sp., hamsters  Oryzomys  sp., 

rabbits,  Sylvilagus  sp. 
 190   P. equatoris   South America  Hamsters  Akodon  sp.,  Oryzomys  sp., 

rabbits,  Sylvilagus  sp. 
 191   P. sibynus   North America  Cricetidae 
 192   Plocopsylla hector   South America  Hamsters  Thomasomys  sp. 
 193   Polygenis bohlsi   South America   Cavia  sp., hamsters  Oryzomys  sp. 

( Monodelphis domestica ) 
 194   P. brachinus   South America  Hamsters  Akodon  sp.,  Oryzomys  sp. 
 195   P. byturus   South America   Cavia  sp., hamsters  Graomys  sp. 
 196   P. gwyni   North and South 

America 
 197   P. litargus   South America  Hamsters  Oryzomys  sp., squirrels 

 Sciurus  sp. 
 198   P. platensis cisandinus   South America   Cavia  sp. 
 199   P. tripus   South America  Hamsters  Oryzomys  sp., rats,  Rattus  

sp. 
 200   Pulex irritans   Eurasia, South 

America 
  Rattus  sp., marmots  Marmota  sp., 
predatory mammals, animals, human 
houses 

 201   P. similans   North America  Sciuridae 
 202   Rhadinopsylla altaica   Eurasia   Ochotona  sp. 
 203   R. altifrons   Gissar Ridge   Microtus carruthersi  
 204   R. angusta   Eurasia  Voles  Microtus  sp. ( M. gregalis , 

Tien-Shan highlands);  Clethrionomys  
sp., gophers  Spermophilus  sp., other 
rodent species 

 205   R. bivirgis   Eurasia  Jirds  Meriones  sp. and other rodents 
 206   R. cedestis   Eurasia 

(Transcaucasus, 
Betpak-Dala) 

 Gerbils,  Meriones  sp., great gerbil 
 Rhombomys opimus  

 207   R. dahurica   Eurasia   Ochotona  sp., gophers  Spermophilus  
sp.,  Microtus  sp., and other rodent 
species, steppe polecat 

 208   R. dives   Eurasia   Cricetulus  sp.,  Apodemus  sp., gophers 
 Spermophilus  sp. 

 209   R. insolita   Eurasia   Cricetulus  sp.,  Apodemus  sp., and 
other small rodents 

 210   R. integella   Eurasia   Microtus arvalis  and other small 
rodents 
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Table 5.7 (continued)

 Species  Location  Host 

 211   R. li   Eurasia  Marmots  Marmota  sp., gophers 
 Spermophilus  sp.,  Cricetulus  sp., and 
other small rodents 

 212   R. rothschildi   Eurasia   Lasiopodomys brandti  and other small 
rodents and carnivorous mammals 

 213   R. socia   Eurasia  Jirds  Meriones  sp. 
 214   R. tenella   Eurasia   Cricetulus  sp.,  Apodemus  sp. 
 215   R. ucrainica   Eurasia 

(Transcaucasus) 
 Voles  Microtus socialis , gerbils 
 Meriones  sp. 

 216   Rhopalopsyllus  sp.  South America  Edentata 
 217   R. casicus   Peru 
 218   Rostropsylla daca   Eurasia   Spermophilopsis leptodactylus  
 219   Sphinctopsylla mars   South America  Hamsters  Hesperomys  sp. 
 220   Stenischia humilis   Eurasia  Cricetidae 
 221   Stenistomera 

(Miochaeta) alpina  
 Eurasia  Cricetidae 

 222   S. macrodactyla   North America  Hamsters  Peromyscus  sp. 
 223   Stenoponia conspecta   Eurasia  Gerbils, great ( Rhombomys opimus ), 

Libyan  Meriones erythrourus  
 224   S. ivanovi   Eurasia   Microtus arvalis  
 225   S. tripectinata insperata   Eurasia  Jirds  Meriones  sp. 
 226   S. vlasovi   Eurasia  Jirds  Meriones  sp.,  Pallasiomys  sp. 
 227   Stivalius ahalae   India, Java  Muridae 
 228   S. aporus   India 
 229   S. cognatus   Java  Muridae 
 230   Synopsyllus estradei   Madagascar  Muridae 
 231   S. fonque   Madagascar  Muridae 
 232   Synosternus cleopatrae   Africa  Cricetidae 
 233   S. longispinus   Eurasia  Insectivora, Carnivora, Rodentia 
 234   S. pallidus   Eurasia, Africa  Insectivores, carnivorous mammals, 

rodent 
 235   Thrassis acamantis   North America  Sciuridae (gophers) 
 236   T. arizonensis   North America  Sciuridae (gophers) 
 237   T. bacchi bacchi   North America  Gophers  Spermophilus  sp. 
 238   T. bacchi johnsoni   North America   Lagurus  sp., hamsters  Peromyscus  sp. 
 239   T. focus   North America  Hamsters  Onychomys  sp. 
 240   T. francisi   North America  Sciuridae 
 241   T. gladiolis   North America  Sciuridae 
 242   T. howelli   North America 
 243   T. pandorae   North America  Gophers  Spermophilus  sp. 
 244   T. petiolatus   North America  Sciuridae 
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Table 5.7 (continued)

 Species  Location  Host 

 245   T. stanfordi   North America   Marmota  sp. 
 246   Tiamastus cavicola   South America  Cricetidae;  Cavia  sp. 
 247   Tunga penetrans   Africa 
 248   Xenopsylla astia   India  Muridae 
 249   X. brasiliensis   Africa, India, South 

America 
 Muridae 

 250   X. buxtoni   Eurasia  Jirds  Meriones  sp. 
 251   X. cheopis   Eurasia, South 

America 
  Rattus  sp. 

 252   X. conformis   Eurasia   Meriones  sp. 
 253   X. eridos   Africa  Hamsters  Otomys  sp. 
 254   X. gerbilli caspica   Eurasia  Gerbils  Rhombomys opimus ,  Meriones  

sp. 
 255   X. gerbilli gerbilli   Eurasia   Rhombomys opimus ,  Meriones  sp. 
 256   X. g. minax   Eurasia   Rhombomys opimus ,  Meriones  sp. 
 257   X. hirsuta   Africa  Cricetidae 
 258   X. hirtipes   Eurasia  Gerbils  Meriones  sp.,  Rhombomys 

opimus  
 259   X. magdalenae   Eurasia  Cricetidae 
 260   X. nubica   Africa  Cricetidae 
 261   X. nuttalli   Eurasia  Great gerbil  Rhombomys opimus  
 262   X. philoxera   Africa  Cricetidae 
 263   X. phyllomae   Africa  Cricetidae 
 264   X. piriei   Africa  Cricetidae 
 265   X. skrjabini   Eurasia   Rhombomys opimus  
 266   X. versuta   Africa   Rhabdomys  sp. 
 267   X. vexabilis hawaiiensis   Hawaiian Islands   Rattus hawaiiensis ,  R. rattus  
 268   Xiphiopsylla lippa   Africa   Lophuromys  sp. 
 269   Wagnerina longicaudata   Eurasia   Ochotona  sp., voles  Alticola  sp. 

  (Sludskyi, 2014)  

    Table 5.8    Ticks and lice in nature infected with plague ([ 19 ,  20 ], corrected by Dubyanskiy V.M., 
Yeszhanov A.B.)   

 Species 

 Ticks 
 Argasidae   Ornithodoros alactagalis ,  O. tartakovskyi  
 Gamasides   Eulaelaps kolpakovae ; In Mongolia,  Y. pestis  isolated from  Haemogamasus 

manschuricus  and  Hg. kitanoi ;  Hg. nidi  (Transcaucasian highlands),  Laelaps 
algericus  Hirst. 

 Ixodidae   Dermacentor nuttalli ,  Haemaphysalis numidiana turanica ,  Hyalomma asiaticum , 
 Ixodes crenulatus ,  I. persulcatus ,  Rhipicephalus schulzei ,  R. pumilio  

 Lice   Hoplopleura acanthopus  (in Baikal parasite on 29 mammalian species). 
 Linognathoides (Neohaematopinus) laeviusculus ,  L. palearcticus ,  L. p. 
tarbagani ,  Pediculus humanus ,  P. corporis  
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             Supplementary Details for “5.1.2 Distribution of Plague Foci” 

    5.1.2.1 Africa 

    5.1.2.1.1 North Africa (Group Countries) 

    Natural plague foci in North Africa have hardly been studied, although cases of 
plague in humans and camels in Libya, Tunisia, and Egypt have been described.  

  Hosts:  Acomys cahirinus . The plague microbe was isolated in 1927–1928 [ 107 ].    
 Vectors: Verifi ed data are lacking.  

    5.1.2.1.2 Mauritania, Western Sahara 

    Hosts:  Psammomys obesus , with an ecology similar to that of  Rhombomys opimus, 
Xerus erythropus, Mus musculus, Acomys cahirinus, Meriones libycus, Gerbillus 
pyramidum, G. gerbillus, G. agag, G. nanus. Dipodillus campestris, Pachyuromys 
duprasi , and  Jaculus jaculus  [ 108 ,  109 ]  

  Vectors:  Xenopsylla ramesis, Synosternus cleopatrae, X. nubica  [ 1 ]     

    5.1.2.1.3 Algeria 

    Hosts:  Rattus rattus, Rattus norvegicus , gerbils of the genus  Gerbillus  and  Meriones   
  Vectors:  Xenopsylla cheopis      

    5.1.2.1.4 Democratic Republic of the Congo 

    Plague foci along the border with Tanzania:  
  Landscapes: Savanna  
  Hosts:  Mastomys natalensis, Rattus rattus   
  Vectors:  Xenopsylla brasiliensis, X. cheopis  [ 30 ]     

    5.1.2.1.5 Uganda 

    Northern and western provinces:  
  Landscapes: The available literature lacks relevant information.  
  Hosts:  Mastomys natalensis ,  Rattus rattus   
  Vectors:  Xenopsylla cheopis, Ctenocephalides  spp. [ 30 ,  110 ]     
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    5.1.2.1.6 Kenya 

    Landscapes: The available literature lacks relevant information.  
  Hosts:  Arvicanthis niloticus, Mastomys natalensis   
  Vectors:  Xenopsylla cheopis, X. brasiliensis  [ 30 ,  111 ]     

    5.1.2.1.7 Tanzania 

    The slopes of Mount Kilimanjaro and the area southeast of Lake Victoria:  
  Landscapes: 900–2500 m above sea level, forests, pastures  
  Hosts:  Rattus rattus alexandrinus ,  Tatera robusta  (Cretzschmar)  
  Vectors:  Ctenophthalmus eximius, Nosopsyllus incisus  [ 20 ,  30 ,  112 ,  113 ]  
  Epizootic area west of Lake Victoria borders plague foci in the Democratic Republic 

of the Congo:  
  Landscapes: The available literature lacks relevant information.  
  The southeast epizootic area borders the plague focus in Kenya:  
  Landscapes: The available literature lacks relevant information.  
  Hosts:  Lemniscomys griselda  Thom ., Lemniscomys striatus L . [ 20 ]  
  Both the area in the vicinity of Lake Rukk and the interstream area between the 

Greater Rvakh and Ruhundzhi share a focus with that in Malawi and Zambia:  
  Landscapes: The available literature lacks relevant information.  
  Hosts (for all foci in Tanzania):  Rattus rattus alexandrines, Tatera robusta  

(Cretzschmar) , Pelomys fallax  (Peters) , Lemniscomys griselda  (Thomas), 
 Lemniscomys striatus  [ 19 ]     

    5.1.2.1.8 Namibia 

    Foci in the interstream area between Kunene and Okavango, on the Angola 
border:  

  Landscapes: Desert savanna  
  Hosts:  Tatera schinzi, Desmodillus auricularis  [ 30 ]  
  Landscapes: The available literature lacks relevant information.  
  Foci on the southern half of the Damaraland Plateau and the southern slopes of the 

Kamala Plateau:  
  Landscapes: The available literature lacks relevant information.  
  Hosts:  Tatera schinzi, Desmodillus auricularis   
  Vectors (for all foci in Namibia):  X. philoxera ,  X. brasiliensis , and  Dinopsyllus ello-

bius  [ 30 ]  
  Foci on the Namaland Plateau  
  Landscapes: Sandy desert  
  Hosts:  Tatera schinzi, Desmodillus auricularis  [ 30 ]  
  Vectors: The available literature lacks relevant information.     
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    5.1.2.1.9 Botswana 

    Foci east and west of the Okavango Delta and on the borders of Botswana, Namibia, 
and southern Angola:  

  Landscapes: Desert  
  Hosts:  Tatera schinzi, Desmodillus auricularis  [ 30 ]  
  Vectors: The available literature lacks relevant information.  
  Foci are also present in the south, just outside South Africa.     

    5.1.2.1.10 Malawi 

    Vectors: The available literature lacks relevant information.     

    5.1.2.1.11 Zambia 

    Focus of plague in eastern Zambia within the plateau; a single focus in Tanzania:  
  Hosts:  Tatera valida   
  Vectors:  Xenopsylla philoxera, X. hipponax  [ 30 ]     

    5.1.2.1.12 Zimbabwe 

    Foci in most parts of the country:  
  Landscapes: Desert, savanna  
  Hosts:  Tatera leucogaster, Aethomys chrysophilus  [ 30 ]  
  Vectors:  Xenopsylla philoxera, X. brasiliensis  [ 114 ]     

    5.1.2.1.13 South Africa 

    Focal areas in the Great Karoo:  
  Hosts:  Desmodillus auricularis, Rhabdomys pumilio   
  Vectors:  Xenopsylla pirici, X. Brasiliensis, Dinopsyllus ellobius  ([ 30 ,  111 ]; Plague 

Control Guidelines for South Africa (  http://www.nicd.ac.za/assets/fi les/
National_Plague_Control_Guidelines.pdf    ))  

  Foci between the Great Escarpment and the Orange River:  
  Hosts:  Desmodillus auricularis, Tatera brantsi   
  Vectors:  Xenopsylla pirici, X. Brasiliensis, Dinopsyllus ellobius  ([ 30 ]; Plague 

Control Guidelines for South Africa (  http://www.nicd.ac.za/assets/fi les/
National_Plague_Control_Guidelines.pdf    ))  

  Focal areas located in the interfl uves of the Orange River and the Vaal River, extend-
ing until the Drakensberg mountains in the east:  

  Landscapes: Semideserts, deserts  
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  Hosts:  Tatera brantsii, T. schinzi   
  Focal area on the northeastern slopes of the Witwatersrand Ridge:  
  Vectors (for all foci of South Africa):  X. philoxera, X. brasiliensis , and  Dinopsyllus 

ellobius  ([ 30 ];   http://www.who.int/csr/resources/publications/plague/WHO_
CDS_CSR_EDC_99_2_EN/en/    )     

    5.1.2.1.14 Madagascar 

    Focal areas on the high plateau:  
  Landscapes: Madagascar savanna  
  Hosts:  Rattus rattus   
  Vectors:  Synopsylla fonquernii, Xenopsylla cheopis  [ 30 ]      

    5.1.2.2 Southeast Asia 

    5.1.1.2.1 India 

    In northern India, foci on the Indo-Gangetic Plain:  
  Landscapes: The available literature lacks relevant information.  
  Hosts:  Tatera indica, Bandicota indica   
  Vectors:  Xenopsylla astia, X. cheopis  [ 30 ]  
  In central India, foci in Madhya Pradesh:  
  Vectors: The available literature lacks relevant information.  
  Hosts:  Tatera indica, Bandicota indica   
  Vectors:  Xenopsylla astia, X. cheopis  [ 30 ]  
  Foci in southern India:  
  Vectors: The available literature lacks relevant information.  
  Hosts:  Tatera indica, Bandicota indica   
  Vectors:  Xenopsylla astia, X. cheopis  [ 30 ]     

    5.1.1.2.2 Nepal 

    Vectors: The available literature lacks relevant information.  
  Hosts:  Rattus rattus   
  Vectors:  Xenopsylla cheopis  [ 115 ]     

    5.1.1.2.3 Burma 

    Foci in the central uplands, between the Irrawaddy and Sittwe Rivers:  
  Vectors: The available literature lacks relevant information.  
  Hosts:  Rattus rattus, Bandicota bengalensis   
  Vectors:  Xenopsylla cheopis  [ 116 ]     
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    5.1.1.2.4 Thailand 

    Foci on the Khorat Plateau and in the northern and western parts of central Thailand:  
  Vectors: The available literature lacks relevant information.  
  Hosts:  Rattus concolor, R. rattus   
  Vectors:  Xenopsylla cheopis  [ 30 ]     

    5.1.1.2.5 Vietnam 

    Landscapes: Coastal lowland plains  
  Hosts:  Rattus rattus, R. norvegicus, R. indica   
  Vectors:  Xenopsylla cheopis  [ 30 ]     

    5.1.1.2.6 Indonesia 

    Foci on Java  
  Landscapes: Hillsides, highlands, plateaus with rice fi elds  
  Hosts:  Rattus concolor, R. norvegicus   
  Vectors:  Xenopsylla cheopis, Stivalius cognatus  [ 30 ]      

    5.1.2.3 Countries of the Former USSR (Part of English Foci 
Names by Anisimov et al. [ 117 ], 2015; Zhou et al. [ 118 ]) 

    5.1.2.3.1 Pre-Araks 

    Natural foci (07) (it is the registration number of focus according to the Russian 
system of count) in the low mountains:  

  Landscapes: Deserts, low mountains, midlands  
  Hosts:  Meriones vinogradovi, M. persicus, M. tristrami, M. dahli, Allactaga elater, 

Microtus socialis, Mus musculus  [ 119 ]  
  Vectors:  Xenopsylla conformis conformis ,  Nosopsyllus iranus iranus ,  Pulex 

irritans  [ 15 ]     

    5.1.2.3.2 Transcaucasian Valleys and Foothills 

    Natural foci in the Kur-Arak lowlands:  
  Landscapes: Dry steppes, semideserts, deserts  
  Hosts:  Meriones libycus, M. tristrami, Mus musculus  [ 15 ]  
  Vectors:  Xenopsylla conformis conformis, Nosopsyllus laeviceps laeviceps  [ 15 ]     
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    5.1.2.3.3 Transcaucasian Highland 

    Group of autonomous natural foci (04–06):  
  Landscapes: Mountainous steppe, steppe, subalpine and alpine meadows  
  Hosts:  Microtus arvalis, Microtus socialis, Mus musculus  [ 25 ]  
  Vectors:  Callopsylla caspia, Nosopsyllus consimilis  [ 15 ]     

    5.1.2.3.4 Dagestan Highland 

    Natural focus (39) located at 2,000–3,000 m above sea level:  
  Landscapes: Alpine meadows  
  Hosts:  Microtus arvalis, Cricetulus migratorius, Arvicola terrestris  [ 112 ,  121 ]  
  Vectors:  Callopsylla caspia ,  Amalaraeus dissimilis dagestanicus  [ 15 ,  122 ]     

    5.1.2.3.5 Central Caucasian 

    Natural focus of plague (1) at Mount Elbrus:  
  Landscapes: Mountain steppes, alpine and subalpine meadows  
  Hosts:  Spermophilus musicus, Microtus arvalis, Sylvaemus uralensis, Mus muscu-

lus  [ 15 ,  119 ]  
  Vectors:  Citellophilus tesquorum caucasicus  , Neopsylla setosa  [ 15 ,  123 ]   

   Dagestan valleys and foothills: Natural foci of plague (03) in the Caspian Plain 
within Dagestan  

  Landscapes: Deserts, semideserts  
  Hosts:  Spermophilus pygmaeus, Meriones tamariscinus, Mus musculus  [ 15 ,  124 ]  
  Vectors:  Neopsylla setosa, Citellophilus tesquorum caucasicus  [ 15 ]   

   Terek-Sunzha natural focus of plague (02) near the Terek and Sunzha Rivers:  
  Landscapes: Desert steppes  
  Hosts:  Spermophilus pygmaeus  [ 15 ,  119 ]  
  Vectors:  Neopsylla setosa, Citellophilus tesquorum  [ 125 ]   

    5.1.2.3.6   Pre-Caspian sandy natural foci (43) in sandy regions near the Caspian 
Sea in the Republics of Kalmykia, Dagestan, and Stavropol:  

  Landscapes: Semideserts  
  Hosts:  Meriones meridianus, Spermophilus pygmaeus  [ 126 ]  
  Vectors:  Nosopsyllus laeviceps, Xenopsylla conformis conformis  [ 127 ]   

    5.1.2.3.7   Pre-Caspian northwestern natural foci of plague (14) in the Astrakhan 
region, Kalmykia, Northwest Caspian steppe:  

  Landscapes: Semideserts  
  Hosts:  Spermophilus pygmaeus ,  Meriones meridianus ,  Mus musculus  [ 119 ]  
  Vectors:  Citellophilus tesquorum ,  Neopsilla setosa  [ 1 ]   
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    5.1.2.3.8   Volga-Ural steppe natural foci of plague (15) in the northern Volga and 
Ural interstream, from the Caspian lowland to the Common Syrt:  

  Landscapes: Steppe, semideserts  
  Hosts:  Spermophilus pygmaeus pygmaeus  [ 128 ]  
  Vectors:  Neopsilla setosa ,  Citellophilus tesquorum transvolgensis  [ 128 ]   

    5.1.2.3.9   Volga-Ural sandy natural foci of plague (16) in the southern part of the 
Caspian Depression, in the Ural and the Volga interstream  

  Landscapes: Sandy  
  Hosts:  M. meridianus ,  M. tamariscinus, Spermophilus fulvus, Mus musculus   
  Vectors:  X. conformis ,  Nosopsyllus laeviceps  [ 128 ]   

    5.1.2.3.10   Trans-UralTrans-Ural natural foci of plague (17) east of the Ural River 
in West Kazakhstan, Aktobe and Atyrau regions  

  Landscapes: Steppes, semideserts  
  Hosts:  S. pygmaeus, Rhombomys opimus  [ 128 ]  
  Vectors:  N. setosa, C. tesquorum  [ 128 ]     

    5.1.2.3.11 Central Asian Desert 

     5.1.2.3.11.1   Ural-Emba autonomous plague focus (18) in the Ural-Emba desert 
between the Ural and Emba Rivers  

  Landscapes: Semideserts, river fl oodplains  
  Hosts:  Rhombomys opimus, M. tamariscinus, M. meridianus  [ 128 ]  
  Vectors:  X. skrjabini, N. laeviceps, C. lamellifer  [ 128 ]   

    5.1.2.3.11.2   Pre-Ustyurt autonomous desert plague foci (19) between the Emba 
River, Ustyurt Plateau, and Caspian Sea  

  Landscapes: Semideserts, deserts  
  Hosts:  Rhombomys opimus, M. lybicus, M. meridianus  [ 128 ]  
  Vectors:  X. skrjabini, C. lamellifer, N. laeviceps  [ 128 ]   

    5.1.2.3.11.3   Mangyshlak autonomous plague focus (23) in the Mangyshlak Desert 
and in Mangistau region covering an area of the Buzachi Peninsula that includes 
the plains and mountains of the Mangyshlak region  

  Landscapes: Deserts  
  Hosts:  Rhombomys opimus, M. lybicus   
  Vectors:  X. skrjabini, X. nuttalii  [ 128 ]   

    5.1.2.3.11.4   Ustyurt autonomous plague focus (20) on the Ustyurt Plateau of the 
Ustyurt Desert between the Mangyshlak region to the west and the Aral Sea to 
the east in the territories of the Republics of Kazakhstan and Uzbekistan  

  Landscapes: Deserts  
  Hosts:  Rhombomys opimus, C. migratorius  [ 128 ]  
  Vectors:  X. skrjabini, X. nuttalii ,  X. g. caspica  [ 128 ]   
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    5.1.2.3.11.5   North-Pre-Aral autonomous plague focus (21) in the northwest pre- 
Aral region including Large and Small Badger Sands in the North Pre-Aral 
Desert  

  Landscapes: Deserts  
  Hosts:  Rhombomys opimus, M. lybicus, M. meridianus  [ 128 ]  
  Vectors:  X. skrjabini, C. lamellifer, N. laeviceps  [ 128 ]   

    5.1.2.3.11.6   Pre-Aral-Karakum autonomous focus (24) in the Pre-Aral Karakum 
Desert and the Aktobe, Kyzylorda, and Karaganda regions of Kazakhstan north-
east of the Aral Sea  

  Landscapes: Sandy, clayey, gravelly deserts  
  Hosts:  Rhombomys opimus, M. lybicus, M. meridianus   
  Vectors:  X. skrjabini ,  C.  lamellifer,  N. laeviceps  [ 128 ]   

    5.1.2.3.11.7   Trans-Aral autonomous focus (22) in the Aryskum-Daryalyktakyr 
Desert and theKyzylorda and Karaganda regions of Kazakhstan  

  Landscapes: Sandy deserts  
  Hosts:  Rhombomys opimus, M. lybicus, M. meridianus   
  Vectors:  X. gerbilli, X. skrjabini  [ 128 ]   

    5.1.2.3.11.8   Karakum autonomous focus (25) in Karakum Desert, Turkmenistan  
  Landscapes: Sandy deserts  
  Hosts:  Rhombomys opimus, M. lybicus, M. meridianus   
  Vectors:  X.  gerbilli,  X. hirtipes  [ 1 ]   

    5.1.2.3.11.9   Kopet Dag autonomous desert focus (26) in Southwestern Kopet Dag  
  Landscapes: Desertifi ed lowlands  
  Hosts:  Rhombomys opimus, M. lybicus   
  Vectors:  X. conformis ,  N. laeviceps  [ 1 ]   

    5.1.2.3.11.10   Kyzylkum autonomous focus (27) in the Kyzylkum Desert within 
Kazakhstan, Uzbekistan, and Turkmenistan’s eastern outskirts  

  Landscapes: Sandy deserts  
  Hosts:  Rhombomys opimus, M. lybicus, M. meridianus   
  Vectors:  X. gerbilli ,  X. hirtipes, X. skrjabini  [ 128 ]   

    5.1.2.3.11.11   Muyunkum autonomous focus (28) in the northern Muyunkum Desert, 
in the subzone within the territories of the Zhambyl and South Kazakhstan regions  

  Landscapes: Deserts  
  Hosts:  Rhombomys opimus, M. lybicus, M. meridianus   
  Vectors:  X. g. minax, X. conformis  [ 128 ]   

    5.1.2.3.11.12   Taukum autonomous focus (29) in the Taukum Desert within the 
territory of Almaty and Zhambyl between the Ili River in the north and the Chu-
Ili Mountains in the south  

  Landscapes: Deserts  
  Hosts:  Rhombomys opimus, M. lybicus, M. tamariscinus   
  Vectors:  X. skrjabini, X. hirtipes ,  X. g. minax  [ 128 ]   
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    5.1.2.3.11.13   Pre-Balkhash autonomous focus (30) in the Balkhash Desert within 
the territory of Almaty in the interfl uves of the Ili-Karatal, Aksu, and Lepsy 
Rivers  

  Landscapes: Deserts  
  Hosts:  Rhombomys opimus, M. meridianus   
  Vectors:  X. g. minax, X. hirtipes, X. skrjabini  [ 128 ]   

    5.1.2.3.11.14   Betpak-Dala autonomous focus (42) in the Betpakdala Desert west 
of the Sarysu River and probably extending until Balkhash Lake in the east 
within Zhambyl and South Kazakhstan  

  Landscapes: Deserts  
  Hosts:  Rhombomys opimus, M. lybicus   
  Vectors:  X. g. minax, X. conformis  [ 128 ]   

    5.1.2.3.11.15   In the Pre-Alakol Lowlands, an autonomous focus (45) in the east-
ern Pre-Alakol and Dzungarian Gate,wwith a difference in height of 400–900 m 
above sea level  

  Landscapes: Deserts  
  Hosts:  Rhombomys opimus, M. meridianus, M. lybicus   
  Vectors:  X. g. minax, X. skrjabini, X. conformis  [ 128 ]   

    5.1.2.3.11.16   In the Ili Intermountains: an autonomous focus (46) in the Ili valley 
from the Kapshagai Reservoir in the west to the border with China in the east and 
from the lowlands of the southern Jungar Ridge in the north to the foothills of 
Ketmen, Turaigyr, and Trans-Ili Alatau in the south  

  Landscapes: Deserts, desert lowlands  
  Hosts:  Rhombomys opimus, M. meridianus   
  Vectors:  X. g. minax, X. hirtipes, X. skrjabini  [ 128 ]   

    5.1.2.3.12   Talas: a natural focus (40) in Kyrgyzstan on the northern macroslope of 
the Talas Ridge from Manas City in the west until the Kolba Ridge in the east 
extending north to the slopes of the Kyrgyz Ridge (including the Kazakh 
portion)  

  Landscapes: Mountain steppes, meadow steppes, alpine meadows 1600–3700 m 
above sea level  

  Hosts:  Marmota caudata   
  Vectors:  Citellophilus lebedevi  , Pulex irritans  [ 128 ]   

    5.1.2.3.13   Gissar: a natural focus (34) on the northern macroslope of the Gissar 
Ridge (Tajikistan)  

  Landscapes: Tree and shrub belts, subalpine meadows  
  Hosts:  Microtus juldaschi, Marmota caudata  [ 119 ]  
  Vectors:  Callopsylla caspia, Frontopsylla glabravara  [ 17 ]   
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    5.1.2.3.14   Sarydzhaz natural focus (foci) of plague in the Tian Shan Mountains in 
the Sarydzhaz Mountains: an autonomous focus (31) within the Almaty region of 
Kazakhstan and the Issyk-Kul region of Kyrgyzstan on the slopes of Sary-Djaz 
on the northeastern tip of the Terskey Alatau Ridge  

  Landscapes: Midlands, highland areas  
  Hosts:  Marmota baibacina   
  Vectors:  Oropsylla silantiewi, Rhadinopsylla liventricosa ,  Citellophilus lebedevi  

[ 128 ]   

    5.1.2.3.15   Upper Naryn autonomous focus (32) within Kyrgyzstan  
  Landscapes: Midlands, mountainous areas  
  Hosts:  Marmota baibacina   
  Vectors:  Oropsylla silantiewi, Rhadinopsylla liventricosa ,  Citellophilus lebedevi  

[ 128 ]   

    5.1.2.3.16   Aksaiautonomous focus (33), within Kyrgyzstan  
  Landscapes: Midlands, mountainous areas  
  Hosts:  Marmota baibacina   
  Vectors:  Oropsylla silantiewi, Rhadinopsylla liventricosa ,  Citellophilus lebedevi  

[ 128 ]   

    5.1.2.3.17   Alai natural focus (35) located on the slopes of the Alai Ridge 
(Kyrgyzstan)  

  Landscapes: Mountain steppes and subalpine and alpine meadows 2800–5000 m 
above sea level  

  Hosts:  Marmota caudata, Alticola argentatus  [ 129 ]  
  Vectors:  Oropsylla silantiewi crassa, Citellophilus lebedevi princeps  [ 129 ]   

    5.1.2.3.18   Mountain-Altai(or Saylyugem, Mongolia), focus (36) in the mountain 
range of Saylyugem, Kurai, South Chu  

  Landscapes: Mountain steppes, alpine meadows 2000–2500 m above sea level  
  Hosts:  Ochotona pallasi, O. alpine [ 1 ]  
  Vectors:  Paradoxopsyllus scorodumovi, Rhadinopsylla dahurica dahurica  [ 1 ]   

    5.1.2.3.19   Tuva (Mongun-Taiga) focus (37) in the Republic of Tyva in the south 
adjacent to the Hanhiro-Turgensk natural focus (Mongolia):  

  Landscapes: Mountain steppes 1650–2550 m above sea level  
  Hosts:  Spermophilus undulatus, Ochotona pallasi  [ 119 ]  
  Vectors:  Citellophilus tesquorum altaicus, Amphalius runatus  [ 1 ]   

    5.1.2.3.20   Trans-Baikal natural plague focus (38) in the trans-Baikal steppe; 
(Russia) and foci in Mongolia (Mongolia-Daurian) and China (Barginsky or 
Hulun- Byrsk focus):  

  Landscapes: Steppe  
  Hosts:  Spermophilus dauricus, Marmota sibirica  [ 130 ]  
  Vectors:  Citellophilus tesquorum sungaris, Oropsylla silatiewi  [ 119 ,  131 ]   

V.M. Dubyanskiy and A.B. Yeszhanov



157

    5.1.2.3.21   Dzungarian Highland natural focus (44) of mixed type (vole-ground 
squirrel-marmot) in the Dzungarian Highlands (Dzungarian Alatau) wwith a pre-
sumably larger part of the focus in China on the Boro-Horo Ridge  

  Landscapes: Subalpine and alpine meadows  
  Hosts:  Microtus kirgizorum, Spermophilus undulates   
  Vectors:  C. tesquorum, Ct. arvalis, C. ullus, C. assimilis, F. elata  [ 120 ]      

    5.1.2.4 Mongolia 

     5.1.2.4.1   In Khan-Khukhey natural focus in the Altai Mountain system on the 
Khan- Khukhey Ridge  

  Landscapes: Mountain steppes 2500–2800 m above sea level  
  Hosts:  Marmota sibirica, Spermophilus undulatus  [ 124 ,  183 ]  
  Vectors: Specifi c fl eas   

    5.1.2.4.2   KhuKh-Serkh-Munkh-Khairkhan natural focus in the central part of the 
Mongolian Altai  

  Landscapes: Subalpine and alpine meadows  
  Hosts:  Marmota baibacina, Marmota sibirica  [ 1 ]  
  Vectors:  Oropsylla silantiewi    

    5.1.2.4.3   Gobi Altai Mountains natural focus 3000–3500 m above sea level  
  Landscapes: Mountain steppes  
  Hosts:  Marmota sibirica, Ochotona pallasi, Spermophilus undulates  [ 133 ,  134 ]  
  Vectors:  Oropsylla silantiewi, Paramonopsyllus scalonae, Citellophilus tesquorum 

altaicus  [ 127 ]   

    5.1.2.4.4   Changay Mountain Steppe focus in central Mongolia, in the area of the 
Khangai Highlands  

  Landscapes: Dry plains and mountain steppe 1200–3000 m above sea level  
  Hosts:  Marmota sibirica, Spermophilus undulatus  [ 136 ,  137 ]  
  Vectors:  Oropsylla silantiewi, Citellophilus tesquorum sungaris  [ 1 ], [ 137 ]   

    5.1.2.4.5   Khentey natural focus south and southeast of the highlands  
  Landscapes: Steppe 1500–2000 m above sea level  
  Hosts:  Marmota sibirica, Spermophilus undulates  [ 128 ,  138 ].  
  Vectors:  Oropsylla silantiewi  [ 1 ]   

    5.1.2.4.6   Mongolian Altai Plain natural focus in the Altaic Gobi  
  Landscapes: Gravelly desert  
  Hosts:  Rhombomys opimus, Meriones meridianus  [ 128 ,  139 ]  
  Vectors:  Xenopsylla conformis conformis, X. skrjabini  [ 140 ]   
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    5.1.2.4.7   In Gurvan Saikhan, a natural focus in the South Gobi Gurvan Saikhan 
Mountains  

  Landscapes: Desert steppes 2400–2800 m above sea level  
  Hosts:  Ochotona pallasi, O. daurica, Meriones unguiculatus  [ 138 ,  141 ]  
  Vectors:  Amphalius runatus, Ctenophyllus hirticrus  [ 141 ]   

    5.1.2.4.8   On the South Gobi Plain, a natural focus probably connected with that of 
Inner Mongolia  

  Landscapes: Gravelly desert  
  Hosts:  Rhombomys opimus, Meriones meridianus  [ 1 ]  
  Vectors:  Xenopsylla skrjabini, X. conformis conformis  [ 1 ]     

    5.1.2.5 China 

     5.1.2.5.1   Plague focus in the Dzungarian Alatau  
  Landscapes: Mountain steppes, subalpine meadows  
  Hosts:  Marmota baibacina, Spermophilus undulates  [ 142 ]  
  Vectors:  Oropsylla silantiewi, Citellophilus tesquorum altaicus, C. tesquorum 

dzetysuensis  [ 131 ]   

    5.1.2.5.2   Inner Mongolia, a natural focus in Dzamin-Uden, Erlyan  
  Landscapes: Semideserts, deserts  
  Hosts:  Meriones unguiculatus, Ochotona daurica, O. pallasi  [ 131 ,  136 ,  143 ]  
  Vectors:  Xenopsylla conformis conformis, Nosopsyllus laeviceps kuzenkovi, 

Neopsylla pleskei orientalis  [ 131 ,  140 ]   

    5.1.2.5.3   Xilingol Grassland, a natural focus east of Inner Mongolia  
  Landscapes: Steppe, desert 1100–1300 m above sea level  
  Hosts:  Lasiopodomys brandtii, Spermophilus dauricus  [ 131 ]  
  Vectors:  Frontopsylla luculenta luculenta, Amphipsalta primaries mitis, Neopsylla 

pleskei orientalis  [ 128 ]   

    5.1.2.5.4   In Sungari-Lyaoh (Manchuria), a natural focus in northeast China  
  Landscapes: Forest, wet steppes  
  Hosts:  Spermophilus dauricus, Rattus norvegicus  [ 131 ]  
  Vectors:  Citellophilus tesquorum sungarus, Xenopsylla cheopis  [ 131 ]   

    5.1.2.5.5   Gansu-Ningxia Hui (Ordos, Shaanxi): Natural focus in the Loess Plateau  
  Landscapes: Dry steppes 1500–2950 m above sea level  
  Hosts:  Spermophilus alashanicus, Ochotona daurica  [ 131 ]  
  Vectors:  Neopsylla abagaitui, Citellophilus tesquorum mongolicus  [ 131 ]   

    5.1.2.5.6   Qinghai-Tibet natural focus in the Tibetan Plateau  
  Landscapes: Subalpine and alpine meadows 2700–5450 m above sea level  
  Hosts:  Marmota himalayana, Allactaga sibirica  [ 131 ]  
  Vectors:  Oropsylla silantiewi, Callopsylla dolabris  [ 131 ]     
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    5.1.2.6 Near East 

    5.1.2.6.1 Yemen 

    Hosts:  Rattus rattus, Meriones  sp.  
  Vectors: The available literature lacks relevant information.     

    5.1.2.6.2 Saudi Arabia 

    Saudi-Yemeni: Natural focus on the desert plains and uplands along the Saudi 
Arabia- Yemen border:  

  Landscapes: Up to a height of 1000 m above sea level, rocky and sandy deserts, 
desert savannas, shrub-tree xerophilic communities  

  Possible hosts:  Gerbillus nanus, G. cheesmani, Meriones rex, Rattus rattus, Mus 
musculus, Acomys cahirinus, Jaculus jaculus  [ 144 ]   

    5.1.2.6.3   In the Lebanese mountains and on the steppe, foci near the Syrian coast 
and the mountainous parts of Lebanon and northern Israel  

  Landscapes: Forb-grass mountain steppes  
  Hosts: Gerbils of the genus  Meriones    

    5.1.2.6.4   In the Syrian-Mesopotamian Desert: natural foci in Upper and Lower 
Mesopotamia, the Syrian Plateau, and Kuwait  

  Landscapes: Desert fl ood plains of the Tigris and Euphrates Rivers and surrounding 
desert plateau  

  Hosts:  Meriones libycus, Tatera indica, Nesokia indica, Rattus rattus, Rattus nor-
vegicus, Mus musculus . Perhaps:  Gerbillus cheesmani, G. dasyurus, G. nanus, 
Meriones crassus  [ 144 ]  

  Vectors:  Xenopsylla buxtoni, X. astia, Stenoponia tripectinata insperata ; plague 
transmission from rodents to humans via the human fl ea  Pulex irritans  [ 145 ]   

    5.1.2.6.5   Natural foci in the semidesert and desert of southern Turkey, northern 
Syria  

  Landscapes: rocky ephemeral-wormwood deserts  
  Hosts:  Mesocricetus brandti, Microtus socialis, Tatera indica, Meriones vinogra-

dovi, M. libycus, M. tristrami, Nesokia indica  [ 146 ]  
  Vectors:  Xenopsylla buxtoni    

    5.1.2.6.6   Kurds-Iranian mountains and steppe: Natural focus in the western 
Iranian plateau, southeastern Turkey, northeastern Iraq [ 1 ]  

  Landscapes: Mountain plateaus, intermountain valleys 1000–2000 m above sea 
level, covered with herb-grass steppes  

  Hosts:  Meriones persicus, M. libycus, M. vinogradovi, M. tristrami  [ 145 ] , Allactaga 
elater, Mesocricetus brandti, Ellobius lutescens  [ 147 ,  148 ]  

  Vectors:  Xenopsylla buxtoni, X. conformis conformis, Nosopsyllus iranus iranus, 
Stenoponia tripectinata insperata  [ 147 ,  148 ],  Pulex irritans  [ 149 ], and others [ 1 ]   
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    5.1.2.6.7   Natural focus in the Armenian-Anatolian mountains and steppe, previ-
ously considered part of the Kurdish-Iranian focus  

  Landscapes: Steppe, mountain steppe  
  Hosts:  Meriones libycus, Spermophilus xanthoprymnus  [ 1 ,  150 ]  
  Vectors: Same as those of the Kurdish-Iranian focus   

    5.1.2.6.8   In the Iran-Afghan Desert lowlands, a natural focus in the central low 
and northern mountains of Iran, Afghanistan's western plateau  

  Landscapes: Semideserts, deserts of Turan and Southwest Asia, and possibly on the 
outskirts of the Central Asian desert focus [ 151 ]:  

  Hosts:  Rhombomys opimus, Meriones libycus, M. meridianus, Mus musculus  [ 1 ]  
  Vectors:  Xenopsylla gerbilli, X. nuttalli, X. conformis conformis, Nosopsyllus laevi-

ceps  [ 1 ]   

    5.1.2.6.9   Along the South Afghan fl ats, a natural focus in the sandy desert of 
Registan, sands in the lower reaches of the Helmand River, and the clay-stony 
desert Dasht-Markokhim  

  Hosts:  Rhombomys opimus, Meriones persicus, M. libycus, Mus musculus  [ 152 ]  
  Vectors:  Xenopsylla cheopis, X. gerbilli, X. conformis conformis  [ 153 ]   

    5.1.2.6.10   Natural foci in the Afghan-Pakistani midland desert-steppe of central, 
eastern Afghanistan and the western regions of Pakistan  

  Landscapes: Subtropical dry mountain steppes, acacia woodlands  
  Hosts:  Meriones libycus, M. persicus, Marmota caudata, Spermophilus fulvus, Mus 

musculus, Rattus rattus  [ 152 ]  
  Vectors:  Xenopsylla cheopis, X. gerbilli, X. conformis conformis  [ 153 ]   

    5.1.2.6.11   Natural focus in the Hindu Kush Highlands [ 150 ]  
  Landscapes: Alpine herb-grass meadows  
  Hosts:  Marmota caudata, Dryomysnitedula, Microtus juldashi, Meriones persicus, 

Mus musculus   
  Vectors:  Xenopsylla cheopis, Citellophilus lebedevi, Frontopsylla protera   
  A focus in Northern Afghanistan: within the range of  Rhombomys opimus  [ 154 ]      

    5.1.2.7 North America 

     5.1.2.7.1   In California and Oregon, foci, between the ridges of the Sierra Nevada 
and the coast, and the San Joaquin and Sacramento Rivers  

  Landscapes: The available literature lacks relevant information.  
  Hosts:  Spermophilus beecheyi   
  Vectors:  Diamanus montanus, Hoplopsyllus anomalus  [ 30 ]   
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    5.1.2.7.2   In Oregon, Idaho, Montana, and Wyoming, in theBlue Cascade 
Mountains, Bitter Root Ridge, and eastern slopes of Moustache Ridge  

  Hosts:  Citellus lateralis, Citellus richardsoni  [ 30 ]  
  Nevada and Utah: Foci in the basin of the Great Salt Lake  
  Landscapes: Desert  
  Hosts:  Neotoma lepida, Cynomys parvidens    

    5.1.2.7.3   In New Mexico, Arizona, and Utah, foci in the Colorado Plateau and 
Llano Estacado (entering the territory of Mexico)  

  Landscapes: Deserts and steppes  
  Hosts:  Cynomys ludovicianus, C. gunnisoni    

    5.1.2.7.4   In California, foci in the mountainous area of San Bruno  
  Hosts:  Microtus californicus, Peromyscus maniculatus  [ 30 ]  
  Vectors (for the whole territory):  Oropsylla montana , O . idahoensis ,  Ceratophyllus 

ciliatus ,  Orchopeas nepos  (Smith et al., 2009)     

    5.1.2.8 South America 

    5.1.2.8.1 Argentina 

     5.1.2.8.1.1   Foci in the provinces of Santiago del Estero, Salta, Catamarca  
  Landscapes: Rainforests  
  Hosts:  Microcavia australis, Galeamus teloides  [ 30 ]   

    5.1.2.8.1.2   Foci in the provinces of Cordoba, San Juan, Mendoza, La Pampa, and 
Rio Negro, on the eastern slopes of the Andes  

  Landscapes: Alpine steppe  
  Hosts:  Microcavia australis, Galeamus teloides   
  Focus in Buenos Aires Province  
  Landscapes: Steppe  
  Hosts:  Microcavia australis  [ 30 ]   
  Vectors: The available literature lacks relevant information.     

    5.1.2.8.2 Bolivia 

     5.1.2.8.2.1   Foci in the departments of Chuquisaca, Santa Cruz, Tarija, probably 
connected with the northern foci of Argentina  

  Landscapes: The available literature lacks relevant information.  
  Hosts: Genus  Graomys ,  Hesperomys   
  Vectors:  Puligenis biturdus, P. bochisi  [ 30 ]     
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    5.1.2.8.3 Brazil 

     5.1.2.8.3.1   Enzootic areas in Sinara, Pernambuco, Paraiba, Alagoas, Bahia, Minas 
Gerais, Teresopolis  

  Landscapes: The available literature lacks relevant information.  
  Hosts:  Cavia aperea, C. spixii, Oryzomys subfl avus, Zygedon tomispixuna   
  Vectors:  Poligenis bohsli, P. tripus  [ 30 ,  155 ]     

    5.1.2.8.4 Ecuador 

     5.1.2.8.4.1   Natural focus in Manabi, western Ecuador  
  Hosts:  Sigmodon hispidus   
  Vectors:  X. cheopis  [ 30 ]   

    5.1.2.8.4.2   Natural foci in Chimborazo and Tungurahua, central Ecuador  
  Landscapes: Alpine steppes  
  Hosts:  Sylvilagus brasiliensis   
  Vectors:  Pleochaetis dolens, Hoplopsyllus manconis  [ 30 ]   

    5.1.2.8.4.3   Natural foci in Loho and El Oro, southern Ecuador  
  Landscapes: The available literature lacks relevant information.  
  Hosts:  Sciurus stramineus, Akodon mollis   
  Vectors:  Poligenis litardus, Pulex irritans  [ 30 ]     

    5.1.2.8.5 Peru 

     5.1.2.8.5.1   In northern Peru: possibly the same focus as that in Ecuadorian Loho 
and El Oro Provinces [ 30 ]  

  Hosts:  Sciurus stramineus, Akodon mollis    

    5.1.2.8.5.2   In southern Peru, a possible focus in the Pune Desert [ 30 ]  
  Vectors (for all foci in Peru):  Hectopsylla  sp.,  Tiamastus cavicola   (  http://www.who.

int/csr/resources/publications/plague/WHO_CDS_CSR_EDC_99_2_EN/en/    )     

    5.1.2.8.6 Venezuela 

     5.1.2.8.6.1   Nature foci in the states of Miranda and Aragua  
  Hosts:  Sigmodon hispidus, Heteromys anomalus  [ 30 ]  
  Vectors: The available literature lacks relevant information.      
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    5.1.2.9 Hawaiian Islands 

    Possible foci of plague in the districts of Hamakura and Hilo:  
  Landscapes: The available literature lacks relevant information.  
  Hosts:  Rattus hawaiiensis   
  Vectors:  Xenopsylla vexabilis  [ 30 ]       

   References 

                            1.    Karimova T.Yu., Neronov V.M. The nature plague foci of Palaearctic. Moscow. Nauka. 2007. 
P. 199.  

        2.   Dubyanskiy MA, Kenzhebayev A, Stepanov VM, Asenov GA, Dubyanskaya LD. Prediction 
of plague epizootic activity in the Pre-Aral and Kyzylkum. Nukus of Karakalpakstan. 1992. 
p. 240.  

    3.   Rivkus YZ, Naumov AV, Khotko NI, Geldyev A. Epidemiology and prevention of plague. 
Ashgabat. “Magaryf”; 1992. p. 239.  

    4.   Bertherat E. Plague around the world 2010–2015.Weekly epidemiological record. WHO.# 8. 
2016;91:89–104.  

    5.   Ageyev VS, Burdelov LA, Serzhan OS. Slowdown mechanisms of circulation of the plague 
pathogen associated with fl eas - poikilothermic hosts of this infection. Quarantine and 
Zoonotic Diseases in Kazakhstan. Almaty, 2003;2(8):131–40.  

   6.   Akiyev AK. Question status of the mechanism of preservation of plague in inter epizootic 
years. (Overview). Problems of Particularly Dangerous Infections. Saratov. 
1970;4(14):13–33.  

    7.   Dubyanskiy MA. About the external signs of plague epizootic in the settlements of great 
gerbil in various phases of its development. Mater. scientifi c conf. on natural focality and 
plague prevention. Alma-Ata; 1963b. p. 76–8.  

   8.   Dubyanskiy MA, Kanatov YV, Kurganov VA, Asenov G, Kenzhebayev AY, Dernovaya VF, 
Alibayev IA, Dubyanskaya LD, Bogatyrev SK, Tusnolobova TP. Regurgitates of birds of prey 
as a factor of plague microbe distribution. Ecological problems of Kazakhstan. Alma-Ata. 
1990. p. 11–3.  

   9.   Levi MI. Hypotheses explaining the epizootic process in plague. // Medical Parasitology and 
parasitic diseases. 1985. № 1. p. 36–42.  

              10.   Naumov NP, Lobachyov VS, Dmitriev PP, Smirin VM. Natural foci of plague in the Pre-Aral 
Karakum. M. Ed. MoscowStateUniversity.1972. p. 402.  

   11.   Stogov II, Afanasyev AG, Baranowskii SK. About the distance of transport of great gerbil 
fl eas by Isabelline wheatear. In: Proceedings of the IV Scientifi c. Conf. of natural foci and 
plague prevention. Alma-Ata; 1965. p. 248–250.  

    12.   Shevchenko VL. About the mechanisms of territorial spread of plague.// XII Inter-republican 
scientifi c. Practical. conf. anti-plague institutions of Central Asia and Kazakhstan on preven-
tion of plague. Alma-Ata. 1985. p. 154–6.  

    13.   Yermilov AP, Soldatkin IS, Rothschild EV. The problem of preservation of plague microbe in 
nature and prospects for further research. State and perspectives of plague prophylaxis: 
Abstracts at the All-Union conf. anti-plague institute “Microbe”. Saratov, 1978. p. 9–12.  

    14.   Soldatkin IS, Rudenchik Yu V. Epizootic process in natural foci of plague (audit of concept).
Ecology of sapronoses pathogens. M. 1988. p. 117–31.  

              15.   Dyatlov AI, Antonenko AD, Grizhebovskii GM, Labunets NF. Natural focality of plague in 
the Caucasus. Stavropol; 2001. p. 345.  

5 Ecology of Yersinia pestis and the Epidemiology of Plague



164

     16.    Popov NV. Discrete - the main feature of space-time manifestation of plague outbreaks in 
gopher type foci. Saratov: Publishing house of Saratov University; 2002. p. 192.  

     17.    Sludskyi AA, Derlyatko KI, Golovko EI, Ageyev VS. Gissar natural foci of plague. Saratov: 
Publishing house of Saratov University; 2003. p. 248.  

    18.   Sagymbek UA, Aykimbaev AM, Meka-Mechenko TV, Rapoport LP. Selected questions of 
epizootiology of plague in the example of Moyinkum autonomous foci, Almaty. 2003; p. 204.  

               19.   Sludskyi AA. Epizootology of plague (review of studies and hypotheses). Deposited in 
Russian Institute for Scientifi c and Technical Information of Russian Academy of Sciences, 
08.11.2014, № 231, 2014), Saratov; 2014a. p. 313.  

          20.   Sludskyi AA. The list of the world vertebrate fauna – the hosts of the plague pathogen. 
Problems of Particularly Dangerous Infections, vol 3. 2014b. p. 42–51.  

    21.   Emelyanov PF. Rodents – edifi cators biocenosis as the main hosts of plague. Especially dan-
gerous infections in Caucasus: Thes.report. Stavropol, 1987.p. 300–2.  

     22.   Petrov VS. USSR natural foci of plague (typing, structure, genesis): abstract. thesis ........doc.
biol.science. - Almaty, 1968, p. 40.  

     23.   Dubyanskiy VM. Computer modeling of the epizootic situation with the use of remote sens-
ing in the epidemiological surveillance of plague (on the example of Central Asian natural 
focus).abstract. thesis ....doctor. Biol Sciences. Moscow, 2015. p. 47.  

    24.    Dyatlov AI. Evolutionary aspects in natural focality of plague. Stavropol: Bk. Publishing 
House; 1989. p. 197.  

     25.    Eygelis Yu K. Rodents of Eastern Transcaucasia and the problem of rehabilitation of local 
plague foci. Saratov: Publishing House of Saratov University; 1980. p. 262.  

       26.   Burdelov LA, Burdelov AS, Bondar EP, ZubovVV, Maslennikova ZP, Rudenchik NF. Use of 
burrows by great gerbil (Rhombomys opimus, Rodentia, Cricetidae) and epizootic signifi -
cance its uninhabited colonies in the Central Asian foci of plague. Zool J. 1984. LXIII. V. 12. 
p. 1848–58.  

    27.   Hrustselevsky VP. Biocenotic factors of natural focality of plague in Central Asia and the 
Trans-Baikal. Doctoral thesis abstract, Saratov; 1974. p. 52.  

    28.   Tarasov PP. About the signifi cance of predatory birds in the Khangay plague foci // Mat. 
Ir-sk. Anti-plague Inst. 1949. V.VII. p. 126–9.  

    29.   Demidova EK. About the role of terrestrial and avian predators in the spread of plague // 
Proc. rep. conf. Irkutsk. Anti-plague in-te. Ulan-Ude; 1958;3. p. 41–2.  

                                        30.   Kozlov MP, Sultanov GV. Plague. In: Natural focality, epizootology.V.3. Makhachkala; 2000. 
p. 303.  

    31.   Kunitskii VN. Ecological and geographical sketch of fl eas of south-west Azerbaijan in rela-
tion to their value in the natural foci of plague. Abstract thesis PhD. Almaty; 1966. p. 23.  

     32.   Burdelov LA. Hostal and functional structure of the Central Asian desert plague focus (on the 
example of the Pre-Aral area): Abstract. thesis.… doctor. biol. science – Saratov, 1991 (All- 
Union. Anti-plague. Research Institute “Microbe”). p. 42.  

    33.   Vashchenok VS. Fleas – vectors of human and animal diseases – L.: Nauka, 1988. – p. 163.  
    34.   Konnov NP. Ultra structural and functional analysis of Y. pestis and its relationship with the 

organism of fl eas: abstract.thesis doc. of biol.science. Saratov; 1990; p. 59.  
    35.   Kutyrev VV, Kononov NP, Volkov YP. The causative agent of plague: ultrastructure and 

localization in the vector. M. Medicine; 2007. p. 224.  
    36.    Korenberg EI. The natural focality of infections: current problems and perspectives of the 

research. J Zool. 2010;89(1):5–17.  
    37.   Kunitskii VN, Gauzshtein DM, Gauzshtein LD, Kudinova TP, Kunitsa NK, Pavlova AE, 

Rasin BV, Filimonov VI, Shpes EM. About the structure and some quantitative indexes of 
plague epizootic in the great gerbil populations in southern Pre-Balkhash. Message 1.Activity 
of epizootic in Bosugen area in 1963–64.// Mater. V scientifi c conf. anti-plague institutions in 
Central Asia and Kazakhstan, devoted to 50th anniversary of the Great October Socialist 
Revolution. Alma-Ata; 1967. p. 30–2.  

V.M. Dubyanskiy and A.B. Yeszhanov



165

   38.   Sviridov GG. To modeling of some elements of plague epizootic in the Ili-Karatal interfl uve.
PhD M.S. Spec.14780 (epidemiology). Alma-Ata; 1969. p. 142.  

            39.   Soldatkin IS. Enzootic of the plague as a self-regulating process. Author.diss. dr. of biol. sci-
ences. 780. Saratov; 1968. p. 51.  

    40.    Vashchenok VS. The role of fl eas (Siphonaptera) in epizootology of plague. Parasitology. 
1999;33(3):198–209.  

    41.   Suleimenov BM. Transmission of plague by “unblocked” fl eas. – Abstract. doctor. med.sci-
ences: 14.00.30. Almaty. 1995. p. 48.  

     42.    Dubrovsky YA. Gerbils and natural focality of cutaneous leishmaniasis. Moscow: Nauka; 
1978. p. 183.  

       43.   Rothschild EV. The spatial structure of the natural plague focus and methods of its study.// 
M. Ed. Moscow State University.1978. p.192.  

     44.   Chumakova IV, Kozlov MP. Causative agent of plague as an element of epizootic process. 
Stavropol. 2008. p. 247.  

    45.   Kunitskii VN, Gauzshtein DM, Dubovitskii NM, Rasin BV, Shpes EM, Novikov GS, 
Larionov GM, Bogatyreva LM, Savelov Yu V. About the spatial structure of the plague focal 
areas in the lower reaches of Ili. Materials of VIII scientifi c.conf. anti-plague institutions in 
Central Asia and Kazakhstan. Alma-Ata; 1974. p. 175–7.  

    46.   Rivkus YZ, Mitropolskii OV, Urmanov RA, Belyaeva SI. Development features of plague 
epizooties among Kyzylkum rodents. Fauna and ecology of rodents. 1985;16:5–106.  

     47.   Kucheruk VV. Kulik IL, Dubrovsky YA. Great gerbil as a vital form of the desert. In the 
book: Fauna and ecology of rodents. M. MSU. 1972; p. 5–70.  

    48.   Gauzshtein DM, Kunitskii VN, Kunitskaya NT, Filimonov VI. About time of stay of the great 
gerbil fl eas on the host’s body in natural conditions. In: Proceedings of the IV scientifi c con-
ference of natural foci and plague prevention. Alma-Ata; 1965. p. 66–8.  

    49.   Kanatov YV, Lobachyov VS. Misaleva OS. Effi ciency of bacteriological and serological 
diagnosis of plague in great gerbils in the North Pre-Aral region. In: Serological methods of 
diagnosis in epizootic survey of natural foci of plague. Saratov; 1975. p. 133–7.  

    50.   Rudenchik YV, Soldatkin IS. Seasonal changes in the mobility of the great gerbils and spread 
of the plague epizooties in the Northern Kyzylkum. Problems of Particularly Dangerous 
Infections. 1969;1:34–9.  

     51.   Naiden PE. Some aspects of the spatial development of plague epizooties.// In the book.
Especially dangerous infections in the Caucasus. Mater.II scientifi c.conf. on epidemiology, 
epizootiology, prevention of especially dangerous infections of anti-plague institutions of 
Caucasus. Stavropol. 1970;1:174–6.  

     52.   Naiden PE, Dyatlov AI, Melnikov IF, Breer VD. To the question of the spatial development 
of plague epizootic in Kyzylkum. Problems of Particularly Dangerous Infections. 
1969;1:26–33.  

    53.   Rothschild EV. Some spatial features of natural focality of plague in the northern Aral region. 
Problems of Particularly Dangerous Infections № 6. Saratov; 1969. p. 13–21.  

    54.   Burdelov LA, Warsawskiy BS. To the question about the relationship between micro-focal 
and migration forms of existence of plague microbe in northern Pre-Aral – Proc: epidemiol-
ogy and epizootology of plague. Saratov. 1980. p. 14–8.  

     55.   Rall YM. Natural focality and plague epizootology. M: Medicine. 1965. p. 363.  
    56.   Burdelov AS. About cyclical changes in the number of great gerbils and epizootic in their 

populations. In the book. In: Proceedings of the Central Asian Research Anti-Plague Institute. 
Alma-Ata. 1959. № 5.p. 179–87.  

     57.   Lavrovskii AA. About epizootic cycling in natural foci of plague and the reasons causing it. 
Problems of Particularly Dangerous Infections.№ 1. Saratov; 1969. p. 3–10.  

          58.   Dubyanskiy MA, Epizootic plague prediction on the example of the Central Asian desert 
focus. Diss. Dr. B. S. 14.00.30, Alma-Ata; 1983. p.352.  

5 Ecology of Yersinia pestis and the Epidemiology of Plague



166

    59.   Dubyanskaya LD. Ecological factors that determine the seasonal changes in the number of 
the great gerbil (for example of six geographic populations).Author.PhD.B.S.: 03.00.16. 
Almaty; 1987. p. 21.  

     60.   Dubyanskiy VM. Experience of system analysis of the dynamics of spring number of great 
gerbils in Central Kyzylkum.Author. PhD B.S. 03.00.08. Almaty; 2007. p. 26.  

     61.   Dubyanskiy MA. Zoning of Central Asian natural plague foci based on epizootic activity 
communications of its parts with periodicity of atmospheric circulation types. Book: 
Problems of natural foci of plague. Abstracts IV to the Soviet-Mongolian experts anti-plague 
conference. institutions. Irkutsk; 1980. №1. p. 56–7.  

    62.   Dubyanskiy MA, Bogatyrev SK. To the questions about the mechanism of the impact of solar 
activity on intensity of plague epizooties. In: Proceedings X conference antiplague institu-
tions of Central Asia and Kazakhstan. Alma-Ata; 1979, № 1. p. 185–7.  

     63.   Serzhanov OS, Aubakirov SA, Ageyev VS. About possible role of the hydrogeological con-
ditions of the existence of plague enzootic during interepizootic period in the Central Asian 
desert focus // condition and prospects. proph. plague. Saratov; 1978. p. 17–20.  

    64.   Petrov VS, Shmuter MF. Features of plague epizooties in natural foci of different types // Tr. 
Central Asian scientifi c anti-plague institutions. 1958; 4. p. 3–21.  

    65.   Soldatkin IS, Rudenchik YV. Some questions of plague enzootic as a form of existence of 
self-regulating system “rodent – fl ea – pathogen”. Fauna and ecology of rodents. V. 10. 
Moscow State University. 1971. p. 5–29.  

    66.   Dubyanskiy MA. Ecological structure of settlements of the great gerbil in Pre-Aral Karakum 
PhD B. S. 097. Alma-Ata; 1970. p.23.  

    67.   Marin SN, Kamnev PI, Trofi mov AS. Some of the mechanisms of plague epizootic self- 
regulation among great gerbils. In the book: epidemiology and epizootiology of plague. 
Saratov; 1980. p. 8–14.  

    68.   Dubyanskiy MA, Bogatyrev SK, Yermilov AP, Dubyanskya LD, Bogatyrev LM. About the 
correlation between the regime of winds and epizootic activity in some parts of the Central 
Asian desert plague focus. Book: Mater. VIII scientifi c conf. anti-plague. Institutions of 
Central Asia and Kazakhstan. Alma-Ata; 1974. p. 168–9.  

    69.    Keeling MJ, Gilligan CA. Bubonic plague: a metapopulation model of a zoonosis. Proc R 
Soc London Ser B-Biol Sci. 2000;267(1458):2219–30.  

    70.   Holt AC, Salkeld DJ, Fritz CL, Tucker JR, Gong P. Spatial analysis of plague in California: 
niche modeling predictions of the current distribution and potential response to climate 
change. // International Journal of Health Geographics 2009;8:38. doi:  10.1186/1476- 
072X- 8-38    . The electronic version of this article is the complete one and can be found online 
at:   http://www.ij-healthgeographics.com/content/8/1/38      

    71.   Stenseth NC, Samia NI, Viljugrein H, Kausrud KL, Begon M, Davis S, Leirs H, Dubyanskiy 
VM, Esper J, Ageyev VS, Klassovskiy, Nikolay L, Pole SB, Chan KS. Plague dynamics are 
driven by climate variation .  Proc Natl Acad Sci U S A. 2006; 103(35):13110–15. Published 
online 2006 August 21. doi:  10.1073/pnas.0602447103    .  

    72.    Snall T, O’Hara RB, Ray C, Collinge SK. Climate-driven spatial dynamics of plague among 
prairie dog colonies. Am Nat. 2008;171:238–48.  

    73.   Kausrud KL, Viljugrein H, Frigessi A, Begon M, Davis S, Leirs H, Dubyanskiy V, Stenseth 
NC. Climatically-driven synchrony of gerbil populations allows large-scale plague outbreaks. 
In: Proceedings of the Royal Society of London, Series B. 2007;274 p. 1963–9.  

     74.   Kol NA, Kalush Yu A, Rostovtsev MG, Chuldum AF, Mamash EA. The use of geographic 
information technologies for the analysis of spatial dynamics of Karginsky meso-foci of Tuva 
natural focus of plague. Interexpo Geo-Siberia. 2008. №2. V. 3.  

    75.    Davis S, Trapman P, Leirs H, Begon M, Heesterbeek JAP. The abundance threshold for 
plague as a critical percolation phenomenon. Nature. 2008;454:634–7.  

    76.   Rudenchik YV. Study of epizootic process in plague in the imitation statistical model. Author.
diss. of Dr. Biol Sci. 14.00.30. Saratov; 1979. p. 48.  

V.M. Dubyanskiy and A.B. Yeszhanov

http://dx.doi.org/10.1186/1476-072X-8-38
http://dx.doi.org/10.1186/1476-072X-8-38
http://www.ij-healthgeographics.com/content/8/1/38
http://dx.doi.org/10.1073/pnas.0602447103


167

    77.    Soldatkin IS, Rodnikovskii VB, Rudenchik YV. Experience of statistical modeling of epizo-
otic process in plague. Zool J. 1973;52(5):751–6.  

    78.   La Force FM, Acharya IL, Stott G, Brachman PS, Kaufman AF, Clapp RF, Shah NK. Clinical 
and epidemiological observations of plague outbreak in Nepal. Bulletin of the World Health 
Organisation. February 1971;45(6):693–706.        

   79.   Soldatkin IS, Fenyuk BK, Possibilities and fi eld of use of natural situations plague epizootic 
process modeling. Rodents and their ectoparasites. Saratov: Saratov.un-ty; 1968. p. 439–45.  

    80.   Wilschut LI, Laudisoit A, Hughes NK, Addink EA, de Jong SM, Heesterbeek HAP, Reijniers 
J, Eagle S, Dubyanskiy VM, Begon M. Spatial distribution patterns of plague hosts: point 
pattern analysis of the burrows of great gerbils in Kazakhstan .J Biogeo. 2015; 42(7). 
doi:  10.1111/jbi.12534    .  

    81.   Kuznetsov AA. Principles of quantifying of transmissible epizootic process by plague. Mater. 
scient. conf. dedicated to the 100th anniversary of the Anti-Plague Service of Russia. Saratov. 
1997;1. p. 84.  

   82.    Platonov ME, Evseeva VV, Efremenko DV, Afanas’ev MV, Verzhutski DB, Kuznetsova IV, 
M. Yu S, Dentovskaya SV, Kulichenko AN, Balakhonov SV, Anisimov AP. Intraspecies clas-
sifi cation of rhamnose-positive Yersinia pestis strains from natural plague foci of Mongolia. 
Mol Genet Microbiol Virol. 2015;30(1):24–9.  

    83.   Warsawskiy S N, Kazakevitch V P, Lavrovskii A A, Nekipelov N V. The geography of natural 
foci of plague in Central Asia (West, Southwest and South-Eastern part of the MPR). 
Problems of Particularly Dangerous Infections. 1975;3/4(43/44). p. 5–14.  

   84.   Klein JM, Poulet AR, Simonkovich E. Observations ecologiques dans une zone epizootique de 
pesteen Mauritanie. 1. Leslongeurseten particulier Gerbillus gerbillus Oliver, 1981 (Rodentia, 
Gerbillinae) //Cah. ORSTOM. Ser. Entomol. med. et parasitol. 1975a;13(1):13–28.  

   85.   Baltazard M, Seydian B. Enquetesur les conditions de la peste on Moyen-Orient. 
Ibid.1960a;23(2/3):157–67.  

   86.   Dubyanskiy MA, Dubyanskaya LD, Bogatyrev SK. The relationship between the amount of 
atmospheric condensation and the probability of human infection with the plague in the natu-
ral focus. ZHMEI. 1992b. № 9–10. p. 42–6.  

   87.   Zarhidze VA, Zuychenko NA, Chelnokov VN, Obrikas RG. Some features of plague epizo-
otic in Chilmamedkum in 1965–1966. Problems of Particularly Dangerous Infections. 
1971;2:112–7.  

   88.   Fadeyev GS, Serdobintseva TA. Mathematical prediction of seasonal changes in the number 
of great gerbil. Rodents, Mater. IV All-union meeting – L. Science, 1983. p. 464–5.  

    89.   Soldatkin IS, Rudenchik Yu.V. About prediction of epizootic situations in the southern des-
erts. Report. Irkutsk Anti-Plague Institute: Kyzyl. 1966. p. 98–9.  

    90.   Soldatkin IS, Rudenchik YV. The use of mathematical models in the study of natural foci of 
disease.Book: natural-focal anthropozoonoses. Omsk. 1976. p. 36–7.  

     91.   Rothschild EV, Yermilov AP, Danilenko ID, Postnikov GB. Long-term dynamics of plague 
epizootic among the great gerbils in the North-East Caspian and link with the weather. 
Problems of especially dangerous infections, Saratov; 1970 № 6, p. 120–31.  

    92.   Popov NV. Development of main principles for predicting of the plague epizooties in the 
settlements of small gopher in natural focus of the North-West Pre-Caspian.Author.PhD 
B.S. Saratov. 1977. p. 19.  

    93.    Davis S, Begon M, De Bruyn L, et al. Predictive thresholds for plague in Kazakhstan. Science. 
2004;304(5671):736–8.  

    94.    Davis S, Leirs H, Viljugrein H, et al. Empirical assessment of a threshold model for sylvatic 
plague. J R Soc Interface. 2007;4:649–57.  

    95.   Genes VS. Some simple methods of cybernetic processing of data of diagnostic and physio-
logical studies. M Sci. 1967. p. 207.  

      96.   Kunitskii VN, Gauzshtein DM, Kunitskaya NT, Shpes EM. The informational content of 
value of the density of great gerbils populations and their fl eas in relation in respect of iden-
tifi cation of epizootic phase of the cycle. Book: Ecology and medical meaning of the gerbils 
of fauna of the USSR. M., 1977. p. 327–8.  

5 Ecology of Yersinia pestis and the Epidemiology of Plague

http://dx.doi.org/10.1111/jbi.12534


168

       97.   Dubyanskiy MA, Dubyanskaya LD. Experience of use of multiple correlation method to 
predict the number of the great gerbil. Book L IV inter-agency meeting on phenological 
prediction. L. 1977; p. 169–71.  

    98.    Okulova NM. Reproduction and mortality in the population of red-backed vole, and the main 
factors affecting these processes. Zool J. 1975;54(11):1703–14.  

   99.   Sergeyev GE. The use of multiple correlation for the prediction of pests. In the book: Labor 
of the All-Union Scientifi c Research Institute of Plant Protection. L. 1970. p. 238–46.  

    100.    Sokolova SP, Kuzmina EA, Abdullina VZ. Monitoring of especially dangerous infections 
(example of plague). Math Biol Bioinform. 2007;2(1):82–97.  

      101.   Tarakanov A, Sokolova S, Abramov B, DubyanskiyV. Comprehensive assessment of plague 
epizootic as a result of the recognition of the model. Scientifi c and technical, economic, 
industrial “Tauar.” 1999. p. 51–4.  

    102.   Fu SC, Milne G. Epidemic modelling using cellular automata. In: Proceedings of the 1st 
Australian Conference on Artifi cial Life (ACAL.03), Canberra, December 2003. p. 43–57.  

    103.   Grabowskii VI. 1995. Cellular automatons as simple models of complex systems. Successes 
of modern biology. 115(4), p. 412–418.  

    104.   Gubler EV. Computational methods of analysis and detection of pathological processes. – L 
.: Medical, Leningrad Branch, 1978. p. 296.  

    105.   Burdelov LA, Dubyanskiy VM, Meka-Mechenko VG, Semenko OV, Sadovskaya VP. About 
the reasons of recent expansion of the great gerbil area (Rhombomys opimus Licht) in 
Kazakhstan./ Zoological and hunting management studies in Kazakhstan and neighboring 
countries. Mat. international scient. conf. Almaty. 2012. p. 69–73.  

     106.   Neronov VM, Malchazova SM, Tikonov VS. Regional geography of plague. M; 1991. p. 232  
   107.   Rall Yu. M. Rodents and Natural focality . M. Medgiz. 1960. p. 224.  
      108.   Warsawskiy SN, Kazakevitch VP, Lavrovskii AA. Natural focality of plague in the northern 

and western Africa. Problems of Particularly Dangerous Infections. 1971:3(19) p. 149–159.  
    109.   Klein JM, Simonkovich E, Alonso JM, Baranton G. Observations ecologiquesdansune zone 

epizootique de pesteenMauritanie. 2. Les puces de rongeurs (Insecta, Siphonaptera). Ibid. 
1975b; 13(1):29–39.  

    110.   Borchert JN, Mach JJ, Linder TJ. Invasive rats and bubonic plague in northwest Uganda. 
Managing Vertebrate Invasive Species. In: Proceedings of an International Symposium.
USDA/APHIS/WS, National Wildlife Research Center, Fort Collins, CO. 2007. p. 283–93.  

     111.    Roberts JI. The relationship of fi eld rodents to plague in Kenya. J Hyg. 
1939;39(03):334–44.  

     112.   Ziva MH, Matee MI, Hang’ombe BM, Lyamuya EF, Kilonzo BS. Plague in Tanzania: an 
overview. Tanzan J Health Res. 2013;15(4):252–8.   http://dx.doi.org/10.4314/thrb.v15i4.7      

    113.    Laudisoit A, Neerincx S, Makundi RH, Leiers H, Krasnov BR. Are local endemicity and 
ecological characteristics of vectors and reservoirs related? A case study in north-east 
Tanzania. Curr Zool. 2009;55(3):200–11.  

    114.   Poland JD, Dennis DT. Plague manual/ Epidemiology, Distribution, Surveillance and Control. 
Treatment of Plague. 1999. WHO/CDS/EDC/99.2.p. 55–134.  

    115.   LaForce FM, Acharya IL, Stott G, Brachman PS, Kaufman AF, Clapp RF, Shah NK .Clinical 
and epidemiological observations on an outbreak of plague in Nepal.// Bulletin of the World 
Health Organisation. February 1971; 45(6):693–706.  

    116.   Barnes A. Vector-borne diseases control, Burma. Assignment report, 27 December 1981 – 5; 
March 1982.WHO. p. 30.  

    117.    Anisimov AP, Lindler LE, Pier GB. Intraspecifi c diversity of Yersinia pestis. Clin Microbiol 
Rev. 2004;17(2):434–64.  

    118.    Zhou D, Han Y, Song Y, Huang P, Yang R. Comparative and evolutionary genomics of 
 Yersinia pestis . Microbes Infect. 2004;6:1226–34.  

          119.   Natural foci of plague of the Caucasus, Pre-Caspian, Central Asia and Siberia.M. Medicine. 
2004. p. 192.  

V.M. Dubyanskiy and A.B. Yeszhanov

http://dx.doi.org/10.4314/thrb.v15i4.7


169

     120.   Kazakov VP, Dyatlov AI. About the spatial structure and landscape confi nement of outbreaks 
in the Dagestan mountainous plague foci. Prevention of natural focal infections. Stavropol. 
1983; p. 76–8.  

    121.   Kazakov VP, Nurmagomedov NM. Epizooty of plague among gray hamsters in mountainous 
Dagestan. Diseases with natural focality in the Caucasus. Stavropol. 1982; p. 66–7.  

    122.   Kazakova TI, Zemelman BM, Labunets NF. About block formation and the infecting ability 
of some fl eas of common voles from Dagestan mountain plague focus. Diseases with natural 
focality in the Caucasus. Stavropol; 1982. p. 70–2.  

    123.   Suchkov EG, Naiden PE, Rozanova GN et al. Zoning of Central Caucasus natural focus of 
plague on the basis of some features of allocated here strains of plague microbe // Diseases 
with natural focality in the Caucasus. Stavropol; 1982. p. 127–8.  

    124.   Popov NV, Warsawskiy BS. The activity of natural foci of plague in the CIS in 1978–1992. 
Problems of Particularly Dangerous Infections. 1993;3(73):3–15.  

    125.   Dobronravov VP, Abdurakhmanov GA. About detection of plague epizootic among small 
gophers in the Malgobek district of the Chechen-Ingush ASSR. Problems of Particularly 
Dangerous Infections.1971;1. p. 167–8.  

     126.   Toporkov VP, Podsvirin AV, Yashkuljv KB. Ecological and epidemiological monitoring of 
predictors of extreme epidemic situations in the natural foci of plague in the North-Western 
Caspian region. Elista; 1999. p. 126.  

    127.   Popov NV, Rogatkin AA. Kozlov TA, Bukayeva IN. Cyclical of plague epizootic in the North 
and North-West of the Caspian region and its determining factors. Astrakhan; 1999. p. 112.  

                                128.   Atlas of especially dangerous infections spread in the Republic of Kazakhstan, edited by 
prof. Burdelov L A, Almaty; 2012. p. 232 (Rus, Kaz.).  

     129.   Ergeshbayev MB, Seryakov VA, Sadykov AD, Burdelov LA. Some features of plague epizo-
otic from 1988–1989 in Western Alai. Organisation in plague surveillance and measures for 
its prevention. Mater. interstate. scientifi c.-practical. conf. Alma-Ata; 1992. Part 2, 
p. 291–3.  

     130.   Golubinskii EP, Zhovyi IF, Lemesheva LB. About the plague in Siberia. Irkutsk: Irkutsk 
University Publishing House; 1987. p. 244.  

              131.   The atlas of Plague and its environments in the People’s Republic of China. Beijing: Science 
Press. 2000. p. 206.  

    132.   Lipayev VM, Busoedova NM, Derevich SM et al. The main results of ten-year (1967–1976) 
epidemiological survey of the North-Western part of Mongolia. Epidemiology and prophy-
laxis of especially-dangerous infections in Mongolia and the USSR. Ulaanbaatar; 1977. 
p. 38–40.  

    133.   Balakhonov SV, Batsuh D, Adyasuren Z, Tserenbuuzhid N. Spectrum of plasmids of Y. pestis 
strains from different mesofoci of plague of Mongolian Altai. Organisation in plague surveil-
lance and measures for its prevention. Materials interstate.scientifi c-practical. conf. Alma- 
Ata. 1992; Part 1:p. 82–4.  

    134.   Munhtuyaa O, Schur N, Sarah M. Application of serological diagnosis in the natural foci of 
Mongolia. Epidemiology and Prevention of especially-dangerous infections in Mongolia and 
the USSR: Ulaanbaatar; 1977. p. 71–4.  

    135.   Munhtumur D, Oyuunchimeg D, Dorj S. Fleas of mammals and birds as prime cause of 
emergence of the natural foci of plague in the Mongolian Altai // Natural conditions, history 
and culture of Western Mongolia and adjacent regions: Materials of the VII International. 
conf. (19–23 Sep., 2005), Kyzyl. Tuv IKOPRSBRAS. 2005; Vol 1, p. 204–7  

       136.   Nekipelov NV. Epizootology of plague in the Mongolian People’s Republic. Izv.Irkutsk.state: 
Anti-Plague.Research Institute of Siberia and Far East; 1959. V. 22. p. 108–243.  

     137.   Otgonsuren L, Galbadrah D, Purevzhal C. Current condition of Khangay natural foci of 
plague. Problems of natural foci of plague. Abstracts.IV Soviet-Mongolian Conf. Antiplague 
professionals. Agencies. Irkutsk. 1980. Part 1. p. 68–9.  

     138.   Batsuh D, Dembrel Zh, Dembrel B, Batbold Zh. Current condition of natural foci of plague 
of Mongolian People’s Republic. Nature focality of plague in the Mongolian People's 
Republic. Irkutsk. 1988;3–5.  

5 Ecology of Yersinia pestis and the Epidemiology of Plague



170

    139.   Tarasov MP. Rodents of south-eastern part of the Mongolian Altai and adjacent Gobi // Mat. 
Irkutsk anti-plague research institute of Siberia and the Far East. 1958; 19, p. 60–71.  

     140.   Kiefer M, Krumpal M, Cendsuren N et al. Cheklist, distribution and bibliography of 
Mongolian Siphonaptera. Erforshc. Biol. Ress. MVR (Halle). 1984. N. 4. p. 91–123.  

     141.   Chinbold L. Natural foci of plague in the Gurvan-Saikhan mountains. International and 
national aspects of surveillance in plague. Irkutsk. 1975. p. 28–30.  

    142.   Fenyuk BK. Notes about natural foci of plague and anti-plague work in the People’s Republic 
of China. ZHMEI. 1959, № 10, p. 8–16.  

    143.   Barkov IP, Bazunov LP, Shiryaeva A. About plague among the Mongolian gerbil and midday 
jirds in the Central Asian foci. News of Irkutsk anti-plague research Institute of Siberia and 
Far East. 1959;20:117–9.  

     144.   Lavrovskii AA, Kazakevich VP, Warsawskiy SN. Natural foci of plague in the Front and 
Southwest Asia. Problems of Particularly Dangerous Infections. 1973;2(30):9–22.  

     145.   Baltazard M, Bamanyar M, Mostachfi  P et al. Rechercessur la peste in Iran. Ibid. 
1960b;23(2/3). p. 141–55.  

    146.   Misonne X. Mammiferes de la Turquiesud-oriental et du Nord de la Syrie. Mammalia. 
1957;21(1):53–67.  

     147.   Baltazard M, Bamanyar M, Mofi di C, Seydian B. Le foyer de peste du Kurdistan. Bull WHO. 
1952; 5(4). p. 441–72.  

     148.    Karimi Y. Decouverte d’un nouveau mesofoyer de pestesauvagedans I’ Azarbaidjan oriental 
de I’Iran. Bull Soc Pathol Exot. 1980;73(1):28–35.  

    149.   Bahmanyar M. Plague epidemics in Iran and their control. WHO. 1968, BD/PL/68.32. p. 1–7.  
     150.    Warsawskiy SN, Kazakevitch VP. Biocenotic structure and landscape features of the foreign 

plague foci in the Front and Southwest Asia. Bul Mosc Soc Nat Dep Biol. 
1984;89(1):13–20.  

    151.   Kozlov MP, Sultanov GV. Epidemic manifestations of plague in the past and the present. 
Makhachkala, Dagest. Vol. publ. 1993. p. 336.  

     152.   Neronov VM, Arsenyev LP. Zoogeographical analysis of Afghanistan rodent fauna // Modern 
problems of zoogeography.M: Science. 1980. p. 254–72.  

     153.   Arsenyev LP, Neronov VM. Materials to the fauna of fl eas of Afghanistan (Siphonaptera) // 
Parasitology. 1982; 16(4):306–314.  

    154.   Akiev AK. About the great gerbil in the northern Afghanistan // rodents and their ectopara-
sites (ecology, epizootic value, control). Saratov: Publishing house of Saratov University; 
1968. p. 422–24.  

    155.   Almeida A. Rodent and vector surveillance in Brazil. Interregional meeting on prevention 
and control of plague. Antananarivo, Madagascar 1–11. April 2006. p. 36.  

     156.   Dubyanskiy MA, Dubyanskaya LD, Nekrasova LE, Bakanurskaya TL. One more time about 
the importance of raptors as indicators of plague epizootic. Natural. foc. microbiology. and 
proph. zoonoses. Saratov; 1989. p. 40–43.  

    157.   Yergaliev KH, Pole SB, Stepanov VM. Blood groups of the great gerbil (Rhombomys opimus 
Licht.) as supposed indicators of resistant populations to infection. // Genetics. - V. 26. - 
№1. - 1990. pp. 103–8.  

    158.   Klassovkii LN, Kunitskii VN, Gauzshtein DM, Burdelov AS, Aykimbaev MA, Dubovitskii 
NM, Novikov GS, Rasin BV, Savelov YV. To the question about short-term prediction of the 
epizootic situation in the Ili-Karatal interfl uves. Book: condition and perspectives of plague 
preventing. Abstracts of the all-union conference. Saratov. 1978. p. 69–71.  

    159.   Suleimenov BM. The mechanism of plague epizootic. Almaty. 2004. p. 236.  
     160.   Dubyanskiy VM, Burdelov LA, Barkley JL. Introduction to the computer modeling of the 

plague epizootic process. 07/2012; ISBN: 978-953-51-0685-2 In book: Automation, Chapter: 
8, Publisher: In Tech, p. 149–70.  

    161.   Shedrin VI. Morphological and histochemical data on blood digestion in some species of 
fl eas – vectors of plague: PhD thesis abstract – Saratov; 1974. p. 16.    

V.M. Dubyanskiy and A.B. Yeszhanov



171© Springer Science+Business Media Dordrecht 2016 
R. Yang, A. Anisimov (eds.), Yersinia pestis: Retrospective and Perspective, 
Advances in Experimental Medicine and Biology 918, 
DOI 10.1007/978-94-024-0890-4_6

    Chapter 6   
 Genome and Evolution of  Yersinia pestis                      

     Yujun     Cui      and     Yajun     Song    

    Abstract     This chapter summarizes researches on genome and evolution features of 
 Yersinia pestis , the young pathogen that evolved from  Y. pseudotuberculosis  at least 
5000 years ago.  Y. pestis  is a highly clonal bacterial species with closed pan-genome. 
Comparative genomic analysis revealed that genome of  Y. pestis  experienced highly 
frequent rearrangement and genome decay events during the evolution. The geneal-
ogy of  Y. pestis  includes fi ve major branches, and four of them seemed raised from 
a “big bang” node that is associated with the Black Death. Although whole genome- 
wide variation of  Y. pestis  refl ected a neutral evolutionary process, the branch length 
in the genealogical tree revealed over dispersion, which was supposedly caused by 
varied historical molecular clock that is associated with demographical effect by 
alternate cycles of enzootic disease and epizootic disease in sylvatic plague foci. In 
recent years, palaeomicrobiology researches on victims of the Black Death, and 
Justinian’s plague verifi ed that two historical pandemics were indeed caused by  Y. 
pestis , but the etiological lineages might be extinct today.  

  Keywords      Y. pestis    •   Genome   •   Evolution   •   Molecular clock   •   Population diversity  

6.1       Genome of  Yersinia pestis  

6.1.1     General Features of the  Y. pestis  Chromosome 

 Genomic research provides an unprecedented opportunity for us to probe into the 
pathogenicity and evolution of  Y. pestis . The fi rst  Y. pestis  genome, that of strain 
CO92, was decoded in 2001 [ 1 ]. Strain CO92 belongs to biovar Orientalis, which 
was isolated from a fatal human case of primary pneumonic plague that was con-
tracted from an infected cat in Colorado, USA, in 1992 [ 2 ]. The genome was 
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assembled from 94,881 end sequences (giving about 9.6-fold coverage) that were 
derived from shotgun libraries, and it was completed using extensive gap-fi lling 
procedures. The CO92 consists of one 4.65-Mb chromosome and three plasmids, 
namely, pCD1 (70.3 kb), pMT1 (96.2 kb), and pPCP1 (9.6 kb). 

 The most striking large-scale features in the CO92 chromosome are the anoma-
lies in GC bias (G-C/G + C). Unlike most other genomes with small but detectable 
bias toward G on the leading strand of the bidirectional replication fork, no clear 
GC-skew was seen in the CO92 genome. These anomalies might be caused by the 
very recent acquisition of DNA (such as prophages or genomic islands) or by the 
inversion or translocation of blocks of DNA [ 1 ]. Polymerase chain reactions fl ank-
ing the possible translocated blocks revealed that genomic rearrangements occurred 
not only in different  Y. pestis  strains but also in different CO92 subcultures. These 
results demonstrate that the  Y. pestis  genome is extremely fl uid, while ribotyping or 
pulsed-fi eld gel electrophoresis typing results might be distorted by frequent intra- 
genomic recombination events in vitro [ 3 ]. 

 Right after the release of the CO92 genome, scientists decoded the genomes of 
two other representative  Y. pestis  strains. One was strain KIM10+, a biovar 
Medievalis derivative that is widely used in research laboratories around the world 
[ 4 ]. The other one was strain 91001, a biovar Microtus isolate, which has a median 
lethal dose of 23.2 colony-forming units (CFU) when administered subcutaneously 
to mice, while a subcutaneous challenge of 1.5 × 10 7  CFU challenging caused nei-
ther bubonic nor pneumonic plague in humans [ 5 ]. Table  6.1  lists the general fea-
tures of the chromosomes of these three strains, which are quite similar to each 

   Table 6.1    General features of the chromosomes of  Y. pestis  strains 91001, CO92, and KIM   

 Accession number  AE017042  AL590842  AE009952 

 Strain  91001  CO92  KIM10 
 Length (bp)  4,595,065  4,653,728  4,600,755 
 (G + C)%  47.65 %  47.64 %  47.64 % 
 ORF  4037  4012  4198 
 Pseudogenes  141  149  54 
 Coding density  81.6 %  83.8 %  86 % 
 Average gene length 
(bp) 

 966  998  940 

 rRNA operons  7 × (16S-23S-5S) + 5S  6 × (16S-23S-5S)  7 × (16S-23S-5S) 
 tRNAs  72  70  73 
 IS 100   30 intact  44 intact  35 intact 
 IS 1541   43 intact  62 intact  49 intact 

 2 disrupted by IS 100   2 disrupted by 
IS 100  

 3 disrupted by IS 100  

 3 partial  2 partial  6 partial 
 IS 1661   7 intact  7 intact  8 intact 

 1 partial  2 partial  2 partial 
 IS 285   23 intact  21 intact  19 intact 
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other. An intriguing fi nding is that the copy numbers of insertion sequence (IS) 
elements in  Y. pestis  are much higher than in its ancestor,  Y. pseudotuberculosis  [ 6 ]. 
There are four different kinds of IS elements in  Y. pestis , IS 100 , IS 285 , IS 1661 , and 
IS 1541 , which account for about 3.7 % of the chromosome. The unusual abundance 
of IS elements contributes to the frequent genomic rearrangements in the  Y. pestis  
chromosome [ 7 ].

   Another unique feature in the  Y. pestis  chromosome is the large number of pseu-
dogenes, which might be caused by IS interruptions, deletions, frameshift muta-
tions, or nonsense mutations [ 7 ]. A handful of genes essential for the 
enteropathogenicity of  Y. pseudotuberculosis  have been inactivated via different 
mechanisms. This kind of genome decay would offer  Y. pestis  fi tness advantages for 
a new lifestyle as a systemic pathogen of mammals and an insect pathogen (see 
below) [ 1 ,  8 ].  

6.1.2     Pan-Genome of  Y. pestis  

 The pan-genome of a bacterial species describes the full complement of genes in its 
sequenced genomes [ 9 ]. The pan-genome includes the core genome that contains 
genes present in all strains, the accessory genome that contains genes present in at 
least two strains, and unique genes that are specifi c to single strains. Depending on 
the genomes included in the analysis, the pan-genome of a species can have large 
variations. 

 In a comparative genomic analysis that involved 133 genomes, the  Y. pestis  core 
genome, consisting of segments present in all the genomes, was 3.53 Mb long with 
3450 annotated genes [ 10 ], while 1.92 Mb of accessory genome (1700 annotated 
genes) were only present in some isolates, of which 421 kb were within plasmids. 
Thus, the  Y. pestis  pan-genome (core genome plus accessory genome) was estimated 
to be 5.45 Mb. Figure  6.1  illustrates the plots of the  Y. pestis  pan-genome  vs.  the 
number of accumulating genomes, which reveals a platform for the size of pan- 
genome. Through horizontal gene transfer (HGT), many bacteria have a so-called 
open pan-genome. For example, the core genome of 20 strains of  Escherichia coli  
contained only 2000 genes, whereas 20,000 genes were included in the pan-genome 
[ 11 ]. Similarly, it was predicted that the genome content of  Streptococcus agalactiae  
will continue growing even after hundreds of genomes have been sequenced [ 12 ]. 
However, for asexual bacteria, such as  Salmonella enterica  serovar Typhi [ 13 ], 
clones of  Staphylococcus aureus  [ 14 ,  15 ], and the endosymbiont  Buchnera  [ 16 ], the 
genome is closed, and any acquisition of foreign genes seems to be largely restricted 
to bacteriophages and plasmids. The pan-genome of  Y. pestis  is also closed, with a 
size that is only slightly larger than the average size of the sequenced genomes [ 10 ].

   Plasmids are a very important part of the accessory genome in  Y. pestis . Typical 
 Y. pestis  strains have three plasmids: pCD1, which encodes a type III secretion sys-
tem; pMT1, which encodes the  Yersinia  murine toxin (Ymt) and the fraction 1 
 capsular protein; and pPCP1, which encodes plasminogen activator protein Pla [ 8 ]. 
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Plasmid pCD1 is common to  Y. pestis ,  Y. pseudotuberculosis , and  Y. enterocolitica , 
while  Y. pestis  is believed to have acquired the other two plasmids via HGT. In addi-
tion to the three classical plasmids, other plasmids have also been reported in vari-
ous strains. Strain 91001 harbors a 21.7-kb cryptic plasmid, pCRY1, which might 
encode a type four secretion system [ 5 ]. Another 5.9-kb cryptic plasmid, pYC, has 
been found in more than 230  Y. pestis  isolates from China [ 17 ]. The deep-rooted 
pestoides isolate Angola harbors a 114.6-kb pMT1-pPCP1 chimeric plasmid [ 18 ]. 
Strain Java 9, a biovar Orientalis strain that was isolated in 1957 from a dead 
Javanese rat, carries two novel plasmids termed pJARS35 (35.0 kb) and pJARS36 
(36.1 kb), which might be responsible for high-level arsenic resistance [ 19 ]. Notably, 
the fi rst multidrug-resistant isolate of  Y. pestis  (strain IP275) was identifi ed in 
Madagascar in 1995, and it contains a self-transmissible plasmid (pIP1202, 113.3 kb) 
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  Fig. 6.1    Size estimates of the core genome ( a ,  c ) and pan-genome ( b ,  d ) of  Y. pestis  versus the 
number of genomic sequences. Size estimates are indicated by  box  and whisker plots, in which the 
box encloses the second and third quartile (25–75 %) of the data. The median is indicated by a thin 
 red line  within each box. The whiskers indicate the top and bottom quartiles, except for outliers, 
which are indicated by dots. ( a  and  b ) Numbers of genes included in the core genome and pan- 
genome. ( c  and  d ) Sizes of the core genome and pan-genome       
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that confers resistance to many of the antimicrobials that are recommended for 
plague treatment and prophylaxis [ 20 ]. With the rapid growth in the number of 
sequenced  Y. pestis  genomes, more diverse plasmid profi les will be identifi ed in the 
near future. 

 Other than plasmids, the only confi rmed genomic island that might have been 
acquired after the earliest nodes in the evolution of  Y. pestis  is a fi lamentous bacte-
riophage [ 10 ]. This phage, YpfPhi, forms fi lamentous particles that are secreted by 
 Y. pestis  cells into the culture supernatant without affecting bacterial growth or lys-
ing the cells [ 21 ]. In  Y. pestis , YpfPhi is present in isolates from the three main 
phylogenetic branches, suggesting that it was acquired shortly after the emergence 
of  Y. pestis . However, YpfPhi is only systematically present in strains from sub-
branch 1.ORI. In the other subbranches, YpfPhi is only detected in some isolates 
[ 22 ]. In Antigua and Medievalis strains, YpfPhi forms an unstable episome, whereas 
it is stably integrated into the chromosome in Orientalis isolates. Deletion of the 
YpfPhi genome does not affect the ability of  Y. pestis  to colonize and block the fl ea 
proventriculus, but it results in an alteration of  Y. pestis  pathogenicity in mice [ 21 ].   

6.2     Ancient DNA Genomics of  Y. pestis  

 Historically, three great pandemics of plague claimed millions of lives around the 
world. The fi rst great pandemic (541–544 AD) was known as Justinian’s Plague. 
The second one, the Black Death, which occurred in the middle of the fourteenth 
century, killed an estimated 17–28 million Europeans. The third one, Modern 
Plague, which reached Hong Kong from Yunnan Province in 1894, spread world-
wide, and it established stable enzootic foci on every major inhabited continent 
except Australia [ 23 ]. Since Alexandre Yersin isolated Gram-negative bacilli from a 
bubonic plague patient in Hong Kong at the very early stage of the third pandemic, 
nobody questioned the fact that  Y. pestis  is the causative agent of the third plague 
pandemic. However, debates about which etiologic agents caused the fi rst two pan-
demics have lasted for years [ 24 ,  25 ]. In 1998, Raoult et al. successfully amplifi ed 
 Y. pestis -specifi c  pla  fragments from dental pulp DNA isolated from sixteenth- and 
eighteenth-century French graves of persons thought to have died of plague [ 26 ]. 
Several years later, they obtained  Y. pestis -specifi c amplicons from victims of 
Justinian’s Plague [ 27 ]. Increasing numbers of ancient DNA studies now support  Y. 
pestis  as the causative agent of the fi rst two pandemics [ 28 ]. 

 In 2011, Bos et al. described the fi rst complete genome sequence of  Y. pestis  
from Black Death victims [ 29 ]. First, they extracted bacterial DNA from fi ve teeth 
of plague victims taken from a burial pit in London, which was established at the 
height of Black Death in 1348. Then, they used custom Agilent DNA capture arrays 
to enrich  Y. pestis  DNA amid a background of host and environmental DNA and 
performed Illumina sequencing. They fi nally assembled draft genomes with about 
28× coverage, which provided valuable data for phylogenomic analysis [ 29 ]. Later, 
using a similar strategy, an international team successfully generated two draft  Y. 
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pestis  genomes from two Justinian’s Plague victims from a cemetery in Bavaria, 
Germany [ 30 ]. 

 More recently, an archaeology group screened 89 billion raw DNA sequence 
reads that were obtained from the teeth of 101 Bronze Age individuals from Europe 
and Asia, and they found that seven individuals carried sequences resembling  Y. 
pestis.  Then, they performed in-depth sequencing for the seven individuals, and 
assembled genomes to an average coverage of 0.14–29.5×, with 12 %–95 % of the 
positions in the genome covered at least once [ 31 ]. This study revealed  Y. pestis  
infection in the Bronze Age for the fi rst time, and it pushes the divergence dates for 
the early branching of  Y. pestis  back to 5783 years ago. However, as they did not 
include any enrichment procedure, fi ve out of the seven draft genomes have a cov-
erage that is less than one.  

6.3     Evolution of  Y. pestis  

6.3.1     On the Origin of  Y. pestis  

 Although  Y. pestis  has been proved to cause human infections as early as the Bronze 
Age [ 31 ], it was not identifi ed as the cause of plague by microbiologists until 1894 
[ 32 ]. Since then, the plague bacillus was transferred from one genus to another until 
it was fi nally placed in the genus  Yersinia  in 1944 [ 33 ]. During more than half a 
century of research, people realized that  Y. pestis  and  Y. pseudotuberculosis  are 
highly homologous and distinct from other bacterial species in terms of their DNA 
sequences [ 34 ]. According to DNA-DNA hybridization results (more than 90 % 
DNA relatedness), Bercovier et al. suggested that  Y. pseudotuberculosis  and  Y. pes-
tis  should be treated as two separate subspecies of the same species, and they sug-
gested that they be named  Y. pseudotuberculosis  subsp.  pseudotuberculosis  and  Y. 
pseudotuberculosis  subsp.  pestis , respectively [ 35 ]. The sequence data obtained 
from rDNA sequences also supported the close relationship between these two 
organisms, which have fully identical 16S rDNA sequences and only a single base 
difference within a highly variable region of 23S rDNA [ 36 ]. Although satisfying 
the common criterion of being the same species based on the similarity of their 
DNA sequences [ 37 ],  Y. pestis  and  Y. pseudotuberculosis  are still listed as different 
species because of differences in their virulence, transmission route, as well as his-
torical importance to human culture. 

 To deduce the origin and phylogenetic history of  Y. pestis , Achtman et al. col-
lected 76  Y. pestis  strains, which were isolated from around the globe and that rep-
resent all three biovars, 13 strains of  Y. enterocolitica , and 12 strains of  Y. 
pseudotuberculosis  of various serotypes, and they analyzed the fragments of fi ve 
housekeeping genes ( thrA ,  trpE ,  glnA ,  tmk , and  dmsA ) and one lipopolysaccharide 
(LPS) synthesis-associated gene ( manB ). No differences were observed across all 
six gene fragments for all trains of  Y. pestis  used in the study. Three genes revealed 
identical alleles between  Y. pestis  and some strains of  Y. pseudotuberculosis.  
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Furthermore, the genetic distances between the alleles in  Y. pestis  and  Y. pseudotu-
berculosis  were within the range seen in  Y. pseudotuberculosis  alone. These results 
indicate that  Y. pestis  is a genetically monomorphic clone of  Y. pseudotuberculosis  
that differentiated so recently that only few sequence polymorphisms have accumu-
lated [ 38 ]. By sequencing housekeeping genes in subsequent research, Achtman 
et al. showed that groups of atypical  Y. pestis  strains, including pestoides strains in 
Central Asia and the Microtus strain in China, also have fully identical alleles with 
all three classical  Y. pestis  biovars, despite their different biochemical characteris-
tics [ 39 ]. This study further defi nes the range of  Y. pestis  species and supports the 
view that all  Y. pestis  strains evolved from  Y. pseudotuberculosis . 

 However, there are still arguments over whether the sequences of housekeeping 
genes represent the full genetic characteristics of  Y. pseudotuberculosis  and  Y. pestis  
and, thus, whether these species could constitute a sister taxon. To confi rm the 
hypothesis that  Y. pestis  is a clone of  Y. pseudotuberculosis , Cui et al. compared the 
genomes of 133  Y. pestis  strains and four  Y. pseudotuberculosis  strains. The four  Y. 
pseudotuberculosis  genomes share the same single nucleotide polymorphisms 
(SNPs) with  Y. pestis , and a highly robust maximum-likelihood tree confi rmed that 
all 133  Y. pestis  genomes exhibited limited diversity and were descended from  Y. 
pseudotuberculosis  [ 10 ]. With rapid advancements in sequencing technology, more 
 Yersinia  genomes were deciphered subsequently. A more comprehensive study ana-
lyzed 241  Yersinia  strains that belonged to 18 different species. A phylogeny based 
on core genes revealed that  Y. pestis  strains exhibited very limited diversity with 
other  Yersinia  species and that the lineages of  Y. pestis  and  Y. pseudotuberculosis  
formed a tight group, with the nonpathogenic  Y. similis  appearing ancestral to these 
species on the tree. These whole genome-based studies provided further evidence 
that  Y. pestis  is a genetically monomorphic clone of the more diverse species, 
 Y. pseudotuberculosis . 

 Although robust evidence at the genetic level supports the view that  Y. pestis  
originated from  Y. pseudotuberculosis , the natural process of this transition is still 
little known. The enormous differences between their virulence, transmission route, 
and survival niche make it diffi cult to speculate how the niche jumping occurred. 
One possible evolutionary scenario is that  Y. pseudotuberculosis  acquired necessary 
genetic factors, such as the pMT1 and pPCP1 plasmids, from the resident gut micro-
biota during co-colonization of the rodent gastrointestinal tract or the fl ea midgut 
and occasionally causes fatal septicemia in animals stressed by cold, famine, or 
capture [ 38 ,  40 ]. As marmots are known to be the major host of  Y. pestis  in many 
natural plague foci, some former Soviet Union researchers speculate that the evolu-
tion from  Y. pseudotuberculosis  to  Y. pestis  might be associated with the living 
habits of this rodent species. Before winter, marmots need to seal their burrow 
entries using a mixture of soil, twigs, and, sometimes, their feces, to prepare for 
hibernation. The twigs or sharp stones in the soil might cause wounds on their lips, 
which might have enabled  Y. pseudotuberculosis  in the feces to enter into the blood, 
which was a suitable environment for its further evolution and eventually shaped 
the new species. Nonetheless, the scenario of the origin of  Y. pestis  still needs to be 
explored by archaeology and laboratory studies.  
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6.3.2     Genealogy of  Y. pestis  

  Y. pestis  is so monomorphic that no sequence variations have been observed in its 
housekeeping genes [ 38 ,  39 ]. Therefore, before the population genomics era, vari-
ous molecular techniques that targeted multiple loci of whole genomes were 
employed in attempts to determine the genealogy and evolutionary history of  Y. 
pestis . These techniques include restriction fragment length polymorphisms of the 
locations of ISs [ 38 ], gain and loss of genomic segments [ 41 – 43 ], the diversity of 
clustered regularly interspaced short palindromic repeats (CRISPRs) [ 44 – 46 ], and 
multiple locus variable number tandem repeat analyses (MLVAs) [ 47 – 49 ]. These 
efforts proved the linkage between the molecular genotypes that were determined 
by molecular methods and the traditional biovars, as well as the linkage between 
genotypes and the geographical distributions of the isolates. However, because 
these molecular markers are either unreliable, are homoplasies, lack adequate reso-
lution, or are affected by phylogenetic discovery bias, they are not ideally suited for 
the evolutionary reconstruction of this genetically monomorphic organism [ 50 ]. 
Generally, strains that are closely related genetically could be accurately attributed 
to the same cluster/genotype by the above methods; however, the phylogenetic rela-
tionship across deep branches of an evolutionary tree is usually unstable, and differ-
ent methods yield contradictory results. 

 Using 76 synonymous SNPs that were found in 3250 orthologous coding 
sequences from the fi rst three  Y. pestis  genomes, Achtman et al. fi rst described a 
robust three-branch population structure of  Y. pestis  [ 39 ]. These SNPs defi ned a tree 
in which an ancestral branch, branch 0, gave rise to branches 1 and 2, with the 
ancestral status of the synonymous SNPs defi ned according to their status in the 
genome of  Y. pseudotuberculosis  (IP32953). Since then, many new branches and 
subpopulations have been recognized with an increasing number of analyzed 
genomes; however, the three-branch structure was proven to be the backbone gene-
alogy of  Y. pestis , and it was only slightly modifi ed by subsequent studies. According 
to this backbone, Achtman et al. designed a nomenclature system for  Y. pestis , 
which was widely used by subsequent typing and evolution studies. This nomencla-
ture system combined SNP-defi ned molecular relatedness and the traditional biovar 
designations. The populations were designated according to the branch plus an 
abbreviation for the biovar (abbreviations: ANT, Antiqua; PE, pestoides (including 
Microtus isolates); MED, Medievalis; ORI, Orientalis), followed by a number for 
sequential populations (see Chap.   3     for details). 

 To increase the discriminative power of the system, Achtman et al. combined 
different multi-locus molecular methods, including synonymous SNP, MLVA, and 
IS 100  typing, to investigate the microevolution of  Y. pestis . Based on the three- 
branch structure, eight populations were recognized. The pestoides and biovar 
Microtus strains were distributed on branch 0, the nearest one to the root of the tree, 
and, hence, they are the ancestral populations of  Y. pestis . Branch 1 includes most 
of the biovar Orientalis (1.ORI) strains and a group of Antiqua strains (1.ANT). 
Branch 2 includes all of the Medievalis strains (2.MED) and another group of 
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Antiqua strains (2.ANT). This indicated that  Y. pestis  populations are only partially 
compatible with the classical biovars that are based on phenotypic characteristics, 
and, hence, biovars are not necessarily monophyletic and should not be used for 
evolutionary or taxonomic purposes. These inferences were supported by a phylog-
eny that used 1346 SNPs from 3349 coding sequences in 16  Y. pestis  genomes [ 51 ]. 

 With advancements in next-generation sequencing technology, population 
genomics was introduced into evolutionary studies of  Y. pestis . Cui et al. sequenced 
118  Y. pestis  genomes from China and the vicinity and combined them with 15 pre-
viously published genomes (for a total of 133 genomes) and analyzed them for SNP 
calling, which identifi es variable sites [ 10 ]. Almost all core SNPs within  Y. pestis  
correspond to substitutions that have occurred only once and, thus, defi ne a unique, 
fully parsimonious path of changes. The core genome of  Y. pestis  contains 2298 
such SNPs, which were used to generate a rooted minimum spanning tree (MSTree) 
based on sequential changes since the most recent common ancestor (MRCA) (Fig. 
 6.2 ). The large number of new genomes revealed a novel, additional genealogical 
substructure, which includes branches 3 and 4 that split from branch 0. Branch 1–4 
concurrently descended from the junction node N07 and formed an extensive “big 
bang” polytomy at the node (Fig.  6.2 ). The ancient genomes that deciphered from  Y. 
pestis  of Black Death victims [ 29 ] are also very close to this polytomy. They are 
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  Fig. 6.2    Genealogy of  Y. pestis  constructed based on 2, 298 SNPs. ( a ) Whole genome-based 
MSTree of 133 strains of  Y. pestis , using  Y. pseudotuberculosis  IP 32953 as the outgroup of most 
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located on branch 1, and they acquired one or three SNPs since diverging from node 
N07, indicating an extensive polytomy that gave rise to branches 1 through 4 shortly 
before the Black Death.

   The genomes of modern isolates disclosed the phylogenetic relationships 
between existing populations, while the ancient DNA studies provided clues of the 
extinct lineages, some of which might have played important roles in human his-
tory. Using the ancient genomes obtained from the teeth of Bronze Age humans 
(approximately 3000 BC) across Europe and Asia, a new  Y. pestis  population (which 
has not been designated) that split earlier than any known lineage was identifi ed 
[ 31 ]. This fi nding suggests that the virulent, fl ea-borne  Y. pestis  strain that caused 
the historic bubonic plague pandemics evolved from a less pathogenic  Y. pestis  
lineage that infected human populations long before recorded evidence of plague 
outbreaks. The draft genomes of  Y. pestis  obtained from two individuals who died 
in the fi rst pandemic formed a unique Justinian branch, which is interleaved between 
two extant groups, 0.ANT1 and 0.ANT2, and is distant from strains associated with 
the second and third pandemics [ 30 ]. From human remains of the last European 
plague outbreak, from 1722 in Marseille, France, fi ve  Y. pestis  genomes were 
acquired, which represent a lineage that descended from strains from the fourteenth- 
century Black Death. These data suggest the existence of a previously uncharacter-
ized historical plague focus that persisted for at least three centuries [ 52 ]. All of 
these ancient genomes have no known contemporary representatives; thus, their 
corresponding lineages likely went extinct.  

6.3.3     Genomic Decay and Neutral Evolution of  Y. pestis  

 Genome decay, means gene inactivation and gene loss, occurs when a gene or gene 
cluster is no longer useful for survival of a microbe or when a microbe attempts to 
adapt to a new ecological niche, which is a common theme during the evolution of 
bacterial pathogens [ 53 ]. Dumping unnecessary genetic elements will offer patho-
gens better fi tness when facing new niches. 

 The fi rst published  Y. pestis  genome, CO92, harbors a large number of ISs, com-
prising 3.7 % of the genome, far more than most other known bacteria. IS interrup-
tion and frameshift mutations have resulted in 149 pseudogenes in the CO92 
genome [ 1 ]. The similar large number of pseudogenes was also observed in the 
following deciphered  Y. pestis  genomes. A brief comparison of the CO92 and  Y. 
pseudotuberculosis  IP32953 genomes identifi ed 317 genes that were inactivated or 
absent from  Y. pestis , which means that a large proportion of  Y. pseudotuberculosis  
genes (13 %) are no longer functional in  Y. pestis  [ 6 ]. The accumulation of pseudo-
genes might promote the speciation and microevolution of  Y. pestis  [ 54 ]. 

 For examples,  yadA  and  inv  encode the major adhesin and invasin, respectively, 
in  Y. pseudotuberculosis , and they are essential for this enteropathogen to adhere to 
host intestinal surfaces and invade epithelial cells. Both of them are inactivated in 
 Y. pestis  [ 1 ]. Another important pseudogene in  Y. pestis  is  ureD , which contains a 
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premature stop codon that results in a malfunctioning urease operon [ 55 ]. Urease is 
necessary for the oral transmission of  Y. pseudotuberculosis , while it is redundant 
for the fl ea-host-fl ea cycle of  Y. pestis , and, thus, it might have been abandoned dur-
ing host adaption [ 56 ]. 

 The transcriptional regulator RcsA is known to inhibit  Yersinia  biofi lm forma-
tion.  rcsA  is functional in  Y. pseudotuberculosis , but it is a pseudogene in  Y. pestis . 
Replacing the Y. pestis homologue with the functional homologue from  Y. pseudo-
tuberculosis  abolishes biofi lm formation in fl eas [ 57 ]. The pseudogenization of  rcsA  
is a clear case of positive selection during the evolution of  Y. pestis . 

 It is well established that  Y. pestis  expresses rough LPS that lacks the O antigen, 
which is due to the inactivation of fi ve genes in the O antigen gene cluster [ 1 ]. The 
loss of the O antigen and the expression of rough LPS are believed to facilitate Pla 
function and the invasiveness of  Y. pestis  [ 58 ]. 

 For many Gram-negative pathogens, hexa-acylated LPS is able to effi ciently 
activate Toll-like receptor 4 (TLR4) signaling to stimulate the host innate immune 
response.  Y. pestis  does not carry the  lpxL  gene, which encodes an enzyme that 
transfers a secondary laurate chain to lipid A at 37 °C and results in a tetra-acylated 
LPS that has low affi nity for TLR4. Introducing  lpxL  into  Y. pestis  results in the 
formation of hexa-acylated lipid A at 37 °C, and the  lpxL  mutant is avirulent in mice 
[ 59 ]. Clearly, the loss of  lpxL  plays a vital role in  Y. pestis  immune evasion, and an 
 lpxL  knock-in mutant of the  Y. pestis  KIM strain has been proposed as a novel live 
vaccine against plague [ 60 ]. 

 A comparison of the  Y. pestis  and  Y. pseudotuberculosis  genomes identifi ed nine 
loci, including fi ve genomic regions and four individual genes, which are present in 
 Y. pseudotuberculosis  and absent in  Y. pestis . Deletion of R1, a region predicted to 
encode the methionine salvage pathway, altered the pathogenicity of  Y. pseudotu-
berculosis . Interestingly, R1 is present and conserved in two  Y. pestis  strains on the 
ancient lineage, implying that R1 was lost as an early step of  Y. pestis  microevolu-
tion. Region R3 was also proven to be lost sequentially in the  Y. pestis  genome [ 61 ]. 
These gene loss events refl ect the past genomic decay of  Y. pestis , which is still 
evolving into an obligate intercellular pathogen with a minimized genome [ 62 ,  63 ]. 

 Although it might be the results of natural selection that genome decay associ-
ated with survival or virulence of the  Y. pestis , as described above, genomic varia-
tions that occurred during the evolutional history of  Y. pestis  seemed to refl ect a 
neutral process, rather than Darwinian selection.  dN / dS , the ratio of non- synonymous 
to synonymous mutation rates, is 0.91 for 2298 genome-wide SNPs and ranges 
from 0.79 to 1.37 for individual nodes in the phylogeny of  Y. pestis  [ 10 ]. The value 
of  dN / dS  ratios is near to 1, which is consistent with neutral evolution and provides 
no obvious signs for diversifying selection at the genome level. Another possible 
signal of diversifying selection is frequent homoplasies, as has been observed for 
mutations that resulted in antibiotic resistance [ 64 ] and resistance to antivirals [ 65 ]. 
However, only 28 SNPs were homoplastic in 133  Y. pestis  genomes. A further, typi-
cal hallmark of diversifying selection is the existence of genes with multiple, clus-
tered non-synonymous SNPs (nsSNPs). The distribution of the number of nsSNPs 
per gene did deviate markedly from theoretical expectations under neutral evolu-
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tion, but this deviation rose largely because of only seven outlier genes (including 
two with homoplasies) that exhibited an excess of nsSNPs. Based on the combined 
criteria of homoplasies and/or clustered nsSNPs, only 22 of the 3450 genes in the 
core genome seem to be under diversifying selection (Table  6.2 ). Those genes did 
not possess obvious unifying features, except that one (YPO0348,  aspA ) is thought 
to be important for the virulence of  Y. pestis  [ 66 ] and two are related to motility. 
Therefore, these lines of evidence support the view that genetic drift, rather than 
Darwinian selection, played a major role in the evolutionary history of  Y. pestis .

6.3.4        Mutation Rate and a Variable Molecular Clock 

 Mutation rate is important in evolutionary studies, as it is a necessary parameter for 
estimating the age of population-dividing events. It could be measured through 
experimentally evolved replicate lines from laboratory cultures or calculated 
according to the genetic distances and differences in isolation time among natural 
isolates. 

 Based on the frequencies of SNPs that were discovered in 81  Y. pestis  isolates 
from Madagascar by denaturing high-performance liquid chromatography (dHPLC), 
Morelli et al. calculated the mutation rates of SNPs during the natural evolution of 
 Y. pestis  [ 51 ]. Because most of the SNPs discovered by dHPLC were singleton 
mutations, it is reasonable to assume that after the introduction of  Y. pestis  to 
Madagascar, demographic expansion was strong enough to result in star-shaped 
genealogies, i.e . , those without any coalescent events. Based on this assumption, 
Morelli et al. built a full maximum-likelihood model to infer the yearly mutation 
rates. Historical records show that an initial plague epidemic reached Madagascar 
in 1898 and that a second wave began in 1921 [ 67 ]. Therefore, calculations were 
performed assuming a demographic expansion that started either in 1898 or 1921. 
Because the 81 Madagascar isolates fell into two distinct groups in a minimum 
spanning tree, the same calculations were performed for each of the two subgroups. 
All of the calculation results were comparable, with extreme value estimates rang-
ing from 2.09E − 09 to 2.30E − 08 per site per year [ 51 ]. 

 In their evolutionary studies of Madagascar strains, Morelli et al. found that an 
unusually large number of SNPs accumulated in certain branches of the  Y. pestis  
phylogenetic tree, which was diffi cult to explain, even for the highest inferred muta-
tion rate [ 51 ]. For example, there are seven SNPs that differentiate Madagascar 
nodes in the older cluster from their direct ancestors in Israel and India, which 
became fi xed by 1926, the date of isolation of the EV76 strain that belongs to this 
cluster. The same problem applies to the seven other SNPs that distinguish 
Madagascar nodes from their descendants in Turkey, which had probably been 
established by the 1930s. The probability of such a rapid accumulation of seven 
SNPs is < 0.05 under the assumption of an invariant molecular clock. Overdispersion 
of branch lengths was also observed in the phylogeny of  Y. pestis  based on whole 
genome-wide SNPs [ 10 ]. The number of SNPs that have accumulated since the 
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   Table 6.2    Features of highly variable genes   

 Gene ID  Type a   Product 
 Length 
(bp) 

 # of 
SNPs 

 # of 
nsSNPs 

 # of 
sSNPs 

 YPO0348 a   Multiple SNPs 
and homoplasies 

 Aspartate 
ammonia-lyase 

 1437  8  8  0 

 YPO0821  Multiple SNPs  Hypothetical protein  195  3  2  1 
 YPO2210 a   Multiple SNPs 

and homoplasies 
 Hypothetical protein  129  4  2  2 

 YPO2387  Multiple 
SNPs 

 DNA-binding 
transcriptional 
repressor PurR 

 1026  5  5  0 

 YPO2639  Multiple SNPs  Integrase (partial)  186  2  2  0 
 YPO3041  Multiple SNPs  Nitrate/nitrite 

response regulator 
protein NarP 

 630  4  4  0 

 YPO3561  Multiple SNPs  Stringent starvation 
protein A 

 642  4  4  0 

 YPO0698  Homoplasies  Outer membrane 
usher protein 

 2481  6  5  1 

 YPO1376  Homoplasies  Putative cell division 
protein 

 3918  6  6  0 

 YPO0176  Homoplasies  Hypothetical protein  408  1  1  0 
 YPO0222a  Homoplasies  30S ribosomal protein 

S14 
 306  1  0  1 

 YPO0319  Homoplasies  Quinone 
oxidoreductase, 
NADPH dependent 

 984  3  1  2 

 YPO0412  Homoplasies  Putative ABC 
transporter ATP- 
binding protein 

 1584  3  1  2 

 YPO0440  Homoplasies  Purine nucleoside 
phosphorylase 

 720  1  1  0 

 YPO0725  Homoplasies  Flagellar hook protein 
FlgE 

 1242  1  1  0 

 YPO1571  Homoplasies  Hypothetical protein  1431  4  4  0 
 YPO1581  Homoplasies  Alpha-galactosidase  2127  2  1  1 
 YPO2299  Homoplasies  Putative methylated- 

DNA–protein-cysteine 
methyltransferase 

 519  2  1  1 

 YPO2904  Homoplasies  Putative 
3-phenylpropionic 
acid transporter 

 1158  1  1  0 

 YPO3013  Homoplasies  Sulfate/thiosulfate 
transporter permease 
subunit 

 876  1  1  0 

 YPO3223  Homoplasies  DNA-binding 
transcriptional 
regulator Crl 

 402  2  2  0 

 YPO4107  Homoplasies  Xanthine/uracil 
permease family 
protein 

 1329  2  1  1 

   a Genes contain both multiple SNPs and homoplasies  
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MRCA varied from 96 (0.PE7) to 548 (0.PE3). Under a constant molecular clock, 
the root-to-tip distances were predicted to follow the Poisson distribution, that is, 
the values for the mean and the variance of the number of SNPs were similar if the 
molecular clock was invariable. However, through bootstrapping the root-to-tip dis-
tances to calculate 99 % CIs, the variance (1575; 99 % CI: 456–3970) was much 
higher than the mean (248; 99 % CI: 239–257) value of the number of SNPs accu-
mulated from root-to-tip in the  Y. pestis  phylogeny. 

 Overdispersion of branch lengths was also observed with the H1N1 infl uenza 
virus [ 68 ] and methicillin-resistant  Staphylococcus aureus  [ 14 ,  15 ], of which accu-
mulated mutations revealed liner correlation with the time of sampling. However, 
both of these organisms evolved more rapid than  Y. pestis  and as such, a substantial 
proportion of their diversity arose during the time covered by the sampling period. 
In contrast, only a small fraction of the diversity in  Y. pestis  isolates arose during the 
period of sampling time, and the branch lengths to the MRCA for individual strains 
of  Y. pestis  were uncorrelated with their year of isolation ( R  2  = 0.01). 

 An explanation for the overdispersion of branch lengths is that the substitution 
rate varies across lineages. According to the genealogy based on a lognormal distri-
bution of the clock rate that is inferred by the Bayesian relaxed clock model in 
BEAST software [ 69 – 72 ], the molecular clock between the slowest and fastest 
evolving branches revealed a nearly 40-fold difference. Using a strict clock model 
that assumed a constant rate across the tree, a log 10  marginal likelihood of 109.6 was 
yielded with the Bayes factor approach implemented in Tracer, providing over-
whelming support for a relaxed clock [ 70 ]. 

 The drivers behind the strong clock rate variation could possibly be numerous 
events of diversifying selection, which led to the rapid fi xation of benefi cial muta-
tions .  However, we have shown in the above sections that there are no obvious signs 
of diversifying selection at the genome level of  Y. pestis  and, therefore, that natural 
selection cannot explain the extensive variation in the substitution rate. Another 
possibility is that many hypermutators, strains with increased mutation rates [ 73 ], 
are present in the analyzed datasets. However, a 0.PE3 Angola strain, the strain 
whose genome had the most SNPs, is not a hypermutator [ 18 ], nor did any of the 
genomes contain traces of epistatic mutations that can result in reversion of a tran-
sient hypermutator to wild type. Furthermore, only one hypermutator was identifi ed 
among 294  Y. pestis  strains that were isolated from different regions [ 51 ]. Thus, 
transient hypermutators are unlikely to have lead to the numerous rate variations 
observed throughout the  Y. pestis  phylogeny. 

 A third alternative is that the clock rate variation is due to different bacterial 
replication rates between epidemic spread and latent endemic disease. Sylvatic 
plagues consist of alternate cycles of enzootic disease and epizootic disease [ 74 ]. 
During the enzootic phase,  Y. pestis  is rare in fl eas and hosts and can survive for 
long periods in a dormant state [ 75 ]. In contrast, during a typical epizootic rodent- 
fl ea cycle,  Y. pestis  is common and the infected rodents suffer from an intense bac-
teremia with >10 7  CFU/ml of blood [ 76 ,  77 ]. The mutational clock rate at the 
microsatellite loci is constant in the epizootic phase and laboratory serial-transfer 
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experiments [ 78 ], but data are lacking on clock rates in enzootic plague. The same 
is true of human epidemics, except that SNPs can be fi xed at exceptionally high 
rates during transmission to new geographic areas [ 51 ]. However, based on their 
epidemiological differences, lineages in epidemics and epizootics tend to experi-
ence more transmission events per unit time than lineages during long periods of 
intervening enzootic disease. While the mutation rate is constant per transmission 
event, the increased number of transmissions per unit time leads to an increase in 
the mutation rate during outbreaks and to an increased substitution rate over recur-
rent outbreaks, even in the absence of natural selection. This effect can be consid-
ered as analogous to the “generation-time effect” thought to occur in higher taxa, 
where species with more generations per unit time accumulate a greater number of 
mutations than species with a lower number of generations [ 79 ]. However, for  Y. 
pestis , this hypothesis indicates that lineages related with more epidemic events 
should have higher clock rates, and conversely that higher clock rates are an indica-
tor for an association with multiple epidemic disease, even in the absence of histori-
cal evidence. Nonetheless, it should be noted that while a demographic explanation 
explains the observed patterns well, we have not excluded alternative scenarios, 
such as host density changes driven by climatic factors [ 80 ,  81 ], which will also 
change the number of bacterial replication cycles.  

6.3.5     Historical Spread 

 One of the most attractive aspects of  Y. pestis  for the scientifi c community is the 
causative agent of three worldwide pandemics, which claimed millions of deaths 
and dramatically infl uenced the development of human civilization [ 74 ]. Using 
population genetic methods, the age of population divergent events could be calcu-
lated, and in combination with historical documents, one could sketch the spread of 
 Y. pestis  during the prior millennia. 

 Recently, genomic studies estimated that the age of the MRCA of all known  Y. 
pestis  strains was 5783 years ago (95 % highest posterior density interval: 5021–
7022 years ago). Concerning the fact of acquiring ancient  Y. pestis  genomes from 
the teeth of eight Bronze Age individuals from Russia, Poland, Armenia, and 
Estonia, it could be speculated that  Y. pestis  caused plague infections in the human 
populations of Eurasia for at least 3000 years before any historical recordings of 
pandemics [ 31 ]. The Bronze Age in Europe and Asia was characterized by large- 
scale human population movements and admixtures, which were accompanied by 
profound social and economic changes [ 82 ,  83 ] that might have facilitated the 
spread of  Y. pestis . This fi nding also suggests that plague outbreaks began to infl u-
ence human culture 5000 years ago. 

 However, a comparison with modern  Y. pestis  genomes indicated that the prehis-
tory  Y. pestis  might not be capable of causing bubonic plague and lacked the ability 
to be transmitted via fl eas because it lacked necessary genes and mutations [ 31 ]. 
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Prior to the 1st millennium BC,  Y. pestis  evolved to acquire the ability to be trans-
mitted by fl eas and to cause bubonic plague, which led to three global pandemics 
and other historically recorded plagues. 

 Justinian’s Plague (sixth to eighth centuries), which began in 541 AD, quickly 
spread across the Mediterranean basin into Europe, and it killed an estimated 100 
million people and contributed to the demise of the Roman Empire. By analyzing 
ancient DNA in two independent laboratories, unambiguous evidence was obtained 
that confi rmed the presence of  Y. pestis  DNA in human skeletal remains from mul-
tiple sixth-century skeletons from Germany, which ended the controversy over 
whether Justinian’s Plague was caused by  Y. pestis  [ 84 ]. In a subsequent phyloge-
netic analysis, ancient genomes obtained from two victims of Justinian’s Plague 
were shown to belong to a unique branch that interleaved between two extant 
groups, 0.ANT1 and 0.ANT2. Strains of the two 0.ANT groups were only identifi ed 
in long-term natural plague foci of Xinjiang, China. Therefore, the results supported 
the theory that the fi rst pandemic emerged from rodents in long-term plague foci in 
China, rather than Africa, as was originally proposed by Procopius [ 85 ] and that  Y. 
pestis  spread west to Europe along established trade routes, such as the Silk Road. 
Subsequent outbreaks in Europe lasted for two centuries after the initial introduc-
tion, and then the lineage of Justinian’s Plague seemed to disappear, and no extant 
descendants have been identifi ed thus far. There are several hypotheses regarding 
the evolutionary dead-end of the Justinian’s Plague lineage, including a scarcity of 
susceptible hosts, insuffi cient numbers of susceptible hosts in a background of 
widespread population immunity, or a changing climate disturbed the vector-driven 
transmission. However, the real explanation for its extinction remains a mystery. 

 Approximately 500 years after the end of Justinian’s Plague, another even more 
disastrous pandemic, the Black Death or Great Pestilence, killed 30–50 % of 
Europe’s population between 1347 and 1351 AD [ 23 ,  74 ]. The pandemic fi rst 
appeared in China and then spread westward along the trade routes in Tauris on the 
Black Sea and eventually to Constantinople. From India, it reached the Crimea in 
1347, and it was subsequently imported into Venice, Genoa, and Sicily. Many 
smaller outbreaks continued, occurring until the eighteenth century, which led to 
great changes in economic, societal, political, religious, and medical systems. The 
Black Death also greatly infl uenced the evolution of  Y. pestis , and it shaped the 
foundation of the current  Y. pestis  population structure, which is characterized by 
the polytomy (termed N07) at the end of branch 0 [ 10 ,  29 ]. In the whole-genome 
phylogeny, the ancient genomes from Black Death victims (1348–1350, London) 
are located on branch 1, and they acquired one or three SNPs since diverging from 
node N07, indicating the close relationship between the Black Death and the big 
bang polytomy of  Y. pestis.  

 It has generally been assumed that during the Black Death,  Y. pestis  was intro-
duced from Asia to Europe in one or more waves, and then the founder strain estab-
lished natural foci in Europe and caused subsequent outbreaks for several hundreds 
of years. However, Schmid et al. found a strong association between climate fl uc-
tuations and the occurrence of plague outbreaks during the Black Death, with a 
delay of 15 ± 1 years [ 86 ]. As climate change could destroy plague-infected rodent 
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populations in Asia, their resident fl eas would have to fi nd a new host, e.g., humans 
or camel caravans that passed through the Asian plague foci, which fi nally led to the 
spread of  Y. pestis  into Europe. Therefore, Schmid et al. suggested that  Y. pestis  was 
continuously reimported into Europe during the second plague pandemic and not 
from permanently established plague foci. Subsequently, two independent ancient 
genome studies provided evidence that challenged Schmid et al.’s opinion. One pre-
sented fi ve  Y. pestis  genomes from one of the last European outbreaks of plague, 
from 1722 AD in Marseille, France [ 52 ]. If these strains were reimported from Asia, 
they should have carried the ancestor population-derived mutations in branch 1, 
similar to other Asia populations, and according to the isolation time, the most prob-
able ancestral population should be the 1.IN group. However, all fi ve ancient 
genomes formed a lineage that descended from strains from the fourteenth-century 
Black Death victims, which was not identifi ed in any extant population, proving 
that such a lineage was present in Europe for at least 300 years, rather than being 
reimported from Asia. Similarly, another ancient  Y. pestis  genotype that belonged to 
the fourteenth-century Black Death lineage was found in skeletons from seventeenth- 
century Germany [ 87 ]. Therefore, it is probable that both repeated reimportation 
and the long-term persistence of plague foci in Europe contributed to a second pan-
demic that lasted for several centuries. Similar to the Justinian’s Plague lineage, the 
reason for the extinction of the fourteenth-century Black Death lineage is also 
unknown. Nonetheless, environmental changes and advancements in public health, 
along with the Industrial Revolution, might have played an important role in the 
decline of plague in Europe. 

 The third pandemic probably started in 1855 in Yunnan province, China, and 
then spread to the southern coast of China, reaching Hong Kong and Canton in 
1894. Plague was spread via steamships to Africa, Australia, Europe, Hawaii, India, 
Japan, the Middle East, the Philippines, North America (the USA), and South 
America within a few years [ 51 ]. The third pandemic was caused by biovar 
Orientalis strains, which belong to the 1.ORI group that evolved approximately 200 
years ago. There are three subgroups of 1.ORI, named 1.ORI1, 1.ORI2, and 1.ORI3, 
and they represent three major waves of  Y. pestis  transmission. 

 The 1.ORI1 subpopulation might have evolved in China and then spread to and 
established natural plague foci in the USA. A steamship that carried plague-infected 
animals/fl eas that sailed from Hong Kong to San Francisco (via Hawaii) in 1899 
might be responsible for the earliest import of  Y. pestis  to the USA. Plague was also 
imported on later occasions to Oregon, New York, and cities on the Gulf Coast 
(New Orleans, Pensacola, and Galveston) [ 88 ], but only the foci introduced into 
California and/or Oregon are thought to have persisted [ 89 ], and, thus, all extant  Y. 
pestis  strains in the USA seem to be derived from a single import. 

 The 1.ORI2 subgroup includes multiple radiated expansions, which began from 
China and reached Europe, South America, Africa, and Southeast Asia, and one of 
the branches might have returned to China after circulating in Southeast Asia. The 
ancestor of subgroup 1.ORI3 was transmitted to Madagascar in 1898, probably via 
a plague-containing ship from India [ 67 ], and local plague foci appeared after a 
dozen or more years, accompanied by the formation of two major clusters of 1.
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ORI3. In the 1930s, the 1.ORI3 strains were transmitted to Turkey and other coun-
tries in the Middle East, but did not establish long-term foci; therefore, the 1.ORI3 
group only survived and evolved in Madagascar for approximately 100 years. 

 The descendants of all three 1.ORI subpopulations still thrive in natural plague 
foci across the world, and they continue to cause sporadic cases and local outbreaks 
in Africa, Asia, and North and South America. Therefore, strictly, the third pan-
demic has not yet passed, and we are still living with it.      
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    Chapter 7   
 Pathology and Pathogenesis of  Yersinia pestis                      

     Zongmin     Du      and     Xiaoyi     Wang    

    Abstract     Various types of animal models of plague have been developed, includ-
ing mice, rats, guinea pigs, and nonhuman primates. Studies have indicated that 
rodent and nonhuman primate models of pneumonic plague closely resemble the 
human disease and that the pathologic changes that occur during bubonic plague are 
very similar in rodents, nonhuman primates, and humans. In this section, the patho-
logical changes caused by  Y. pestis  in different animal models are described. The 
bacterium  Y. pestis  causes deadly plague, whereas the other two closely related 
enteropathogenic  Yersinia  species merely cause limited gastrointestinal manifesta-
tions.  Y. pestis  has unique virulence mechanisms that enable it to be a successful 
fl ea-borne and highly virulent pathogen. Massive gene losses and inactivation play 
important roles, as well as the gene acquisitions, in the evolution process of this 
pathogen. Here, we summarized several newly acquired features of  Y. pestis , includ-
ing the unique lipid A modifi cation, biofi lm formation ability, and loss of adhesions 
for enteric colonization that are realized by gene inactivation and plasminogen acti-
vator and F1 capsular that are realized by gene acquisition, which contribute to the 
unique transmission and pathogenesis of  Y. pestis.   

  Keywords      Y. pestis    •   Pathology   •   Pathogenesis   •   Molecular mechanism  

   Plague is a zoonotic disease, caused by  Yersinia pestis , which mainly infects rodents, 
while humans are only accidental hosts. Plague infections can result from a fl eabite, 
direct handling of infected animal tissues, ingestion of infective materials, or inhala-
tion of aerosolized bacteria. Pneumonic plague can be spread person-to-person via 
respiratory droplets. Depending on the route of infection, there are three major clin-
ical manifestations of plague: bubonic, pneumonic, and septicemic. Fleabite or sub-
cutaneous ( s. c. ) infections usually cause bubonic plague, which is characterized by 
an acute, necrotizing lymphadenitis. In bubonic plague,  Y. pestis  bacteria colonize 
the regional lymph nodes that drain the intradermal infection site, and they multiply 
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rapidly, resulting in hot, swollen, tender, and hemorrhagic lymph nodes, which are 
called buboes. Within a few days after the initial fl eabite, the infection spreads to the 
bloodstream and disseminates to the spleen, liver, and other organs. Victims of 
bubonic plague often die of septic shock that is caused by the large numbers of 
bacteria that are released into the blood stream. Primary septicemic plague patients 
develop systemic  Y. pestis  sepsis with no obvious buboes. Pneumonic plague is the 
most deadly form of plague, and it can be transmitted person-to-person via the inha-
lation of respiratory droplets that are produced by severe coughing of infected 
patients. After a short incubation period, generally 1–6 days after exposure to air-
borne  Y. pestis , symptoms typically begin with a fl u-like illness, such as severe 
headache, nausea, and malaise, which rapidly leads to coughing, diffi culty breath-
ing, and the production of bloody sputum. Primary pneumonic plague usually pro-
gresses rapidly, and victims often die from respiratory failure and the sequelae of 
severe sepsis, such as hemorrhage, coagulopathy, and circulatory collapse [ 1 ]. 
Pneumonic plague has a very high mortality rate that approaches 100 % if not 
treated in a timely manner with effective antibiotics and supporting therapies. 

7.1     Pathological Changes of Plague in Different Animal 
Models 

 Studies of plague have focused on its pathogenic mechanism, vaccines, and treat-
ments. It is essential to develop effective animal models of plague, because these 
studies cannot be performed ethically in humans. For these purposes, various types 
of animal models of plague have been developed, including mice, rats, guinea pigs, 
and nonhuman primates [ 2 ]. Studies have indicated that rodent and nonhuman pri-
mate models of pneumonic plague closely resemble the human disease and that the 
pathologic changes that occur during bubonic plague are very similar in rodents, 
nonhuman primates, and humans. In this section, the pathological changes caused 
by  Y. pestis  in different animal models are described. 

7.1.1     Pathologic Changes of Plague in a Mouse ( Mus 
musculus ) Model [ 3 – 7 ] 

 Mice have been the most commonly used model for molecular pathogenesis and 
vaccine studies of plague since the 1950s. The extent of pathological lesions depends 
on the challenge dose, the inoculation route, and the infection time. When mice 
were administered fi ve median lethal doses (LD 50 ) (1 × 10 3 colony-forming units 
(CFU)) of the virulent  Y. pestis  CO92 strain by the intranasal ( i.n. ) route, mild vacu-
olation with minute amounts of polymorphonuclear leukocytes (PMNs) was 
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observed in focal areas of the bronchial epithelia at 12 h postinfection (hpi), whereas 
the liver and spleen did not show any histopathological changes. 

 At 24 hpi, a mild infi ltration of alveolar septa by PMNs, as well as blood capil-
lary dilation, was seen in the lungs after mice were administered 1 × 10 3  CFU of the 
 Y. pestis  CO92 by the  i.n.  route. The lymphoid follicles in the spleen showed a mild 
increase in the number of apoptotic bodies in the germinal centers, whereas no his-
topathological lesions were found in the liver. When mice were infected with 
1.3 × 10 4  CFU of the  Y. pestis  CO92 strain via the aerosolized route, the mice had 
acute infl ammation in the lungs. Small areas of minimal acute infl ammation and 
necrosis in the liver and a mild infl ammatory cell infi ltrate in the red pulp of the 
spleen were observed, but there were no signifi cant pathological changes in the 
heart. 

 At 36 hpi, when mice were administered 1 × 10 3  CFU of the  Y. pestis  CO92 by 
the  i.n.  route, the bronchi in the lungs showed more prominent infi ltrates by PMNs, 
and there was patchy edema in the alveolar spaces. The alveolar septa became more 
congested and more heavily infi ltrated by PMNs compared with earlier time points. 
The splenic changes were similar to those at 24 hpi, while the liver showed occa-
sional PMNs and lymphocytes in the sinusoids. 

 At 48 hpi, when mice were administered 1 × 10 3  CFU of the  Y. pestis  CO92 by 
the  i.n.  route, the lungs exhibited diffuse, vascular congestion in alveolar septa, and 
more PMNs were found in the interstitium, while there was bronchopneumonia 
with microabscess formation and necrosis. The liver showed focal hepatocyte death 
and the formation of microabscesses in the parenchyma. The spleen revealed a 
remarkable increase in the number of apoptotic bodies in germinal centers and 
mildly increased numbers of PMNs in the red pulp. When mice were challenged 
with 1.3 × 10 4  CFU of the  Y. pestis  CO92 strain by the aerosolized route, infl amma-
tion in the lungs was similar to that observed at 24 hpi. The liver showed mild acute 
infl ammation, necrosis, and occasional bacteria. Neutrophilic infi ltrates and some 
necrotic cells were observed in the red pulp of the spleen, while there were no sig-
nifi cant pathological lesions in the heart. 

 At 60 hpi, when mice were administered 1 × 10 3  CFU of the  Y. pestis  CO92 by 
the  i.n.  route, extensive pulmonary edema, bronchopneumonia, and bacterial clumps 
in areas of necrosis were observed in the lungs. Bronchi had luminal secretions that 
contained PMNs. The liver had microabscesses with necrosis of the hepatic paren-
chyma, and the spleen showed more prominent pathological changes than those 
observed at 48 hpi. 

 At 72 hpi, the mice infected with 1.3 × 10 4  CFU of aerosolized  Y. pestis  CO92 
began to die. The lungs showed severe pneumonia with edema and the presence of 
small-to-large groups of bacteria. The liver showed acute infl ammatory changes 
with necrosis, the presence of fi brin, and various numbers of bacteria. The mice had 
moderate lymphoid depletion in the white pulp of the spleen, whereas various num-
bers of bacteria, congestion, edema, fi brin, and cellular loss were observed in the 
red pulp of the spleen. Occasionally, bacteria were found in blood vessels in the 
heart. 
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 When outbred CD1 and inbred C57BL/6 mice were infected by the  i.n.  route 
with 0.8 × 10 4  to 2.9 × 10 4  CFU of  Y. pestis  CO92, their histopathological changes 
were very similar, and no gross differences were observed between the two strains 
of mice. Following  i.n.  infection, at 24 hpi, pulmonary congestion and a remarkable 
lack of PMNs were observed in the lungs of both strains of mice. In some CD1 
mice, there were a few small focal infi ltrations of infl ammatory cells in the lungs at 
24 hpi, but no focal infi ltrations were observed in the C57BL/6 mice. 

 At 48 hpi, PMN infi ltration was observed in the interstitium and airspaces of the 
two strains of mice, along with lobular consolidation, areas of necrosis, fi brin depo-
sition, and hemorrhaging. At this time point, pulmonary effusion was evident in 
both strains of mice, and there were large areas of bacterial colonization embedded 
within infl ammatory cells and debris throughout the lungs. In the conducting air-
ways, dense exudates of PMNs, bacteria, and red blood cells were observed, whereas 
infl ammatory cells obliterated the smaller airways. The spleen had an obscure struc-
ture, with foci of bacteria present throughout the tissue. In the liver, small bacterial 
foci were dispersed throughout the tissue without appreciable infl ammatory cell 
infi ltration. 

 In a mouse model of bubonic plague, Swiss-Webster mice were inoculated by the 
intradermal ( i.d. ) route with the wild-type 195/P strain or a  caf1 -negative mutant, 
which fails to produce the fraction 1 (F1) capsule, of the fully virulent  Y. pestis  
195/P strain. The histopathological changes in the spleen, liver, and lymph nodes 
proximal to the fl eabite site were similar following infection with either strain. The 
normal nodal architecture of the lymph nodes was severely destroyed or completely 
effaced by larges masses of bacteria that were mixed with abundant, necrotic cel-
lular debris, which is typical of bubonic plague. The red pulp of the spleen was 
diffusely obscured by moderate hemorrhage, numerous bacteria, and moderate 
amounts of cellular debris. Moderate to severe lymphocytolysis was observed in the 
white pulp of the spleen, with a multifocal loss of periarteriolar lymphoid sheaths, 
and the affected architecture was replaced by cellular debris, fi brin, and numerous 
bacteria. Diffuse hepatocellular degeneration was observed in the liver, as were 
mildly swollen and vacuolated hepatocytes. Variably sized bacterial masses were 
also observed multifocally in the liver, which replaced lost hepatocytes. Bacteria 
were seen in medium-sized veins, and fi brin thrombi were found occasionally in 
blood vessels. Despite the similar pathologies that were observed in the lymph 
nodes, spleens, and livers from the Swiss-Webster mice infected with the  Y. 
pestis 195/P strain or the  caf1 -negative mutant, the localizations and morphologies 
of the bacterial masses differed. In the spleen, large discrete bacterial colonies 
formed by the  caf1  mutant were confi ned to the marginal zone of the white pulp, 
whereas those formed by the wild-type strain were more loosely and evenly distrib-
uted. In the liver, the colonies formed by the  caf1  mutant were larger and more 
numerous than those formed by the wild-type strain.  
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7.1.2     Pathologic Changes of Plague in a Rat Model [ 8 – 10 ] 

 Plague in the Brown Norway rat ( Rattus norvegicus ) closely resembles human 
plague, and the pathology in this model is also similar to that observed in human 
bubonic plague. In a Brown Norway rat model of bubonic plague, rats were infected 
with 500 CFU of the fully virulent  Y. pestis  strain 195/P by an  i.d.  inoculation. At 
the time of euthanasia, inguinal lymph nodes proximal to the inoculation site were 
surrounded by an edematous, hemorrhagic, and gelatinous capsule. The lymph 
nodes showed necrosis and were two to four times larger than normal, which exactly 
matches the descriptions of buboes in human plague patients at autopsy. At 24 hpi, 
a few extracellular bacteria appeared in the marginal sinus of the inguinal lymph 
node proximal to the inoculation site; their numbers increased and they continued to 
spread within the marginal sinus, with limited PMN recruitment. At 36 hpi, multifo-
cal bacterial aggregates extended from the marginal sinus into the cortex, with an 
increased number of PMNs and cellular debris. The marginal and medullary sinuses 
were edematous, and late in the infection, the normal architecture of the lymph node 
was replaced by numerous bacteria that were mixed with abundant cellular debris, 
necrotic PMNs, and fi brin. Vascular fi brin thrombi and variable amounts of hemor-
rhage were also observed throughout the lymph node. Moderate lymphocyte hyper-
plasia expanded toward the center of the lymph node 24–36 hpi, increased from 36 
to 48 hpi, and then decreased at 72 hpi, which correlated with the destruction of the 
germinal centers of the lymph node. In the perinodal tissues of the lymph node, 
many PMNs, lymphocytes, and macrophages were observed, but no bacteria were 
found. 

 Finally, numerous bacteria that were mixed with necrotic PMNs, hemorrhage, 
and cellular debris were observed in the perinodal region. Vascular luminal bacteria 
and perinodal vasculitis were also found. An acute, necrotizing, fi brinous, and sep-
tic lymphadenitis and periadenitis with large masses of bacteria were observed, 
which led to hemorrhage, septicemia, and necrotizing vasculitis. The architecture of 
the spleen was markedly changed. The marginal zone decreased in thickness or 
disappeared. The white pulp displayed multifocal lymphocytolysis, which led to the 
loss of periarteriolar lymphoid sheaths, in which there were numerous bacteria 
mixed with abundant fi brin and cellular debris. The red pulp sinuses also contained 
a large number of bacteria mixed with abundant fi brin and cellular debris. 

 In a rat aerosol model, rats were exposed to 8.6 LD 50  doses of the  Y. pestis  CO92 
strain in a whole-body Madison chamber. At 24 hpi, the rats showed minimal peri-
vascular edema and acute infl ammation in the lungs, and some animals exhibited 
additional subacute infl ammation within the lung parenchyma. An infl ux of neutro-
phils was observed in the acute infl ammation, whereas subacute infl ammation was 
characterized by a mixture of neutrophils and mononuclear cells. However, no 
changes were observed in the liver or spleen. 

 At 48 hpi, the lungs showed a mild-to-moderate perivascular edema and acute 
infl ammation, subacute infl ammation in the lung parenchyma, mild leukocytosis in 
blood vessels, bacteria in many alveoli, and a moderate and diffuse bacteremia. In 
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some animals, a mild, multifocal bacteremia was seen in the liver. In the spleen, all 
of the animals showed mild-to-moderate numbers of bacteria and minimal-to- 
moderate acute infl ammation and fi brin. 

 At 72 hpi, the lungs showed mild-to-moderate perivascular and alveolar edema, 
mild congestion, subacute infl ammation, leukocytosis in the blood vessels, and 
mild-to-moderate bacteremia. The livers of the rats showed multifocal bacteremia, 
acute infl ammatory cells, necrotic hepatocytes, and clumps of bacteria within sinu-
soids. The spleens of rats showed edema, acute infl ammatory cells, and moderate 
numbers of bacteria. At 72 hpi, histopathology indicated that bacteria had dissemi-
nated from the lungs to other peripheral organs, such as the spleen and liver.  

7.1.3     Pathological Changes of Plague in a Guinea Pig ( Cavia 
porcellus ) Model [ 11 ,  12 ] 

 Guinea pigs have been traditionally used as an animal model for the evaluation of 
plague vaccines, but only a few studies have focused on the pathological lesions in 
this model. After guinea pigs were challenged with 10 4  CFU of the  Y. pestis  GB 
strain by the  s.c.  route, postmortems showed extensive abscesses in the spleen and 
liver, but no evidence of lesions was observed in the lungs. Remarkable swelling of 
the lymph nodes was observed in all animals, and upon dissection, they were found 
to contain pus. 

 In another study, adult guinea pigs were inoculated with different doses of the 
virulent  Y. pestis  141 strain by the  s.c.  route, including low-dose (25 CFU), medium- 
dose (100 CFU), and high-dose (5000 CFU) groups. Except for the heart tissues, 
other tissues examined in the study exhibited signifi cant pathological changes, 
including congestion, hemorrhage, necrosis, and fatty degeneration. Bleeding and 
tissue necrosis were more severe with increasing inoculation doses. 

 In the low-dose group, the livers showed extension and congestion in the central 
veins of hepatic lobules, blood clots in hepatic sinusoids, congestion in hepatocel-
lular interstitia, lymphocyte infi ltration in part of the hepatic lobules, and hepatocyte 
degeneration with mild edema. In the spleens, an altered white pulp architecture and 
lymphocyte hyperplasia were observed, but no necrotic foci were found. The red 
pulp region was widened, and it contained much congestion and occasional spotty 
necrosis. In the lungs, mild extension and congestion of capillaries in the alveolar 
wall, a mild widening of pulmonary alveoli, formation of pulmonary bullae by dis-
solution of part of the alveolar walls, extension and congestion of blood vessels, and 
infl ammatory cell infi ltration in the pulmonary interstitium were found. In the kid-
neys, mild extension and congestion in the capillaries of the renal glomerulus were 
observed, but no infl ammatory cell infi ltration was seen in the glomerulus. Mild 
edema in the epithelial cells of the proximal or distal convoluted tubules and mild 
congestion in the renal interstitium were observed. 
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 In the medium-dose group, destruction of a part of the architecture of the hepatic 
lobules, lymphocyte infi ltration, small spots of necrosis, lymphocyte infi ltration, 
blood clots in the hepatic cord interstitium, extension and congestion in central 
veins, and hepatocyte degeneration with edema were found in the liver tissues. In 
the spleen, tissues were destroyed, and the architecture of the white pulp was altered. 
Additionally, there was lymphocyte hyperplasia, and the architecture of the red pulp 
disappeared; the pulp was covered with blood, and focal, necrotic areas were found. 
Eosinophil, granulocyte, and centrocyte aggregation increased in the spleen tissues. 
In the lungs, extension and congestion of capillaries in the alveolar wall were found, 
and the alveolar wall was widened. Additionally, many blood clots were found in 
the pulmonary interstitium, and large numbers of infi ltrating lymphocytes were 
observed in the alveolar wall and alveolar spaces, while small spots of necrosis were 
found in the lungs. In the kidneys, clear extension and congestion in the capillaries 
of the renal glomerulus were seen, but no infl ammatory cell infi ltration was found 
in the glomerulus. Mild parenchymatous degeneration in the epithelial cells of the 
proximal or distal convoluted tubules and marked congestion in the renal intersti-
tium were observed. 

 In the high-dose group, there was a disruption of the architecture of a part of the 
hepatic lobules, which was replaced by a large amount of blood clotting organiza-
tion. Hepatocytes atrophied and disappeared, and a mass of adipose tissue appeared. 
Flaky, necrotic foci became larger and increased in number. In the spleen, tissue 
destruction, a regional distribution of necrotic foci, extensive congestion in the red 
pulp, splenocyte edema, and an increase in infl ammatory cell   aggregation     were 
observed. In the lungs, the capillaries in the alveolar walls showed severe extension 
and congestion, and the widths of the alveolar walls increased. Additionally, many 
blood clots were observed in the pulmonary interstitium, and the numbers of infl am-
matory cells markedly increased, while patchy, necrotic foci were found in pulmo-
nary parenchyma. In the spleen, the number of renal glomeruli showing extension 
and congestion remarkably increased, and the architecture of the renal glomerulus 
was partly destroyed. Proximal or distal convoluted tubules showed more obvious 
congestion, and the epithelial cells of the proximal or distal convoluted tubules dis-
played severe parenchymatous degeneration. Congestion in the renal interstitium 
increased.  

7.1.4     Pathologic Changes of Plague in Nonhuman Primates 
[ 13 – 19 ] 

 Generally, plague vaccines are fi rst evaluated in rodents, then in nonhuman pri-
mates, and, fi nally, in human patients. The disease in rhesus macaques ( Macaca 
mulatta ) differs from that in humans, as rhesus macaques frequently develop dis-
seminated intravascular coagulation (DIC) and chronic pneumonia as a result of 
pneumonic plague, while humans usually develop acute pneumonia without 
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DIC. Several species of nonhuman primates, including Indonesian cynomolgus 
macaques ( Macaca fascicularis ), cynomolgus macaques, Chinese-origin rhesus 
macaques, and Indian-origin rhesus macaques, have been challenged with virulent 
 Y. pestis . The pathological changes in these animal models are described below. 

 When Indonesian cynomolgus macaques were infected with 12–42,700 CFU of 
the  Y. pestis  CO92 strain by the aerosolized route, they exhibited acute suppurative 
bronchopneumonia, splenic leukocytosis, suppurative splenitis, tracheobronchial 
lymphadenitis, and acute fi brinous interstitial pneumonia with bacteria in major 
pulmonary vessels and septal capillaries. In another study, when cynomolgus 
macaques of Indonesian origin were infected with 3300–9900 CFU of the  Y. pestis  
CO92 strain by the aerosol route, the gross appearance of the lungs was character-
ized by multifocal areas of pneumonia, along with enlarged tracheobronchial lymph 
nodes. Consolidated areas with pneumonia were apparent and palpably fi rm, and 
moderately well-demarcated regions with different amounts of dark-red discolor-
ation and hemorrhage were observed. No detectable lesions were observed, although 
bacteria could be isolated from lung tissues at 24 hpi. At 48 hpi, an early focus of 
infection was occasionally found in the lungs, and alveolar thickening caused by 
mononuclear cell infi ltration was observed. By 72 hpi, distinct focal lesions were 
found, with fi brinosuppurative pneumonia and alveolar edema, whereas in the non- 
lesion regions, there was septal and/or alveolar infi ltration of neutrophils and mono-
nuclear cells. By 96 hpi, lesions were extensive in the lungs. A wide distribution of 
necrosis was present throughout all areas of the lungs, and the areas of pneumonia 
were typically deep in the pulmonary parenchyma. 

 When cynomolgus macaques were infected with 200 ± 25 LD 50  of the  Y. pestis  
CO92 strain by the aerosolized route, tissue sections showed moderate-to-severe 
multifocal and acute bronchopneumonia with multiple areas of severe congestion 
and hemorrhage. In many areas, portions of alveolar lumina were fi lled with edema-
tous fl uid, fi brin fi laments, numerous neutrophils, monocytes, and macrophages. 
Occasionally, alveolar macrophages contained bacteria or necrotic cellular debris. 
Large aggregates of bacteria were distributed in pulmonary interstitial spaces and 
alveoli. There were multifocal, coalescing areas of necrosis within the lung paren-
chyma, which obliterated the normal architecture and large abscesses. Abscesses 
were characterized by central foci of lytic necrosis surrounded by degenerate neu-
trophils that were interspersed with numerous bacteria entangled in fi brin and eryth-
rocyte deposits. 

 When Chinese-origin rhesus macaques were infected by the  s.c.  route with 
6 × 10 6  CFU of the  Y. pestis  141 strain, hemorrhage, effusion, edema, infl ammatory 
cell infi ltration, and abscesses containing  Y. pestis  were observed in the lung tissues. 
The lymph nodes showed severe congestion, edema, a reduced number of lympho-
cytes, and the disappearance of recognizable architecture. The liver tissues showed 
hepatocyte swelling, vacuolar degeneration, dilatation, hyperemia of the central 
vein of the hepatic lobules, and slight congestion within the sinus hepaticus. The 
spleen tissues displayed reduced amounts of white pulp and acinus lienalis, and 
fewer lymphocytes, as well as splenic cord edema. Acinus renis analosis, renal cap-
sule effusion, interstitial edema, and vascular engorgement were observed in the 
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kidney tissues of the animals infected with  Y. pestis  strain 141. There were no evi-
dent changes in the heart tissues. However, when Chinese-origin rhesus macaques 
were infected with 1.74 × 10 9  CFU of  Y. pestis  strain 141 by the  s.c.  route, a disap-
pearance of recognizable lung tissue architecture and the formulation of infl amma-
tory cell foci, which were mainly composed of lymphocytes, were observed in the 
lung tissues. In addition, edema, congestion, and infl ammatory cell infi ltration were 
found in the lung tissues. Lymph node tissues showed architectural deterioration 
and low numbers of lymphocytes. Slight congestion within the sinus hepaticus and 
hepatic cell degeneration were observed. The spleen tissues showed a reduced 
amount of white pulp and acinus lienalis, as well as fewer lymphocytes. Interstitial 
lymphocyte infi ltration and vascular engorgement were also observed. Segmentation 
of cardiac muscle fi bers and vascular engorgement were found in heart tissues. 

 The  Y. pestis 201 strain was isolated from a Brandt’s vole ( Microtus brandti ) in 
Inner Mongolia, China, and it has an LD 50  of 3 CFU for BALB⁄c mice by the  s.c.  
route. Strain 201 belongs to a newly established  Y. pestis  biovar, Microtus, which is 
supposed to have low virulence in guinea pigs, nonhuman primates, and humans. 
When Chinese-origin rhesus macaques were infected intravenously with 9 × 10 8  CFU 
of the  Y. pestis  Microtus 201 strain, no changes in histopathology were observed in 
the heart, liver, spleen, lungs, kidneys, and lymph nodes, compared with normal 
tissues. However, when the animals were intravenously injected with 1.28 × 10 10  CFU 
of the  Y. pestis  Microtus 201 strain, their tissues were altered substantially. Vascular 
engorgement was observed in heart tissues. Liver tissues showed slight liver cell 
degeneration. Atrophic white pulp, splenic sinus congestion, and reduced numbers 
of lymphocytes were found in the spleen tissues. A disappearance of recognizable 
lung tissue architecture, edema, congestion, and infl ammatory cell infi ltration were 
observed in the lung tissues. Renal interstitium congestion and edema were observed 
in the kidney tissues, and the lymph node tissues displayed lymphocyte hyperplasia, 
edema, and neutrophil infi ltration. 

 When rhesus macaques that originated from India were infected with 3 × 10 4  CFU 
of the KIM-10 strain of  Y. pestis  by the aerosolized route, the pathologic lesions in 
the organs were similar to classical descriptions of pneumonic plague. Renal fi brin 
thrombi formed, and they were located primarily in glomerular capillaries. A focus 
of lobular consolidation was observed in the peripheral portion of the pulmonary 
lobules. Upon sectioning of the pulmonary lobules, hepatization was found, occa-
sionally with central liquefaction and hemorrhage. The surrounding tissue was 
edematous, and its area was greater than that of the consolidated portion. 
Microscopically advanced lesions consisted of a central abscess. In such areas, 
hemorrhages and infl amed vessels were frequently observed. Dilatation of lymphat-
ics around bronchi and veins was found in areas of edematous alveoli that were 
fi lled with edema fl uid teeming with  Y. pestis , and the lymphatics were also heavily 
colonized by bacteria. Bronchial lymph nodes displayed extensive liquefactive 
necrosis, enormous numbers of bacilli, and hemorrhages in all of the infected ani-
mals. A reduction of the red pulp was observed in the spleen tissue, with hemor-
rhages and necrotic foci in some cases. Enormous numbers of bacilli and fi brin 
thrombi were observed in the sinusoids. Lesions in the liver generally included 
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 sinusoidal congestion, periportal or diffuse sinusoidal leukocytosis, and mild fatty 
change. Occasionally, bacteria and fi brin thrombi were present in the sinusoids. 
Occasionally, focal hemorrhages were observed in the adrenal tissues, but fi brin 
thrombi were rarely found, even in animals that exhibited extensive renal deposits. 
When animals were infected subcutaneously with 3 × 10 9  CFU of the Alexander 
strain, they showed local ulceration and liquefactive necrosis in the subcutaneous 
tissue at the site of inoculation, inguinal buboes, septicemia, and multiple hemor-
rhages. Fibrin thrombi were extensively found in the glomerular capillaries of the 
animals.  

7.1.5     Pathological Changes in Human Plague [ 20 ] 

 There are three clinicopathological forms of human plague: bubonic, septicemic, 
and pneumonic. Primary pneumonic plague in humans begins as a bronchopneumo-
nia characterized by numerous bacteria and proteinaceous effusion in the alveoli. 
The pneumonia spreads rapidly and is accompanied by pleuritis. Microscopic 
examination reveals hemorrhage, necrotic foci, scant suppuration, and numerous 
bacilli in most of the alveoli. Pathological changes of bubonic plague in humans 
mainly consist of congestion, edema,   hemorrhage    , and bacterial aggregates in swol-
len lymph nodes. Lymphoid tissues show degeneration, and necrosis, with infi ltra-
tion and   proliferation     of lymphocytes,   neutrophil    s, and macrophages. The pulmonary 
tissues often display congestion swelling, hemorrhagic lobular pneumonia, and 
infl ammatory cell infi ltration in the bronchi. 

 Pathologic changes in formalin-fi xed, paraffi n-embedded autopsy tissues were 
detected in six patients, three of whom were from Ecuador, two patients were asso-
ciated with the 1998 outbreak, and one was a sporadic suspect case from the south-
western United States. Histopathologic abnormalities were observed in the lungs, 
lymph nodes, kidneys, and spleen, but the lesions in other tissues appeared unre-
markable. The lung tissue from case 1 showed acute pneumonia with intra-alveolar 
infi ltration by neutrophils and mononuclear cells, whereas intra-alveolar hemor-
rhage and edema were found in case 2. The pathologic changes in the lung tissues 
from cases 4 and 6 were not notable except for focal intra-alveolar edema. The 
lymph nodes from cases 4–6 were examined, and all three cases showed various 
degrees of lymphoid depletion, as well as one case of necrosis, and two cases of 
foamy macrophages in the sinusoids. Pathologic changes in the spleen tissues were 
detected in cases 4 and 6. Multiple abscesses were found in case 4, whereas a large 
number of macrophages in the sinusoids were observed in case 6. The kidney tissue 
from case 6 displayed fi brin thrombi in the glomeruli, which is indicative of DIC. 

 Using an immunohistochemical detection method based on a monoclonal anti-
 F1 antibody, formalin-fi xed tissues were examined for the presence of bacteria. 
Intact bacteria were found inside macrophages and in the blood vessels in all of the 
tissues, and large numbers of extracellular bacteria were observed in the alveolar 
spaces in the lung tissues from cases 1 and 2. The lung tissues from cases 4 and 6 
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also contained intact bacteria, as well as granular staining in the interstitial vessels 
and connective tissues, but no bacteria were observed in the alveolar spaces or in the 
lumen of the bronchi. In cases 1, 2, 4, and 6, intact bacteria were present in Kupffer 
cells, whereas in the liver sinusoids, there were intact bacteria and granular staining. 
In the kidney tissues from cases 4 and 6, there were abundant granular antigen stain-
ing and bacteria in the blood vessels, but in case 2, the tissue showed intact bacterial 
foci inside mononuclear cells in the interstitium. An amputated fi nger specimen 
from case 3 displayed granular antigen staining and intact bacteria in the blood ves-
sels of the dermis, subcutaneous tissues, and bone marrow. The spleen tissue from 
case 4 showed granular staining and intact bacteria in the abscesses. In the lymph 
nodes, the tissues showing lymphoid depletion contained bacteria in the blood ves-
sels, but those from patients who had necrosis showed intact intracellular bacteria in 
macrophages and abundant granular staining in the subcapsular sinusoids. Intact 
bacteria and granular antigen staining were also observed in the brain from case 5. 
Bacteria were present predominantly in the meninges, but they were also found in 
the parenchymal blood vessels in smaller numbers. In the tissues of the gastrointes-
tinal tract from case 6, bacteria were also found in the blood vessels and focally in 
the lamina propria of the mucosa.   

7.2     Virulence Mechanisms That Differentiate  Y. pestis  
from Its Enteropathogenic Progenitor 

  Y. pestis , the causative agent of plague, has recently evolved from the enteropatho-
genic  Y. pseudotuberculosis  [ 21 ] .  Three pathogenic yersiniae share a number of 
common virulence mechanisms, such as a type III secretion system (T3SS) encoded 
by a 70-kb plasmid (pCD1 in  Y. pestis  and pYV in  Y. enterocolitica  and  Y. pseudo-
tuberculosis ), and virulence factors that promote coordinated gene expression and 
iron acquisition. Although closely related in terms of phylogeny, these three patho-
gens are extremely diversifi ed in terms of their clinical symptoms, ecological niches, 
typical infection routes, and host specifi cities.  Y. pestis  is the etiologic agent of 
plague that has caused more than 200 million deaths in three pandemics, whereas 
the others merely cause limited gastrointestinal manifestations.  Y. pestis  has unique 
nutrient requirements, routes of transmission, and virulence mechanisms that enable 
it to be a successful fl ea-borne and highly virulent pathogen. Massive gene losses 
played more important roles than gene acquisitions in the evolution of  Y. pestis  [ 22 ]. 
Several newly acquired features that contribute to the unique pathogenicity and 
transmission of  Y. pestis  were the result of gene inactivation, a type of reductive 
evolution. 
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7.2.1     Lipopolysaccharide Modifi cation 

  Y. pestis  produces a short-chain, rough lipopolysaccharide (LPS) that lacks the O 
antigen because of several mutations in LPS biosynthesis genes. The O antigen is an 
important virulence factor of many enterobacterial pathogens, including  Y. entero-
colitica  and  Y. pseudotuberculosis , and it confers resistance to complement- 
mediated phagocyte bacterial killing. The Pla protease is a plasminogen activator 
that is encoded by the pPCP1 plasmid that has been considered unique to  Y. pestis ; 
however, a  pla -bearing fragment was found in  Citrobacter koseri  [ 23 ]. The major 
activity of Pla is to cleave plasminogen to plasmin, and plasmin can further degrade 
fi brin clots and extracellular matrix (ECM) proteins such as laminin and fi bronectin, 
which promotes bacterial dissemination. The proteolytic activities of Pla require 
rough LPS, but are inhibited by the O antigen, thereby revealing the nature of the 
selective advantage of rough LPS [ 24 ]. The mutation of LPS biosynthesis genes was 
a critical event during the evolution of  Y. pestis  pathogenesis. 

 Lipid A modifi cation in  Y. pestis  is different from those of its enteropathogenic 
relatives. As the temperature shifts from 26 °C (the fl ea temperature) to 37 °C (the 
mammalian temperature), lipid A of  Y. pestis  LPS switches from a hexa-acylated to 
tetra-acylated form that is poorly recognized by Toll-like receptor 4 (TLR4), render-
ing it 500-fold less toxic than those of other  Enterobacteriaceae  grown at 37 °C 
[ 25 ]. This is due to the loss of the  lpxL  gene in  Y. pestis , which encodes an acyltrans-
ferase that adds secondary acyl chains to the tetra-acylated lipid A precursor in  Y. 
pseudotuberculosis  [ 26 ]. The less toxic lipid A benefi ts the bacteria, since an 
extreme bacteremia will not cause immediate death, which promotes high titers of 
 Y. pestis  bacilli in the blood stream, thereby making fl ea-borne transmission feasible 
[ 27 ].  

7.2.2     Biofi lm Formation 

 Biofi lm formation by  Y. pestis  is required for blocking the fl ea proventriculus, which 
is a critical step for the fl ea-borne transmission of plague [ 28 ,  29 ]. Biofi lm forma-
tion in  Yersinia  is positively regulated by the second messenger cyclic-di-GMP 
(c-di-GMP) [ 30 ] and negatively regulated by the two-component Rcs regulatory 
system. Rcs consists of two membrane proteins, RcsD and RcsC; a DNA-binding 
regulator, RcsB; and an auxiliary protein, RcsA. Upon stimulation, the RcsC sensor 
is autophosphorylated and transfers a phosphate group to RcsD and then to 
RcsB. Phosphorylated RcsB forms an RcsB homodimer or a heterodimer with 
RcsA. RcsB/RcsA represses the expression of HmsT [ 31 ], a diguanylate cyclase 
enzyme that synthesizes c-di-GMP, leading to the inhibition of biofi lm production. 
Because of the inhibitory effect of the RcsB/RcsA regulator,  Y. pseudotuberculosis  
cannot form biofi lms in insect vectors. In  Y. pestis ,  rcsA  is inactivated and replacing 
it with the functional  Y. pseudotuberculosis rcsA  resulted in a strong repression of 
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biofi lm formation in the fl ea [ 32 ,  33 ]. The mutation of  rcsA  was required for the 
food-borne  Y. pseudotuberculosis  to evolve into the fl ea-borne  Y. pestis  [ 33 ].  

7.2.3     Loss of Adhesins for Enteric Colonization 

 The adhesins Inv and YadA are indispensable for enteropathogenic yersiniae to 
colonize the Peyer’s patches and mesenteric lymph nodes [ 34 ,  35 ]; however, both 
 inv  and  yadA  are pseudogenes in  Y. pestis . The introduction of functional Inv and 
YadA to  Y. pestis  led to a signifi cant attenuation of virulence [ 36 ,  37 ]. YadA of  Y. 
pseudotuberculosis  (YadA  pstb  ) promotes the effi cient internalization of bacteria into 
host cells via binding to β-integrins, whereas YadA of  Y. enterocolitica  has no such 
activity because it lacks the unique amino-terminal amino acid sequence of YadA  pstb   .  
In addition to β-integrins, YadA binds to various ECM molecules (such as laminin, 
collagen, and fi bronectin) and confers complement-mediated serum resistance. 
Neutrophils release granule protein complexes called neutrophil extracellular traps 
(NETs) that can bind and kill invading bacteria. YadA promotes the binding of bac-
teria to NETs; thus, enteropathogenic  Yersinia  is sensitive to NET-mediated killing 
by neutrophils [ 37 ,  38 ]. The double-edged sword effect of YadA adhesion on bacte-
rial pathogenesis explains the negative selection of the  yadA  gene during the evolu-
tion of  Y. pestis.   

7.2.4     Pla 

 As previously noted, the plasminogen activator Pla is encoded by pPCP1, a plasmid 
that is unique to  Y. pestis  [ 39 ] .  The acquisition of pPCP1 was a critical event in the 
evolution of  Y. pestis  from its enteric progenitor  Y. pseudotuberculosis  [ 40 ]. Pla 
belongs to the omptin family of outer membrane aspartate proteases, and it contains 
a conserved β-barrel fold. The major activity of Pla is to cleave plasminogen to 
plasmin, which can further degrade fi brin clots and ECMs such as laminin and fi bro-
nectin [ 41 ]. Laminin is a major glycoprotein of mammalian basement membranes, 
and it is degraded by plasmin, but not by Pla. The protease activities of Pla toward 
a range of substrates signifi cantly promote the dissemination of  Y. pestis  from sub-
cutaneous infection sites. Inactivation of  pla  dramatically decreases the virulence of 
 Y. pestis  in subcutaneously infected mice, as the infection is restricted to the local 
inoculation sites. Pla is also an adhesion that is specifi c for laminin and heparan 
sulfate proteoglycan, and purifi ed Pla-coated microparticles bound laminin in a 
reconstituted basement membrane that was immobilized on Permanox slides. Pla 
cleaves the C3 component of the complement system and inhibits complement 
activation.  
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7.2.5     F1 Capsular Protein 

 The F1 capsular protein, which is encoded by the pMT1 plasmid that is unique to  Y. 
pestis , is one of the major virulence factors of  Y. pestis . The gel-like F1 capsule is 
composed of a polymer protein subunit, Caf1.  Y. pestis  strains with spontaneous 
mutations in the  caf1  gene or those in which  caf1  is deleted are still virulent [ 42 , 
 43 ], although the F1 antigen seems to contribute to bacterial virulence in bubonic 
plague, but is not essential for pneumonic plague in a mouse and guinea pig infec-
tion model [ 44 ,  45 ]. An anti-F1 antibody provides high protection against 
F1-positive, but not F1-negative, strains. F1 appears to have some role in anti- 
phagocytosis, although the primary  Y. pestis  virulence factor that blocks uptake by 
phagocytosis is the T3SS [ 46 ].   

7.3     Iron Acquisition from the Host 

 The survival of bacteria in a mammalian host requires an ability to obtain iron from 
mammalian iron-binding proteins. The yersiniabactin (Ybt) siderophore-dependent 
iron transport system, which is critical for iron utilization by  Y. pestis , is encoded in 
the high-pathogenicity island that is common to the pathogenic  Yersinia  species and 
is contained in the unstable102-kb pigmentation ( pgm ) chromosomal locus. The  ybt  
locus that encodes the Ybt siderophore-dependent iron transport system includes 
gene clusters for Ybt siderophore synthesis (high-molecular-weight protein 1 
(HMWP1), HMWP2, YbtD, YbtE, YbtS, YbtT, and YbtU) and Ybt uptake (YbtQ, 
YbtP, and Psn). Ybt has high affi nity for ferric iron, and it is necessary for the nutri-
tional use of iron (obtained from transferrin and lactoferrin) by yersiniae [ 47 ]. 
Spontaneous  pgm   −   mutants of  Y. pestis  or specifi c Ybt synthesis or uptake mutants 
are almost completely incapable of causing bubonic plague, but can cause septice-
mic plague [ 47 – 50 ]. Mutations of different components of the Ybt system have 
various impacts on the virulence of aerosolized bacteria, which cause pneumonic 
plague [ 47 ].  Y. pestis  mutants that lack the Ybt iron transport system are avirulent in 
subcutaneously challenged mice, but are fully virulent in intravenously challenged 
mice [ 51 ]. In addition to the Ybt system, other ion transport systems, including Yfe, 
Yfu, Yiu, and Hmu, have been functionally characterized, but play minor roles in 
bacterium iron utilization [ 52 ]. Yfe is an ATP-binding cassette transport system that 
accumulates both iron and manganese, and a  yfeAB  mutant of  Y. pestis  exhibited an 
approximately 100-fold increase in the LD 50  in an  s.c.  infection [ 53 ]. Yfu, Yiu, and 
Hmu were shown to be nonessential for virulence in the mouse [ 52 ].  
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7.4     Adhesion to and Invasion of Host Cells by  Y. pestis  

  Y. pestis  is lymphophilic and prefers to attack certain type of cells, such as macro-
phages and alveolar epithelial cells of the lung. The pH6 antigen (PsaA) adhesin 
contributes to the cell-type preference of  Y. pestis . PsaA is expressed under low-pH 
conditions (pH5–6.0) at mammalian temperatures [ 54 ]. Acidifi cation of phagolyso-
somes induces the synthesis of PsaA by intracellular bacteria in macrophages [ 55 ]. 
The PsaA fi mbria is made up of a surface homopolymer of PsaA subunits, and it is 
assembled via the chaperone-usher pathway. Two major receptors for Psa have been 
shown to be β1-linked galactosyl residues in glycosphingolipids and phosphocho-
line and phosphatidylcholine in phospholipids, which are present on alveolar epi-
thelial cells [ 56 ,  57 ]. The crystal structure of PsaA in complex with galactose and 
phosphocholine reveals that the two receptor-binding sites share a common struc-
tural motif and that Tyr126 of PsaA is important for binding the two receptors [ 58 ]. 
PsaA can bind to the Fc portion of human, but not mouse, rabbit, or sheep, IgG on 
the surfaces of cells, and it interacts with low-density lipoproteins [ 59 ]. An in vitro 
cell infection assay showed that PsaA does not enhance adhesion to mouse macro-
phages, but promotes resistance to phagocytosis [ 60 ]. Additionally, PsaA facilitates 
 Yersinia  outer protein (Yop) delivery by the T3SS when bacteria are grown at 37 °C 
and pH6 by mediating intimate contacts between host cells and bacteria, as do other 
adhesions, such as the attachment invasion locus (Ail) and Pla [ 61 ]. Mutation of the 
 psaA  gene locus of attenuated strain results in a 100-fold increase in the LD 50 when 
mice are infected intravenously, but there is no any attenuation when mice are 
infected subcutaneously with  psaA  −  variants of wild-type strains [ 62 ,  63 ]. 

 Ail is a chromosomally encoded, small-membrane protein that is common to all 
three pathogenic  Yersinia . It belongs to the Ail/Lom outer membrane protein family 
that is found in enterobacteria, which includes Rck and PagC in  Salmonella enterica 
serovar typhimurium  and OmpX in  Escherichia coli . While the major adhesins 
YadA and Inv in  Y. pseudotuberculosis  are inactivated in  Y. pestis , Ail is the primary 
adhesin of  Y. pestis . An  ail  mutant of the  Y. pestis  KIM5 strain (which is  pgm   −  ) 
exhibited a greatly decreased ability to bind cultured cells, and it was attenuated 
over 10 3 -fold in intravenously infected mice. Deletion of  ail  in the fully virulent 
CO92 strain greatly delayed the time to death in mice that were intranasally chal-
lenged with 10 or 100 LD 50  of the bacteria, and the mutant was attenuated 
approximately10 5 - fold in a rat pneumonic plague model [ 64 ,  65 ]. In  Y. pestis , Ail is 
expressed at high levels at both 26 and 37 °C. However, its expression in  Y. entero-
colitica  is temperature-regulated and is only detectable at 37 °C, but not at lower 
temperatures, in stationary phase cells [ 66 ,  67 ]. A pioneering study found that Ail is 
involved in the invasion of eukaryotic cells and serum resistance in  Y. enterocolitica. 
Y. pestis  strains contain four loci that have sequence homology to Ail. Analysis of 
the isogenic mutants lacking each gene in the KIM8-E background demonstrated 
that only Ail confers serum resistance [ 67 ]. The crystal structure of Ail reveals an 
eight-stranded, amphipathic, transmembrane β-barrel with four extracellular loops 
[ 68 ]. The active sites for the invasion and serum resistance functions reside in 
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 extracellular loops 2 and 3, which might be separate because of the presence of 
mutants that are defective in the invasion or serum resistance functions [ 69 ]. Ail 
binds to the ECM components fi bronectin, laminin, and heparin [ 68 ,  70 ], which are 
critical for invasion and Yop delivery into host cells. Ail also binds to various sub-
strates that are associated with the complement pathway, which include the comple-
ment inhibitor C4b-binding protein and vitro nectin, a host protein that is involved 
in cell attachment, fi brinolysis, and inhibition of the complement system [ 71 ,  72 ].  Y. 
pestis  Ail shows higher binding affi nity to ECM substrates than  Y. pseudotubercu-
losis  Ail because of two amino acid differences, and the rough LPS of  Y. pestis  
increases the accessibility of Ail to eukaryotic cells. The infl uence of LPS length on 
the binding to host cells has also been observed in  Y. enterocolitica , and  Y. entero-
colitica  mutants that express LPS without the O side chain have an increased ability 
to enter mammalian cells [ 66 ]. 

 Two novel, chromosomally encoded orthologs of  yadA ,  yadB  and  yadC , have 
been shown to be thermally induced virulence factors that promote the invasion of 
 Y. pestis , and mutation of  yadBC  led to decreased epithelial cell invasion and attenu-
ated virulence in bubonic, but not pneumonic, plague in mice [ 73 ,  74 ].  

7.5     Intracellular Replication of  Y. pestis  

 All pathogenic  Yersinia  species predominately localize to the extracellular environ-
ment of the host. The initial stage of intracellular replication of  Y. pestis  is critical 
for its preadaptation to the mammalian host environment before establishing a suc-
cessful systemic infection. In a typical natural transmission,  Y. pestis  bacilli enter 
the host’s subcutaneous tissues via vomiting when infected fl eas attempt to ingest 
blood meals, and they are ingested readily by macrophages, which actually become 
an intracellular niche where  Y. pestis  replicates and evades the host immune system 
[ 75 ]. Thereafter,  Y. pestis  rapidly adapts to the adverse environments of the mam-
malian host by arming itself with a variety of virulence factors, such as the F1 cap-
sule and the T3SS, to avoid phagocytosis and initiate its extracellular life cycle [ 76 ]. 

  Y. pestis  can survive and replicate in naïve macrophages in vitro and in vivo [ 77 ], 
but is effi ciently killed by neutrophils and activated macrophages [ 75 ,  78 ]. 
Professional phagocytes devour and digest bacteria, and antigen-presenting cells 
can present peptides from bacteria on their cell surface to stimulate host defense 
signaling to clear the invading bacteria. Phagosomes containing trapped bacteria 
generally fuse with lysosomes, and mature to phagolysosomes, which is accompa-
nied by the acidifi cation of vacuoles; this creates a harsh environment that destroys 
invading bacteria. However,  Y. pestis  has been shown to inhibit the acidifi cation of 
phagosomes, as well as autophagy, thereby rendering immature phagosomes to be 
protective cocoons that permit bacterial replication [ 77 ]. 

 Many studies have investigated the initial intracellular survival of  Y. pestis  in host 
phagocytes. Lukaszewski et al. showed that  Y. pestis  bacilli could be consistently 
detected in splenic macrophages until 5 days postinfection (dpi), but could only be 
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detected in splenic neutrophils prior to 72 hpi [ 75 ] in a mouse bubonic plague 
model. Furthermore, they showed that  Y. pestis  bacilli in splenic neutrophils are 
nonviable when cultured in vitro, but those in splenic macrophages are viable, indi-
cating that neutrophils restrict the growth of  Y. pestis , whereas macrophages cannot. 
Spinner et al. showed that intracellular  Y. pestis  bacteria can survive and replicate in 
cultured human PMNs, and a high percentage of the infected PMNs underwent 
apoptosis within 12 h of infection. These PMNs can be recognized and internalized 
by autologous macrophages, and  Y. pestis  survives and replicates within the macro-
phages following efferocytosis [ 79 ]. After the early infection stage,  Y. pestis  largely 
replicates and lives extracellularly, and this can be supported by histopathology 
results that detected a large number of extracellular bacteria in animal tissues [ 8 , 
 75 ]. These results from cell culture infections and a mouse infection model prove 
that macrophages are the primary intracellular niches that provide a permissible 
condition for  Y. pestis  replication. 

 Pujol et al. showed that  Y. pestis  was able to replicate in macrophages that were 
activated with interferon-γ and this ability required the  rip  (required for intracellular 
proliferation) operon (consisting of  ripA ,  ripB , and  ripC ) within the  pgm  locus [ 78 ], 
which is conserved among several macrophage-residing pathogens, such as 
 Burkholderia  and  Salmonella  species [ 80 ]. The  rip  operon is responsible for the 
ability of  Y. pestis  to lower intracellular nitric oxide (NO) levels, which is required 
for the replication of  Y. pestis  in post-activated macrophages. RipA was subse-
quently characterized as a butyryl-coenzyme A (CoA) transferase that produces 
butyrate, which is an anti-infl ammatory molecule shown to lower macrophage- 
produced NO levels [ 80 ]. Crystal structures of RipA have been determined [ 81 ]. 
RipC is a putative citrate lyase beta subunit, and a crystal structure analysis revealed 
that RipC can form homotrimers and that it might be a CoA or CoA derivative- 
binding protein [ 82 ]. 

 PhoP/PhoQ comprises a two-component system. PhoQ is the sensor kinase and 
PhoP is the response regulator. The involvement of PhoP in bacterial survival and 
replication in macrophages has been proven in  Salmonella enterica serovar  
Typhimurium. In  Yersinia , PhoP has been shown to regulate many genes that are 
important for virulence. Grabenstein et al. showed that a  phoP  mutant of  Y. pseudo-
tuberculosis  cannot replicate in low-magnesium medium or in macrophages and 
that it was attenuated over 100-fold compared with a wild-type strain in an intestinal 
infection mouse model [ 83 ]. Oyston et al. showed that PhoPQ is important for  Y. 
pestis  survival in J774A.1 cells, which is a mouse macrophage cell line, and under 
conditions of low pH and oxidative stress in vitro, and that the LD 50  of the  phoP  
mutant increased 75-fold [ 84 ]. A recent report investigated the impacts of PhoP on 
virulence, systemic organ colonization, and immune response modulation using an 
isogenic  phoP  mutant of the fully virulent  Y. pestis  CO92 strain, as well as  phoP  
mutants of the  Y. pseudotuberculosis  IP32953 and YPIII strains. The results found 
that PhoP is not as essential for oral infections of  Y. pseudotuberculosis  [ 85 ] and that 
the  phoP  mutant showed no signifi cant difference in virulence in bubonic and pneu-
monic plague infection models [ 86 ]. The intraspecies variations of PhoPQ function 
might refl ect the unique lifestyle of  Y. pestis . In the fl ea digestive tract, the  Y. pestis  
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PhoPQ regulatory system is induced and modulates bacterial adaptation to environ-
mental stress, which results in the modifi cation of the bacterial outer surface and the 
promotion of biofi lm formation. 

 Several studies have tried to identify novel factors that contribute to the virulence 
of  Y. pestis . Using a transposon site hybridization-based approach, a library of  Y. 
pestis  mutants was screened in an in vitro infection system, and OmpA was found 
to enhance the intracellular survival of  Y. pestis  [ 87 ]. The library contains 31,500 
KIM6+ transposon insertion mutants, and the screening was performed in primary 
murine macrophages. In addition to genes that were already known to be important 
for intracellular survival, novel genes were identifi ed that are required for intracel-
lular survival, including glucose-1-phosphate uridylyltransferase ( galU ), UDP-N- 
acetylglucosamine 2-epimerase ( wecB ), and UDP-N-acetyl-d-mannosamine 
dehydrogenase ( wecC ). A subsequent investigation demonstrated that a  galU  mutant 
of the KIM6 + strain is more susceptible to polymyxin B and cathelicidin-related 
antimicrobial peptide than the parent strain. Mutation of  galU  prevents the amino-
arabinose modifi cation of lipid A.  wecBC  encodes the enterobacterial common anti-
gen [ 88 ].  

7.6     Type III Secretion System (T3SS) 

 The three human pathogenic bacteria in the genus  Yersinia  share a common T3SS 
that is encoded by the 70-kb plasmid, named pCD1 in  Y. pestis  and pYV1 in  Y. 
enterocolitica  and  Y. pseudotuberculosis , which is indispensable for all three patho-
gens to establish systematic infections. The T3SS assembles a macromolecular 
device called an injectisome that can directly deliver virulence effectors, called 
Yops, into the cytosol of mammalian host cells, leading to the disruption of the 
cytoskeleton and host immune response singling. Although  Y. pestis  delivers Yop 
effectors to almost all types of cells in tissue cultures, evidence showed that it pref-
erentially targets host immune cells during infections [ 89 ,  90 ]. Dendritic cells, mac-
rophages, and neutrophils are the most frequently injected cells, and T and B 
lymphocyte are less selected [ 90 ]. The T3SS is a temperature- and low-calcium- 
induced virulence mechanism, and the expression and secretion function of the 
T3SS are triggered at 37 °C when bacteria are grown in vitro in a calcium-depleted 
medium. Therefore, theT3SS was initially recognized as a low-calcium response 
(LCR) element. During infection of a mammalian host, the T3SS is activated and 
delivers Yops into the cytosol to modulate the host innate immune response, which 
enables bacterial survival and replication. Many studies of the biochemical func-
tions of Yop effectors have been reported. 

 LcrV, the needle tip component of the T3SS injectisome, induces the production 
of interleukin (IL)-10 and suppresses the production of proinfl ammatory cytokines 
[ 91 ]. 

 YopH is a potent tyrosine phosphatase that dephosphorylates a variety of func-
tionally distinct substrates. It contains a multifunctional amino-terminal domain 
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that mediates the translocation of YopH and targets it to its substrates and a carboxyl- 
terminal protein tyrosine phosphatase domain that resembles eukaryotic tyrosine 
phosphatases. Pioneering studies demonstrated that YopH dephosphorylates 
p130Cas and Fyb, leading to the loss of focal adhesions and the inhibition of phago-
cytosis [ 92 – 94 ]. Purifi ed YopH inhibits T cell and B-lymphocyte activation in vitro, 
and YopH shows inhibitory effects when cell cultures were infected with  Y. pseudo-
tuberculosis  [ 95 ]. Subsequent studies revealed that YopH dephosphorylates Lck and 
ZAP70, the major signal transducer for the T cell antigen receptor (TCR), which 
enables YopH to block the fi rst step of TCR and suppress the development of an 
immune response against  Yersinia  [ 96 ].  Y. pseudotuberculosis  infection of cultured 
cells showed an inhibitory effect on Ca 2+  signaling in PMNs, which was dependent 
on YopH tyrosine phosphatase activity [ 97 ]. Using a β-lactamase activity-based 
reporter system, PMNs and infl ammatory monocytes containing Yop effectors were 
isolated from mice infected with  Y. pseudotuberculosis , and proteins that were sig-
nifi cantly dephosphorylated in mice infected with a wild-type strain, but not those 
infected with a Δ yopH  strain, were identifi ed. The authors present an approach that 
can be applied to the study of effectors in animal model systems, which is still chal-
lenging, and the results revealed that YopH targets the PRAM-1/SKAP-HOM 
(PRAM-1, a promyelocytic leukemia (PML)-retinoic acid receptor α (RARα) target 
gene encoding an adaptor molecule-1; SKAP-HOM, SKAP55 homologue; SKAP55, 
the Src kinase-associated phosphoprotein) and the SLP-76/Vav/PLCg2 (SLP-76, 
SH2-containing leukocyte-specifi c protein of 76 kDa; Vav, proto-oncogene, critical 
for lymphocyte development and activation; PLCg2, phospholipase C, gamma 2) 
signaling axis to inhibit calcium fl ux in PMNs [ 98 ]. Mutation of  yopH  greatly atten-
uated virulence (3.4 × 10 6 -fold increase in theLD 50 ) of  Y. pestis  in intravenously 
challenged mice. Notably, the virulence of  yopH  mutants of enteropathogenic 
 Yersinia  is attenuated as well, but to a much lesser degree (1000-fold increase in 
theLD 50 ), and it seems that YopH is more important for virulence in  Y. pestis  than in 
the enteropathogenic  Yersinia . Because of the critical importance of the YopH tyro-
sine phosphatase in the inhibition of the host immune response, numerous groups 
are searching for small molecule inhibitors for YopH to develop new therapeutic 
reagents. 

 The T3SS injectisome delivers at least three effectors (YopE, YopT, and YpkA) 
that inhibit phagocytosis by professional phagocytes. All three effectors belong to a 
large family of bacterial toxins that target the Rho family of small GTP-binding 
proteins (Rho GTPases). YopE is a Rho GTPase-activating protein (GAP) that inac-
tivates multiple Rho GTPases, including RhoA, Rac1, and Cdc42, by inducing their 
conversion from the active GTP-bound state to the inactive GDP-bound state [ 99 , 
 100 ]. In the GDP-bound state, Rho GTPases are associated with the cellular mem-
branes, where they carry out their cellular functions, via a thioether linkage bond 
between a prenyl group and a cysteine residue at their carboxyl terminus. Guanine 
nucleotide dissociation inhibitors (GDIs) negatively regulate the activity of GTPases 
by inhibiting the dissociation of GDP. YopE localizes to the plasma membrane, and 
the GAP activity of YopE promotes the hydrolysis of GTP to GDP, which prevents 
GTPases from responding to upstream signaling events. Although YopE is equally 
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effective on Rac1, RhoA, and Cdc42 in vitro, it is preferably active on Rac1 and 
RhoA, but not Cdc42, in vivo. The virulence of a  Y. pestis yopE  mutant is attenuated 
greatly (1 × 10 4 -fold increase in the LD 50 ) in an  i.v.  infection mouse model. 

 YpkA is a multidomain effector that contains an amino-terminal secretion signal 
peptide that is recognized by the T3SSapparatus, followed by a eukaryotic-like Ser/
Thr kinase domain, a GDI domain, and a carboxyl-terminal actin-binding domain 
[ 101 ,  102 ]. YpkA is an inactive kinase in bacteria, and it is activated inside the host 
cytosol by binding to the coactivator actin that is abundant in eukaryotic cells [ 103 ]. 
Upon activation, YpkA undergoes autophosphorylation, and it phosphorylates a 
subset of intracellular substrates, including Gαq (the α subunit of heterotrimeric G 
proteins), vasodilator-stimulated phosphoprotein (VASP), otubain-1, and actin. The 
cytotoxic effects of YpkA predominately manifest as the disruption of the actin 
cytoskeleton, the disappearance of stress fi bers, and the rounding up of cells, which 
were thought to be dependent on its kinase activity and GDI domain [ 101 ,  102 , 
 104 – 106 ]. A membrane-localization domain located in its amino-terminal region 
has been shown to direct YpkA to the inner surface of the cell membrane where the 
GTPases carry out their functions [ 107 ]. The GDI domain of YpkA binds to GTP- 
or GDP-bound GTPases, and it mimics host GDI proteins to inhibit nucleotide 
exchange by RhoA and Rac1 [ 102 ]. YpkA has been shown to disrupt Gαq-mediated 
signaling pathways by phosphorylating Gαq at Ser47 in the GTP-binding pocket 
[ 101 ]. G proteins are involved in stimulating phospholipase-C-β, and some mem-
bers activate GTPase-mediated pathways. VASP is phosphorylated by YpkA pre-
dominantly at Ser157, which leads to the inhibition of VASP-driven actin 
polymerization, the disruption of stress fi ber formation, and macrophage phagocy-
tosis. VASP belongs to the enabled/vasodilator-stimulated phosphoprotein family, 
and it plays pivotal roles in the regulation of the actin cytoskeleton, which has been 
shown to be targeted in infections caused by  Helicobacter pylori  and  Listeria mono-
cytogenes  [ 108 – 110 ]. The kinase activity and the GDI domain of YpkA act syner-
gistically to remodel the host cytoskeleton and disturb host cellular processes that 
are related to cytoskeleton rearrangements, such as phagocytosis, cell-cell junc-
tions, and cell motility. In addition to its effects on the cytoskeleton, YpkA has been 
shown to trigger cell death, and amino-terminal amino acids 133–262 are respon-
sible for inducing apoptosis [ 111 ]. The virulence of  Y. pseudotuberculosis  express-
ing a YpkA kinase-defi cient mutant was greatly attenuated in a mouse infection 
model [ 112 ]. 

 YopT acts as a papain-like cysteine protease that removes the prenyl group from 
RhoA, RhoG, Rac1, and Cdc42, which releases these GTPases from the membrane 
and inactivates them [ 113 ,  114 ]. YopT acts equally on GTP- and GDP-bound Rho 
GTPases, and a carboxyl-terminal sequence of basic amino acids of Rho GTPases 
is required for recognition by YopT. YopT has been shown to contribute to the anti- 
phagocytic activity of bacteria, but it is not essential for the virulence of pathogenic 
 Yersinia , because  yopT  mutants colonize tissues and kill mice as effi ciently as 
 wild- type strains. This may be because YopT is functionally redundant in the pres-
ence of YopE and YpkA. 

Z. Du and X. Wang



213

 YopM contains variable numbers of leucine-rich repeats (LRRs), which consist 
of approximately 20 amino acids, and the size of YopM proteins in different  Yersinia  
strains is dependent on the number of LRRs. In  Y. pestis , YopM contains 15 LRRs, 
except in biovar Microtus strains. A cryptographic analysis found that four mono-
mers of YopM form a hollow cylindrical structure [ 115 ]. YopM has a nuclear local-
ization signal at its carboxyl terminus, and it traffi cs to the nucleus of target cells by 
means of an endocytic pathway [ 116 ]. YopM can form a complex with ribosomal S6 
protein kinase 1 (Rsk1) and protein kinase c-like 2 (Prk2) and activate them. Recent 
studies revealed that YopM is implicated in the downregulation of proinfl ammatory 
immune responses [ 117 ,  118 ].  Y. pestis  infections cause a systemic depletion of 
natural killer cells in mice, which is YopM-dependent. In mice that were intrave-
nously infected with  Y. pseudotuberculosis , YopM was required for the induction of 
a high level of the immunosuppressive cytokine IL-10, and the IL-10 levels corre-
lated with bacterial colonization in the spleen and liver of the infected mice [ 119 ]. 
LaRock et al. showed that YopM directly binds caspase-1 to inhibit caspase-1 activ-
ity and the maturation of the infl ammasome. Nucleotide-binding oligomerization 
domain-like receptors (NLRs) are cytosolic receptors in eukaryotic cells, among 
which NLRC4, NLRP1, and NLRP3 form infl ammasomes by recruiting an 
apoptosis- associated speck-like protein containing a CARD (carboxyl-terminal cas-
pase recruitment domain) to activate caspase-1, which leads to the cleavage of pro- 
IL- 1β to mature IL-β and infl ammatory cell death via pyroptosis. YopM enables 
bacteria to avoid this host innate immunity strategy [ 117 ]. YopM is important for 
the virulence of pathogenic  Yersinia . A  yopM  null mutant of  Y. pestis  was attenuated 
at least 10 5 -fold in intravenously challenged mice, and it was rapidly eliminated 
from the spleen and liver. 

 YopJ functions as an acetyltransferase that inactivates NF-kB and MAPK path-
ways by acetylating MAPKK or IKK [ 99 ,  100 ]. Once translocated into host cells, 
Yop effectors act in a fi nely tuned and coordinated manner to hijack various host- 
signaling pathways to thwart the innate immune response [ 99 ,  100 ,  120 ]. YopJ is a 
cysteine protease of the CE clan. YopJ is thought to remove ubiquitin or a ubiquitin- 
like modifi cation from target proteins in host cells. Mutation of  yopJ  in  Y. pestis  
showed no obvious virulence attenuation, although greater virulence attenuations 
have been observed in enteropathogenic  Yersinia  [ 9 ]. 

 YopK is identical among the three pathogenic  Yersinia  species, and the homolo-
gous  yopK  gene in  Y. pestis  and  Y. pseudotuberculosis  is called  yopQ  in  Y. enteroco-
litica . YopK was initially proven to be essential for a systemic infection in mice by 
 Y. pestis  and  Y. pseudotuberculosis  [ 121 – 123 ]. Thereafter, YopK was shown to play 
important roles in controlling Yop translocation across the eukaryotic cell mem-
brane, and a  yopK  mutant translocated more Yop effectors into host cells, thereby 
inducing more rapid cytotoxic responses than a wild-type strain [ 124 ]. Using a 
β-lactamase reporter assay, Dewoody et al. demonstrated that YopK controls the 
rate and fi delity of Yop injection into host cells [ 125 ,  126 ], and they further con-
fi rmed that YopE and YopK work at different steps in controlling the translocation 
of Yops, as YopK acts independently of YopE and controls Yop translocation from 
inside host cells [ 125 ]. Brodsky et al. proved that YopK interacts with the YopB- 
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YopD T3SS translocon and prevents the recognition of the  Yersinia  T3SS via an 
unknown mechanism, thereby leading to the inhibition of NLRP3 infl ammasome 
activation [ 127 ]. Thorslund et al. found that YopK interacts with the receptor for 
activated C kinase (RACK1) and that this interaction promotes the phagocytosis 
resistance of  Y. pseudotuberculosis  [ 128 ]. Despite the invaluable information pro-
vided by these studies, the mechanism underlying YopK-dependent regulation of 
Yop translocation has yet to be clarifi ed.  

7.7     Interaction with the Host Immune Defense 

 A very high titer of bacteria in the bloodstream, which actually causes a grave ter-
minal bacteremia (1 × 10 8  bacteria/mL), is required for  Y. pestis  to be transmitted by 
fl eabites [ 129 ].  Y. pestis  harbors a variety of anti-infl ammatory mechanisms that 
allow bacteria to grow rapidly without being killed at the early stage of infection. To 
achieve this goal,  Y. pestis  has evolved a set of effectors to inhibit host infl ammatory 
responses. LcrV of  Y. pestis  induces the production of the anti-infl ammatory cyto-
kine IL-10 via an interaction with TLR2 [ 130 ]. The Yop effectors that are translo-
cated into the host cytoplasm by the T3SS can either disrupt the cytoskeleton (YopE, 
YopT, and YpkA), inhibit phagocytosis (YopH, YopE, YopT, and YpkA), or down-
regulate the infl ammatory responses (YopJ) [ 100 ]. During the battle between  Y. pes-
tis  and its host, the host responds strongly by upregulating immunological functions 
and the expression of many other immune response-associated genes. 

 After the onset of an infection,  Y. pestis  multiplies with extraordinary rapidity, 
and this feature is largely facilitated by its ability to suppress host innate immune 
responses. Studies of bubonic plague rodent models demonstrated that host infec-
tions with  Y. pestis  are typically biphasic [ 8 ,  131 ,  132 ].  Y. pestis  multiplies rapidly 
in draining lymph nodes near the site of a fl eabite, with no detectable infl ammation 
at the early stage (6–36 hpi) of infection, and then the bacteria escape from the bubo 
and disseminate into the blood to colonize the liver, spleen, and lungs. The host 
immune response manifests itself by phagocyte infi ltration, the production of 
infl ammatory cytokines, and tissue necrosis during this stage of infection. A pathol-
ogy investigation of a mouse intranasal model of primary pneumonic plague con-
fi rmed this impressive biphasic feature, in which the infection begins with an 
anti-infl ammatory state in the fi rst 24–36 hpi and rapidly progresses to a highly 
proinfl ammatory state by 48 hpi and death by 3 dpi [ 5 ]. Another study showed that 
robust neutrophil recruitment to the lungs was not observed until 48 hpi and proin-
fl ammatory chemokines in bronchoalveolar lavage fl uids could not be readily 
detected as well, which coincided with an increase in PMN recruitment to the lungs 
[ 6 ]. A study compared disease progression and evolution in mice after  i.n.  inocula-
tion of  Y. pestis  or  Y. pseudotuberculosis  [ 133 ]. The results demonstrated that both 
species reached draining lymph nodes in similar numbers at 24 hpi; however, 
 bacterial loads were higher in  Y. pestis -infected draining lymph nodes than in  Y. 
pseudotuberculosis - infected draining lymph nodes at 2 dpi. Histopathology inspec-
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tions illustrated that  Y. pseudotuberculosis  infection was accompanied by an 
abscess-type PMN cell infi ltration, while  Y. pestis- infected lymph nodes were typi-
fi ed by an invasion of the tissue by bacteria without PMN activation. This again 
shows that the ability of  Y. pestis  to inhibit the infl ammatory response at the early 
stage of infection is vital for its extreme virulence following infection by the  s.c.  
route. 

 Transcriptomic responses of animals or cultured cells infected with  Y. pestis  have 
been reported [ 131 ,  134 – 137 ], and the results revealed that  Y. pestis  inhibits the 
innate immune response in various aspects in different infection models. Among 
them, RNA sequencing technologies have been used to investigate the dynamic 
innate immune response in THP1 cells to  Y. pestis  [ 137 ]. It was found that the RIG- 
I- like receptor (RLR) signaling pathway that is thought to be responsible for anti-
viral defense is involved in the host response to  Y. pestis  infection, and a subsequent 
study showed that mice defi cient in the mitochondrial antiviral signaling protein, an 
adaptor of the RLR signaling pathway, have higher resistance to  Y. pestis  in bubonic 
and pneumonic plague animal models [ 137 ].     
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    Chapter 8   
 Genetic Regulation of  Yersinia pestis                      

     Yanping     Han     ,     Haihong     Fang    ,     Lei     Liu    , and     Dongsheng     Zhou   

    Abstract      Y. pestis  exhibits dramatically different traits of pathogenicity and trans-
mission, albeit their close genetic relationship with its ancestor— Y. pseudotubercu-
losis , a self-limiting gastroenteric pathogen.  Y. pestis  is evolved into a deadly 
pathogen and transmitted to mammals and/or human beings by infected fl ea biting 
or directly contacting with the infected animals. Various kinds of environmental 
changes are implicated into its complex life cycle and pathogenesis. Dynamic regu-
lation of gene expression is critical for environmental adaptation or survival, pri-
marily refl ected by genetic regulation mediated by transcriptional factors and small 
regulatory RNAs at the transcriptional and posttranscriptional level, respectively. 
The effects of genetic regulation have been shown to profoundly infl uence  Y. pestis  
physiology and pathogenesis such as stress resistance, biofi lm formation, intracel-
lular survival, and replication. In this chapter, we mainly summarize the progresses 
on popular methods of genetic regulation and on regulatory patterns and conse-
quences of many key transcriptional and posttranscriptional regulators, with a par-
ticular emphasis on how genetic regulation infl uences the biofi lm and virulence of 
 Y. pestis .  

  Keywords      Yersinia pestis    •   Gene expression   •   Regulation   •   Biofi lm   •   Virulence  

    Yersinia pestis  experiences various kinds of environmental changes during trans-
mission and infection. Environmental modulation of gene expression in  Y. pestis  is 
critical for its complex life cycle and pathogenesis.  Y. pestis  adapts appropriate 
responses, primarily refl ected by changes in transcription of specifi c sets of genes or 
small regulatory sRNAs. 
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8.1     Transcriptional Regulation of Gene Expression 

 To adapt to various environmental stresses, including those caused by host environ-
ments, bacteria have developed complex regulatory networks that respond to mul-
tiple changes in growth conditions. Bacterial gene regulation, especially 
transcriptional regulation of gene expression, plays a crucial role in the adaptation 
of bacteria to their environments. Although other regulatory mechanisms exist, tran-
scriptional regulation is the most fundamental and well studied in bacteria. The 
transcription factors (TFs) involved in this process are key components of adaptive 
responses, and their study is essential. The methods and patterns of gene expression 
regulation by TFs and transcriptional regulation of gene expression in  Y. pestis  will 
be discussed below. 

8.1.1     Methods for Revealing Transcriptional 
Regulation by TFs 

 During transcriptional regulation in prokaryotes, gene expression is controlled dur-
ing RNA synthesis by regulators that can interact with specifi c regulatory DNA 
elements. Transcriptional regulators are a type of  trans -acting factor in bacteria. 
They also act as cofactors of RNA polymerase during initiation of transcription [ 1 ]. 
Prior to functional studies being performed, the type and target genes of a candidate 
TF must be identifi ed. There are several methods to investigate TFs and their target 
genes in bacteria that will be summarized as follows. 

8.1.1.1     Prediction of Transcription Factors Based on the Genome 
Information 

 The preliminary approaches of TF prediction are based on the complete nucleotide 
information and the annotation by aligning factors homologous and the special 
functional domains to known TFs [ 2 ]. The further illustration of TF is derived from 
the computational collection and evaluation of DNA-binding motifs. In prokaryote, 
TF prediction is usually referred to the information of  E. coli  as the model [ 3 ,  4 ]. 
It is also able to predict genome-wide TFs according to the information from the 
isogenic organisms, especially ones with verifi ed functions [ 5 ,  6 ]. 

 The online or offl ine results can be received through the professional software 
and database utilizing to compare the homology and identity of the domains, protein 
families, or three-dimensional structure with the large majority of  E. coli  TFs and the 
regulated genes. Clusters of orthologous groups (COGs) involved in transcriptional 
regulation were analyzed from the COG database [ 7 ,  8 ]. The profi le of candidate 
TFs can be evaluated using hidden Markov models (HMMs) of domains from the 
SUPERFAMILY [ 9 ] and Pfam [ 10 ] databases. CATH-Gene3D  (  http://www.cathdb.info/    ) 
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database has collected 26 million protein domains classifi ed into 2738 superfamilies, 
and it can be used to predict protein functions based on the structures [ 11 ]. Candidated 
TFs can be predicted and verifi ed primarily in this website. 

 More public databases for prokaryotic transcriptional regulation prediction were 
collected and reviewed in reference [ 12 ].  

8.1.1.2     DNA Pull-down Based on Affi nity Chromatography Strategies 
to Determine TF Target Specifi city 

 Once a candidate TF is identifi ed using the prediction methods described above, its 
regulatory target genes need to be identifi ed. To isolate and identify sequence- 
specifi c DNA-binding proteins from cellular extracts, DNA pull-down strategies, 
including DNA-affi nity chromatography and gel mobility shift assays, can be used. 

 DNA probes containing a TF-binding site are either adsorbed or linked cova-
lently to a chromatographic support, and whole-cell extract can be fl owed through 
them. Proteins that bind to the immobilized probes are retained, while unbound 
material is washed away. TFs specifi cally binding to the DNA probes are then 
eluted, isolated, and characterized. Eluted proteins are separated using -SDS- 
polyacrylamide gel electrophoresis (SDS-PAGE) and identifi ed using mass 
spectrometry (MS) [ 13 ]. 

 DNA-affi nity chromatography has been improved with many modifi cations and 
has been widely applied in the isolation and identifi cation of TFs [ 14 ,  15 ]. DNA- 
affi nity capture assay (DACA) coupled with liquid chromatography-tandem mass 
spectrometry analysis was applied to identify the transcriptional regulators involved 
in the biosynthesis of actinorhodin (Act) and undecylprodigiosin (Red) in 
 Streptomyces coelicolor  [ 16 ].  

8.1.1.3     cDNA Microarray Expression Profi ling and RNA Sequencing 
Methods Used to Screen Target Gene Expression 

 Complementary DNA (cDNA) microarray is widely used to evaluate mRNA abun-
dance of all the genes from the whole cell on a pretreated chip. After the interesting 
TF is selected and the corresponding gene is deleted, a typical two-sample experi-
ment based on the cDNA microarray can be designed. RNAs are extracted under the 
instructions of PureLink  TM  RNA Mini Kit (Ambion, USA) from the wild-type and 
deletion strains, respectively, labeled with different fl uorescein dyes. The special 
kinds of cDNA originated from the information of genome are synthetized and then 
dotted on a chip of microarray using an instrument automatically. The labeled RNAs 
are co-hybridized with the pretreated cDNA microarray, and the hybridized signals 
are scanned, and data are analyzed with the corresponding procedures. In general, it 
takes two times change of fl uorescence intensity as the difference judgment standard. 
The differentially expressed genes can be recognized in the target genes modulated 
by the interesting TF for further research [ 17 ,  18 ]. 
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 With the advent of low-cost, high-throughput sequencing technology, RNA 
sequencing has been widely used as an effective tool to investigate genes modulated 
by specifi c TFs [ 19 ,  20 ]. A number of innovations for this method that permit the 
investigation of gene expression in single cells have also been developed. Techniques 
such as duplex-specifi c nuclease (DSN) treatment and total transcript amplifi cation 
(TTA) will be preferred to conventional hybridization-based experiments in pro-
karyotes [ 21 ,  22 ].  

8.1.1.4     Chromatin Immunoprecipitation to Study Direct Interactions 
Between TFs and DNA 

 Chromatin immunoprecipitation (ChIP) is a powerful tool for studying the interac-
tion of specifi c proteins and DNA in vivo. ChIP can be used to determine whether a 
transcription factor interacts with a candidate target gene and the special binding 
sites. Combining ChIP with next-generation sequencing technology allows for 
ChIP-seq experiments, which can effi ciently identify both TF- and histone-binding 
sites across the entire genome in parallel [ 23 ]. 

 Genomic DNA is sheared under conditions that preserve protein-DNA interac-
tions, and an antibody targeting the TF of interest is used to enrich for TF-DNA 
complexes by ChIP. The library of isolated DNA fragments is prepared for deep 
sequencing to identify sequence tags associated with the TF of interest. Following 
assembly of millions of isolated sequence tags, precise locations where the TF binds 
can be identifi ed genome wide. 

 A statistical framework named CSSP (ChIP-seq Statistical Power) provides an 
analytical approach for power calculations of ChIP-seq experiments. It enables the 
researchers to take advantage of their own or public data to determine required 
sequencing depths of their ChIP-seq experiments while maintaining the false dis-
covery rate at a user-specifi ed level. This web page (  www.stat.wisc.edu/~zuo/CSSP    ) 
provides download links to the R package for powerful computations of ChIP-seq 
experiments [ 24 ]. 

 ChIP sequencing (ChIP-seq) and RNA sequencing (RNA-seq) were used in tan-
dem to map the AraC regulon in  Escherichia coli  and  Salmonella enterica  [ 25 ]. 
Merrikh group has reported the  Bacillus subtilis  accessory helicase PcrA as an 
essential factor involved in mitigating transcription-replication confl icts and 
identifi es chromosomal regions with which it routinely acts using ChIP-seq 
experiments [ 26 ].  

8.1.1.5     Methods to Identify Target Genes Modulated 
by the Candidate TFs 

 Several methods need to be used to identify target genes up- or down-regulated by 
a candidate TF. In general, experiments that probe in vivo levels of gene regulation, 
such as primer extension, quantitative RT-PCR, Western blot and LacZ fusion, and 
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β-galactosidase assay can be used to investigate TF-dependent changes in gene 
expression. Specifi c binding sites can be confi rmed using in vitro experiments such 
as electrophoretic mobility shift assays (EMSAs) and DNase I footprinting. 

8.1.1.5.1    RNA Isolation and Primer Extension Assay 

 Determining the transcriptional start site by primer extension is a fast and accurate 
method. Additionally, it permits a parallel semiquantitative investigation of the 
extent of regulation between wild-type (WT) and TF gene deletion strains. 

 For a primer extension assay following the AMV Reverse Transcriptase 
(Promega, USA), a 5′- 32 P-labeled oligonucleotide primer complementary to a por-
tion of the RNA transcript of a target gene is employed to synthesize cDNAs from 
RNA templates isolated from both WT and TF gene deletion strains, respectively. 
The same labeled primer is also used for sequencing with the Top DNA sequencing 
kit (Bioneer, Korea). The primer extension and sequencing products are analyzed in 
a 6 % polyacrylamide eight-molar urea gel, and the result is detected by autoradiog-
raphy (Fuji Medical X-ray Film, Tokyo, Japan).  

8.1.1.5.2    Quantitative RT-PCR (qRT-PCR) 

 Compared with a primer extension assay, qRT-PCR can quantitatively analyze the 
RNA expression differences of the target genes between the WT and TF gene 
deletion strains, which are normalized to the 16S rRNA gene. 

 Gene-specifi c primers are designed to produce a 100–200 bp amplicon for each 
gene. Then, cDNAs are generated using fi ve micrograms of purifi ed RNA and three 
micrograms of random hexamer primers. qRT-PCR is performed with the SYBR 
Green Master Mix (TaKaRa, Japan) through the LightCycler System (Roche, 
Switzerland) [ 27 ,  28 ]. The expression of each gene is normalized to the abundance 
of the 16S rRNA gene to account for experimental variations. The relative mRNA 
level of each probed gene is determined by standard curves generated from 16S 
rRNA expression.  

8.1.1.5.3    LacZ Fusion and β-Galactosidase Assay 

 A PCR product of a promoter-proximal DNA region of each gene of interest is 
cloned into a low-copy-number transcriptional fusion vector upstream of a promoter- 
less LacZ reporter gene. The recombinant LacZ plasmid is transformed into both 
the WT strain and the TF deletion strain. Then, β-galactosidase activity in cellular 
extracts is measured using the β-Galactosidase Enzyme Assay System (Promega, 
USA) to evaluate the extent to which transcription of the gene of interest is modu-
lated by the chosen TF.  
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8.1.1.5.4    Western Blot 

 Western blots can be used to measure the extent to which translation is modulated 
by the selected TF between the WT and TF deletion strains. The protein encoded by 
a candidate target gene is expressed in  E. coli  and used to immunize rabbits to pro-
duce and harvest polyclonal antibodies (pAb) that recognize the protein of interest. 
Total protein extracts isolated from the WT and TF deletion strains are separated 
by SDS-PAGE gel electrophoresis and transferred onto PVDF membrane, then 
successively hybridized with pAb and goat anti-rabbit IRDYeR 800CW antibody, 
respectively. Translational differences between the WT and TF deletion strains can 
be determined from the signal observed following blotting.  

8.1.1.5.5    Electrophoretic Mobility Shift Assay (EMSA) 

 Radiolabeled target DNA is incubated with in vitro purifi ed TF protein at room 
temperature for 20–30 min, and the mixture is then loaded onto a native 4 % (w/v) 
polyacrylamide gel. If the TF binds the labeled DNA, it retards the mobility of the 
probe during PAGE, which can easily be detected by autoradiography. The specifi city 
of interaction can be established using an antibody specifi c to the TF being investi-
gated. When this antibody is included in the mobility shift assay, it will further 
decrease the mobility of the DNA-TF complex, causing a supershift.  

8.1.1.5.6    DNase I Footprinting 

 Based on EMSA results, the TF-binding site can be investigated by DNase I foot-
printing. Multiple DNA-binding experiments using radiolabeled probe and increas-
ing concentrations of TF are set up in parallel with a no protein control. Each of 
these reactions is partially digested with RQ1 RNase-Free DNase I (Promega, 
USA), producing a ladder of nucleotide resolution products. The digested DNA 
samples are purifi ed and analyzed in an eight-molar urea 6 % polyacrylamide gel 
along with the Sanger sequencing products as a reference. The TF-binding site can 
be determined by comparing the digested samples with the sequencing ladder after 
autoradiography.    

8.1.2     Patterns of Gene Expression Regulation by TFs 

 Bacteria have complex regulatory networks that respond and adapt to environmental 
changes. Both gene regulations by TFs at the transcriptional level and by sRNAs at 
the posttranscriptional level play an important role in bacterial regulatory networks. 
Gene regulation in bacteria predominantly occurs at the transcriptional level. In 
addition, transcriptional initiation is the most highly regulated step of gene 
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expression. Bacteria possess a variety of TFs that are required for different functions 
in physiological pathways, which regulate the expression of target genes in a precise 
and orderly fashion. 

8.1.2.1     Mechanisms of Transcriptional Regulation 

 In bacteria, genes with related functions are arranged in operons that are complete 
units for gene expression and regulation. An operon is composed of structural genes, 
regulatory genes, and DNA elements recognized by TFs. Consecutive genes in an 
operon can be transcribed as a single primary RNA. During RNA synthesis, gene 
transcription is regulated by TFs that specifi cally interact with a DNA element 
(Fig.  8.1 ). RNA polymerase (RNAP) synthesizes RNA using bound DNA as a template. 
Bacterial RNAP consists of a core enzyme that is responsible for catalyzing RNA 
synthesis and a specifi c (sigma, σ) subunit that is required for recognition of DNA 
sequences contained within the promoter region [ 1 ,  29 ]. Sigma factor is necessary 
for transcription initiation, which contributes considerably to gene regulation.

8.1.2.2        Transcriptional Activation or Repression 

 Some bacterial TFs only bind to a  cis -acting DNA sequence, while others may bind 
to both  cis -acting DNA sequences and other TFs or themselves. DNA-binding TFs 
are a crucial component of gene regulation. They can activate or repress transcrip-
tion of target genes by binding to DNA of their respective promoter regions. Some 
TFs act solely as activators or repressors, while others can both act as an activator 
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  Fig. 8.1    Schematic of a prokaryotic promoter and RNA polymerase-binding region       
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and a repressor at the same time. When an activator promotes the transcription of a 
gene, its effect on the promoter appears to facilitate the function of RNAP. In con-
trast, a repressor inhibits the expression of its target genes by binding to DNA to 
prevent RNAP from initiating transcription [ 12 ]. Taking PhoP- and RcsB-dependent 
regulation of  waaA  transcription in  Yersinia pestis  as an example, binding of PhoP 
to PhoP sites located upstream of the core region of the  waaA  promoter may change 
the DNA structure and thereby promote RNAP initiation of transcription. However, 
RcsB sites cover the −10 element of the  waaA  promoter core region and thereby 
prevent transcription of  waaA  (Fig.  8.2 ) [ 30 ] .  Some regulators are able to promote 
or repress the transcription of a gene depending on environmental conditions. The 
global regulator RovA in  Yersinia pestis  can reciprocally control the transcription of 
itself in a fashion dependent on the nutritional environment and the concentration of 
RovA in vivo [ 31 ].

8.1.2.3        Characterization of Transcription Factor-Target Gene 
Interactions 

 Characterization of the interactions between transcription factors and their target 
genes will help with understanding and predicting the transcriptional relationship. 
TFs can bind to multiple sequences with varying affi nity. However, the binding sites 
of most TFs contain a short (5–20 bp) conserved region. If a collection of binding 
sites of a TF has been determined from its target genes by DNase I footprinting, 
sequence alignments of these TF-binding sites will generate a consensus motif. A 
consensus motif can be represented as either a consensus string or a position- specifi c 
scoring matrix (PSSM). A PSSM contains more information and is better to evalu-
ate new potential sites.   

  Fig. 8.2    Structure of promoter-proximal DNA region of  waaA . Shown are the translation/tran-
scription starts, predicted core promoter −10 and −35 elements, predicted Shine-Dalgarno (SD) 
sequences for ribosomal binding, PhoP and RcsAB sites, and PhoP and RcsAB boxlike sequences       

 

Y. Han et al.



231

8.1.3     Transcriptional Regulation of Gene Expression 
in  Yersinia pestis  

  Yersinia pestis  is the causative agent of a plague that has caused at least three pan-
demics through human history, which has, in total, claimed hundreds of thousands 
of lives [ 32 ]. Plague has a global distribution of endemic foci, and it is considered 
to be a reemerging infectious disease today [ 33 ].  Y. pestis  is able to cause severe 
invasive infections including bubonic plague in lymph nodes, septicemic plague in 
blood vessels, and pneumonic plague in lungs. In natural environments,  Y. pestis  
circulates between rodent reservoir hosts and fl ea vectors. Plague infections mostly 
occur in animals, while humans are accidental hosts of this pathogen. When  Y. pes-
tis  shifts its lifestyle from fl ea vectors to mammalian reservoir hosts, it will encoun-
ter a series of intense and even life-threatening environmental changes. 
Accommodative gene expression in response to such situations appears to be essen-
tial for the survival of  Y. pestis , and thus the regulation of gene expression involved 
in these processes are correspondingly important. 

8.1.3.1     Transcriptional Regulation of Gene Expression 
in  Y. pestis  Biofi lm Formation 

  Y. pestis  evolved from its close progenitor  Yersinia pseudotuberculosis , which is a 
mild foodborne pathogen. However, fl ea-borne transmission of  Y. pestis  is an essen-
tial mode that distinguishes it from  Y. pseudotuberculosis  [ 34 ] . Y. pestis  forms a 
biofi lm that can attach to and physically block the proventriculus of fl eas. In turn, 
this causes fl eas to feel hungry and bite repeatedly, promoting the spread of  Y. pestis  
into new individuals of mammalian reservoirs [ 35 ]. Therefore, biofi lm production 
of  Y. pestis  plays a crucial role in its transmission. Simultaneously, regulation of 
gene expression associated with biofi lm formation is equally important, and thus the 
regulators involved in these processes should be treated as being as important as the 
effectors themselves. 

8.1.3.1.1    Major Determining Factors of Biofi lm Production in  Y. pestis  

 The  Y. pestis hmsHFRS  operon is responsible for the synthesis and transport of 
exopolysaccharide (a primary dry component of the biofi lm matrix) [ 36 ]. Cyclic-di- 
GMP (c-di-GMP) is a second messenger molecule promoting biofi lm exopolysac-
charide production in bacteria. In  Y. pestis , HmsT and HmsD ( hmsD  is located in the 
three-gene operon  hmsCDE ) are the only diguanylate cyclases catalyzing c-di-GMP 
synthesis [ 37 ], while HmsP is the sole phosphodiesterase catalyzing c-di-GMP 
degradation [ 38 ]. 
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 The gene  gmhA  encodes a phosphoheptose isomerase that controls heptose 
synthesis, a conserved component of lipopolysaccharide (LPS). Deletion of  gmhA  
induces severely hampered biofi lm formation that is inadequate for fl ea blockage 
[ 39 ]. YrbH is an arabinose 5-phosphate isomerase catalyzing the conversion of ribu-
lose 5-phosphate into arabinose 5-phosphate, the fi rst committed step in the 
3-deoxy-D-manno-oct-2-ulosonic acid (Kdo) biosynthesis pathway. WaaA is a Kdo 
transferase that is involved in the synthesis of lipopolysaccharide [ 40 ]. In  Y. pestis , 
the  yrbH  mutant produces almost no biofi lm, while the  waaA  mutant produces 
defective but detectable biofi lms [ 40 ]. 

 SpeA (arginine decarboxylase) and SpeC (ornithine decarboxylase) are neces-
sary for polyamine synthesis. Polyamines are required for the normal expression of 
the key Hms proteins including HmsR, HmsS, and HmsT via a posttranscriptional 
regulatory mechanism. Deletion of  speA  or  speC  leads to a dramatic loss of  Y. pestis  
biofi lm formation in vitro [ 41 ].  

8.1.3.1.2    Rcs Phosphorelay Regulatory System Represses Biofi lm Production 

 The Rcs phosphorelay system is an atypical two-component regulatory system that 
is composed of three proteins, RcsB, RcsC, and RcsD [ 42 ]. RcsC and RcsD are 
membrane-bound proteins, and RcsC acts as a sensor kinase that catalyzes auto-
phosphorylation. The resulting phosphate group is then transferred to RcsD and 
fi nally to RcsB (a cytoplasmic protein). Phosphorylated RcsB acts as a transcrip-
tional regulator independently or upon binding of an auxiliary protein RcsA. RcsA 
is functional in  Y. pseudotuberculosis , and RcsAB tightly represses  Yersinia  biofi lm 
formation, leading to a biofi lm-negative phenotype in  Y. pseudotuberculosis  [ 43 , 
 44 ]. The  rcsA  gene is inactivated in  Y. pestis  because of a 30-bp duplication insertion 
in its open reading frame (ORF), and replacing the  rcsA  pseudogene with a func-
tional  Y. pseudotuberculosis rcsA  allele strongly represses  Y. pestis  biofi lm forma-
tion and essentially abolishes fl ea blockage [ 44 ]. The pseudogenization of  rcsA  is a 
prerequisite of potent  Y. pestis  biofi lm formation, enabling the effi cient fl ea-borne 
transmission of this pathogen [ 44 ,  45 ]. The RcsAB complex recognizes the con-
served core sequence TAAGAAT-ATTCCTA (a 7–7 inverted repeat). The RcsAB 
complex is a strong repressor of  Y. pestis  biofi lm formation through directly repress-
ing transcription of  hmsCDE ,  hmsT ,  hmsHFRS , and  waaAE-coaD  while positively 
regulating  hmsP  in an indirect manner. Thus, RcsA inactivation leads to a dramati-
cally elevated expression of RcsAB-dependent biofi lm-activated genes in  Y. pestis  
relative to  Y. pseudotuberculosis , thereby promoting biofi lm production. This is a 
representative example of favorable evolution to promote  Y. pestis  transmission 
via fl eas.  
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8.1.3.1.3     The Ferric Uptake Regulator Fur Is a Repressor 
of Biofi lm Formation 

 The ferric uptake regulator Fur predominantly controls iron metabolism in bacteria 
[ 46 ]. Fur regulates not only almost all iron assimilation functions in  Y. pestis  but 
also multiple genes involved in various non-iron functions. Fur governs a complex 
regulatory cascade in  Y. pestis  [ 47 ,  48 ]. A 19-bp box and a position-specifi c scoring 
matrix (PSSM) have been built to represent the conserved  cis -acting signals recog-
nized by Fur [ 47 ]. The 9-1-9 inverted repeat sequence  AATGATAATNATTATCATT  
represents the Fur-binding motif or Fur box. The deletion of  fur  results in abundant  
in vitro biofi lm production in  Y. pestis , and Fur can directly bind to the promoter- 
proximal region of  hmsT  and repress its transcription [ 49 ].  

8.1.3.1.4     RovM and YfbA are Involved in Colonization and Metabolic 
Adaption to the Flea Gut 

 The LysR family of transcriptional regulators represents the most abundant type of 
transcriptional regulator in bacteria. Members of the LysR family appear to possess 
a conserved structure with an N-terminal DNA-binding helix-turn-helix motif and a 
C-terminal co-inducer-binding domain. LysR-type regulators are responsible for 
regulating genes that are involved in a variety of functions, including biofi lm pro-
duction, virulence, motility, and metabolism [ 50 ]. RovM is a LysR-type transcrip-
tional regulator (LTTR) that directly inhibits the transcription of  rovA  in  Y. 
pseudotuberculosis . It is the fi rst LTTR found to be involved in virulence regulation 
in a mammalian pathogen [ 51 ]. In addition, RovM is able to sense specifi c nutri-
tional cues in the fl ea gut environment and affects metabolic adaptation to enhance 
 Y. pestis  colonization of the fl ea gut [ 52 ]. Our work has demonstrated that RovM is 
a fundamental activator of  Y. pestis  biofi lm production. RovM accomplishes this by 
directly stimulating the transcription of  hmsT ,  hmsCDE , and indirectly enhancing 
 hmsHFRS  transcription while simultaneously indirectly repressing  hmsP  transcrip-
tion (unpublished data). YfbA is also a regulator belonging to the LysR family that 
is essential for  Y. pestis  colonization and biofi lm formation [ 53 ]. However, it is still 
unknown what biofi lm factors are regulated by YfbA.   

8.1.3.2     Transcriptional Regulation of Gene Expression in  Y. pestis  
Virulence 

 Three  Yersinia  species are known to be pathogenic to humans:  Y. enterocolitica ,  Y. 
pseudotuberculosis , and  Y. pestis , of which  Y. pestis  causes the most deadly infec-
tious disease in humans. The three pathogens share a subset of virulence determina-
tive factors, while each having distinct components.  Y. pestis  has multiple 
virulence-associated factors and regulators, and the expression of most virulence 
factors is regulated. Most  Y. pestis  virulence factors are thermally regulated and are 
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active at either 26 °C (the temperature in fl ea vectors) or 37 °C (the host tempera-
ture). Nevertheless, temperature-dependent gene regulation always accompanies 
with other environmental cues such as pH, ion concentration, nutrient availability, 
osmolarity, oxygen tension, and DNA damage [ 54 ]. Thus, the question of how  Y. 
pestis  orchestrates this process requires further study. 

8.1.3.2.1    Major Virulence Determinative Factors in  Y. pestis  

  Y. pestis  harbors a 102-kb chromosomal region (the  pgm  locus) encoding elements 
critical for virulence. The  pgm  locus is composed of two distinct parts: a 35-kb 
high-pathogenicity island (HPI) which carries virulence determinative genes [ 55 , 
 56 ] and an additional 68-kb segment that contains genetic elements of the  hms  locus 
responsible for conferring the  Y. pestis  pigmentation phenotype on Congo red agar 
at 28 °C [ 57 ]. Two parts of this region carry crucial genes that are required either for 
virulence (Ybt system) or for pathogen transmission. 

  Y. pestis psa  loci are composed of two operons:  psaABC  and  psaEF  [ 58 ]. The 
expression of  psaABC  is strongly stimulated following a temperature upshift from 
26 to 37 °C and in acidic environments. The operon  psaEF  encodes the transcrip-
tional activators of  psaABC  [ 59 ]. The pH6 antigen plays important roles in bubonic 
and pneumonic plague in mice [ 60 ,  61 ]. It acts as an adhesin to facilitate the bacte-
rial colonization of host cells [ 62 – 64 ]. The pH6 antigen-mediated binding of  Y. 
pestis  with eukaryotic cells facilitates the delivery of virulence determinants Yops 
(effectors of plasmid pCD1-encoding type III secretion system) to target cells [ 65 ]. 
In addition, the pH6 antigen does not only function as an antiphagocytic factor to 
block bacterial uptake but also effi ciently binds to apolipoprotein B-containing lipo-
proteins in human plasma [ 66 ,  67 ]. It has been speculated that once  Y. pestis  cells 
are released from infected macrophages to adopt an extracellular lifestyle, pH6 
antigen-mediated binding to the lipoprotein will prevent the pathogen from being 
phagocytosed by phagocytes [ 67 ]. 

 Typical strains of  Y. pestis  harbor three virulence plasmids (pCD1, pMT1, and 
pPCP1) encoding a variety of virulence determinants. The 70-kb plasmid pCD1 
controls the synthesis of two signifi cant virulence factors: fi rst, Yops ( Yersinia  outer 
membrane proteins) are necessary for  Yersinia  host infection, and the second viru-
lence determinant YadA functions as a major adhesin involved in bacterial adher-
ence to eukaryotic extracellular matrix elements while simultaneously conferring 
resistance to nonspecifi c host defenses [ 54 ]. F1 antigen is an important virulence 
antigen responsible for  Y. pestis  antiphagocytosis, the expression of which requires 
four genes ( caf1 ,  caf1A ,  caf1M , and  caf1R ) located on the 110-kb plasmid pMT1. 
Expression of the  caf  operon is thermally regulated, which is demonstrated by a 
dramatic increase in Caf1A levels following a rise in temperature from 28 to 37 °C 
[ 68 ]. The AraC-family regulator Caf1R takes part in this procedure. Another crucial 
virulence determinant on pMT1 is  Yersinia  murine toxin (Ymt) that plays crucial 
roles in fl ea-borne transmission [ 69 ]. The plasminogen activator/coagulase ( pla ) 
gene is harbored by the pPCP1 plasmid, which is required for the full virulence of 
 Y. pestis  during both bubonic and pneumonic plague [ 70 ,  71 ].  
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8.1.3.2.2    RovA Is a Global Virulence-Required Regulator 

 The MarR (multiple antibiotic resistance regulator) family of bacterial transcrip-
tional regulators plays an important role in virulence factor production and responses 
to antibiotic and oxidative stresses [ 72 ]. As a member of the MarR family of tran-
scriptional regulators, RovA is required for the full virulence of all three pathogenic 
 yersiniae  through regulation of various virulence loci [ 61 ,  73 – 76 ]. RovA stimulates 
the transcription of  inv  that encodes an invasin that mediates translocation of  Y. 
pseudotuberculosis  and  Y. enterocolitica  across the intestinal epithelium [ 74 – 77 ]. 
However, the  inv  gene is naturally inactivated in  Y. pestis  [ 78 ]. In  Y. pestis , RovA 
stimulates the transcription of the  psaEF ,  psaABC , and CUS-2 prophage loci [ 61 ]. 
The CUS-2 prophage is stably integrated in  Orientalis , but unstable in  Antiqua , 
 Medievalis , and  Microtus  [ 79 ,  80 ]. The acquisition of this prophage is not associ-
ated with fl ea transmission, but contributes to virulence in mice [ 79 ]. RovA still 
plays critical roles in the construction and functioning of the bacterial membrane, 
which manifests the regulatory functions of RovA in antibiotic resistance and envi-
ronmental adaptation [ 81 ].  

8.1.3.2.3     CRP Acts as a Global Transcriptional Factor to Control 
Pathogenicity 

 Cyclic AMP receptor protein (CRP) is a virulence-required regulator that has been 
characterized in many pathogens [ 82 – 86 ]. It controls more than 6 % of the genes in 
 Y. pestis  [ 86 ]. CRP is active only in the presence of cyclic AMP (cAMP), a classic 
small-molecule inducer. The cAMP-CRP complex specifi cally recognizes the sym-
metric consensus sequence TGTGA-N6-TCACA (known as the CRP box sequence) 
[ 87 ]. CRP serves as a transcriptional regulator of the T3SS/Yop machinery and the 
plasminogen activator protease Pla [ 88 ,  89 ]. This most likely explains why CRP is 
critical for the development of bubonic and pneumonic plague. Similarly, CRP is 
necessary for colonization and persistence of  Y. pseudotuberculosis  in the MLNs 
and organs during infection and is required for the expression of the fl agellar Ysc/
Yop and Ysa T3SS in  Y. enterocolitica  [ 83 ,  90 ]. In addition, CRP also infl uences  Y. 
pestis  virulence through a posttranscriptional mechanism [ 91 ].  

8.1.3.2.4     The PhoP-PhoQ Regulatory System Is Crucial for  Y. pestis  Survival 
in Macrophages 

 PhoP and PhoQ constitute a two-component regulatory system [ 92 ]. The sensor 
PhoQ is activated by phosphorylation of one of its histidine (His) residues upon 
specifi c environmental stimuli. It then phosphorylates PhoP. Phosphorylated PhoP 
functions as an active transcriptional regulator and recognizes an 18-bp motif 
(TGTTTAWN 4 TGTTTAW; W = A or T) in  Y. pestis  [ 93 ]. The  phoP  null mutant 
shows signifi cantly reduced virulence in macrophages and under in vitro conditions 
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of low pH and oxidative stress [ 94 ]. In addition, PhoP-regulated genes are involved 
in promoting resistance to antimicrobial peptides or low-Mg 2+  conditions found in 
phagosomes [ 95 ]. This indicates that PhoP plays important roles in  Y. pestis  survival 
in macrophages through regulation of multiple target genes during the early infec-
tion stage.     

8.2     Posttranscriptional Regulation of Gene Expression 

 Regulation of gene expression takes place at different regulatory levels in bacteria, 
of which transcriptional regulation is perhaps the most studied. Nevertheless, the 
crucial role of posttranscriptional regulation is beginning to be appreciated in gene 
regulatory networks. It mainly functions through the modulation of RNA decay, 
transcript elongation, and translation initiation. Small regulatory RNAs (sRNAs) 
and RNA-binding proteins (RBPs) have been identifi ed as two primary types of 
posttranscriptional regulator. The posttranscriptional regulation mediated by sRNAs 
and RBPs will be discussed below. 

8.2.1     Methods for Revealing sRNA Regulation in Bacteria 

 Known sRNAs generally exert their regulatory functions by binding to specifi c 
mRNAs or proteins [ 96 ]. Consequently, to understand the genetic regulation of a 
given sRNA in bacteria, discovery of the molecules it interacts within the cell is 
essential. It is currently accepted that  trans -acting sRNAs typically interact with the 
5′ UTR of their mRNA targets via short imperfect complementarity and thus infl u-
ence translation and mRNA stability [ 97 ]. In many cases, the sRNA-mRNA interac-
tions are assisted by the RNA chaperone Hfq [ 97 ]. Prediction and validation of 
mRNA targets have been performed by various computational and experimental 
methods [ 98 – 100 ]. Mutants that result in overexpression or deletion of sRNAs were 
used to screen for regulated targets in an individual or systematic fashion. Changes 
of individual mRNA abundance can be detected by a variety of methods including 
Northern blot, primer extension, and RT-PCR [ 101 ]. The consequences of transla-
tional activation or repression can be evaluated at the protein level by SDS-PAGE or 
Western blot [ 101 ]. In addition, reporter gene fusion systems are commonly used to 
detect translational changes of a given target gene [ 101 ]. However, an increasing 
number of sRNAs are thought to have one or more targets owing to limited comple-
mentarity with their targets. Therefore, global methods are frequently used in the 
initial phase of sRNA characterization [ 102 – 104 ]. For example, potential target 
mRNAs have been discovered by combining microarray- or RNA-seq-based tran-
scriptomics with transient sRNA overexpression or with immunoprecipitation with 
Hfq protein. In addition, in vitro experiments including gel shift assays, RNA foot-
printing, and ribosome toeprinting have also been used to confi rm sRNA-mRNA 
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interactions [ 101 ]. RNA pull-down assays coupled with mass spectrometry or 
Western blot can be used to identify the ensemble of RNA-binding proteins interact-
ing with a specifi c RNA [ 105 ]. 

8.2.1.1     Global Discovery of Expressed sRNAs by RNomics and RNA 
Sequencing 

 Most of the well-characterized sRNAs are between 50 and 400 nt in length. They 
are usually encoded in the intergenic regions (IGRs) of bacterial chromosomes or 
plasmids and expressed under certain growth, stress, or virulence conditions [ 106 ]. 
Given that sRNAs are expressed in suffi cient abundance, they can be detected indi-
vidually or globally by a variety of methods. Here, we will mainly focus on the 
global screening method based on RNomics and RNA sequencing. 

 A variety of new sRNAs and antisense transcripts have been recently identifi ed 
in bacteria via sequencing of cDNA prepared from size-fractionated or total RNA 
[ 102 ,  107 ,  108 ]. Generally, total RNAs are extracted from bacteria grown under dif-
ferent growth conditions or from samples co-immunoprecipitated with proteins. 
RNA species within a size range of 50–500 nt are enriched and purifi ed by gel 
extraction. For the RNomic approach, the RNA is reverse transcribed and cloned 
into a plasmid vector. The resulting inserts are analyzed using conventional Sanger 
sequencing. For RNA sequencing, the RNA is ligated with 5′ and 3′ adaptors and 
reverse transcribed. The cDNA is then subject to pyrosequencing at the genome- 
wide level.  

8.2.1.2     Global Screening of Multiple mRNA Targets of sRNAs 

 Save for the fraction of sRNAs that act to modulate the activity of proteins, the 
majority of sRNAs are thought to function via direct base pairing with mRNAs and 
subsequently altering messenger stability [ 109 ]. Pulse expression of sRNA com-
bined with transcriptome profi ling has been used to identify mRNA targets [ 101 ]. 
The entire sequence of the sRNA of interest is cloned into a transcriptional fusion 
plasmid in which sRNA expression is under the control of an inducible promoter. 
After induction for 10–15 min, microarray or RNA-seq is used to monitor mRNA 
decay on a genome-wide scale. mRNAs with signifi cantly altered abundance are 
regarded as direct targets of sRNA for further characterization.  

8.2.1.3     Experiment Validation of sRNA-mRNA Interactions In Vivo 

 After the initial screening of multiple sRNA targets, direct evidence for the indi-
vidual sRNA-mRNA base pairing should be collected in vivo. Reporter gene fusion 
assays have been used to validate mRNA targets in a two-compatible-plasmid 
reporter system [ 110 ]. In this system, sRNA is placed under the control of a 
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constitutive promoter in a high-copy plasmid, while a translational fusion with the 
5′ region of a putative mRNA target is carried on a low-copy plasmid. The reporter 
gene abundance is measured to confi rm posttranscriptional regulation in vivo. The 
standard procedure of compensatory base pair exchanges is often performed to 
determine the precise interacting sites of a  bona fi de  sRNA-mRNA pair [ 111 ]. 
Regulation of the translational fusion is impaired when a mutation is introduced into 
the interaction site of either the sRNA or at the cognate position in the target mRNA, 
but it is restored by introducing compensatory mutations.   

8.2.2     Patterns of Gene Expression Regulation by sRNAs 

 Bacteria fl exibly regulate specifi c sets of genes to survive and adapt to stressful 
environments. In bacteria, DNA-binding proteins, noncoding RNAs, and their tar-
get genes are coordinated in hierarchical regulatory networks. Broadly speaking, all 
of the untranslated RNAs in bacteria possessing regulatory functions, except for 
rRNAs and tRNAs, can be categorized as sRNAs. Similar to protein-based regula-
tors, a single sRNA may regulate one or more genes and thus might have effects on 
multiple cellular pathways [ 109 ]. Compared with DNA-binding regulators, sRNA 
regulation at the posttranscriptional level seems to be more effi cient and advanta-
geous for quick responses to environmental stresses. Therefore, many bacterial 
sRNAs are frequently implicated in stress responses or virulence processes that are 
required for immediate responses to changing environments [ 112 ,  113 ]. According 
to their genomic location relative to their mRNA targets and their modes of action, 
regulatory RNAs can be broadly classifi ed into four major classes:  trans -encoded 
sRNAs,  cis -encoded sRNAs, RNA thermometers, and riboswitches [ 113 ]. These 
sRNAs infl uence mRNA translation or protein activity by base pairing with target 
mRNAs or binding with proteins (Fig.  8.3 ).

8.2.2.1       Key Components of Posttranscriptional Regulation 

8.2.2.1.1     Trans -encoded sRNAs 

 A  trans -encoded sRNA is defi ned as an sRNA that acts upon their targets at distinct 
genomic loci. They interact through limited complementarity with target mRNAs 
and usually bind to the Shine-Dalgarno region or the coding region of the mRNA, 
which often results in translation inhibition and mRNA cleavage and degradation. A 
large portion of well-characterized sRNAs in bacteria is  trans -encoded and range in 
size between 50 and 300 nts. These mainly infl uence mRNA translation and/or sta-
bility through limited and imperfect complementarity with target transcripts [ 113 ]. 
The RNA chaperone Hfq is often required for loose binding of most  trans -encoded 
sRNAs with their targets. Hfq binding facilitates the formation of sRNA-mRNA 
duplexes and thereby protects them from the attack of RNases [ 114 ].  
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8.2.2.1.2     Cis -encoded sRNAs 

 A  cis -encoded sRNA is located directly opposite from one or more target ORFs. 
It interacts with its target transcript in a fully antisense manner. In the majority of 
cases, the base pairing between a  cis -encoded ncRNA and its target transcript forms 
a duplex and mediates the posttranscriptional downregulation of one or more target 
genes, but activating mechanisms have also been found in a few cases [ 113 ]. 

 A particular type of sRNA, riboswitch RNA, is contained in some mRNA non-
coding regions and includes a conserved ligand-binding domain and an expression 
platform. A riboswitch is typically located at the 5′-UTR of an RNA transcript and 
acts in cis to regulate the gene expression of the downstream coding sequence [ 115 ]. 
Regulation occurs as a shift in the secondary or tertiary structures in the aptamer 
domain upon binding of a small molecule cofactor.  

8.2.2.1.3    Protein-Binding sRNAs 

 Except for mRNA-interacting sRNAs, the protein-binding sRNA modulates the 
expression of target genes by binding the corresponding regulatory protein or RNA 
polymerase instead of base pairing with RNA targets. The CsrB/C RNAs are 
involved in the carbon storage regulatory system of  E. coli  by directly binding to the 
global regulator CsrA and thus inhibiting its activity [ 116 ]. The 6S RNA regulates 
RNA polymerase activity by forming a structure that mimics an open promoter 
complex that can be recognized by the polymerase holoenzyme containing σ 70  [ 117 ].  

  Fig. 8.3    Action modes of  cis-  and  trans- acting and protein-binding sRNAs in bacteria.  Cis -acting 
sRNAs include RNA thermometers that experience conformational changes in response to tem-
perature shift ( a ), riboswitches capable of binding metabolite ligands ( b ), antisense sRNAs that 
extensively base pair with sense RNA ( c ), and IGR sRNA and some antisense RNAs belonging to 
the family of  trans -acting sRNAs partially base pair with their mRNA targets ( d ), while protein- 
binding sRNAs bind with specifi c proteins and sequester their activity ( e )       
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8.2.2.1.4    RNA-Binding Proteins 

 RNA-binding proteins are involved in the posttranscriptional regulatory processes 
of RNA stability and mRNA translation effi ciency. The RNA-protein interactions 
modulate the accessibility of the ribosome-binding site (RBS) for ribosome binding 
or of RNases for RNA degradation or function as chaperones for interaction with 
other effector molecules [ 118 ]. CsrA and Hfq protein are the two best-studied RNA- 
binding proteins in bacteria. CsrA works predominantly by competing with the 
ribosome for binding to the RBS of its mRNA targets [ 119 ]. The sRNA molecules 
CsrB and CsrC bind to CsrA and antagonize its activity [ 116 ]. Hfq is a small, highly 
abundant protein presently involved in physiological fi tness and pathogenesis in 
many bacteria [ 120 ]. The pleiotropic effects upon  hfq  inactivation have been 
observed in a variety of bacteria. Hfq forms a doughnut-like homohexameric struc-
ture and belongs to the Sm/Lsm superfamily of RNA-binding proteins [ 121 ]. It typi-
cally binds diverse single-stranded RNAs and is thus implicated in the control of 
gene expression [ 114 ,  121 ]. It is generally thought that Hfq is a key player in con-
trolling gene expression posttranscriptionally mediated by  trans -acting sRNA [ 97 ]. 
They can imperfectly base pair with target mRNAs in the canonical SD/AUG region 
or other sites of the 5′ UTR or coding sequence [ 122 – 124 ]. The primary role of Hfq 
in sRNA-mediated regulation is to modulate translation by facilitating interactions 
between sRNAs and target mRNAs and/or to alter the stability of sRNA- mRNA 
hybrids by recruiting RNase E to target mRNAs [ 125 ]. Increasing numbers of 
sRNAs have been shown to simultaneously act on multiple mRNAs, and likewise, 
many mRNA transcripts are emerging as shared targets of multiple cognate sRNAs.   

8.2.2.2     Mechanisms of sRNA-Mediated Regulation 

8.2.2.2.1    Translational Repression 

   Translation Repression by Blocking Ribosome Access to Target RNAs 

 Translation initiation is the most highly regulated step of protein biosynthesis in 
bacteria. The crucial rate-limiting step is the assembly of the 30S small ribosomal 
subunit with mRNAs. Initial binding of the 30S ribosome to specifi c mRNAs is 
primarily mediated by RNA-RNA interactions. The anti-SD sequence of the 16S 
rRNA recognizes and base pairs with the SD sequence of mRNA. Correspondingly, 
the interaction between 16S rRNA and mRNA directs the initiation codon to the P 
site of the small ribosomal subunit, where it interacts with the initiator tRNA mol-
ecule. When the 50S ribosomal subunit enters along with initiation factors, the 70S 
initiation complex is well prepared to initiate the elongation phase of translation. 
The mRNA region occupied by the ribosome upon translation initiation includes the 
RBS and an extensive 30-nt region.  
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   Canonical Mechanism: sRNAs Competing with Ribosome-Binding Sites 

 Bacterial sRNAs typically repress translation of target mRNAs by pairing directly 
to the SD sequence or its fl anking sites encompassing sequences extended to the 
fi fth codon of the ORF (−20 to +15 relative to the translational start site AUG) and 
blocking ribosome access, leading to translation inhibition and the concomitant 
decay of mRNA [ 106 ].  

   Noncanonical Mechanisms: Targeting Elements Outside of RBS 

 Several noncanonical mechanisms of sRNA-induced translation repression have 
been recently described, including transcriptional blocking through occlusion of 
ribosome standby sites, upstream leader ORFs, and translational enhancers [ 126 ]. 
Additionally, Hfq recruited by sRNAs can bind at the RBS of an mRNA and thus 
inhibit ribosome loading, in which sRNAs act as indirect translational repressors [ 127 ].  

   Translation Repression by Degrading Target mRNA 

 It is thought that sRNAs act primarily by repressing translation and that many 
sRNAs only block translation without directly infl uencing mRNA decay. However, 
some sRNA-mRNA base pairing leads to mRNA decay instead of translational inhi-
bition [ 128 ]. Moreover, translational repression by sRNAs is often helped by rapid 
mRNA decay to remove target mRNA and make repression irreversible. In  E. coli , 
this degradation is usually achieved by the action of RNase III or the RNase 
E-containing RNA degradosome [ 129 ]. Those mRNAs base pairing with sRNAs 
lose the protection from translating ribosomes and become more sensitive to RNase 
attacks. Interestingly, it has shown that Hfq is able to recruit the RNA degradosome 
by interacting with the C-terminal region of RNase E, which functions as an assem-
bly scaffold [ 125 ]. RNase E recruitment could actively stimulate nucleolytic attacks 
on the target mRNA due to an indirect effect of mRNA translation inhibition, which 
contrasts with the simple and passive model of RNase E recruitment. 

 In contrast with the view that sRNA-induced mRNA degradation is regarded as 
a consequence of translation repression, an alternative theory proposed that mRNA 
degradation mediated by certain sRNAs is independent of translation repression. 
This model is exemplifi ed by the sRNA MicC, which promotes RNase E-dependent 
cleavage in the coding sequence of  ompD  mRNA but does not affect its translation 
[ 122 ]. The long-distance downstream of the start codon excludes the possibility of 
competition with initiating ribosomes.   

8.2.2.2.2    Target Activation 

 As mentioned above, sRNAs commonly sequester the 5′ UTR of target mRNAs and 
thus often repress their targets. However, more and more examples of sRNA- 
mediated translation activation and mRNA stabilization have now been documented. 
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The mechanisms underlying target activation are distinct from target repression 
mentioned above. The sRNAs can interact with the 5′ UTR, the coding sequence, or 
the 3′ UTR of the target mRNAs and promote translation or stabilize target mRNAs 
[ 130 ]. RNases and Hfq are frequently required for translational activation. 
Interestingly, a given sRNA can function as a dual-function regulator that causes 
activation and repression of different mRNA targets. 

   Translational Activation by Improving mRNA Accessibility to Ribosomes 

 Most commonly, sRNAs activate target mRNA translation by an anti-antisense 
mechanism in which an intrinsic mRNA secondary structure covering the RBS is 
disrupted by sRNA-mRNA base pairing. This base pairing interaction exposes the 
mRNA RBS improving mRNA accessibility to ribosomes and thus prevents the 
formation of a translation-inhibitory structure and enhances mRNA translational 
initiation. In addition, sRNA-mediated mRNA activation is also enhanced via an 
mRNA-processing event. For example, a stem-loop structure is formed with the 
long 5′ UTR of the  colA  mRNA covering the SD sequence and inhibiting translation 
in  Clostridium perfringens . The sRNA VR-RNA base pairing with  colA  mRNA 
elicits mRNA processing by removing the upstream portion of the stem-loop. The 
processed  colA  mRNA is consequently more accessible to ribosomes [ 131 ].  

   Translational Activation by Interfering with Ribonucleolytic Decay 

 In contrast to translational activation that occurs through increasing accessibility of 
an mRNA’s RBS, certain sRNAs base pair with their target mRNAs and induce 
translational activation by directly adjusting mRNA susceptibility to ribonucleo-
lytic degradation [ 130 ]. For instance, a protein-coding mRNA is susceptible to 
nuclease-mediated decay. Base pairing between antisense sRNAs and target mRNA 
alters their secondary structures and protects them from RNase E-mediated decay.     

8.2.3     Posttranscriptional Gene Regulation in  Y. pestis  

  Y. pestis  must acclimatize itself to diverse environmental conditions during its com-
plex life cycle by modulating gene expression of metabolic genes, cell surface 
genes, and virulence factors. Small RNAs allow bacteria to rapidly adjust to the 
changing conditions [ 32 ]. More than 300 sRNAs identifi ed by RNomics and deep 
sequencing facilitate the study of posttranscriptional mechanisms of gene regulation 
in  Y. pestis  [ 132 – 136 ]. Posttranscriptional regulation and its underlying role in viru-
lence and host adaptation are beginning to be addressed in this pathogen over the 
past few years [ 137 ,  138 ]. 

Y. Han et al.



243

8.2.3.1     Global Identifi cation of Candidate sRNAs in  Y. pestis  

 Initially, 1478 potential sRNAs were computationally predicted in  Y. pestis  based on 
gene homology, secondary structure, genomic position, and conservation [ 139 ]. 
Many efforts have been performed to globally discover expressed sRNA candidates 
in  Y. pestis  grown in vitro and in vivo using RNomics or RNA sequencing [ 132 –
 136 ]. Five reports by three research groups have identifi ed 354 sRNAs expressed in 
 Y. pestis  and/or  Y. pseudotuberculosis  with approximately one third of sRNAs vali-
dated by Northern blot or quantitative PCR [ 137 ]. The expression and Hfq depen-
dence of sRNAs were similarly reported to differ in  Y. pestis  grown under different 
growth conditions [ 132 – 136 ]. Koo et al. fi rst identifi ed 150 Ysrs ( Yersinia  small 
RNAs) in  Y. pseudotuberculosis  grown in vitro at 26 or 37 °C, of which 144 
sequences are present in the  Y. pestis  CO92 genome, and 32 sRNAs are homologous 
with the previously annotated sRNAs in  E. coli  and  Salmonella  [ 132 ]. Further 
investigation by the Lathem group revealed another 63 sRNA candidates expressed 
in  Y. pestis  strain CO92 grown in rich medium to different growth phases [ 135 ] and 
31 sRNAs in  Y. pestis  strain KIM6+ [ 134 ]. The Yang research group identifi ed 43 
and 104 sRNAs in enzootic  Y. pestis  strain 201 grown under various growth condi-
tions in vitro and/or within mice lungs and spleens by using RNomics and RNA 
sequencing, respectively [ 133 ]. An unexpectedly low overlap was found between 
these studies. The discrepancy is likely explained by the use of different strains, 
growth conditions, library sequencing, and analysis pipelines. For example, fi ve 
sRNAs (sR028, sR041, sR050, sR066, and sR070) have been recently re-annotated 
as 5′ UTRs [ 140 ].  

8.2.3.2     Posttranscriptional Regulatory Factors with Assigned Functions 
in  Y. pestis  

 Here, we will summarize the progress on dozens of key posttranscriptional regula-
tory factors with assignable functions in  Y. pestis  (Table  8.1 ). The posttranscrip-
tional regulators of  Y. pestis  include RNA-binding proteins, RNases,  trans -acting, 
and thermosensing sRNAs.

8.2.3.2.1      Hfq 

 The RNA chaperone Hfq is a central hub of sRNA-mediated regulation and has 
been shown to be essential for bacterial physiology and pathogenesis [ 114 ,  120 ]. 
Mutation of  hfq  typically confers pleiotropic phenotypes presumably by affecting 
outer membrane biogenesis, protein secretion, virulence gene expression, and gen-
eral stress response pathways [ 120 ]. Hfq is a pleiotropic regulator of gene expres-
sion involved in  Y. pestis  stress resistance, intracellular survival, and pathogenesis 
[ 141 ]. In addition, Hfq is also required for biofi lm formation by modulating intra-
cellular levels of c-di-GMP [ 142 ,  143 ]. Deletion of  hfq  signifi cantly impairs the 
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ability of  Y. pestis  to resist phagocytosis and survive within macrophages at the 
initial stage of infection. Furthermore, the  hfq  deletion mutant is highly attenuated 
in a mouse infection model. Approximately half of characterized sRNAs require 
Hfq to facilitate the formation of sRNA-target mRNA duplexes. Therefore, the phe-
notypes observed in the absence of  hfq  might be attributable to many pairs of Hfq- 
dependent sRNAs that regulate critical factors required for physiology and 
pathogenesis (Fig.  8.4 ). Transcriptomic analysis showed that 243 genes belonging 
to 13 functional classes were regulated upon  hfq  mutation, in which approximately 
23 % are known or hypothesized to be involved in stress resistance and virulence. 

   Table 8.1    Posttranscriptional regulators with assigned physiological roles in  Y. pestis    

 Name  Known defi nition  Direct targets 
 Regulatory roles in  Y. 
pestis   References 

 Hfq  RNA chaperone, 
pleiotropic 

 Multiple 
mRNA and 
sRNA targets 

 Participates in 
environmental stress, 
intracellular survival, and 
pathogenesis 

 [ 136 ] 

 Functionally coordinated 
with CRP protein 

 [ 65 ] 

 CsrA  Global carbon 
storage regulator 

 CsrB and CsrC  Enhances biofi lm 
production perhaps via 
cyclic diguanylate 
regulation 

 [ 164 ] 

 SsrA/tmRNA   Trans -translation 
regulator 

 SmpB  Modulates pathogenesis 
partially by regulating the 
expression of YopB, 
YopD, and LcrV proteins 

 [ 150 ] 

 RyhB  Regulator of iron 
homeostasis 

 Dozens of 
mRNA 
transcript 
n sodB , 
 sdhCDAB , etc. 

 Two RyhB homologues 
tightly regulated by iron, 
Fur, and Hfq 

 [ 153 ] 

 GcvB  Regulator of the 
peptide transport 
systems 

  dppA  and  oppA  
transcript 

 Activated by GcvA and 
repressed by GcvR; 
involving in bipeptide 
transport 

 [ 154 ] 

 FourU  Thermosensor   lcrF  transcript  Thermosensing 
conformational changes of 
the fourU thermosensor 
alter the translational 
initiation of  lcrF  and thus 
elicits  Y. pestis  virulence 

 [ 157 ] 

 Ysr141  Unknown   yopJ  transcript  An intergenic sRNA 
encoded by pCD1 

 [ 135 ] 

 HmsB  Biofi lm regulator   hmsP  
transcript? 

 Modulates biofi lm 
production by regulating 
the expression of DGC 
and PDE enzyme 

 [ 35 ] 
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These include the plasminogen activator protease gene  pla , the F1 antigen gene 
 caf1 , the diguanylate cyclase gene  hmsT , and half of the genes of the T3SS [ 141 ]. 
Schiano et al. also present detailed information demonstrating that Hfq is involved 
in posttranscriptional regulation of the T3SS in  Y. pestis  [ 135 ]. Dozens of known or 
novel sRNAs have been demonstrated to be Hfq dependent or not in  Y. pestis  or  Y. 
pseudotuberculosis  [ 132 ,  134 ,  135 ].

8.2.3.2.2       RNases 

 RNA degradation is indispensable for normal intracellular metabolism in bacteria. 
In  E. coli , a multienzyme assembly termed the RNA degradosome is important for 
mRNA decay and processing. Two of the principal components are ribonuclease E 
(RNase E) and polynucleotide phosphorylase (PNPase) [ 144 ]. Targeted mRNA 
decay determined by sRNAs plays a crucial role in the posttranscriptional regula-
tion of gene expression. Accessibility of target mRNAs to sRNA results in target 
degradation of the sRNA-mRNA duplex, usually with the help of Hfq. Deletion of 
the  rne  gene-encoding RNase E is lethal in  Y. pestis  [ 145 ]. RNase E and PNPase 
have also been shown to be involved in T3SS regulation [ 146 ,  147 ].  

8.2.3.2.3    sRNA 

 Less than 20 % of sRNA candidates were identifi ed by more than one study in a 
group of several studies on the identifi cation of  Y. pestis  sRNAs [ 138 ]. Expectedly, 
most of these overlapping species were previously annotated sRNAs. While the 
functions of many known sRNAs conserved in  E. coli  and/or other pathogens have 
been generally inferred and validated during physiological and pathogenic pro-
cesses, the majority of novel sRNAs remain a mystery in  Y. pestis . Here, we will 
focus on those sRNAs, which regulate  Y. pestis  physiology and/or pathogenesis. 

  Fig. 8.4    Hfq-regulated stress- and virulence-associated genes and their potential functional 
consequences       
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   Maintaining Cellular Homeostasis 

  Trans -translation is a unique process found in a bacterial quality control pathway 
that contributes to the release of stalled ribosomes [ 148 ]. SsrA RNA functions as 
both a tRNA and mRNA and is therefore also known as tmRNA, which is a key 
molecule in  trans -translation. SsrA is a unique component of the bacterial transla-
tional control system that resolves ribosomes stalled on defective mRNAs that lack 
stop codons. SmpB protein may recognize the tRNA-like domain of SsrA and 
deliver it to target stalled ribosomes [ 149 ]. The deletion of  smpB-ssrA  signifi cantly 
attenuates the deadly pathogen upon mouse infection via both the intranasal and 
intravenous routes partially due to the inhibition of T3SS-related proteins (YopB, 
YopD, and LcrV) [ 150 ]. The  ssrA- defi cient strain is a potential vaccine candidate 
since a strong antibody response was induced upon intranasal inoculation with the 
 ssrA  mutant, and the vaccinated animals were well protected against pneumonic 
plague [ 150 ]. 

 RyhB, an sRNA conserved in  Enterobacteriaceae , accounts for the posttran-
scriptional regulation of several genes mainly responsible for iron homeostasis 
[ 151 ]. It is tightly regulated by the ferric uptake regulator (Fur) and interacts with 
the RNA chaperone Hfq [ 151 ,  152 ]. It is also involved in other cellular processes 
such as bacterial growth, biofi lm formation, chemotaxis, and acid resistance.  Y. pes-
tis  encodes two RyhB homologues (RyhB1 and RyhB2) that are located on different 
chromosomal loci [ 153 ]. Both RyhBs are detected in the lungs of mice infected with 
 Y. pestis , suggesting that RyhB is likely to play a role in iron acquisition during the 
progression of pneumonic plague in mice. However, the  ryhB  mutant shows no 
discernable effects on virulence within the host following subcutaneous or intrana-
sal infection, perhaps due to a redundancy in iron uptake systems [ 153 ]. 

  Yersinia pestis gcvB  encodes two sRNAs that repress expression of  dppA , which 
encodes a periplasm-binding protein component of the dipeptide transport system 
[ 154 ]. The  gcvB  sRNA is activated by GcvA protein and repressed by GcvR protein. 
Deletion of  gcvB  altered the growth rate and colony morphology of  Y. pestis , sug-
gesting that GcvB might function as a global regulator [ 154 ]. The pleiotropic phe-
notypes of the  Y. pestis gcvB  mutant might be attributed to differential expression of 
specifi c genes regulated by GcvB RNA. More direct targets of GcvB in addition to 
 dppA  remain to be found in  Y. pestis .  

   Targeting the Virulence Factor T3SS 

 The plasmid pCD1-borne type III secretion system (T3SS) in  Yersinia pestis  is com-
mitted to produce effector proteins and translocate across membranes of cells of a 
eukaryotic host and is essential for mammalian infection [ 155 ]. Transcriptional 
regulation of T3SS has been widely studied, while the roles of posttranscriptional 
regulation have recently begun to be recognized as well. 

 RNA thermosensors regulate transcriptional activators to promote optimal infec-
tion programs in bacterial pathogens. LcrF is a transcriptional activator of T3SS 
genes in  Y. pestis  [ 156 ]. A fourU RNA thermometer located in the 5′ UTR of  lcrF  
allows ribosomes to access or sequesters the RBS at different temperatures. 
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Specifi cally, a fourU thermosensor in the 5′ UTR of  lcrF  forms a double stem-loop 
structure, which represses mRNA translation at 26 °C. Upon hairpin melting at 
37 °C, the SD is liberated, allowing translation initiation to occur [ 157 ]. At the body 
temperature of warm-blooded hosts (37 °C), translational initiation of  lcrF  results 
in differential synthesis of YscW and LcrF protein and further elicits  Y. pestis  viru-
lence [ 157 ]. 

 An unstable sRNA, Ysr141, is encoded on the opposite strand within the inter-
genic region between  yopH  and the gene YPCD1.68c derived from the pCD1 plas-
mid. It is shown to interact with a 34-nt site of the  yopJ  5′ UTR and thus activate 
synthesis of the YopJ protein [ 135 ].  

   Regulating the Transcriptional Regulator CRP 

 CRP regulates a large number of genes including many crucial virulence genes 
(such as  pla  and T3SS) as a global transcriptional regulator upon catabolite repres-
sion in  Y. pestis  [ 86 ]. Hfq contributes to positive regulation of  crp  at the posttran-
scriptional level at normal physiological temperature. Hfq might regulate CRP 
expression by recruiting sRNA to the 5′ UTR of the  crp  mRNA [ 91 ]. 
Posttranscriptional regulation is necessary for the expression of  pla  and thus for 
primary pneumonic plague infection. Evidence that the growth defect due to  hfq  
deletion can be partially restored by CRP synthesis hints that Hfq and CRP are 
functionall y coordinated during  Y. pestis  infection [ 91 ].  

   Modulating Cellular Skeletons 

 Many other sRNAs (GlmY/GlmZ, MicF/MicC, and SgrS) have also been identifi ed 
in  Y. pestis  by RNA sequencing and/or bioinformatic analysis. They have been char-
acterized to modulate the cytoskeleton in  E. coli  and many other bacteria. Further 
efforts should be made to identify their mRNA targets and evaluate their precise 
functions in  Y. pestis  pathogenesis and physiology.  

   Regulating Biofi lm Formation 

 Biofi lms are known as complex communities of bacterial cells covered with a self- 
produced exopolysaccharide matrix (EPS). Biofi lm formation is helpful for block-
ing the foregut of fl eas during  Y. pestis  transmission [ 158 ,  159 ]. Cyclic diguanylate 
(c-di-GMP), an important bacterial second messenger, is central to the mechanism 
of posttranscriptional regulation of biofi lm formation [ 159 ]. Cellular c-di-GMP is 
synthesized by diguanylate cyclase (DGC) enzyme and degraded by phosphodies-
terase (PDE) enzyme, respectively.  Y. pestis  contains 10 genes encoding DGCs and 
PDEs in its genome [ 159 ,  160 ]. In addition, adhesive and aggregative factors such 
as pili, fl agella, fi mbriae, cell surface, and exopolysaccharides are produced to con-
stitute the biofi lm extracellular matrix [ 161 ]. 

 A recent study showed that Hfq has an impact on intracellular c-di-GMP levels 
in  Y. pestis  by regulating the abundance of both HmsP (PDE) and HmsT (DGC), 
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which further elicits the biofi lm formation process [ 142 ]. Hfq contributes to the 
regulation of HmsP at the transcriptional level, while HmsT is directly regulated via 
Hfq at the posttranscriptional level [ 142 ]. Many sRNAs participate in biofi lm regu-
latory networks at the posttranscriptional level by base pairing with target mRNA or 
binding to protein and thus infl uencing the expression or activity of transcriptional 
regulators essential for biofi lm developmental processes [ 162 ]. 

 HmsB RNA (previously called sRNA035) has been recently identifi ed as a bio-
fi lm regulator [ 35 ]. The  hmsB  mutant has a reduced ability to form biofi lm, perhaps 
resulting from decreased c-di-GMP production. Fang et al. also demonstrated that 
HmsB positively regulates the expression of DGC enzyme but negatively regulates 
the expression of PDE enzyme [ 35 ]. However, the exact molecular interactions of 
HmsB with its mRNA targets involved in biofi lm formation remain to be elucidated. 

 CsrA is well known to inhibit biofi lm formation in  E. coli  by regulating glycogen 
synthesis [ 163 ]. In contrast, it has recently been shown that CsrA stimulates  Y. pes-
tis  biofi lm production independent of glycogen formation [ 164 ]. CsrA did not affect 
the relative abundance of  hmsH ,  hmsP ,  hmsT , or cyclic diguanylate production. But 
interestingly, the excessive biofi lm production of the  csrA  mutant was restored upon 
the deletion of  hmsP , suggesting CsrA might enhance biofi lm formation through 
c-di-GMP regulation [ 164 ].      

8.3     Perspective 

 The abundance of 50 % of all identifi ed sRNAs has been recently shown to be 
affected by the transcriptional regulator CRP in  Y. pseudotuberculosis  [ 140 ]. 
Pathogenicity mechanisms have been extensively studied in  Y. pestis , which deepen 
our understanding of virulence and fi tness-related factors essential for establishing 
an infection. Information on the great amount of sRNAs is available in  Yersinia , 
which promotes opportunities to reveal the mechanisms of sRNA-mediated post-
transcriptional regulation. However, we are far from completely elucidating the 
concerted networks of transcriptional and posttranscriptional regulation implicated 
in  Y. pestis  pathogenesis. Further efforts should be made to illuminate the posttran-
scriptional regulatory mechanisms in vivo and to reveal the relationships between 
transcriptional regulators and regulatory sRNA-Hfq protein complexes in detail.     
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    Chapter 9   
  Yersinia pestis  in the Age of Big Data                     

     Ruifu     Yang      and     Vladimir     L.     Motin    

    Abstract     As omics-driven technologies developed rapidly, genomics, transcrip-
tomics, proteomics, metabolomics and other omics-based data have been accumu-
lated in unprecedented speed. Omics-driven big data in biology have changed our 
way of research. “Big science” has promoted our understanding of biology in a 
holistic overview that is impossibly achieved by traditional hypothesis-driven 
research. In this chapter, we gave an overview of omics-driven research on  Y. pestis , 
provided a way of thinking on  Yersinia pestis  research in the age of big data, and 
made some suggestions to integrate omics-based data for systems understanding of 
 Y. pestis .  

  Keywords      Yersinia pestis    •   Big data   •   Omics-driven research  

9.1       The Age of Big Data 

 The well-known company, McKinsey, was the fi rst to propose the term “big data” 
because data has been widely employed when describing all walks of life and has 
become an important factor of production. In facing the sea of data, new methods to 
glean the most important pieces of information to guide our decision-making and 
activities in daily life will promote a new wave of data-based objectives. In the era 
of big data, it is sometimes easier to make all decisions based on objective analysis 
of massive data, rather than using intuitive insight. 

 There is no commonly accepted defi nition of big data. At the beginning of the 
proposal, we understood this term to mean a dataset. However, we soon recognized 
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that this term indeed changed our way of doing things. We gradually expanded this 
term from “dataset” to “process” because we do not only need to analyze and under-
stand the dataset itself but also the whole process utilized to generate the dataset. 
This ensures better decision making and comprehension of the whole picture. Below 
are two defi nitions of big data in order to give the readers a better idea of term from 
different angles. 

 According to the McKinsey Global Institute’s defi nition [ 1 ],  “Big Data” refers 
to datasets whose size is beyond the ability of typical data-base software tools to 
capture, store, manage, and analyze. This defi nition is intentionally subjective and 
incorporates a moving defi nition of how big a dataset needs to be in order to be 
considered Big Data – i.e., we don’t defi ne Big Data in terms of being larger than a 
certain number of terabytes (thousands of gigabytes). We assume that, as technol-
ogy advances over time, the size of datasets that qualify as Big Data will also 
increase. Also note that the defi nition can vary by sector, depending on what kinds 
of software tools are commonly available and what sizes of datasets are common in 
a particular industry. With those caveats, Big Data in many sectors today will range 
from a few dozen terabytes to multiple petabytes (thousands of terabytes).  

 According to Gartner’s IT glossary [ 2 ],  Big Data is high-volume, high-velocity 
and high-variety information assets that demand cost-effective, innovative forms of 
information processing for enhanced insight and decision making.  

 According to Kalyvas and Overly’s book [ 3 ],  Big Data is a process to deliver 
decision-making insights. The process uses people and technology to quickly ana-
lyze large amounts of data of different types (traditional table structured data and 
unstructured data, such as pictures, video, email, transaction data, and social media 
interactions) from a variety of sources to produce a stream of actionable 
knowledge.  

 The distinguishing characteristics of big data are “three Vs,” volume (amount of 
data), velocity (the speed of processing and the pace of change to data), and variety 
(sources of data and types of data), which are the most notable features distinguish-
ing big data from traditional data [ 3 ]. 

 Massive data has already profoundly revolutionized the academic world. In the 
past, most of research was conducted via hypothesis-driven thinking, and problems 
were solved step by step. In contrast, big data-based research is based on objective 
data, and the relationship between different datasets is discovered by bioinformatics 
analysis. Big data-based research is a kind of holistic investigation, intending to 
reveal the complex biological activities as a whole picture. In the fi eld of medicine, 
never before has the role of informatics been so crucial for clinical diagnosis and 
treatment. Effective application of big data in clinics has promoted the development 
of personal medicine or precision medicine [ 4 – 8 ] and also P4 (predictive, preven-
tive, personalized, and participatory) medicine [ 9 ]. 

 In the fi eld of infectious diseases, big data provided unprecedented opportunities 
for global infectious disease surveillance [ 10 ]. For instance, the Google team has 
successfully employed search engine data to forecast seasonal outbreaks of infl u-
enza [ 11 – 15 ], which was a great step in infectious disease forecasting without using 
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any disease surveillance data. If the surveillance data and genome data were inte-
grated in their predicting model, the forecasting accuracy would increase. 

 In the age of omics, it is easy for us to acquire massive data of genomics, pro-
teomics, transcriptomics, metabolomics, interactomics, phenomics, and other 
omics-based research. For zoonosis, we can also correlate the relevant environmen-
tal, ecological, surveillance, and other data together for fi nding more interesting 
clues to understand life in nature [ 16 ]. 

 Big data or massive data is a relative term without the criterion of data volume. 
For investigators involved in biological research, we have different origins of data 
and face challenges during data analysis [ 17 ]. Sometimes too much data is not the 
ideal choice for solving an issue because it instead results in a complex network that 
is diffi cult to decipher [ 18 ]. The challenges of the big data era span generation of the 
data, novel analysis strategies, data sharing and use, etc., which explains the urgent 
need for development of new approaches to cope with the big data revolution [ 19 ]. 
To take full advantage of what big data can provide, interdisciplinary scientists are 
critical and must work together to overcome the hurdles associated with massive 
data. Big data building requires computer scientists, while statisticians and mathe-
maticians play critical roles in data modeling. Biologists, epidemiologists, ecolo-
gists, geologists, etc., are also indispensible to understand the mechanisms of life in 
nature. Therefore, big data can help to solve complex problems only with the par-
ticipation of large teams of experts from different disciplines.  

9.2     Technologies for Big Data Production 

 High-throughput omics technologies (e.g., genomics, transcriptomics, proteomics, 
metabolomics, interactomics, phenomics, lipidomics, and beyond) produce massive 
data in a speed unimaginable previously [ 17 ,  20 ]. 

 The advent of next generation sequencing (NGS) technology is a kind of high- 
throughput DNA sequencing technology using strategies different from the tradi-
tional Sanger-based sequencing method [ 21 ]. The 454 Genome Sequencing System 
(Roche) and the SOLiD (Applied Biosystems, ABI), Solexa (Illumina), and Ion 
Torrent (Life Technologies) sequencing methods belong to the second-generation 
sequencing technology. These technologies can perform thousands to billions of 
sequencing reactions in parallel without the need of a fragment cloning library and 
can produce numerous reads covering whole genome at an unprecedented speed. 
The third-generation single-molecule sequencing technology (the PacBio RS sys-
tem from Pacifi c Biosciences) employs the single-molecule, real-time (SMRT) 
DNA sequencing technology, which can achieve long reads up to 8500 bp and can 
also directly identify epigenetic modifi cations of DNA methylation [ 22 ,  23 ]. 
Nanopore-based sequencer (Oxford MinION) was described as the fourth- 
generation DNA sequencing technology in literature, which showed promise in 
lowering sequencer’s size and sequencing price [ 24 ,  25 ]. 
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 Transcriptome refers to a subset of genes transcribed in any given organism 
under a specifi c condition. It is the fi rst step to execute a gene’s function, linking 
between the genome, the proteome, and the cellular phenotype [ 20 ]. Transcriptome- 
wide RNA sequencing (RNA-seq) is a powerful technique to obtain data for all 
expressed RNAs in a bacterial population or in a single cell, including noncoding 
RNAs, which is transcriptomics [ 26 ]. 

 Proteome refers to all proteins of a given organism at a specifi c condition, which 
could be identifi ed by using mass spectrometry either qualitatively or quantitatively. 
Proteomics identifi es and quantifi es the entire proteome of an organism and inter-
prets the proteins’ biological functions [ 27 ]. 

 Metabolomics aims to achieve high-throughput identifi cation, quantifi cation, 
and characterization of endogenous and exogenous metabolites for a holistic inter-
pretation of biological systems [ 28 ,  29 ], usually using  1 H-NMR, UHPLC/MS/MS 2  
(ultrahigh-performance liquid chromatography-tandem mass spectrometry), UPLC/
ESI-SYNAPT-HDMS (ultra-performance liquid chromatography/electrospray ion-
ization – SYNAPT – high-defi nition mass spectrometry), and UPLC-Q-TOF- 
HDMS analyses [ 29 ]. 

 All cellular processes require protein-protein interactions, which is fundamental 
for many areas of biochemical and biomedical research [ 30 ]. During bacterial 
pathogenesis, pathogenic bacteria invade the host, and the host will eliminate them 
by innate or acquired immunity. This pathogen-host interaction was studied using 
traditional techniques in the past, which revealed dynamic interactions between a 
single protein or multiple proteins from a bacterium and host protein(s). This 
approach can only help us understand the bacterial pathogenesis ex parte. We now 
can use high-throughput technologies to study the interactome between a bacterial 
pathogen and the host. 

 Pathogen-host   interactomes     attempt to systematically identify interaction net-
works among pathogen proteins and host proteins [ 31 – 33 ] and can be studied by 
mass spectrometry and systematic yeast two-hybrid (Y2H) screening [ 32 ]. For 
instance, a  Yersinia pestis -human protein interaction network was identifi ed by 
Y2H system in combination with the previously published interactions [ 34 ]. 

 Lipidomics investigates the structural and functional complexity of lipids in bio-
logical systems to answer biological questions associated with lipid metabolism. 
Liquid chromatography and mass spectrometry are the two most commonly used 
analytical approaches [ 35 ,  36 ]. 

 Phenomics globally and systematically reveals cellular phenotypes, which 
closely associates with the genotypes and environmental context [ 37 ]. Phenotype 
MicroArray (PM) technology has been applied to characterize different groups of 
microorganisms in a high-throughput manner [ 38 ]. This platform can analyze nearly 
2000 phenotypes together in one experiment if all the preformulated 96-well micro-
plates are used. It could be used for comparing a wild-type strain and mutant of a 
bacterium. However, depending on the bacteria tested, one must carefully select the 
suitable carbon source in metabolic experiments, the dye mix, and the buffered 
medium. The proper statistical software must also be used to analyze the massive 
data [ 37 ]. 
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 All the omics technologies mentioned above have been widely used and have 
produced massive data for our understanding of certain key scientifi c questions, 
such as bacterial evolution and pathogenicity. Unfortunately, until now this type of 
analysis has not been reported for a bacterium using all available omics data to sys-
tematical uncover a key issue. For  Y. pestis , genomics, transcriptomics, proteomics, 
and interactomics have all been applied to answer different questions. For example, 
our group applied these omics strategies to a  Microtus  strain 91001 for systemati-
cally understanding its microevolution and virulence. However, there still lacks par-
allel systematic research on other strains for comparison. Although we have done 
some work to try to holistically describe the unique features of  Y. pestis , we still face 
the major challenge of how to integrate these omics data in order to systematically 
extract fascinating details for further study. In summary, application of omics tech-
nologies to  Y. pestis  is a good start for understanding this deadly pathogen’s micro-
evolution, unique lifestyle, and virulence.  

9.3     Omics Research for  Yersinia pestis  

 As mentioned above, through various omics-based research, we can acquire mas-
sive data for dynamically comprehensive and quantitative analysis of the interac-
tions between all of the components in a bacterium, which is the goal of systems 
microbiology. Although we have performed genomic, transcriptomic, proteomic, 
and metabolomic studies on  Y. pestis , we still cannot obtain a holistic view on its 
physiological, pathogenic, or evolutionary phenomena. Currently, there are several 
strains (CO92, KIM, and 91001) of  Y. pestis  used as a model to study various fea-
tures of this pathogen. Due to its high-risk nature as a bioterrorism agent, most labo-
ratories use attenuated strains to study  Y. pestis  in the laboratory. The current 
published data generated via omics-based research involve different  Y. pestis  strains 
subjected to a wide variety of conditions, such as different culture media and condi-
tions, diverse environmental cues, multiple animal models with different infectious 
routes, and even various types of analyzing technologies. Our group made the fi rst 
attempt to apply a multi-omics system approach to cross investigate temporal tran-
scriptomic, proteomic, and metabolomic data of  Y. pestis  epidemic strain CO92 
with  Y. pestis  nonepidemic strain Pestoides F and  Yersinia pseudotuberculosis  
PB1 in parallel sample-matched experiments [ 39 ,  40 ]. This use of multiple patho-
genic  Yersinia  strains in a single study coupled with a computational network mod-
eling, as well as comparative analysis of similar data on  Salmonella , allowed for the 
prediction of genes putatively involved in core pathogenic processes important for 
virulence mechanisms of  Yersinia  species [ 41 ]. Nevertheless, the massive volume of 
data obtained from this study still requires additional analysis and verifi cation of 
major key points to gain further insight into  Y. pestis  physiology, virulence, and 
evolution. 
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9.3.1     Genomics 

 Genome sequencing became signifi cantly easier with the advance of next genera-
tion sequencing technologies. Identifi cation of complete genome sequences will 
unravel the minor differences of  Y. pestis  isolates from different plague foci by 
analyzing the single nucleotide polymorphisms (SNPs) and other genetic variations, 
such as variable number tandem repeats (VNTRs), clustered regularly interspaced 
short palindromic repeats (CRISPRs), small insertions and deletions (INDELs), 
gene acquisition/loss, etc. In Chap.   6    ,  Y. pestis  genome sequence variations and 
evolution are described in detail. Here, we will summarize the trends of  Y. pestis  
genome sequencing for understanding its evolution and virulence. 

 First, more whole genome sequences are needed from different foci around the 
world for full understanding of this pathogen’s evolution. The genome sequences of 
 Y. pestis  from Eurasia region, South Asia, and Africa are needed, in particular, for 
constructing a comprehensive phylogenetic tree of  Y. pestis  [ 42 ,  43 ], which can be 
used to reveal the path of  Y. pestis  evolution. Second, the sequencing of ancient 
DNA from the buried remains of individuals suspected to have died from plague has 
unraveled historical events surrounding plague outbreaks, including the three pan-
demics. Sequencing of additional ancient DNA samples from Asia, Eurasia, Africa, 
and America would be ideal so that we could reconstruct the evolutionary history of 
 Y. pestis . Third, the third generation of sequencing technology, such as the PacBio 
sequencing, has been successfully applied to obtain complete bacterial genomes. 
This will allow the in-depth study of bacterial populations. Moreover, we need to 
obtain more fi nished sequences of  Y. pestis  isolates for analysis of genetic variations 
other than SNPs. This way, we can systematically map all kinds of polymorphisms 
onto the SNPs-based phylogenetic tree for fully understanding the role of different 
variations in  Y. pestis  microevolution. In addition, we can also correlate the pheno-
typic and ecological data with the tree for understanding of its functional evolution. 
Fourth, epigenetic modifi cations of the  Y. pestis  genome should be investigated with 
correlates to phenotypes. This will illustrate the fi ne adjustments that the  Y. pestis  
microbe utilizes to adapt to varying environmental conditions. Finally, a genomic 
polymorphism database is needed for both basic research and microbial forensics. 
After obtaining genome sequences of  Y. pestis  isolates from around the globe, we 
will be in a position to develop an internationally shared database for the purposes 
mentioned above. Moreover, due to the potential bioterrorism/bioweapon potential 
of this pathogen, the development of such a database for international sharing is not 
only a scientifi c issue but is also a political decision. Nevertheless, it is the respon-
sibility of scientists to facilitate this database-building process.  
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9.3.2     Transcriptomics 

 Transcriptomic research pertaining to the virulence network of  Y. pestis  has been 
reviewed comprehensively [ 17 ]. Here, we will provide a brief summary of the key 
points of  Y. pestis  transcriptomic studies. 

 The microarray-based and RNA-seq-based transcriptomics techniques are the 
main tools for investigating  Y. pestis  virulence, metabolism, and gene regulation. 
For understanding  Y. pestis  lifestyle and environmental modulation of global gene 
expression, microarray-based expression data were used to dissect bacterial adapta-
tion to various environment conditions [ 17 ], including temperature alteration, 
increased osmolarity, ion defi ciency, antibiotic treatment, oxidative and acidic 
stresses, antibacterial peptide treatment, as well as nutrition limitation. In addition, 
the expression profi les were analyzed using a microarray-based method for  Y. pestis  
in cell line infection and animal challenge models. 

 RNA-seq technology can provide a better signal-to-noise ratio compared to 
microarray-based approaches. Using this technology, novel sRNAs have been iden-
tifi ed in  Y. pseudotuberculosis  and the most of them were closely related to  Y. pestis . 
One of the sRNA has been preliminarily confi rmed to play a role in pneumonic 
plague. In our laboratory, we applied RNomics to  Y. pestis  and found 43 highly 
abundant sRNAs under multiple environmental cues; some of them might play criti-
cal roles in pathogenesis and adaptability [ 17 ]. 

 Host responses to  Y. pestis  infection have been studied using the transcriptomic 
strategy as well [ 44 ]. Das et al. fi rst applied cDNA microarray to study the transcrip-
tomic responses of cultured macrophage-like cells to  Y. pestis  infection [ 45 ], pro-
viding mechanistic insights to understanding some of the symptoms induced by this 
pathogen. Several reports subsequently described rodent responses to  Y. pestis  
infection using gene chip technologies [ 46 – 48 ], including Affymetrix GeneChip 
mouse and rat genome arrays. The analysis of patterns of up- or downregulated 
genes, including genes relating to immune functions, cytoskeletal structure, apopto-
sis, cell cycle, and protein degradation helped in understanding the host responses 
to  Y. pestis  bubonic infection. The in vivo transcriptional responses to pneumonic 
plague were also revealed using mouse PancChip [ 49 ]. Another study also com-
pared in vivo transcriptional responses in mouse organs using pneumonic plague 
model after infection with wild-type CO92 and its Braun lipoprotein mutant [ 47 ]. 
The most abundant responses were found in liver and lungs; however, the spleen, 
which was traditionally thought as main invading organ by  Y. pestis , demonstrated 
relatively lower transcriptional responses at different times postinfection [ 49 ]. 

 From the studies mentioned above and in the previous review [ 17 ], we can con-
clude that transcriptomics can provide a lot of information about responses of  Y. 
pestis  to different environmental cues at the RNA expression level, including condi-
tions found during animal infection. Currently, the transcriptomic approach offers 
the vast majority of information among the omic techniques to unravel the function 
of the gene or sRNA. For linking the transcriptomic data with function, we still need 
to employ traditional research tools, including gel shift, DNase I footprinting, 
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primer extension, and new high-throughput technologies, such as RNA immunopre-
cipitation (RIP) and cross-linking immunoprecipitation coupled with deep sequenc-
ing (CLIP-seq), to verify the functions of the selected target genes or sRNAs. The 
transcriptomic data also needs to be integrated with other omics data, including 
genomic, proteomic, metabolomic, and interactomic data for an overall understand-
ing of functions from genotypes to phenotypes.  

9.3.3     Proteomics 

 Proteomics strategies have been successfully applied to  Y. pestis  studies, such as 
proteome mapping [ 50 – 52 ], secretome [ 53 ], membrane proteome [ 54 ], comparative 
proteomes [ 55 ], subcellular proteomes [ 56 ], periplasmic proteome [ 57 ],  Y. pestis  
responses to iron starvation [ 58 ], and host responses to  Y. pestis  infection [ 59 ]. Most 
of the reports have been reviewed comprehensively, and here we will add new 
advances that were not mentioned in the review [ 17 ]. 

 In 2015, Nozadze et al .  compared proteomes of four representative  Y. pestis  
strains isolated from natural plague foci in the Republic of Georgia using two- 
dimensional gel electrophoresis and mass spectrometry [ 55 ]. Four culture condi-
tions, 28 °C with or without calcium and 37 °C with or without calcium, were 
compared for simulating type three secretion system (T3SS) in secretion or nonse-
cretion environments. They found that the protein expression patterns and cytotoxic 
activities were signifi cantly differed among these strains, possibly refl ecting their 
physiological functions. 

 Different proteomic reports on  Y. pestis  have provided us with rich protein 
expression data under different conditions, mostly at the descriptive level. 
Quantitative studies of  Y. pestis  proteomics for secretome and different parts of the 
cell (such as membrane and cytoplasmic proteome) under different growth condi-
tions in vitro, or even in vivo, will be required to fi nely dissect the proteomic char-
acteristics exhibited during  Y. pestis  physiology or pathogenesis. Particularly, the 
quantitative temporal analysis of both the secretome and proteome might be helpful 
for understanding the series of events that occur during the assembly process of 
T3SS and secretion of  Yersinia  outer proteins (YOPs). 

 Proteomics techniques can also help defi ne specifi c pathways in the bacterium. 
This was observed during investigation of  Y. pestis  growth under iron-starved condi-
tions for understanding the Fur-dependent iron metabolic pathway [ 58 ]. The iron 
acquisition systems, such as Ybt, Yfe, Yfu, Yiu, and Hmu were confi rmed to be 
important in iron metabolism. The authors also found that an uncharacterized TonB- 
dependent OM receptor encoded by  y0850  might be regulated by Fur, suggesting its 
involvement in iron metabolism. 

 As mentioned for transcriptomic data, the results of proteomic studies have to be 
verifi ed by conventional experiments, e.g., Western blot, and other advanced tech-
niques, such as protein microarrays [ 60 ,  61 ]. By using protein microarrays, it is 
possible to conduct antibody profi ling of the host exposed to  Y. pestis  infection, as 
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well as changes in protein expression in  Y. pestis  under different cultivation condi-
tions. We applied protein microarray to analyze the pooled sera obtained from mice 
infected with  Y. pestis  to observe the antibody responses to different proteins. By 
absorbing the sera with  Y. pestis  bacteria cultivated at 26 °C (mimicking the fl ea 
cycle), 37 °C (mimicking the host), or both cultures, it was possible to obtain the 
antibody profi le specifi c to  Y. pestis  proteins expressed at each specifi c temperature, 
or expressed only in vivo. For instance, we identifi ed 12 proteins that were expressed 
at 37 °C but not at 26 °C, or expressed at signifi cantly higher levels at 37 °C versus 
26 °C. Seven proteins appeared to only be expressed in vivo following infection in 
mice [ 60 ]. 

 The growing number of genomes in GenBank has resulted in an almost exclusive 
automated annotation of deposited sequences. Therefore, a correct and complete 
annotation of the reference genomes is crucial in preventing a multiplication of 
annotation errors and improvement of the annotation quality. Annotation refi nement 
should be applied to previously sequenced genomes, and the omics approach can 
signifi cantly help in identifi cation of the ORFs missed or miscalled by the original 
annotation. We used the proteogenomic approach based on analysis of the transcrip-
tome and proteome of  Y. pestis  CO92, Pestoides F, and  Y. pseudotuberculosis  PB1 
to refi ne the genome annotation of these strains. The genome annotation refi ne-
ments included discovery of novel OFRs, extended start sites, identifi cation of 
frameshifts, and translated “pseudogenes”[ 39 ]. 

 Comparative proteomics should help to understand the pathogenic differences 
between  Y. pestis  and its ancestor,  Y. pseudotuberculosis . These two pathogens share 
about 97 % homology of chromosomal DNA; however, the pathogenicity is vastly 
different:  Y. pestis  causes systemic infection with severe and lethal outcomes, while 
 Y. pseudotuberculosis  only causes mild gastrointestinal symptoms with favorable 
outcomes. When these two organisms infected human monocyte U937 cells, dif-
ferentially expressed proteins were observed by MALDI TOF MS analysis [ 56 ]. A 
total of 16 and 13 proteins were identifi ed as differentially expressed in response to 
 Y. pestis  or  Y. pseudotuberculosis  exposure, respectively. Only two of them (γ-actin, 
ACTG and monocyte/neutrophil elastase inhibitor, PI2) were shared between the 
two sets of exposures. Although only a few of proteins were identifi ed, they contrib-
ute to a wide range of functions, including DNA replication and transcription, apop-
tosis, protein synthesis and degradation, cytoskeletal rearrangement, cell signaling, 
metabolism, and protein folding. These preliminary results warrant a continued 
search for additional targets to reveal the pathogenic differences between two 
 Yersinia  species.  

9.3.4     Metabolomics 

 In contrast to transcriptomic and proteomic studies, the metabolics investigation of 
 Y. pestis  is quite limited. A few studies have contributed to the understanding of the 
 Y. pestis  metabolome [ 40 ,  41 ,  58 ,  62 – 64 ]. The fi rst genome-scale metabolomic 
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model of  Y. pestis  91001, a strain of newly designated biovar microtus [ 65 – 67 ], was 
reconstructed using available genomic annotation, physiological, and biochemical 
data [ 62 ]. This theoretical model demonstrated excellent agreement with the known 
metabolic performance of  Y. pestis . The authors also identifi ed the known cryptic 
genes for the urease, methionine, and phenylalanine pathways and found the  betB  as 
a cryptic gene responsible for the rhamnose fermentation pathway. In the genome of 
 Y. pestis  91001 [ 65 ], there are 4037 genes annotated and about 28.4 % of them 
(1146/4037) are related to cellular metabolism. In the reconstructed metabolism 
model, Navid et al .  revealed 1020 reactions and 825 metabolites [ 62 ]. The reactions 
include different pathways, 200 amino acid, 201 carbon, 159 cofactor, 142 trans-
port, 134 membrane, 123 nucleotide, 27 energy, and 34 others. This theoretical 
model allows us to design effective drugs that target the identifi ed cell’s metabolic 
weaknesses and strengths. 

 The work of Navid et al .  provided a good example of the benefi t of integrating 
gene expression data with metabolomic pathways [ 64 ]. They employed gene expres-
sion data of  Y. pestis  strain 201, and Kim reported previously for deducing meta-
bolic changes for temperature shift under different calcium concentrations and for 
antibiotic stresses. 

 The metabolic and mathematical model of  Y. pestis  CO92 was constructed at a 
genome-wide scale with supporting experimental data [ 63 ]. The constructed meta-
bolic model, iPC815, contains 815 genes, 678 proteins, 963 unique metabolites, and 
1678 reactions. Compared with the model of 91001, this model bridges some gaps 
in several key biosynthetic pathways, explaining certain known nutritional require-
ments characteristic of CO92. This work was a good example of how genomic, 
proteomic, and metabolic data can provide insight into  Y. pestis  metabolisms and 
physiological characteristics. 

 Importantly, understanding of the  Y. pestis  metabolome will shed light on mecha-
nisms of metabolomic adaptations to in vivo microenvironments that the pathogen 
can encounter during different stages of infection, which promotes cross talk 
between metabolism and “nutritional virulence” [ 68 ].  

9.3.5     Interactomics 

 Interaction between a pathogen and host involves constant communication at the 
protein and RNA levels. Typically, the protein-protein interactions (PPIs) between 
pathogen and host are investigated. For  Y. pestis , the interaction network between 
secreted or membrane proteins of this pathogen and human proteins have been 
revealed by yeast two-hybrid technology [ 34 ,  69 ]. Dyer et al .  employed a random 
yeast two-hybrid approach for human biodefense pathogens, such as  Bacillus 
anthracis ,  Francisella tularensis , and  Y. pestis , to identify interactions at protein 
level, unraveling 3073, 1383, and 4059 pairs of PPIs, respectively [ 69 ]. Moreover, 
the authors also computed the conserved modules among the three pathogen-human 
protein interaction networks, yielding 39–64 conserved modules between different 
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pairs of pathogens. Another project performed by our laboratory used the yeast two- 
hybrid strategy to identify PPIs between  Y. pestis  and human proteins [ 34 ]. A total 
of 153 potential virulence-associated proteins from  Y. pestis  were chosen as bait 
proteins according to the following criteria: (1) all known virulence factors, includ-
ing type III YOP effectors, Ail, Pla protease, pH 6 antigen, and F1 antigen; (2) genes 
that are disrupted in nonepidemic strain 91001, which is avirulent for humans, but 
intact in fully virulent strain CO92; (3) genes that have been reported to be highly 
regulated in the life cycle of  Y. pestis ; (4) proteins that have been found to trigger 
immune responses in infected rodents or humans; (5) the annotated membrane pro-
teins or exported proteins; (6) genes that are annotated to be related to mobility, 
detoxifi cation, and pathogenicity; and (7) all the plasmid-encoding genes from the 
three plasmids, pCD1, pMT1 and pPCP1. An interaction network including 204 
interactions between 66  Y. pestis  proteins and 109 human proteins was identifi ed, 
followed by their integration with the previously published 23 interactions.  Y. pestis  
was highly prone to interact with hub and bottleneck proteins essential for normal 
cellular functions in the human PPI network. Important signaling pathways of host 
immune responses were preferentially targeted by  Y. pestis , including the pathways 
involved in Toll-like receptors (TLR), focal adhesion, cytoskeletal regulation, leu-
kocyte transendoepithelial migration, and mitogen-activated protein kinase (MAPK) 
signaling. These results provided important clues for future functional characteriza-
tion of some important interactions to understand the molecular mechanism of  Y. 
pestis  pathogenesis in humans. For example, a subsequent study on the interaction 
between vasodilator-stimulated phosphoprotein (VASP) and YpkA demonstrated 
that YpkA-mediated VASP phosphorylation-inhibited actin polymerization and 
promoted disruption of the actin cytoskeleton, which resulted in the inhibition of 
phagocytosis of  Y. pestis  by the host [ 70 ]. 

 An interactomic strategy could also be applied to reveal complex bacterial struc-
tures. The type three secretion system (T3SS) is a complex syringe-like structure 
that plays a key role in bacteria-host interaction. The T3SS injects virulence factors, 
such as YOPs, into the cytosol of host cells, resulting in hijacking of the host cells 
by interrupting the immune response signaling pathways. In our laboratory, we 
cloned all 57 functional genes encoded by pCD1 for yeast two-hybrid analysis, try-
ing to reveal all possible protein interactions important for T3SS structure [ 71 ]. A 
total of 21 pairs of interaction proteins were identifi ed, including the previously 
reported 9 pairs of interactions and 12 novel interaction pairs. Of the novel ones, 
interaction pairs of YscG-SycD, YscG-TyeA, YscI-YscF, and YopN-YpCD1.09c 
were successfully validated by GST-tag pull-down assay, indicating their potential 
roles in assembly of the T3SS structure. This study demonstrated that YscI-YscF 
interaction plays a critical role in formation of T3SS (unpublished data).   
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9.4     Integration of Big Data for Systems Biology 

 Currently, a massive volume of data resulting from complex omics studies of  Y. 
pestis  life cycle, and pathogenesis is available from comparative genomics, gene 
expression, proteins, and metabolites investigations. However, the information 
obtained is mostly fragmented and provides us with only a partial explanation of 
some characteristics of this pathogen. The situation resembles the story about the 
blind men who touch an elephant to learn what it is like. Nevertheless, the fast grow-
ing accumulation of experimental data will undoubtedly provide enough informa-
tion to make a whole story. Therefore, integration of the various types of big data for 
systematical understanding of the lifestyle and pathogenesis of  Y. pestis  is urgently 
required. However, we face several practical obstacles, including the following: (1) 
different laboratories use different strains of  Y. pestis  and often employ different 
techniques that make data integration diffi cult; (2) current omics research tools do 
not ensure that we acquire complete information at the genomic, RNA, protein, and 
metabolic levels, raising the potential for losing important results. Nevertheless, it 
is still worth the effort to use partial data from omics-driven studies to explain the 
story; (3) like other organisms, bacterial life is also a dynamic process. Current 
research efforts are often focused on static moments, causing the data to refl ect only 
a transient process; (4) even with dynamic data, we still lack a mathematic model 
and effective computation to integrate all possible data to create a comprehensive 
story. 

 Overall, data integration requires data criterion from different laboratories. Two 
to three representative strains (currently, CO92, KIM, and 91001 are the mostly 
used in different research) should be selected for data production using identical and 
internationally accepted protocols. The data presentation formats also needed stan-
dardization. Finally, an integrating computational strategy is necessary for effective 
integration of big data. Importantly, any integration of omics-based data could not 
be complete without studying the phenotype of the organism, including its virulent 
properties.     
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    Chapter 10   
 Immunology of  Yersinia pestis  Infection                     

     Yujing     Bi    

    Abstract     As a pathogen of plague,  Yersinia pestis  caused three massive pandemics 
in history that killed hundreds of millions of people.  Yersinia pestis  is highly inva-
sive, causing severe septicemia which, if untreated, is usually fatal to its host. To 
survive in the host and maintain a persistent infection,  Yersinia pestis  uses several 
stratagems to evade the innate and the adaptive immune responses. For example, 
infections with this organism are biphasic, involving an initial “noninfl ammatory” 
phase where bacterial replication occurs initially with little infl ammation and fol-
lowing by extensive phagocyte infl ux, infl ammatory cytokine production, and con-
siderable tissue destruction, which is called “proinfl ammatory” phase. In contrast, 
the host also utilizes its immune system to eliminate the invading bacteria. Neutrophil 
and macrophage are the fi rst defense against  Yersinia pestis  invading through phago-
cytosis and killing. Other innate immune cells also play different roles, such as 
dendritic cells which help to generate more T helper cells. After several days post 
infection, the adaptive immune response begins to provide organism-specifi c pro-
tection and has a long-lasting immunological memory. Thus, with the cooperation 
and collaboration of innate and acquired immunity, the bacterium may be elimi-
nated from the host. The research of  Yersinia pestis  and host immune systems pro-
vides an important topic to understand pathogen-host interaction and consequently 
develop effective countermeasures.  
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10.1       Interactions of  Yersinia pestis  and Immune Cells 

 Most human plague cases present clinically as one of three primary forms: bubonic, 
septicemic, or pneumonic plague. The most common form is bubonic plague, which 
is transmitted from rodent reservoirs to humans via the biting of infected fl eas. 
Patients with primary bubonic plague can develop secondary septic or pneumonic 
infections, the latter of which can then be spread from person to person via respira-
tory droplets generated from severe sneezing and coughing of patients. Pneumonic 
plague is nearly always fatal unless treated with effective antibiotics within 20 h 
post symptom onset. All types of infection will cause a response of the host immune 
system against the invading  Yersinia pestis . 

 During the early stages of infection,  Y. pestis  can enter both macrophages and 
neutrophils through either active or passive entry mechanisms [ 1 ]. Although early 
researches showed  Y. pestis  is typically killed in neutrophils, whereas in macro-
phages, it can survive and acquire antiphagocytic capabilities, which enables its 
extracellular survival in vivo. Recent studies indicated that a small percent of  Y. 
pestis  can also survive and replicate in neutrophils and send a PS (a marker of early 
apoptosis) to macrophages [ 2 ,  3 ]. This progress may provide  Y. pestis  with a less 
infl ammatory route of entry into macrophages, resulting in decreased proinfl amma-
tory signaling. To survive inside the host and maintain a persistent infection,  Y. 
pestis  uses a variety of different mechanisms to evade or overcome the host immune 
system, especially the innate immune system, as shown in Fig.  10.1 .

10.2         Yersinia pestis  Overcomes the Immune Response 

  Y. pestis  uses many different virulence factors to resist host immune responses, 
facilitate cellular attachment or invasion, subvert endocytic traffi cking, block 
phagocytosis, modulate apoptotic pathways, and manipulate innate immunity and 
host responses as part of the initial infection process. 

10.2.1     Dampening of the Infl ammatory Response 

 Many studies have demonstrated that infection by  Y. pestis  elicits a notably delayed 
infl ammatory response [ 4 – 6 ]. Type III secretion system (T3SS), which is one of the 
pathogens’ major virulence factors, plays a crucial role in dampening host infl am-
matory responses. Multiple signaling pathways are repressed when the host is 
infected by  Y. pestis  by various  Yersinia  outer proteins (Yops). YopH inactivates the 
phosphatidylinositol-3 kinase (PI3K)-AKT cascade in macrophages, which corre-
lates with the downregulation of mRNA coding for monocyte chemoattractant pro-
tein 1 (MCP-1) [ 7 ]. YopJ/P suppresses the mitogen-activated protein kinase (MAPK) 
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signaling pathway by an unknown mechanism [ 8 ]. In vitro experiments indicated 
that YopE strongly inhibits nuclear factor-kappa B (NF-kB) activation and JNK and 
ERK activation, whereas YopT only moderately inhibits these responses [ 9 ]. YopK 
and YopM both inhibit infl ammasomes [ 10 ,  11 ]. In addition,  Y. pestis  can suppress 
the production of cytokines and chemokines. LcrV, which is the needle tip protein 
that assembles into the needle tip complex, is associated with suppression of tumor 
necrosis factor alpha (TNFα) and interferon gamma (IFNγ) and the induction of 
immunosuppressive interleukin (IL)-10 in mice [ 12 ]. YopE can also prevent the 
production of IL-8 [ 9 ]. YopM interacts with protein kinase C-like 2 and ribosomal 
protein S6 kinase, which are also involved in proinfl ammatory signaling [ 13 ]. 
Recently, the N terminus of YscF was also found to decrease cytokine induction 
[ 14 ]. Inhibition of signaling pathways and suppression of cytokines not only reduces 
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the activation of natural killer (NK) cells and phagocytes but also destroys the 
infl ammatory environment necessary for adaptive immunity. 

 Lipopolysaccharide (LPS) is a major component of the outer membrane in 
Gram-negative bacteria and a ligand for toll-like receptor 4 (TLR4). In different 
host-specifi c environments, the expression and formation of LPS in  Y. pestis  change 
accordingly [ 15 ,  16 ]. When the bacteria grow in the fl ea gut (21–26 °C), they pro-
duce a typical hexa-acylated LPS, which activates TLR4-mediated immune signal-
ing to induce the expression of proinfl ammatory cytokines (TNFα, IL-1, IL-6, and 
IL-8). However, after the temperature transition from the fl ea (26 °C) to the mam-
malian host (37 °C),  Y. pestis  instantly begins to produce tetra-acylated LPS, which 
is nonstimulatory for TLR4 and an antagonist for the stimulatory hexa-acylated 
form of LPS. Importantly, a  Y. pestis  strain that produces hexa-acylated lipid A at 
37 °C was found to be more than 100,000-fold attenuated in a mouse model of 
bubonic plague [ 17 ]. The attenuated phenotype is accompanied by increased pro-
duction of TNFα and depends upon host expression of TLR4. It is thus clear that  Y. 
pestis  evades innate immunity, at least in part, by avoiding TLR-mediated activation 
of innate immunity.  

10.2.2     Resistance to Phagocytosis 

 Because  Y. pestis  proliferates extracellularly, it is essential to block phagocytosis 
after contact with host cells. At least four Yop effectors (YopH, YopE, YopT, and 
YopO) are involved in inhibiting the phagocytosis of yersiniae; however, their 
mechanisms are all different. YopH is a tyrosine phosphatase, which acts on several 
cytoskeletal proteins including p130Cas [ 18 – 20 ]. Dephosphorylation of p130Cas 
disrupts its interaction with Crk and subsequent Rac activation required for  Yersinia  
internalization [ 21 ]. YopE, which acts as a GTPase-activating protein for the RhoA 
family of GTPases (RhoA, Rac and Cdc42) [ 22 ], inhibits Rac-dependent actin 
polymerization either directly or through inactivation of the upstream RhoG [ 23 , 
 24 ]. YopT is a protease that specifi cally cleaves RhoA, Rac, and Cdc42 near their 
carboxyl termini [ 25 ], which irreversibly inactivates host cell proteins. YopO inter-
feres with the host cell regulation of Rho GTPases by actin [ 26 – 30 ]. Using various 
models, several different cellular activities have been attributed to YopJ, including 
deubiquination of Ikβ and TNF receptor-associated factors (TRAFs), as well as 
acetylation of MAPK kinases. However, precisely how YopJ exerts its activity dur-
ing infection is presently unclear. In summary, the translocated Yop effectors are 
exotoxins that disable the phagocytic machinery by (1) disrupting the host cell cyto-
skeleton, (2) suppressing cytokine production, and (3) interfering with cell signal 
pathways. 

 Another crucial antiphagocytic factor is the F1 capsule protein (Caf1), which is 
solely produced by  Y. pestis . However, the mechanism of resistance to phagocytosis 
induced by this capsule protein is different from that of T3SS and presumably by 
preventing interactions with receptors that could potentially recognize and result in 
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the uptake of pathogens [ 31 ]. PsaA was also shown to inhibit phagocytosis, most 
likely by binding lipoproteins that prevent recognition by host cells [ 32 ,  33 ].  

10.2.3     Resistance to Complement-Dependent Bacteriolysis 

 Complement-dependent bacterial killing is one of the fi rst lines of innate immunity 
against pathogens.  Y. pestis  must survive in blood to cause disease and be transmit-
ted from host to host by fl eas. Thus, resistance to serum complement is an essential 
phenotype for bacterial survival in blood. Unlike the enteropathogenic yersiniae ( Y. 
enterocolitica  and  Y. pseudotuberculosis ), which are fully resistant to complement 
when they are grown at 37 °C, but not when they are grown at 26 °C [ 5 ,  30 ],  Y. pestis  
is constitutively resistant to complement at both 26 and 37 °C. In  Y. enterocolitica,  
resistance to complement has been shown to involve YadA, Ail, OmpR, and LPS O 
antigen [ 34 ]. By binding to the complement regulatory proteins factor H and the 
C4b-binding protein, Ail and YadA provide resistance against complement- 
mediated killing [ 35 ,  36 ]. OmpR might alter the susceptibility of  Y. enterocolitica  to 
complement-mediated killing through remodeling of the outer membrane [ 37 ]. 
However,  Y. pestis  does not express YadA; therefore,  Y. pestis  LPS may mediate 
serum resistance [ 38 ], although there is no evidence of a direct role for LPS in 
serum resistance. Thus, Ail was found to play the crucial role in the inhibition of the 
bactericidal properties of complement by  Y. pestis . Notably, there are four Ail/
OmpX homologues encoded by the  Y. pestis  genome, but only  y1324  (in KIM strain, 
corresponding to YPO2506 in CO92,  ompX ) confers resistance to human serum. 
Deletion of this gene results in a rapid, essentially 100 % loss of serum resistance 
[ 39 ,  40 ]. This loss is attributed to the action of complement because heat-inactivated 
serum does not have lethal properties. Although currently the exact mechanisms of 
resistance to complement-mediated killing conferred by  Y. pestis  Ail are still 
unknown, based on the studies from two other yersiniae ( Y. enterocolitica  and  Y. 
pseudotuberculosis),  it is likely that the protein binds to negative regulators of alter-
native (factor H) and classical and lectin [C4b-binding protein (C4BP)] comple-
ment pathways, thus preventing complement-mediated attack of the pathogen [ 36 , 
 41 – 43 ].  

10.2.4     Other Impacts on Host Immunity 

 Many bacteria have evolved means to convert host plasminogen to plasmin, a prote-
ase that degrades extracellular matrix. In  Y. pestis  plasminogen activator (Pla), 
encoded by the  Y. pestis -specifi c plasmid pPCP1, plays an important role. In com-
parison with the wild type,  Y. pestis  lacking Pla has been reported to have greatly 
reduced virulence when introduced via the intradermal and subcutaneous routes but 
produced equivalent or nearly equivalent virulence when introduced by the 
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intravenous route [ 5 ,  44 ,  45 ].These results partly different from early studies, which 
indicated even lack of plasmid pPst (also call pPCP1), did not lead to an increase in 
LD50 with either by subcutaneously or by respiratory route challenge [ 46 ,  47 ]. In 
the pneumonic plague model, the dissemination of Pla-defi cient  Y. pestis  to the cir-
culatory system was found to be unaffected, whereas bacterial growth in the lung 
was greatly reduced [ 44 ,  48 ]. Further studies are required to discern the specifi c 
mechanisms by which Pla impacts  Y. pestis  virulence. In addition, Pla has been 
reported to be a ligand for a macrophage and DC surface receptor, DEC-205, which 
is related to antigen presentation [ 49 ]. 

 The 2-component regulatory system (2CS) OmpR-EnvZ is required to resist 
innate immunity during the early and late stages of the plague [ 50 ]. Different from 
 Y. pestis ’ 23 other 2CSs, OmpR-EnvZ is the only one required for production of 
bubonic, septicemic, and pneumonic plague. In in vitro studies, OmpR-EnvZ was 
required to counter serum complement and leukocytes but was not required for the 
secretion of antiphagocytic exotoxins. In contrast, in in vivo studies,  Y. pestis  lack-
ing OmpR-EnvZ did not induce an early immune response in the skin and was fully 
virulent in neutropenic mice.   

10.3     Innate Immunity in Plague 

 Normally, once a bacterium infects the host, the innate immune response provides 
immediate protection and 4–5 days post infection, the T or B cell-mediated adaptive 
immune responses begins to provide organism-specifi c protection. In 2005, using 
Yop beta-lactamase hybrids and fl uorescent staining of live cells from plague- 
infected animals; Marketon et al. found that  Y. pestis  selected immune cells for 
injection. Further research in vivo showed that macrophages, dendritic cells, and 
granulocytes/neutrophils are early targets for injection, whereas B and T lympho-
cytes were rarely selected. Thus, it appears that  Y. pestis  appears to destroy cells 
with innate immune functions that represent the fi rst line of defense [ 51 ]. A similar 
study identifi ed the pulmonary cells targeted by  Y. pestis  during primary pneumonic 
plague using a FRET-based probe to quantitate injection of effector proteins by the 
 Y. pestis  T3SS [ 52 ]. They found that these bacteria target alveolar macrophages 
early during infection of mice, followed by a switch in host cell preference to neu-
trophils. In addition to mouse models, the Gunnison’s prairie dog, an important 
natural host of plague, was investigated [ 53 ]. This study highlights the importance 
of innate immunity against plague in wild Gunnison’s prairie dogs. 
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10.3.1     Macrophages 

  Y. pestis  has long been considered to be a facultative intracellular pathogen [ 54 ]. 
Macrophages are often regarded as permissive sites for survival and replication of 
 Y. pestis  at early stages of infection. Bubonic plague is typically initiated as an intra-
dermal infection following the bite of an infected fl ea. Then,  Y. pestis  may invade 
the host directly through the skin and encounter phagocytes such as neutrophils and 
macrophages at the site of invasion. Most  Y. pestis  bacilli initially present are likely 
killed by neutrophils; however, the bacteria phagocytosed by macrophages can sur-
vive.  Y. pestis  preferentially infects host macrophages, probably via recognition of 
specifi c surface-associated CCR5 molecules [ 55 ]. This intracellular growth is 
essential for the pathogenesis of  Y. pestis  in three ways. First, macrophages provide 
a niche, allowing bacteria to proliferate and acquire the ability to evade phagocyto-
sis. Second, intracellular growth in macrophages provides a protected environment 
for the bacteria to avoid contact with other components of the host immune system 
such as complement. Third,  Y. pestis  in macrophages can express various virulence 
determinants [ 56 ,  57 ]. Furthermore, macrophages may provide the bacterium with 
a vehicle for transport from the initial site of infection to deeper lymph tissues [ 58 , 
 59 ]. The late stage of  Y. pestis  infection is characterized by a rapid increase in the 
number of bacteria within the spleen and escape of bacteria from macrophages into 
the extracellular compartment of the spleen. The cause of this escape is likely to be 
related to the macrophage necrosis or apoptosis observed during in vitro studies [ 57 , 
 60 ]. Once  Y. pestis  replicates and expresses various virulence determinants in mac-
rophages, they can be released into the extracellular compartment and spread sys-
temically with the acquisition of phagocytosis resistance. Although  Y. pestis  can 
survive and replicate in macrophages during the early stage of infection, this mac-
rophage compliance can be overcome in vitro by stimulation with a combination of 
IFNγ and TNFα [ 1 ]. 

 Although macrophages provide a niche for  Y. pestis  survival and replication in 
the early stages of infection,  Y. pestis  can also cause macrophage death. Two distinct 
processes, corresponding to the infl ammatory crescendo, are observed in vivo.  Y. 
pestis  causes apoptosis in naïve macrophages, but cell death in activated macro-
phages by infl ammatory pyroptosis [ 61 ]. During macrophage apoptosis,  Y. pestis  
YopJ is necessary. When the bacterial LPS contacts host macrophages, proapoptotic 
signaling is activated [ 62 ,  63 ]. LPS also upregulates cell survival genes and infl am-
matory cytokine production controlled by MAPK and NF-kB [ 62 ,  64 ,  65 ]; however, 
YopJ inhibits their activation [ 66 ,  67 ], and, therefore, apoptotic signaling predomi-
nates [ 62 ,  68 ]. Apoptotic cells are cleared by phagocytes, and this encounter trig-
gers production of the anti-infl ammatory cytokines TGFα and IL-10 [ 69 ,  70 ], 
making the process noninfl ammatory. Pyroptosis results from the activation of cas-
pase- 1, which is functionally distinct from the structurally related apoptotic cas-
pases [ 36 ].  Y. pestis -induced pyroptosis requires plasmid-encoded T3SS, but not 
YopJ or any of the other known effector molecules [ 61 ]. Caspase-1 stimulates matu-
ration and secretion of multiple infl ammatory cytokines such as IL-1 and IL-18 
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[ 71 ]. Thus, pyroptosis causes infl ammation. Why are two kinds of macrophage 
death necessary in  Y. pestis  infection? In bubonic plague, the infections are obvi-
ously biphasic: bacteria initially replicate without a measurable host response for 
periods up to 36–48 h, with a noticeable lack of infl ammation, but, eventually, 
phagocyte infl ux into infected tissues and lymph nodes results in infl ammation, 
cytokine production, and tissue necrosis [ 6 ,  72 – 74 ]. The change in mode of macro-
phage death is partly explained by observation of the host responses to  Y. pestis  
infection. Apoptosis (noninfl ammatory death) [ 75 – 77 ] of naïve macrophages is 
consistent with initial bacterial growth in the relative absence of infl ammation. 
Pyroptosis (infl ammatory death) [ 61 ,  78 ] in activated macrophages corresponds to 
later stages of infection, accompanied by enhanced cytokine production and tissue 
damage. Induction of both apoptosis and pyroptosis in macrophages may be a 
mechanism by which pathogens preferentially trigger immune cell death, resulting 
in bacterial dissemination and disruption of host innate immune signaling. 

 The available data strongly suggest that  Y. pestis  growth within macrophages 
plays an important, perhaps critical, pathogenic role during plague [ 58 ]. During 
bubonic plague, macrophages may provide a protected intracellular niche that 
allows time for fl ea-transmitted  Y. pestis  bacilli to adjust to growth within mammals, 
in part by upregulating expression of capsular F1 protein, LcrV, and Yops, thus 
enabling subsequent growth as extracellular, phagocyte-resistant bacteria. However, 
in pneumonic plague the role of macrophages seems different from that in bubonic 
plague. Dr. Goldman’s group found that depletion of roughly 92 % of alveolar mac-
rophages had little or no effect on bacterial burden in the lungs [ 52 ]. They gave two 
possible reasons: macrophages are not involved in limiting yersiniae survival in the 
lungs or that  Y. pestis  is able to neutralize the antibacterial effects of sentinel alveo-
lar macrophages, presumably as a result of expressing antiphagocytic/anti- 
infl ammatory factors including the Yops, F1 capsular protein, and pH 6 antigen.  

10.3.2     Neutrophils 

 Histological, fl ow cytometric, and laser confocal microscopy evidence indicates 
that  Y. pestis  phagocytosed by neutrophils are killed [ 1 ,  54 ]. However,  Y. pestis  pri-
marily targets neutrophils early after inoculation in the lung, presumably to limit 
host innate immune mechanisms aimed at bacterial killing and clearance. Thus, it 
seems that the interaction between  Y. pestis  and host neutrophils may have a strong 
bearing on the outcome of infection [ 79 ]. 

 Researchers often assess bubonic plague through needle-inoculated  Y. pestis . 
However, Shannon et al. found that the innate cellular host responses to fl ea- 
transmitted  Y. pestis  differed from and were more variable than responses to needle- 
inoculated bacteria [ 80 ]. They therefore developed new tools allowing for intravital 
microscopy of  Y. pestis  in the dermis of an infected mouse after transmission by its 
natural route of infection, the bite of an infected fl ea. They found that uninfected 
fl ea bites typically induced minimal neutrophil recruitment. The magnitude of 
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 neutrophil response to fl ea-transmitted  Y. pestis  varied considerably and appeared to 
correspond to the number of bacteria deposited at the bite site. 

 Dr. Goldman’s group fi rst identifi ed the initial host cell targets of fully virulent  Y. 
pestis  during pulmonary infection. Using fl ow cytometry to monitor injection of a 
YopE-TEM fusion protein by the T3SS, they showed that  Y. pestis  initially targets 
CD11c high alveolar macrophages and neutrophils in the lungs. However, in con-
trast to the bubonic plague, during the fi rst 24 h after pulmonary infection with a 
fully virulent  Y. pestis  strain, no signifi cant changes were observed in the lungs in 
the levels of neutrophil infi ltrate, the expression of adhesion molecules, or the 
expression of the major neutrophil chemoattractant CXCL1 (also known as kerati-
nocyte cell-derived chemokine, KC) [ 4 ]. These results indicate that  Y. pestis  can 
slow the rate of neutrophil infl ux to the lungs by delaying the onset of chemokine 
and cytokine release. Moreover, neutrophils were observed to be “tightly packed” 
within spaces 72 h post infection during pneumonic plague [ 6 ]. However, in mice 
infected with an avirulent  Y. pestis  strain, early induction of chemokines, rapid neu-
trophil infi ltration, and reduced bacterial burden were observed in the lungs of mice 
[ 81 ]. These results indicate that strain virulence may determine the host immune 
responses. Moreover, it seems that prevention of the early infl ux of neutrophils to 
the lungs is of major importance for  Y. pestis  virulence. 

 A growing volume of literature highlights interactions between  Y. pestis  and neu-
trophils, but the deletion of neutrophils during pneumonic plague shows signifi -
cantly different results in various studies. Dr. Goldman’s group showed that 
depletion of neutrophils had little to no effect on bacterial burden in the lungs [ 52 ]. 
This is in contrast to others studies, such as by Laws et al. who reported a modest 
increase in bacterial titers in lungs of infected mice early after neutrophil depletion 
[ 79 ]. Additionally, our group found neutrophil deletion with anti-Ly6G antibodies 
decreased survival in an intranasal  Y. pestis  mouse model [ 82 ]. Notably, a fully viru-
lent  Yersinia pestis  strain, CO92, was used in Dr. Goldman’s research; however, our 
study used a  Y. pestis  strain (strain 201) virulent to mice but nonvirulent to humans. 
Thus, the disparity in fi ndings may come from differences in mouse lines and  Y. 
pestis  strains. 

 The mechanisms used by  Y. pestis  for targeting neutrophils have also been 
described. The  Y. pestis  adhesin Ail is required for effi cient targeting of neutrophils 
in vivo [ 83 ]. The Ail protein was previously reported to inhibit the innate immune 
response, in particular the recruitment of a protective polymorphonuclear leukocyte 
(PMN) responses to the infected lymph node [ 84 ]. To identify factors conferring 
specifi city to neutrophil targeting, a study investigated the role of serum [ 83 ]. They 
found that neutrophil targeting is mediated by complement receptor 3 (CR3) and, to 
a lesser extent, CD14. However, the exact nature of the receptor-ligand interactions 
and their contributions toward target cell selection remain unknown.  
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10.3.3     Other Innate Immune Cells 

10.3.3.1     Dendritic Cells 

 Dendritic cells (DCs) are potent and specialized antigen-presenting cells, which 
help to generate more effective T helper cells. Therefore, an effective immune eva-
sion strategy by a pathogen would be to target DCs and induce them to become 
tolerogenic, thus priming a regulatory IL-10 response that blocks infl ammation and 
allows the pathogen to multiply without restraint. Furthermore, impairing DC matu-
ration and promoting apoptosis of DCs can also help pathogens to disarm host 
defenses. During  Y. pestis  infection, DCs are one of the early targets of T3SS effec-
tors [ 51 ]. Shannon et al. observed minimal interaction between  Y. pestis  and DCs; 
however, DCs consistently migrate toward fl ea-bitten sites containing  Y. pestis  [ 80 ]. 
The most pronounced effect of  Y. pestis  on DCs appears to be the paralysis of DC 
movement by impairing the cytoskeleton rearrangement function, attenuating the 
presentation of  Y. pestis  antigens by DCs [ 85 ]. Richard et al. found that the ability 
of  Y. pestis  to initiate DC activation is determined by its lipid A structure and 
depends on the pattern recognition receptor TLR4 [ 86 ]. In the bubonic plague 
model, IL-10 and TLR6 defi cient mice are protected from plague infection, the 
mechanism of which was that TLR6 drove differentiation of tolerogenic DC and 
contributed to LcrV-mediated plague pathogenesis [ 87 ]. In plague vaccine studies, 
the interaction between vaccine and DCs also plays an important role. The protec-
tive mechanisms induced by rF1 + rV probably involve the activation of DCs, which 
initiate a primary immune response in naïve T cells [ 88 ]. Further study proved that 
LcrV targeting of DCs elicits combined humoral and cellular immunity and induces 
protection in a mouse model of pneumonic plague [ 89 ].  

10.3.3.2     Natural Killer Cell 

 NK cells are a subset of lymphocytes that arrive at infl ammatory sites and directly 
kill pathogen-infected cells without the recognition of antigenic peptides. Notably, 
 Y. pestis  can cause a global depletion of NK cells and decrease the secretion of 
IFNγ, resulting in reduced production of reactive nitrogen intermediates by macro-
phages. The cause of these anti-NK effects is the effector YopM, possibly by affect-
ing the expression of IL-15 and its receptor IL-15Rα [ 90 ]. To elucidate whether 
NK1.1 +  cells were critical for the virulence effect of YopM, Ye et al. continued to 
test the effects of NK cell depletion on bacterial growth and found no effect of abla-
tion on viable bacterial numbers of either the wild type or the YopM mutant strain 
in either the liver or spleen [ 91 ]. Thus, they concluded that NK cells are redundant 
for YopM’s pathogenic mechanism.    

Y. Bi



283

10.4     Adaptive Immunity in Plague 

 In addition to innate immunity,  Y. pestis  infection can induce adaptive immunity. 
Adaptive immunity is characterized by the expansion, differentiation, and persis-
tence of antigen-specifi c B and T cells. The primary function of B cells is to produce 
antibodies, thereby facilitating humoral defense, while the primary function of T 
cells is to produce phagocyte-activating cytokines, thereby facilitating cellular 
defense. However, during  Y. pestis  infection, humoral immunity and cellular immu-
nity are not separated, and indeed they cooperate and collaborate with each other 
against the plague. For example, antibodies can protect T cell-defi cient mice [ 92 ], 
and conversely T cells can protect antibody-defi cient mice [ 93 ]. Therefore, charac-
terization of  Y. pestis -specifi c adaptive immune response in the host will provide a 
wealth of information for illustrating bacterial virulence and promoting the devel-
opment of specifi c vaccines. 

10.4.1     T Cell-Mediated Immune Responses to  Yersinia pestis  

 A growing body of evidence demonstrates the crucial roles of T cell-mediated 
immunity against  Y. pestis . A function of expanded pathogen-specifi c T cells is to 
secrete IFNγ and TNFα, and depletion of these proinfl ammatory cytokines prior to 
the passive transfer of the LcrV antibody into mice completely abrogated the pro-
tective effect observed in undepleted mice [ 94 ]. This indicates that a cellular proin-
fl ammatory response provides critical protective functions during humoral defense 
against lethal pulmonary  Y. pestis  infection. Direct evidence for the importance of 
the cellular response in protection against the plague came from studies in μMT 
mice, which are functional B cell-defi cient mice and cannot produce antibodies. 
Transfer of  Y. pestis- primed T cells into naïve μMT mice protected them against 
lethal intranasal  Y. pestis  challenge [ 93 ]. In another study, anti-F1 IgG transferred 
passively into T cell receptor knockout mice (TCR −/− ) at 24 h after infection was 
unable to rescue them, whereas it fully protected μMT mice, indicating that T cells 
play a critical role in the protection mediated by antibody to F1-antigen[ 95 ]. Thus, 
identifi cation of  Y. pestis  antigens that stimulate a protective T cell response is one 
of the major goals for vaccine development. Using silico computer analysis and an 
in vitro IFNγ assay, we identifi ed potential T cell antigens. In all, 34 individual 
proteins that stimulated a strong IFNγ response from splenocytes of mice immu-
nized with  Y. pestis  live attenuated vaccine EV76 have been identifi ed. Furthermore, 
in addition to LcrV, nine proteins may provide partial protection against challenge 
with a low dose of  Y. pestis  [ 96 ]. 

 CD4 +  T helper (Th) cells include different subtypes based on their cytokine and 
transcription factor signatures [ 97 ]: Th1 cells produce IFNγ as their “signature” 
cytokine; Th2 cells produce IL-4, IL-5, and IL-13; Th17 cells produce IL-17; and 
regulatory T cells (Tregs) express the transcription factor FoxP3. Different T cell 

10 Immunology of Yersinia pestis Infection



284

lineages play different roles in  Y. pestis  infection. Signal transducer and activator of 
transcription (STAT)-4 knockout mice, which have a reduced Th1 response when 
immunized with F1/V, were poorly protected against  Y. pestis  challenge. However, 
STAT-6 knockout mice with intact Th1 responses and diminished Th2 responses 
were fully protected [ 98 ]. These results indicate that Th1-mediated immune mecha-
nisms, activated following Stat 4 phosphorylation, are essential in protection against 
the plague. Therefore, one potential way to improve the effi cacy of plague vaccines 
would be to increase the Th1 response. Dinc et al. assessed the effi cacy of the novel 
SA-4-1BBL costimulatory molecule as a Th1 adjuvant to improve cellular responses 
generated by the rF1-V vaccine [ 99 ]. They proved that addition of SA-4-1BBL 
improves the effi cacy of the subunit vaccine by generating a strong Th1 cellular 
immune response without signifi cant impact on the generation of Ab responses. 
Additionally, Smiley’s group demonstrated that vaccination with live attenuated  Y. 
pestis  induces Th17 cells [ 100 ]. IL-17 was found to contribute to defense against 
pulmonary  Y. pestis  challenge [ 82 ], although this IL-17-mediated protection does 
not appear to result entirely from enhanced bacterial clearance. These results indi-
cate that plague vaccines aiming to induce mixed Th1 and Th17 cellular responses 
would provide more powerful and comprehensive protection. 

 In addition to CD4 +  T cells, specifi c CD8 +  T cell responses also contribute to 
defense against pulmonary  Y. pestis  infection, although alone they may be insuffi -
cient to combat fully virulent  Y. pestis  strains. YopE of  Y. pestis  was found to con-
tain a dominant CD8 T cell epitope, which can be recognized by nearly 20 % of 
pulmonary CD8 T cells. Moreover, immunizing mice with a single peptide, YopE 69–

77 , suffi ces to confer protection from lethal pulmonary challenge [ 101 ]. A further 
study investigated the effector functions of YopE 69–77 -specifi c CD8 T cells during 
pulmonary  Y. pestis  infection [ 102 ]. They concluded that specifi c CD8 T cell- 
mediated protection against pneumonic plague is dependent on TNFα and IFNγ, but 
not on perforin. In addition, CD4 +  and CD8 +  T cells were found to synergistically 
protect against pneumonic plague in this mouse model [ 103 ].  

10.4.2     Antibody-Mediated Defense Against  Yersinia pestis  

 Because of the complex antigen structure of  Y. pestis , a number of antibodies are 
found in  Y. pestis -infected patients and model animals. Serum samples collected 
from plague convalescent patients can transfer passive protection to naïve mice, 
indicating that antibody-mediated defense plays an important role against  Y. pestis  
challenge. In previous studies, F1 and LcrV were proven to provide a high degree of 
protection, and the corresponding vaccines also showed effi cacy in small animal 
models [ 104 – 107 ]. Using an antigen microarray, which contained more than 140  Y. 
pestis  virulence-associated proteins, we screened the antibody responses of plague 
patients [ 108 ]. Apart from F1, YopD, YopE, and pH6 antigens, which have been 
described previously as immunogens, ten other novel immunogenic proteins were 
found. Antibody titers and persistence are correlated with vaccine effi cacy. Previous 
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studies confi rmed that the F1 antibody could persist for 1–4 years in humans [ 109 ]. 
Further studies in our lab explored the antibody profi le from 65 plague patients who 
were in remission for more than 10 years using a protein microarray [ 110 ]. Results 
showed that antibody to F1 can persist in recovered patients for more than 10 years, 
while antibodies to LcrV and YopD were present for an even longer period of time. 
As artifi cial passive immunization has been demonstrated to be effective against  Y. 
pestis  infection in animals, how about maternal antibodies? We carried out a study 
evaluating the kinetics, protective effi cacy, and transmission modes of maternal 
antibodies, using mice immunized with plague subunit vaccine [ 111 ]. The results 
indicated that maternal antibodies induced by the plague subunit vaccine in mother 
mice can be transferred to newborn mice via both the placenta and lactation were 
sustained for more than 10 weeks and provide early protection against plague for 
newborn mice. 

 Long-lived plasma cells and memory B cells are responsible for the long-term 
humoral immunity elicited by vaccination. Memory B cells are in charge of driving 
the rapid anamnestic antibody response that occurs after re-exposure to antigen. The 
serum antibody level is maintained by long-lived plasma cells. Thus, studies in our 
lab investigated the kinetics of memory B cell and plasma cell response in mice 
immunized with plague subunit vaccine F1 or the live attenuated vaccine EV76 
[ 112 ]. The number of memory B cells in the spleens was signifi cantly higher than 
that in the bone marrow, which is consistent with a previous study that found that 
the majority of memory B cells are present in the spleen [ 113 ]. We also found that 
the boost of antibody titer after revaccination may be dependent on the existence of 
memory B cells and an excess of antigen. 

 Although passive transfer of specifi c antibody can provide protection in rodents 
against pneumonic plague, in nonhuman primates vaccinated with F1/LcrV, high- 
titer specifi c antibody at the time of challenge cannot protect primates against pneu-
monic plague [ 114 ,  115 ]. These observations strongly suggest that antibody titer 
alone, at least as measured by standard ELISA, do not suffi ce in predicting the 
effi cacy of pneumonic plague vaccines. Therefore, which factors are involved in 
antibody-mediated protection? First, neutrophils were found to contribute to 
antibody- mediated defense against pneumonic plague because neutrophil depletion 
abrogates serotherapy-mediated protection from pneumonic plague in a mouse 
model. Similar results were reported in a mouse model of septicemic plague, where 
neutrophil depletion abrogates protection mediated by polyclonal anti-LcrV [ 116 ]. 
Second, cytokines from phagocytes enhances antibody-mediated protection. 
Whether genetic defi ciency or antibody neutralization of IFNγ and TNFα, cytokine 
depletion signifi cantly impairs serotherapy-mediated protection [ 98 ,  117 ]. In addi-
tion, passive protection with antibody to F1 in infected mice was reduced in C3 −/−  
mice that lack a functional complement system, indicating the contribution of 
Fc-effector mechanisms to antibody-mediated protection [ 95 ].      
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    Chapter 11   
 Plague: Clinics, Diagnosis and Treatment                     

     Vladimir     V.     Nikiforov     ,     He     Gao     ,     Lei     Zhou     , and     Andrey     Anisimov    

    Abstract     Plague still poses a signifi cant threat to human health and as a reemerg-
ing infection is unfamiliar to the majority of the modern medical doctors. In this 
chapter, the plague is described according to Dr. Nikiforov’s experiences in the 
diagnosis and treatment of patients, and also a review of the relevant literature on 
this subject is provided. The main modern methods and criteria for laboratory 
diagnosis of plague are briefl y described. The clinical presentations include the 
bubonic and pneumonic form, septicemia, rarely pharyngitis, and meningitis. Early 
diagnosis and the prompt initiation of treatment reduce the mortality rate associated 
with bubonic plague and septicemic plague to 5–50 %; although a delay of more 
than 24 h in the administration of antibiotics and antishock treatment can be fatal for 
plague patients. Most human cases can successfully be treated with antibiotics.  
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11.1       Clinical Forms of Plague and Their Manifestations 

 It is diffi cult to describe precisely the clinical manifestations of plague. This is 
because a defi nite near-mythical concept of this disease, based on the works of pre-
vious clinicians in the pre-antibiotic age, had acquired some canonical features in 
the academic literature. The descriptions from the end of the nineteenth century and 
the beginning of the twentieth century may be more reliable than earlier literature 
on this subject. In earlier publications, plague patients and those suffering from 
other severe infections were in many cases indistinguishable, indicating that in 
ancient times the plague was a term encompassing a collective of different infec-
tious diseases. 

 It is written in Galen’s  Commentaries  on Hippocratic  Epidemics  that if a disease 
affects many people in a region, it can be referred to as an epidemic disease, and if 
this disease causes many human deaths, it is then a “plague.” The majority of mod-
ern authors have limited clinical experience of the plague because it is currently a 
relatively rare infectious disease. In addition, the clinical manifestations of the dis-
ease in endemic areas vary considerably owing to “natural immunization” of the 
local population [ 1 ] and the various host specifi cities of  Yersinia pestis  strains from 
different natural plague foci [ 2 ]. It is clear that the data on plague manifestations 
typical for the residents of Vietnam or India, for example, cannot unconditionally be 
extrapolated to Europeans. We can only speculate as to how different  Y. pestis  
clones would interact with nonimmune European populations. In this chapter, we 
will describe the plague according to our experiences in the diagnosis and treatment 
of patients, and we will also provide a comprehensive review of the relevant litera-
ture on this subject. 

 In 1940, G. P. Rudnev [ 3 ] classifi ed plague according to its epidemiological fea-
tures, and this classifi cation is still used to date in Russia:

    (A)    Mainly local forms (typically peripheral with relatively rare external 
dissemination):

    (i)    Cutaneous   
   (ii)    Bubonic   
   (iii)    Cutaneous-bubonic       

   (B)    Internally disseminated or generalized forms:

    (i)    Primary septicemic   
   (ii)    Secondary septicemic       

   (C)    Externally disseminated forms (often with abundant external dissemination):

    (i)    Primary pneumonic   
   (ii)    Secondary pneumonic   
   (iii)    Intestinal        
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  This classifi cation, in general, meets the practical public health requirements; 
however, the “pure” cutaneous and intestinal forms of the plague have never been 
observed in practice. 

 From a clinician perspective, primary and secondary forms of pneumonic plague 
may be considered as primary and secondary septicemic (generalized) forms, 
mainly affecting the lungs. Accordingly, the intestinal form could be considered a 
septicemic form with a primary lesion of the intestine. 

 The incubation period for the plague is usually 2–3 days, occasionally 1–5 days, 
and, rarely, up to 6 days. In the case of insuffi cient prophylactic antibiotic therapy, 
the delitescence may increase up to 10 days [ 4 ]. However, if the infection is caused 
by a laboratory accident (a high-dose aerosol infection), the incubation period is 
only several hours. It is widely believed that a longer incubation period is associated 
with milder clinical symptoms and better outcomes. Hence, as early as 1926, the 
international sanitary convention proposed that persons who had come into contact 
with plague patients should be isolated for medical observation for 6 days [ 5 ]. 

 In most cases, the onset of plague is sudden. In rare cases, patients display some 
preliminary nonspecifi c symptoms, such as anorexia, pain in the sacral area, weak-
ness, and exhaustion. In some cases, patients appear healthy the day before disease 
onset but experience feelings of nervousness, anxiety, or depression, falling seri-
ously ill the following day. 

 The real onset of plague is marked with fever, chills, and headaches. Headaches 
so closely accompany plague that it became commonly referred to as “head dis-
ease” [ 3 ]. Patients become anxious and their gait is unsteady, with characteristic 
hand waving. The skin becomes dry and hot. The face appears red, swollen, and 
masklike, losing the expression of emotions. There is conjunctival injection, mak-
ing sparkling eyes appear lustrous but still, and the pupils become slightly dilated. 
Patients often refuse to be physically evaluated. Speech becomes slurred. Hearing 
is impaired. In general, the patient gives the impression of being intoxicated. Thus, 
one patient in the Central Asian region of the former Soviet Union was refused 
admission by a physician-therapist because of strange behavior thought to be linked 
to intoxication with alcohol or drugs. That patient was found dead on a bench near 
the hospital later the same day, and the diagnosis at postmortem was the plague. 

 Other symptoms include a dry, swollen tongue, covered with chalklike, white 
limescale, and dry lips.  Herpes labialis  is not characteristic of plague patients. 
Patients sometimes experience burning pains in the upper and lower abdomen that 
cannot be relieved by drinking large quantities of cold water. The dissonance 
between the patient’s thirst and shaking chills is also noteworthy. There may be 
repeated vomiting and/or tachycardia and a decrease in blood pressure. At this 
stage, plague patients look similar in appearance to typhoid fever patients with 
  status typhosus . 

 The initial stages of the disease do not exhibit any unique symptoms. Clinicians 
can therefore often only diagnose a severe general intoxication syndrome. Plague 
may be suspected due to epidemiological anamnesis, but no defi nitive diagnosis can 
be made. However, as the disease progresses, the skin lesion caused by  Y. pestis  may 
develop into a carbuncle (plague ulcer), and this primary carbuncle (at the site of the 
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bite), secondary carbuncles (due to hematogenous dissemination) may also develop. 
At fi rst, an intensive crimson fl eck that looks like an insect bite emerges on the skin. 
The skin in this area becomes very painful. Over the following 24 h, the skin hard-
ens (fi rst only detectable by touch), and then the affected area increases in size and 
becomes visible, rising above the surface (forming a papule). The pain intensifi es, 
and a so-called plague fl ictena, a small pea-sized bubble fi lled with fl uid that is yel-
lowish or darker in appearance if blood is present, develops at the center of the 
papule. In most patients, the envelope of the bubble becomes torn, and a skin ulcer 
is formed, the edges of which begin to swell and increasingly protrude above the 
skin surface, forming a pinkish-red infl ammatory torus that soon becomes cyanotic. 
The ulcer becomes deeply embedded in the skin and at the surface becomes encased 
by a dark scab. The skin lesion is now referred to as a plague carbuncle (Fig.  11.1a ). 
New vesicles may be formed along the edge of this ulcer, making plague carbuncles 
appear similar to the ulcers associated with anthrax. The infl ammation expands to 
the periphery over a period of less than 2 days, causing eccentric growth of the 
ulcer, with carbuncles considerably varying in size from 0.5 to >5.0 cm in diameter. 
There may be only one or several primary and/or secondary carbuncles. Two or 
more secondary skin lesions may form due to hematogenous dissemination of the 
pathogen, whereas the presence of several primary carbuncles may result from mul-
tiple simultaneous infections caused by repeated bites by one or several infected 
fl eas.

   The healing of carbuncles occurs extremely slowly. It begins with the appear-
ance of a demarcation zone characterized by the release of moderate amounts of pus 
at the edges of the scab. The subsequent casting off of the scab and the outcrop of a 
granulating surface is followed by the formation of rough scars. 

 Although the existence of “pure” skin plague has been proposed, whereby the 
pathogen does not spread to the nearby lymph nodes, we have no evidence for this 
in clinical practice, and there is no consistent data on this proposed phenomenon in 
the literature. 

 As a rule, cutaneous lesions in plague patients develop at the same time as, or a 
little earlier than, a typical bubo, which is located close to the ulcer. For example, 
crus ulcers are accompanied by inguinal buboes, while hand ulcers are accompanied 
by axillary lymphadenitis. So, the illness initially presents in cutaneous-bubonic 
form (Fig.  11.1b ), which clinically is identical in terms of its main manifestations to 
the solely bubonic form that will be discussed below. 

 Bubonic plague is the most frequent and well-described form of the disease. The 
early signs of an emerging bubo are painful sensitivity of the inguinal, axillary, 
cervical or submandibular areas that can be detected by careful medical examina-
tion within the fi rst few hours of the disease. Usually there are no obvious insect bite 
marks at the site of infection or signs of lymphangitis. In the regional lymph nodes, 
however, one or two swollen and extremely painful lymph nodes may be noted. As 
the disease progresses, a “tumor” (typically, singular) grows and lymph nodes clus-
ter into a dense conglomerate, which appears linked to the skin, making it impos-
sible to palpate individual nodes. The bubo varies in size from a hazelnut to a hen’s 
egg or even larger (according to historical descriptions, it may reach the size of a 
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  Fig. 11.1    Clinical manifestation of bubonic plague       
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newborn’s head). It has sharp borders and is fi xed and very painful. The severe pain 
often compels the patient to remain in a forced position. During the fi rst days of the 
disease, the skin over the bubo remains unchanged (Fig.  11.1c ). The most frequent 
locations of the buboes are the inguinal region (>50 % of all observations), the axil-
lary area (c. 20 %) (Fig.  11.1d ), and the neck (c. 5 %), with buboes on the elbow and 
popliteal region occurring rarely and even less frequently elsewhere on the body 
(Fig.  11.1e ). Usually a patient displays only one bubo; however, there are excep-
tions as in the case of plague carbuncles (Fig.  11.1f ). The simultaneous develop-
ment of buboes at the groin, axilla, and neck is very rare. Most often, the affected 
area in the groin involves the lymph nodes lying 2–3 fi ngers below the femoral ring 
in the triangular space between the  sartorius  and  adductor longus  muscles. The 
higher frequency of femoral-inguinal buboes can be explained by the large quantity 
of lymph collected here due to the considerable skin surface area encompassed 
compared with other draining nodes. The general condition of patients progres-
sively worsens as a bubo approaches the head. During the development of periade-
nitis, the skin over the bubo becomes denser making it impossible to fold, and 
infl ammatory swelling of the skin gradually develops. The true size and boundaries 
of the bubo become uncertain because of compulsory periadenitis (Fig.  11.1g, h ). A 
doughlike edema may spread a considerable distance from the bubo (e.g., above the 
inguinal ligament if the bubo is femoral). If one presses the swollen region, an 
indented impression is clearly observed (Fig.  11.2a–c ). For axillary lymphadenitis 
that easily develops into secondary pneumonic plague, the edema can expand to the 
breast area, sometimes producing trembling from palpation of the “gelatinous 

  Fig. 11.2    Clinical manifestation of bubonic plague       
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tumor” [ 4 ]. Buboes located in the neck area generally correlate with severe symp-
toms and poor patient outcomes. The lymph glands enlarge rapidly and the hypoder-
mis swells, forming a doughlike tumor, which becomes infi ltrated and indurated 
during the course of periadenitis. Swelling can spread at the front down to the mam-
mary glands and from behind down to the scapular area. The disease peaks 4–6 days 
after onset. Fever remains at 39–40 °C, with symptoms of intoxication reaching 
their maximum. The face becomes contorted, sometimes with an expression of anx-
iety and horror. Pronounced tachycardia, dull heart sounds, and low blood pressure 
are all characteristics of this stage of the disease. The liver and spleen become 
enlarged. If the patient survives this period, the buboes may follow a different clini-
cal course. The buboes rarely disappear completely, but rather become sclerotized 
or suppurate. In the latter case, which often occurs around days 6–8, the skin over 
the bubo reddens and then becomes cyanotic (Fig.  11.2d ). Bubo palpation, which in 
this period becomes less painful, begins to detect some movement within it. On 
days 8–10, the bubo bursts with the release of green-yellow homogeneous pus (Fig. 
 11.2e ), sometimes mixed with blood, but with no strong odor. The epidemiological 
risk from suppurative masses is minimal, as bacteria were diffi cult to isolate after 
the fi rst day. The mature purulent cavity becomes gradually fi lled with granulations 
and the process of cavity healing can take up to 3–4 weeks or even more. The puru-
lent fi stula continues to discharge during this period (Fig.  11.2f ). The bubo eventu-
ally turns into a rough deep scar. In general, suppuration of a bubo is followed by a 
signifi cant improvement in the general health of the patient. However, suppuration 
does not contribute to the favorable course of the disease, as the time necessary for 
a bubo to reach the stage of purulent melting is also suffi cient for the patient to 
overcome the most diffi cult period of the illness. Furthermore, the purulent fi stula is 
a potential site of entry for a secondary infection that can cause the development of 
phlegmonous adenitis.

   All of the above applies to the so-called primary or early buboes, i.e . , developing 
at the lymph nodes nearest to the site of infection. The occurrence of secondary or 
late buboes is possible during the course of any form of plague and at almost any 
time point owing to the hematogenous dissemination of  Y. pestis  to a distant lymph 
gland. Secondary buboes are smaller in size than primary buboes, are less painful, 
and generally do not suppurate, being dissolved in the case of recovery. 

 Cutaneous-bubonic and bubonic forms of plague, unless treated quickly with 
effective antibiotics, can cause systemic infection. Secondary pneumonia, second-
ary buboes, and meningitis, along with other manifestations, can develop when  Y. 
pestis  enters and multiplies in any secondary organs or target tissues (e.g . , the lungs, 
lymph nodes irrelevant to the primary bubo, meninges). In such cases, the so-called 
secondary septicemic (secondary generalized) form of the plague develops. 
However, infectious-toxic shock syndrome (ITSS), which is manifested by a sharp 
increase in the signs of general intoxication and the emergence of new and specifi c 
septic shock symptoms, in particular skin and mucous bleeding, often develops in 
patients instead of the formation of bacterial metastasis. 

 In the case of systemic infection without the formation of a detectable primary 
lesion (e.g., bubo), the patient is usually diagnosed with primary septicemic plague. 
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However, if the development of secondary septicemic plague is suspected from the 
pathogenetic profi le, the reason for the development of primary generalized forms 
of plague is unclear. The term “primary septicemic plague” implies the absence of 
a preliminary stage of  Y. pestis  accumulation in a regional bubo prior to its break-
through into the blood. Whereas, real primary systemic plague may result from (i) a 
large infecting dose, (ii) unusually high virulence of the pathogen (both may be due 
to a laboratory-acquired infection or a bioterrorist attack), as well as (iii) the immu-
nocompromised status of the patient. Other cases of primary generalized forms that 
do not adhere to these criteria remain to be clarifi ed. 

 The issue of appearance of  Y. pestis  in the blood at different stages of the disease 
warrants further examination. In Vietnam during the 1980s,  Y. pestis  was often iso-
lated from the blood of patients with the bubonic form of plague (or observed by 
microscopy of blood smears), whose general condition could be considered neither 
critical nor even severe. The presence of  Y. pestis  in the blood, regardless of the 
severity of the disease, was also noted earlier by other clinicians [ 6 ]. Thus, the 
detection of  Y. pestis  in the blood of a patient is not reason alone for diagnosing the 
septic form of the disease. In this regard, it remains a mystery where the distinction 
lies between a “simple” bacteremia and a systemic infectious bacteremia as the 
pathogenic basis for the generalized forms of plague (septicemia). This issue 
requires further clarifi cation. 

 In the past, different terminology has been used to describe the cause of death in 
plague patients, especially during the fi rst week of the disease with either the 
bubonic or pneumonic form; such terms have included “progressive heart failure,” 
“sudden loss of strength,” and “acute collapse.” Such terms are still cited in some 
modern manuals [ 7 ]. However, plague and all that it involves clearly need demysti-
fi cation. So from the point of view of a modern clinician, all clinical manifestations 
of the terminal phase of plague are consistent with an ITSS caused by Gram- 
negative bacteria with some plague-specifi c features (see below). 

 Meningitis can appear at any stage of any form of plague infection. However, 
meningitis usually occurs either during severe forms of the disease, aggravating the 
main pathogenic process, or during the period of reversal of the symptoms. In the 
pre-antibiotic era, meningitis was frequently the cause of death, whereas today, the 
prognosis is somewhat more optimistic [ 8 ,  9 ]. The development of meningitis is 
associated with worsening of the patient’s condition, increasing headaches, loss of 
consciousness, appearance of meningeal symptoms, and the characteristic position-
ing of patients (the classic “meningeal” posture), which may persist even after 
death. However, we have observed cases in which meningitis developed during the 
convalescent period of bubonic plague and was considered to be a relapse, without 
being deadly or particularly severe. Cerebrospinal fl uid analysis indicates the puru-
lent nature of infl ammation, and  Y. pestis  can often be isolated from cerebrospinal 
fl uid. 

 Secondary pneumonic plague is more common, developing in 8–10 % of bubonic 
plague patients. In addition to a worsening prognosis, the development of pneumo-
nia increases the risk of pathogen transmission via coughing and breathing. As in 
the case of plague meningitis, the development of secondary plague pneumonia is 
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possible at any stage of the infectious process and leads to a signifi cant worsening 
of the patient’s condition. Even when the fever subsides, the body temperature may 
return to 39 °C or higher. The involvement of the lungs in the infectious process is 
accompanied by the appearance of a cough and chest pain while breathing due to 
the development of pleurisy. It should be emphasized that pain (including head-
aches) is a major component of the plague infectious process and the absence of 
pain makes a diagnosis of plague unlikely, or even completely rejected. 

 Dry coughing is rarely seen in pneumonic plague. Scant and glassy sputum 
begins to excrete almost immediately. Then after about a day, the sputum quantity 
increases and it becomes contaminated with blood. On examination, lobar pneumo-
nia of any etiology may be detected with localization of the lesions mostly in the 
middle lobe of the right lung or the upper lobes of both lungs. Such “atypical” 
localization of infl ammatory foci allows the clinician to suspect that the pneumonia 
is caused by hematogenous dissemination of the pathogen, as more trivial second-
ary infections of the lungs caused by adhering microorganisms have the tendency to 
be localized mainly in the lower lobes. 

 More or less similar descriptions of the clinical profi le of primary pneumonic 
plague can be found in many textbooks, manuals, and monographs. In Russian lit-
erature, the original detailed description of primary pneumonic plague was pro-
vided by G. P. Rudnev in 1940 [ 3 ]. Because there are few observations of this type 
of plague in the literature, this text is important, and we insert below practically 
word-for-word translation of its most recent adapted version [ 4 ]. 

 G. P. Rudnev divided the disease into three stages: an initial stage, a peak stage, 
and a terminal stage (with progressive dyspnea, cyanosis, and sometimes coma). 
The second stage was considered the most dangerous in terms of transmission 
because patients develop a cough, expelling the pathogens as a respiratory spray. 

 The clinical picture, especially during the fi rst hours of the disease, may be quite 
different. Usually, the disease has a rapid onset involving an abrupt and repeated 
fever, rapidly rising body temperature, an extremely severe headache, and frequent 
repeated vomiting. This may be followed by “knife-cutting” chest pain, palpitation, 
rapid pulse, severe dyspnea, and delirium. Later, the patient may collapse and fall 
into a coma, and this may subsequently lead to death. Coughing is associated with 
all stages of the disease, with variations in the quantity of sputum, from several spits 
to tens of liters. For a few patients, sputum production does not occur. Between the 
two types of pneumonic plague, wet (with sputum production in large quantities) 
and dry (without sputum production), there is a lot of variability in terms of sputum 
amount and appearance (sputum with odor, vitreous, liquid, or blood stained). In the 
fi nal stage, the sputum is usually pure blood. In general, sputum viscosity is used as 
one of the diagnostic markers. In some nontypical cases, sputum may be rusty in 
appearance, for example, in croupous pneumonia or tuberculosis-like pneumonia. 
In extremely severe cases, palpation and auscultation are not particularly 
informative. 

 At the peak of primary pneumonic plague, patients usually manifest with depres-
sion followed by excitement, delirium, high fever, associated mild pneumonia, fre-
quent coughing with bloody sputum, muffl ed heart sounds, excessive tachycardia, 
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arrhythmia, and often vomiting of blood. Finally, sopor develops, shortness of 
breath increases, and the patient’s faces become cyanotic as if suffocating, exhausted 
by a back-breaking struggle. At this stage, the physical strength of the patient is fad-
ing and the pulse becomes faster and weaker. Some patients fall into a coma; some 
die during repeated attempts to stand up and run away. These attempts to stand and 
run are very characteristic of plague delirium. The disease lasts only 3–5 days and 
without treatment is lethal. Just before death, the body temperature of some patients 
drops sharply to normal. 

 Analysis of the clinical profi le described above from a contemporary point of 
view indicates that the fi nal stages of the development of primary pneumonic plague 
are consistent with ITSS, along with all of the ensuing negative consequences for 
the patient. Recognition of this fact is extremely important because it emphasizes 
that any reduction in plague mortality is unlikely without signifi cant progress in the 
treatment of ITSS [ 10 ]. 

 As for primary septicemic plague, it differs clinically from primary pneumonic 
plague only by the absence of changes in the lungs and by a shorter clinical course 
(usually, <3 days from onset to death). We fully support the assertion of N. N. 
Zhukov-Verezhnikov [ 11 ] that this diagnosis is based only on laboratory data, 
because this form of plague has no specifi c clinical manifestations. We can specu-
late that both of these disease forms have identical pathogenic mechanisms, the only 
difference being that death in the case of primary septicemic plague occurs prior to 
the development of infl ammatory lesions in the lungs. 

 Functional gastrointestinal disorders such as vomiting and diarrhea are fre-
quently associated with severe and generalized forms of plague. It is often possible 
to isolate  Y. pestis  cultures from the feces of such patients. In some cases, the symp-
toms (e.g . , nausea, vomiting, abdominal pain, diarrhea with mucus and blood) may, 
at some stage of the disease, become the dominant characteristic, tempting the clas-
sifi cation of an “intestinal” form of plague. However, the generalized signs and 
symptoms associated with the infectious process in the end prevail over intestinal 
symptoms. So, we should speak not about a separate form of the disease, but about 
a systemic plague, mainly affecting the intestine. 

 It is well established that ITSS plays a crucial role in the mortality associated 
with the plague, and it displays features common to all types of septic shock caused 
by Gram-negative bacteria as well as some specifi c features. As is the case in other 
similar types of shock, tachycardia and tachypnea increase, body temperature and 
blood pressure decrease, and urination ceases. Other possible symptoms are nasal 
and gastrointestinal bleeding, nephrorrhagia, and metrorrhagia, but these are not 
common in uncomplicated cases of the plague. The peculiarities of the clinical man-
ifestations of the plague are the unusually early and abundant multiple bluish-black 
hemorrhages (bruises) with a leaden hue that appear on the skin and mucosa. Their 
size may vary from a dot (Fig.  11.2g ) or line to a much wider area, and they are 
commonly referred to as “spots of death” or  maculae mortis  (Fig.  11.2h ). The simi-
lar signs can be seen on mucosal membranes and in the internal organs [ 12 ] (Fig. 
 11.2i ). This particular characteristic feature together with the high mortality rate 
was the reason why the disease became known as the “Black Death.” In addition, 
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the facial expression of a person dying from the plague is distinctive. G. P. Rudnev 
(1940) described the  facies pestica  as suffering and cyanotic, with an expression of 
horror and with sharp features and abundant sweat drops on the forehead (“dew of 
death”). 

 Another characteristic feature of patients in the fi nal stages of the plague is their 
behavior. As mentioned earlier, if patients are able to move, they always try to 
escape their house and die curled up at the gate of their own home [ 3 ], just as ani-
mals always die at the entrance of their burrows [ 13 ]. It is therefore important for 
medical staff in emergency care units to restrict patients from leaving. 

 In the absence of effective treatment, the human plague generally always leads 
to severe symptoms. However, some plague patients display relatively mild clinical 
symptoms, and such a variant of bubonic plague is named “pestis minor” or “pestis 
ambulans.” Also, the possibility of asymptomatic (subclinical) plague should be 
considered and even the existence of a carrier state [ 3 ]. It may be that the plague 
actually occurs more frequently than it is diagnosed. 

 Figure  11.3  is a sketch map for the main clinical and pathogenic stages of the 
plague.

   Recovery from the plague is a long process, often interspersed with periods of 
improvement and deterioration in the patient’s general state of health. Complications 
of a nonspecifi c nature, such as nonspecifi c pneumonia, phlebitis, stomatitis, gingi-
vitis, otitis, and erysipelas, as well as exacerbation of preexisting chronic diseases 
are possible. 

  Fig. 11.3    Sketch map for the main clinical and pathogenic stages of the plague       
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 It is not diffi cult to diagnose clinically cutaneous-bubonic or bubonic plague, but 
diagnosis of primary pneumonic plague is more challenging and diagnosis of pri-
mary septicemic plague is impossible. We do not see the benefi t in discussing the 
differential diagnosis of the plague because the list of possible nosological forms of 
the disease would be considerable (from tularemia, anthrax, and glanders to menin-
gococcemia). If a clinician is familiar with infectious pathology in general and in 
particular the clinical manifestations of plague, differentiating the specifi c form of 
the disease is not necessary. By contrast, if a clinician is not familiar with such rare 
diseases, there is also no benefi t of a differential diagnosis. 

 For plague patients, blood and urine examinations are rarely performed. In rou-
tine blood examinations, the only change usually detected is an increase in white 
blood cells (25,000/mm 3 ), which is not normally seen in other infectious diseases. 
In routine urine examinations, elevated protein levels may be observed (“fever 
urine”). Microscopic examination of a whole blood smear could confi rm the pres-
ence of  Y. pestis  unequivocally.  

11.2     Rapid Detection of  Y. pestis  on Site 

 Alexandre Yersin was the fi rst to discover the plague bacillus and paved the way for 
modern laboratory diagnosis of the disease. In 1894, he performed isolation of  Y. 
pestis  pure culture and identifi ed it as the causative agent of plague using (i) exami-
nation of smears prepared from autopsy material (buboes) and pure cultures, (ii) 
bacterial culture on solid media, and (iii) infection of laboratory animals with 
autopsy material and pure cultures [ 14 ]. 

 Laboratory diagnosis is problematic in many plague-affected countries, especially 
in the remote areas of developing countries, where the logistics, infrastructure, and 
resources are limited. Rapid and reliable detection of  Y. pestis  on site is essential for 
timely initiation of medical treatment and postexposure prophylactic measures when 
plague cases are suspected. However, the reference standard for confi rmation of 
plague remains the isolation of  Y. pestis , which is time-consuming and not possible 
in the fi eld. Simple tools that require limited resources and allow for the rapid detec-
tion of  Y. pestis  on site are needed for the diagnosis of plague cases. 

11.2.1     Immunological Diagnosis: Development 
of an Immunochromatographic Assay 

 Immunochromatographic assays (ICA) have become popular bedside or point-of- 
care (POC) diagnostic tools because they are sensitive, simple to perform, inexpen-
sive to manufacture, and well suited for rapid on-site detection and can be performed 
in a variety of settings by nontechnical personnel. The Institute Pasteur of 
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Madagascar has developed an ICA that uses monoclonal antibodies to the F1 anti-
gen of  Y. pestis  for the rapid diagnosis of pneumonic and bubonic plague [ 15 ]. 
Samples from patients suspected of plague were tested using the assay both in the 
laboratory and by health workers at 26 pilot sites in Madagascar. The assay detected 
concentrations of F1 antigen as low as 0.5 ng/mL within 15 min. With the combina-
tion of bacteriological methods and F1 ELISA as a reference standard, the positive 
and negative predictive values of the test were 90.6 % and 86.7 %, respectively. The 
agreement rate between assays performed at remote centers and those carried out in 
the laboratory was 89.8 %. Like other ICA assays using colloidal gold particles as 
the reporter, it is a semiquantitative test involving manual reading and a subjective 
threshold. The test must therefore be performed by professional staff. 

 Up-converting phosphor (UCP) technology-based ICA (UPT-ICA) has attracted 
considerable attention because of its advantages of quantifi cation, reliability, and 
robustness [ 16 ]. UCPs are a type of rare-earth-containing crystal particles with the 
unique property of up-converting infrared excitation light (980 nm) to emit visible 
light. These unique optical properties render UCPs ideal labels and are more sensi-
tive than other conventional reporters. UPT-ICAs for the rapid diagnosis of  Y. pestis  
have been developed with high specifi city and a low limit of detection of 10 4  CFU/
mL (100 CFU/test) [ 17 ,  18 ]. This type of assay is applicable in the fi eld with excel-
lent tolerance to various complex samples, such as blood, viscera, (fresh and decom-
posed) and powders. Samples with a wide pH range (2–12), high ion strength, high 
viscosity, or the presence of bio-macromolecules could also be directly detected 
through simple dissolution or homogenization. The detection and quantifi cation of 
 Y. pestis  with UPT-ICA can be performed using a biosensor reader in 15 min. 
Furthermore, it can be operated by nonprofessional staff.  

11.2.2     Molecular Diagnosis by Real-Time PCR 

 Real-time PCR tests that target the structural gene for F1 antigen ( caf1 ), the plas-
minogen activator gene ( pla ), and the gene encoding the specifi c chromosomal frag-
ment (3a) have been developed and may prove useful as specifi c and rapid tests for 
plague diagnosis [ 19 ,  20 ]. The time required for the assay and the detection limit are 
less than those of conventional PCR amplifi cation, and the risk of cross- 
contamination between amplifi cation products is also reduced because post- 
amplifi cation procedures are not required. Moreover, the assay could be adapted for 
use in the fi eld by employing portable real-time PCR instruments and reagents able 
to be stored at room temperature. More recently, it was shown that a  pla - and 
3a-based PCR method could not reliably identify  Y. pestis  [ 2 ,  21 – 23 ] and that mul-
tilocus detection methods should be developed for this pathogen. 

 A novel portable real-time PCR thermocycler, PikoReal™ (Thermo Fisher 
Scientifi c Inc., USA), has been developed for detecting  Y. pestis  in the fi eld [ 24 ]. 
The PikoReal system weighs less than the common PCR instruments (about 10 kg) 
and is equipped with fi ve LED-illuminated optical channels, which increase dura-
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bility when compared with standard light technologies, facilitating multiplexing. 
Analyses of  Y. pestis  with the PikoReal system proved to be simple and time- 
effi cient compared with assays using the Applied Biosystems® 7300 equipment 
(Life Technologies Ltd., USA). In fi eld trials, reliable results were achieved in 
approximately 90 min, from the beginning of sample preparation (45 min) to the 
completion of the diagnosis. All assay-specifi c primers and probes, in both the 
PikoReal and the ABI 7300 systems, correctly identifi ed all tested isolates of  Y. 
pestis , while no cross-reactivity was observed. 

 Real-time PCR reagents able to be stored at room temperature have also been 
developed using primers and probes targeting the 3a sequence and  caf1  in  Y. pestis  
[ 20 ]. Carbohydrate mixtures were added to the PCR reagents, which were later 
vacuum-dried and evaluated for stability. The vacuum-dried reagents were stable at 
37 °C for at least 49 days at a lower concentration of template DNA (10 copies/μl) 
and up to 79 days at a higher concentration (≥10 2  copies/μl). Soil samples spiked 
with  Y. pestis  (5 × 10 4  CFU/g) could be detected with the dried reagents, indicating 
they may be used at room temperature for fi eld application. 

  In the absence of a national strategy for plague diagnosis  [ 25 – 27 ],  it is necessary 
to use the WHO recommendations  [ 28 ] .    

11.3     Identifi cation and Source Tracing of  Y. pestis  
in the Laboratory 

 When the plague is suspected, clinical specimens should be collected immediately 
and sent to a professional laboratory for confi rmation. Diagnosis can be made from 
a variety of specimens, including blood, aspirates from suspected buboes, pharyn-
geal swabs, cerebrospinal fl uid, and sputum samples. All specimens sent from sus-
pected cases should be labeled as high risk and handled in a biosafety cabinet. 

11.3.1     Bacteriologic Tests (The Reference Standard Method) 

 The reference standard method for laboratory diagnosis of  Y. pestis  infection is 
based on the isolation and identifi cation of the organism from clinical specimens 
[ 29 ]. The organism can be cultured and grows on most routine solid and liquid cul-
ture media (e.g . , brain-heart infusion broth, sheep blood agar, or MacConkey agar). 
The optimal growth temperature of  Y. pestis  is 28 °C. However, standard 35–37 °C 
incubation is necessary for development of the F1 antigen of  Y. pestis  and for recov-
ery of other pathogens that may be present.  Y. pestis  grow as gray-white, translucent 
colonies on solid media that are visible after incubation at 25–37 °C for 48 h. 
Colonies are about 1–2 mm in diameter and may have a raised center with a fl at 
periphery (referred to as a “fried egg” or “hammered copper” appearance).  Y. pestis  
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is a pleomorphic Gram-negative rod. On staining of a smear with Giemsa or Wayson 
stain, this organism appears as bipolar coccobacilli. However, bipolar staining is not 
unique for  Y. pestis  and therefore is considered only suggestive of a diagnosis. 
Cultures can be conclusively identifi ed as  Y. pestis  by specifi c phage lysis. Unlike 
F1 antigen expression,  Y. pestis  is susceptible to phage lysis at both 25 °C and 37 
°C. Conventional biochemical identifi cation systems can be used to assist in identi-
fi cation, but misidentifi cation with other organisms, such as  Y. pseudotuberculosis  
or other Enterobacteriaceae, is possible [ 30 ].  

11.3.2     F1 Antigen Detection and Serological Diagnostic 
Techniques 

 In the absence of a defi nite  Y. pestis  isolate, a diagnosis can also be made using 
serological diagnostic techniques. A fourfold or greater change in the titer of anti-
bodies to  Y. pestis  F1 antigen in a passive hemagglutination test of paired serum 
specimens is confi rmatory for  Y. pestis . The specifi city of a positive passive hemag-
glutination test requires confi rmation with the F1 antigen hemagglutination- 
inhibition test. Hemagglutinating antibodies directed against the F1 antigen of  Y. 
pestis  can appear as early as 5 days after the onset of symptoms but more commonly 
appear between 1 and 2 weeks after onset [ 30 ]. 

 Detection of the F1 antigen in tissues or fl uids by direct fl uorescent antibody test-
ing is considered an indicator of the presence of  Y. pestis . Similarly, detection of an 
elevated F1 antibody titer (more than 1:10) in a single serum sample from a patient 
displaying plague-like symptoms who has not been vaccinated previously and has no 
history of  Y. pestis  infection is a positive diagnostic indicator. PCR analysis using 
primers specifi c for the gene encoding F1 antigen has also been reported as a method 
of  Y. pestis  identifi cation. Furthermore, enzyme-linked immunosorbent assays 
(ELISAs) can be employed to detect  Y. pestis  and measure F1 antigen levels or levels 
of serum antibodies to F1 antigen [ 31 ]. An ELISA is available to measure antibodies 
against F1 antigen that involves both immunoglobulin M (IgM), indicative of a recent 
or current infection, and immunoglobulin G (IgG), indicative of a past infection.   

11.4     Diagnostic Criteria for Plague 

 The standard case defi nition of plague (according to the WHO, weekly 
Epidemiological Record, no 28, July 2006) is as follows:

    1.     Suspected case : compatible clinical presentation and consistent epidemiological 
features, including exposure to infected animals or humans, and/or evidence of 
fl ea bites, and/or residence in or travel to a known endemic focus area within the 
previous 10 days   
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   2.     Presumptive case : meeting the defi nition of a suspected case  plus :    

    (A)     Putative new or reemerging focus: at least two of the following tests proved 
positive: 

•    Microscopy: material from bubo, blood, or sputum contains Gram-negative 
coccobacilli, bipolar after Wayson, or Giemsa staining  

•   F1 antigen detected in bubo aspirate, blood, or sputum  
•   A single anti-F1 serology without evidence of previous  Y. pestis  infection or 

immunization  
•   PCR detection of  Y. pestis  in bubo aspirate, blood, or sputum      

   (B)     Known endemic focus: at least one of the following tests proved positive: 

•    Microscopic evidence from bubo, blood, or sputum sample of Gram- 
negative coccobacilli or bipolar coccobacilli observed after Wayson or 
Giemsa  

•   A single anti-F1 serology without evidence of previous plague infection or 
immunization  

•   F1 antigen detected in bubo aspirate, blood, or sputum  
•   PCR detection of  Y. pestis  in bubo aspirate, blood, or sputum       

    3.     Confi rmed case : meeting the defi nition of suspected case  plus :

•    An isolate from a clinical sample identifi ed as  Y. pestis  by colony morphology 
and a positive result for at least two of the following four tests: phage lysis of 
cultures at 20–25 °C and 37 °C, F1 antigen detection, PCR,  Y. pestis  bio-
chemical profi le  

•   A fourfold rise in the anti-F1 antibody titer in paired serum samples  
•   In endemic areas when no other confi rmatory test can be performed, a posi-

tive rapid diagnostic test with immunochromatography to detect F1 antigen       

11.5       Treatment of Plague 

  In the absence of a national strategy for plague treatment  [ 27 ] , it is necessary to use 
the WHO recommendations  [ 32 ] .  

 Plague treatment involves two components: specifi c antibiotic treatment and 
nonspecifi c supporting therapy, such as antishock therapy. As mentioned previ-
ously, before the age of antibiotics, the mortality rate from bubonic plague was 
more than 50 %, with almost 100 % lethality reported for untreated cases of primary 
plague meningitis, pneumonia, or septicemia. Early diagnosis and the prompt initia-
tion of treatment reduce the mortality rate associated with bubonic plague and sep-
ticemic plague to 5–50 % [ 33 ,  34 ], although a delay of more than 24 h in the 
administration of antibiotics and antishock treatment can be fatal for plague patients. 

 Antimicrobial therapy is the simplest component of the complex therapy required 
for plague patients. Streptomycin at a dose of 1.0 g twice a day (30 mg/kg/day) for 
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10 days continues to be considered the most effective anti-plague remedy. There is 
also reason to believe that gentamicin will be highly effective at standard dosage for 
the management of patients with severe sepsis. In randomized comparative studies 
in Tanzania, a 7-day course of intramuscular therapy with gentamicin was equally 
effective against bubonic, septicemic, and pneumonic plague, as the oral use of 
doxycycline in both adults and children [ 35 ,  36 ]. Chloramphenicol is recommended 
for the treatment of plague meningitis. In all cases, antibiotic therapy should be 
continued for 10 days. 

 In the absence of clinical trials of various antimicrobials for the treatment of 
primary pneumonic plague in humans, the existing recommendations are based 
solely on the results of in vitro and animal experiments. The remedies of choice 
both in adults and children are the aminoglycosides, streptomycin, or gentamicin, at 
age-appropriate doses [ 35 ,  37 ] (Table  11.1 ).

   Doxycycline, chloramphenicol, and ciprofl oxacin can also be used as alterna-
tives. When treating a limited number of plague patients, all of these drugs are 
administered parenterally, whereas during a plague outbreak involving a large num-
ber of patients and people who may have come into contact with the plague, oral 
administration of antibiotics is employed. In this situation, preference is given to 
doxycycline, which is administered at an oral dose of 100 mg twice a day or cipro-
fl oxacin at an oral dose of 500 mg twice a day (Table  11.2 ). Chloramphenicol is 
administered orally at a dose of 25 mg/kg four times a day; however, this drug is not 
permitted for use in pregnant women owing to the high risk of toxic effects on the 
fetus [ 35 ,  37 ].

   An adequate intensive pathogenetic treatment of plague [ 38 ,  39 ], and especially 
antishock therapy, requires much more knowledge and skills. ITSS is initially trig-

   Table 11.1    Plague treatment [ 40 ] [recommended by the CDC]   

 Preferred for adults (including pregnant women and immunocompromised adults) 
   Streptomycin 1 g, i.m., b.i.d. 
   Gentamicin 5 mg/kg, i.m. or i.v. daily, or 2 mg/kg loading with 1.7 mg/kg, i.m. or i.v., t.i.d. 
 Preferred for children (including immunocompromised children) 
   Streptomycin 15 mg/kg, i.m., b.i.d. (maximum daily dose 2 g) 
   Gentamicin 2.5 mg/kg, i.m., or i.v., t.i.d. 
 Alternatives for adults 
   Doxycycline 100 mg, i.v., b.i.d., or 200 mg, i.v. 
   Ciprofl oxacin 400 mg, i.v., b.i.d. 
   Chloramphenicol 25 mg/kg, i.v., q.i.d. 
 Alternatives for children (including immunocompromised children) 
   Doxycycline If ≥ 45 kg, adult dosage; If < 45 kg, 2.2 mg/kg, i.v., b.i.d. (maximum 200 mg/dl) 
   Ciprofl oxacin a  15 mg/kg, i.v., b.i.d. 
   Chloramphenicol 25 mg/kg, i.v., q.i.d. 

   a In Russia, this antibiotic is not permitted for use in children under the age of 15 years  
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gered by bacterial toxic substances but is then a self-sustaining, progressive process. 
With simplifi cation, the relationship between  Y. pestis  and ITSS can be explained 
using the analogy of a match and a fi re. The match can easily light the fi re, but 
quenching the match alone will not extinguish the fi re. Removal of the causative 
agent is necessary for effective treatment of the plague but does not quell ITSS. The 
aim of intensive therapy is the maintenance of a patient’s core indicators at the fol-
lowing levels:

•    Central venous pressure: 8–12 mm Hg  
•   Mean arterial pressure: ≥65 mm Hg  
•   Urination: ≥0.5 ml/kg/h  
•   Degree of blood oxygen saturation: ≥70 %    

 Comprehensive antishock therapy for plague patients should include antibiotic 
treatment, infusion therapy, administration of vasopressors and corticosteroids, 
inotropy, and respiratory support (if necessary). Infusion therapy is carried out 
using a combination of crystalloids (e.g . , physiological saline solution or plasma- 
Lyte 148) and colloids (modifi ed fl uid gelatin: gelofusine 4 %, polygeline, hydroxy-
ethyl starch 200–500 ml of a 6 % or 10 % solution) at a ratio of 1:1. 

 Vasopressors, norepinephrine and dopamine, are the fi rst choice drugs. The ini-
tial dosage for dopamine is 5 ml of a 4 % solution added to 200 ml of physiological 
saline, which is infused until the mean arterial pressure reaches 65 mm Hg. The 
dosage for norepinephrine is 2–5 μg/min, and this can be used in combination with 
dopamine. 

 Inotropic dobutaminum could be used for patients with reduced cardiac output at 
a dosage of 250 mg in 500 ml of physiological saline, potentially in combination 

  Table 11.2    Plague treatment 
in a mass casualty setting [ 40 ] 
[recommended by the CDC]  

 Preferred for adults (including pregnant women 
and immunocompromised adults) 
   Doxycycline 100 mg, orally, b.i.d. 
   Ciprofl oxacin 500 mg, orally, b.i.d. 
 Preferred for children (including 
immunocompromised children) 
   Doxycycline If ≥ 45 kg, adult dosage; If < 45 kg, 

2.2 mg/kg orally, b.i.d. 
   Ciprofl oxacin 20 mg/kg, orally, b.i.d. 
 Alternatives for adults 
   Chloramphenicol 25 mg/kg, orally, q.i.d. 
 Alternatives for children (including 
immunocompromised children) 
   Chloramphenicol 25 mg/kg, orally, q.i.d. 
   Ciprofl oxacin a  15 mg/kg, i.v., b.i.d. 

   a In Russia, this antibiotic is not permitted for use in 
children under the age of 15 years  
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with vasopressors at a calculated dosage is 2.5–40.0 μg/kg/min. Steroids (hydrocor-
tisone, 240–300 mg/day for 5–7 days) can hasten hemodynamics to a normal level. 
We speculate that the use of extracorporeal purifi cation methods, such as plasma-
pheresis or hemo-/plasma fi ltration, as used in cases of extreme hemorrhagic fever, 
or transfusion of erythrocytes en masse, would be an appropriate therapeutic strat-
egy in the case of plague. 

 During intensive care, patients should be provided 25–30 kilocalories/kg/day. 
The level of blood glucose should be maintained at 4.5–6.1 mM/L. Phlebothrombosis 
and stress-induced gastrointestinal ulcers should be prevented during the entire 
treatment process. For all types of plague, only fully recovered patients with nega-
tive bacteriological results can be discharged. Patients who have suffered from 
bubonic plague can be discharged after repeated lymph node examinations at a 
2-day interval, and pneumonic plague patients should undergo triplicate sputum 
examinations.     
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    Chapter 12   
 Plague Vaccines: Status and Future                     

     Wei     Sun    

    Abstract     Three major plague pandemics caused by the gram-negative bacterium 
 Yersinia pestis  have killed nearly 200 million people in human history. Due to its 
extreme virulence and the ease of its transmission,  Y. pestis  has been used purpose-
fully for biowarfare in the past. Currently, plague epidemics are still breaking out 
sporadically in most of parts of the world, including the United States. Approximately 
2000 cases of plague are reported each year to the World Health Organization. 
However, the potential use of the bacteria in modern times as an agent of bioterror-
ism and the emergence of a  Y. pestis  strain resistant to eight antibiotics bring out 
severe public health concerns. Therefore, prophylactic vaccination against this dis-
ease holds the brightest prospect for its long-term prevention. Here, we summarize 
the progress of the current vaccine development for counteracting plague.  

  Keywords      Yersinia pestis    •   Plague   •   Vaccines  

12.1       Brief History of Plague Vaccines 

 Y ersinia pestis , the causative agent of plague, is an aerobic, nonmotile, gram- 
negative bacillus. Plague is a deadly disease that has impacted humans for at least 
1500 years [ 1 ] and it continues to be a disease of signifi cant concern. The destruc-
tive potential of plague is evident from three major pandemics: the Justinian plague 
of the sixth and seventh centuries that affected North Africa, Europe, Central and 
Southern Asia, and Arabia; the second pandemic in Europe, which killed one third 
of the Western European population (including the Black Death of 1347–1351 A.D.); 
and the third pandemic, which originated in China in 1855 and spread around the 
world via shipborne rats [ 2 ]. Overall,  Y. pestis  is estimated to have killed 100–
200 million individuals throughout history, making it one of the worst human infec-
tious diseases. It is also considered a reemerging disease [ 3 ,  4 ], and most of the 
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several thousands of human cases each year are now reported from Madagascar and 
other countries in Africa. 

 Although it does not match the “big three” (malaria, HIV/AIDS, and tuberculo-
sis) in the number of people annually affected in the contemporary era, it is far more 
pathogenic and has the potential to spread much more rapidly than these other dis-
eases [ 5 ]. Plague remains as one of the top fi ve bioterrorism threats [ 6 ] and a CDC 
Tier 1 select agent pathogen. Therefore, there is an urgent need for effective means 
of preexposure and postexposure prophylaxis. Owing to the short incubation period, 
treatment with antibiotics, and possibly monoclonal antibodies and drugs inhibiting 
mediators of pathogenicity, offers the best prospect for postexposure prevention of 
disease. However,  Y. pestis  strains resistant to multiple drugs have been isolated 
from plague patients in Madagascar, which may spread multiple antibiotic 
resistance- encoding genes to plague reservoirs [ 7 – 9 ]. For longer-term protection 
and to counter drug resistance, vaccination is believed to be crucial [ 10 ,  11 ]. The 
development of vaccines got an early start in 1897, when Waldemar Haffkine 
(1860–1930) showed that a heat-killed culture of plague bacteria protected rabbits 
against experimental infection. This preparation was tested in humans in India, with 
>20 million doses being given, resulting in observations of reduced incidence and 
mortality in immunized persons [ 12 ]. In an effort led by Meyer, starting in 1939 [ 13 , 
 14 ], the US Army developed a formalin-killed  Y. pestis  vaccine that was given to 
more than a million American servicemen deployed to Vietnam [ 14 ]. Plague vac-
cine (USP), a formalin preparation of the fully virulent strain  Y. pestis  195/P, was 
the fi rst FDA-licensed plague vaccine for human use in the United States and the 
United Kingdom [ 13 ,  14 ]. Controlled clinical trials have not been reported, but stud-
ies of US military personnel during the Vietnam War strongly suggest that formalin- 
killed, whole-cell vaccines protect against bubonic plague [ 14 ,  15 ]. However, these 
vaccines cause signifi cant adverse reactions, particularly after booster injections, 
which are needed to maintain protection [ 16 ]. Moreover, they generally fail to pro-
tect mice and nonhuman primates against pulmonary  Y. pestis  challenge, and sev-
eral humans contracted pneumonic plague despite immunization with this vaccine 
[ 17 ]. In the United States since 1999, a lack of effective protection against pneu-
monic plague; adverse reactions such as fever, headache, and lymphadenopathy; 
and the need for booster injections eventually resulted in diminished interest in the 
USP vaccine [ 6 ,  18 ,  19 ]. Currently, USP vaccine is still used for research only in the 
United Kingdom [ 20 ,  21 ]. Thus, killed whole-cell vaccines are probably not suit-
able for defense against weaponized pneumonic plague. 

 In 1931, Georges Girard and Jean Robic developed a live attenuated nonpig-
mented strain of the plague bacillus in Madagascar called EV [ 22 ]. This vaccine or 
similar live attenuated bacteria with designations including EV76, EV NIIEG, and 
Tjiwide were administered to millions of people in Madagascar, Indonesia, Vietnam, 
and the Soviet Union [ 22 ,  23 ].  Vaccinum pestosum vivum siccum  on the base of the 
strain EV line NIIEG is still used and commercially available in Russia (  http://
www.epidemiolog.ru/catalog_vac/?SECTION_ID=&ELEMENT_ID=476    ) and 
Kazakhstan (  http://pharmprice.kz/annotations/vakcina-chumnaya-zhivaya-suhaya/    ) 
[ 24 ]. By the end of the twentieth century, these vaccines were rarely used outside of 
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Russia due to their strong adverse reactions. Although considerable progresses have 
been made for developing safe effective vaccines against plague for human use, a 
licensed plague vaccine has not been released into commercial market yet. Here, we 
summarized current progresses in the development of plague vaccines.  

12.2     Subunit Vaccines 

 Searching for new antigens from  Y. pestis  is a continuous endeavor for developing 
plague vaccines. Table  12.1  listed  Y. pestis  antigens that were evaluated for vaccine 
purpose.

   Lipopolysaccharide (LPS) is an integral component of the outer membrane of 
gram-negative bacteria and can be used as an immunogenic molecule [ 25 – 32 ]. Prior 
et al. showed that the LPS extracted from  Y. pestis  strain GB stimulated the produc-
tion of TNF-α and IL-6 from mouse macrophages, but was less active in these 
assays than the LPS isolated from  Escherichia coli  strain 0111. They also indicated 
that an antibody response to LPS in mice was primed by LPS immunization, but this 
response did not provide any protection against 100 MLD of  Y. pestis  strain GB 
[ 33 ]. The pH 6 antigen (PsaA) was initially described in 1961 as an antigen synthe-
sized by  Y. pestis  and formed fi mbria-like structures on the bacterial surface at the 
temperature close to body temperature of mammals (35–41 °C) and acidic pH val-
ues (5.8–6.0) close to the pH of abscesses or phagolysosomes in macrophages [ 34 ]. 
PsaA serves as an important adhesin in the establishment of  Y. pestis  infections 
[ 35 – 37 ]. The lack of PsaA synthesis in the  Y. pestis  KIM5 strain caused virulence 
reduction and an increase in the LD 50  of at least 100-fold in mice after retro-orbital 
injection [ 38 ]. However, the loss of synthesis or constitutive production of pH 6 
antigen in the fully virulent wild-type strains 231 and I-1996 did not infl uence their 
virulences or the average survival time of subcutaneously inoculated BALB/c mice 
[ 39 ]. Rabbits immunized with a live EV76 vaccine strain primed high levels of anti- 
PsaA (IgG) at 42 days after initial immunization [ 40 ], and also mice immunized 
with the EV76 produced a strong T-cell response to PsaA [ 41 ]. Schifferli’s group 
showed that mice immunized with 40 μg of PsaA adjuvanted with Alhydrogel 
primed a strong humoral immune response and provided a signifi cant protection 
(70 %) against an intranasal infection with  Y. pestis  KIM5 (Pgm-) in the iron dextran- 
treated mouse model [ 42 ]. However, no protection was shown in the case of immu-
nization with PsaA protein against subcutaneous infection with fully virulent  Y. 
pestis  strains 231 and I-1996 [ 39 ]. 

 Benner et al. determined the humoral immune response to  Y. pestis  antigens in 
mice that survived lethal  Y. pestis  aerosol challenge after antibiotic treatment, such 
as F1, V antigen, YpkA, YopH, YopM, YopB, YopD, YopN, YopE, YopK, plas-
minogen activator protease (Pla), and pH 6 antigen as well as purifi ed lipopolysac-
charide [ 43 ]. Their results indicated that the major antigens recognized by murine 
convalescent sera were F1, LcrV, YopH, YopM, YopD, and Pla [ 43 ]. Andrews et al. 
purifi ed the recombinant proteins (YpkA, YopD, YopE, YopH, YopK, and YopN) 
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and evaluated the role of  Yersinia  outer proteins (Yops) in conferring protective 
immunity against plague in mice injected with above these proteins. Most Yop- 
vaccinated animals succumbed to infection with either wild-type encapsulated  Y. 
pestis  or a virulent, nonencapsulated isogenic variant. Vaccination with YpkA sig-
nifi cantly prolonged the mean survival time but did not increase the overall survival 
of mice challenged with the nonencapsulated strain. Only immunization with YopD 
provided signifi cant protection for mice against challenge with the nonencapsulated 
 Y. pestis  strain [ 44 ]. 

 Straley’s group fi rstly found that  Y. pestis  YadB and YadC, two new members of 
the Oca (oligomeric coiled-coil adhesins) family of proteins [ 45 ,  46 ], have the abil-
ity to form trimers and correlate with the invasion of  Y. pestis  into epithelioid cells 
[ 47 ]. Loss of  yadBC  caused a modest loss of invasiveness for epithelioid cells and a 
subtle decrease in virulence for bubonic plague but not for pneumonic plague in 
mice [ 47 ,  48 ]. But immunization with the GST-YadC 137–409  protein, which fused 
YadC aa 137–409 to C terminal of glutathione S-transferase (GST), provided partial 
protection against F1 −   Y. pestis  challenge in mice and was found to stimulate mixed 
Th1/Th2 responses [ 49 ]. However, Sun et al. showed that YadC810 protein immu-
nization could not provide any protection against subcutaneous and intranasal chal-
lenge of virulent  Y. pestis  CO92 [ 50 ]. The explanations for this contrary result are 
(1) the higher challenge dose we used and (2) the difference between YadC protein 
(aa 32–551) used for immunization in our studies and the YadC protein (aa 137–
422) used by Murphy et al. [ 49 ]. The variation of amino acid sequences might 
change the confi guration of the YadC protein in the two cases [ 50 ]. YscF is a 
surface- localized protein that is required both to secrete Yops and to translocate 
toxins into eukaryotic cells [ 51 – 54 ], which suggested that YscF was required for 
virulence and might be a potential protective antigen. Matson et al. showed that a 
robust antibody response to YscF primed by immunization was able to afford sig-
nifi cant protection to immunized mice following challenge with  Y. pestis  [ 55 ]. 

 Yang’s group employed the high-throughput screening to identify new protec-
tive antigens of  Y. pestis . Total 261 genes from  Y. pestis  were selected on the basis 
of bioinformatics analysis and were expressed in  Escherichia coli  BL21(DE3). 
After purifi cation, 101 proteins were qualifi ed for examination of their abilities to 
induce the production of gamma interferon in mice immunized with live vaccine 
EV76 by enzyme-linked immunospot assay. Thirty-four proteins were found to 
stimulate strong T-cell responses. The protective effi ciencies for 24 of them were 
preliminarily evaluated in mice. In addition to LcrV, nine proteins (YPO0606, 
YPO1914, YPO0612, YPO3119, YPO3047, YPO1377, YPCD1.05c, YPO0420, 
and YPO3720) provided partial protection against challenge with a low dose (20 
times the 50 % lethal dose [20× LD 50 ]) of  Y. pestis  201, but only YPO0606 could 
partially protect mice from infection with  Y. pestis  201 at a higher challenge dosage 
(200× LD 50 ) [ 41 ]. 

 Recently, Chopra’s group [ 56 ] indicated that immunizations with OmpA, Ail/
OmpX, Pla, and F1-V by intramuscular (i.m.) route induced different amounts of 
antibody titers against the above antigens. The titers of anti-Pla and anti-OmpA 
antibodies were the lowest, while the anti-Ail/OmpX antibody titers were similar to 
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that of F1-V antigen. Mice immunized with the F1-V antigen were completely pro-
tected by s.c. challenge with 500 LD 50  Δ caf1  mutant strain of  Y. pestis  CO92 which 
corresponded to approximately 75–100 LD 50  of the WT  Y. pestis  CO92 [ 57 ]. 
Antibodies to both OmpA and Ail/OmpX provided protection to mice resulting in 
40–50 % mice survival, respectively, while antibodies to Pla did not provide any 
protection to mice. All of the unimmunized, naive control mice died by day 20, 
although 90 % of mice immunized with Pla antigen died by day 10. Comparing with 
the protective effects of Ail/OmpX alone, they did not observe any additive or syn-
ergistic effect on protection against bubonic plague in mice immunized with Ail/
OmpX, OmpA, and Pla cocktail. In a pneumonic plague mouse model, F1-V immu-
nization clearly provided complete protection for mice against i.n. challenge. 
Interestingly, immunization with Pla provided 60 % protection to animals when 
challenged with 15 LD 50  [7500 colony-forming units (CFUs)] of Δ caf1  mutant of 
CO92 despite Pla immunization not protecting against a bubonic plague challenge. 
Neither Ail/OmpX nor OmpA immunizations protected mice from developing 
pneumonic plague despite immunizations with both of the aforementioned antigens 
providing protection against bubonic plague in mice. In rat model, immunization 
with OmpA, Ail/OmpX, Pla, and F1-V in rats also produced somewhat comparable 
antibody titers. The F1-V immunization provided complete protection for rats 
against i.n. challenge with 8.5 LD 50  of wild-type CO92, and Ail/OmpX immuniza-
tion provided 50 % protection, while OmpA and Pla immunization failed to provide 
any protection. In addition, immunization with Ail/OmpX, Pla, or OmpA did not 
provide any protection to rats against s.c. challenge with 7 LD 50  of  Y. pestis  CO92. 
Although results indicated that none of immunization with above antigens provided 
better protection against  Y. pestis  challenge in mice than that with F1 and/or LcrV 
antigens, these antigens may be useful to be the combination with F1 and/or LcrV 
to augment protective immunity of such subunit vaccines. In the following, we will 
emphasize on summarizing the progresses in F1 and/or LcrV subunit vaccines. 

  Y. pestis  produces a specifi c capsule composed of the fraction I, the biosynthesis 
of which is temperature dependent. The monomer of the protein capsule is 17.5 kDa, 
i.e., F1 antigen, confers resistance to phagocytosis [ 58 ], has good immunogenic 
properties in  Y. pestis , and is secreted onto the bacterial surface by the Caf1 system, 
which consists of Caf1A as an anchor, Caf1M as a chaperone, and several Caf1 (F1) 
structural proteins [ 59 ,  60 ]. Meyer et al. indicated that the anti-F1 human serum 
afforded signifi cant passive protection in mice [ 61 ]. Mice immunized with F1 anti-
gen purifi ed from the  E. coli  recombinant [ 62 ,  63 ] and  Y. pestis  [ 63 ] were protected 
by lethal  Y. pestis  challenge. However, protective effi cacy against plague challenge 
correlated with titer of F1 antibody, which was a discrepancy in these studies [ 62 , 
 63 ]. Immunization with one dose of F1 formulated in  poly(lactide-co- glycolide) 
(PLG) microparticles and liposomes induced high F1 antibody titers in mice and 
provided great protection against 10 5  CFU of  Y. pestis  GB strain [ 64 ]. 

 Since F1-negative strains have been isolated from natural sources and caused 
experimental fatal disease [ 65 ], Davis et al. indicated that African green monkeys 
that inhaled F1-negative and/or F1-positive strains of  Y. pestis  died at 4–10 days 
postexposure and had lesions consistent with primary pneumonic plague [ 66 ]. 

12 Plague Vaccines: Status and Future



322

Moreover, Quenee et al. also confi rmed that Δ caf1 Y. pestis  was not only fully viru-
lent in animal models of bubonic and pneumonic plague but also broke through 
immune responses generated with live, attenuated strains or F1 subunit vaccines 
[ 67 ]. The same group indicated that immunization of mice and guinea pigs with the 
recombinant F1 generated robust humoral immune responses. Sixty percent of 
immunized mice survived pneumonic plague challenge with 100 MLD  Y. pestis  
CO92 [ 68 ], but only 12.5 % guinea pigs survived pneumonic plague challenge with 
250 MLD  Y. pestis  CO92 [ 69 ]. These studies suggested that plague subunit vaccines 
shouldn’t be solely based on the F1 antigen, although F1 antigen is a good protec-
tive immunogen. 

 LcrV is a multifunctional virulence protein encoded on these 70-kb pCD1 plas-
mids, which codes for a virulence-associated type III secretion system (T3SS) nec-
essary for the translocation of Yops into eukaryotic target cells [ 70 ] and is the core 
of the  Yersinia  pathogenicity machinery that targets cells of the immune system [ 71 , 
 72 ]. LcrV is exported to the bacterial surface by the T3SS, localizes to the tip of the 
T3SS needle structure, and can be secreted into the extracellular milieu [ 73 – 76 ]. 
LcrV also interacts with the Ysc gate protein LcrG [ 70 ,  77 ] and cooperates with 
YopB and D to form a channel or translocon for delivering Yops into eukaryotic 
cells [ 75 ,  78 ]. 

 LcrV as a primary antigen or passive anti-LcrV antibodies are demonstrated to 
protect bubonic or pneumonic  Y. pestis  infection in many research articles and 
reviews [ 11 ,  17 ,  18 ,  69 ,  79 – 84 ]. Anderson et al. demonstrated that immunization 
with the recombinant full-length LcrV antigen protected mice from lethal bubonic 
and pneumonic challenge by a wild-type  Y. pestis  CO92 (F1 +  strain) or by the iso-
genic F1 −  strain C12 [ 80 ]. As described above, vaccination of mice with F1 partially 
protects mice and rats from s.c. challenge with  Y. pestis  and macaques against pneu-
monic plague by passive transfer of sera collected from F1-vaccinated rabbits [ 67 ], 
whereas there is some evidence that F1 has adjuvantizing activity on the immune 
response to the coadministered V antigen and that this effect is specifi c and not due 
to LPS contamination [ 85 ]. Thus, including F1 into LcrV antigen combination 
might augment protective immunity against  Y. pestis  strains. 

 Williamson et al. showed that co-immunization with the purifi ed culture-derived 
F1 and the recombinant LcrV subunits afforded a greater level of protection than 
with either subunit alone [ 86 ]. Also they showed that the antibody titers to F1 and 
V were correlated with protection [ 87 ] and immunization with a single dose of 
Alhydrogel-adsorbed F1 + V vaccine afforded great protection against aerosolized 
 Y. pestis  challenge [ 85 ]. Their studies demonstrated the potential of the combined 
F1 + V vaccine to be developed as a human prophylactic for pneumonic plague. The 
Defence Science and Technology Laboratory (Dstl) at Porton Down (United 
Kingdom) has developed the subunit vaccine rF1 + rV, which is comprised of puri-
fi ed recombinant F1 (rF1) as well as recombinant LcrV (rV, derived from GST- 
LcrV) conjugated with Alhydrogel [ 85 ,  88 ]. Avecia Biologics Ltd. initially licensed 
the technology to manufacture rF1 + rV vaccine in GMP level for phase I and II 
trials. Then, PharmAthene Inc. acquired an exclusive license for rF1 + rV, which is 
now manufactured as RypVaxTM, and continues vaccine development toward FDA 
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licensure. In a phase I clinical trial, GMP manufactured rF1 + rV (RypVax) was 
administered to 24 healthy adult males in a double-blind, ascending dose design 
study, where groups of six individuals received vaccine at dose levels of 5, 10, 20, 
or 40 μg protein in a volume of 0.5 ml, administered intramuscularly with two 
doses, prime (day 1) and booster (day 21). RypVax-immunized volunteers devel-
oped rF1- and rV-specifi c antibodies on day 14 and increased titers after the booster 
injection [ 89 ]. PharmAthene Inc. conducted three phase I trials and reported vac-
cine safety in humans. Levels of antibodies varied considerably among members of 
each vaccine group. A phase II effi cacy trial for RypVax was launched in 2003; 
however experimental tools and generated data are currently not available [ 84 ]. 

 Since the US Department of Homeland Security and Department of Defense 
require an effective vaccine to protect state and local emergency response and res-
cue teams, as well as scientists and members of the World Health Organization 
during laboratory and fi eldwork with  Y. pestis  [ 90 ], the US Army Medical Research 
Institute of Infectious Diseases (USAMRIID) developed the rF1-V fusion protein as 
a vaccine. The rF1-V vaccine protected experimental mice against pneumonic as 
well as bubonic plague, caused by either an F1 +  or F1 −  strain of  Y. pestis , and pro-
vided better protection than F1 or V alone against the F1 +  strain [ 91 ]. Moreover, 
vaccination with F1-V fusion antigen provided similar protective effi cacy against  Y. 
pestis  challenge as vaccination with F1 + V combination [ 90 ,  91 ]. Under contract 
with the US Department of Defense (DOD), DynPort Vaccine Company developed 
rF1-V toward FDA licensure. The progress of DynPort Vaccine Company toward 
licensure of the rF1-V vaccine was posted on the National Institutes of Health clini-
cal trial website (  www.clinicaltrials.gov    ). Two clinical trials were reported for the 
rF1-V plague vaccine. The fi rst trial was designed as a phase I, open-label, dose- 
escalating study for safety, tolerability, and immunogenicity in healthy volunteers. 
The second trial was designed as a phase II, dose-blinded, block-randomized, mul-
ticenter study to select dosage and schedule of rF1V, examining immune responses 
up to 210 days, with additional immunogenicity and safety/reactogenicity data col-
lection through 540 days. Both trials have been completed; however results are not 
yet available. According to a DynPort Vaccine Company press release, 44 healthy 
volunteers between the ages of 18 and 40 were enrolled in the phase I trial and no 
vaccine-related serious adverse events were identifi ed. The phase II trial tested 400 
healthy volunteers between the ages of 18 and 55 [ 84 ]. 

 LcrV was reported to trigger the release of interleukin-10 by host immune cells 
through its interaction with TLR2/CD14 [ 92 – 94 ] and also to suppress tumor necro-
sis factor alpha (TNF-α) and interferon gamma (IFN-γ) production [ 82 ,  95 ]. 
However, several other groups demonstrated that  Y. pestis  LcrV could not effi ciently 
activate TLR2 signaling and that TLR2-mediated immunomodulation did not play 
a major role in pathogenesis of plague [ 96 – 98 ]. Arguments about immunomodula-
tory features of LcrV need to be resolved in further study, but potential concerns 
have been dispelled in the vaccine design. Schneewind’s group from the University 
of Chicago developed a nontoxigenic LcrV vaccine, rV10, a variant with a deletion 
of LcrV residues 271–300, removing potential epitope of interaction with TLR2/
CD14. Immunization with recombinant purifi ed rV10 conjugated with Alhydrogel 
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elicited immune responses that protected mice against a lethal challenge with the 
fully virulent  Y. pestis  strain CO92 [ 99 ,  100 ]. Compared to rLcrV immunization, 
rV10 immunization provided equal levels of vaccine protection to mice [ 99 ]. The 
rV10 displayed a reduced ability to release interleukin-10 or prevent the release of 
tumor necrosis factor alpha from lipopolysaccharide-stimulated primary macro-
phages [ 100 ]. Immunization with rV10 also provided great protection against 
bubonic and pneumonic plague challenge in rats, guinea pigs, and nonhuman pri-
mates [ 101 ]. Eighty-seven percent of guinea pigs immunized with the rV10 plague 
vaccine survived pneumonic plague challenge with 250 MLD  Y. pestis  CO92, while 
only 50 % of guinea pigs immunized with rLcrV survived this challenge [ 69 ]. 
Additionally, guinea pigs vaccinated with rV10 or F1-V had similar survival by the 
intranasal challenge with 1000 MLD  Y. pestis  CAC1 ( caf1A ::IS 1541 ) [ 101 ]. In an 
NIAID-supported program, the University of Chicago investigators use GMP man-
ufactured rV10 to demonstrate preclinical effi cacy in animals [ 68 ]. The rV10 vac-
cine is currently undergoing US Food and Drug Administration (FDA) 
pre-Investigational New Drug (pre-IND) authorization review for a future phase I 
trial [ 84 ]. 

 Additionally, Yang and Wang’s group developed a new subunit vaccine consist-
ing of F1 and rV270 (a recombinant LcrV variant lacking amino acids 271–326 to 
reduce its potential immunosuppressive activity) being evaluated in different animal 
models including mouse, guinea pigs, rabbits, and Chinese-origin rhesus macaque 
[ 102 – 106 ]. Mice immunized with the subunit vaccines and EV76 vaccine achieved 
complete protection against challenge with 10 6  CFU of virulent  Y. pestis  strain 141. 
Immunization with the subunit vaccine and EV76 vaccine provided good protection 
against challenge with the similar CFU of  Y. pestis  in guinea pigs and rabbits, 
respectively. Immunization with subunit vaccines stimulated signifi cantly higher 
anti-rV270 and anti-F1 IgG titers in mice than in guinea pigs and rabbits, and guinea 
pigs developed signifi cantly higher IgG titers than the rabbits, but the anti-F1 
response in guinea pigs was more variable than in mice and rabbits. All the above 
animals immunized with EV76 developed a negligible IgG titer to rV270 antigen. 
Analysis of IgG subclasses demonstrated that subunit vaccines induced strong pre-
dominant IgG1 responses, whereas those receiving EV76 immunization primed 
IgG1 and IgG2a balanced responses [ 102 ]. They further compared immunogenicity 
of the subunit vaccines SV1 (20 μg F1 + 10 μg rV270) and SV2 (200 μg F1 + 100 μg 
rV270) and EV76 in Chinese-origin rhesus macaques,  Macaca mulatta . Similar to 
other animal models described above, the macaques immunized with SV1 or SV2 
developed higher anti-rV270 IgG titer, while animals immunized with EV76 elic-
ited a negligible IgG to rV270 antigen. No signifi cant antibody titer differences 
were observed between SV1 and SV2 immunized groups. Also there were no statis-
tical differences for CD4/CD8 ratios, IL-4, and CD69 levels between the three- 
vaccine immunized groups. However, the EV76 immunized animals produced a 
signifi cant higher level of IL-12 than the subunit immunized groups, indicating that 
EV76 had an advantage over SV in respect of cellular immunity. Immunization with 
SV and EV76 provided a similar protective level against s.c. challenge with 6 × 
10 6  CFU of  Y. pestis  in Chinese-origin rhesus macaques [ 103 ]. They also evaluated 
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the long-term immune responses, transmission modes of maternal antibodies, and 
protective effi cacy in mice vaccinated with the subunit vaccine SV1. Their studies 
demonstrated that antibodies to F1 and rV270 were detectable over a period of 
518 days, and the complete protection against 10 6  CFU of  Y. pestis  141 by s.c. chal-
lenge was achieved up to day 518 after primary immunization [ 106 ]. The rV270- 
and F1-specifi c antibodies could be transmitted to newborn mice from their mothers 
until 10 to 14 weeks of age. There was no difference in antibody titers between the 
parturient mice immunized with SV1 (PM-S) and the cesarean-section newborns 
from the PM-S or between the lactating mice immunized with SV1 (LM-S) and the 
cross-fostered mice (CFM) during 3 weeks of lactation. Seventy-two percent of 
newborn mice survived against s.c. challenge with 4800 CFU of  Y. pestis  strain 141 
at 6-week age, but none of these mice survived against 5700 CFU of  Y. pestis  chal-
lenge at 14-week age. Eighty-four percent of CFM could survive against 5000 CFU 
of  Y. pestis  challenge at 7-week age. Their study showed that maternal antibodies 
induced by SV1 subunit vaccine in mother mice could be transferred to their off-
spring (newborn mice) by both placenta and lactation. Passive antibodies from the 
immunized mothers could persist for 3 months in newborn mice and provided early 
protection for newborn mice [ 105 ].  

12.3     Live Attenuated  Yersinia  Vaccines 

 Attenuated  Y. pestis  strains that effectively protected albino mice against experi-
mental plague were developed in 1895 by Yersin and in 1903–1904 by Kolle and 
Otto but were not tested in humans owing to fears of reversion to virulence. The fi rst 
vaccination of humans with live plague vaccine was done in Manila, Philippines, in 
1907, but reliable evidence of its effi cacy was not obtained as there were no plague 
cases in the city at that time [ 107 ]. Subsequently, the EV76 strain, a spontaneous 
 pgm  mutant, was developed from the EV strain isolated by Girard and Robic from 
a human case of bubonic plague in Madagascar in 1926 [ 108 ]. In 1936, a subculture 
of the EV76 vaccine strain was established at the NIIEG (designation based on the 
Russian abbreviation of the Scientifi c Research Institute of Epidemiology and 
Hygiene, Kirov, Russian Federation) in the former USSR [ 108 ]. This strain was 
employed for the development of the live vaccine designated as  Vaccinum pestosum 
vivum siccum , which is manufactured in the former USSR from 1940 [ 24 ,  109 ]. The 
EV NIIEG strain has been used as a live plague vaccine for the protection of plague 
researchers and people living in territories endemic for plague in the countries of the 
former USSR and some Asian countries and is still in use today [ 18 ,  109 ]. 
Nevertheless, a single dose of the EV NIIEG live vaccine conferred a prompt (day 
7 postvaccination) and pronounced immunity in vaccinees lasting for 10–12 months 
against bubonic and, to some extent, pneumonic plague [ 11 ,  109 ]. 

 However, EV76 vaccine strain can cause disease in some nonhuman primates, 
raising questions about its suitability as a human vaccine [ 110 ]. The live Pgm −  strain 
conferred greater protection against bubonic and pneumonic plague than killed vac-
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cines in animals, but it sometimes caused local and systemic reactions [ 19 ,  21 ,  110 , 
 111 ]. In addition, a live Pgm −  strain retains virulence when administered by the 
intranasal (i.n.) and intravenous (i.v.) routes [ 17 ,  110 ,  112 ]. Variable virulence of the 
live vaccine strains in animal models and reactogenicity in humans has prevented 
this vaccine from gaining worldwide acceptance, especially in the United States and 
Europe [ 14 ,  113 ]. Although licensing live attenuated  Y. pestis  as a vaccine will 
undoubtedly be a long and arduous process, it does not extinguish researchers’ pas-
sion to explore new attenuated  Y. pestis  mutants as vaccines. Table  12.1  shows lists 
of recent developments of live, rationally attenuated  Y. pestis  mutants as vaccines 
against plague. 

 In  Salmonella ,  ∆relA ∆spoT  mutants are attenuated [ 114 ] and  crp  mutants are 
attenuated and immunogenic [ 115 ]. It has also been established that  Y. pestis crp  
mutants are attenuated for virulence [ 116 ]. In our laboratory, we examined the vac-
cine potential of  Y. pestis ∆relA ∆spoT  [ 117 ] and ∆ crp  [ 118 ] mutants. Mice vacci-
nated subcutaneously (s.c.) with 2.5 × 10 4  CFU of the ∆ relA  ∆ spoT  mutant, which 
developed high anti- Y. pestis  serum IgG titers, were completely protected against 
s.c. challenge with 1.5 × 10 5  CFU of virulent  Y. pestis  and partially protected (60 % 
survival) against pulmonary challenge with 2.0 × 10 4  CFU of virulent  Y. pestis  [ 117 ]. 
Results indicate that ppGpp represents an important virulence determinant in  Y. 
pestis , and the ∆ relA  ∆ spoT  mutant strain is a promising vaccine candidate to pro-
vide protection against plague. 

 The  ∆crp  mutant was completely attenuated (s.c. LD 50  > 10 7  CFU) and partially 
protective against bubonic plague but not protective against pneumonic plague 
[ 118 ]. The strategy of regulated delayed attenuation was developed in  Salmonella , 
in which the virulence gene expression of bacteria is dependent on the presence of 
sugars (arabinose, mannose, or rhamnose). When cells are grown in the presence of 
sugar, the virulence gene is expressed. Once the cells invade host tissues where free 
arabinose is not available, virulence gene expression ceases and the cells become 
attenuated [ 119 ]. This strategy was applied to  Y. pestis , constructing a strain with 
 crp  under transcriptional control of the  araC  P BAD  promoter [ 118 ]. The resulting 
strain was partially attenuated (LD 50  = 4.3 × 10 5  CFU) and protective against both 
bubonic and pneumonic plague [ 118 ]. 

 One strategy used by  Y. pestis  to evade the host immune system is to produce 
lipid A that is not recognized by toll-like receptor 4 (TLR4). At environment tem-
perature (26 °C),  Y. pestis  adds palmitoleate to Kdo 2 -lipid IV A  precursor by palmito-
leoyltransferase encoded by a temperature-regulated gene,  lpxP  at 26 °C, then 
stepwise adds myristate by myristoyltransferase encoded by  lpxM  gene to form 
hexa-acylated lipid A, while at 37 °C, the body temperature of mammalian hosts, 
the palmitoleoyltransferase encoded by  lpxP  is activated, resulting in tetra-acylated 
lipid A [ 120 ,  121 ], which is not recognized by TLR4 [ 122 ] that preferentially rec-
ognizes hexa-acylated lipid A [ 123 – 125 ]. In 2006, Montminy et al. reported that a 
 Y. pestis  strain engineered to produce hexa-acylated lipid A at 37 °C by constitutive 
expression of the  E. coli lpxL  gene from a multicopy plasmid is attenuated [ 126 ]. 
Based on those knowledge, we constructed a strain χ10015(pCD1Ap) (Δ lpxP32 ::P lpxL  
 lpxL ), which expresses  E. coli lpxL  from the chromosome of  Y. pestis  
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KIM6 + (pCD1Ap), providing greater genetic stability than plasmid expression. The 
χ10015(pCD1Ap) was highly attenuated by s.c. administration, but χ10015(pCD1Ap) 
stimulated a strong infl ammatory reaction, which results in mice being sick and 
looking ruffl ed in early infection stage, and also retained virulence via intranasal 
infection. Heterologous expression of the lipid A 1-phosphatase, LpxE, from 
 Francisella tularensis  in  Y. pestis  yields predominantly 1-dephosphorylated lipid A 
that might reduce hyper-infl ammation of χ10015(pCD1Ap) and the virulence of 
χ10015(pCD1Ap) by i.n. infection. Results indicated that expression of LpxE on 
top of LpxL provided no signifi cant reduction in virulence of  Y. pestis  in mice when 
it was administered intranasally, but actually reduced LD 50  by three orders of mag-
nitude when the strain was administered subcutaneously [ 127 ]. 

 The strain, χ10030(pCD1Ap), produces hexa-acylated lipid A at 37 °C and car-
ries the arabinose-regulated  crp  gene [ 128 ]. Our results demonstrated an increase in 
the LD 50  of χ10030(pCD1Ap) by s.c. and i.n. inoculation of more than 1.5 × 10 7  and 
3.4 × 10 4 -fold, respectively, in Swiss Webster mice, compared to the wild-type viru-
lent  Y. pestis  KIM6 + (pCD1Ap) strain. Both s.c. and i.n. immunization with strain 
χ10030(pCD1Ap) induced signifi cant protection against both bubonic and pneu-
monic plague with minimal reactogenicity in mice, attributes consistent with our 
goal of designing a live safe  Y. pestis  vaccine. However, this strain was still able to 
induce IL-10 early in infection, a known strategy used by  Y. pestis  to evade detec-
tion by the host [ 73 ]. Also, due to safety concerns surrounding a live plague vaccine, 
we consider it prudent to identify and include an attenuating deletion mutation in 
our fi nal vaccine. Therefore, we plan to enhance the safety and effi cacy of 
χ10030(pCD1Ap) by including a yet to be identifi ed deletion mutation and elimi-
nating its ability to elicit IL-10 early in infection. 

 Other mutations that affect genes specifi c for  Yersinia  have also been examined 
as a basis for attenuating  Y. pestis . Of note, a  Y. pestis ∆yopH  mutant is attenuated 
and provides a high level of protection against bubonic and pneumonic plague in 
mice [ 129 ]. Studies showed that  ∆pcm  and  ∆nlpD  mutants were attenuated and 
elicited protective immunity in mice [ 130 ,  131 ], but the immunization with  ∆nlpD  
mutants failed to protect guinea pigs [ 132 ]. 

 YscN, an ATPase of  Y. pestis , has a critical role for virulence factor delivery. 
Bozue et al. indicated that introduction of the  yscN  gene into the  Y. pestis  CO92 led 
to attenuation following s.c. mice challenges. No mice succumbed to challenge with 
4.44 × 10 4  or 4.44 × 10 6  CFU of the Δ yscN  mutant by s.c. route. The attenuation of 
the  Y. pestis  Δ yscN  strain suggested the possible use of the strain as a live vaccine. 
Immunization administered s.c. twice with 10 7  CFU of the  Y. pestis  Δ yscN  strain in 
mice provided 90 % protection against s.c. challenge with 180 CFU of the wild-type 
CO92 strain [ 133 ]. 

 Sha et al. showed that the Δ lpp  Δ msbB  double mutant  Y. pestis  CO92 strain was 
grossly compromised in its ability to disseminate to distal organs in mice and in 
evoking cytokines/chemokines in infected animal tissues. Additionally, mice that 
survived challenge with the Δ lpp  Δ msbB  double mutant, but not the Δ lpp  or Δ msbB  
single mutant, in a pneumonic plague model were signifi cantly protected against a 
subsequent lethal wild-type CO92 rechallenge. Thus, the Δ lpp  Δ msbB  double 
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mutant might provide a new live attenuated background vaccine candidate strain 
[ 134 ]. Identifi cation of other attenuating mutations that target unique  Y. pestis  viru-
lence genes will be of signifi cant interest for developing safe attenuated  Y. pestis  
vaccines. 

 Zhang et al. constructed the Δ yscB  mutant  Y. pestis  biovar  Microtus  strain 201 
that is avirulent to humans, but virulent to mice. The evaluation of virulence, immu-
nogenicity, and protective effi cacy of the Δ yscB  mutant showed that the Δ yscB  
mutant was severely attenuated, elicited a higher F1-specifi c antibody titer, and pro-
vided protective effi cacy against bubonic and pneumonic challenge with  Y. pestis  
141 strain (Antigua biovar) in mouse model. The Δ yscB  mutant could induce the 
secretion of both Th1-associated cytokines (IFN-γ, IL-2, and TNF-α) and Th2- 
associated cytokines (IL-4 and IL-10) [ 135 ]. The same group evaluated the protec-
tive effi cacy of the  Y. pestis Microtus  strain 201 as a live attenuated plague vaccine 
candidate. Their results showed that this strain was highly attenuated by subcutane-
ous route, elicited an F1-specifi c antibody titer similar to the EV76, and provided a 
similar protective effi cacy with the EV76 against bubonic plague in Chinese-origin 
rhesus macaques. The immunization with  Y. pestis Microtus  strain 201 induced 
elevated secretion of both Th1-associated cytokines (IFN-γ, IL-2, and TNF-α) and 
Th2-associated cytokines (IL-4, IL-5, and IL-6), as well as chemokines MCP-1 and 
IL-8. However, the protected animals developed skin ulcer at challenge site with 
different severities in most of the 201-immunized and some of the EV-immunized 
monkeys [ 136 ]. 

 Recently, Chopra’s group employed high-throughput signature-tagged muta-
genic means to identify novel virulence factors from  Y. pestis  CO92. In this study, 
they found  rbsA  that codes for a putative sugar transport system ATP-binding pro-
tein, and  vasK , a component of the type VI secretion system, exhibited attenuation 
at 11–12 LD 50  in a mouse model of pneumonic plague. Combining Δ rbsA  and 
Δ vasK  genes into either the Δ lpp  single or the Δ lpp Δ msbB  double mutant aug-
mented the attenuation to provide 90–100 % survivability to mice in a pneumonic 
plague model at 20–50 LD 50 s. The Δ lpp Δ msbB  Δ rbsA  triple mutant-infected mice 
at 50 LD 50  were 90 % protected upon subsequent challenge with 12 LD 50  of  Y. pestis  
CO92 [ 137 ]. They also evaluated whether the deletion of  ail  gene affected virulence 
of  Y. pestis  CO92. Results indicated that the  ail  single mutant was slightly attenu-
ated compared to the WT bacterium in a mouse model of pneumonic plague; how-
ever combining Δ ail  into Δ lpp  single mutant strain and Δ lpp  Δ msbB  double mutant 
strain increased their attenuation. LD 50  of the triple mutant (Δ ail  Δ lpp  Δ msbB ) was 
equal to 6800 LD 50  of  Y. pestis  CO92. The mutant-infected animals developed 
 balanced Th1- and Th2-based immune responses based on antibody isotypes. The 
triple mutant was cleared from mouse organs rapidly, with concurrent decreases in 
the production of various cytokines and histopathological lesions. Animals surviv-
ing from infection with the triple mutant were partially protected against subse-
quently challenged on day 24 with the bioluminescent  Y. pestis  CO92 strain (20–28 
LD 50 s) by intranasal route; however effi cient clearing of the invading pathogen was 
visualized in real time by in vivo imaging [ 138 ]. 
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  Y. pseudotuberculosis , a recent ancestor of  Y. pestis  [ 139 ], is much less virulent 
and typically causes an enteric disease that is rarely fatal. Its lifestyle as an enteric 
pathogen should facilitate its use as an oral vaccine. With the exception of two addi-
tional plasmids carried by  Y. pestis  (pPCP1 and pMT1), the two species share >95 % 
genetic identity and a common virulence plasmid with a conserved colinear back-
bone [ 140 ]. Based on these similarities, the use of avirulent  Y. pseudotuberculosis  
strains as a plague vaccine has been explored. Oral immunization with attenuated  Y. 
pseudotuberculosis  strains stimulates cross-immunity to  Y. pestis  and provides par-
tial protection against pulmonary challenge with  Y. pestis  [ 141 – 143 ]. While protec-
tion was not stellar, it was signifi cant, demonstrating the feasibility of using this 
approach. Derbise et al. showed that an encapsulated  Y. pseudotuberculosis  IP32953 
was generated by cloning the  Y. pestis  F1-encoding  caf  operon and expressing it in 
the attenuated strain. The new V674pF1 strain produced the F1 capsule in vitro and 
in vivo. Oral inoculation of V674pF1 allowed the colonization of the gut without 
lesions to Peyer’s patches and the spleen. Vaccination induced both humoral and 
cellular components of immunity, at the systemic (IgG and Th1 cells) and the muco-
sal levels (IgA and Th17 cells). A single oral dose conferred 100 % protection 
against a lethal pneumonic plague challenge (33 × LD 50  of the fully virulent  Y. pestis  
CO92 strain) and 94 % against a high challenge dose (3300 × LD 50 ). Both F1 and 
other  Yersinia  antigens were recognized and V674pF1 effi ciently protected against 
an F1-negative  Y. pestis  [ 144 ]. 

 Recently, Sun et al. constructed a  Y. pseudotuberculosis  mutant strain with 
arabinose- dependent regulated delayed shutoff of  crp  expression ( araC  P BAD   crp ) 
and replacement of the  msbB  gene with the  E. coli msbB  gene to attenuate it. Then, 
we inserted the  asd  mutation into this construction to form χ10057 (∆ asd-206  
Δ msbB868 :: P msbB   msbB   (EC)  ΔP crp21  :: TT  araC  P BAD   crp ) for adapting with a balanced- 
lethal Asd +  plasmid to facilitate antigen synthesis. A hybrid protein composed of 
YopE (1-138aa) and fused with full-length LcrV of  Y. pestis  (YopE Nt138 -LcrV) was 
synthesized in χ10057 harboring an Asd +  plasmid (pYA5199,  yopE   Nt138  - lcrV ) and 
could be secreted through type III secretion system (T3SS) in vitro and in vivo. 
Animal studies indicated that mice orally immunized with χ10057(pYA5199) 
developed similar titers of IgG response to whole-cell lysates of  Y. pestis  (YpL) and 
LcrV as χ10057(pYA3332, empty plasmid). The χ10057(pYA5199) induced higher 
level of protection (83 % survival) against intranasal (i.n.) challenge with ~130 LD 50  
(1.3 × 10 4  CFU) of  Y. pestis  KIM6+ (pCD1Ap) than induced by χ10057(pYA3332) 
(40 % survival). Splenocytes from mice vaccinated with χ10057(pYA5199) pro-
duced signifi cant levels of IFN-γ, TNF-α, and IL-17 after restimulation with LcrV 
and YpL antigens [ 145 ]. 

 Additionally, a  Y. pseudotuberculosis  mutant strain combined with chromosome 
insertion of  caf1R-caf1A-caf1M-caf1  operon and deletions of  yopJ  and  yopK , 
χ10068 [pYV-ω2 (Δ yopJ315 Δ yopK108 ) Δ lacZ044 ::  caf1R-caf1M-caf1A-caf1 ], 
was constructed. Results indicated that gene insertion and deletion did not affect the 
growth rate of χ10068 compared to wild-type  Y. pseudotuberculosis  cultured at 
26 °C, and also F1 antigen in χ10068 was synthesized at 37 °C (mammal tempera-
ture), not at regular culture temperature (26 °C). Immunization with χ10068 primed 
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both antibody responses and specifi c T-cell responses to F1 and YpL. A single dose 
of oral immunization with χ10068 provided 70 % protection against a subcutaneous 
(s.c.) challenge with ~2.6 × 10 5  LD 50  of  Y. pestis  KIM6+ (pCD1Ap) and 90 % pro-
tection against an intranasal (i.n.) challenge with ~500 LD 50  of  Y. pestis  KIM6+ 
(pCD1Ap) in mice (manuscript in preparation). As a naturally occurring enteric 
pathogen, live attenuated  Y. pseudotuberculosis -based vaccines may be used as an 
oral vaccine delivered by baits to wild animals, which might reduce the transmis-
sion of sylvatic plague to humans by controlling it or eradicating it in its natural 
rodent hosts.  

12.4     Live Vectored Plague Vaccines 

 In the process of attenuation, an infectious agent is altered so that it becomes harm-
less or less virulent, while retaining its ability to interact with the host and stimulate 
a protective immune response [ 146 ]. There are many examples of successful live 
attenuated vaccines delivered by injection, including the current bacterial vaccine 
for tuberculosis (BCG) [ 147 ] and viral vaccines for measles, mumps, rubella, 
chicken pox, and yellow fever [ 148 ]. Rabies vaccines are now available in two dif-
ferent attenuated forms, one for use in humans and one for animals [ 149 ]. There are 
also a number of mucosally delivered live vaccines. These include oral vaccines 
against poliovirus [ 150 ], cholera [ 151 ], rotavirus [ 152 ], and typhoid fever [ 153 ] and 
the nasally delivered vaccines against infl uenza [ 154 – 156 ]. 

 Most pathogens gain entry to the host via mucosal surfaces [ 157 ,  158 ]. Thus, 
parenterally administered vaccines, which may be limited in their capacity to induce 
mucosal immune responses, may not be the most appropriate form of vaccination 
for many infections. In contrast, mucosally delivered vaccines have the potential for 
inducing both systemic and mucosal immunity. Ideally delivered by the oral or 
intranasal (i.n.) route, such vaccines also offer the advantage of being easier and 
safer to administer than needle-based delivery [ 159 ]. Therefore, live attenuated vac-
cines have advantages over subunit vaccines as they are typically taken orally, still 
inducing strong mucosal and durable immunity [ 24 ,  158 ,  160 ]. In addition, they are 
often less expensive to manufacture than subunit vaccines. The major disadvantages 
of live vaccines include inadequate attenuation, particularly in the case of immuno-
compromised individuals and the potential to revert to virulence. However, applica-
tion of modern molecular techniques in conjunction with a detailed understanding 
of the virulence attributes of the delivery vector or, in some cases, of the pathogen 
itself prior to attenuation makes the latter unlikely in a well-characterized rationally 
attenuated vaccine. Thus, the development of live vaccines against plague at this 
time represents an underutilized strategy for preventing this disease. 
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12.4.1     Live Bacterially Vectored Plague Vaccines 

 The commensal, nonpathogenic bacterium  Lactococcus lactis  has been used to 
deliver LcrV [ 161 ,  162 ] with some success. However, most of the studies examining 
the use of live bacterially vectored vaccines for plague, including work in our labo-
ratory, have focused on exploiting live attenuated  Salmonella  to deliver  Y. pestis  
antigens. Live attenuated  Salmonella  have attracted considerable attention as vec-
tors for the delivery of a variety of heterologous vaccine antigens. After delivery by 
the oral route, the bacteria enter the intestinal subepithelium via M cells and are 
traffi cked via mesenteric lymph nodes to fi xed macrophages in the spleen and liver 
[ 163 – 165 ]. This colonization pathway results in the induction of mucosal and sys-
temic immune responses. Table  12.2  summarizes a number of recent studies utiliz-
ing live attenuated  Salmonella  vaccines to deliver  Y. pestis  antigens.

   With a few exceptions, all the studies listed in Table  12.3  used  Salmonella  to 
deliver F1, LcrV, or both. Titball’s group has done numerous studies in this area, 
constructing strains that produce F1-V fusion protein [ 166 ], LcrV [ 167 ], and F1 
capsule on the surface of the cell [ 291 ]. Pascual’s group took the effort one step 
further and constructed a  Salmonella  strain that produced F1 as an extracellular 
capsule and LcrV as a soluble cytoplasmic protein [ 291 ]. Sizemore et al. demon-
strated that attenuated  S. typhimurium  strains expressing cytoplasmically localized 
F1-V and V antigen antigens were more immunogenic than strains that secreted or 
localized plague antigens to the outer membrane [ 168 ]. In all of these studies,  S. 
typhimurium  vaccine strains synthesizing F1 and/or LcrV or fragments of LcrV 
were demonstrated to elicit humoral and/or cellular immunity against the vectored 
antigen and to provide some level of protective immunity against either subcutane-
ous or intranasal challenge with  Y. pestis . Interestingly, some authors noted that 
immunization with attenuated  Salmonella  alone (no  Y. pestis  antigens) could pro-
vide a low level of protection [ 169 – 171 ], indicating that the use of  Salmonella  as a 
plague vaccine may provide an additional benefi t.

   Studies have also described  S. typhi  constructs as candidates for human vaccines. 
In one study, an  S. typhi  strain synthesizing capsular F1 was demonstrated to elicit 
protective immunity when used to intranasally immunize mice [ 172 ]. A similar vac-
cine strain was administered intranasally to 7-day old mice [ 173 ]. Immunized mice 
developed mucosal antibody and IFN-γ-secreting cells and were effi ciently primed 
for a later injection of F1 plus alum adjuvant. The  Salmonella  vaccine provided 
more potent priming than an F1 plus alum prime, demonstrating the potential for 
using a  Salmonella -vectored plague vaccine in a prime boost scenario. Recently, 
Galen et al. used a live attenuated  S. typhi  strain to create a bivalent mucosal plague 
vaccine that produces both the protective F1 capsular antigen of  Y. pestis  and the 
LcrV protein required for secretion of virulence effector proteins. To reduce meta-
bolic burden associated with the co-expression of F1 and LcrV within the live vec-
tor, we balanced the expression of both antigens by combining plasmid-based 
expression of F1 with chromosomal expression of LcrV from three independent 
loci. The serum antibody responses to LPS induced by the optimized bivalent vac-

12 Plague Vaccines: Status and Future
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cine were indistinguishable from those elicited by the parent strain, suggesting 
adequate immunogenic capacity maintained through preservation of bacterial fi t-
ness. Importantly, mice receiving the optimized bivalent vaccine were fully pro-
tected against lethal pulmonary challenge [ 174 ]. 

 Our philosophy with regard to  Salmonella -vectored vaccines for plague is that 
F1 and LcrV, while highly effective in laboratory models, may not be suffi cient to 
protect against all strains of  Y. pestis . For example, nonencapsulated (F1-negative) 
 Y. pestis  mutants can cause chronic, lethal infections in laboratory rats and mice 
[ 175 ,  176 ]. However, the relevance of these observations has been brought into 
question by a recent study showing that the impact of the F1 capsule on  Y. pestis  
virulence depends on the strain and genotype of mouse used for testing [ 177 ]. On 
the other hand, this concern appears to be relevant to humans as an F1-negative 
strain of  Y. pestis  has been implicated in an acute fatal human infection [ 178 ]. 
Additionally, there are known polymorphisms of LcrV [ 179 ] and F1 [ 180 ] that may 
infl uence protective effi cacy. Therefore, using only two antigens for presentation by 
 Salmonella  might be insuffi cient to combat weaponized or naturally occurring  Y. 
pestis , leading us to evaluate additional antigens. In addition to LcrV, our group has 
used  Salmonella  to vector three other  Y. pestis  antigens, Psn [ 171 ], HmuR [ 171 ], 
PsaA, also called pH 6 antigen [ 34 ], which forms a fi brillar structure on the  Y. pestis  
cell surface [ 181 ] and YadC, a member of the oligomeric coiled-coil adhesins [ 50 ]. 
Psn and HmuR are outer membrane proteins involved in iron acquisition [ 182 ,  183 ]. 
The role of PsaA in virulence is not clear [ 35 ,  38 ,  39 ], but available data indicates it 
may serve as an adhesin [ 184 ] and an antiphagocytic factor [ 185 ]. We demonstrated 
that  Salmonella  delivering Psn elicited signifi cant protective immunity against sub-
cutaneous challenge [ 171 ]. We observed partial protection against intranasal chal-
lenge, although this did not achieve statistical signifi cance. PsaA was highly 
immunogenic, eliciting strong serum IgG and mucosal IgA antibodies. However, 
immunized mice were not protected from subcutaneous challenge, and similar to 
what we observed with Psn, some immunized mice were protected from intranasal 
challenge, but the result was not statistically signifi cant [ 181 ]. When delivered by 
our  Salmonella  strains, HmuR was poorly immunogenic and did not confer protec-
tion against either challenge route [ 171 ]. Mice immunized with  Salmonella  synthe-
sizing YadC or YadC810 are afforded 50 % protection but no protection by 
immunization with the  Salmonella  strain synthesizing YadBC by s.c. challenge with 
~230 LD 50  of  Y. pestis  CO92. None of these provided protection against i.n. chal-
lenge with ~31 LD 50  of  Y. pestis  CO92 [ 50 ]. Recently, we optimized expression of 
three antigens (LcrV196, F1, and Psn) in our newly improved  Salmonella  strain. 
Oral immunization with the  Salmonella  strain delivering three antigens provided 
complete protection against s.c. challenge with 5700 CFU of  Y. pestis  CO92 and 
60 % protection against i.n. challenge with 5000 CFU of  Y. pestis  CO92 (manuscript 
in preparation).  
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12.4.2     Virally Vectored Live Plague Vaccines 

 Replication-defi cient adenovirus (Ad) vectors are excellent candidates for vaccine 
platforms as they transfer genes effectively to antigen-presenting cells (APCs) 
in vivo, with consequent activation of APCs, thus conveying immune adjuvant 
properties and inducing strong, rapid humoral and cellular immune responses 
against the transgene product [ 186 ]. Crystal’s group developed a replication- 
defi cient adenovirus (Ad) gene transfer vector encoding V antigen and demonstrated 
that a single injection of the recombinant virus elicited strong anti-LcrV serum anti-
body responses, LcrV-specifi c CD4 +  and CD8 +  responses, and protective immunity 
against an intranasal  Y. pestis  challenge [ 187 ,  188 ]. In a subsequent study, they 
fused either F1 or LcrV to the C terminus of adenovirus capsid protein, IX. Both 
constructs elicited strong humoral immunity in mice immunized intramuscularly 
with greater effi cacy than an injection of adjuvanted purifi ed V or F1 [ 188 ]. In addi-
tion, they also employed adenovirus (Ad) to deliver monoclonal antibodies (MAbs) 
specifi c for the  Y. pestis  LcrV antigen, which provided good protection for immu-
nized mice against intranasal challenge with 363 LD 50  of  Y. pestis  CO92 [ 189 ,  190 ]. 

 Rose’s group devised a vaccine utilizing recombinant vesicular stomatitis virus 
(VSV) vectors expressing the  Y. pestis lcrV  gene [ 191 ]. Two intranasal doses elic-
ited high titers of anti-LcrV IgG and protected immunized mice against intranasal 
challenge. In a follow-up study, the virus was modifi ed to encode a secreted form of 
LcrV [ 192 ]. A single intramuscular dose of 10 9  PFU was suffi cient to protect 90 % 
of the immunized mice from a lethal  Y. pestis  challenge. The secreted LcrV was a 
more potent vaccine than the previous vaccine that encoded the nonsecreted form, 
and the authors showed that a high level of protection was dependent on CD4 +  but 
not CD8 +  cells and correlated with increased anti-LcrV antibody and a bias toward 
IgG2a and away from IgG1 isotypes [ 191 ,  192 ]. In addition, vaccinia virus (VACV) 
is the vaccine for smallpox and a widely used vaccine vector for infectious diseases 
and cancers [ 193 ]. Several groups demonstrated a vaccinia viral vector expressing 
either  lcrV  or  caf1  (gene encoding F1) as vaccines which are highly immunogenic 
in BALB/c mice and safe in immunocompromised SCID mice [ 193 – 195 ]. 

 Barton et al. reported that latent infection of mice with either murine gammaher-
pesvirus 68 or murine cytomegalovirus results in an increased resistance to both 
intranasal and subcutaneous infections with either  Listeria monocytogenes  or  Y. 
pestis  [ 196 ]. Latency-induced protection is not antigen specifi c but involves pro-
longed production of the antiviral cytokine interferon-γ and systemic activation of 
macrophages, which upregulates the basal activation state of innate immunity 
against lethal challenge of plague [ 196 ]. This observation might be translated into a 
proactive approach to provide immunity against plague or other pathogens. 

 A number of reports described studies to develop viral-vectored bait vaccines to 
be used to control environmental sources of plague. One group constructed a recom-
binant vaccinia virus to direct synthesis of an F1-V fusion protein with promising 
results [ 194 ,  195 ]. Orally immunized mice developed high serum antibody titers 
against the F1-V antigen and achieved 90 % protection against a challenge of 10 
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LD 50  of  Y. pestis  [ 194 ,  195 ]. Researchers at the US Geological Survey’s National 
Wildlife Health Center have been developing a recombinant raccoon poxvirus 
(RCN) that directs synthesis of the F1 antigen (herein designated RCN-F1) as a bait 
vaccine to protect Prairie dogs ( Cynomys  spp.). Prairie dogs are highly susceptible 
to  Y. pestis . In initial studies, the vaccine protected mice from virulent plague chal-
lenge [ 197 ], and black-tailed prairie dogs ( Cynomys ludovicianus ) vaccinated intra-
muscularly with RCN-F1 survived subcutaneous challenge with virulent  Y. pestis  
[ 198 ]. To provide a more practical approach for fi eld vaccination, the RCN-F1 vac-
cine was incorporated into palatable, edible bait and offered to black-tailed prairie 
dogs. Antibody titers against  Y. pestis  F1 antigen increased signifi cantly in vacci-
nated animals, and their survival was signifi cantly higher upon challenge with  Y. 
pestis  than that of negative controls [ 198 ,  199 ], demonstrating that oral bait immu-
nization of prairie dogs can provide protection against plague.   

12.5     Other Vaccines for Plague 

  DNA Vaccines     Recently, a novel methodology of DNA vaccines has been devel-
oped in which genes encoding protein antigens are delivered into host cells for 
enabling antigen production to occur in vivo. There are several advantages about 
DNA vaccines, such as ease of construction, low cost of mass production, high lev-
els of temperature stability, and the ability to elicit both humoral and cell-mediated 
immune responses [ 200 ,  201 ]. Bennett et al. fi rst reported that a DNA vaccine vec-
tor encoding a fusion of the  Y. pestis  V antigen and glutathione  S -transferase (GST) 
under the CMV promoter could induce V antigen-specifi c antibody in mice [ 202 ], 
which suggested that there was potential for the development of a DNA vaccine 
against plague. Grosfeld et al. constructed three plasmids expressing the full-length 
F1, F1 devoid of its putative signal peptide (deF1), and F1 fused to the signal- 
bearing E3 polypeptide of Semliki Forest virus (E3/F1). Among them, intramuscu-
lar vaccination of mice with the plasmid expressing deF1 induced the most effective 
in eliciting anti-F1 antibodies. Immunization with deF1 DNA conferred complete 
protection against s.c. challenge with 4000 LD 50  of the virulent  Y. pestis  Kimberley53 
strain [ 203 ]. Garmory et al. reported that immunization with the plasmid containing 
CMV-TE eukaryotic promoters for driving expression of V antigen induced higher 
IgG2a titers than other fi ve different eukaryotic promoters, but alteration of the 
codon usage of the  lcrV  gene was not found to improve the anti-LcrV antibody 
responses [ 204 ]. The comparison of DNA vaccines delivered via intramuscular 
injection with gene gun administration indicated that gene gun delivery induced 
signifi cantly higher antibody responses to F1 or LcrV and also afforded the highest 
level of protection against  Y. pestis  challenge [ 203 ,  204 ].  

 Williamson et al. reported that mice primed with a combination of plasmid DNA 
encoding either protective antigen of  Bacillus anthracis  or LcrV antigen of  Y. pestis  
and boosted with a combination of the recombinant proteins were fully protected 
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(6/6) against challenge with  Y. pestis . However, mice primed only with plasmid 
DNA encoding the V antigen and boosted with rV were partially protected (3/6) 
against  Y. pestis  challenge, or mice primed and boosted with plasmid DNA encod-
ing the V antigen were poorly protected (1/6) against  Y. pestis  challenge. This pro-
tective enhancement may be due to the effect of CpG motifs known to be present in 
the plasmid DNA construct encoding protective antigen of  B. anthracis  [ 205 ]. 
Recently, Albrecht et al. evaluated the effi cacy of multi-agent DNA vaccines con-
sisting of a truncated gene encoding  B. anthracis  lethal factor (LFn) fused to either 
 Y. pestis  V antigen (V) or  Y. pestis  F1. Mice immunized with above DNA vaccine by 
gene gun and developed predominantly IgG1 responses to LFn, V, and F1, respec-
tively, were fully protected against a lethal aerosolized  B. anthracis  spore challenge 
but were partially protected against a lethal aerosolized  Y. pestis  [ 206 ]. In addition, 
Wang et al. demonstrated that a novel DNA vaccine expressing a modifi ed V anti-
gen (LcrV) of  Y. pestis , with a human tissue plasminogen activator (tPA) signal 
sequence, elicited strong V-specifi c antibody responses in BALB/c mice. The tPA-V 
DNA vaccine provided better protection against intranasal challenge with lethal 
doses of  Y. pestis  than a DNA vaccine only expressing the wild-type V antigen in 
mice. Additionally, oligomers formed spontaneously by tPA-V primed a higher 
IgG2a anti-V antibody response in immunized mice, which tends to induce Th1- 
type cellular immune response [ 207 ]. The same group found that an LcrV DNA 
vaccine was able to elicit CD8+ T-cell immune responses against specifi c epitopes 
of LcrV antigen and induced protective immunity against i.n. challenge with  Y. 
pestis  [ 208 ]. 

 Mixture of IL-12 with protective antigens might enhance vaccine effi cacy, 
because IL-12 has a central function in initiating and regulating cellular immune 
responses by stimulating gamma interferon (IFN-γ) production in both natural killer 
(NK) cells and helper T cells [ 209 ,  210 ]. Therefore, Yamanaka et al. construct two 
bicistronic plasmids encoding an F1-V fusion protein and IL-12 with different copy 
numbers to produce high or low level of IL-12. Animal experiments indicated that 
mice immunized with IL-12(Low)/F1-V vaccine were provided the best protective 
effi cacy (80 % survival) against pneumonic challenge of  Y. pestis  compared to mice 
immunized with IL-12(Low)/F1, IL-12(Low)/V, or IL-12(Low) vector DNA vac-
cines. However improved expression of IL-12 resulted in lost effi cacy when using 
the IL-12(High)/F1-V DNA vaccine. Although there were differences in the amount 
of IL-12 produced by the two F1-V DNA vaccines, antibody responses and Th-cell 
responses to F1- and V-Ags were similar [ 209 ,  211 ]. 

  Nanovaccines     In order to improve effi cacy of subunit vaccines, nanotechnology 
platforms have recently been incorporated into vaccine development to overcome 
certain concerns about vaccines, such as the weak immunogenicity, intrinsic insta-
bility in vivo, toxicity, and the need for multiple administrations. Nanocarrier-based 
delivery systems facilitate uptake of nanovaccines by phagocytic cells, the gut- 
associated lymphoid tissue, and the mucosa-associated lymphoid tissue, leading to 
effi cient antigen recognition and presentation and offering an opportunity to enhance 
the humoral and cellular immune responses [ 212 ]. In addition, modifying the 
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 surfaces of nanocarriers with a variety of targeting moieties allows the delivery of 
antigens to specifi c cell surface receptors, thereby stimulating specifi c and selective 
immune responses [ 213 ].  

 Zeng et al. fi rstly demonstrated that intranasal mucosal vaccination of mice with 
nanostructural and single-molecule force bases of  Y. pestis  V antigen fused with 
protein anchor (V-PA) loaded on gram-positive enhancer matrix (GEM) vaccine 
particles elicited robust antigen-specifi c immune response. This study indicated that 
high-density, high-stability, specifi c, and immunological pH-responsive loading of 
immunogen nanoclusters on vaccine particles could readily be presented to the 
immune system for induction of strong antigen-specifi c immune responses [ 214 ]. 
Hoeprich’s group tried to immobilize hexa-His-tagged LsrB, a  Y. pestis  transport 
protein, onto nickel-chelating nanolipoprotein particles (NiNLPs) [ 215 ]. Then, they 
employed a nanolipoprotein particle (NLP)-based vaccine delivery platform to co- 
deliver both subunit antigens and amphipathic adjuvants such as monophosphoryl 
lipid A and cholesterol-modifi ed CpG oligodeoxynucleotides, which can bind His- 
tagged protein antigens. Immunization with this co-delivery platform primed 5–10 
times higher antibody titers against His-tagged infl uenza hemagglutinin 5 and  Y. 
pestis  LcrV antigens in mice than with coadministration formulations and nonadju-
vanted NiNLPs. This study indicated that colocalized delivery of adjuvant and anti-
gen could induce signifi cantly greater immune response in mice than coadministered 
formulations [ 216 ]. 

 Narasimhan’s group developed a novel biodegradable polyanhydride nanoparti-
cle encapsulated with F1-V vaccine. Immunization with the nanoparticle-based vac-
cine induced higher titer and higher avidity anti-F1-V IgG1 antibody that persisted 
for at least 23 weeks postvaccination in mice than immunization with the recombi-
nant protein F1-V alone and MPLA-adjuvanted F1-V. The single-dose intranasal 
immunization with nanoparticle-based F1-V vaccine induced long-lived protective 
immunity against pneumonic plague. After intranasal challenge, no  Y. pestis  were 
recovered from the lungs, livers, or spleens of mice vaccinated with the nanoparticle- 
based F1-V vaccine [ 217 ,  218 ]. They also compared the deposition within the lung 
and internalization by phagocytic cells of F1-V-encapsulated polyanhydride 
nanoparticles with that of soluble F1-V alone or F1-V adjuvanted with monophos-
phoryl lipid A (MPLA). Results demonstrated that encapsulation of F1-V into poly-
anhydride nanoparticles prolonged its presence, while MPLA-adjuvanted F1-V is 
undetectable within 48 h. Moreover, the infl ammation induced by the nanovaccine 
is mild compared with the marked infl ammation induced by the MPLA-adjuvanted 
F1-V [ 219 ]. Further, they investigated the effect of nanoparticle chemistry and its 
attributes on the kinetics and maturation of the antigen-specifi c serum antibody 
response. Results demonstrated that decoration of polyanhydride nanoparticle 
chemistry facilitated improving antibody titers, avidity, and epitope specifi city. 
Their studies indicated that immunization with nanoparticle encapsulated with sub-
unit vaccine formulations could induce long-lasting and mature antibody responses, 
which can be used for the rational design of effective vaccine [ 220 ]. 
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 Gregory et al. decorated the 15-nm gold nanoparticles (AuNPs) with  Y. pestis  F1 
antigen using N-hydroxysuccinimide and N-(3-dimethylaminopropyl)-N′-
ethylcarbodiimide hydrochloride coupling chemistry. Compared with mice vacci-
nated with AuNP-F1 in PBS or unconjugated F1 antigen in PBS or Alhydrogel, 
mice vaccinated with AuNP-F1 in Alhydrogel generated the highest IgG antibody 
response to F1 antigen [ 221 ]. 

 Rao’s group employed the bacteriophage T4 DNA nanoparticles carrying 
reporter genes, vaccine candidates, functional enzymes, and targeting ligands that 
were effi ciently delivered into cells or targeted to antigen-presenting dendritic cells. 
Mice vaccinated with a single dose of F1-V plague vaccine containing both gene 
and protein in the T4 head elicited robust antibody and cellular immune responses 
[ 222 ]. Based on this work, they delivered F1mut-V fusion protein by phage T4 
nanoparticle, in which F1 eliminated polymerization by transplanting the NH 2 - 
terminal β-strand of F1 to the COOH terminus, but the T-cell epitopes of F1 were 
retained. The F1mut-V was displayed on phage T4 nanoparticle via the small outer 
capsid protein, Soc. The immunization with purifi ed F1mut-V monomer adjuvanted 
Alhydrogel or the T4-decorated F1mut-V without any adjuvant induced robustly 
immunogenic responses in mice. Vaccination with either the purifi ed F1mut-V 
mixed with Alhydrogel or T4-decorated F1mut-V without adjuvant provided com-
plete protection to mice and rats against intranasal challenge with high doses of  Y. 
pestis  CO92. This novel delivery platform might generate new-type vaccines and 
genetic therapies [ 223 ]. 

  New Adjuvanted Plague Vaccines     Adjuvants are compounds that enhance the 
specifi c immune response against co-inoculated antigens. Thus, antigens mixed 
with adjuvants are required to achieve the generation of a strong immune response 
[ 224 ]. Jones et al. indicated that intranasal immunization with F1-V formulated 
with a proteasome-based adjuvant (Protollin) elicited high titers of anti-F1-V IgA in 
the lungs of mice, whereas intranasal immunization with F1-V alone or intramuscu-
lar immunization with Alhydrogel adjuvanted F1-V did not, and also induced higher 
serum titers of anti-F1-V IgG than those induced by intramuscular Alhydrogel adju-
vanted F1-V, which provided 100 % and 80 % protection against aerosol challenge 
with 170 LD 50  and against 255 LD 50  of  Y. pestis , respectively [ 225 ]. This study sug-
gested that Protollin might be a more effective adjuvant than Alhydrogel to induce 
potent immune responses.  

 Several studies demonstrated that interleukin-12 (IL-12) could be used as a 
highly effective vaccine adjuvant against bacterial and viral infections [ 226 – 233 ]. 
Kumar et al. showed that intranasal vaccination with inactivated  Y. pestis  CO92 
(iYp) adjuvanted with IL-12 provided complete protection for mice against an i.n. 
challenge with a lethal dose of  Y. pestis  CO92. Survival of the vaccinated mice cor-
related with levels of systemic and lung antibodies, and immunization with iYp 
adjuvanted with IL-12 reduced pulmonary pathology, proinfl ammatory cytokines, 
and the presence of lung lymphoid cell aggregates after  Y. pestis  challenge. 
Protection against pneumonic plague was partially dependent upon Fc receptors and 
could be transferred to naïve mice with immune mouse serum and was not  dependent 

12 Plague Vaccines: Status and Future



342

upon complement. Interestingly, depletion of CD4 and/or CD8 T cells from vacci-
nated mice before challenge did not affect their survival. This study suggested the 
safety, immunogenicity, and protective effi cacy of i.n. administered iYp plus 
IL-12 in a mouse model of pneumonic plague [ 234 ]. 

 Do et al. investigated a novel approach based on targeting of dendritic cells using 
the DEC-205/CD205 receptor (DEC) via the intranasal route as a way to improve 
mucosal cellular immunity to the vaccine. Intranasal administration of  Y. pestis  
LcrV (V) protein fused to anti-DEC antibody together with poly IC as an adjuvant 
induced high frequencies of IFN-γ-secreting CD4 +  T cells in the airway and lung as 
well as pulmonary IgG and IgA antibodies. Anti-DEC/LcrV was more effi cient to 
induce IFN-γ/TNF-α/IL-2-secreting polyfunctional CD4 +  T cells when compared to 
nontargeted soluble protein vaccine. In addition, the intranasal route of immuniza-
tion with anti-DEC/LcrV was associated with improved survival upon pulmonary 
challenge with the virulent  Y. pestis  CO92. Taken together, these data indicate that 
targeting dendritic cells via the mucosal route is a potential new avenue for the 
development of a mucosal vaccine against pneumonic plague [ 235 ]. 

 Dinc et al. evaluated the effi cacy of a novel SA-4-1BBL costimulatory molecule 
as a Th1 adjuvant to improve cellular responses generated by the rF1-V vaccine. 
They found that rF1-V recombinant antigen adjuvanted with SA-4-1BBL had better 
effi cacy than with alum in generating CD4+ and CD8+ T cells producing TNF-α 
and IFN-γ for Th1 responses. However, SA-4-1BBL as a single adjuvant did not 
generate a signifi cant antibody response against rF1-V. SA-4-1BBL in combination 
with alum did not increase antibody titers to F1 and LcrV, but signifi cantly increased 
the ratio of Th1-regulated IgG2c to the Th2-regulated IgG1 in C57BL/6 mice. 
Protective experiment indicated that a single vaccination with rF1-V adjuvanted 
with SA-4-1BBL + alum provided better protection against bubonic challenge with 
 Y. pestis  CO92 than vaccines containing individual adjuvants [ 236 ]. The results sug-
gested that SA-4-1BBL as an adjuvant generated a more balanced Th1 cellular and 
humoral immune response and might be employed to deal with other pathogens. 

  Plant-Based Plague Vaccine     Plants are emerging as an economical alternative to 
fermentation-based expression systems for producing vaccine antigens from bacte-
ria, viruses, and parasites. Several vaccines in phase I human clinical trials accom-
plished with plant-made technology have been reviewed in recent paper [ 237 ]. The 
tobacco cell-derived vaccine against the Newcastle disease virus was the fi rst 
licensed plant-derived vaccine [ 238 ]. ZMapp used to fi ght for Ebola virus infection 
was a plant-made antibody as a hot spot recently reported by scientifi c news [ 239 ].  

 Santi et al. used  Nicotiana benthamiana  by using a deconstructed tobacco mosaic 
virus-based system to rapidly synthesize high levels of the plague antigens F1, V, 
and fusion protein F1-V. Subcutaneous immunization with these plant-derived puri-
fi ed antigens F1, V, and fusion protein F1-V to guinea pigs generated systemic 
immune responses and provided protection against an aerosol challenge of virulent 
 Y. pestis  CO92 [ 240 ]. Alvarez et al. employed tomato to deliver  Y. pestis  F1-V anti-
gen as oral vaccine to facilitate antigen delivery and induce mucosal immune 
response [ 241 ]. Mice were primed subcutaneously with bacterially produced F1-V 
and boosted orally with transgenic tomato fruit. Analysis of antibody responses 
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indicated that the F1- and V-specifi c IgG1 concentrations were signifi cantly higher 
in mice boosted with the transgenic tomato fruit than in mice boosted with W.T. 
(non-transgenic tomato fruit), and F1- and V-specifi c mucosal IgA was elicited only 
in mice boosted with oral transgenic F1-V tomato [ 241 ]. Also they found that genet-
ically modifi ed tomato with the highest P19 protein levels was correlated with the 
highest F1-V antigen accumulation [ 242 ]. On the other hand, they tried to use Zera 
technology to induce protein body formation in non-seed tissues. Zera (gamma- 
Zein ER-accumulating domain) is the N-terminal proline-rich domain of gamma- 
zein that is suffi cient to induce the assembly of protein bodies (PB) formation in the 
rough endoplasmic reticulum (ER)-derived organelles. Their studies demonstrated 
that Zera-F1-V protein accumulation was at least 3x higher than F1-V without Zera 
fusion in three different host plant systems:  N. benthamiana ,  Medicago sativa  
(alfalfa), and  Nicotiana tabacum  NT1 cells [ 243 ]. 

 Yusibov’s group reported that the F1, LcrV, and F1-LcrV antigens of  Y. pestis  
fused with a thermostable carrier molecule, lichenase (LicKM), from  Clostridium 
thermocellum  were synthesized in  N. benthamiana . Subcutaneous immunization 
with the purifi ed antigens as vaccines from  N. benthamiana  in cynomolgus macaques 
induced high titers of serum IgG, mainly of the IgG1 isotype, against both F1 and 
LcrV. Challenge study indicated that the LcrV-F1 plant-produced vaccine conferred 
complete protection against aerosolized  Y. pestis  [ 244 ,  245 ]. This study clearly dem-
onstrates the effi cacy of a plant-produced plague vaccine candidate in a primate 
model. Additionally, Del Prete et al. showed that F1, V, and F1-V fusion protein 
produced in  N. benthamiana  administered to guinea pigs resulted in immunity and 
protection against an aerosol challenge of virulent  Y. pestis . The plant-derived F1, 
V, and F1-V antigens could engage in TLR2 signaling and activated IL-6 and 
CXCL8 production in monocytes, but did not affect the production of IL-12, IL-10, 
IL-1β, and CXCL10. Native F1 antigen and recombinant plant-derived F1 (rF1) and 
rF1-V all induced similar specifi c T-cell responses [ 246 ]. 

 The engineering of chloroplasts for the production of vaccines and biopharma-
ceuticals has ushered in a new era in biotechnology [ 247 ]. Arlen et al. fi rstly reported 
high expression of the plague F1-V fusion antigen in chloroplasts as an oral vaccine 
that provided protection against aerosol challenge of  Y. pestis  CO92 [ 248 ]. Rosales- 
Mendoza et al. synthesized F1-V fusion antigen as an oral vaccine in lettuce [ 249 ] 
or carrot [ 250 ] via  Agrobacterium -mediated transformation. An ELISA analysis 
confi rmed that the expected antigenic F1-V protein was successfully expressed in 
transgenic lines. Mice immunized subcutaneously with lettuce or carrot expressing 
the F1-V antigen developed systemic humoral responses [ 249 ,  250 ].  

12.6     Perspectives 

  Y. pestis  began to be used as a biological weapon at least 700 years ago and is today 
considered one of the more likely bioweapons, owing to its extreme virulence, its 
low infectious dose, and the ease of its transmission. Pneumonic plague caused by 
inhaling  Y. pestis  has a short incubation period and progresses rapidly to a fatal 
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infection, and victims often become sources of secondary infections as indicated by 
historical plague epidemics [ 2 ,  251 ]. All these factors stimulate studies on the devel-
opment of different plague vaccines including live recombinant, purifi ed subunit, 
recombinant subunit, DNA, chemical fractions, plant-based vaccine. 

 Currently, two subunit vaccines based on rF1 and rV antigens have passed 
through phase I and II clinical trials and into the licensing process. Although direct 
determination of effi cacy is not possible due to ethical considerations, human 
immune responses to subunit plague vaccine have shown good correlation with 
macaque and mouse immune responses [ 89 ]. The third one, rV10 vaccine is cur-
rently undergoing US Food and Drug Administration (FDA) pre-Investigational 
New Drug (pre-IND) authorization review for a future phase I trial [ 84 ]. The rV10 
vaccine provided complete protection for guinea pigs against intranasal challenge 
with 1000 MLD  Y. pestis  CAC1 ( caf1A ::IS 1541 ) [ 101 ]. Passive transfer of rLcrV- or 
rV10-specifi c antibodies to BALB/c mice provided protection for them intrave-
nously challenged with  Y. pestis  or  Y. pestis  strains expressing polymorphic  lcrV  
KIM D27 (KIMD27) or  lcrV  WA-314 (NCM4) [ 252 ]. Also, plague molecular 
microencapsulated vaccine based on rF1 and rV antigens in Russia has passed 
through phase I clinical trials (  http://www.niigpk.ru/science/klinicheskie- 
issledovaniya/zavershennye-klinicheskie-issledovaniya    ). Thus, subunit vaccines 
are the most promising prospects for human use in current situations. 

 The live attenuated  Y. pestis  vaccines, EV76 derivatives, can induce great protec-
tion against bubonic and pneumonic plague, but these vaccines are not favored in 
the United States and Europe due to safety concerns [ 14 ,  113 ]. However, live, atten-
uated  Y. pestis  strains can be altered rationally to become safe vaccines eliciting 
both humoral and cellular immune responses providing stronger protection against 
 Y. pestis  than vaccines based on only one or two antigens. Thus, the development of 
new, improved, live attenuated  Y. pestis  vaccines should be encouraged. In addition, 
since nearly 30 years ago, live attenuated mutants of  Salmonella  have attracted con-
siderable attention as vectors for the delivery of a variety of heterologous vaccine 
antigens [ 253 – 258 ]. Much progress was achieved in developing safe effi cacious live 
attenuated  Salmonella  vaccines for poultry [ 259 ], swine [ 260 ], cattle [ 261 ], and 
humans [ 262 – 267 ]. The vaccines for poultry and swine are licensed and used inter-
nationally to prevent infection with a broad host range and host-species adapted 
S almonella  serotypes.  Salmonella -based vaccine administration is needle-free and 
easier and less expensive to manufacture (~10 cents/dose for human vaccines) than 
subunit vaccines. Several groups are endeavored to develop a vastly improved array 
of means to enhance the safety, effi cacy, and utility of  Salmonella  antigen delivery 
technologies [ 174 ,  268 ,  269 ]. Use of the  Salmonella  vector system for delivery of 
multiple  Yersinia  antigens also has good prospects against plague. 

  Y. pestis  is now endemic in rodent populations in many regions around the world 
making it diffi cult to control [ 270 ]. Bubonic plague is primarily a disease of rodents 
that is spread by fl eas in nature; humans are occasionally infected either by fl eabite 
or by inhalational exposure, usually through a secondary host, for example, a wild 
rabbit or prairie dog or domestic cat, or, rarely, through another infected person [ 2 ]. 
Plague seroprevalence also indicated that wild animals are involved in the persis-
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tence and transmission of  Y. pestis  [ 271 – 276 ]. A viable alternative strategy is to 
immunize targeted wild rodent populations against plague, especially those living in 
close contact with humans. This approach would directly address the source of  Y. 
pestis  and prevent its spread into humans. Importantly, it would also provide a 
means to potentially reduce plague epidemic in rodent populations at treated areas, 
which is not possible today with existing tools. As enteric pathogens,  S. typhimurium - 
or  Y. pseudotuberculosis -based vaccines can be oral administration and less expen-
sive to manufacture than subunit vaccines. Therefore, palatable baits containing live 
 S. typhimurium - or  Y. pseudotuberculosis -based vaccines for herd immunization 
might reduce plague epidemics.     
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    Chapter 13   
 Bacteriophages of  Yersinia pestis                      

     Xiangna     Zhao      and     Mikael     Skurnik    

    Abstract     Bacteriophage play many varied roles in microbial ecology and evolution. 
This chapter collates a vast body of knowledge and expertise on Yersinia pestis 
phages, including the history of their isolation and classical methods for their 
 isolation and identifi cation. The genomic diversity of Y. pestis phage and bacterio-
phage islands in the Y. pestis genome are also discussed because all phage research 
represents a branch of genetics. In addition, our knowledge of the receptors that are 
recognized by Y. pestis phage, advances in phage therapy for Y. pestis infections, 
the application of phage in the detection of Y. pestis, and clustered regularly inter-
spaced short palindromic repeats (CRISPRs) sequences of Y. pestis from prophage 
DNA are all reviewed here.  

  Keywords      Yersinia pestis    •   Bacteriophages   •   Genomic diversity   •   Receptors   • 
  Detection and treatment  

13.1       Isolation of  Yersinia pestis -Specifi c Bacteriophages 

 Bacteriophages (phages), which are viruses that infect and kill bacteria, were fi rst 
discovered by Twort in 1915 and independently by d’Herelle in 1917 [ 1 ]. In the past 
100 years, various  Y. pestis  phages have been isolated and studied. In 1919, d’Herelle 
suggested that a lytic phage might be used to treat plague [ 2 ,  3 ]. Then, in 1925, as 
the fi rst bacteriophage therapy approach, d’Herelle treated four cases of bubonic 
plague using a highly virulent  Y. pestis  phage that had been isolated in 1920 from rat 
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feces in Indochina [ 4 ]. In 1927, Flu recovered phages that lyse  Y. pestis ,  Escherichia 
coli , and  Shigella dysenteriae  from canal waters in Leiden, the Netherlands [ 2 ,  5 ]. 

 Many phages are capable of lysing  Y. pestis , and they are classifi ed into four 
serovars based on their antigenic properties, morphology, virulence, genome struc-
ture, and specifi city for  Y. pestis  [ 6 ]. Serovar 1 is the most common, and it com-
prises all known lytic plague diagnostic phages, including the d’Herelle and 
Pokrovskaya lytic phages, phiA1122, H (described by Molnar and Lawton), Y, Yep- 
phi, Berlin, Yepe2, YpP-R, YpP-G, YpsP-G, and 21 other phages that were described 
by Smith and Burrows and that have been studied in the former Soviet Union [ 1 ,  2 , 
 7 – 11 ]. These phages have isometric, hexagonal heads and short, noncontractile, 
conical tails, and they exhibit T7-like growth curves; thus, they belong to the family 
 Podoviridae , morphotype C1, which include phages T3, T7, and phi II of  E. coli  and 
P22 of  Salmonella enterica  [ 2 ,  6 ,  12 ]. Serovar 2 phages are P2-like, and they 
account for the majority of  Y. pestis  temperate phages, including phage N, phage H 
reported by Novoseltsev (not the phage H in serovar 1), L-94, and L-413C. Their 
particle structures possess an isometric, polygonal head of similar size to those of 
serovar 1 (53–63 nm), but their tails are rather long (110–160 nm) and feature a 
sheath that is capable of contracting. Together with the common phages P1, P2, and 
P4, these phages belong to the family  Myoviridae , morphotype A1 [ 2 ,  6 ,  13 ]. 
Serovar 3 consists of only one phage, lysogenic phage II [ 14 ], and serovar 4 is rep-
resented by the temperate phages Tal and 513 [ 15 ]. 

 In 1929, Pokrovskaya recovered a lytic phage that is specifi c for  Y. pestis  from 
tissue from an infected ground squirrel ( Spermophilus  sp.), and later the Pokrovskaya 
phage became the best serovar 1 plague diagnostic phage in use in Russia and other 
countries of the Commonwealth of Independent States [ 2 ,  16 ]. In 1932, Sugino 
reported the isolation of  Y. pestis -specifi c phages in Japan [ 2 ]. In 1933 in Senegal, 
Advier isolated a  Y. pestis  phage from blood from a patient with a clinical case of 
bubonic plague [ 2 ]. A stock of the Advier phage was obtained in 1945 by Gunnison 
and Lazarus from the Pasteur Institute of Dakar, Senegal [ 2 ]. In 1951, Gunnison and 
Lazarus demonstrated that the Advier phage could be used to rapidly differentiate  Y. 
pestis  and  Yersinia pseudotuberculosis , and they renamed the phage as “P phage” 
[ 2 ,  17 ]. It is most likely that the Gunnison P phage was subsequently renamed 
phiA1122 [ 2 ]. PhiA1122 is used by the Centers for Disease Control and Prevention 
of the USA as a diagnostic agent to confi rm the identifi cation of  Y. pestis  isolates [ 2 , 
 18 ,  19 ]. Indeed, in 1943, Girard suggested that phages could be used for the diagno-
sis and treatment of plague [ 2 ], and in 1957, he utilized phages to select pseudoly-
sogenic mutants of  Y. pestis  [ 20 ]. In 1948, Gunnison and Lazarus reported the 
alteration of  Y. pestis  phage following successive passage in  Y. pseudotuberculosis  
and in shigellae [ 21 ]. In 1953, Cavanaugh and Quan developed fi lter paper strips for 
the rapid identifi cation of  Y. pestis . These strips contained a specifi c, lyophilized 
phage that was isolated from sewage at the Hooper Foundation, University of 
California, Berkeley [ 2 ,  22 ]. Molnar and Lawton named the Cavanaugh and Quan 
phage as “phage H,” and the properties of phage H were similar to those of the 
Gunnison P phage (phiA1122) [ 2 ,  9 ,  17 ,  23 ]. In 1973, Duberstein found that phage 
H appears to be related to the T3-T7 group of coliphages [ 24 ], and Summers 
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reported that phage H and  E. coli  phage phi II are nearly identical [ 25 ]. Russian 
researchers have conducted various studies on plague phages, e.g., in 1963, 
Volosivets conducted a study of plague phages and plague-resistant  Y. pestis  mutants 
[ 26 ]. In 1964 and 1965, Shashaev described the biological properties of plague 
phages and studied the fate of plague- and  Y. pseudotuberculosis -specifi c phages in 
the great gerbil ( Rhombomys opimus ) [ 26 ,  27 ]. In 1969, Arutiunov reported a new 
method for increasing the titer of plague-specifi c bacteriophages [ 28 ]. Novoseltsev 
conducted many phage-related studies [ 29 ,  30 ]. In 1967, he reported the temperate 
 Y. pestis  phages “H” and N [ 2 ,  6 ], and he conducted an electron microscopic study 
of  Yersinia  phages in 1971 [ 31 ]. In 1977, Novoseltsev reported the origin of phages 
that are moderately virulent for  Y. pestis , and classifi ed them as serotype 2, and in 
1990, he reported lysogenic phage II and classifi ed it as serovar 3 [ 14 ,  32 ]. In 1994, 
he reported the lysogenic phages Tal and 513 and classifi ed them as serovar 4 [ 2 ]. 
In 1980, Dorozhko reported his studies of the lysogeny of  Y. pestis -specifi c phages 
[ 33 ]. In 1985, Kunikowska explored the adsorption of  Y. pestis  phage and showed 
that group B human red blood cells exhibited the highest affi nity receptors for  Y. 
pestis  phage [ 34 ]. In the former Soviet Union, the T7-related Pokrovskaya phage 
and the P2-related L-413 C phage were used for diagnostic purposes [ 2 ,  6 ]. In 1964, 
the phage L-413C was induced from the virulent  Y. pestis  strain 413 that had been 
isolated from a red-tailed gerbil ( Meriones erythrourus ) in a Central Asian desert 
plague focus [ 6 ,  13 ]. In 1985, Pak found that phage L-413C was not able to infect 
27  Y. pestis  strains, which indicated that these strains might be immune to the phage, 
perhaps being lysogens themselves [ 35 ]. Subsequently, the Pokrovskaya phage was 
recommended as an additional test for  Y. pestis  strains when lysis with the main 
diagnostic phage L-413C failed [ 6 ]. Recently, Skurnik has published the sequences 
of two  Y. pestis -specifi c phages, phiD1 and phiEV-1, which were isolated from the 
sewage of Turku, Finland.  

13.2     Isolation and Identifi cation Protocols of  Y. pestis  Phages 

 Protocols for the isolation and identifi cation of Y. pestis phage are similar to those 
of other phage. The application of microscopy and molecular genetic tools often 
requires that phage particles be extracted and concentrated within small volumes 
[ 36 ]. Protocols employed for the extraction of phage particles from a range of envi-
ronments broadly follow a similar sequence of steps: (i) dissolution, (ii) centrifuga-
tion, (iii) sequential fi ltrations that fi rst remove cells and then concentrate phages, 
and (iv) fi nal purifi cation by CsCl gradient ultracentrifugation [ 37 ,  38 ]. Here, meth-
odological approaches for the isolation and concentration of Y. pestis phage from 
various samples are detailed. Owing to the physical differences between the sam-
ples, methodological approaches for the concentration of phage particles from 
water, soil, sediment and fecal samples differ [ 36 ]. Effi cient recovery and concen-
tration of phage from water samples requires the use of ultrafi ltration membranes 
with a retention cut-off of at least 100 kD or smaller [ 36 ]. Obtaining a sample of 
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phage particles from soil or aquatic sediment requires the extraction of phage par-
ticles from the porous media into a buffer solution [ 36 ]. Ideally, the buffer solution 
should compete and displace phage from sediment particles by disrupting the elec-
trostatic and hydrophobic interactions between the phage and the porous media [ 36 , 
 39 ]. For the extraction of phage from fecal samples, two methods based on tangen-
tial-fl ow fi ltration (TFF) and polyethylene glycol precipitation (PEG) have been 
reported [ 37 ]. Most bacterial cells carry prophage genomes either integrated into the 
host DNA or present as repressed plasmids [ 40 ]. For the isolation of prophage, two 
common methods have been reported that involve induction via a sublethal dose of 
mitomycin C or irradiation with ultraviolet light [ 40 ]. For example, the prophage 
YpfΦ was induced by adding 150 ng/ml of mitomycin to Y. pestis cultures [ 41 ]. 
After extraction, phages can be enumerated by the double agar overlay plaque assay 
[ 42 ], the direct plating plaque assay [ 43 ], the small drop plaque assay system [ 44 ] 
or using a standard benchtop fl ow cytometer [ 45 ]. For phage classifi cation and char-
acterization, negative staining of purifi ed phage is the most important electron 
microscopy technique [ 46 ]. The principal stains used for this application are phos-
photungstate and uranyl acetate, although both of these possess advantages and 
disadvantages [ 46 ]. No universal method for virus classifi cation exists [ 47 ]. Phage 
classifi cation is open-ended since new phage are discovered daily and the 
International Committee on Taxonomy of Viruses (ICTV) is far behind in its clas-
sifi cation schedule [ 47 ]. For Y. pestis phages, most belong to the order Caudovirales. 
The host range of a bacteriophage is defi ned by the bacterial genera, species and 
strains that it can lyse, and is one of the defi ning biological characteristics of a par-
ticular bacterial phage [ 48 ]. For the identifi cation of a new Y. pestis phage, a specifi c 
Y. pestis strain is used, onto which an environmental sample-such as sewage, water, 
soil or feces-is spread, forming plaques each of which should come from a single 
phage particle [ 48 ]. Some phage have a narrow host range, whereas for others the 
host range may be broad [ 48 ]. The fi rst step in determining the host range for a 
given phage is to have a large array of bacteria to test. The second step is to spot test 
each of the phage on a selected set of potential hosts. The third step is to determine 
the effi ciency of plating (EOP) of the phage on susceptible strains [ 48 ].  

13.3     Genomic Diversity of  Y. pestis  Bacteriophages 

 Currently, the genomes of several phages that are capable of lysing  Y. pestis  have 
been fully sequenced, including the  Podoviridae  phages phiA1122, Yep-phi, Berlin, 
Yepe2, YpP-R, YpP-G, YpsP-G, and Yps-Y and the  Myoviridae  phages L-413C, 
PY100, YpsP-PST, and phiD1 [ 1 ,  2 ,  6 ,  7 ,  49 ,  50 ] (Table  13.1 ). Several phages are 
routinely used for plague diagnostics, including L-413C, phiA1122, Pokrovskaya, 
and Yep-phi [ 51 ]. All of the above-mentioned  Podoviridae  phages are T7 related, 
and their genomes are colinear with those of T7 and T3. They have capsids that pos-
sess icosahedral symmetry and a short tail. Comparative analyses support a very 
high degree of relatedness among the eight phages. Phage phiA1122 was used to 
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    Table 13.1    Bacteriophages of  Y. pestis    

 Bacteriophage  Group  Receptor 
 Sequence 
accession no.  References  Applications 

 PhiA1122  T7  Kdo/Ko 
of LPS 

 NC004777  [ 2 ,  60 ,  66 , 
 68 ] 

 Plague diagnostics; 
reporter phage; qPCR 
detection 

 YpP-Y  T7  Hep(I)/
Glc of 
LPS 

 JQ965700  [ 51 ,  53 , 
 96 ] 

 “Phage cocktail” for 
decontamination 

 YpP-R  T7  Beyond 
the LPS 
core 

 JQ965701, 
JX000007 

 [ 51 ,  53 , 
 96 ] 

  Y. pseudotuberculosis  
diagnostics; “phage 
cocktail” for 
decontamination 

 YpsP-G 
(d’Herelle-m) 

 T7  JQ965703  [ 1 ,  51 ,  96 ]   Y. pseudotuberculosis  
diagnostics; “phage 
cocktail” for 
decontamination 

 Yep-phi  T7  LPS; 
OmpF; 
Ail 

 HQ333270  [ 7 ,  8 ]  Plague diagnostics 

 Pokrovskaya 
(Yepe2,YpP-G) 

 T7  Hep(II)/
Hep(III) 
of LPS 

 NC011038; 
JQ965702 

 [ 1 ,  7 ,  51 ]  Plague diagnostics; 
“phage cocktail” for 
decontamination 

 Berlin  T7  NC008694  [ 7 ] 
 L-413C  P2  GlcNAc 

of LPS 
 NC004745  [ 51 ,  53 , 

 96 ] 
 Plague diagnostics; 
qPCR detection 

 PhiJA1  T4  Kdo/Ko 
of LPS 

 [ 51 ,  53 , 
 96 ] 

 YpsP-PST  T4  Hep(II)/
Hep(III) 
of LPS 

 KF208315  [ 50 ,  51 , 
 53 ,  96 ] 

  Y. pseudotuberculosis  
diagnostics; “phage 
cocktail” for 
decontamination 

 P2  vir1   P2  GlcNAc 
of LPS 

 [ 53 ] 

 PY100  T1  AM076770  [ 49 ] 
 T7 Yp   T7  Hep(I)/

Glc of 
LPS 

 [ 53 ] 

 YpfΦ   Inovirus   [ 41 ,  61 , 
 62 ] 

 phiD1   Myovirus   HE956711  Mikael 
Skurnik 

 phiEV-1   Dwarf 
myovirus  

 Mikael 
Skurnik 

   Glc  D-glucopyranose,  GlcNAc  N-acetyl-D-glucosamine,  Hep  L- glycero -D- manno -heptopyranose, 
 Kdo  3-deoxy-D- manno -oct-2-ulopyranosonic acid,  Ko  D- glycero -D- talo -oct-2-ulopyranosonic 
acid  
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differentiate  Y. pestis  and  Y. pseudotuberculosis . At 37 °C, it grows on both species, 
but at 20 °C, it only grows on  Y. pestis  [ 2 ]. Phage phiA1122 is very closely related 
to phage T7, and the genome-wide level of nucleotide identity between phages 
phiA1122 and T7 is approximately 89 %; however, one-quarter of the phiA1122 
genome is almost identical to the equivalent part of the T3 genome [ 2 ]. An analysis 
of sequence data suggested that phage T3 is a host range variant that arose from 
recombination between two yersiniophages: one of which is closely related to the 
 Yersinia enterocolitica -specifi c phage phiYeO3-12, while the other might be phage 
phiA1122 or an extremely close relative [ 2 ,  52 ]. Comparative analyses revealed that 
phages phiA1122, YpP-R, YpP-Y, and YpsP-G are almost identical to each other; 
phage phiA1122 shares 98.5 % nucleotide sequence identity with phage YpP-R, 
90.9 % with phage YpP-Y, and 97.9 % with phage YpsP-G. Phages YpP-R, YpsP-G, 
and YpsP-PST are diagnostic phages of  Y. pseudotuberculosis , but they are also 
active against  Y. pestis  [ 51 ,  53 ]. Phage YpP-R is also designated as the Kotlyarova 
phage [ 53 ]. Phage YpsP-PST was isolated from pig feces in Guinea, and it belongs 
to the T4-like phages [ 1 ,  50 ]. Phages YpP-G and YpsP-G were components of diag-
nostic phage preparations that were produced in the former Soviet Union and used 
to identify  Y. pestis  [ 1 ]. Phage Yep-phi exclusively infects  Y. pestis  and is inactive 
toward other  Yersinia  species, irrespective of the growth temperature, and it is used 
as a plague diagnostic phage in China [ 8 ]. Phages Yep-phi, Berlin, Yepe2, and 
YpP-G are very similar to each other at the genome level. Phage Yep-phi shares 
98.1 % nucleotide sequence identity with phage Berlin, 95.8 % with phage Yepe2, 
and 95.8 % with phage YpP-G. Comparatively, phages Yep-phi and phiA1122 have 
60.2 % nucleotide sequence identity. Based on their genomic sequences, the eight 
related  Podoviridae  phages could be divided into two subgroups: the phiA1122 sub-
group (phiA1122, YpP-R, YpP-Y, and YpsP-G) and the Yep-phi subgroup (Yep-phi, 
Berlin, Yepe2, and YpP-G) [ 1 ,  7 ]. Phage PY100 was isolated from manure at a pig 
farm in Germany, and it has a broad host range within the genus  Yersinia , including 
the three human pathogenic species:  Y. enterocolitica ,  Y. pseudotuberculosis , and  Y. 
pestis  [ 49 ]. Because its packaging mechanism is similar to that of  Salmonella  phage 
P22, it seems that phage PY100 can be used for transduction [ 49 ]. Phage L-413C is 
highly similar to phage P2 (GenBank accession no. AF063097) and the P2-like 
phage WΦ (GenBank accession no. AY135739). Its most striking feature is the 
mosaic structure of its tail fi ber protein H, the amino- and carboxyl-termini of which 
display high similarity to the corresponding parts of the tail fi ber proteins of phages 
P2 and WΦ; however, a large section in the middle of the H protein closely resem-
bles the large subunit distal tail fi ber of the T4-like phages T6 and RB32. The 
remaining region of the middle of the H protein is similar to those of a number of 
bacteriophage- or bacterially encoded phage tails. An analysis of sequence data 
indicated that phage L-413C is a member of the P2 group, and that it has experi-
enced gene loss and replacement, as well as undergone recombination events in the 
gene encoding the tail fi ber protein H, which led to a new host specifi city [ 6 ]. None 
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of the sequenced phages contain toxin or antibiotic resistance genes that might pre-
vent their application for the treatment of plague.   

13.3.1    Receptors for  Y. pestis  Bacteriophages 

 The interaction of phages with the bacterial surface (adsorption) is the fi rst step 
during the infection process [ 54 ]. This step involves the recognition and binding 
of the phage receptor-binding protein to one or more cell envelope constituents, 
which eventually leads to the ejection of phage DNA from the capsid [ 55 ]. 
Detailed knowledge of the bacterial receptors that are recognized by the phages 
will increase our understanding of the infection process, and it will also help the 
implementation of effi cient phage therapy to target pathogenic bacteria [ 56 ]. 
Phages tend to use structures that are exposed on the cell wall of the host bacteria 
as receptors, as they are easily accessible [ 57 ]. Lipopolysaccharide (LPS) is the 
major component of the outer membrane of Gram-negative bacteria, and it forms 
a surface structure that is exposed to the surrounding environment [ 58 ]. The LPS 
of  Y. pestis  lacks the O antigen, and it is composed of the core and lipid A moieties 
[ 59 ]. In 2011, Skurnik, using a series of  Y. pestis  mutants that had defects in genes 
involved in the synthesis of the LPS core, showed that the Hep/Glc (L- glycero -D-
 manno -heptose/D- glucopyranose)-Kdo/Ko (3-deoxy-D- manno -oct-2-ulopyrano-
sonic acid/D- glycero - D- talo -oct-2-ulopyranosonic acid) region of the LPS cores 
of  Y. pestis  and  Y. pseudotuberculosis  is the receptor for phage phiA1122 [ 60 ]. 
Using an identical approach, Filippov identifi ed the receptors for eight  Y. pestis  
bacteriophages [ 53 ], and these phages (L-413C, P2  vir1 , phiJA1, phiA1122, 
Pokrovskaya, T7 Yp , YpP-Y, and YpsP-PST) were demonstrated to employ six dif-
ferent components of the LPS core as a specifi c receptor [ 53 ] (Table  13.1 ). LPS 
mutants of  Y. pestis  are severely attenuated, as LPS is a critical virulence factor; 
therefore, the emergence of phage- resistant mutants, which is one of the major 
concerns of phage therapy, should not be a problem in such cases [ 53 ]. Furthermore, 
it is notable that not all  Y. pestis  phages employ LPS as their sole receptor, e.g., 
the receptor for phage YpP-R extends beyond the LPS core [ 53 ], and the outer 
membrane proteins Ail and OmpF of  Y. pestis  are involved, in addition to rough 
LPS, in the adsorption of Yep-phi [ 8 ]. This complex recognition specifi city of 
phage Yep-phi could partly explain why no Yep- phi- resistant  Y. pestis  mutants 
have been isolated [ 8 ]. The receptor for the fi lamentous phage YpfΦ has not been 
identifi ed. Deleting genes ( pilA ,  psaA ) that encode pili-like structures that are 
potential candidate receptors did not affect the susceptibility of  Y. pestis  to YpfΦ 
[ 61 ]. Based on the wide host range of YpfΦ, this phage may use several cell sur-
face molecules as receptors [ 62 ].   
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13.4     Bacteriophage Islands in the  Y. pestis  Chromosome 

 The evolution of  Y. pestis  from  Y. pseudotuberculosis  was accompanied by the loss 
of many genes and the horizontal acquisition of several genetic elements [ 61 ,  63 ]. In 
addition to the acquisition of three plasmids (pYV, pFra, and pPla), another horizon-
tally acquired element was the fi lamentous phage YpfΦ, which was initially almost 
exclusively present as an extrachromosomal and highly unstable replicon, and subse-
quently as a stable, integrated prophage, in the 1-ORI branch of the  Y. pestis  phylo-
genetic tree [ 41 ,  61 ,  62 ]. YpfΦ plays a role in the ability of  Y. pestis  to multiply and 
disseminate in mice, conferring on  Y. pestis  an increased fi tness during the infectious 
process and selective advantages under natural conditions [ 41 ], which may explain 
why it was conserved during  Y. pestis  microevolution, despite its instability as an 
extrachromosomal element in most branches of the phylogenetic tree [ 62 ]. Phage 
YpfΦ produces a fi lamentous virion that is 1200 nm in length and 8 nm in diameter 
that contains a circular, positive single-stranded DNA molecule [ 62 ]. The 8.7-kb 
genome of phage YpfΦ shares high sequence identity with the fi lamentous phage 
CUS-1 [ 62 ]. Like other  Inovirus  phages, the YpfΦ genome comprises three func-
tional modules: the replication module, the structural module, and the assembly/
secretion module [ 61 ]. Phage YpfΦ has the capacity to infect all three pathogenic 
 Yersinia  species with variable effi ciencies [ 61 ]. An endogenous YpfΦ phage confers 
some level of protection against a superinfection by the same phage [ 61 ].  

13.5     Application of Bacteriophages in the Detection 
and Treatment of  Y. pestis  

 Bacteriophages have been used in  Y. pestis  identifi cation and plague diagnostics for 
approximately 80 years [ 2 ,  6 ,  17 ,  64 ,  65 ]. Standard phage lysis assays generally 
require 24–36 h to complete and are laboratory based [ 66 ]. As the rapid detection 
and diagnosis of plague are essential for a positive prognosis, researchers have 
made various attempts to reduce the time required to complete these steps [ 66 ]. For 
example, a phiA1122-derived  luxAB  reporter phage transduced a bioluminescent 
signal response to  Y. pestis  cultures within 10–15 min after phage addition, demon-
strating the ability of the reporter phage to rapidly detect  Y. pestis  [ 19 ,  66 ]. The 
reporter phage could also be used to simultaneously determine the susceptibility of 
 Y. pestis  to antibiotics within 5 h, directly from blood samples, thereby showing its 
potential to improve patient prognosis during plague outbreaks [ 67 ]. Sergueev 
developed a rapid and highly sensitive method for the indirect detection of live  Y. 
pestis  cells based on quantitative real-time polymerase chain reaction (qPCR) moni-
toring of the amplifi cation of phiA1122 and L-413C sequences [ 68 ]. 

 The use of bacteriophages for the treatment of bacterial infections was fi rst pro-
posed by d’Herelle [ 69 ]. Regarding the treatment of bubonic plague by phage ther-
apy, the experiments performed by d’Herelle are remarkable; he treated four cases 
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of bubonic plague with lytic phages in 1925 [ 3 ,  49 ]. All four patients recovered, 
which was considered to be a remarkable achievement. However, because of insuf-
fi cient knowledge of phage biology and poor experimental design, as well as the 
discovery of chemical antibiotics, phage therapy was largely abandoned in the 
West; however, the practice continued in the former Soviet Union and its satellite 
states. In fact, it is still used routinely today in these regions as an adjunct to antibi-
otics in human medicine [ 69 ]. In 1963, Martinevskii described experiments in 
which he followed plague-specifi c bacteriophages in healthy and plague-infected  R. 
opimus  tissues and studied the possible pathways of transmission under experimen-
tal conditions [ 70 ]. Filippov has contributed much to the study of phage therapy 
[ 71 ], and the results of his study on bacteriophage therapy of experimental bubonic 
plague in mice showed that a single injection of phage phiA1122 protected 20–40 % 
mice against 1000 median lethal doses of  Y. pestis  [ 72 ]. In addition, phages phiA1122 
and L-413C demonstrated high stability and safety in animal studies [ 51 ]. 

 Phages vary in their ability to lyse host bacteria, and they might use different 
receptors for adsorption; thus, a mixture containing multiple phages may have a 
broader host range than a single phage. At the same time, the risk of developing a 
resistant phage will be dramatically reduced, thus improving the long-term effi cacy 
of phage therapy [ 1 ]. Rajanna demonstrated that the “phage cocktail” YPP-100, 
which included phages YpP-G, YpP-Y, YpP-R, and YpsP-PST, had the ability to 
decontaminate various hard surfaces that were contaminated with  Y. pestis  [ 1 ]. Such 
applications are important because of the emergence of multidrug-resistant strains 
of  Y. pestis  [ 73 ,  74 ]. 

 Phage-encoded peptidoglycan-degrading activity is responsible for the cell wall- 
hydrolyzing action of bacteriophages [ 4 ]; therefore, purifi ed phage lysins have been 
produced to specifi cally target Gram-positive pathogens [ 75 – 77 ]. Gram-negative 
bacteria are resistant to externally applied phage lysins because the outer membrane 
protects the peptidoglycan from degradation [ 75 ]. 

  Y. pestis  produces a bacteriocin, pesticin, which requires the TonB-dependent 
transporter FyuA for its transport across the outer membrane to its target to kill 
pesticin-sensitive  Yersinia  strains [ 78 – 80 ]. Pesticin comprises an amino-terminal 
translocation domain, which binds to FyuA, and a carboxyl-terminal active domain 
that is structurally similar to lysozyme homologs [ 81 ]. To exploit the properties of 
pesticin, a chimeric protein was engineered that consisted of the amino-terminal 
domain of pesticin fused to phage T4 lysozyme, which replaced the carboxyl- 
terminal domain of pesticin. The lysozyme-pesticin product was transported across 
the outer membrane and attacked the peptidoglycan layer, subsequently killing  Y. 
pestis  strains that expressed FyuA on their cell surface [ 75 ]. It has been suggested 
that the therapeutic use of endolysins in a controlled fashion appears to be advanta-
geous compared with their uncontrolled release [ 4 ]. 

 Another phage-derived product has been developed recently as a potential plague 
vaccine. The capsular protein (capsule antigen fraction 1 (Caf1) or F1, 16 kDa) and 
the low calcium response V antigen (LcrV, 37 kDa) have been used as vaccines 
against bubonic and pneumonic plague [ 82 ,  83 ]. However, the polymeric nature of 
F1 affects vaccine effi cacy and generates varied immune responses in humans [ 82 , 

13 Bacteriophages of Yersinia pestis



370

 84 – 88 ]. Recombinant F1 and V proteins induce strong antibody responses, but poor 
cellular immune responses [ 89 ]. For these reasons, a mutant F1-V gene that encodes 
a fully soluble, monomeric F1-V fusion protein was constructed, and this gene was 
fused to the 5′ end of the gene encoding the small outer capsid protein (Soc) of T4, 
which results in the production of an F1-V-Soc fusion protein. As a result, the F1-V 
protein was displayed on the phage T4 capsid [ 90 ,  91 ]. Both soluble (purifi ed F1-V 
mixed with Alhydrogel® from EM Sergeant Pulp & Chemical Co., Inc., USA) and 
T4-decorated F1-V (no adjuvant) provided mice and rats with 100 % protection 
against pneumonic plague [ 90 ]. Furthermore, phage T4-mediated vaccine delivery 
into dendritic cells induced the abundant expression of F1-V, as well as its presenta-
tion to the immune system for a long period, which led to the continuous stimulation 
of T cells [ 91 ]. The above results demonstrate that phage T4 appears to be a good 
platform for the development of effective “prime-boost” vaccines [ 91 ].  

13.6     CRISPRs of  Y. pestis  from Phages or Prophages 

 Clustered regularly interspaced short palindromic repeats (CRISPRs) are present in 
bacterial and archaeal genomes, and they consist of arrays of conserved 21–47-bp 
repeats, which are interspaced with similarly sized variable spacer sequences that 
are derived from foreign replicons such as phages or plasmids [ 92 ]. Fragments of 
invading DNA are maintained as spacers, and the spacer composition in any bacte-
rium refl ects its evolutionary history [ 93 ]. In the  Y. pestis  genome, three CRISPR 
elements (YP1, YP2, and YP3) are found at three distinct loci [ 94 ]. The same 28-bp 
repeat sequence is separated by 32- or 33-bp spacers in all three CRISPR elements 
[ 94 ]. Pourcel et al .  sequenced 109 alleles of the three  Y. pestis  CRISPRs and found 
new spacers at a single locus, which is located inside a 46-kb region that corre-
sponds to a defective lambdoid prophage [ 94 ]. CRISPR-CRISPER-associated (Cas) 
loci have recently been shown to be an immunity system that targets foreign nucleic 
acids, including phage genomes and plasmids [ 95 ]. One possible explanation for the 
fi nding that  Y. pestis  CRISPR loci have acquired new spacers from a prophage DNA 
could be that CRISPRs take up foreign DNA as part of a defense mechanism [ 94 ]. 
In a recent study, Koskela et al .  analyzed the CRISPR locus sequences of 335  Y. 
pseudotuberculosis  strains, and the results demonstrated that  Y. pestis  has a rela-
tively low number of spacers compared with  Y. pseudotuberculosis , which suggests 
that  Y. pestis  has lived a protected or secluded life after diverging from  Y. pseudotu-
berculosis  and that it has not encountered many foreign DNAs [ 93 ].     
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    Chapter 14   
 Perspectives on  Yersinia pestis : A Model 
for Studying Zoonotic Pathogens                     

     Ruifu     Yang     ,     Yujun     Cui    , and     Yujing     Bi   

    Abstract      Yersinia pestis  is a typical zoonotic bacterial pathogen. The following 
reasons make this pathogen a model for studying zoonotic pathogens: (1) Its unique 
lifestyle makes  Y. pestis  an ideal model for studying host–vector–environment–
pathogen interactions; (2) population diversity characters in  Y. pestis  render it a 
model species for studying monomorphic bacterial evolution; (3) the pathogenic 
features of bacteria provide us with good opportunities to study human immune 
responses; (4) typical animal and vector models of  Y. pestis  infection create oppor-
tunities for experimental studies on pathogenesis and evolution; and (5) repeated 
pandemics and local outbreaks provide us with clues about the infectious disease 
outbreaks that have occurred in human history.  

  Keywords      Y. pestis , host–vector–environment–pathogen interactions   • 
  Pathogenesis, evolution  

    Yersinia pestis  is a typical zoonotic bacterial pathogen. Since its isolation and iden-
tifi cation in 1894 in Hong Kong by Dr. Alexandre Yersin, its ecology, arthropod 
vectors, rodent reservoirs, biochemical features, and pathogenicity have been stud-
ied extensively. As mentioned in previous chapters, genome sequencing has revealed 
the microevolution and population structure of  Y. pestis . In addition, omics-based 
research has enhanced our understanding of plague pathogenesis and is helping us 
to develop novel diagnostic and therapeutic targets against  Y. pestis , while ecologi-
cal studies have strengthened our understanding of its life cycle. Genome sequence- 
based paleomicrobiology has yielded solid evidence that the three historical 
pandemic plagues were indeed caused by  Y. pestis  and has helped us to learn more 
about the evolutionary history of this pathogen. Based on our scientifi c understand-
ing of  Y. pestis , this typical zoonotic pathogen can be used as a model bacterium for 
exploring the biology of other similar pathogens. 
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14.1     Its Unique Lifestyle Makes  Y. pestis  an Ideal Model 
for Studying Host–Vector–Environment–Pathogen 
Interactions 

 After evolving from  Y. pseudotuberculosis , one unique feature obtained by  Y. pestis  
is its ability to be transmitted by fl eas. In natural plague foci,  Y. pestis  usually circu-
lates between rodents and fl eas in addition to interacting with other features of the 
environment such as soil, plants, soil organisms, and rodents.  Y. pestis  obtained the 
ability to form biofi lms in the fl ea gut by acquiring some important genes, and  ymt,  
a murine toxin (phospholipase D) gene encoded on the  Y. pestis  pMT1 plasmid, 
provides  Y. pestis  with the ability to transmit itself by fl eas [ 1 ,  2 ]. The  Y. pestis  
genome has experienced a series of changes that enabled it to adapt to a new life-
style. During its evolution from  Y. pseudotuberculosis , which is an intestinal patho-
gen causing mild diarrhea, the enteropathogenic-related genes in  Y. pestis  were 
inactivated or lost, the unique pMT1 and pPCP1 plasmids were acquired, and gene 
mutations occurred in its chromosomal DNA [ 3 ]. Biologists who are interested in  Y. 
pestis  evolution are able to use its acknowledged ancestor,  Y. pseudotuberculosis , to 
study its evolutionary past because the genome similarity between these closely 
related species is >90 %, making it easier to conduct comparative genomics studies 
or use gene mutation techniques to determine the precise role of a specifi c  Y. pestis  
gene [ 3 – 8 ]. 

 A distinct part of the  Y. pestis  life stages occurs in fl eas, but transmission to 
humans can occur when  Y. pestis -infected fl eas bite them. Despite  Y. pestis  being a 
relatively young pathogen that only emerged several to tens of thousands of years 
ago, its wide distribution in Asia, Eurasia, Africa, and America has given it ample 
opportunities to adapt to different animals and environmental conditions. The com-
plex interactions  Y. pestis  has with its vectors, hosts, and environments have pro-
vided many opportunities to understand different aspects of its life cycle. The role 
of the climate in the evolution and epidemiology of  Y. pestis  has been investigated 
[ 9 – 19 ]. Climate-driven plague outbreaks in Asian rodent plague reservoirs have 
promoted the introduction of plague into Europe through the maritime trade net-
work via persistent and repeated import of  Y. pestis  from Asian rodent reservoirs, 
and this provides an explanation as to why the Black Death persisted in Europe for 
so long [ 15 ]. Climate temperature has also been shown to infl uence the transmissi-
bility of  Y. pestis  by fl eas [ 20 – 23 ]. At low temperatures (<5 °C), fl ea transmission of 
plague is most likely inhibited, indicating that the epizootic spread of  Y. pestis  by 
fl eas via early-phase transmission seems unlikely to happen during colder periods 
of the year. From an environmental fl ea and reservoir perspective of plague 
 emergence, there should be a complex balance between these factors and  Y. pestis . 
Unraveling these complex interactions will help us to understand how a milder 
pathogen evolves into a highly pathogenic one. Better understanding of the complex 
evolutionary history of  Y. pestis  from  Y. pseudotuberculosis  will provide more evi-
dence to support the famous epidemiological tenet of Theobald Smith [ 24 ], which 
is able to explain the evolution of most infectious organisms. This tenet states that 
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the best strategy a pathogen can use is to minimize damage to its host, thereby pre-
serving the only environment capable of maintaining that pathogen in nature. 
However,  Y. pestis , which causes lethal diseases in both humans and animals, seems 
to be an exception to this theory. When considering the complex interactions 
between  Y. pestis  and the environment, vectors, and reservoirs, we still need to take 
into account the balance between these factors to provide more evidence to confi rm 
or refute that the evolution of  Y. pestis  adheres to the evolutionary tenet of Theobald 
Smith. 

 In China, the 15 natural plague foci are associated with the following reservoir 
types [ 25 ,  26 ]:  Marmota caudate  in the Pamirs Plateau,  M. baibacina – Spermophi-
lus undulatus  in the Tian Shan Mountains,  M. himalayana  in the Qinghai–Gansu–
Tibet Grassland,  M. himalayana  in Qilian Mountain,  Apodemus 
chevrieri – Eothenomys miletus  in the highlands of the Northwestern Yunnan prov-
ince,  M. himalayana  in the Gangdisi Mountains,  Rattus fl avipectus  in the Yunnan–
Guangdong–Fujian provinces,  S. dauricus  in the Song-Liao Plain,  Meriones 
unguiculatus  in the Inner Mongolian Plateau,  S. dauricus alaschanicus  in the Loess 
Plateau in Gansu and Ningxia provinces,  M. himalayana  in the Kunlun Mountains, 
 Microtus brandti  in the Xilin Gol Grassland,  Microtus fuscus  in the Qinghai–Tibet 
Plateau,  M. sibirica  in the Hulun Buir Plateau of Inner Mongolia, and  Rhombomys 
opimus  in the Junggar Basin of Xinjiang. The names of each plague focus tell us 
that the landscapes are diverse, ranging from plateaus, mountains, and grasslands 
to desert basin. The vector fl eas in the different plague foci also differ depending on 
the rodent reservoirs (e.g.,  Neopsylla hongyangensis ,  N. abagaitui ,  Rhadinopsylla 
tenella ,  Leptopsylla segnis , and  Frontopsylla pawlovskii , among others). The  Y. 
pestis  strains isolated from  M. brandti  in the plague focus of the Xilin Gol Grassland 
and  M. fuscus  in the plague focus of the Qinghai–Tibet Plateau are non-virulent to 
guinea pigs, rabbits, and humans [ 27 ]. Therefore, studying these strains can help us 
to understand how  Y. pestis  interacts with its reservoirs, fl ea vectors, and environ-
ments. This in turn helps us to understand more about the evolution of its unique 
lifestyle that has allowed it to adapt to diverse environments, reservoirs, and 
vectors. 

 During its evolution from  Y. pseudotuberculosis ,  Y. pestis  acquired two unique 
plasmids, pMT1 and pPCP1 [ 28 ], which confer its unique virulence. Therefore, 
typical  Y. pestis  generally contains three plasmids: the inherent pCD1 plasmid, 
pMT1, and pPCP1. However, how plasmid interactions determine the unique viru-
lence of  Y. pestis  is not completely understood. Gaining better understanding on 
how these plasmids coexist in harmony in the bacterium should enable us to obtain 
insight into the molecular basis of each plasmid’s role in bacterial evolution. 

 Thus, studying  Y. pestis  should not only shed light on the complex interactions 
this pathogen has with external parameters, such as its reservoirs, vectors, and the 
outside environment but should also provide us with opportunities to study the inter-
nal interactions between plasmids and the bacterial chromosome. Hence, there is 
much to be gained from use of  Y. pestis  as a model organism for studying this zoo-
notic bacterium’s evolution and pathogenesis.  
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14.2     Population Diversity Characters in  Y. pestis  Render It 
a Model Species for Studying Monomorphic Bacterial 
Evolution 

 The  Y. pestis  genome shares more than 90 % homology with its ancestor  Y. pseu-
dotuberculosis  [ 29 ,  30 ]. Although  Y. pestis  appeared at least 5000 years ago [ 31 ], 
it still exhibits limited population diversity, possibly as a result of a relatively slow 
molecular clock with an estimated value of 2.9 × 10 − 9 –2.3 × 10 − 8  single nucleotide 
polymorphisms (SNPs) per site per year [ 8 ]. Only 2326 SNPs were identifi ed 
from 133 of the global  Y. pestis  isolate genomes sequenced (about one SNP per 
2000 bp) [ 7 ], thereby confi rming the genome conservation in this bacterium. 
Homologous recombination should potentially increase allele diversity. However, 
the limited number of SNPs within  Y. pestis  exhibit homoplasy, suggesting that 
very few recombination events have occurred over time. Therefore,  Y. pestis  has 
evolved clonally, and this type of evolution can be attributed to genetically mono-
morphic bacterial pathogens [ 32 ]. Because many of the clinically dangerous bac-
terial pathogens that have evolved recently have similar genetic diversity patterns, 
evolutionary research on  Y. pestis  should help to provide better understanding of 
the spread and transmission pattern of infectious diseases caused by such 
pathogens. 

 One intriguing evolutionary puzzle in  Y. pestis  is its historically variable molec-
ular clock [ 7 ,  33 ]. There is almost a 40-fold difference between the slowest and 
fastest branches of the  Y. pestis  genealogy at the whole genome-based level. 
Variation in the mutation rate is supposed to be caused by alternate cycles of enzo-
otic and epizootic periods of sylvatic plagues [ 7 ]. During enzootic periods,  Y. pes-
tis  can survive for long periods in a dormant state, but this situation is rare in both 
fl eas and hosts. In contrast, during the typical epizootic state,  Y. pestis  quickly 
spreads among its hosts and vectors, and the infected rodents can suffer intense 
bacteremia [ 34 ]. Therefore, even if the mutation rate per bacterial replication cycle 
is constant and lacks natural selection, epizootics should be associated with much 
higher rates of bacterial replication per unit time that are typical during enzootic 
disease outbreaks, and such periods of rapid replication are expected to result in 
observably faster clock rates per unit time. Similar demographic effects are 
expected to be true also for other epidemic pathogens, especially for those with 
similar lifestyles that cause zoonotic diseases, such as  Bacillus anthracis  and 
 Francisella tularensis . 

 After its evolution from  Y. pseudotuberculosis ,  Y. pestis  spread to different suit-
able geographical regions and established different types of plague foci, where it 
interacted with different reservoirs, vectors, and environments. These different 
niches have provided considerable driving forces for the evolution of  Y. pestis  and 
have shaped its geography-associated genome characters, that is, predominant 
genotypes occur in most of the plague foci [ 7 ,  35 – 37 ]. Although in the core 
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genome of  Y. pestis  a region-specifi c selection signal has not been observed as yet 
[ 7 ], evolutionary selection pressures in the different plague foci might leave traces 
of the accessory genome. One such example is the region-specifi c spacers in 
CRISPR loci, which are often associated with a specifi c plague focus or clade and 
are supposed to reveal the interactions between  Y. pestis  and the specifi c phages 
that live in different regions of plague foci [ 35 ]. Therefore, we can postulate that 
the evolutionary forces from reservoirs, vectors, and environments could sculpt 
the genome of  Y. pestis  and drive its evolution. To discover the driving forces shap-
ing the nature of plague foci, we should combine the omics data for  Y. pestis  with 
environmental data, such as changes in climate, plant landscape (measured by 
normalized difference vegetation index), precipitation levels, and fl ood informa-
tion, and the data on the rodent reservoirs, insect vectors, and disease epidemics. 
Interdisciplinary studies that combine genomic, ecological, and epidemiological 
approaches should provide better understanding of the evolutionary history of  Y. 
pestis  and the driving forces that have shaped it from the ecological–evolutionary 
perspective. 

 As well as collecting data from multidisciplinary and in silico analysis studies, 
positive correlations between gene mutations and the other ecological parameters 
mentioned above should be validated by laboratory experimentation. If a law for an 
evolutionary force that drives a specifi c gene mutation could be proven, it should be 
possible to build a model to predict the generation of genetic variations in the  Y. 
pestis  population and the corresponding infl uence on plague epidemics according to 
the parameters mentioned above. This type of approach might facilitate proactive 
plague control instead of the current passive plague surveillance.  

14.3     The Pathogenic Features of Bacteria Provide Us 
with Good Opportunities to Study Human Immune 
Responses 

 Interactions between bacterial pathogens and the human immune system are com-
plex. Bacterial pathogens avoid the innate immune defenses of the host through the 
use of the following strategies: antiphagocytosis mechanisms, surface adherence to 
host cells prior to invasion, post-invasion intracellular growth, and survival outside 
of host cells in the blood or tissues using defenses that resist immune cell attack. 
These processes involve secretion of toxic proteins during the different stages of 
pathogenesis.  Y. pestis  is a typical bacterial pathogen with obvious pathogenesis 
features [ 38 ]. It is usually transmitted to its host species by the bite of an infected 
fl ea. After injection into the tissues under the skin, tissue macrophages phagocytize 
 Y. pestis , and it can grow while sheltering in these immune cells. In contrast, when 
engulfed by neutrophils,  Y. pestis  is conventionally considered to be killed. However, 
it was found that  Y. pestis  could survive in neutrophils and send signals to 
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macrophages [ 39 ]. Therefore,  Y. pestis  can spread to nearby lymph nodes causing 
bubonic plague. The detail mechanism of movement of  Y. pestis  into local lymph 
node needs further investigation [ 40 ]. After macrophage release,  Y. pestis  is armed 
with a protein capsule and an active type III secretion system, whose properties are 
antiphagocytic, promote immune inhibition, and enhance toxic bacterial protein 
expression.  Y. pestis  can grow in the liver, lungs, and spleen in large quantities, 
resulting in a systemic plague infection. 

  Y. pestis  has evolved several effective strategies to evade the attack of an acti-
vated immune system and promote its replication in the host, the means by which  Y. 
pestis  establishes a systemic plague infection. The strategies used to establish such 
infections include those that involve manipulation of innate immune signaling and 
infl ammatory-related cell death, as well as immune evasion by promoting the dif-
ferentiation of inhibitory immune cells that disrupt the immune balance. These 
strategies are of interest to immunologists who study human pathogens. First, one 
of the mechanisms by which  Y. pestis  interacts with innate immune host cells (mac-
rophages, neutrophils), and how it exploits innate immunity to propagate within the 
host, is by manipulating Toll-like receptor (TLR), Nod-like receptor (NLR), and 
RIG-I signaling [ 41 ]. Innate immune cells can detect pathogens through recognition 
of pathogen-associated molecular patterns via the pattern recognition receptors 
(PRRs) located in the cellular and vacuolar membranes or in the cytosol. Membrane- 
associated PRRs include TLRs, whereas cytosolic PRRs include NLRs. Both TLRs 
and NLRs mediate recognition of  Y. pestis , and aspects of their activation are 
exploited to further establish an infection [ 42 ]. Second,  Y. pestis  benefi ts from host 
immune cell death. A consequence of bacterial infection is the death of host immune 
cells (neutrophils and/or macrophages) [ 43 ]. Although this process is an effective 
host strategy for inhibiting intracellular replication of bacteria, cell death can also 
be exploited by  Y. pestis  to further its dissemination. Different mechanisms of cell 
death occur during infection with  Y. pestis , including apoptosis and pyroptosis. Host 
immune cells die by apoptosis (noninfl ammatory), while later in the infection, acti-
vated neutrophils and macrophages die by pyroptosis (infl ammatory). Pyroptosis or 
infl ammatory cell death is characterized by the activation of caspase 1 or caspase 11 
and by the secretion of IL-1β and IL-18. One of the mechanisms by which  Y. pestis  
triggers pyroptosis is through activation of the infl ammasome of host immune cells. 
Third,  Y. pestis  also benefi ts from the generation and differentiation of inhibitory 
immune cells. Induction and differentiation of type 2 macrophages [ 44 – 46 ] contrib-
ute to  Y. pestis  survival and enable evasion of host immune defenses. 

 Thus, when a pathogen invades a human or animal host, it fi rst needs to survive 
the host’s innate immunity and then interact with the immunological cells respon-
sible for acquired immunity. To survive, it should not be eliminated by the host 
completely, but should develop the ability to proliferate without causing severe 
damage to its host.  Y. pestis  balances survival and pathogenicity by living in the wild 
reservoirs of natural plague foci, but it usually causes lethal disease in humans. 
Therefore, interactions between  Y. pestis  and the host’s innate immune cells, such as 
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macrophages, dendritic cells, and natural killer cells, are always an interesting topic 
that attracts researchers’ attention (please refer to Chap.   10    , Immunology of  Y. pes-
tis ). The cell-mediated and antibody-mediated immunities to  Y. pestis  infection are 
also a priority for immunologists. Research in these areas should enrich our knowl-
edge about the pathogenesis of  Y. pestis  and hopefully lead to development of a 
vaccine.  

14.4     Typical Animal and Vector Models of  Y. pestis  Infection 
Create Opportunities for Experimental Studies 
on Pathogenesis and Evolution 

 Different animal models exist for studying bubonic and pneumonic plague, and 
these include mice, rats, guinea pigs, rabbits, and monkeys. The experimental mod-
els are infected with  Y. pestis  using subcutaneous, intradermal, intranasal, intrave-
nous, intraperitoneal, and aerosol routes. An ideal animal for modeling a disease 
should develop similar signs of infection as those manifested in humans, and animal 
models of plague develop almost the same clinical manifestations as those seen in 
human infections. Animal models have been used for pathogenesis research [ 47 –
 49 ], evaluation of vaccines [ 50 ] and drugs [ 51 – 53 ], and evaluation of virulence in 
different  Y. pestis  isolates [ 51 ,  54 ]. 

  Y. pestis  is transmitted by the bite of an infected fl ea. How the plague bacterium 
develops and survives in these arthropods is a fascinating research area in the under-
standing of  Y. pestis  pathogenesis and lifestyle. The fl ea model is used widely for 
studying the role of biofi lm formation in  Y. pestis  in fl eas [ 55 ], as well as studying 
its microevolution [ 3 ], the role of virulence factors that determine the survival of  Y. 
pestis  in the fl ea gut [ 56 ], evaluation of vaccine effi cacy [ 57 ], plague pathogenesis 
[ 58 – 62 ], and plague transmission [ 63 – 65 ]. 

 Both animal and fl ea infection models have successfully revealed aspects of 
pathogenesis and evolution in  Y. pestis . How to combine these biological models 
with omics strategies to develop a high-throughput technology for holistic represen-
tation of  Y. pestis  pathogenesis and evolution needs to be addressed. We already 
know that two specifi c plasmids were acquired during the evolution of  Y. pestis , and 
we now understand some aspects of each plasmid’s role in evolution of this patho-
gen and in pathogenesis, including their role in fl eas. In our laboratory, we have 
created  Y. pestis  mutants with differing plasmid profi les such as a plasmid-null 
strain, one-plasmid strains, and two-plasmid strains [ 66 ]. These mutants have been 
evaluated for virulence using the mouse model and subcutaneous infections. We 
found that  Y. pestis  with plasmids pCD1 and pPCP1 had higher virulence than the 
wild-type  Y. pestis  with the typical three-plasmid genotype and that  Y. pestis  con-
taining pCD1 and pMT1 had lower virulence than the strain with only pCD1. These 
results indicate that interactions between plasmids are balanced to maintain viru-
lence in  Y. pestis . If on the base of several strains representing different branches of 
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 Y. pestis  phylogenetic tree we would create mutants for each bacterial gene, and 
combine the animal and fl ea infection models, it would be possible to obtain more 
precisely the roles played by genes in the fl ea life of  Y. pestis  or pathogenesis in 
animals. Other omics strategies should also be applied to obtain better understand-
ing of the role of each gene in  Y. pestis  pathogenesis and evolution. 

 Animal and fl ea models can also be used for real-time monitoring of the infec-
tious process of  Y. pestis  [ 67 – 74 ]. We developed a plasmid-based luxCDABE biore-
porter and applied it to  Y. pestis  plasmid mutants to investigate their dissemination 
by bioluminescence imaging during primary septicemic plague in a mouse model 
[ 74 ]. The results suggested that the pMT1 plasmid was a critical determinant for 
colonization of the liver, spleen, and blood, whereas the pPCP1 plasmid appeared to 
be associated with the colonization of  Y. pestis  in the lungs. 

 Plague animal and fl ea models provide us with great opportunities to explore the 
pathogenesis and transmission of  Y. pestis . Compared with other bacterial patho-
gens, like  Salmonella typhi ,  Vibrio parahaemolyticus ,  Helicobacter pylori , and 
 Shigella  spp., which lack typical animal models,  Y. pestis  researchers are fortunate 
because they have not only typical animal models but also typical fl ea models. 
Animal models provide opportunities to study the bacterium’s pathogenesis charac-
teristics, evaluate prevention and treatment countermeasures against it, as well as 
study its gene functions in pathogenicity and evolution [ 52 ]. Also, fl ea models allow 
us to study how  Y. pestis  is transmitted and the roles played by its genes during 
plague transmission [ 3 ,  5 ].  

14.5     Repeated Pandemics and Local Outbreaks Provide Us 
with Clues About the Infectious Disease Outbreaks 
That Have Occurred in Human History 

 There were three major plague pandemics in human history [ 16 ,  75 ,  76 ]. The 
Justinian plague spread around the Mediterranean Sea in the sixth century AD, while 
the Black Death started in Europe in the middle of the fourteenth century and swept 
across Western Asia, the Middle East, North Africa, and Europe, causing catastrophic 
population losses in all the regions affected. The third pandemic started in South 
China during the middle of the nineteenth century and spread from Hong Kong 
throughout the world by merchandise ships. In modern times, several major plague 
outbreaks have still occurred; these have included the primary pneumonic plague in 
North China in 1910 [ 77 ], which caused more than 60 thousand deaths, and the 1994 
plague epidemic in India [ 78 ], which caused panic and partial international isolation 
of India, with resultant immense economic losses to this country; several outbreaks 
in Africa have also occurred [ 79 ,  80 ]. Plague outbreaks in wild rodents occur almost 
every year in different natural plague foci around the world [ 81 – 87 ]. Development of 
high-throughput sequencing technologies has gifted us unprecedented chances to 
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study infectious diseases in human history. Ancient DNA samples from the remains 
of human teeth can be sequenced to determine whether the remnants of microbial 
DNA are present in them. Sequencing data have provided evidence that the three 
plague pandemics were in fact caused by  Y. pestis  [ 31 ,  33 ,  88 – 93 ]. Paleomicrobiology 
has also been used widely in different bacterial source- tracing and microbiome 
investigations [ 94 – 98 ]. Prior to the advent of genome sequencing-based paleomicro-
biology, it was diffi cult to study the pathogens associated with infectious diseases in 
history, making record-based postulation the only option. 

 Some PCR-based evidence has reported on  Y. pestis  being responsible for plague 
during the latter part of the last century [ 88 ,  89 ,  99 – 101 ]; however, because of the 
relatively few results obtained, the conclusions might have been biased [ 102 ,  103 ]. 
In a later study, more target genes were analyzed using PCR sequencing for SNP- 
based genotyping of  Y. pestis  DNA in ancient relics, and this provided a more solid 
conclusion that the etiological agent of the Black Death is  Y. pestis , thereby provid-
ing key information about the evolution of this pathogen and the plague spread by it 
during the Middle Ages [ 104 ]. The use of whole genome sequencing in paleomicro-
biological research is a sophisticated way of uncovering the secrets of infectious 
diseases during the process of human civilization. Applying whole genome sequenc-
ing to ancient samples not only helps us to understand the etiology of historical 
plague pandemics but also the evolution of virulence in  Y. pestis  in ancient times [ 6 , 
 31 ,  33 ,  90 ,  92 ,  93 ,  105 ]. 

 The strategies developed for extracting DNA from ancient samples that avoid 
DNA contamination when sequencing ancient  Y. pestis  DNA could be applied to the 
treatment of all ancient DNA samples [ 106 ]. The bioinformatics developed for 
genome analysis of ancient samples of  Y. pestis  and its downstream comparison 
with more recent samples is a useful reference for tracing the evolutionary history 
of other pathogens. We believe that sequencing ancient microbial DNA provides us 
with an unprecedented opportunity to study the evolution of microorganisms from 
ancient samples such as fossils, and for studying the coevolution of microorganisms 
with humans, animals, and plants. 

 In summary, comprehensive studies on  Y. pestis  and the different aspects of the 
diseases caused by it have increased our knowledge about this pathogen and 
enhanced our understanding of relationships this pathogen has with nature. The 
results and conclusions drawn from research on  Y. pestis  further our understanding 
of other similar pathogens, providing the impetus for more interdisciplinary research 
activity in this area.     
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