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For many of us, the word “mi crobe” still con jures a neg a tive im age, one of 
sick ness, in fec tion, or con tam i na tion. In gen eral, we do not won der “Where 
does this mi crobe come from?” ex cept in case of an ep i demic. We sim ply 
ob serve that its pres ence is in op por tune and is dis man tling a pre es tab lished 
or der, an equi lib ri um: this well-be ing that is named “health.”

We now know, how ever, that good health de pends on the pres ence of mil-
li ons of ben e fi cial mi crobes and mi cro or gan isms. These live on our skin 
and in dif er ent places in our bod ies, such as the in tes tine, the mouth, and 
the nose, or they par tic i pate in var i ous pro cesses, such as the mak ing of 
cheese, yo gurt, and other foods, or wa ter treat ment and en vi ron ment de-
con tam i na tion. They play a key role in main tain ing the sta bil ity of our en vi-
ron ment and the bio di ver sity of the flora and fauna of our plan et.

Thanks to the stud ies of Louis Pas teur and Rob ert Koch at the end of 
the 19th cen tury, it is well es tab lished that mi crobes do not spon ta ne ously 
gen er ate, that each mi crobe is born from an other mi crobe, and that the 
small est liv ing or gan isms ca pa ble of au ton o mous life are called bac te ria 
(from the Greek baktēria, mean ing a stick or rod, named for the rod-like 
shape of the first ob served bac te ria). These bac te ria, ob serv able with sim-
ple mi cro scopes, are sin gle-celled or gan isms that can gen er ate thou sands 
of sim i lar uni cel lu lar daugh ter cells.

Louis Pas teur and Rob ert Koch im por tantly dis cov ered that bac te ria were 
re spon si ble for nu mer ous dis eases that have dev as tated hu man ity for thou-
sands of years, such as the plague, chol era, and tu ber cu lo sis. Their stud ies 
pa ved the way for pow er ful meth ods of di ag no sis of, and treat ment for, bac-
te rial in fec tions, and for the de vel op ment of vac cines, some of which are 
still be ing used to day. Pas teur and Koch also in tro duced the con cept of the 
study of bac te ria in gen eral, what ever their na ture—i.e., ei ther path o genic, 
ill ness-generating bac te ria or non patho genic bac te ria that carry out  other 
func tions. In fact, the dis cov er ies of Pas teur, Koch, and their collaborators 
were so rev o lu tion ary and so im por tant that by the early 20th cen tury they 
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trig gered an im mense in ter est, first among med i cal doc tors and then 
among bi  ol o gists of all  sorts attracted to this new discipline: mi cro bi ol ogy, 
the study of var i ous mi cro or gan isms in vis i ble to the na ked eye, and more 
spe cifi  cally, bac te ri  ol ogy, the study of bac te ria.

During this flour ish ing pe riod and the en tire cen tury that has fol lowed, 
the field has ad vanced by leaps and bounds in many di rec tions. At first, 
shortly af ter Pas teur and Koch, mi cro bi ol ogy de vel oped rather slowly, with 
the me tic u lous iden ti fi ca tion of all  kinds of bac te ria, the es tab lish ment of 
var i ous col lec tions, and di verse clas si fi ca tions and pre cise de scrip tions. Then 
things re ally sped up. In the early 1950s, the dis cov ery of DNA as the ba sis 
of the ge netic ma te rial of all  liv ing or gan isms, com bined with the pre vi ous 
re search on bac te ria, quickly led to the de vel op ment of con cepts that ap-
plied, as No bel lau re ate Jacques Monod put it, to the bac te rium as much as 
to the el e phant. These con cepts in cluded DNA rep li ca tion, DNA tran scrip-
tion, pro tein trans la tion, and pro tein syn the sis. This in turn led to the de-
vel op ment of mo lec u lar bi  ol ogy and ge netic en gi neer ing: the art of 
mani p u lat ing genes and spe cies.

By the end of the 20th cen tury, tech nol o gies in DNA se quenc ing—the 
de ter mi na tion of the struc ture of genes and, soon, of com plete bac te rial 
ge nomes—sparked a to tally un ex pected ac cel er a tion in the study of bac te ria, 
both path o genic and not. Our un der stand ing of in fec tious dis eases was com-
pletely re de fined by these ap proaches that, in as so ci a tion with cel lu lar bi  ol-
ogy tech niques such as im ag ing, started to shed light on the mul ti ple 
mech a nisms used by mi cro or gan isms to es tab lish in fec tion by in ter act ing in 
var i ous ways with the in fected host and by har ness ing many of the host’s es-
sen tial func tions and fun da men tal mech a nisms.

In par al lel with this new vi sion on in fec tious dis eases, re search on the 
be hav ior of bac te ria has shown that all  bac te ria with out  ex cep tion have a 
so cial life. They can live in small groups and di verse com mu ni ties known as 
biofilms pres ent on all  kinds of sur faces. They can live in har mony with their 
fel low bac te ria in het ero ge neous, but sta ble, groups. When these groups 
grow in size and as so ci ate with other mi cro or gan isms, in clud ing par a sites 
or vi ruses, they are called microbiomes. What was once known as the “in tes ti-
nal flo ra” is now termed the in tes ti nal microbiome. The in tes ti nal microbiome 
is not the only type of microbiome; other parts of the body, and other or-
gan isms, fea ture their own. We now know that these microbiomes evolve and 
that they are unique to the in di vid ual they in habit, based on their host’s spe-
cific eat ing hab its, ge netic her i tage, un der ly ing ill nesses, and even per sonal 
be hav ior.

Even if bac te ria seem to live in de pen dently in na ture, many ex ist in sym-
bi otic re la tion ships not only with hu mans but also with all  an i mals, in clud ing 
in sects, and even plants. This co hab i ta tion some times pro duces stun ning 
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ef ects on the host, such as ste ril ity and even the erad i ca tion of males in 
in sects. Bacteria present on plant roots can help them capture the soil nitro-
gen essential for the plant’s growth.

Bacteria have very elab o rate so cial lives. In ad di tion to their abil ity to live 
in groups, and in or der to do so, they can com mu ni cate us ing a chem i cal 
lan guage that al lows them to rec og nize and dis tin guish one an other by spe-
cies or fam ily. Bacteria use these chem i cal lan guages to co op er ate against a 
com mon en emy. For ex am ple, some path o genic bac te ria will not de ploy 
their at tack mech a nisms un less they are nu mer ous enough to suc ceed. Some 
bac te ria can also reg u late the times when they be come lu mi nes cent, light-
ing up only once their num bers reach a cer tain thresh old.

In or der to adapt to var i ous sit u a tions and to de cide when to use their 
spe cial ca pa bil i ties, bac te ria em ploy very so phis ti cated reg u la tory mech a-
nisms. Each bacterial com po nent, from pro teins to small mol e cules, in clud-
ing vi ta mins and met als, par tic i pa tes in mul ti ple ad ap ta tion mech a nisms that 
bac te ria put into ac tion at var i ous points in their lives. The mol e cules that 
par tic i pate in the con trolled ex pres sion of ge nomes, and on which re search-
ers have made the most prog ress re cently, are RNA mol e cules. François 
Ja cob and Jacques Monod hy poth e sized that RNAs could reg u late gene 
ex pres sion, but they never imag ined that RNAs could reg u late gene ex pres-
sion in so many dif er ent ways. Bacterial RNA, con sid ered as re cently as the 
end of the last cen tury to be mostly a pro duc tion in ter me di ary be tween DNA 
and pro teins (hence the term messenger RNA), plays var i ous and some times 
sur pris ing roles. One of the most im por tant re cent ad vances in bi  ol ogy is 
the dis cov ery that bac te ria have ex tremely ef ec tive RNA-dependent de fense 
strat e gies in place, known as CRISPR (pro nounced crisp er) for clus tered reg-
u larly in ter spaced pal in dromic re peats, which they use to pro tect them-
selves from the bac te ria-infecting vi ruses known as bac te rio phag es, or just 
phag es. Specifically, bac te ria re mem ber their first en coun ter with a given 
phage and are  able to put in place a kind of im mu nity, “vac ci nat ing” them-
selves against this phage.

These bac te rial sys tems work so well and are so adapt able that they are 
now the ba sis for a rev o lu tion ary tech nique, the CRISPR/Cas9 tech nol ogy, 
that al lows ge nome ed it ing in all  or gan isms that have been tested so far. This 
method makes ge nome mod i fi ca tion quick and easy, and the mu ta tions cre-
ated al low for so phis ti cated stud ies of gene func tion or for the re place ment 
of de fec tive genes, pav ing the way for gene ther a pies. The CRISPR/Cas9 
tech nol ogy was recognized by a Breakthrough Prize in Life Sciences in 2015 
in the United States and by numerous other prestigious in ter na tional prizes 
that honor great sci en tific ad vances.

Bacteria de fend them selves not only from vi ruses but also from their fel-
low bac te ria, which are some times very ag gres sive. To do this, they pro duce 
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many kinds of tox ins and an ti bac te rial poi sons for which they them selves 
have one or more im mu nity pro teins. In the bac te rial world, the strug gle 
for life is con tin u ally tak ing place on an in fin i tes i mal scale. But could these 
an ti bac te rial poi sons also be used on a much larger scale, to fight and gain 
bet ter con trol over path o genic bac te ria? They cer tainly con sti tute a fore see-
able strat egy for re plac ing an ti bi ot ics that have be come in ef ec tive.

In fact, an ti bi ot ics have been, for de cades, the most used an ti bac te rial 
agents. Unfortunately, bac te ria have adapted ac cord ingly, de vel op ing re-
sis tances that have dra matic med i cal con se quences, as in the case of the 
bac te rium re spon si ble for tu ber cu lo sis (Mycobacterium tu ber cu lo sis, or the 
Koch ba cil lus). We are no lon ger  able to treat cer tain se ri ous ill nesses, and, 
as a re sult, they are com ing back with a ven geance. The alarm has been 
sounded. The pub lic is aware that this is a world wide con cern. Nevertheless, 
there are now rea sons for op ti mism, or at least hope. Based on our re cent 
knowl edge, we are dis cov er ing new, al ter na tive ways of fight ing path o gens, 
rais ing new hopes for more ef ec tive treat ments. For ex am ple, we can use 
our knowl edge of bac te rial ge nomes to iden tify in hib i tors of chem i cal re ac-
tions or met a bolic path ways that ex ist only in bac te ria, not in hu mans.

Nevertheless, the threat of re turn ing to a “preantibiotic” era is real and 
must be taken into ac count. We must there fore main tain con stant vig i lance 
when put ting in place new ther a pies or when halt ing for merly oblig a tory 
vac ci na tions. Would it be rea son able, for ex am ple, to con tinue the pol icy in 
France of re strict ing vac ci na tion with BCG (bacille Calmette-Guérin) against 
tu ber cu lo sis? Such ques tions should be care fully con sid ered, es pe cially in 
our global so ci ety where travel to and from coun tries with lower vac ci na tion 
rates can be easy.

The ob jec tive in this book is to il lus trate that very im por tant dis cov er ies 
and new con cepts have come to light in the last few de cades. These de vel-
op ments clearly show that the field of mi cro bi ol ogy has un der gone a bona 
fi de rev o lu tion and that the amaz ing re nais sance that is tak ing place can have 
wide-rang ing con se quences. This new un der stand ing is go ing to change our 
daily lives dra mat i cally, from our eat ing hab its and daily rou tines to our way 
of look ing at the rest of the liv ing or gan isms on Earth: bac te ria, plants, an i-
mals, even in sects. In ad di tion, re cent dis cov er ies will help us im ple ment new 
strat e gies for fight ing path o genic agents and bat tle not only in fec tious dis-
eases, but also their vec tors. An ex am ple al ready in place in Aus tra lia is a plan 
to elim i nate cer tain dis ease-bearing mos qui toes by re leas ing into the wild 
male mos qui toes that have been ren dered ster ile by in fec tion with Wolba-
chia bac te ria.

This book is lim ited to the re birth of bac te ri  ol ogy, in part be cause this is 
my own do main of ex per tise. That said, vi rol ogy, par a si tol ogy, and my col ogy 
are also men tioned be cause these ar eas ben e fit from the same tech no log i cal 
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ad vances. Bacteriology, how ever, is the field that has been the most pro-
foundly im pacted by these ad vances and that con se quently has benefited 
from the de vel op ment of the great est num ber of new con cepts.

It was pre dicted that the 21st cen tury would be the age of bi  ol ogy. This 
is in deed the case, and mi cro bi ol ogy is at the fore front. In 2012, the French 
Academy of Sciences, with its sis ter in sti tu tions in En gland and Ger many, 
the Royal Society and the Leopoldina, held a col lo quium ti tled “The New 
Microbiology” that met with great suc cess. I have used the same ti tle for this 
book.
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PART I





Bacteria are uni cel lu lar liv ing or gan
isms that make up one of the three do
mains of life: Bacteria, Archaea, and 
Eukaryota (Fig. 1). This model of three 
branches stem ming from a com mon 
an ces tor was first pro posed by Carl Wo
ese in 1977. The ab sence of a nu cleus 
is one ma jor dif er ence be tween pro
kary otes and eu kary otes. Eukaryota 
or eukaryotes in clude an i mals, plants, 
fungi, and pro to zoa, which all  have nu
clei; bac te ria and ar chaea are pro kary
otes and do not have a nu cleus. The 
DNA of pro kary otes is nonmembrane 
bound, un like in eu kary otes. But do 
not as sume that bac te ria are merely 
small sacks full of dis or derly con
tents. Their “in te ri or” is in fact very 
well or ga nized.

Archaea, like bac te ria, are uni cel
lu lar or gan isms but dif er from bac
te ria in that they have lip ids that are 
not found in bac te ria and an en sem
ble of com pounds that are sim i lar to 
those of eu kary otes, in par tic u lar the 
ma chin ery that reg u lates gene ex
pres sion. When they were dis cov ered, 
ar chaea were thought to ex ist only in 
ex treme en vi ron ments, such as very 

Bacteria:  
Many Friends,  
Few Enemies

CHAPTER 1

 3
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hot wa ter springs, but we now know that they are pres ent ev ery where, in
clud ing in our gut.

Bacteria are ex tremely var ied and make up the most di verse do main of 
life. They have been on Earth for bil li ons of years and have evolved to sur
vive in a great va ri ety of con di tions. There are more than 11,500 known spe
cies of bac te ria in more than 2,000 gen era (group ings of spe cies). These 
num bers have so far been based only on gene com par i sons, par tic u larly the 
16S RNA genes, and they keep ris ing. Classification meth ods are chang ing 
too. Now that we can com pare en tire ge nome se quences, the defi  ni tion of 
“spe cies” it self is evolv ing.

Bacteria may have dif er ent shapes (Fig. 2). There are four main cat e go
ries: cocci, or spheres; ba cilli, or rods; spi rals; and com mashaped, or curved 
bac te ria. All bac te ria di vide, re gard less of their shape. One bac te rium splits 
into two, via an asex ual re pro duc tion. Nevertheless, ge netic ma te rial can be 
ex changed be tween two bac te ria by means of mech a nisms de scribed as hor
i zon tal gene trans fer. We will come back to this topic later on.

Bacteria are pres ent ev ery where in the en vi ron ment; they are in all  hab
i tats on earth, in clud ing hot springs and sea wa ter, even in very high sa lin ity. 
Many live in hu mans—there are an es ti mated 1010 bac te ria on our skin, 1010 
in our mouths, and 1014 in our in tes tines. That’s 10 times more bac te rial 
cells in our bod ies than hu man cells! However, a re cently pub lished ar ti cle 
in ves ti gated this num ber and con cluded that it was ac tu ally overestimated 
by a fac tor of 10. Whatever the count, in our in tes tine—which con tains tens 

Bacteria
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Proteobacteria
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Figure 1. The three large do mains of life. Bacteria, Archaea, and Eukaryota have a com mon 
an ces tor.
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of bil li ons of bac te ria—there are more than a thou sand dif er ent spe cies. 
Sometimes I like to think that bac te ria are our con stant com pan ions, gen
er ally friendly hitch hik ers that we carry around with us ev ery where!

Bacteria first ap peared more than 3 bil lion years ago—that’s 2 bil lion 
years be fore an i mals—and have since lived more or less un dis turbed in 
the bio sphere. We do not know for sure how the first or gan ism with a nu
cleus was born, but it was prob a bly from the fu sion of a bac te rium with 
an archaeon. Indeed, genes from both of these do mains are pres ent in 
an i mals; it is clear that an an ces tor of all  mod ern eu kary otes must have 
“swal lowed” a bac te rium, lead ing to the sta ble sym bi otic re la tion ship 
that pro duced the en er gyproducing com part ments called mi to chon dria 
in all  of our cells. These small or gan elles some what re sem ble bac te ria and 
are in dis pens able to the for ma tion of thou sands of com pounds, most no ta
bly ATP, a chem i cal com pound that tem po rar ily stores en ergy and is used 
for many chem i cal re ac tions in cells. One could say that the first an i mals 

Figure 2. The four main types of bac te ria: ba cilli (Listeria monocytogenes), cocci (Neisseria 
 meningitidis or me nin go cocci), spi rals (Leptospira interrogans), and comma-shaped (Vibrio 
cholerae).
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started out  as bacterivores be fore they be came her bi vores, car ni vores, or 
om ni vores!

Many bac te ria live free in nat u ral en vi ron ments. There they live, grow, 
and feed and by do ing so con trib ute to the equi lib rium and char ac ter is tics 
of the spe cific eco sys tems in which they grow. For ex am ple, bac te ria from 
the Streptomyces fam ily are re spon si ble for the so re fresh ing smell of the woods 
af ter a rain.

Many other bac te ria are not alone and are as so ci ated with a part ner. They 
es tab lish longlasting re la tion ships that are mu tu ally ben e fi cial, or “sym bi
ot ic,” within hu mans, an i mals, and even plants. Additionally, as we will soon 
see, bac te ria of sev eral spe cies can as sem ble in very large com mu ni ties, called 
microbiomes, which be come in te gral part of or gan isms. These com bi na tions 
of or gan isms and microbiomes are re ferred to as su per or gan isms.

It is im por tant to re al ize that of all  the bac te ria on Earth, path o genic bac
te ria (those re spon si ble for dis ease) are in the mi nor ity. Among those, a 
few pro duce very pow er ful tox ins and al ways in duce dis ease. An ex am ple is 
Vibrio cholerae, the wa tertransmissible Vibrio spe cies re spon si ble for chol era, 
which pro duces a toxin that can cause fa tal di ar rhea and de hy dra tion. An
other ex am ple is Corynebacterium diphtheriae, which causes diph the ria, a dis
ease nearly for got ten in de vel oped coun tries due to the ef  cacy of man da tory 
vac ci na tions. Also in this group is Clostridium tetani, which pro duces the toxin 
for tet a nus, and Clostridium bot u li num, which pro duces the bot u li num tox in.

However, ill nesses caused by a sin gle toxin are ex tremely rare. As a gen
eral rule, bac te ria cre ate dis ease by means of an ar se nal of strat e gies and 
tools called vir u lence mech a nisms and vir u lence fac tors. The com bi na tion of dif
fer ent vir u lence fac tors al lows a bac te rium to en ter an or gan ism, evade the 
host’s de fense mech a nisms, and mul ti ply and in vade dif er ent parts of the 
body such as the throat (Streptococcus), the lungs (Legionella), the in tes tines 
(Salmonella), or the nose and phar ynx (Pneumococcus). Bacteria of ten can 
es tab lish an in fec tion only if the host’s im mu nity is weak ened by fa tigue by 
a vi ral or other in fec tion (such as pneu mo coc cal in fec tions that of ten fol low 
re spi ra tory tract in flam ma tion due to in flu enza), by med i cal treat ment (such 
as im mune sup pres sion due to che mo ther apy), or by a ge netic mu ta tion.

The im por tance of the ge netic con text with re gard to a host’s sus cep ti
bil ity to in fec tion is now the sub ject of ex ten sive stud ies by sci en tists around 
the world. The lab o ra tory led by JeanLaurent Ca sa nova is a strong pro po
nent of the hy poth e sis that dis ease can be or is linked to the host’s ge net ics. 
These in ves ti ga tors have found ev i dence for ge netic pre dis po si tion to sev
eral ill nesses, for ex am ple, sus cep ti bil ity to in fec tion with lowpathogenicity 
my co bac te rial strains in clud ing BCG, the live at ten u ated strain of Mycobacte
rium bovis used to vac ci nate against tu ber cu lo sis. Some chil dren have a de fect 


