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Micrbiology began when people leamed to grind lonses from pinces of glass
and combine them o produce magnifications gres! enough to enable microbes
to be sean. During the thirtsenth ceatury Roger Bacon (1220-1292) postulsted
that diseass s duced by i ble living This suggestion was made
again by Girolamo Fracastore of Verona {1483-1553) and Anton von Plencit (n
1762, but these people had no prool. As early es 1638, a monk named Athsnasius
Kirchar (1601-1680) referred 10 “worms™-iavisibis to the naked ey in decaying
bodies, meat, milk. and diarrheal secrstions. Although his description lacked
wccuracy, Kircher was the first person to recognize the significance of bacteria
and other microbes in diseass. In :uslnhmlhoh‘adonnnm-ﬂ:dlum-
pince of cork established the fact that the bodles of and Il-h.

as they may appear. we yol posed of & few ok ')
np-md'—-qnﬂnﬂ,unnlhﬂﬂedlhtbﬂﬂﬂﬂuﬂndummdm
cellular structure of llving things back in the fourth century a.c.

Although he was probably not the first to see bactesia and protozos, Antony
van Leeuwenboek, who lived in Deift, Hnllud.lm-luzwlna was the first
to report his obs with and d s (Fig. 2-1).
mmbﬂm”ﬂﬂmlywwhﬂﬂwdh
grinding and microscope making. During his lifetime he made morm than 250
microscopes consisting of home-ground lenses mounted in brass and silver, the
mﬂ-mhbl.:':ll:ﬁmld magnify about 200 to 300 times [Fig. 2-2). These

1 bl o the microscope of today,
umdumdwﬂudlmu!mn_m However, the lenses
of Leeuwenhoek's mmﬂmﬂmmkhdlhu
opennass of mind that is so very imp in an b His dh
ﬂmmumthlmn,ﬂMhuhdemmUy
recognized today.

1 bt

full ded his o Ia & series of lettors to the
British Royal Society. In ose of the first letters, dated September 7, 1674, ad-
dressed to Henry Oldenburg, Secrotary of the Royal Socisty, he described the
“wery litile lcules” which we a3 free-living protozoa. Ou October
9, 1676, ha wrote:

In the ysar 1673, | discoversd lving crestures in min water which had stood but &
few days I & new earthen pot, glazed blus within. This iovited me 1o view this




Figare 2-1. Antcoy van
Leeuwsahoek (1832-1723)
# Dutch student of oaturel
history whose hobby was
ing microscopes, is

mbm with one of the
more than 250 microscopes
that he made. His best
lenses were capable of mag-
nifications up to x270, snd
be was the Arat person lo
report descriptions of mi-
croorganisms in delail. (Caur-
tesy of Lambert-Hudnul,
Divislon Warner-Lombert
Pharmaceutical Company.)

Figure 2.2. [A) The Lesuwenhoek microscope. Raplica of » simpls mi-
croscope made in 1673 by Lesuwanhoek. (Fram the collaction of the
Armed Forces Institute of Pathology, Washington, D.C ) (B) Side view of
sl hook mi I g Lho manner in which observa-
tions of specimens were mede. [C) Frool end side views of Losuwen-
hoek’s brass squatic microscope. Leases could be slotted io ot the front
and [ocused by the butterfly nut st the rear. (Erwin F. Lassel, ilhustreotor.)
|0} Leeuwenhoak's skeiches of bactaris (rom the human mouth, from
letter of September 17, 1883. Note particulacly shapes ol cells snd rels-
tive sizes. The dotted Line betwees C and D indicates motility (move-
ment) of s becierium. [Courtesy of C. Dobell, Antony van Lesuwenhoek
and Mis “Littls Animals,” Dover, New York, 1960 }
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water with great attention, aspecially those little animals appearing to ms tan
thousand times less than thos . . which may be parceived in the water with the
unked wye.

He described his litthe animals in great detsil, leaving lirtle doubt that he saw
bacteris, fungl, and many forms of protasos. For axampie. he reported thet on
June 18. 1875, while examining weil water into which he had put & whols
pepper the dey before:

[ discovered, in a tiny drop of water, incredibly many very littls animakcules, aud
these of divers sorts and slzes. They moved with bendings, ss an eel always swims
with its head In fronl, snd oever tail first, yet these animalcules swam s wall
backwards 13 forwards, though their motion was very slow.

His enthusiastic lettars wers read with interest by the British sciantists, hut
the of his di g avidently ppreciated. talents
and astuteness of this remerkablo man can best be apprecisted by reading
Dobell's biography of Lesuwanhosk.

Befors the time of Pasteur, microorganisms were studled mainly to satisfy

curioaily concerning their ch and their rel hips to higher living

forms, without of their imp in and disense.
SPONTANEOUS The discovery of microbes spurred Intetest in the origin of Living things, and
GENERATION VERSUS argument and speculation grew. As far 18 human beings ware , the
BIOCENESIS Creek explanntion that the goddess Gaes was able 1o create psople from stones

and gther inanimate objects had been largsly discarded. But sven the estule
Arigtotle {384-322 5.c.) taught thet animals might ariginate spontanscasly from
the sail, plants, or ather unlike animais, and his inBusnce was still strongly falt
in the saventsenth century. About 40 a.c., Virgll {70=10 5.c.} gave directions for
the artificial propagstion of bees. This was but one of many fanciful tales of =
similar nalure that persisted into the seventeenth century. For wample, it way
accepled ax a fact that magaots could be produced by exposing meat to warmth
and air, but Francesco Red) (1626-1697) doubled this. Proof that his skepticism
wit wall founded came from an axprriment in which be placed meal in s jar
covered with gauza, Attracted by the odor of the mest. Dies laid egge on the
covering. and from the efgs maggots developed. Hence the experiment estab-
lished the lnct that the origin of the maggots wes the flies and not the mest.
This and others involving mics and appesr to have satiled
the matter so far a5 thess forma of lifo were concemed. Bul microbes were
another matter; surely such minute creatures needed no parentsl

Thera appeared champlons for and challangers of the theory that living things
can originale spontansously, sach with @ new snd sometimes fantastic sxpla-
nation or bit of exg rid In 17489, while ng with meat
exposed fo hol ashes, John Neadham (1713-1781) ob d the of
organisms not presant of the start of the experiment and concluded thet the
baclerla eriginated from (he mest About the sama time, Lazaro Spellanzani
[1728-1799) bolled beef broth for an hour and then sealed the Amska No inl-
crobes appesred following iocubstion. But his msults, eonrmad in repestsd
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Figure 2-4 Louls Pasteur in
hls laboratory. (Courtesy of
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failed 10 iham, wha insisted that air was essential

1o the spantanecus production of micruscopic beings and that it had besn
excluded from the flasks by sealing them. This argument was answered some
80 or 70 years later independently by twa other | e Franz Schul,
(1815-1873) and Theodor Schwann [1810-1882). Schulze passed air through
strong acid solutions into boiled infusions, wheress Schwann passed air into
his flasks thraugh red-hot lubes (Fig. 2-3A). In neither case did microbes appear.
But the dis-hard advocates of spontenecus generation were still not convinced.
Acid and hest altered the air so that it would not support growth, they said.
About 1830, H. Schroder snd T. von Dusch performed a more convincing ex-
periment by passing sir through cotton into flasks containing hested broth (Fig
1-38). Thus the microbes were filtazed out of the air by the cotten fibars o that
growth did not oocur. and a basic lechnique of plugging bacterial culture lubes
with cotton stoppers was initisted.

The concapt of spontaneous genematina was revived for the last tima by Felix-
Archimede Pouchet [1800-1872), who published in 1859 an extensive neport
“proving” its Bul Pouckat reckoned without the ing tiraless,
and stubborn Pasteur [1822-1895). Lrritated by Pouchet's logic and dats, Pasteur
performed axperiments that ended the argument for all time. He prepared =
flask with a long, naow goaseneck opening (Fiy. 2-3C). The nutrient solutions
ware bested in the fask, sod sir—unireated and unfltered—could pass in or
out; but the germs ssitled in the p k. and no bes appesred in the
solution.

Pasteur reported his resulls with & great lourish at the Sorbonne in Paris oo
April 7, 1864, His Nasks would yield no sign of life. he said:

For | huva kept from them. and am still keeping from them, that one thing which
is abows the powsr of man to make; ! have kept from them the gorms thet foss in
the air, | have kept from them like
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In his exuberance, Pastour sent a few darts at those he dissgreed with:
Thars s no condition known todey in which you can affirm that mic

beings com Into the wockd without germs, withou! parents like themsslves. They
who allege it have besn the apest of illusions, of ill-made expesiments. vitlated by

nn;aMMhundhm-bhhnmﬁthﬂMllm‘Mb
wvoid.

Finally, John Tyndall (1820-1893) conducted exp in & specially de-
signed box to prove that dust carried the germs (Fig. 2-3D). He demonstrated
that il no dust was present, sterile hroth remained free of microbial growth for

indefinite periods.

Louis Pasteur (Fig. 2-4) bagan his brilliant career as professor of chemistry st
tke University of Lille, France. A principal industry of France being the man-

ufacture of wines and beer, Pasteur studied the methods and

in order to help his neighbors produce a I awd'ycduct.l'hionnd
that fermentation of fruits end grains. resulting in alechol, was brought about
by microbes. By examining many batches of “ferment,” be found microbes of
different sorts, In good lots one type predomineted, end in the poor preducts
another kind was presenl. By proper selection of the microbe, the manufacturer
might be assured of a consistently good snd uniform product. Pasteur suggestad

that ths types of microbes might be d by heating—not
enough 1o hurl the Nevor of the fruil juice, but enough to destroy & very high
of the microblal population. He found that holding the juices st &

temperature of 62.5°C (145°F) for half an hour did the job. Toda izalior
is widely used In fermentation industries, bul we are most ln: h.:‘:lgﬁwh
tha dairy industry.




THE GERM THEORY OF
DISEASE
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Even before Pasteur had proved by experimen: that becieria are the cause of
woma diteases, many obsarvant had Strong for the
germ theory of disease. Fracastoro of Verona suggested thal diseases mighi bs
due to inviglble organisms transmitted from one person to another. In 1762 voa
Plenciz not only stated that living lsmls are the causa ol dizease but suspected
@ATIS Were resp for differen! dizeases. That the concepl of
parasilism wis becoming quile general is reflocted in the following hit of dog-
geral writtan by Jdnathan Swift (16671745 early in the eightecnth century:

S0 neturalists observe, a flea
Hath smaller fizas that on him prey:
And these have smaller fleas o bit “em:
And so proceed ad infinitum

This is better known in the colloquial version:
Big bugs have Litle bugs.
Upon their backs to bit "am:

And little bugs have smaller ones.
And so ad infinitum

Oliver Wendell Holmes (1809-1894), a successful physician as well as »
scholar, insisted that puerporal fever, & dissssa of childbirth, wes contagious
and that it was probably caused by a germ carried [rom one mother 10 snother
by midwives and physicians. He wnite The Contogiousness of Puerperal Fever
in 1842. At approximately the same lime, the Hungarian physician lynaz Philipp
Semmelweis [1818-1865) was pioneering in the use of antiseptics in obstetrical
practice. Deaths due to infections associsted with childbinth were reduced in
the cases handled according to his.instructions, which minimized chances lor
infection. As pan of his crusade he published The Couse. Concepl and Prophy-
laxis of Childbed Fever in 1861. $1ill. mos! physicians ignored his sdvice, and
it was nut until about 1890, when the work of Jeseph Lister in England had
become known, that the imp of was lully app d by the
medicel profession.

Pastour’s success in salving the problem of fermentation led the Franch gov-
arment lo request thet he invesligate pebrine. & sllkworm disease that was
ruining an important thdl indullry For sew:r;l years Pasteur struggled with
this probl fier anather. Even-
tually he isolated the pallml I:lhlll!' the disease. He lh showed that silkwerm
farmers could eliminate the disease by using only healthy, disease-free cuter-
pillars for breeding stock.

Turning from silk to wanl, Pasteur next lackled the problem of anthrax, a
disease of cattle, sheep. and sometimes human beings. He grew the micrabes in
lsboratory Rasks after isolating them from the blood of animals that had died of
the discase. Meanwhile Robert Koch mu—mm wax busy with the anthrax
problem in Germany. Koch, a quist, i neglected
his medical practice 1o play with the fascinating new science of bacteriology. It
was he who discovared tha typical bacilll with squarish ends in the blood of
calila that had died of anthrax. He grew these bacteria in cultures in his labo-
matory, examined them micrascopically 1o be surs ha had only one kind present,
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and then injecta them into othar animals to see if these becama infected and
developed clinical symploms of anthrax. From these experimentally infected
animals ha isolated microbes like thosa he had originally found in shesp that
died of anthrax. This was the frst ime a bacicrium had been proved to be the
cause of an animal diseass. (Pebrine is caused by & protozoan rather than by s
bacierium.) This series of obscrvations led to the establishment of Koch's pos-
tulates. which provided guidelines to identify the causative agani of an infec-
tious dizease. Koch's postulates are: (1) A specific organism can always be found
in association with a given disease. (2] The organism can be isolated and grown
in pure culture in the laboratory. (3) The pure culture will produce the disease
when inoculeied inlo & susceptible animal. (4) It is possible 1o recover the
organism in pute cultuce from the experimentally infected animal.

As wa havn stated, i occur in nature in extremaly
large pupu.llmn made up of many different species. In order to study the
characteristics of a particular :pnmn it is first necessary to separate it from all
other species. L have been developed that make it possible
1o isnlale microorganisms npu-unnting each species and to grow [cullivate) each
of the species soparately. The growth of s mass of calls of the same species in
u laboratory vessel (such as & les! tube) is ealled & pure culture.

Pure cultures of bacteria were first obtained by Joseph Lister in 1878 ualng
serial dilutions in lquid media. With a specially constructed svringe ha diluted
a Muid {probably milk) conlgining a mixture of bacteria until a single organism
waos delivered into a container of sterile milk. After incubation, bacleria (o this
container were of s single kind. identical to the parent celi, Lister named the
amganism Bectarium Inctis.

Meenwhile Koch was carofully refining methods for the study of bacteris. Ha
found that by smearing bactaris on » glaxs slide and adding certain dyes o
them, individual ceils could be seen more clesrly with the microscope He
added gelatin and other solidilying materials such =s egar to medis in order to
obtain isolsted growths of organisms known as colonies. each ol which con-
toined millions of individual bacterial cells packed tightly together. From these
m!umu‘ pure cultures could be transferred to olhu' m.dln. The developmant
of a liquefisble salid-culturs medium was of fi

Using techniques he hed devised, Koch ﬂ.lldilﬂ with pdnm.‘ljni care material
taken from patients with p After p g & saries of
rigid tests, as he had done with the anthrax bacillus, he announced the discovery
of the microorganism that causes tuberculosis.

The importance of pure cultures to the development of the science of micro-
hlolon unml be overestimated, since by using puncdlun Ouhnlquu the
ible for many infecti cartain
Foation in soil, and other activities were isolated and identified. However, strict
adherence lo pureculture lechniques and Koch's postulates sometimes led in-
vestigators up dead-#nd sireets. Early investigators did not snow about viruses,
nor did they know sbout the cooperstion of two of mars microrganisms in
causing disease of in bringing about a o ble f such as we find
in the ripening of cheese. Today we are a3 much interested in mixed microbial
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and then injected them into other animals to see if these became infected and
developed clinical symptoms of anthras. From these experimentally infocted
snimsls he isalated mirrobes like those he had originally found in sheep that
dindofmuw.ﬁkwumnh:lltnllhlmrlwmdbunpmdhhrhc
cause of an animal digesse. (Pebrine is caused by a protozosn rather than bya
bacterium.) This seiss of observations led to the establishment of Koch's pos-
tulates. which provided guidelines to identify the causalive agant of an infec-
tious disease. Koch's postulates are: (1) A specific organism can always be found
in association with a glven disease. (2) The organism can be isolated and grown
in pure culture in the laborstory. (3) The pure culture will produce the disease
when inoculated (nlo a susceptible animal. (4) It ie possible to recover the
organism in purs culture from the mxpericnentally infected snimal.

As wa hava praviously stated, gani oecur in nature in extremely
large populations made up of many differennt species. In order to study the
characteristics of a particular species it s first necessary to saparate il from all
other species. Laboralory procedures have been daveloped that make it passible
10 isalate microocganisms representing each species and to grow [cullivate) each
of the species separately. The growth of & mass of calls of the same species 1o
u laboratory vesse| [such as & tes! tube) is called a pure culture.

Purc cubtures of bacteria wer first obtained by Joscph Lister in 1878 uslng
serial dilutions in liquid media. With a specially constructed syringe he diluted
a fluid (probably milk) containing o mixture of bacieria until a single organism
wos delivered into a container of sterile milk. After incubation, becteria in this
container wern of 8 single kind, Identical to the parent coll. Lister named the
organism Bacterium Inctis.

My hile Koch was carstully refining methods for the study of bacieris. He
found thal by smearing bacteria on a glass slide and adding certain dyes 1o
them, individual colls could be sesn more clesrly with the microscope. He
addad galatin and othor solidifying materials such 81 agar 1o media in order to
obiain isclaied growths ol orgsnisms known a3 volonies. each of which con-
ined millions of individual bacterial cells packed tightly 1ogether. From these
colonies, pure cultures could be transfecred to other media. The development
of a liguefiable solid-culturo medium was of fundamental importance.

Using techniques he had devised, Koch studied with painstaking care material
taken from patisnts with pulmanary tubarculosls. After performing a sarias of
rigid tasts, as he had done with the anthrax bocillus, he announced the discovery
of the ism thet causes loal

The importance of pure cultures to the developmeal of the scionce of micro-
biology cannol ba ovareslimated, since by using pure-cullure techniques the

i ponaible for many infacti certain f itrog
Hxstion In soil, and other activities were isolated and identified. However, strict
adherance 1o pure-culture techniques and Koch's postulates somstimes led In-
vestigators up dead-and sireets. Early lnvestigators did no! 4now sbout viruses,
nor did they know about the cooperstion of two or more microorganiems In
causing disease or in bringing about a Aesirable lermentation such #s we find
in the ripening of cheess, Today we are 03 much intarested in mixed microbial
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populations and the sfiscts they produce és we are In purs cultures. Further

d: in marine microbiol rumen microblol icrobiology of the
intestinal tract, snd many other sysiems will depend upon undsrstandicg frst
the physiolegy of individual microorgsnisms in pure culture and than upon the
ﬁl:pni relationships of the lotal microbia! populations in 3 given environ-

Pastour d to make di ' ing the cause and prevention of
infectious disesses. About 1880 he isolsted the bacterium responsible for
chicken cholers and grew it in pute culture. Hare sgain, the peactical Pastsur
made use of the fundsmental techniques devised by the mors theoretical Koch.
To prove that he reaily had isolatsd the orgenisms rasponsible for chicken
cholers, Pasteur arranged for a public d whare he repeated an
experiment (Fig. 3-5) that had been successful in many previous trisls. He
Inoculated heallhy chickans with his pure cultures, but io his dismay. the
chickens fatled to gel sick and die! Reviewing each siep of the experiment,
Pasteur found that he bad sccidentally used cultures several weaks old instesd
of the fresh onas grown especially for the demanstralion. Some weeks laler he
rupeated Lhe experiment, using two groups of chickens. One of these groups

Figure 3-5. Tha af Tataed 4,
: The prineipile of  hud been tnoculated t the firs ion with the old cultures that had

3 by P whan e proved insffective, and the second had not been previously exposed. Both
inoculated chickens with groups recalved bacteria from [resh young cultures. This time the chickens In
cultares of chicken cholers the second group got sick and died, but those in the first group remained hale
bactaris saversl waaks ald and hearty. This puzaled Pasteur, but he soon found the sxplsnstion. 1n some
and tin chickens remaingd  WAY bacieria could lose iheir ability to produce dissass, 19, their virulence.
healthy. They did not be- h-&-r m lnd“gmwi.u old. But thess altenualed (having decreased viru-
come sick whan nd nee ia stlll retained their capacity for stimulating Lhe host to produce
: 5 Iuh-: culiure .::.j :n::x 1o, antibadies, that protect against subsequent exposure to virulen!

culturs killed chick This d I plained the principle involved in Edward *s suc-
that had Dot recaived the at-  cessful use of cowpox virus, in 1798, lo immunizs pmplo“l-nanﬁt'll inl::?;: :‘:‘*ﬁ
tanuated [old) culture. 2-8). Pasteur nexi applied this principle to the prevention ol anthrax, and ayein
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Figure 2-8. Edward jenner
vaccinating (inoculeting)
Jumes Phipps with cowpox
material, which resulted in
development of resistance to
smallpox Infection. [Cour.
tesy of Culver Pictures, New
York.)

Figurs 2-7, Rabies vaccine is
made by inoculeting & rabbit
with sallva from & rabid
dog. Virus In the extract of
the rabbit's spinal cord is
atisuuated before injection
into & patisal.

it worked. He called the attenuated cultures vuccines, 8 term derived from the
Latin vacca, mnniuu “cow." Pasteur was hunuling ]mner when he applied the
fterm ization with of bacteria that had

no connection wilh cows.
Pastour’s fame was by new wall establishad thraoghout Feance, and the beliaf
bmm- prevalent that he could work miracles with bacleria and the control of
1t was not surp , then, that he was given an even greater chal-
lenge: he waa asked 1o wkorl u disease affccting human beings. As he was a
chemist and not & physician, stuclying a human diseese might prove risky. But
Pastaur again sccepted the challenge 1o be of service 1o humanity and sst out
to make & vaccine for hydrophobia, or rables, a disease transmilied 1o people
by bites of dogs. cals, and other animals. Because it was invariably fatal, when
a boy nemed Joseph Maistar was hiiten by a mad woll, his family did not
hesitate to take Lhe one chance In thousands that Pastour could make & vaccine
that would save him.

Exiinct of Beown '
mn.p-otea-d f! 1
Salva
ot T' ey .I \\
robid
Injecied nio {
dog i l]"

R &_ Q=

WIDENING HORIZONS
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(1 had been established tnat the rabies virus was ico minute 1o be senn even
with n microscope: il had never bean grown in laboratory culture, and it wes
nol 8 bacterium. The dissass could be produced in rabbits by inoculsting them
with saliva from mod dogs. Thon the brain and spinal cord could be removed
from the infected rabbits, dried for several deys, pulverized, and mixed with
glycerin. Injecting this mixture (nla dogs prutected them against rabies (Fig. 2-
7) But vaccinating dogs was quita different from treating » sivk boy. Perhaps
the warried Pastour was as surprised as anvone else when after the crucial trial,
which ook savaral weeks, Joseph Meistar did not dis. As with Jennor's vaccl-
nation lur smallpox, the principles of the preventive traslment of rabies have
nol changed.

The success of Pasteur und Koch brought honors and sccolades from their
apprecistive countrymen. Koch became Professor of Hyglene and Direcior of
the Institute for Infective Discases, which was foundsd fur him at the University
of Herlin. France showed its gratiiude by establishing the Pastaur Institute in
Paris in 1868. To rach of these mon come scholars from all over the world, and
thesa studenty later carrled the spirit and knowlodge of Koch and Pawteur 1w
Amarica and throughout Europe

New bacterin were bolng dlvmvnad with incrossing frequency, and their
diseass-producing copacities were proved by Knch's pustulates. After Edwin
Klebs in 1883 and Frederick |oelfler in 1884 discovered the diphtheria bacillus
und demonstratad that il produced 11s polsons In a laboratory flask, Emil von
Bahring und Shibassburo Kitosaty devised 3 method of producing immunity 1o
infections caused by 'Ilbcw: organisms by injecting their tusins {poisons) into

animuls so that an gnt la tha 1 toxin] would develop
Similerly, Kitasrto cultivated Clamldlum tetani, the cause of tetanus (Inckjaw),
and wilh van Behring made antil for the p and of this

diseass. For his work un serum therapy. von Hehlllus wes awarded the Nobul
prize in physiology or medicine in 1901. During this time, D. E. Salmon and

Theobald Sinith d d that ity Lo many ind could be pro-
duced by inoculstion with killed cunum of microorganisms.
‘Working (n Pasteur’s Jab y, Elie N ikoll {Fig. 2-8A). 8 Russlan, de-

scribed hnw cortain leukocytes {wrl‘lo blood cells] could ingest (eat) digease-
producing barteria in the Lody. He called these special doforiders against infec-
tinn phagncytes [“eating calls”) and the process phagucytosis (Fig. 2-88). Metch-
nikalf formulated the theory thal the phagocytos wers the body's first and most
important line of defense againal infection
InG one of Koch's stud rad a diffarent concept of how the body
destroys becteria. Paul Ehrlich explained unmunity on the basis ol cartain
soluble substances in the blood. Todsy we know that thers is much maril in
both srguments and that both mechanizms play their parts. Ehrlich made ancther
important discovary the! opened the door to future developments in chemo-
Ihanpy nud lnllblmln he Inund that the 606th compound tasted, an orgenic
: .menln wcm]d dnlmv the i\rphllll ml:mbu n
tha body, This was the fest ch
and ovslunted. The period from 1880 \019Dl: was I.ndnd o golden time for
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Figure 2-8. {A) Elia Meich-
nikoff was the first person
1o recognize the role of
phagocytes in combaling
bacterial infections. [Cour-

lesy of René Dubos.| (B) The :
process of phagocytosis. the L -
ingestion of particulate mat- .
ter by cartain calls, shown ' y

in three sleps. Phagocytosis
is a natural defense mecha-
nism ageinst diseasy. (Erwin

F. Lassel, illustrator.| Tm

microbiology becauss the Infant science grew to sdolescence during thoso years.
As shown in Table 2-1, most of the causative agents of bacierial disssses that
had plagued the world for centuries were isolated and ideatifled.

The students of Koch and Pastur continued to discovar the cavsative agents
of di and new mathods for di is; e.g.. the Widal test for iyphoid fever
and the Wassormann lest Jor syphilis medo diagnosis of these diseases sccurate
and quick.

In the 1860s, white oll theso things were happening on the continent of
Europe, an English surgson. Joseph Lister. was trying 1o combat the microbes
that caused posluperative and wound infeclions. Deaths from thess infections
were frequont In the h century. Disinl a8 such were unknown,
but since carbolic acid would kill becteria, Lister used o dilute colution of this
scid to soak surgical dressings. Wounds protected in this way did not becomo
infected, and healing 100k place rapidly. So remarkable was Lister's success that
the technigue was quickly accepled. and this antiseplic surgical practica estab-

lished the principles of prasant-day sseptic (" without (nfection"') technlques.

3 INTRODOCTION TO MICROSIONOGY

Tukls 2-1. D) y of - = -
Causative of Micro- Detc  Disease of Infrction Caussthe Ageni® Discorerert
blal Diseases Following Es- 1878 Asthrex Bacillus enthrecis Kech -
tnblishment of Germ Theary 187 Ganerrhes Neisserio gonarrhosas Nelsser
of Disouse h. Aymhoud fvves Selinasielia tyakl Miseth
Pl ool | phoss|
1881 Woaund infactions 5 ey ID:::D = !
: Mmm..hi. Mycobacterium tubsreulors  Kach
Faeudamongs maliei Loetiler and
1881 Choles Vibria choleroe Kach Schost
W8)  Diphtheria Corynsbacieniom diphther Kiabs
84 Diphtheris -'Gurnhmw' diphthar. Loaffier
o
1885 Swine arysipels Eryipolothria rhusicpothioe  Loall,
1885 Tolanus Closwidium totan Nlcul::nr
1888 Bactarisl St Fraenks|
1887  Meningits Naisseria maningit|dic Walchaelbaur.
1887 hdsha faver Brucsila ipp Bruca
1888  Equine strengias Streplococcus app. Schoz
1888 Chancreid Hemaphilus ducrey) Bucrey
THE]  Cas pangrence Closiridiam perfringsns Walch and Nutiall
:: :ln:“ i sr\:mm Ppestis Kiiasato and Yarsin
ypho tmonella gail|
1896 Botullam {food palsoningl  Claririd ooty m
1897 Bang's dissage Brucella abartus
(bovine abartion) " oy
1888 Dysenmizry Shigelle dysentarine Shiga
1488 Py ol cattle  Myrop mycoides Nocard and Reux
3 1805 Syphils Treponesi pallidum Scheudin gnd
Heffmann
W08 Whooping oough Bordeiella partuesis Bondet and Cengoy
1008 Racky Mountaia Rickmusio ricketts )|
. o [ 1l Ficketia
1912 Toliremia Francisells tulerensic McCoy mnd Capin

* Prasen) sare of causstive agent; orlginal name, in mAay (nelances, was diferent.

#In somn Lnstsnces 1ha Individusl simply obesrved Instances
lbvlﬂml‘ﬂmhlwhpmﬂllmhw".mmm
Microbiologists began 1o appesr in Amarica et the tumn of the Some

hed studied under Koch, and others had visitd the Pasteur Instfure s moatnmy

Lister operate (n & mist of carbolic acid vapors or & spray of bichloride of

mercury, Wh.uh-r they actually recalved their training Lo the “laboratories of

the masters,” firsl- and second-generstion bacteriologists in Burope and America
ware greatly influenced by them. Thess Amaricans who actually studisd under

Pastour and Koch—William Henry Welch at Johns Hopkins, Harold Clarence

Ernat of Harvard, F. G. Novy st Michigen, and H. L. Russsil at Wisconsin—were,

us P F. Clark, | fessor ai the University of Wi snid, “raspon-

sible directly or indirctly for the devels ol b in the United

States.” Thair students and thels studeats’ students constitute the who's who of

thora who built ke scisncs of microbiclogy in Amarica.
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i indeed cury germs and that if dust was absent. broth remained
steribe even i directly exposed o Darng the course of his stud:
es, Tyndall provided evidence for the existence of exceptionally
Bea-reststant forms of hacterna Working independently, Colin
dhsoovered tha the heat-resistant hacteria recognized by Tyndall
were species cipable of producing baceerial endospores. Cohin
later played an instrumental role in establishing o classification
sysicmn f bacteria based on their morphology and physiology
P Boctersd emdovpores are o sarvivel stlegy (oection 1.9)
These early microbindogists not only disy s

peneration bul also contributed to the rebarth of microbiology
They developed liquid media and the methods for stenlizing o so
that mscrobes could be cultured. These technigques wWere hext ap
phied 1o understanding the mule of microoganisms o discase

Microorganisms and Disease
For hundreds of years, most people believed thal discase was
caused by supernatural forces, poisonous vapors, and imbal
ances among the four humors thought 1o be present in the body
The rode of the four humors (blood, phlegm, yellow hile [choler]
and black bile [melancholy]) in disease had been widely ac
cepted since the time of the Greek physician Galen (129 199}
Suppart for the ideq 1hat microorganisms cause disease—that is
the germ theory ol disease—began o accumulate (n the curly
nineteenth contury from diverse fields, Agosting Bass (1773~
1856) demeonstrated in 1835 that a ulkworm discase was duc to
a fungal infection. In 1845 M. J Berkeley (1803 - 188 proved
that the gremt potato blight of lreland was cansed by a water
mold (then thought (o be a fungus), amd in 1853 Heinrich de Bary
(1831 - IKES) showed that fungi caued cereal crop diseases
Pastewr also contribuied to this area of resesrch in several
ways. His contributhons began in what may seem an unlikely way
Pasteur was trained oy 3 chemist and spest many yean stidying
the alcoholic fermentations that yiehd ethanol and are used i the
production of wine and other alcoholic heverages. When he began
his wonk the leading chemiss were convinced that fermentaiion
was chue b0 o chemical imstshalay thal degraded the sugins in gripe
yuice and other substiances o aloobol Pastewr did il agree. be
-I\(flr\l‘ll that fermentations were cmied out by Tiving onganisms
In 1856 M. Bago, an idusirialog in Lille. France, where Pay
teur worked, requested Pasteur’s awastance. His business pro

duced cthanol from the fermentation of heet wgars, and the
alcohol yiclds hod recently declined and the product hisd become
woutt . Pasteur discovered that the fermentation was failing because
the yeast normally responsible for alcobol formetion had been re-
placed by hacteria that produced acwl rather than ethanal. In solv
ing this practical problem, Pasteur demonstrated that ferment ations
were duc (o the sctivities of specific yoasts and bacteria, ind he
published several papens on fermentution between 1857 and 1860

Pasteur was also called upon by the wine indusiry in France
for help, For several yean, poorquality wines had been pro
duced Pastesr refermed 10 the wines as diseased and demon
strated that |u|m-u|.|r wine discases were linked W particular

microbes contaiminanng the wine He eventually sugpesied o

these experiments, the French
naturalist  Felix  Powchet
LIS THT2} clakmed in 185
w hve camied oul expen
menis conclusively provieg
that microbinl growth coubd
v without contact with s

Pouchet’s cluim proveked
Louis Pasteur (1822-189%)
16 seltle the matier of spon-

lancous generation Paviewr
Migure i first Diliered aw
thirou gh cotton and found (hat

objects  resembling  plam
spores had been trapped. 1 8
piece of the cotton was placed  Figure 111 Loy, Pastou
m sterile medium after an L et

had heen likered through . mcmbial prowih (¢ ufred Ne
plaved nuirient solwtions o il

AL fye
s. bested their necky jn |L..r':

and puilled them o 3 vanety of curves. The swan.pe
that he priduced in this way bed necks open o the gime

ok flay,

“Phe
(Bigure 1.12). Paskeus then bodded the solition fiy 4 few mmgy.
e

and allowed them w cool. No growth took place even gl the
coments of the Masks were expmesd 1o the a Migure 112} Pa
teur inferred that growth did mot oconr because guy and Fermn
had been trapped on the walb of the curved necky, [ the necky
were hroken, growth commenced immedise)y, |
only revolved the controversy by 1861 but also ha vy
heep solutions serile

The English physicist John Tymdall ( TR0 | 893 and the Gy,
mun botanis Fordinand Cohn (1E28- 1898) dealt u fipal blow 5,
spontancous peneration. In 1577 Tyndall demonsiraded that iy

ut hiadd ey
yn o 1y

Mucroty 1
oy -

- Aetrayed A;

Figure 110 Antony
Lz van Leeuwenhoet

Wt few of
o colin fnturiug

Vigmiaus st
5 appliec

7N

-

Mock on second
ity Nask
15 token
rawih orous

-
microbes e

Bped 8 bae
AN Broth s Sherie

Figure 112 Pasteur's Expeviments wiTh Swan-Neck Flasky

method for heating the wines 1o destroy the undesimbie mi
crobes. The process ia now called pastennzation,

Indinect evidence for the germ theory of disease came from
the werk of the English surgeon Joseph Lisser (3327- 1912 on the
prevention of wound mnfections. Lister. impressed with Pasteur's
stunbies om fermentation, developed o system of antiseplic surgery
designed W prevenl miciourganomes (rom entening wounds, In
struments were heat sterifized. and phenol was used on surgical
dresangs and ol times yprayed over the surpical arca. The ap
pevach was remarkably successful in reducing the rate of srgi-
wal imfection. 1 b provided s wdireet evidence fug the
role of mucroorgenisms in disease

Koch's Postulates
The first dwect demonsirunion that bactenia canse discase came
frosm the study of anthrax by the German phyacian Roben Koch
(184319100 Kowh (figure 1Y) used the criteria proposed by his
former teacher Jacob Henle o 1RF-1885) and othe eatuhlisd
thee relatonship between Bucillse ambinects amd antbuas. o these
siusties, published in 1876, Koch used mace as his madel or 1ost
arganism. Following the steps outhned in figure 114, be neat
usend guinea pigs 1o show that Myeobacte s tuberonlors causes
wberculosis (TH). The importance of this discovery connm be
understated a8 TH was o leading cause of death in Europe at the
pme In 1915 Koch was awarded the Nobel Prize in Physiolo,
Malicine and his criteria for proving the caral relationship bhe
tween @ mucroorganisim and a specific disease are known as
Koch's postulates. Koch's postulates have since heen wsed 1 dis
cower the consaiti ve microorgamisms for many infectious diseases.
Whle Koch's pentulntes are safl wadely used. their application i
& times o leasible Fur imtance, varues snd ongmiamia that st

Mork imact somne
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Pactiste Experimetation

1 The mecsooegarism mas Be
et o1 gvery Cas3 of ha
chseave bul absurd hom

xaming heman

PialiTy QAN dmeaied Bive
F Tha sunpecied meroorganam Kok
rew M tubercuions in
st be fvalated and growe o 8 cuture on coaguinis biand -?-:n
pure Gulture.

3. Tre wnron dsenne st resol

when i molatsd by of M

Kach teweioped & Shunig lBchicue 1o

tubercutous coud be demifed in

Mach spected cety from the pue

41/1101

1 inocutoted irAG & healtiy hat
dind of tubereus o

ogn The gunes pags suibieguanty

& The same g oigansms muat Korh noiated M = o pane r
:;nn:mwmn uliune on cosguisted blaod senm M tuperciiosn |
awand the Sent Quines pgs. colgnis

Figure 1.1 Koch's Pastutates Appled te Tuberculusis
MICRO INGUIRY (¥ 5 [ fourt poshsbate fecessory?

five within, hot crlly such a8 Myoobucterium Liprae, the camative
agent of leprosy. cannot e o] i pute cubture. Some aman

streaked with 3 bacterisl sample. The sumy
mined with hiquefiod gelatn medmum, \N’h:npl: :d‘::‘:.:
ened. indrvidual bacteria produced separate celonic, .

diszases Lack an app caned be
Tl et To mvoied some of these difficulie.

o i s F‘:num-w
_u-nlnh rusghit he tsed 10 destet the muclesc acid of o microoransm
in hady meses, raher than meolating 11, of the gencs thought 1o be as-
m_omdmu‘mﬂud-mummhnpmu
smight be mutsieed. In i case. the mutst orgmism should hove de-
oresad ability o cause discase. bnmodition of the normal gene hack.
it the e should resiore the pathogen's vimilence

Pure Cutture Methods

During Koch's studies on bacierial diseases, it became necessary
o isoilte wirpected hacterial pathogens in pare colre. At first
Kuch cultured bacteria on the werile sarfacex of cut. bailed pota-
1oes, but the bacteria did nit always grow well. Eveatually be
deveboped culture media usig mcat extracts and protemn digests,
reasoning these were similar 1o body sl Intially be tried w
solidify the media by adding gelatin. Separate hacterial colomics
developed after the surface of The solidified medium had been

Despite ity advantages. golatin was not a8 keal solafifying
apent becagse it can be digested by many microbes and melty
temperatures above 28°C, A hetter allernative wan provided 'b':
Fanny Exhhemims Hesse (18501934, the wift of Walther Hense
(18461911}, ane af Kock's students and 2 piysician. She often
sssivted her hushand with his experinients and sigpesed iy
agar, which she used v ke jellies, as a sobdifying apent Agay
was not beoken down by mest hacteria. Furthermore, it did noy
el umil reaching a temperature of K0°C and, oace melued, dil
ot sobidify wntil reaching atemperature of S0°C; this climinate
the need o hamdle bolling lyest. Some of the medu developed
by Koch and his asaociates. sach w5 matrient broth and nutrient
agar, are will widely used Another imporiant tool developed in
Koch's lsborstory was 8 comtaimer for hold ing solidif ied media—
the Peir dish (plate). named after Richard Petri (1§52-1021)
whes devised it These developments directly stimulased prgrem
in ol areas of microbsology. Wl Culture media (vecthon 73
Envichment and isolarion of pure cultures {section 77) :

% cosrennt | The Evolution of Microoigantrs and Mctotesiogy

being developed The discovery of viruses and their role in dis-
¢ war made pussible when Charles Cramberland (1851~
16608, ome 0f Pastcur's associes, construcied a porcelain filter o

Beijerinck (propounced “toy-aerink”; 1851-1931) used the filic
1o atudy tobaccs mosakc discase. They founsd that plant evimacts
and sap lrom diseased plants were mfectious. cveR after being fil-
jered with Chamberiand's filter. Because the miectiom agesl
pussed through 3 filtes that wis designed to trap hactenial wells.
|!wyn:mmndlhllhlgﬂ[mmhrmlugmmﬂﬂlma
bacterium, Betjerinek propased that the agent was & “fillerable
+ Eventually vinmes were show 1o be timy, acellular infec

wirus.”

ious agents.

Immunology

The ahility to culture micTobes also played an impariaat role 18
hacteram

early tmim

chicken cholera. Fasan and Pierre Roux {1653 1935
i incubited in cultures for long perids of
nheir ahility to couse disease. These hacteria were said
1o e attenuated of wrakencd. When chickens were impected
mu.,mznun:-! hacteria. they remained hoalthy and were wr-
ahie to resist the discase when exposed W yirulent bac-
ihe anenuated hacteria 3 vacciac iLatin
of Edward Jenner {1749~ 1823 bocame.
earlier, enmer had wed aaterial from cowpan le-
people against smallpor Lsee Hiswrica! High

jis, Pastews and Chamberland

red anthian vaccie. B Vacuines imm
sl opudatipi {90CHON ELL
.l.mp.quninvurut [ attensed strain of
rabics vinus During the coune of these studies, 8 e year-old boy
ruamed Joseph Mister was biften by o rabied o e was hrought 1
Pasteur, Sce Jomeph's death wan certain in the absence of treat-
menl. Puster agreed 10Ty vaccination. Joseph was injected 13 umes
B&y\uﬂnmm‘mb(pwmdm
Immunlnwbed:hlpmwumﬂ: wse of
thank Pasteur. peopke frien aroums the workd contrab-
he Prasar Enstitute 10 Paris. France. One
(LN
mmumalogy were made without
fow the immune ¥ysEm works

pime bost b

nize SUACEPY
Pasteus

any conerete kmowhedge about
I munelogists BOw kenow that while blood cells and the chemi-
cals they e play 4 central ole i mmunity, Among 1he
chemicals are soluble proteins called antibodies, found m blood.
Tymph. and other body Tlulds The role of soluble suhstances
discare wus recogmized by Emil vom Behring ( _IES‘-
1917) and Shibasaburo Kitasato { 1§52-1931), After the discov-
ery that diphthera was caused by a toxin prohuced by bacteria.
ey wnjested iactivated diphtheria oxin mio rabbits, The it
yaited torin induced rabbits 19 produce an anntoxin, which

pitected agmmst the dincase. Antioum @V pOW kniown 1o be
amibadics that specificalty tind and pewralize onins. The first
gmmune system cells were discovered when Elie Metchnioft
(1845-1916) found thar some white lood cells could enpulf
diweuse-camsing bacteria. He called these cells phagocyies and
the process phagocybosis {Greek phagein, eating).

Microbial Ecology

Culture-based technigues were abao mplx.dmlkmm i
cobes in woil and squatic halntals. Early mictobial ecologists
stidied microbal imvolvemsent in the carbon, RETOEEn, il suibfir
cyches, The Rusaian micrvdriokogist Sergei Winogridsky (1856~
1957} made many contritul o 10 sl microbwlogy. nctuding
the discovery that sail bacteria cookd ouedize oy, abr, and
ammunia to obtain energy and that many of these bacteria coukl
incorporate C0, infe organic manet much as photesyachetic
organisms do Winegradsky also isplated anactoble mbmgea-
finng soil bacteria and sanddbed the decomposition of cellalose
made fundsmentsl contribution =
well o virelogy. He isolated several
and sulfate-reducing bacte-

i iz which have heen of great
. B Boprochemical cyvling sus-
1; Culrarr el (section 77k

sain Hife
Enrichnen cuitirey {section 771
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41 The Characterisstion, Classification, and [deatification of Micraorgaaioms

For example, bacteria known as bdellnvibrios are predatory on other bacteria.
and viruses called bocteriophages can infect and destroy bacterial cells.

Ecelogical The habital of 8 microorganism iz important in characterizing that orgenism.
Characteristics For example. microorganisms normally found in marine envimatnents generally
differ from those [n [reshwater environments. The microbial population of the
oral cavity differs from thal of the intestinal tract. Some kinds of microorganisms
are widely distributed in nature, but others may be restricted to a particular
environment. The relation of an organism to its environment is often complex
and may involve special characteristics of the organism that are not yet known.

MICROBIAL CLASSIFICA- Once the characteristics of microorgsnisms have been determined and appro-
TION, NOMENCLATURE,  priately catalogued. the process of classificalion can begin.
AND IDENTIFICATION

Classification In microbiology. taxa are initially constructed from strains. A strain is made up
of all the descendents of a pure culture; it Is usually a succession of cultures
derived from an initial colony. Each strain has a specific history and designation.

Taxonomic Groups For example, strain ATCC 19554 is & strain of spirilla isolated originally from

(Taxa) pond water In Blacksburg, Virginie in 1965 by Wells and Krieg, and cultures of
this strain are maintained at the American Type Culture Collection (ATCC),
Rockville, Maryland. Cultures of the same species that were isolated from other
sources would be considered different strains.

The basic taxonomic group (laxon] is the species, | e, a collection of strains
having similar characteristics. Bacterlal species consist of a special strain called
the type strain togsther with all other strains that are considered sufficiently
similar to the type strein as to warrant inclusion in the species. The type strain
is the strain that is designated to be the permanent reference specimen for the
species. Unlortunately, il is nol always the strain that is most typical of all the
strains included in the species, but it is the strain to which all other strains
must be compared to see il they resemble it closely enough lo belong to the
species. Therefore, type strains are particularly important and special attention
is given to their mainlenance and preservation, particularly by national reference
collections such as the ATCC in the United States or the National Collection of
Type Cultures in England. Many other culture colleclions are maintained
throughout the warld.

[n the definition just given for a becterial species, the phrase “considered
sufficiently similar to the type strain” indicates that the definition contains an
element ol subjectivity. [n other words, the crileria which one taxonomisl be-
lieves to constitute "sufficient similarity" may be quite different from those
used by another laxonomist. At presenl there are no specific criteria for a
bacteria! species that are universaily sccepted. However, certain criteria based
on DNA homology experiments (described later in this chapter) are probably
more widely accepted todey Lhan any others and eventually may lead to a
unifying concept for defining a apecies.

Just as & bacterial species is composed of a collection of similar strains, a

42 INTRODUCTION TO MICROBIDAOCY

bacterial8#nus is composed of a collection of similar species. One of the species
is designated th=!¥Pe Species. and this serves s the permancat example of the
genus; tha is, other species must be judged to be sufficiently similar to the type
speciss to be included with it in the genus. Unlortunately, there is even less
ngruimsnt about the criteria for a bacicrial genus than there is for a bacterial
species.

Taxonomic groups of higher rank than genus are listed below, and the same
considerations about subjectivity apply here as well:

Family A group of similar genera
Order A group of similar families
Class A pgroup of similar orders
Division A group of similar classes
Kingdom A groop of similar divisions

m:ﬁi;; Taxonomists strive to make classifications that have the following two qualities:

1 Stability. Classifications that are subject 1o frequent, radical changes lead 1o
confusion. Every attempt should be made to devisa clessifications thal nesd only
minor changes as new information bacomes evailable.

Z Prediciability. By knowing the characteristics of one member of a laxonomic

group, it should bo possible to that the other members of the same group
Emlbnh:}' have similer characteristics. If this cannot be done, the classificatinn has
ttle value.

General Methods of

™eoan'l o n e sd b

Three methods are used for arranging bacteria into taxa:
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bacterial8®nUs is composed of a collection of similar specias. One of the species
is designated tha!Ype species. and this serves as tho permancut example of the
genus; that is, other spocies musi be judged to be sufficiently similar to the type
species to be included with It in the genus. Unfortunately, there is even less
agreement about the criteria for a bacicrial genus than thern is for a bacterial
species.

Taxonomic groups of higher rank than genus are listed below, and the same
considerations abou! subjectivity apply here as well:

Family A group of similar genera
Order A group of similar families
Class A group of similar orders
Division A group of similar classes
Kingdom A grouop of similar divisions

Taxonomists strive to make classifications that have tho following two qualities:

1 Stobility. Classifications that are subject to frequent, redica] changes lead 1o
confusion. Every attempt should be made to devise clessifications thal need only
minor changes as new information becomes evailable.

2 Prediciobility. By knowing the characteristics of one mamber of & laxcnomic
group, it should bo possible to assume that the other members of the same group
prabably have sim!ler characteristics. If this cannot be done, the classification has
little value.

Three methods are used for arranging bacteria into taxa:

The Iatultive Method. A microbiologist wha is thoraughly famillar with the
properties of the organisms he ar she has been studying for several years may
decide that the organisms represcnt one or mare species or genera. The trouble
with this method is that the characteristics of an organism that seem importani
to one person may not be so important 10 another, and different taxonomists
may arrive at very different groupings. Howaever, some classification schemes
based on the intuitive method have proved to be quite useful.

Numerical Taxonomy. [n an effort to be more objective about grouping bacteria,
@ scientist may determine many characteristics (usually 100 ta 200) for each
strain studied. giving each characteristic squal weight. Then using a computer
he or she calculates the™ similarily {%S) of each strain to every ather strain.
For any two strains. this is:

NS :
NS + ND

9WE =

where NS is the number of characteristics that are the same (positive or negative)
for the two strains, and ND is the number of characteristics that are different.
(The method is sometimes made more rigorous by making NS equs! to the
number of positive characleristics that are the same for the two strains, since
what organisms ‘can do may be morc important than what they cannot do.)
Those strains having a high %S 1o each other are placod into groups; those
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oups having a high %S to eech other are in lum placed into larger groups,
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Species, genus, or cther taxoa is a maiter of judgment on the part of the taxon.

ouln.T"Ilhn?uhodd lassifi has great p ful an well ay
ng ly unbiased in its approach; it also yields classif t
8 high degree ol stahility and predictabiliry. : S
Genetic Relatednsss. The third and most reliable method of classification is
Figure 3-1. Diagram show- %35
ing the arrangement of &3 Teo b "
strains of oxidese-positive, En . * :
vibriolike bacteris according [
to a numerical taxonomic :E
study. Some of the resulting W |
roups species E:
Irg. Vibrio matschnikovii, ——
V. cholere, etc); others ars
designated only by vernacu-
lar names (Marine

Lee, T. |. Donovas, and TV metschnlew
Furniss, Int | Syst Bac.
:09-111, 1978.)
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based on the degres of genetic relatedness between organisma This method Is
the mast objective of all and is based on the most fundamental sspect of organ-
isms, their hareditary material (DNA). In the 1960s the development of that
muho{:iwkmnu Id.hl o "‘d k by which

DNA of one organism coul compared with that of othar arganisms. At
first anly crude comparisons could be mads, besed on mel% G + C values. It
is trus that two ceganisms of the same or similar species that are very clossly
related will have very similar mol% G + C values, and it s alsa trus that two
organisms having quite different mol% G + C values are not very closely relsted.
However, it is important to realize that organisms that are letel, loted
moy have similar mol% G + C values. Therefore, much more precise methods
of comparisan were nesdsd—namely, methods by which the DNA molecules
from vari could b d

o P with respect to the sequence of their
P leotides. This seq is the most fund I ch
of an organism. Modem techniques have now made it possible 1o make such a
isan. The basic principles can be described briefly as follows:

1 DNA bamslogy experimests. The doublestranded DMNA molecules from two
organigms are heated 1o coavert them to singls sirands. The single strands from
one organism ers then mixed with those from the other organism and allowed to

{ssw Fig. 3-2). U the two organisms ars nol clossly relsted. no hetaroduplexes will
form. This method is most usaful at the spacies level of classification,
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xp and rib I RNA olig
cataloging. Two organisms may not be so closely relsted as to give & high level
of ONA homology. yet thoy may stil) have some degroe of relatedness, R ibosomes,
the small granclsr-appesring structures within the cell which manufscture pro-
tains, are composed of projeins and RNA. The ribosomal RNA (fRNA| 1s coded
far by only s small fraction of the DNA molscule. the tRNA cistrons. [ all bacteris
o tar studied. the nucleolide sequence of thase rRINA genas has been fousd 1o be
ighly cemserved; that is, during avol . the bos changed
more showly than that of the bulk of the DNA molecule. This meaas thel even {f

fwa arganisms are oaly distantly related and show a0 significant DNA homology,
there #tfll may he derable similarity in the 1d aof thels
fRNA cistrons. The degren of similarity that oxists can thereloro be used as &
measure of relateduess beiwoen organisms, but el & lovel beyond (hat of species
{nt the level of genus, fumily. erdes, elc.). RNA homology experiments and RNA
eligonucluotide catsloging are two modern methods used to determine the degree
of similarity between tha ANA clstrons of differsat organisms. The tachniques
are complax and are being used by only a few labarataries.
Classifications based on genetic relaledness coma the clusast |
taxonomic goals of stabllity and predictability. Moreovet, the d 55 l'( 9 5?
such classifl allow biologists 1o the wey in .
have evoived, so thal the present-day bacterial genera and 18D was wne e
tanged in 3 hisrarchy that reflects Ihair ancastral relationships, (e, in a phylo-
eenetic clessification. Much of the work is stil] fragmentary, but some of the
results, especially those obtained by Dr. C. K. Woese of the University of Hinoia
and his colleagues. have already revolutionized current thinking aboul how
bacteriz have evolved and how thay are related 1o one anather. In fact, 1t is now
appareat thal prescal-day becteria evolved by ot least two very different major
routes from an early ancestral form and that they now comprise lwo very large
groups: the cubacteria [which are the traditional, familiar ones that have ro-
cefved the mest study) end the archacobacteria (consisting of methane-produc
ers, éxireme halophiles, and th idophiles). it has been it these
twa groups be considered as two separste kingdoms of lifs, snd. Indeed, they
do seem as distantly related 10 each other as they are to eucaryotic organisms.
Although the kingdom guestion is st/l] debatable, data ob d from rRNA
ligonuclestid logi heless make it clear that the archeeobacteria
wre separated from other bacteria by a great phylogenetic gul (see Fig. 3-3).

Each species of microorganism hes only one officially accepted name, by inter-
national agresment. This system provides far pracise ! If an
omganism were to be called Escherichic coli in one country and Coprobacterium
intestinale in another. chaos would result. It would be difficult 1o know that
the same organism was being studied.

The name of a species is merely a conventent label. It 15 net cecessarily even
deacriptive, although some names are. Fot sxample, Microcaccus Juteus means
“yellow berry” in Latin, and Preieus vulgaris is Latin for “common organism
of many shapes.” Some species ere named after persous: for example, Esche-
richic coli—the wiganism of the colon, named after Theodor Eschesich (u
German bacteriologist); or Clastridium barkeri—the spindle shaped organism,
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Figare 3-3. Schematic rapre- named after H, A. Barker [an American biochemist). Some names are even
santation of the major lioss  qonsensical leg.. Runella slithyformis—"the arganism whose shapa resambiss
of procaryotic dascent. rungs (characlers of an ancient elphabet) and which ls slithy," the lstter term

based on :RNA oligonucieo-

being teken from Lesw!s Carrall's poem “Jabbsrwocky” from Alice In Wonder-
tide cataloging. The ar-

chasobacteria arose from an
warly ancestral form sccord-
ing to the pathway at the
conter. (A third line of de-
weont which led to eucar-
youc organisms is depicied
i the LefL] [Courtesy of G
E. Fox et al., Science
09:457—481, 198C.]

land|. The important point is thal names are only convenient designations. For
wxarmple, instesd of referring to “ihe rod-shapad, acid-last bacterium that Is
slow-growing, is stimulated by glycerol, causes pulmanary tuberculosis in hu-
mans, s spresd mainly by aitberne droplots, Forms bufl-colored colonies, syn-
thesizes niacin, reduces nilsate 10 nitrite, and ks pathogenic for guinea pigs,” it
iz much mare convenient simply to say "Mycobacterium tuberculosis.”
Although it might seom thet microblal numes could be constructed almost at
random, the fact is that cenain rules must be followed. Bacteris, for oxamples,
are namod according to rules set down in the International Code of Nomencla-
ture of Bacleria; other codes govern the naming of algae, fungi, and viruses.

L



ldentification

The Past and Present
Stale of Bacterial

@ Tl Classit od 1 T

Ooe rule ia becteriological nomenclatute {s that & name must be writien as s
Latin or latinized binomial (1wo words) and must follow cortain rules of Latin
grammar. The first word In the binomial Is the genus name and 1 always
capitulizod. The second wurd is the specific epithet and is never capitalized.
Both the genus name and specific epithet are given in italics (or underlined,
which means “italics" 10 a printer). Bacteria are sometimes referred 1o by com-
mon or colloguial names, which have no official standing in nomenclature snd
are never Halicized {for example, the ""colon bacillus, which is E. coli, ar the
“ubercla bacillus,” which is M. luberculosis). Such names do not lead to precise
communlcation: for Instance, many bacterls occur In the colon besides E, coli,
and other organisms besides M. tubsrculosis can cause tubsrculosis,

Those bacterial names which have olficial standing in microblology were
published n the Approved Lists of Bacterial Names in January, 1880, Any new
or additionsl nemes must be published in the International Journal of System-
atic Bacteriology In order to achieve official recognition,

Tha | | Code of N Iature of Bucteria was developed with
referonce to the much earlier established Inter | Codes of Zoclogical and
Botanical Nomenclature. All of these codes Incorporate cettain common prin-
ciples as listed below.

1 Each distinct kind of organism Is designaled as a spacies,

2 The species I designated by o Latin binomial 1o provide s charsctaristic inter-
national label [t tal system of |

3 Regul Is establishad for the appl of names.

& A lew ol priority ensures the use of the oldest available legitimate name,

5 Desig of categ ts required for classification of
Requi are given for effy

s guldance in coining pew names.

of new specific oames, as well

An organism must be classified belore it can beideniified —that is. given 8 name.
This is true sven if the classification is merely the recogrition that the organism
Is differenl from any known crganism. (For Is, this 1 with the
Legionnaires' disease agent, which caused the famous pneumonia epidemic in
1976 in Philadalphis; this organism was unlike bacteria of any established
species; il has now besn classified in 2 new bacterial gonus, Legionella, aad has

been assigned the species name L p hile.] Once an ism is classified,
a few ol its cherscteristics are selected by which it can be identificd by other
microbiclogists. In order 1o be uselul for Identification, the L

of

characteristics chosen must occur only in that particular kind of organism and

in no other. The characteristics &hosen should also be ones that are sasy In

determine, such as shape, staining resctions, and sugar fermentations. Foe ex-

- ample. DNA homology expariments. while very useful for classifying an organ-

ism, would be quite unsatisfactary for the routine identification of an organism
because of the compiexity of the procedure.

Many identification schemes are in the form ofkeys, which give idenlilying
characterislics arranged in a loglcal fashion. identification Lablcs are also usaful
and genarally coltain more charactenstics than do keys, with the information
arranged in an easy-1o-read, summarized form.

4 INTRODCCTION TO MMROSIOLOGCY

The first classification schome for bacteris was published in 1773, and many
more have eppearsd since. The early sch based on hological
characteristics, but as the science of microbiology developed, other kinds of
characteristics bacame incressingly important for classifications. Esch succes-
shve classification schome reflected the level of knowlsdgs availabla at the tims,
and this continues 1o be true. Even present arangaments of bacteria are only
provisional. subject to modification or replacamont &s new information appoam.

Many classification schames presently sxist, bul most cover only one or u few
groups of bacteria. One classification scheme is unique, however, becauss of its
brosd scope and wide scceplance: Bergey's Manual of Determinative Bocteri-
ology. This international reference work not only provides descriptions of all
established geners and species of bacterls, but It also provides » peactical ar-
rangement of thess taxa that Is useful for their identification, together with
appropristc keys and tables. Eight editions of Bergey's Manual have sppeared
since 1923, and & new ediiion is now in preparution, part of which has alrasdy
been published. The title has been changed to Bargey's Manual of Sysiematic

logy tc reflect an d 2ge of clas-
wification, and problems, in addition to the |dentification aspects.
Bergey's Manual is written by hundreds of autbors from smund the world, ssch
oo auth on s lar b | grou,

p.
The arrangement of bacterlal taxa in the new editivn of Bergey's Manual I8
mainly along traditional, practical lines. Each voluma is divided into @ number
of sections, each bearing a venacular name such as “The Spirochetes” or “Gram-
Negative Anserobic Cocci” rather than a formal taxonemic name. The emphasis
Is largaly on genera and species and, bocause of the preseni incomplete and
frag ry und ding of the real rel hips thet axist ameng bacleria,
no attempt is made to adhere to any comprehensive, formal taxonomic hisrarchy,
The preseat classification scheme has considerabls practical value, but the
editorial board of Bargey's Manual regards it only es an Intetim arrangament
that must eventually give way to a new, general, comprehansive classification
h based on ganetic relsted This is d 1o provide grester stability
sod predictability, to lesd to improved identification schemes, and to ald our
understanding of the origin of presen!-day genors and species.

1 Define the following terms:

Classificstion Taxon
Nomenclaturs Taxa
Identification Bacierial strain
Pure culture Bacterial species
Mol% G + C %S
Phylogenatic Bergey's Manual
T Why s it assential to classify microorganizms and whal must be done befare
they can be clessified®
3 List and describe briafly the major kinds of microbial characteristics and Indicate
those that must be determined by of individual colls.

4 Why la the type strain tha most impartant strain in & bacterial species?
S Explain the subjactivily thal exists In the definition of a becteria] species.
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and Nost-micrabe physiology in ways that are defined in aggregate but not at
the level of a single microbial taxon (e.9.. genus or species). The undiscovered, 7

# Qutline in general terms how small subunit (RNA has been used to
define the three domains of fife {section 1.2)
Summarize the mechanisms of horizontal gene transfer [chapler 16)

however, are most iniriguing. These are the miciabes yet to be found—the ¢ Describe the rationale for the RNA world hypothesis of the origin

real microbsal dark matter, Do they ewst? If 50, how much bigger is the of life (section 1.2)

microbial universe than previously thought? # Contrast and compare the structural differences between bacterial,
The only way to answer these questions is 1o explore. As discussed archaeal, and eukaryotic microbes [chapters 3-5)

in chapter 18, metagenomic and single-cell genome sequencing harness the ¥ Explain the principles of rext-generation sequencing and
power of next-generation sequencirg to probe genes and geromes that metagenomics (sections 18.1-18.3)

belong 1o uncuitured microorganisms. The results have been startling:
Hurdreds of new archaeal and bacterial phyla have recently been proposed.
Even mare excitng s the fact thal some newly discovered gene sequences.
don't match any previously identified archaeal, bacterial, or eukaryotic
nucleatide sequences. For example, very large and urusual viruses have been

19.1 Microbial Taxonomy Is Based on
the Comparison of Multiple Traits

found lo possess genes whose evolutionary history places them somewhere
between archaeal and eukaryolic domains. If cellular couniterparts lo these
viruses exist, would they represent a new domain?

As we discuss in this chapter, phyla (5., phylum) are higher-level taxa lo
which a group of related organisms belong. The recerl, sudden increase in
the number of phyla has raised corcern ameng taxonomists, While the
criteria used to define a particullar bacterial or archaeal species have long

After reading this section, you shauld be able to:

8. Explain the utility of taxonomy and systematics
b. Draw a concepl map lllustrating the differences betwean phenetic
and genotypic classification

Microbiologists are faced with the daunting task of understa
ing the diversity of life forms that cannot be seen w
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the naked eye but can live anywhere on Earth. Obviously a reli-
able classification system is paramount. The science of classi-
fying living things is called taxonomy (Greek tavis,
arrangement or order; nemos, law, or nemein, to distribute or
govern). In a broader sense, y cansists of three sep:

but interrelated parts: classification, nomenclature, and identi-
fication. A taxonomic scheme is used to arrange organisms into
groups called taxa (s., taxon) based on mutual similarity.
Nomenclature is the branch of taxonomy concerned with the
assignment of names o xonomic groups in agreement with
published rules. Identification 1s the practical side of taxon-
omy—ithe process of determining if a particular isolate belongs
to a recognized taxon and, if so, which one. The term systemat-
fes is often used for taxonomy, although it sometimes infers a
more general scientific study of organisms with the ullimate
ohjective of arranging them in an orderly manner. Thus system-
alics encompasses morphology, ecology, epidemiology, bio-

hemistry. genetics, molecular biology, and physiology.

One of the oldest classification systems, called natural
classification, arranges organisms into groups whose members
share many characteristics. The Swedish botanist Carl von
Linné, or Carolus Linnaeus as he often is called, developed the
first natural classification in the eigh h century. It was based
largely on anatomical characteristics and was a great improvement
over previously employed systems because natural classification
provided information about many biological properties, For
example, classification of humans as mammals denotes that they
have hair, self-regulating body temperature, and milk-producing

the taxonomist concerned with the vast majority of microbes
that are neither pathogenic nor of industrial consequence, Our
present understanding of the evoluticnary relationships among
microbes now serves as the theoretical underpinning for taxo-
nomic classification,

In practice, determining the genus and species of a newly
isolated microbe is based on polyphasic taxonomy. As the term
“polyphasic™ suggests, this encompasses many aspects that de-
scribe the microorganism. These include phenotypic and geno-
typic features. To understand how all of these data are incorporated
into a coherent profile of taxonomic criteria, we must first con-
sider the individual components,

Phenetic Classification

For a very long time, microbial taxonomists had to rely exclu-
sively on a phenetic system, which classifies organisms ac-
cording to their phenotypic similarity (Table 19.1). This
system succeeded in bringing order to biological diversity and
clarified the function of morphological structures. For exam-
ple. because matility and Magella are always associated in par-
ticular gani itis le to suppose that fagella
are involved in at least some types of motility, Although phe-
netic studies can reveal possible evolutionary relationships,
this is not always the case. For example, not all llagellated
bacteria belong to the same phylum. This is why the best phe-
netic ¢lassification is one construcled by comparing as many
attributes as possible.

mammary glands in the female.
Wh:n nul:ural cla-sslﬁl.ltlun is applied o higher organisms,
i ps become app simply b the
rnorphology of a given sl.ructm {e.g.. wings) in a variety of
(ducks, songbirds, hawks) how that struc-
ture might have been modified 1o adapt o specific environ-
ments or behaviors, However, the traditional taxonomic
assignment of microbes was not rooted in evolutionary related-
ness. For i bacterial pathogens and microbes of indus-
trial importance were historically given names that described
the diseases they cause or the processes they perform (e.g.,
Vibrio cholerue, Clostridium tetani. and Laciococeus lactis).
Although these labels are of practical use, they do linle to guide

Genotypic Classification

As the name suggests, genotypic classification seeks to com-
pare the genetic similarity between organisms. Individual
genes or whole genomes can be compared. Since the 1970s it
has been widely accepted that bacteria and archaca whose ge-
nomes are al least 70% homologous belong to the same species,
However. there is now a consensus building to replace this
metric with a genomics-based assay that measures the average
nucleotide identity between organisms. The means by which
microbes are genotypically classified is discussed further in
section 19.3,

Table 191 Components

phasic Taxonomy

Classification System Basis of Classification Traits Microbial Example
| Phenetic Phenatype Motphalogy Clostrieium spp. | forming,
Prysiclogy Gram-positive rod) compared to Bocillus spp.
| {aerobic, endospore-forming, Gram-positive rod)
Genotypic Genes and genomes Average nucleotide identity E. coll strain K12 compared to £, coll O157:H7
rRMNA genes E coll compared to Salmonella enterica
19.2 Taxonomic Ranks Provide an Organizational Framework 4
Phylogenetic Classification nonoverlapping hierarchy so that each level inclu

not only the traits that define the rank above
but also a new set of more restrictive traits (1
wre 19.1). Thus within each domain—Bacre;
Archarea, or Eukaryo—each organism is
signed (in descending order) to a phylum, cl:
order. family, renus. and species epithet

With the publication in 1859 of Charles Darwin's On
the Origin of Species, biologisis began developing
phylogenetic or phyletic classification systems
that sought 1o compare organisms on the basis of
evolutionary relationships. The term phylogeny



Phylogenetic Classification

With the publication in 1859 of Charles Darwin’s On
the Origin of Species, biologisis began developing
phylogenetic or phyletic classification systems
that sought 1o compare organisms on the basis of
evolutionary relationships. The term phylogeny
(Greek phylon, tribe or race; genesis, generation

or origin) refers to the evolutionary development
of a species. Scientists realized that when they ob-
served differences and similarities between or-
ganisms as a resull of evolutionary
processes, they also gained insight into the
history of life on Earth. However, for
much of the twentieth century, microbi-
ologists could not effectively employ
phylogenetic classification, primarily
because of the lack of a good fossil
record. When Carl Woese and George :
Fox proposed using small subunit Yy
(SSU) rRNA nucleolide sequences to as-

sess evolutionary relationships among micro-
organisms, the door opened to the resolution of long-standing
inquiries regarding the origin and evolution of the majority of
life forms on Earth—microbes, Whole genome sequencing is
the most recent analytical tool to elucidate phylogenetic rela-
tionships among microbes.

Comprehension Check

1. What is a natural classification? What microbial features might
have been considered when devising a natural classification
scheme?

2. What is polyphasic taxonomy, and what types of data does it
consider? Should each type of data be of equal weight? Why or
why not?

3. Consider the finding that bacteria capable of anoxygenic
photosynthesis belong to several different phyla. How do you think
these bacleria might have been originally classified, and what types of
data do you think were key in making the most recenl taxonomic
assignments?

19.2 Taxonomic Ranks Provide an
Organizational Framework

After reading this section, you should be able to:

a. Outline the general scheme of taxonomic hierarchy

b. Explain how the binomial system of Linnaeus is used in microbial
Laxonomy

The definition of a bacterial or archaeal species is widely de-
bated, as discussed in section 19.5. Nonetheless, for practical
reasons it is essential that the established rules of taxonomy are
followed. Microbes are placed in taxonomic levels arranged in a

C Putallage fotostock
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nonoverlapping hierarchy so that each level includes
not only the traits that define the rank above it
but also a new set of more restrictive traits (fig-
ure 19.1). Thus within each domain—Bacteria,
Archaea, or Eukarva—each organism is as-
signed (in descending order) to a phylum, class.
order, family. genus, and species epithet or
name. Some microbes are also given a sub-
species designation. Microbial groups at
each level have a specific suffix that indi-
cates rank or level.

The application of Linnaeus'’s clas-
sification system lo bacteria began in
Pasteur and Koch's time, about 1872.
However. within 20 years microbiolo-
gists became dissatisfied, considered it

) haphazard, and called for more uniform
L\ criteria in organizing phyla, classes, or-
‘ ders, families, genera, and species.
With the ongoing explosion in metagen-
omic analysis, some would argue that his-
tory is repeating itself. Within the last few decades,
thousands of 16S rRNA genes and protein-coding genes have
been sequenced that do not belong to any previously defined
taxa. This data explosion has led to the recent development of the
taxonomic classification superphylum, below domain and above
phylum (e.g., in figure 19.1. superphylum would be placed
between Bacteria and Proteobacieria). Ideally a superphylum
includes organisms of several phyla that share a number of dis-
tinctive characlteristics, such as unusual morphological or meta-
bolic features. However, some feel that the term is being loosely
applied based on insufficient data—for instance, 1o SSU rRNA
sequences alone.

Al the other end of the classification scheme is the most
fundamental definition of a bacterial or archaeal species. A
species is a collection of strains that share many stable prop-
erties and differ significantly from other groups of strains. A
strain consists of the descendants of a single, pure microbial
culture. Strains within a species may be described in a number
of different ways. Blovars are variant strains characlerized by
biochemical or physiological differences, morphovars differ
morphologically, and serovars have distinctive antigenic (im-
munologically reactive) properties. Because changes in spe-
cies assignment are not uncommon, one strain is designated
as the type strain for each species. The type strain is the
holder of the species name. This ensures permanence of
names when nomenclature revisions occur because the type
species must remain within the original species. It is usually
one of the first strains studied and often is more fully charac-
terized than others; however. il does not have to be the most
representative member. Only those strains very similar to the
Lype strain or lype species are included in a species. Each spe-
cies is assigned lo a genus, the nex! rank in the laxonomic
hierarchy. A genus is a well-defined group of one or more
species that is clearly separate from other genera. In practice,




Genus Proteus Saimoneia Semota Shigelio Yersinia
I I I I
Species 5. baydii 5. dysentence 5, fleanen S sonnet
5 flexner seratype 2a strain 2457T
Figure 19.1 g in In this example, mempers of the genus Shigefla are placed within highet taxenomic ranks, Nol all

classification possibilities are goven for each rénk to simphfy the diagram. Note that -gles denotes order and -cece indicates family.

considerable subjectivity occurs in assigning species to a ge-
nus, and (axonomists may disagree about the composition of
genera.

name mic using the k
system of IJmmeus The Lnu.mzed. italicized name consists of
two parts. The first part is the generic name (L.e., the genus), and
the second is the species name (e.g., Yersinia pestis, the causa-
tive agent of plague). The species name is stable: the oldest epi-
thet for a particular organism takes precedence and must be
used. In contrast, o generic name can change if the organism is
assigned to another genus. For example, some members of the
genus Strepiococeus were placed into two new genera, Enfero-
mu ws and Lactococcus, based on rRNA analysis and other

i Thus Sirep eus foecalis 1s now Enterococ-
:mfmmﬁ: Tobe mognu.ed 45 & New species, genomic, mela-
bolic, mory ical, reproductive, and ecol | data must be
wecepled and published in the International Journal of Svstem-
atic and Evolutionary Microbiology; until that time, the new
species name will appear in quotation marks. Microbes that have
not been grown in pure culiure but for which there is sufficient
genetic characterization may be given o provisional genus and
species name preceded by the term Candidares, meaning candi-
date. For instance, Candid Mycopl girerdii is
1o be associated with preterm birth. It was first detected by
melagenomic sequencing in the microbial community in a pre-
term infam’s mouth. Although complete genomes are known for
several related strains, none have been successfully culred.
Mote that its provisional genus and species names are not ital-
cized. Bergey 's Manual of Svstematics of Bacteria and Archaea
contains only recognized bocterial and archoeal species as dis-
cussed in section 19.6.

el q

Comprehension Check

What & the difference between a microbial species and a strain?

2. Why iz it important to have a type strain for each species?

3. The genus Soimonells was once thought 1o contain five species. Most
srientists now consicer only two species valid: 5. bongon and §
enterico. The latier conlains six subspecies, and 5. enlerica subspecies
enerica is further subdhided into eight serovars. Three of these,

is, Typhi, and
species. (3] nspect figure 191 and construct a similar lneage for
Soimonelia. {b) Wnat criteria do you think were used to make these
taxonomic changes?

Were once ¢

19.3 Microbial Taxonomy and Phylogeny
Are Largely Based on Molecular
Characterization

After reaging this section, you should be able to:

& Construct 8 concept mag describing the approaches commanly
used b

b Assess the impact molecular methods have had on the field of
microbial taxonomy and phylogeny

¢ Compare ang conlrast g and
based molecular approaches used hmmmmmwogm

d. Select an app o identify a mi g
species, and strain

e. Predict the basic biological as well as public health implications of
microbial taxonomic identification
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Many different approaches are used to classify and identify mi-
croorganisms that have been isolated and grown in pure culture.
For elarity. we divide these approaches into two groups: classical
and molecular. The most durable identificatons are those that
are based on a bination of approaches. Methods often
employed in routine laboratory identification of pathogenic
bacteria are covered in chapter 37, Clinical Microbiology and
Immunology.

Classical Characteristics

Classical approaches to taxonomy make vse of morphological,
physiological, biochemical, and ecological characteristics.
These ch istics have been employed in microbial taxon-
omy for many years und form the basis for phenetic (pheno-
ication. When used in combination, they are quite
routine identification of well-characterized

Morphological Characteristics

Morphological features are important in microbial taxonomy for
many reasons (table 19.2). Morphology is casy to study and ana-
lyze, particularly in eukaryotic microorganisms and more com-
plex bacteria and  archaea. In addition, morphological
comparisons are valuable because structural features depend on
the expression of many genes and are usually genetically stable.
Thus morphological similarity often is a good indication of phy-
logenetic relatedness.

Physiolaglca! and Metabolic Characteristics

Phy pical and bolic ch istics are useful because
they are directly related 1o the nature and activity of microbial
ful . For i of upccu!'n. end products of

fer oo newly d | ganism reveals the

Table 19.2

Cell shape All major groups'
Cell size All major groups
Colony morphotogy All major groups
Staining behavior Bactena, some fung
Cilia and flagella Al major groups
Mechanism of motlity Gliding bacteria.
spirachetes. protists
Spore morphology and location Bacteria, protists, fungi
L Celludar inclusions ARl major groups

1 LS 0 classilyeg and idemidying & last 0 DIcTena, araea. lung. 30 protsTs

presence of specific catabolic enzymes and the genes that encode

LN
them. Therelore analysis ol .14361%\ I 1-. churgy me- @@
tabolism and nutrient transport, provides an indirect comparison ® ®

of microbial genomes. Table 19,0 Lisls some ol tie most impor
tant of these properties,

Biochemical Characteristics

Among the more useful biochemical characteristics used in mi-
crobial taxonomy are bacterial faity acids, which can be
analyzed using a technique called fany acid methyl ester
(FAME) analysis. A faity acid profile reveals differences in
chain length. degree of saturation, branched chains, and
hydroxyl groups, Microbes of the same species will have identi-
cal fatty acid profiles, provided they are grown under the same
conditions; this limits FAME analysis o only those microbes
that can be grown in pure culture. Finally, because the identifi-
cation of a species is done by comparing the results of the
unknown microbe in question with the FAME profile of other,
known microbes, identification is only possible if the species in
question has been previously analyzed, Nonetheless, FAME
analysis is parlnularly imporiant in puhill: health, food, and
water biology. [n these appli biol seck
to identily specific pathogens. Bl Microbiology of foad
fehapter 41); Purification and sanitary analysis ensures safe
drinking water (section 43.1)

Advances in mass spectrometry (M5) have resulted in the fast
and accurate identification of bacteria based on the presence of
specilic, highly abundant proteins. Th: spcc:l'c type of MS used
is called matrix-assisted laser o time of flight
(MALDI-ToF). MALDI-ToF enables the analysis of complex bio-
molecules that could not previously be studied by MS, The mate-
rial to be analyzed is dried on a sample holder (called & target) and

Some Physiological and Metabolic
Table19.3 Ch eristic
and ldentification

sed in Classification

Carbon, nitrogen, And enengy sources
Cell enveiope constiuents
Fermentation products
|
Owygen requirements and lokerance
| pH and temperature optimum and growth range
Phatosynthetic pigments
| sat requirements and tolerance
Secondary metabolites formed

lmmmcm
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| Cilia and flagella
Mechanism of matility Gliding bacteria,
spirachetes, protists
| Spare morphology and location  Bacteria, peotists, fung)
i Cellular lnel_uﬁom All major groups

l g and idonhfyng
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then mixed with a molecular film called a matrix. When a UV
luser beam strikes the sample target, the matrix helps stimulate
release af the sample from the surface; this is matrix-assisted de-
sarption, Once the matrix-sample is released (desorbed), the ma-
trix transfers protons to the sample, which then becomes ionized;
this is matrix-assisted ionization. Once ionized, biomolecules are
“flown” across o space within the instrument; the time ulls:n for a
molecule o fly from one side 10 the other is used 1o the

rchara fungi, ana orokssts.

i l pH and temperature optimum and growth range
f Phatosynihetic pigments.
im-mmm
:s«nmmmmrmm

i [smnemm

made this approach viable for many taxonomic applications.
Molecular techniques developed in the late twentieth century are
now in transition 1o lechniques based on whole-genome sequenc-
ing (WGS). In many i the original I re-
mains, although the technigue is performed in silico ruther than
in vitro. As with phenetic approaches, comparison 1o standards
and type strains forms the basis for identification and phylogenctic

muss of each molecule; this is time of Might.

In its simplest form, MALDI-ToF identilication of bacteria
involves the transfer of whole cells from a single colony grown
unrler specific conditions o sample target. Once llnuL amatrix
is deposited and the b | samples are analyzed. MALDI-ToF
yields the masses of many highly abundant bacierial protems.
Like FAME analysis, each experimentally derived protein profile
must be matched 1o a protein profile from a known bacterium.
MALDI-ToF is becoming increasingly important in medical mi-
crobiology laboratories where the same strains of organisms are
regularly encountered. Like FAME, microbes must be grown un-
der very specific conditions and MALDI-ToF cannot be used 1o

identify newly di i microbes. 4 P, ics explores to-
tal cellular proteins (section 18.5)

Ecological Characteristics

The ability of a microorganism o a specific

ment is of taxonomic value. Some microbes may be very similar
in many other respects but inhabit different ecological niches,
suggesting Ihe:r may not be as closely related as T"m suspcclul
Some ples of ically i ical proper-
ties are life cycle patterns: the nature of symbiotic l‘thllﬂ.ﬂﬂllpﬁ
the ability 1o couse discase in o particular host; and habitat pref-
erences such as requirements for temperature, pH. oxygen, and
osmotic concentration. Many growth requircments are consid-
ered physiological characteristics as well (lable 19.3). 14 Enmvi-
ronmental factors affect microbial growh (section 7.5) W Many
tvpes of microbial interactions exisi (section 27.1)

Molecular Characteristics

It is hard 1o overestimate how the study of DNA. RNA. and pro-
teins has advanced our und di uFmi:mbinI lution and
Evoluti biol fying plants and animals
draw from a rich fﬂ’sﬁl] record to assemble a history of morpho-
logical changes: in these cases. molecular approaches supple-
ment such data. In contrast, microorganisms have almost no
fossil record, so molecular analysis is the only feasible means of
llecting a large and data set that explores microbial
evolution. When scientists are careful to make only valid com-
parisons, phylogenetic inferences based on molecular approaches
provide the most robust analysis of microbial evolution.
Microbial genomes can be directly compared and taxonomic
similarity can be estimated in many ways. DNA sequence can be
determined for one or a few genes, or for an entire genome, de-
pending on the degree of identification required. The recent
rapid drop in cost and time 1o generate a genome sequence has
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Many properties used in strain identification
are now inferred from genome sequences.

Signature Sequences

The rRNAs from small ribosomal subunits (168 from bacterial
and archaeal cells and 185 from mkaryue:} have become the
molecules of choice for infe £ bial phyl ies and
making taxonomic assignments ai the geous level. The small
subunit rRNAs (S5U rRNAs) are widely applicable in studics
of bial evolution, and genus identification for
several important reasons (figure 19.2). First. they play the
same role in all microorganisms. In addition, because ribo-
somes are absolutely necessary for survival and ribosomes can-
not function without SSU rRNAs, the genes encoding these
rRNAs cannot tolerate large mutations. Thus these genes
change very slowly with time. Finally, rRNA genes are rarely
subject to honzontal gene transfer. an important factor in com-
paring sequences for phylogenetic purposes. The utility of SSU
rRNAs is ded by the p of certain within
SSU rRNA genes that are variable among organisms as well as
other regions that are quite similar. The variable regions enable
comparison between closely related microbes, whereas the sia-
ble sequences allow the comparison of distantly related
MICTOOIEANISms.

Comparative nml,m of 'iSU rRNA sequences from

th Is of or has d the of
li leotide si These lrtdmrt con-
md nucleotide sequences uut are spmﬁc for phylogeneti-
cally defined groups of orga Thus the si
found in bacterial rRl\As are rarely or never fotmd in archacal
rRNAs and vice versa. Likewise, the 185 rRNA of cukaryoles
bears signature sequences that are specific to the domain
Eukarya. In addition, signature sequences for a lower taxon, for
iple, the genus Prewd, may be found in the variable
regions of a higher taxon like Bacteria (figure 19.28),

The ability to amplify regions of rRNA genes (rDNA) by the
polymerase chain reaction (PCR) and sequence the DNA using
next-generation technigues has greatly increased the efficiency
by which SSU rRNA sequences can be obtained. PCR can am-
plify fDNA from the g of different i because
conserved nucleotide sequences flank the nucleotides that can be
used o reveal the microbe’s identity (figure 19.2b), In practice,
this means that PCR primers can be gmmuml 1o amplify rDNA
from both cub i and I i bes. Any uncultivated
microorganism that is ientified solely on its nucleic acid se-
quence (or other observable, quantifiable phenotype) is termed a
phylotype.

165 rRNA gene

in R I IENEE NI

- -
14920
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Aming e rumbr 203 2
& burgearter] aleleli|rjclL|xk]s vlsfoefo|rfejris|e
U m— & afreil sle|e|1|w]e]r|x]s vie|[o]o]r]e]felsle
& gorind ale|e|t|w|Ee|L|xK]G vwlF|wvw|L|T]jL]L]S|6E
& hacrall cle|e|i1|[x]alr|x|c|E|m]jr|r|LjTlL]L]S]|6
ing fs 8. recurrentis cle|a|t|®k|s|t]e]|s|e|m]e|ir]tfT]LIL]S]|G
Barrelia . parkee alcle|t|k|e|r]x|ec|a|m]r]r|L]jTjL]L]s]|6G
& miyomors cla|e|t |k |a[t]|ofsfafsfr]r]rTLjLfs|e
(]
Figure 19.2 Signature IRNA and Aming Acid Sequences Heip 1o |centify Microbes. | Repiesentative examg e of 1ENA secondary structares hom the
a Boctera (Eschenchic coll, wanmiehy). and Euworye a0 gram of a bactena 165 1RNA pene

Conserves reguons fed) are present in al| bactena, and hactera speciic PCR primess 27F ang 020 bid wheve meicated These stes are highighted = red
{3 Variatle regons igoid) contain genus-speciic sequence. ang PCR primers PS308 and Py1ISE nde ste e pOtons of Sqrature seqance et o
Breudumongs. These stes aie Highighled in ge d in @) jc Algrnent of aming acids 203-721in L actale prrmease from Bomedg speces. Sheded boses are aming
acich identica %o the B Burgdarter sequmncie &n s acid indel (shoded biue) G bngushes spedies that cause Lyme daease from thate that cause te

cpAilion knawn as re apung fever

The use of SSU rRNA sequences as a taxonomic marker has
been valldated as o molecular measure of relatedness. Cuoerela-

bhuse tRNA indicate that they probably derive from different spe-
cies. |4 Polymerase chain reaction amplifies fargeted DNA

ing SSU fRNA sequence data with traditional meusures of faecuion 17.2)
wssigning species, organisms of the sume species show al leust Signalure sequences are present i genes other than those en-
UK 65% sequence ddentity in their SSU rDNA sequences. This codding rRNA Many penes b Je et ek of

means (hn when comparing the SSU rRNA sequences of
tw arganisms, differences at more than 20 positions of a - 1540

specific lengihs and scquences al fised positions. A particular -
cleotide sequence that s inserted of deleted may be found

454 cxapren 19 | Mcrobial Tasonomy and the Evolution aof Diversty

exclusively ameng all members of o plylum. These lawn specific
insertions wnd deletions are called comserved indels (for insertond
detetion). Indels ire purticularly uselulin phylogenetic siudies when
ey are flanked by conserved regions, In such cases. chunges in the
signuiire s e e 100 s ! ‘When
an ndel occurs in the coding regiun of o gene, it mus be a multiple
uf three muckeoudes o preserve the reading frame. Alignment of the
inferred amino acid sequences reveals indels useful for phy kgenetic
analysls (figure 19.20)

Whole-Geneme Comparison

As e ficld of y shifts o whole-ge g i
(WGS) for strain identifieation and tuvonomic classslwation.
i it of relatedness are being developed

and evalusted. As with any metric, standardization of methods
and interpretutions are required. These processes are ongeing
An initial step 10 identify a newly determined sequence is 55U
rRNA comparison, which provides confident identification 1o
the genus level,

Identification to the species level requires detailed gene-by-
gene comparison of the new isolute and type strains of its closest
reliives. Avernge nucheotide dentity (ANT) is now widely con-
sidered 1o be the stundard for species whentification. This tech-
nigue uses pairwise alignments between all sequences dhared
letween two genomes and caloulates the fraction of identical
nuckeolides, ANL values for two genomes of the same species
ahoild be at least 95 10 9%

ANl is poised o replace & bochemical technique called
DNA-DNA hybridization (DDH). DDH s performed by mix-
ing genomic DNA [rom two strains. The minture is heated until
denaturntinn oceurs, and then slowly cooled o allow renatara-
tion. Noncomplemsentary regions remain unpaired, and the de-
gree of renaturation is cakulaled. This is a relatively complex
asaay and resulls depend on quality of the extracied DNA and
other factars. By contrust, bioinformatics software quickly cal-
culates digital DDH vulues using WGS data, although this tech-
nigue is less commonly used than ANL

| = ShPs EINLSA (7165 rbosamal BNA ]

Figure 19.3 Genome Coverage of Genetic Taxonemic Approaches.
& bactenal o echaeal ganome contasm # least one oo encodng 165
FRNA MLSA samples muibple genes Migughoul e genome. SKP anadyun
compares more, bl shOfen. Ut eotde Lequences Ml span the entie
genoTe

different versions, or allckes, of cach gene can cxiu, the finding
that two microbial isolates share the same alleles for mubtiple
genes i strung cvidence that the twe strains are choscly related,
perhaps even the same arain. MLSA i pow offen performed
Trom whole genome sequences, where it is lermed wgMLSA.
The avalabilty of wghLSA dats enables exiended gene-by-
one Comparisen.

Tar survey @ large fraction of the genome, single nacleotide
pol phisms (SNPs, | “wnips”) are identified in
specific genes, intergenic regrons, or other noncoding regions
{Figure 19.3) Originally developed 10 analyre human DNA. SNP
analysis targets specific regions bevause they are normally con-
served. so single base panr differcnces reveal evolutionary
change. SNP analysis shares features with analysis of

Apother biochemical technigue gone digital
of G + C cantent. This metric is a simple percentuge of the bases
in DNA thist are G + €, and it is readily determined compulation-
ally Trom WIS data, Organisms range [rom around 30% to S0%
G 4 O [espite the wide mnge of varlaismn, the G + C content of
strifns within o species is constant and varies linke within a
genis,

Subspecies and Strain (dentification

Fur muny applications. wdentification 1o lovels below species s
required. Typically genes thul evolve more quickly than those
thal cncode rRNA must be analyzed The technigue called
maultllocus sequence analyshs (MLSA) compares the se-
quences of severul d A Migure 19.3),
At beast 5 genes ure exsmined to avoid misleading resalis that
can arlse through horizontal gene transfer Because many

agn length polymerphism ( RFLP). This technique iden-
tifhes oi in et donsclease digestion patierns.
which reflect individual base pair changes. When this analysis
upplied to the gene cocoding the SSU fHNA, o is termed
ribotyping. With the advent of WOS, these techniques are in-
creasingly performed in sihico,

Comprehension Check

1. What are the sdvaniages of using each major geoup of chixscteristics
[rerphologeal, physsological and matabalic, biochemical, ecelogicsl,
airel melecular) i clazsifcatian and idenefication! How & sach group
reinted to 1he nature ard expievsion ol the genome? Give examples of
wach type of characlevistic

2 Why ts (RNA suitable for determining relstedness?

3. List the steps you would take 1o kentify an sigarism paat malated in
puire eulture. What criseria would tell you If 1 s 2 new wpeces?



19.4 Phylogenetic Trees Illustrate
Evolutionary Relationships

Alter reading this section, you should be atile to:

4. Paraphrase 3 o
Ehylogenstc hees

t. Compare and contrast rocled and eniocied irees

€. Dutini g L]

4. ¢ th

In the study of micioblal evohation

Microbial faxu within Bacteria and Archaea form discrete,
genealogically chustered groups that can be illustrated in phylo.
genetic trees. Phylogenetic trees show inferred evolutionary
relationships in the form of muliple brinching haeages con-
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sequences have been unalysed are ientified at the np of cach
hranch, Each node (branchpoint) a evenl.
and the length of the branches correlates with |b: number o
molecular changes that have taken place between the two nides.
Often sequences are obtamed from well-classfied microbes
that have been grown in pure culture: however, thas is not alwarys the
cuse SSU fRNA sequences have hevome particalarly important
in hoth identifying microbes and constructing phylogenctic trees o
I lationshipgs. An inclusive term for the
wrganism af cach branch tip, regardiess of whether or not it has heen
culiured. is the operational taxonomic unll (OTU) The 1erm
xhulrn_len b a growp of organims with a common ancesior. We
now hriefly deseribe how phylogenetic troes can be built with the
Intention of increasing an undersancing of what they represent.
There are five steps m buikling a phylogenetic tree. Fird, the
nucletide or amino sl sequences must be aligned. Alignments
are performed with software, although manual inspecion of the

nected by npodes (lgure 19.4), Organisms whose nucleotide i
ignment (s also imponsne (figee
194ar) In addishon 10 SSU fRNA pene

g - ome
303353 sequences, prifeia-coding genes may
“I}lllil bbe analyzed. in whach case the align-
agggﬁg Fnldmmnbupdﬂ'mlfh
Nogeolideposiion 1 2 3 4 5 6 7 B B w0 omo2om oW ompdy e i, et Cone: o g
icrobe | A€ UG AC UG CAUAG A ALUTC nie, 30 even if 5 nocletide sequence &
e geusdirsazigsaciiiin memmmeEe

c a

Micrabi & R SJ] m;fub:m:«u;:m:l::l
8] Sequarice alignment and analysts that & endon changed from AGA z
AGG. arginine would still he added w0
the growing polypeptide .
Micraba 1 2 1 a Micrebe 1 2 1 4 lation Next the MMI“:E ::
1 10 | 027 | 033 | a0 1 o | 031 | 040 | o062 amined for o phylogenctic signal: this
1 10| 020 | o | 2 70| 023 | o4o will detcrmine if it is ke to
: o r;m 3 0| o continue wath 1rec building (figure
o 4 19 19441, There are two extremes in this

regard: Ap one end of the spectrum.
the scquences align perfectly. The
other cxtreme i 255 identity, or what
would be expected i rwo mandom
DNA sequences were aligned. {When
there are four possible nucleotides.
each position has & | i 4 chance of
matching | Phylogenctic analysis can
wnly be perfonmed on those sequences.
that fall in the mddle, with & misture

fe) Carecied evolutionary distance
Figure 19.4 Constructing a Phylogensti:
Tree Using a Distance Method. |3 Huceotoe
sequences we aigned po
madie, i the numher of noncdericnl uceoess
s scored For eamp £ when sequentes from
micretes | #d 2 are compared, thers are &
mesmetches outaf 15 ol s eatides, yektng o
ralcutted ev ulionary datance (E,) o/ 0.27

B} Calculated evolutionary distance

Microbe 1

o The ca culeed E vaues are roveeted io of random and matched perstons. The
sermt for btk muAsben o the onging genatype third step 15 the hardesr choasing
orotes L] hich o methed 10 e We

briefly review some of the mone popa-
Lar methods. The bt two teps imvolve
the application of the selected method,
performesd by a compuaer, followesd by
manual examinaton of the resulting

oezumed at the same ute belore gEnertg the
A olbservind genatype (¢ A tree Buiidng method
than sepcted On INE (35, 3 dstance method i
useeg. 3 compiler atatyus of e vales
generates 3 piyiogenele ree & shown in i) E,
waies e meacated fof each BrEnc. Members ae
nol exact due to roundng for & shart seguence.

& Phylogenatic inee

481/ 1101
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Figure 19.5 Phylogenetic

that places o mammal and a0 archagon ca the sume branch A Eranch B

would certainly require correction. \/ 4 Tree Topologies. (= Lnrooted
Approaches to building 4 phylogenetic tee can be di- \\ Fa Iree joaniy o Laxonomic urits.

vided o two broad categories; a di based (pheneti il ol Rmoteq vee. o The tree

approach and a character-based (cludistic) approsch. ™, shown in |l can be rogied By

Distance-bised upproaches are the most intuitive. Here the T ey ——_

i Between the algned are counted for R ]

cach pair and summarized in & single statistic, which is el a

roughly the percent difference between the rwn sequences (s

(Figure 1940} A tree is generuted by serially linking pairs

thut re ever more distuntly relaled (i.e. stan with those with ,,-'E

the least number of sequence differences and move o thise
with the most), This is calied cluster anabysis and should be
casefully applied s it has the unsttructive capability of gen-
erating trees even i the absence of evolutionary relation-
ships. Neighbor joiming 15 another distance-hased method
that uses 3 different matrix that attempls to avoid this prob-
lem by modifying the distance between each pair of nodes
based on the average diverzence from all other nodes.
Character-based methods for phylagenetic ree basld-
llgmuunwmphcaudhmpnwnnenunnhulm
These methods susrt with assurmptions ubout the pathway of
cvolution, infer the uncestor al cach nede, and choose the “a
best Iree according 1o @ specific model of evolutiunary
change, These methods include muximum parsismony.
which assumes that the fewest number of changes nccurred
between ancestor uad extant (living) organisms. Anuther
uppmach is called muximum likelihowsl, This requires  large data
et hecatse for cach pssible tree that can be buile, its probability
fa.e.. the jihexwd ) Basend on certain evnlutionary and maleculur

‘E_c
\

L] L]

ﬂmn.umdmeﬂnklumlk’m"iﬁlmm
the muost commian is hoolstppan g Booturapping imolves phyloge-
mm.i.mmmuuhwm
the tree Ahumvmhmmmdmbwhmh
particular beach was found Typically bocestrnp valses of 705 or

sformution is determined so that the tree with the grewtest prob-
ability hased en these critena i selected. All tree building meth-
ods have their sdvantages and disadvanisges, so it is advisable to
use several methods to analyze the same duta sel, Similas wrees
generied by mrtuau-pprumdmnudmmﬁwmm.

Impartuntly, 4 ree may be wnroated or moted. An unrooted
wree ( figure 19.50) rep phylogenctic relationships but doe
not indicate which organisms me mone primitive relative o the
others, Figure 1930 shows that A is more closely related w €
than it is 10 either B or [, but it does not indicale which of the
four species might be the oldest, In contrist. the rooted tree (fig-
ure 19,54} inchudes 2 node that serves as the comman ancestin
and shows the development of the four specics frum this ot It
is much more difficull 1o develop & rooted tree. For example,
there ure 18 possible rooted trecs that connect four specics bt
only three possible wnroled irees.

An ummoted iree can be rocted by adding data from an out-
grolp—a species known t be very dsatantly related w all the spe-
ches in the 19.5¢). The ot & i
the tree where the outgrup joins This priwvides a point of reference
W identify the oldest mode un the tree, which is the aode chest o
the outgroup. So, for cxample, in figune 193¢, organism 7 is the
outgroup wd the oldest mode v the tree is murked with an amew

Omee & tree 15 consrucied, # is imporiant o get i sense
af whether the plscement of iix baunches anel nodes o legitimate,

greater

are thoaght 10 support & tree. Another approach, called

Bayesian inference, may also be ased. Rather than louking at a sanghe
m.!uyﬁilnlnfamt-nlymnuhq*pmﬂmmdtﬁu-

lnics the probubility

m_
they are not diroctly

that each branch would appear hased on this
umpmm:mmmums.
cmq-dalrn:humwpnhn Only values

puudn%ﬁmwlrmswmhbmrum

An impoctant feature in phylogenetic rees b the scale. st as a
mhm-mmmmmumhm.mb
gonehc tree illustrates. the evolutionary distance. Thin is wsaally
wﬂmwdmhnmwlmmmumw

Jucs. This may be expressed

100

2 numher without uiils, for cxample, 0102 (2 per 1001 To contiaue
ﬂnw-ﬂw,maunnmdmummdh—mnubﬁluﬁ
frum e point 1o another (due to traffic and weather), the hamnches

nap

the length of time it ook fi an

penctic e

ancestral pucrobe w give s o an extant ke As dsscussed in sec-
wiom 19,5, the theory of punchiated eguilibria is one mportant reson
evolutionary distance, i measared by the similanty of genes of pr
teims o living organisms, provides little e no infsrmution regarding

o long agu evolutionary divergence ovourmed.

& sl tree

(ne of the biggest
s widespread, frequent horizomtal gene trunsfer (HGT) Although
mtnhiqlmawaﬁulluashnkhmlhdnady-u penics amd



Bilions of yeas

1o others i the group. whole genome simalanty as determined by
DNA-DNA hybridization must be a1 least 70%, the melting 1em-
perature of the DNA (2 reflection of the G + C content) within
5°C. and less than 3% divergence in fRNA gene sequence. As
noted previcusly, these technigues may soon be replaced with a
genomic meiric, such os average nucleotide identity, Even with
these proposed updates, some remain uncomfortable with these
criterin. They point out that two microorganisms with, for in-
stance, only 78% similarity in DNA and 98% rRNA gene se-
quence (dentity can be considered the same species, but if these
criteris were applied to cukaryoles, all primates (monkey. upes.
you) would be lumped wgether as o single species! Indeed, it re-
mains unresolved whether the species comcept cun be applicd 1o

ls) gin &) Chisropl
fram endosyrbiotic from endasymbiotic
protscbactes. o
Figure 197 The Y Theory. i) & Q1o the

Pypothesa. mitochondri dermed from o proteobecterum (b) A smiles
phenamenon cocumed bon chiomp mts, which desved fom
cyanabactens

MICRO INQUIRY On whot ewdence & 1 fypothesls bosed?

B Phyfum Cyanohacieria: oxvgenic phoiosynthetic bacteria
(section 21.4 ) Profisis (chapier 24)

What Is a Microbial Species?
The term “specics concept™
used to understand how and why certain organisms can be
sorted into discrete taxonomic groups. We discussed “species
definmion” in sections 192 and 19.3. when we reviewed the
criteria used to ddentify o microbial genus, specics, or struin
From this, we can see that species definition is the application
of the species concepl.

Both species concept and defimition have changed over
time and continue 1o be difficult for microbiologists 1o agree
upon. Because bacteria and archaca lack sexual reproduction,
extensive morphological features, and a fossil record. microbi-
ologists are at a distinet disadvantage when defliming specics, as

compared 1o binlogists Llnly:ng other forms of life

1 " 1 "

Microbial Evolutionary Processes

While the debate regarding the operaticnal definition of & micro-
hial species continues, microbiologists agree that the mL‘mhlJ
species concepl is g ded in natural selection and

As the most ancient life forms on Earth. bacteria and archaca
have evolved and adapted 1o virtually every habitat, While their
diverse metabolic sirategies and ability 1o wierate exireme condi-
tions explam wihy microbes display such enormous diversily,
natural selection expluins how this diversity came to be.

Recall that genetic diversity in members of Archora and
Bacteria must occur asexually. Thus herituble genetic changes
in these i are d pr Iy by twa mecha-
nisms: mutation and HGT, both of which are subject w natu-
ral selection. Generally speaking. it is thought thut mutation
drives initial speciation events, and HGT permits more rapid
radiation thereafter. In other words, & new specics must arise
from its single, ancestral species, This makes sense if one as-
sumes that the ancesiral population of microbes was geneti-
cally homogeneous. Genelic varnation can only anse within a
populition possessing identical (o nearly identical) genomes
by mutation, gene loss and gain, and intragenomic recombi-
nation (figure 19.%a). By delinttion, there is not enough ge-
netic diversity to drive speciation umong such a population
by HGT

Anagenesis, also known as genetic drift, refers 1o small,

Historically, the of diff crileria in making
i random genetic changes that occur over generations. [t might

specics Iln bed to i 1 . In some

195 Evoluticnary Processes and the Concept of a Microbial Species inspire Detele 461

Eldredge and Steven Jay Gould coined
the term pumctuated equilibria to
describe this phenomenon. Cernainly,
the 3 5-billion-year history of micro-
bial life on Earth affords the accumu-
lation of many, many mutations; that
in turn hos resulied inovast speciation,
|4 Mechanisms of genetic varialion
(chapter 16); Comparative genomics
(section [8.7)

Unlike variation introduced in the
ecolype model, HGT-driven genctic
variation requires genchically diverse
groups of microbes, This iv because

{8) Mechanisms of genetic varation within a homogeneous
popuaton HGT does not rely on replication but

(b Stable ecotype model

rather on the exchange of genetic ma-
terial hetween microbes. The rate of
HGT is extremely variable. Some mi-
crobes hove very reduced genomes
with no evidence of HGT. These mi-
crobes are generally highly sdapred w
a specific, stable ecological niche.
The most extreme examples are obli-
gate intracellular symbionts thal can
only grow within their host cells,
where no other microbes exist with
which to exchange genes. By contrast. some microbes sppear

Figure 19.8 Evolution of Microbial Diversity. i) Mechamans by which 8 snge. genetcally
homogeneods. popu ation of moiobes can develon genetic vaniation nclae mutation, gene ioss and

oup caton, and recombinaton, b} Genetic changes withen 2 population can iead to the developmen of
mmmnmmnmwmxmmmmhmmmm;
s pee other | neages. which ¥ diven 10 1

Wnes). The se'id ines represent successhul popufations of lineages: those 3t the top are exdant.

MICRO INQUIRY Comiruct o senono &1 adich eoch of the ihilomsng ciors deads o ihe esinblisheent
of hwer ecofypes fom o ungle common anteioc o shown in i) the ovolkebility of conbon and nitrogen
sounes el elecon oucepion ond meon oo emperniue

scem thal very small genctic differences within a microbaal
population would be of litle evolutionary significance. How-
ever, model studies designed 10 assess ¢ berween
microbial populations has led to some surprising observations.
When sclection 1s applied. very small genetic differences can
resull in one population overtaking another. How does this
happen when individuals within a population have similar mu-
tation rates and most of these mutations are ncutral and have
no phenotypic effect” Only those rare mulations that :min a
growih advantage, called adaptive are d

1o have high rates of HGT with more than half of their ge-
nome acquired from other organisms, as is the cuse for
the members of the ancient phylum Thermotogae. 1n such mi-
crobes. genes acquired by HGT frequently expand metabolic
capabilities, thereby enabling rapid adapiation 1o new envi-
ronmental challenges. P Aguaficac and Thermotogae are
ancient bacteriol lineages (section 21.1)
Finally, we pose the question: How many bacterial amd ar-
chagal species are there? There arc two major obstacles 1o for-
lating an answer. First, most micrubial species resist growth

und passed from onc generalion (o the next. 1o which case we
say the mutation s fixed. The descendants of that mdl\vdual
continue 1o evolve through ion and other i

in the laboratory. sa: they ulnunl)' be detecied by metagenomic
or other culture-i P hes. Second. as we have

mechanisms.

Adaptive mutation 15 key to the ecotype model of micro-
bial evolution. An ecotype is a population of microbes that is
genetically very similar Inn emlnglcal.lv distinet. Ecorypes
anse when bers of & it hiving in a spe-
cific ecosystem undergo a genctic ﬂ:u (or senies of events)
that enables them to cutcompete the remainder of the popula-
ton. According 10 the ecotype model, the acquisition of adap-
tve mutations ullimately drives the remmning members of the
population inlo extmction and reduces the amount of penctic
diversity within the surviving populition (figure 19.85) The
fossal record shows that cvolution docs not always occur ot a
comstant rate but s periodically interrupted by rapid bursts of
speciation driven by abrupt environmental changes, Niles

scen, microbiologists cannot agree on 4 biological species con-
copt. So we must resort (o the operational definition of # species
in terms of sucleic scid bomologies, as well us similurities in
physiology, morphology, and ecology. Based on these criteria,
cstimates range from 100000 1o 1ML species in nature.
with ahout 10" individual cells. These estimates reveal that
there are probably sbout a billion more microbes on Earth than
stars in the universe,

Comprehension Check
1. Define ecotype. Do you think it is necessary Lo oblain microbes
in pure culture before aysigning different ecotypes? Explain

2. What is the difterance between Lhe core gencme and pan-
gename? What migh! you Infe! if you compare two gene
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Bacterial Cell
Structure

Hooking Up

ach year over 100 milllon peaple around the world become
Emrmeu wilh [ . the that causes
gonarthea, This troukling statistic is made even maore disturbing by the
Ingreasing resistance of the bacterium to the antibiotics used 1o treal
the disease. In men, infaction & usually rendily detected. but far
women, nfection is often asymptomatic and can lead o serlous
corseouences such as pelvic inflammalory disease [FID) and sterility

g PesMarsscrr: HEN

bacieria is explored, our understanding of them may change in mleresl-
ing and exgiling ways

Readiness Check:

Based or what you have leaired préviously, you should be able 1o

/' Describe the apphcation of small subunit [S5U) ANA analysis to the
establishment of the thiee domain classifcation system proposed by
Carl Woese section 1.7)

' Igentify the followsng structures o regions of a plant o ankral cell and
describe their functions: cell wall, plasma membrare, cyloplasm,

[4 ang rbosomes.

These concerns have led scientisis 1o consider methods for pe U]
infection, One methad is to block transmission Un fortunately, relalively
little |5 krown about 1ne ransmisslon process except that it occurs
during sexual intercourse and that numerous haitlike siructures (called
pil] covering the surface of the bacterium play a role in establishing
Infection, The Bacterium uses pill for a type of mever eni called
twllching motility and to adhere ta surfaces such as 1he sperm and
epithelial cells of its human host. |1 has long been thought thal by
eiaching ta sperm cells the bacterium could hitch a ride during sexual
Intercourse, This explained transmissior belween partners. However, it
did not clailfy how trarsmisslor lram women lo men occurs.

It turns aul that exposure of N gonorrhoege to serminal fuid
Increases (15 bwitching metilty and enhances formation of small clumps of
bacteris. |n addition, seminal fluld proteins appear to alter ihe marphol-
ogy ond function of pill. In particutar these proteins cause bundles of pill
to separate inlo single aments, ennancing (he intersctor of bacterial
cells with sach other and with host surfaces These changes evalved lo
promate Infection of host epiiheliol celis and increase the likelihood of

dusing sexual {rom females to their male partner.

A 1his story lllustrates, even small, gly simple org,
such 25 bacteria can exhibii complex behaviors, To understand these
amazing microbes, we must frst examing their cell structure and begin 1o
ralate it to fhe functlons they carry out. As we consider bacterial cell
structure, |1 15 important 1o remermber thal enly about 1% of bacterial
species have bean cullured, 01 the cultivated species. only a lew haw
been stwdied in great detail. From this small sample, many gereraliza-
tions are made, and i1 Is presumed that most ather bactera are like the
well-studied model arganisms. However, parl of the wonder and fun of
seience i€ tat nature Is full of surprises. As the biglogy of more ard more
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v Define and give examples of essential nultients, describe how they
are used by cells

3.1 Use of the Term “Prokaryote”
Is Controversial

After reading this section, you should be able io

a_ List the characterstics ongimally used o describe prokaryolic cells
b. Debate the "prokaryote™ controversy using curment ewdence about
bacterial cells

Bacteria and archaca have long been lumped 1gether and referred
1o as prokaryotes. Although the term was first introduced early in
the twenticth century. the concept of a prokaryote was not fully
outlined until 1962, when R. Stanier and C. B. van Niel described
prokaryotes in terms of what they lacked in comparison to eukary-
otic cells, For instance. Stanier and van Nicl pointed owt that
pmhryu.ﬂ lx:k 3 membrane-bound nucieus. a cytoskeleton,

dles. and internal structures
such as the tndﬂpllsmw reticulum and Golgi apparatus. Since the
1960k, b al, penetic, and p I have shown

that Bacteria and Archaea are dlsnnn taxa. Because of these dis-
covenies, Norman Pace proposed in 2006 that the term prokary-
ofe should be abandoned and mosl microbiologists are in

agreement
This y il that logy is an excit-
ing. dy and rapidly ch 2 field of study. Throughout

this text. we avoid the tlerm prokarvore and are as explicil as

possible nbout which characteristics are associated with mem-
bers of Bacteria, which with members of Archaea, and which
with members of bath taxa,

3.2 Bacteria Are Diverse but Share
Some Common Features

Alter reacing this section, you should be able to

& Distinguish a typical bacterial cell from a typical plant or animal cedl in
terms of cell shapes and arrangements, sze. 2nd el slructured

b. Discuss the faciors thet determine the size and shape of &
bacterial cell

Much of this chapler is dc\vﬂwd to a discussion of individual cell
s Thereti inary overview of the features
commaon (o many bantml] cells is in order. We begin by consid-
ering overall cell morphology and then move to cell structures.

Shape, Arrangement, and Size

It might be expected that bactenial cells, being small and
relatively simple, would be uniform in shape and size. This is
not the case. as the microbial world offers considerahble vanety
in terms of morphology. However. the two most common
shapes are cocel and rods (figure 3.1). Coccd (s.. coccus) arc
roughly spherical cells. They can exist singly or can be
associated in charpcteristic arrangements that can be useful in
their wdentification. Diplecocci (s.. diplococcus) arise when
cocel divide and remain together to form pairs. Long chains

of cocci result when cells adhere afier repeated divisions in
vne plane: this pattern is seen in the genera Sireplococous.
Enrerncoccus, and Lociococcus (Ngure 3.1a). Members of the
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genus Staphviococcus divide in random planes 1o generale
irregular, grapelike clusters (figure 3.15). Divisions in two or
three planes can produce symmetrical groupings of cocci.
Bacteria in the genus Micrococcus often divide 1n two planes
to form square groups of four cells called tetrads. In the genus
Sarcina, cocci divide in three planes, producing cubical pack-
ets of cight cells.

Le gionetla pneumophila 1s an example of a bacterium with a
rod shape (figure 3. lc). Rods, sometimes called bacilli (s.. bacil-
lJus). differ considerably in their length-to-wadth ratio, the coc-
cobacilli being so short and wide that they resemble cocci. The
shape of the rod’s end often varies between species and may be
flar. rounded, fomball shaped. or bifurcated. Although many
rods occur singly, some remain together after division to form
pairs or chains (e.g.. Bacillus megateriim is found in Jong chains ).

There are several less common cell shapes and arrange-
ments. Vibries are comma-shaped (figure 3.20). Spirilla arc
rigid, spiral-shaped cells (figure 3.25). Many have wifis of la-
gella at one or both ends. Spirechetes are fexible. spiral-shaped
bacteria that have a unique. inlernal flagellar arrangement ([ig-
wre 1.2¢). These bacteria are distinctive in other ways, and all
belong 1o a single phylum. Spircchaetes. Some bacteria form
stalks (e.g.. Caulobacrer crescenius) (figure 3.24). Other bacteria
are pleamorphic, being variable in shape and lacking a single,
ch;rut:nsu: form. W Phyium Spirochaetes fsection 21.6);
Cauloh and Hyphomicrobiaceae bacterfa reproduce
in wmisual ways isection 22.1); Order Vibrionales inciudes
aquatic biol; nr bacieria and | {section 22.3)

Some Il:u:leril can be thought of as mulricellular. Many

inobacieria form long f called hyphae. The hyphac
form a network called a mycelium (figure 3.2¢). and in this
sense, they are similar to eukaryotic filamentous fungi. Many
h hetic bacteria. are also
allows some degree of

c ia. a group of p
fil Being fi




possible about which characteristics are associated with mem-
bers of Bacteria, which with members of Archaea, and which
with members of both taxa.

3.2 Bacteria Are Diverse but Share
Some Common Features

After reading this section, you should be able to:

a. Distinguish a typical bacterial cell from a typical plant or animal cell in
{erms of cell shapes and arrangements, size, and cell structures

b. Discuss the factors that determine the size and shape of a
bacterial cell

Much of this chapter is devoted to a discussion of individual cell
components. Therefore a preliminary overview of the features
common to many bacterial cells is in order. We begin by consid-
ering overall cell morphology and then move (o cell structures.

Shape, Arrangement, and Size

It might be expected that bacterial cells, being small and
relatively simple, would be uniform in shape and size. This is
nol the case. as the microbial world offers considerable variety
in terms of morphology. However, the two most common
shapes are cocci and rods (figure 3.1). Cocci (s.. coceus) are
roughly spherical cells. They can exist singly or can be
associated in characteristic arrangements that can be useful in
their identification, Diplococci (s., diplococcus) arise when
cocci divide and remain together to form pairs. Long chains
of cocci result when cells adhere after repeated divisions in
one plane; this pattern is seen in the genera Streptaceccus,
Enterococcus, and Lactococcus (figure 3.1a). Members of the

(a) 5 ogaoioctioe—cocc in chains

{b) 5. gqureus—cocci In clusters
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genus Staphviococcus divide in random planes to generate
irregular. grapelike clusters (figure 3.1h). Divisions in two or
three planes can produce symmetrical groupings of cocci.
Bacteria in the genus Micrecoccus often divide in two planes
to form square groups of four cells called tetrads. In the genus
Sarcina, cocci divide in three planes, producing cubical pack-
ets of eight cells.

Legionella pneumophila is an example of a bacterium with a
rod shape (figure 3.1¢). Rods, sometimes called bacilli (s.. bacil-
lus). differ considerably in their length-to-width ratio, the coc-
cobacilli being so short and wide that they resemble cocci. The
shape of the rod’s end often varies between species and may be
flat, rounded. football-shaped. or bifurcated. Although many
rods occur singly, some remain together after division (o form
pairs or chains (e.g.. Bacillus megaterium is found in long chains).

There are several less common cell shapes and arrange-
ments. Vibrios are comma-shaped (fligure 3.2a). Spirilla are
rigid. spiral-shaped cells (figure 3.25). Many have tufis of fla-
gella at one or both ends. Spirochetes are [lexible, spiral-shaped
bacteria that have a unique, internal flagellar arrangement (fig-
ure 3.2c). These bacteria are distinctive in other ways, and all
belong 1o a single phylum. Spirechaetes. Some bacteria form
stalks (e.g.. Caulobacter crescentus) (figure 3.2d). Other bacteria
are pleomorphic, being variable in shape and lacking a single.
characteristic form. Pl Phylum Spirochaetes (section 21.6);
Caulobacteraceae and Hyphomicrobiaceae bacteria reproduce
in unusuwal ways (section 22.1); Order Vibrionales includes
aguatic bioluminescent bacteria and pathogens (section 22.3)

Some bacteria can be thought of as multicellular. Many
aclinobacteria form long filaments called hyphae. The hyphae
form a network called a mycelium (figure 3.2¢). and in this
sense, they are similar to eukaryotic filamentous fungi. Many
cyanobacteria. a group of photosynthetic bacteria. are also
filamentous. Being filamentous allows some degree of

{c} L. pneumophila—rods in chains

Figure 3.1 Cocd and Rods Are the Mos! Common Bacterial Shapes. These images are color-enhanced scanning electron micrographs.
8} Streptocaccus agalactios, the cause of group B streptococcal infections (x4,800). (b Staphylococcus aureus (c) Legionelio preumophila, the cause of

Legionnaires’ disease
o C Science Source, (b, o Source COCamce Haney Can




{8) S ogolactioe—coccl In chains

Figure 3.1 Coccl and Rods Are the Most Common Bacterial Sha

(8) Streptacoccus ogalactioe, the cause of group B s
Legionnaires' disease
lof T Science Source (B 1) Source COC/anice Haney Care
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(d) C crescentus—a stalked bacterlum

(b) 5. oureus—cocei in clusters

(e} Streptomyces—a flamentous bacterium

{€) L preumophilo—rods in chains

pes. These images are color-enhanced scanning electron micrographs.
treptococcal infections {x4,800) (b) Staphylococcus gureus. (c) Legeanelia pneumophiio. the cavuse of
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(c) L interrogons—a spirochete

N C. crocotus fruiting body

Figure 3.2 Other Cell Shapes and Aggregations. (a] Vibrio vulnificus. scanning electror micrograph (SEM, X13.184). (o) Campyfobacter fejuri, SEM. (c) Leptospira
interrogans, 1he spirochete that cavses the disease leplospirosis (d) Caulobocter crescentus, SEN e} Streptomyces sp.. SEM. (f) Fruitirg body of the myxobactenum

Chondromyces crocatus. The fruiting bedy is composed of thousands of cells

10} CMedia for MedicalGetty Images, () Sewrce Photo by DeWood, digital colar zfion by Stepren Acumus/UISDA-ARS jo) ¢ Sebastian Kau Bu'Gelty Images i ©Basogy Pea/Scerce Soute. k)
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differentiation among cells in the filament. For instance, some
filamentous cyanobacteria form specialized cells within the
filament, heterocysts, that carry oul nitrogen fixation fsee
figure 21.10c). Myxobacteria are of particular note. These
bacteria sometimes aggregate 1o form complex structures called
fruiting bodies (figure 3.2f). Bl Order Strepromycetales: an
important seurce of antibiotics section 23.1); Phvlium Cyano-
bacteria: exygenic photosynthetic bacteria (section 21.4); Order
Myxococcales: bacteria with morpholagical complexity and
multicellularity (secrion 22.4)

Escherichia coliis an excellent representative of an average-
sized bacterium, This rod-shaped bacterium is 1.1 to 1.5 pm
wide by 2.0 to 6.0 pm long. However, the size range of
bucterial cells extends far beyond this average (figure 3.3).
Near the smull end of the size continuum are members of the
genus Mycaplasma (0.3 pm in diameter). At the other end of
the continuum are bacteria such as some spirochetes, which
can reach 500 pm in length, and the cyanobacterium Oscilla-
taria, which is about 7 pm in diameter (the same diameter as
a red blood cell). Some bucteria are huge by “bacterial stand-
ards.” For instance. Epulopiscium fishelsoni grows as large as
600 by BO pm, a litde smaller than a printed hyphen and
clearly larger thun the well-known eukaryote Paramecium
(ligure 3.4). An even larger bucterium, Thiomargarita

COr dymy Corrng

Specimen Approximate diameter or
width x length
in pm
Red bload cell 7
E coli 13x40
Streptococcus 08-10
= —’/.I'
Poxvirus 0.23x032 ‘
Influenza virus 0085 E]

T2E coli bacterlophage 0065x 0095 w
Tobacco mosaic virus 0015 x 0.300
Pollovirus 0027

Figure 3.3 Sizes of Bacteria Relative to a Red Blood Cell and Viruses.
The larger viruses are comparable in size o Ihe smaller bactena



ciniis i

hiamentous cyunobactena form specialized colls within the
pm

lilument. heterocysts. that carry oul nitrogen fixation (see
figure 20 10¢) Myxobacteria are of particular pote, These
bacteriu sometimes aggregate o form complex structures called
fruiting bodies (ligure 1270 B Order Strepromyveetales: an
fmportant source of antibiotics (section 23.1); Phviem Cyano-
hacteriu: exvgenic photesvathetic bacteria {section 214); Crder
Myxococcales: bacteria with morphological complexity and
muddtivellularity (section 22.4)

Escherichia coli is un excellent representative of an average-
sized bacterium. This rod-shaped bacterium is 1.1 10 L5 pm
wide by 2.0 to 6.0 pm long. However, the size range of
bacterial cells extends far beyond this average (figure 331
Near the small end of the size continuum are members of the
genus Mycoplasma (0.3 pm in diameter). At the other end of
the continuum are bacleriz such as some spirochetes, which
cun reach 300 pm in length, and the cyanobacterium Oseilla-
torig, which is about 7 pm in dinmeter (the same diameter as
i red blood cell). Some bacteria are huge by “bacterial stand-
urds.” For instunce, Epulopiscium fishelsoni grow: large as
600 by BO pm. a litle smaller than o printed hyphen and
clearly larger than the well-known eukaryote Paramecinm
(Mgure 341 An even lurger bacterum, Thiomargaritg

Red bieod cell 7

13x40

Sireplococcus 08-10

Porveus D23x032

Influenza virus 0085 0
T2E colbacteriophage D065 0095 w
Tobacen mosaic virus 0015 x 0300
Podiovaus 0027

Figure 3.3 Sizes of Bacteria Relative 1o a Red Blood Cell and Viruses.
The larger viruses are cormparablo la tke smaller bacteria
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™,
/ Yy r=1pm
et -
== Surface area = 2 Epm?  Sutface o
\ Volime = 4.2 ym? Volume
- .
r \
L r=2pm
Surfsce ares = 503 pm?  Surface _—
M Niglume

Vieiume = 335 um

Figure 3.5 The Surface-1o-Volume Ratic s an Important Determinant
of Call Size.  Surface area is calo lated by
calculaled by the fermula 4/3nr'. Shape also affects the S/ it rods
wilh the same volume as a coccus have a greater SV ratio

the formula 40 Volume i

Figure 3.4 A Giant Bacterium.
f ows Eplomsciu fishelson dwarfing the
E fisheison cells are about 530 pm lorg

e Mg

This phase-contiast mcragraph

BI2MECIA. wiaCh are protonos

et imageeD OWENA

nemihiensis, lives in ocean sediment (see figure 22.20). Thus
4 lew bacteria are much larger than the averuge eukaryotic cell

bacterium possesses all of these structures ot ull times, Some are
fouind only 0 certain cells in certain conditions or in certaim

Plasma membrane

ftypical plant and animal cells are around 10 w0 50 pm in
dinmeter),

The variety of sizes and shapes exhibited by bacteria
raises a lundamental question: What causes s bacterial species
1o have o particular size and shape? Although far from being
answered, recent discoveries have fueled a renewed interest in
this question, and it is clear that size and shape determination
are reluted and have been selected for during the evolutionary
history of each bacterial species. For many years il was
thought that microbes had (o be small 1o increase the surface
wrea-to-volume ratio (S/V ratio; fgure 3.5), As this ratio in-
creases. the uptake of nutrie aml the diffusion of these and
other molecules within the cell hecome more efficient, which
in turn focilitates u rapid growth rate. Shape affects the S/V
ratio. A rod with the sume volume as u coccus has o higher
S/V ratio than does the coccus. This means that a rod can
huve grewter nutrient Mux across its plasma membrane, How-
ever, the discovery of E. fixhelvani demonstrates thut hacte-
rid cun be very large. For bacteria to be lurge, they must have
other characteristics that maximize their 5/V ratio. or their
size must be beneficial in some way. For instunce, E. fishel-
soni has a highly convoluted plasma membrane, which in-
creases its S/V ratio. In addition, large cells are less likely w
be caten by predatory protists. Cells that are [Hlamentous,
have stalks, or are oddly shaped are ulso less susceptible w
predation,

Cell Organization
Structures often observed in bacteral cells are summarized and
illustrated in table 3.1 and figure 3.6, Note that no single

phases of the life cycle.

There are several common features of bacterial cell siruc-
ture. Bacterial cells are surrounded by several layers, which
are collectively called the cell envelope. The most common
cell envelope layers are the plasma membrane, cell wall, and
capsule or slime layer. The innermost layer of the cell enve-
lope is the plasma membrane, which surrounds the cytoplasm
Muost bucteria have o chemically complex cell wall, which
covers the plasma membrane. Many bacteria surround the cell
wall with a capsule or slime layer. Because most bacteria do
not contuin inernal, membrane-bound organelles, their inte-
rior appears morphologically simple, The genetic material is
localized in a discrete region called the pucleoid and is not
separated from the surrounding cytoplasm by membranes.
Ribosomes and larger masses called inclusions are scattered
about the cytoplasm. Finally. many bacteria use flagella for
locomuotion. In the remaining sections of this chapter, we de-
seribe these major structures ohserved in bacterial cells in
more detail.

Comprehension Check

1 Why is the term p C
some microbinlogists?

2. Whail charagteristic shapes can bacieria assume? Describe the ways

Inwhich bacterial calls duster together

What advantages might a bacterial species that forms multiceliular

amangemants (eg., clusters or chains) have that are not afforded

unicHlidar bacteria?

4 What s the relevance of the surface area-e-valuma ratio?

riptar by

5 hy batrier, b i

y of cell, nutrient and waste transport, location of

many processes (respiration, p ¥ 5], detection of emdronmental cues for chemotaxs

Gas vacuole An Inclusion that provides buoyancy for floating in aguatic emdronments

Ribosomes Protedn synthesis

Inclusions Sworage of carbon, phosphate, and other substances, site of chemical reactions [microcompartments),
vt

MNuclensd Localization of genetic material (DNA)

Periplasmic space in typical Gram-negative bacterns, CoONIng hydraldic enrymes and Dinding proteins for nutient
processing and uptake, In typical Gram-positive bactern, may be smaller or absent

Tl wall Protection from esmolic $iress, halps maintan cell shape

Capsubes and slime layers Resistance to phagocytosis, adhe
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Masma mombrane Seiectively permeable barries, mechancal Boundaey of ¢ At md wndle tiansport lecation of
v ¥ frarsgreatian ¥ at caws for
G vsCuoky An inchusion that provides, buayancy for floating in squatic ouirommenty |
RBasomes Protein syritess
nchusions Slotage of carbon, phasphste, and ofhe: subsances: slle of chormical reacians imicrocomparments). |
movemE
Muckeolo Localization of gonetic mateial [OMA;
Perpansmic space hmm:mr:u cantains hydealyte qu:u&m::m:hmw
Tl vind Protection from csmalic stiess, Helps mainiain cell shape
CapsuUies and sAme layers Resistance 10 phagocytoss. adhorence 10 surlbces.
Fimbsriae and pill Adtachment 10 suifaces. bactenal conjugation and ransionmation, twitching
Flageila Swimming pnd swarming matiity
] - e 70/ 1101

Eimbiie

Flgure 3.6 Struciure of n Bacterial Cofl
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intracytoplasmic membrine sysems, These internal mem-
3.3 Bacterlal Plasma Membranes Control branes and the plasima membrane share a basic design. How.

eaves ever. they can differ significantly in the hipids amd proteins
What Enters and L the Cell they contain. To undetstand these chemical differences ad
After readin g this sectior, you 0 ould be abée to the many fusctions of the plasma membrane and other men .-
branes, it is necessary 1w become Familiar with membrane
. Descalbe Ihe M mosak moce of membrane st ture and dentity Aure
the typars ol lipds 1ypieaty found in bacterial membranes
b D

Jmicsonuirlonis) and provide examgies ol eaeh Fluid Mosaic Model of Membrane Structure

:. :mun eRampes T The most widely aceepted model for membrane s uciure is the
. Compare and contrast passive diffusion, faciitated diffsion, active Muid mosale model of Singer and Nichulson, which ropses
rarsparl, and groug iranacation, and provide ssamples of each that membranies are lipid hilayers within which proteins foat
. Discuss the chinllonge of iron uptake and descrioe how bacteria (flgure 1.7). Bucterinl membranes have roughly equal smounts
avercome 1is diMicuilly

of lipids and protelm. Cell membranes are very thin sirue-

tures, ahout 210 3 am thick. that look like two dark lines on
The cell envelupe is defined as the plasma membrane and gll either side of @ light interior when imaged by TEM. This char-
the surrounding layers esternal 10 st The cell envelupes of acleristic appearance is evidence (hat the membrane is coem-
many bacterin eunsist of the plasnia membrane. cell wall, and posed of twa sheels of lipid molecules armranged end-1o-cnd
at kst ane additional layer le.g . cupsule ot slime layen, OF (figure 371 Cleavage of membranes by freere-ciching, a lech-
all theaz layers. the plusma membrane is the most important alque that reveals fine detul, exposes the proteins lying within
bevause i encompasses the eyloplism and defines the cell |f the membeane lipid biluyer. |4 Eleciron miceoscapes e

i remaved or compromised, the s contents spill into hewms af elecirons o create highly magnified images [vection
ihe ey ironment and the cell dies. Furthermore, despite heing 241 Seannimg probe wiceuscopy can viwalize moleenles and
the innermost luyer of the cell envelupe. the plasma mem. aroms (revtion 2 5)

brane is responsible for much of the cell’s relationship with I nature of membrane lipids 1s critical jo their
the eutside werld, Thus we begin our consideration of bacte. abulity 10 form Wlayers. Most membrane-assecuted |ipids leg.
rial eell sruciure by describing the plasma membrane the phospholipids shwwn in Agure 37) arc g

Fira, let's consider what cells do 1o survive, Cells must
Imteract in i nelective fashion with their environment, Beguire
nutrients. aml eliminale waste They also have to maintain
thewr interior in @ constant, highly or-

are structurally asymmetrle, with polar and nonpolur ends

Fanired simte in the face of external P Diigasaccharde It geal
changes. Plasma membranes are an 1 !
absolute requirement fur all living or- membany

ganismy hecause they are involved in
careying out these cellular tasks,

A primary tole of all plasma
membranes iy that they e selectively
permeuble barriers: They allow par-
ticular fons and molecules 10 poss e
ther into or il of the cell, while
preventing the movement of olbers,
Thus the plasma membrane prevents
the luss of essentinl components
through leskage while allowing ihe
mervement of other molecules. Bacte-
rial plasma membranes play additional
eriticul roles. They are the location of  Figure 3.7 The Fluic Mosaic Mode! of Bacterial Membrane Stracture.  Th s dagram sows I
severil cruciul meiabal Muges e gl s membuang yeotess (BlL0) hoating ;m o i bisyer Poriphers memardne prodees (purplo) are
respiration, pholosynthesis, and the  msocaied locriety Wik ihe mmer membrane v ifsce sl negral membearn moters Smal ton wpheres
syathesis of lipids and cell wall feplesest the ydroph L ends of memirane pfospholpkds, o wiegly taits ave o e *ydiophate laty
conslituents, acd el P oapt ol pids aie drawen mack aepes than o octgal baw O gonacet ardes o harn ol

In addition 10 the plasma mem- P eryehmerord may be atteckod % proteirs of to membi e
brane. some bucterin hove exiensive

vk ouphotpads frfyeo s
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Integral membrane prokeims carry ool some of the most im-
pertant functions of the membrane. Many are transport profeins
uscd b move materials either into or out of the cell. Others are
involved in energy-conserving processes, such as the proteins
found in electron transport chains. Those integral membrane
preteins with regions exposed 1o the cutside of the cell enable the
cell 1o interaet with its environment. ® Proteis foppendix 1)

Bacterial Plasma Membranes Are Dynamic

Bacteriol membranes are lipid bilayers and many of their amphi-
pothic lipids are phospholipids (figure 3.8) The plasmu
membwane is dynamic: The lipid composition varies with e
ronmental iemperature (nswch o way that the membrane remaias
Fhuidd during growth, For oxanple, hacteria groving ot hower tem.
peratures hive more unsaturated Gy acids i their membrane
phesphalipichs; 1hat i, there are one or more double covalent
hends in e long ydrocarbon chams. At higher temperatures,
their phospholipids have mere satamied ity acids—hose in
which the carbon stoms are connecled only with single covalent
bomds. Bl Environmeutal frctors affeet mlerobial growth
{section 7.5}

Although most uspects of the fuid mosaic model are well
supported by exper the that b
lipids und imtegeal proteins are homogeneously distributed has
been challenged by the discovery uf microdomalns, These re-
Erens of the membrane are Tormed by phospholipids o con ) unc-
thun with other liphds like Farnesol, hopanoids, and camienoids
(aer figare [T, Hopanobds are similar in strocture o choles-
terel found in cukaryotic membranes (figare L35 und thelr
rigrd planar strsctore makes them more hydrophobie than phes-
pholipids. The specilic Lpids found bn microdomains vary
among orgensms, but they all regulste membrane rigidity and
mark mi

feurd 0 e

(Migure 1810 The polar ends inersct with water and ure hydro-
philic; ihe poapolar hydrophobic ends are insclable 10 water
and tend 1o associate with one another, [n aqueous environments,
amphipathic lipals can inferact 1o form a hilayer The outer sur-
faces of the bilayer are hydrophile. whereas Indrophobic ends
are buned m ihe mterion away from the surmounding water [fig-
ure 170 Bl Lipads fappendi i)
Twn types of memibrane proteins have been identified based
on their ability o be scparated from he membrane, Peripheral
membrane are boosely connceted 1o the membrane and
can be easily removed ifigure 371 They are soluble in agueous
solutions and make up about 20w MFF of total menshrane pro-
tesn. The remaining proteins are |ntegral membrane proteins,
These are not easily extracied from menibranes and are inssluble
I agueous sobitions when freed of lipids. Integral membrane

W\[/

HO

8} Chalestaral (s sleraid) is found in e mebroanes of eukanyole

~

Pound i many

proteins, like lipids, are amphi their lyd rop b

®l "

hic regaoms e bured in memhrane lipids while the | T
portions prosest from the membrane surfoce (fgure A7)

Figure 1.5 Membeane Sterolds and Hopanaids.
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The integral prodeins in difter
fram those in the bulk membrane, ond are organized by priteins
called Motillins, Flotiflins are themselves integrul membrune
proteins, and they funetien o assemble Lusge protein compleses
like secretion systems for transporting molecules oul of the cell
and complexes tha wansmit signals from the environment 1o
mulecules in the cyloplasm,

Bacteria Use Many Mechanisms

10 Bring Nutrients into the Cell

All plasma membranes function as harriers, Yel (hey mast also
allow movement of numents into the cell. 1F w microbe does oo
whrain nuirients from its environment. it will quickly exhaust s

that it canmot use. Bacteria ure ohle (o transport nutrients into the
cell even when the concentration of a putrient insade the cell i
Irigher thus the concentration outside. Thus they are able w move
nutricats up  conventrtion gradeent. This i important becanse
bacteria olten live in nuties-poor hubitats, In view of the eno-
i vaniety of nutnents and the complexaty of the tak, it s not
surprising thal bacterio use several difforent transport mecha-
nisms: passive diffusion. facilitaled diffuswon, primary snd sec-
ondary active transport. and group translocaticn

Passive Diffusion

Panslve dilfusion, viten called diffusion or simple dilTusion, is
the process by which molecules move from a region of higher
to one ol lower concentratiom, thal is, the mole-

supply of amino acids, aucleotides, and oher molecules needed
1o survive, In sddinion, if @ micrebe is to thrive and reproduce, it
misl have o source of energy. The encrgy suuce is used 1o gener-
ate the cell's major energy currency e high-energy muolecule
ATP. Clearly, obtaiming eaergy and nuinent sources is ane of the
mosl important pbs an cegunism has, aned it is primarily o func.
von of the hacterial plasms membrane, Here we discsss nuirient
uptake. bt first bet's define some terms used 1o describe the -
trients needed by cells

Mun&-;k:gubulcrucmbcmmrg.m Iydmgen, M-MW\.MII
Tur, andd phaosph s hecise
ihey are mqmnsl in relacively lurge nmuum They are ound in or
panic medecules such os proteins, lipids. nucleic acids, wd uuhlw
drtes. Onber are caleinm,
and imn. They exis as cations and generally are wasociumed with and
contribuse w the sctivay wnd stabilay of molecules s cell wrietimes
such as ensymes and ribosomes. Thus they are lnporiant 0 muny
welhular . nchsding protein syrthesis wind esiergy comserva-
tion. B Enzvimes and ritiozyoaes speed ap ceilolar clembol reae-
v fueetiom LAY Translasmens i becterse (vecion 1370 Eevtren
tramstsport clieans: s of sequeatiol e e fectos 104

Ciher elements are required in small amounis—amounts so
srmitl] {hat in the Lib they are often ohinined as contuminants in
waler, glassware, and growth medsn, Likewise in nuture, they are
uhiquilous and wsually present in adequale amounts fo suppoart
ithe growth of microbes. Microbiobogists eall these elements

or frece The micronuiriems—
manganese, sinc. cobalt, malybdenum, nickel. wnd copper—are
needed by most cells, Micronuirienss are part ol certain en-
symes, and they aid in catalysis of reactions und maimenance of
prolein siruciure,

Some microbes are able o symhesice all the soganic mole-
cules they need from macroelements. However, soime microbes
are unable 1o synthesize certoin moleoules needed for survival,
These molecules are called growih faclors, und they must be
abained from the environment There are three types of growih
Tactors: amino acids, parines and pyrmidines, amd vitamins,

What are the commen features of nutrient uptake by hacte-
ria? Buct dmwslecules, Liptake mech-
wossms are specific: tha is, the necessary substunees, and not
others. ure acquired. It does o cell o good Lo ke in o sbatance

cules move duwn the concentrativn grodient. The rate of passive
diiTision depends on the size of the concentration gradient be-
tween a cell’s exterier and s sterior (figure LI0L A Large con-
centration grodient is required for adequate nutrient uptake by
passive diffusson (e the extermal auirienl concentrslion musi
be high while the internal concentration (s lowl. The e of dif-
fuson decreases as more nuinen! accumulates in the cell, This
vecurs i the mutrient is not wsed immedisiely upon eniry.

Mest substanees cannot freely diffise into a ¢ell. However,
wuter and some gases, including O, and €O, easily cruss the

Fha plato s i thes line represints
e sabur obiar @ fect B s seon
whaREVEr & Carler Drolein
Imvaived in tamapart

Cartler
el tated
o ffusion

Passne
diffusien

Rag of wenapan

Caneartration gradient

Figure 310 Passive and Faclitated Diffusion.  The raee of aiflusar
depends o th sz of fhe olites CONCENtTATOn gamient (te 1o of e
Bxirace hiar corceriabon (o i e pinacoluar corcentrabort The e mie of
laz izaied o fusen Fvoives a carre proles 1! can b satureied Samotees
fac vsated d Muson K medined by a channe. Charee s ofter donoteakiba a
saturelion effoct
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plasma membrane by pasave diffusion. HO
aalstr mves ucrons menibrancs by passive diffu- o ol =t o
sion. Lorger medecules, ions, and polar sub- (= = = =4

slances musd enter the cell by other mechanisms.
all of which involve specialized proteins that are
referred 10 as transport proteins. @ How Diffu-

i Anw brEinglo e g
]

g 9
Facilitated Diffusion ° @ o
Anan e asng sakie
During facilitated diffasi i

Cartier protuin b
i irwward-Taciog
eenfarmalian

74 /1101

mwve scrons Lthe plosma membrane with the
assisance of transport profeins that are either
chanmels or carrers. Channels, as thear name
indicates, are proteins that form pores in
membranes through which substances con
pass; they are often involved m faciliated dif-
fusion. Channels show some specificity for
the substances tha pass through them, bet this is considerably
Bess than that shown by carriers. which are far more subsirate

Figure 3.11 A Model of Facilitates Cifusion.  Bacause here = ro enegy
contirue to onter only as lor g 25 = e concortration s greater on i e autsice

specific, The rate of {acilmated diffusion mcreases with the
concentrution gradient much more rapidly snd ot lower con-
centrntions of the diffusing mabecule tham that of passive dif.
fusion (figure 3.10). When the transporter is 4 carner, the
diffusion rale reaches s plalean shove a specific gradiem
value becouse the carrier prosein is saturated: that is. it is
transparting as many solule malecules as possible. The result-
img curve resembles an eneyme-subsirae curve e figuee 10 16)
and is different fram the linear response seen with passive
diffuswon. An example of channel-medisted Tacilitated diffu-
siin is that invulving aguaporins (see ffgure 2 A7), which
trapsport water. Aguaparins are members of the major
inieinaic protein (MIF) Gamily of proteins. MIPs facilitate dit
fusion of small polar molecules. and they are olserved i all
arganisms,

Al gh Facilitated Jiffusion relies on trnsport proeins, it
b truly difTusion becsuse a concentration gradicm spanning the

rives the of and no energy is

used |1 the concentration gradient disappears, net imwand move-
menl ceases. The gradient can be maintained by converting (he
transported natrient to another compound, as occurs whien o mi-
trient is metaholised

Considerahle work has been done on ihe mechanism ol
warnermediated fcilitaed dilfusion. When the wiste molecule
binds to the outside of the carner, it changes conformation and
releases: the molecule on the cell interior (fgure 3000 The car-
rier subsequently changes buck 1o 11 ooginal shape amd i ready
to pick up another mlecule. The net effect is thae o hydrophilic
mulecule can enter the cell im response ta iy concentrition
|r-du:n

has been ds d in some bacieria
but it does not seem o be the major uplake mechanism

Ey-dey tramsport cupable of
it tulrients are signifscantly more important uplake mecha-

nismes fog bacierial cells

Primary and Secondary Active Transpont

Active trunaport 5 the wranspon of soluie molecules w
higher concentrations (e, agninst @ concentration gradicnty
with the inpw of metaholie encrgy. Three 1ypes uf active
tratsport are ubserved in bacteria: primary uc ransport.
secondary active transpert, and group transhcation They
differ in terms of the energy vsed o deive trunsport and
whether o1 not the transported molecule s modilied as it
enters,

Actrve transport resembles facilated diffusion in that o
invelves carrier proteins. Recall thal carrer proteins bind particular
salusies witls great specificity. Active trunspon i abw charscierized
hy the carrier saturation effect at high solule concentrations
(hgure 1 10h. Nevertheless, active transport chflers from faciltated
diMusiomn bevuuse it uses metabolic encrgy and can concentrale
substances within the cell.

Primary active tramsport s medisied by carrvers called
primary active wans porters, They wse enerpy provided by ATP
hydrodysin 1o move against a jon gradient
withowt madifying them, Primary sctive fransporiers are unl-
porters: that is. ihey move a singhe molecule acrows the men-
brane (Figiure 1121 ATP-bnding cassetie iransporiers (ARC
IFRRSPOFErs ) are kmportant primary sctive transporters. Cur
Fogus here s on those ABC transporters thal are wsed Bor impest
of subsances, (nher ABC wansporiens wre used for expont
of substances, in particular proieins: these exporiers are
described in chapler 13, Bl Denteti antecation wid secotion

for these microbes, Recall that many bacieria live in envinm-
mients where autrient i
fwsion connol concentrate nuinients inside celb. Therefore

e low, und faciliaed dif-

faection J 1.8
Most ABC wansporters consist of vwo hydrophobic

with twu ATP-binding

panning regiony
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Figure 312 Carrier Proteins Can Be Unsposters or Cotransporters.

Uriporien move 3 i g selntanoe ot oel CoMrarspoTieTs S Ureausy
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Figure 3.13 ABC Transporter Function,  Srown here & tsensport of (ha
WO WT 8 Sl te g ag prater Bee e peehaem Oihes wohle
Bardiif  protews 410 MS0CEd W the AL memhirane, diways
A5500ated wiih Re WATIPONET &f even fuset i INe WAt IpaNes

domains facing the cywplasm (Mgure 3.13). The membrane-
spanning domains form o pore in the membrane. and the ATP-
thinding domams bind and Bydmolyre ATF o drive oplake Most
ABC tramsporters employ solule-binding protems 1o delover the
malecule o be transported 1o the ransporter.
Secondary active iranspert couples the polential encrgy of
1w gradicnts o transport of sobstances withoat modifying them
lary active are thigure 3

Thc-r maove twi substances smulianeously’ the wn whiose gradi-
ent powers iransport and (he subsiance being moved acro the
membrane. When the jon and other substance both move in the
same direstion, it i called symport. When they move in oppossie
directions, it is called antipert. @ Cotranspor? [Sinrport and
Antiporti

e

The ion gradients used by secendary aciive transporters
arise primarily in three ways. The irst resulis from b lesial
metabolic activity, During encrgy-conserving processes, elec-
Lron Uansport penerates & preten gradien: in which protens
are al a higher concentration eutside the cell than inside. The
profon gradient is used to do cellular work., including second-
ary sctive tnnsport. Seme bacteria use the second method, in
which an enzyme colled 0 Vetype ATPase hydrolyres ATP
and uses the energy released (o create either a proton gradient
or o sedivm gradien scross the plasme membrune. Finally, o
proten gradient can be wsed (0 creaie another ion gradien
such as a sodium grodient. This is accomplished by an aati-
porter thal brings protons in as sedium ens are moved out of
the cell The sodium gradient can then be ased 1o drive uptake
of nutrenis by a sympost mechanism. B Efecteon dramapert
wnd oxtdarive phosphoryiation (srep 3) geavrale the et
ATE (aection 1.6

The lactose permease of £, colf is o wellstudied sympori
seconsdary active transporter. 1t i o single protein thut iranspots
a lactese modecule inward as 3 proten dmulianesusly entens the
cell The proton is moving dewn o proton gradient. and the en-
ergy released drives solute transport. Xeray diffraction studies
show that the carrier protein exsts in cutward. and inwand-
focing conformations. When |nctose snd o proton bind 10 sepa-
rale xites on the outwand-facing conformatuon, the protein
chunges w i inwand-facing coaformation, and the sugur wnd
proton are released into the cytoploam.

Bacteria nften hove more than one tmnsport system foe a no-
inerd, as can be seen with E ol This bacierium has al least foe
transport systems for the sigor galacsose, tiee systems eoch for
the armino acids ghitamate and lencine, and two polasaum irms-
port compleses. When several ranspont s yslens cxist for the sane
substance, the sysiems differ in such properties us their energy
soniroe. thelr affinity for the solute transported. and the nabure of
their regulation, This diversity gives L bacleriam an added com-
petitive pdvantage in a variable envirenmenl.

Group Transliocation
The distinguishing ch e of group slocation i
that o medecule is chemically modified ws @ s boought ine
the cell. The hest-known group transbocation system is the
wvale: sugar ph system
\FTS), which is observed in many Isal:lm The PTS transports o
variety of sugany while phisphorylating them, wsing phesphoe.
nelpyruvate (PEP) as the phosphate doece. PEP is o high-energy
molecule that can be wsed to synihesize ATF, the cll's coergy cur-
rency. However, when i @5 wsed in FTS reactions, the energy present
in PEF is used w energize sugar uptake miber than ATP symhesis.
W ATP: The major encrgy currency of cells (section 10.2)

The trunsfer of phosphite from PEP o the ineom ing madecule
tivolves several proleing and is an example of 3 phosphorelay
system. In E. coff and Sadmonelia, the PTS consists of two en-
rymes and a low molecular welght heat-stahle proten (HPr), A
phimphaie s trunsferred from PEP o eneyme 11 will the aid of




They muove two aubstances simallanecasly: the jon whose gradi-
e powers franspart and the subsiance being moved across the
membrane. When the ion and ather substance both move w the
wame direction, il is called symport. When they move in opposite
directions, it is calied antlport. @ Cotramiport (Svmpart and
Antipors)
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Figure 334 Greop
[ gt
S low g COMpOnEE!s are inwslved Ir the syslem, gt osphoerclmymavate (PEP, encyme
| [N}, the ww roietuat weight heat-slahle prosen (HPT. and eroyme | (il T4 1
A e 3 18 w the masitl trar sport system and is separete rom B8 - the
g sy

B AT The mujor emergy rurmency of cells frection H1.2)

The transfer of phasphate from PEP b0 the incoming molecile
inveslves several proteins and is an example of o phosphoreksy
system. In £ coll and Safmoncila, the PTS consists af two en-
rymes and o low molecular weight hear-stable protein (HPr. A
phasphate & wansierred from PEF w ensyme 1l with the axd of

Figure 315 Enmerabactin: A Siderphose Frod
B d-wtick macel of enlenobactr COMQ ens »

76,1101

Microorganisms secrete saderophores when iron s
scarce in the medum. Once the iron-aderophore com-
phex has reached the cell sirface. i binds o 2 sidem-
phare-receptor protein. Then either the iron 1= released 1o
enter the cell directly o the whole iron-sidernphore com-
pes i transporied inside by an ABC tmansporter. lros i
sy ¢ st mieroorgen oms that more than one mule of
imm aplake may be used Lo cosure an adeguate supply.

Comprehension Check

1
enzyme | and HPr (figure 3.14), Enzyme [ then phosphory ltes
the sugar madecule as it is camied norss The memboane, Mamy
different FTSs exist and they vary in term of the sugan they

List the fumcticns of hacieral plasma mombranes. Why mist (e
plasma membranes (any oul e lunclions than the plasma
mesmiranes of eukaryelic ot

: Mok
tramspae, The specaficity lies with the type of Enzyme [1wsed in sl v

the PTS. Enzyme 1 and HPr are thie same o all PTSs used by a2 1 On

bactermm. B Enzymes and ribocymes speed i celliear chem- R

dwad reactians (section 10.6)

PTSs are widely distributed in hacteria. primaily umong fic-
ultatively nnaerobac hactera (hecteria thal grow in either the pres-
ence or absence of 0,1 some obligstely anacmbic bacterio (e.g..
Clinstrigtian 5pp ) also have PTSs. However, mast aerchic bacieria
Lok PTSs. Mm;urhﬁym“wrwdw?mi r.nﬁ

takes up phssise, frsciose, mannitol, sacrose.

Dwsering fariitated difusion, primary and secondary aciae
fransport. and group fransocation in torms of Melr distinctive
characieristics and wechanisms, What advantage coes &
Bacterium gain by using acifee iranspoct rathes than facll tzied
EfMusior?

Alobi and wiher by
& Active Transpors by Group Traslovarion

ran Uptake 3

Almost oll micronrganisms require iron for building malecules
important i cnergy-comserving processes ey cylechiomes|, 8

well as for the function of nzany enzymes. lion uptake is made A

5. Whal are unpord, sympcrl and ankgon?
& Wh Wiy

4 e

A4 There Are Two Main Types

of Bacterial Cell Walls

Mer readirg 1Nis section, you shauld be able 1o

difTicult by the extreme insulubility of feroe o (Fe™) and its & Destribe peplidog yoan Aracure

derivatives, which lenves Tittle free iron available for transport. b. Compare yoi and
Many bacleria overrome this difTiculty by scoreting sidero- ‘Gram-negaive bacteris

phores (Greek for iron hearers). Si are low malecular & ol wal ning maction

weight organic molecules that bind ferric imn and sapply it 1o the
cell ifigure L15). W Electron rransporr chaws: sets of seginen -
dal redat reactions {vection 10.4)

It Belps maimizin cell shape urdd protect the cell frem osmotic Bysis;
it can progect the cell from towie sbstinces; and i pathogens., it
can cmiribue 10 pathogenicity. Cell wulls are wo importan that
méml basteria have them. Thase thal kck them have otber features
thal fullill cell wall funciron. Baciersl cell wall syathesis is an
important target for many antibictics. ® Annidecterial drngs
faertivim @4}

Overview of Bacterial Cell Wall Structure
Adver Christion Grom developed the Gram stuin in 1584, il soom
became evident Uil awost bactena could be divided into two major
groups bused on their response 1 the Graam-staining procedure,
Gram-positive bacieria stabned purphe, whereas Grum-negutive
bacterin were pink of red. The true structisral difference hetween
these two groups did ot become clear uanl the aivent ol the
transmisshon electron mictoscope. Here we describe the long-held
models of Gram-positive and Cram-negative cell walls develuped
From these stuidies, More recent ssdies of diverse groups of bac:
fexia have shown il these models do not hald troe for sl b erin
(Micrubiud Diversity & Ecolegy 3.1). Because of ongoing dis-
wissions related o these new sudies, we will refer o bacteria thal
Tin the moxdels as being typical Gram-pesitive or rypical Gram-
megathve hacteria. |4 Diffe rontial winining {wesion 2.4}

The cell walls of Sacillus swbnfis and many other typical
(‘nm-pmllm: bacteria consist of a single. 20- o 80-nm-thick

Layer of (murekn) lying outside the

plasma membrane {figare L16). In contrast, the cell walls of
E. voli and many other typical Gram- uwmh-nmnh:ﬁ: m
distinet layers: a 2« o T-nm-thick layer
a7 10 B-nm-thick outer membrane.

Oine impartant feature seen in typica | Gram-negative hacte-
Tt s o space botween the plasma membrane and the outer mem-
brune. W alse s sometimes observed between the plasma
membrane and cell wall in typicul Gram-positive bactene This
space 1s called the periplasmic space. The substance that occu-

pies apace is the

Peptidoglycan Structure

The feature commen to nearly all haclerial cell walls is the pres-

ence ol pept which furms meshilike strus-
it ik kgl s, Peptidoglycan

s compesed of many identical subunits. Each subunit wabin the
succulus contmine two sugar derivalives, Noacetylglcosamine
iNAGH ond Neacetylmuramic achkd (NAM). and several different
ambno acids. The amine ackds form a shart pepide, sometimes
called the siem peptide, consisting of four ahernoting o and -
amino acids; the peptide s connected 10 the curboayl group of
NAM {ligere 3,17}, Three of the amino acids are ool ferd in
proteins; v-glutimes s, salanine, amd mesrdizminopmels
acid. The presence of paminn scids in the stem pepide protects
aguins dqrnduuua by mast pqu!uu -hrh recognize only
the 1 -isemens of i residues. The subumit

of mamy hacteria is shown in figure 1I'l H c'mmmm

The cell wall |5 the loyer thas fies jost omside the plisma mem-
frane. 1t iv one of the most imponant sictmes for seven | reasons:
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The typical Geam pautive ced anvalope

- Pt dogy pean

Pmsms membeire

et

The typical Gram-ragative col snvelops
(=2
-
A
Dutwr mwrrzeane
Peptidoghyesn

Pasma memtrane

Prrig e

Chghert Mo

Figure 316 Cell Envelopes of Typical Gram-Positive and Gram-
Megative Bactera. el prvelopes cani it of the plesma mermbiare and
ary ayeisjo g tel wall| extence 10 ! For umphoty, we show omy e plves
mermttare and ce | wall Stopiyiaccocus owes (inpl tas 8 typecel Goam
pentve col wall 1hat conusts prmanly of poptdogican Muoaoice
agmthas ot han 4 typkal Gram nogalive ool wal: conysting of 8 b
layor of peptdoghycan. an cutor mombrane, and the porcismic spce

foappemdin [y Prodeing fappendi 1, Proweins are pobymers of
anrimee aeiads frection 13.2)

The peplidoglvean saeculus is formed by linking the sugnrs
of the pepiduglycan subunits together to form o srand; the
strands are then cooms-linked o each other by covalens hinds
formed between the stem peptides extending from cach strand.
As seen in figure 318, the backbane of cach strand is composed
of plternating NAG and NAM resadues. The strand is helical, and
the stem peptides extend out from the hackbone in different di-
rections. There are twn types of cross-links: direct and indirect



wentilying bactena m chincal selimmgs. e il sidics
done o differentiale bacteria that stained Gram positive from
thise that stain CGram negative were done using model organ-
isms such as Becifins subiily (Gram positive) and Escherichio
cod (Girmm negittivel, Atthe lime, it was thought that all other
bacterin would have similar cell wall struciures, However,
the long-held models of Gram-positive and Gram-negative
cell walls do not hold true for all bacteria. lain Sutcliffe has
praposed thal microbiologists stop referring 1o hacieria s
either Gram positive or Gram negative. He suggests that in-
stead we should more precisely describe bacterial cell enve-
lape architectures by focusing on the observation that some
bacterin have envelopes with o single membrane—the plasma
membrane as seen in typical Gram-positive bacteria—while
others have envelopes with (wo membranes—the plasma
membrane and an outer membrane as seen in typical
Gram-negative bacteria, He proposed calling the former
mancderms and the laiter diderms,

But why muke this change? Suicliffe begins by pointing
oul that some hucteria staining Gram positive are actually
diderms and some staining Gram negative are actually mono-
derms. By referring 1o Gram-positive-staining diderms as
Giram-positive bacleria, it is 100 easy to mislead scientists and
many & hudding microbiologist ino thinking that the bacterium

AMTIFHNNICIETTY QTC LARTIPRIGA SETELIAL & A v | -
derm bacteria, whereas almost all other bacterial phyla con-
sist of diderms,

There are interesting exceptions 10 the relationship of
phylogeny and cell lope structure, For instance, members
of the genus Mycobacterfim (e.g., M. tuberculosis) belong
1 the predominantly monoderm phylum Aetinebucterio.
Mycobacicria have cell walls that consist of peptidoglycan
and an outer b The cuter is composed of
mycolic aeids rather than the phespholipids and lipopolysac-
charides (LPSs) found in the typical Gram-negative cells’
outer membrane. B Order Corynebacterinles includes im-
portani human pashogens (secrion 23.1)

Members of the genus Defnococews are another imterest-
ing exception. These bacteria stuin CGram positive but are di-
derms. Their cell envelopes consist of the plasma membrane,
what appears to be a Lypical Gram-negative cell wall, and an
S-layer. Their outer membrane |5 distinetive because it lacks
LPS. Deinococci are not unique in this respect. however 1t ix
now known that members of several tuxa have outer mem-
branes that Lick LPS,

Sourte Setese. | € JUNG & Uy IRV JEIOECIVE 00 Bacte il o emveope
erchiteciune Treads Micrsbiol 11046470,

vin a peptide interbridge. A direct cross-link is characterized by
connecting the carboxyl group of an amino acid in one stem pep-
tide to the smino group of an smino acid in another siem peptide.
For instance, muny bacteria cross-link the strands by connecting
the carboxyl group of the p-alanine at position 4 of the siem pep-
tide directly o the amino group of diaminopimelic acid (position ¥)
of the other peptidoglycan strand’s stem peptide (the position 3
p-alanine is removed as the cross-link i formed), Bacteria that
have indireet linkage use o peptide interbridge {also called an
interpeptide bridge). a short chain of amino acids that links the
stem peptide of one peptidoglycan strand 1o that of another
figure 3,19), Cross-linking results in one dense. interconnected
nevwork of peptidoglycan strands P Svathesis of pepridogly-
can occurs in the evioplasm, at the plasma membrane, and in
the periplasmic space (section 12.4)

The peptidoglycan sacculus is strong but elastic. 11 is able 0
stretch and contract in response Lo psmolic pressure. This is due
o the rigidity of the backbone coupled with the Mexibility of the
cross-links, Peptidoglycan saceuli are also ruther porous,

HaM HAG
CHy
|
H  HNH=C=0
o M
¥ H D
NH=C=0 Ch,OM
1
C
i
NH
|
CHy—C=—H l-Alanine
i
c=0
|
M

]
H=C=(H~CHC=0 D-Glutamic ackd
1

allowing globular proteins having a molec
50,000 1o pass through, depending on
reluxed or streiched; thus only extremely
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ble w pass through peptidoglycan.
Variams of peplidoglycan ure found, particularly among
typical Gram-positive bacteria. For ple. some sul the

diamino acid lysine for meso-dinminopimelic acid (figure 3.20)
and cross-link chains via interpeptide bridges. These ml:rpl:p-
tide bridges can vary werably (figure 3.21). Pey

can also vary in terms of the length of the peptidoglycan strandx
and the amount of cross-linking. Bacteria that stain Gram posi-
tive tend 1o have much more cross-linking, whereas those (hat
stain Gram negative have considerably less.

Typical Gram-Positive Cell Walls Consist

Primarily of Peptidoglycan

Mot culiured bacterio that stain Grum positive belong o the phyla
Firmicutes and Acsinobacreria, and most of these bacteria have
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Polysaccharde

siclie & hair

COoM backbore
e A o Figure 318 A Helical Peplidoglycan Strand.  Because of 1he strand's
1 Duaminopbmaeic he ial nature, the stem peptides project oul in different directons Nom the
i = wcld NAM-NAG backbone. Here the stem peptles are shown proeing out
NH at 90-cegree ang es. Some studies sugg est that (he angle s aclual y
| Rl degees
L D=Alanine
Al this site. 8 bond may be formed
—C—cH, to ki this peptde to one on
AL CHy another chain. When this occurs, —‘f"‘.'
c=gp heterminal D-aksnine is lost
; \-‘INI
oH Ll D“I“-'
= e DaAP DAP
Figure 317 Subunit € Shown 15 the | / i
peptideglycan subunil of £ cofy, many other typrcal Gram-negative 2o u?"'
bacieria, and many typicol Gram-positive bactena. Tha | usliation shows L-fla

the subunit before it has been inserled imte the exsting peptidog yean
palymer. NAG s M-acely glucosaming. NAM i« N-acendmuramec acit. The fa}
alem peplide s composed of ademating 0. and L-amine 2088, (1 lenmindles

with lwo D-alamnes. The aminn acids are whown 0 different co ors for —m—‘—
T

clarty.

l"ll-l
DGINH, oA
t.ll.n Oty —OW —Gy —uip
D-Ala — B4
thick eall walls posed of and large of paptice Inserbrida® BENN,
wother polymers such as wichoic ml:ls(l'lzlm' A.22). Telchoic acids LA

are polymers of glycerol or ribitol joined by phasphate groups
(figure 3.23). Some teichoic acids are covalently linked (o pepti-
doglycan and are referred 1o as wall teichoic acids. Others are
covalenly connected Lo the plasma membrane: they are called
lipoteichoic acids. Wall teichoic acids extend beyond the surface
of the peptidogl, They are negatively charged and help give
the cell wall its negative charge. Teichoic acids are nol present in
uther bacteri.

i

® _m_._
Figure 3.19 Peptidoglycan Cross-Links Can Be Direct or Indirect vis &
Peptide Interbridge.  a) £ cof peptidog lycan with girect closs- inking,
typecal of many Gram-negalive bactzna. b § Cus Qureus
peptideg yean with an Interbridge. 5. eureus stains Gram positive, Gly &
giycine B-GILNK s beg utamic acid with an Ki group attached wthe o
carbon [1he carbon nex) to the carboxy group)
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oo o
HN=C=H MGl COoH
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Flgure 3.20 Diamino Acids Preserd in Peptidogiycan, - pine.
b} BEIE, K} T-oenith

Telehvic acids have several important functions, They help cre-
ate und maintun the strcture of the cell envelope by ancharing the
wall 10 the plasma membrane. They are imporiant during cell divi-
sion, and they protect the cell from harmful substances in the envi-
ronment (e.¢.. antibiotics and host defense molecules). In addition,
they function in son uptake ard are invelves in binding pathogeni

nencovalently bound to tewchoic aeids or other cell wall polymers,
while others are Iy attached 10 the peptidoglycan. Mens-
brane-bound enzymes called sortases cilalyze the formation of
covalent bonds that join these proteins to the peplidoglycan.
Pl Protein maturation and secretion {section 11.8)

Typical Gram-Negative Cell Walls Include
Additional Layers Besides Peptidoglycan
As just noted, most cultured bacteris that stain Gram positive
belomg 10 the phyla Firmicutes and Aciinobacteria, With a few
pthons. bacteria belanging to the remaining phyl stain Gram
negative {Microbial Diversity & Ecology 303, Even  brief in-
spection of figure 316 shows that typical Gram-negative cell
walls are more complex than typical Giram-positive walls, One of
the most striking diff is the paucaty of peptidog! The
peptidoglycun layer is very thin (2 10 7 nm, depending on the
bacterium) und sits within the periplasmic space.

species w host fissues, ths initialing the infectious disease process.

The periplusmic space lies between the plasma membrane
and the cell wall and is so narrow that it is often not visible by
electron mi py. The periplasm has relatively few proteins:
this is probubly because the peptidoglycan sacoulus is so poroas
thut many proteins iranslocated across the plasma membrane
pass through the saccnlus. Some secreted Pproteins are enzymes
called exvenzymes. Exocnzymes often serve o degrade proly-
mers such as progeins and polysacchandes thut would stherwise
be too large for (ransport acroes the Plasmn membrune; the deg-
rdation products, the monomer building blocks, are then taken
up by the cell. These proteins that remain in the periplasmic
space are usually atached to the plasma membrans.

Not all secreted proteins pass through the peplidogiycan
saceulus: some become bound 1o 1 instead These proteins are

The periplasmic space is much larger than that ol 2 typical
Giram-positive cell. ranging from about 30 to 70 nm wide
figure 3.24). Some studies indicate that it may constitute about
2010 40% of the tatal cell volume, The periplasmic spiee is home:
10 3 variety of proteins, Some periplasmic proteins participate in
nutrient acquisition—for example, Iydrolytic enzymes and trans-
port proteins. Some periplasmic proteins are involved in energy
wonservation. For instance, some bacterin have electron transport
prifeins in their peri {e.g.. denitrifyi i, which con-
wvert pitrale (o mirogen gas), Other periplasmic proteins sre in-
valved in peptidoglycan synthesis and modify af loxic
compounds that could harm the cell. Bl Anaerbic respiration
nses the sume three steps as gerobic respirution (sevtion 11.7):
Nitreagen cycle (section 28.1)

The outer membrane lies outside the thin peptidoglycan
layer. It is linked to the cell by Braun's lipoprolein. the most

invelved in [ the cell with its Some are nbunhupmuininl}:umnmbrm(ﬁguwi.znmiumtl
nas— I R haTpaq teke Bridges A A =
olT. ) oy, -— ‘_'_.‘__,_,_ndo@ o]
@DT" [ P SO N lT@ @ i e
dpi—— @ ity — 0 (3 @ o )
o [ P B0} @ panl s @
g | I e
.l Do ity o L, “ _-NL_MS_

Figure 3.21 Examples of Paptidoglycan Cross-Links.  Most variatan in peplidogiyran stuchre accurs in fhe compasiion of the stem neptioe and the
method by whieh peabeloglyan strands are cioss-linked (g Exampes of interpeatide big Q25 thal link D-alanime in position 4 with |- yune in pesition 2. The

Brackel cantais six bypical bridges: [ Signyo e 14

roseus and s, ) Lo rabocis vindescens,

{5} Strepiococeus sakvans, and i) Lecconosior ciemons. The araws indicale the palarty of pepliche boads nnneg in e C o N direction. (5] An nle: peptde
nciibge: abserved (s Conmedactemsn pomsettoe. The brdge cetends hetwaen pastions 7 and 4 2nd congsts o the b-diamnn ackd ormihing {figure 1.20c) Note

Ihial L-hameseriae -Hsr s i posilion 3 rather than meso-ciamnogimele acid or Llysme.
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Figure 3.23 Tekholc Ackd Structure.
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Figure 3.22 Typlesl Gram-Positiee Cell Wall,
just auinde e pigsma membang.
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Figure 3.25 Lipopolysaccharide Structure.  |a) A simplified diagram of LPS. Avareviatians BN, gheoosamine. Hep, hepfulose; KDO,
P. phosphate. Ligd A s bueriec in the outer membrane. i) Molecular mocel of 2 kpopolysaccharide. The lipsd A @ng core polysacchar ide

chasn is bent at an angle in s medel

lipoprotein is covalently joined 1o both the outer membrane and
the peptide chain of peptidoglycan.

In contrast 10 the symmetry of the plasma membrane, the
maest distinctive structoral feature of the outer membrane is the
difference between the inner leaflet (facing the periplasm) und
the outer leaflet (facing the mvlmnmu This ulcnu! layer of
the G gative cell is d of ides
[LPSs). These large, comples molecules mmam ot Dipid and
carbohydrute, and consist of three parts: (1) lipid A, (2) the core
polysaccharide, und (3) the O side chain. The LPS from
Salmaonella spp. hos been studied most. and its general structure
is described here (figure 3.25) Lipid A comains two glucoss-
mine suger derivatives, each with fatty acids and phosphite at-
tached. The fatty acids of lipid A ore embedded in the outer
membrane, while the remainder of the LPS molecule projects
from the surface. The core polysaccharide is joined o lipid A
and is constructed of 10 sugars, many of them unwsual in struc-
ture. The € slde chaln or O antigen is a polysacchande chain
extending ouwtward from the core. [t has several peculiar sugars
and varies i composition beiween hacterial sirams.

LFS hos many imporiani functions, (1) It contributes 1o the
negative charge on the bacterial surface because the cone polysac-
charide usunlly contiins charged sugars and phosphute ifigure 3.25),
(21 It helps stabilize outer membrane structure because lipid A bs o
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are thoughs 1 restrict the entry of hile salt, antibiotics, detergents,
and other 1oxic substances that might kill or injure the bacte-
i (4) LS helps protect pathogenic hucteria from bost defenses.
The {3 sade cham of LPS is abso called the () artigen because il eficils
mmmmﬁpmubymmmdmﬂmmspmz involves the

wf antibodies that bind the strin-specific form of LPS
llmi elicited the response. For example, microhiologisis refer 1o spe-
cific strains of Cirem-negative hacteria using the O annigen, such
E coli O157; here the () sde chain s the antigenic type, number 157.
Uniforumately, many bacteria can mpidly change the antigenic na-
ture of their (0 side chains, thus thwarting hest defenses. (5} lmpor-
wntly, the lipid A portion of LPS can act as a toxin and is called
endotoxin. IF LPS or lipid A enters the bloodstream, o form of
sepic shock develops for which there 15 no direct treatment.
Bl Enc (xection 154 ) Amibodies bind speeific 3-0
{aection 31.7)

As the outermost Liyer of the cell envelope, the LPS presenis
an effective barrier for the cell. Within the LPS, the negatively
charged phosphate groups on the core polysoccharide interact
with calcium wns o siabilize and nghily pack the LPS mole-
cules. This results in an impermeable burrier that excludes smull

lecules, including many ibidics and toxins. Transport
across the outer musi be lated by inte-
gral membrane proteins, including one class uf proteins termed

help-u create o pumuhmly barricr. The geometry cli LPS
[figure 3,255) and i n

of the tor leuflet of the outer 3k

between neighb LPS

) Porin trimor

1) DmpF sicde view

Flgure 3.26 Porin Proteins.  Two vicws of the GmoF potn of £ cob
lh Structure af @ nmesic porn observed when looking down 3t the outer
surtnge of Ihe ouler membrane L., top view] The center of sach parin
mancamer 5 @ water-filled chancel Each OmgF monomer can be divicec
Into three parts: (e green barrel forms the chancel. the blue segment
Inkeracts with ather porin prateins to hikp foem he trimer, and the eange
|oop rarraws the channel anc dictates the chemical seleciivily of {he
peain, The arraw (1 icates the aren ol a porin melecule viewed lom the
side I panal |b). Side view of @ parin monomer shawing the @-barrel
structure charactenstic of porin peoteins.

MICRO INGUIRY Are these

porins. Most porin proteins cluster together 1o form a trimer
in the outer membrane (figure 324 and Migure
porin protein spans the outer membrane and w more or less

\20). Each
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the cell walls of typreal Gram-positive bacteria appear to shrink,
cousing the peptadogl to act as a p hility barrier thit
prevents loss of crystal violet. Thus the dye-lodine complex is
retuined during the decolorization step and the bacteriu remuin
purple, even after the sddition of o second dye. In contrust. the

doghyean in typacal ) galive cell walls is very thin,
IIII as highly cross-linked. and has larger pores. Alcobol treat-
ment also may extract enough lipid from the outer membrane 1o
increase the cell wall's perosity further, For these reasens, aleo-
hol more readify removes the crystal violet=iodine complex, de-
colorizing the cells. The counterstain safranin, also o dye with o
nel pegutive charge, casily staims the decolorized cells so thit
they appear red or pink.

Cell Walls and Osmotic Protection

Microbes have several hani: for responding 1o changes in
onmutic pressure, Chmiotic stress arses when the concentration of
sefutes inside the cell differs from tha cutside, ond the responses
work 1o equalize the sulute concentrations, However, in certain
situations, osmotic pressure cun exceed the cell’s ability w pecli-
mate. In these cases, additional prodection is provided by the cell
wall, When cells are in hypotenic solutions—in which the sohue

civannels or camiers?

ube-shuped; is normow, water-flilled channel allows possage of
nutrients and hydrophilic molecoles smaller than shout 600 dal-
tonx, Larger molecules such as vitamin B . corbohydrates, and
Iron complexes are too large for porins and cross the outer mem-
brane through the action of specific cuter membrane receplors
{figure 3.24). The recepior-solute complex in the ouler membrane
interacts with the TonB complex of proteins spanning the peri-
plasm, TonB transfers the energy for the ligund transport from
the plisma membrane across the periplasm to the receptor. Upon
entering the periplasm, a periplasmic transport protein shutiles
the ligand to an ABC-transporter in the plasma membrane for
transfer to the cytoplosm.

Mechanism of Gram Staining

The difference between typical Gram-positive bacteria and typl-
il Gram-negative bacteria is due to the physical nature of their
cell walls. IF the cell wall is removed, typical Gram-positive
bacteria stain Gram negative. Furthermore, bacteria thai never
make cell walls, such as mycoplasmas, also stain Gram negative.,
14 Differential staining (section 2.3)

During the Gram-staining procedure. bacteria are first
stained with erystal violet, a dye with o positive charge that is
uttracied to the bacterial cell’s net negative charge. They are next
treated wilh iodine, a mondant that interacts with the erystal vio-
let, forming an insoluble comples and thus promoting dye reten-
tion. When bacteria are then treated with cthanol in the
decolonzaiion siep, the pores of the thick peptidoglycan found in

is less than that in the cytoplusm—water diffuses
inte the cell 1o dilute the solutes, causing it 10 swell. Without the
peptidoglycan luyer of the cell wall. the pressure on the plasma
membrane would become so great that the membrane woukd be
disrupted and the cell would bursti—a process called lysis,
Comversely. in hypertonic solutions, water flows out und the cyto-
plasm shrivels up—a process culled plasmolysis.

The protective noture of peptidoglycan is most clearly dem-
enstrated when bacterial cells are treated with I;\myme or peni-
cillin. The enzyme lysoxy anacks pepiidoglycun
hydrolyzing the bond that connects N-acetylmuramic scid with
N-neetylghicosamine (figure 317, see also figure 3241 Penicil-
lin works by a different mechanism, I inhibils the enzyme (rans-
peptidase. which is responsible for making the cross-links
between peplidoglycan chains, IT bacterta are treated with either
of these substances while in o hypotonic solution. they lyse.
However, if they are in an isotonic solution, they can survive and
Erow of typical G positive bacteris with
lysozyme or penicillin resulls in the complete loss of the cell
wall, and the cell becomes o proloplast, When typical Gram-
negative bacteria are exposed 10 lysozy me or penicillin, the pep-
tidoglycan sacculus is destroyed, but the ouler membrane
remains. These cells are called spheroplasts. Both protoplasts
and spheroplasts are osmotically sensitive. 1T they are translerred
o a hypolonic solution, they fyse due 1o uncontrolled waler in-
NMux (lgure 2.27). M Aanbacteriol drugs (section 94}

Bacteria That Lack Cell Walls

Mut bacteria are defined by their cell wall—they are either Gram
positive or Gram negative. A few bacteria. most notably a group
called the mycoplasmas, are defined by their lack of « cell wall,
‘Without a cell wall, they are pleomorphic and osmotically sensitive
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!uvfm}]’!] Despite this, they often grow |ud|h: edia or

because therr pl are e
mesistinl i Osmotle peessure than those of walked bocteria The
precise reason for this is not chear. although the presence of sierls.
in the membranes of many species may provade sdded strength

Comprehension Check
1 Dese of
Why does h & of slaning
antd gtamec acid rather than the L-lsomen observed i protein
1 Deawa o classly the major make up

typlcal Gram-pes live and Gram-negalive el waily and Mawe
eommen o bath 1ypes of ool wall How do thess mobecules
corribute bo the functions of the ceil wall®

When pioloplasts ard sgheroplaats ae made. the shage cf the cel
becames s phetical regarciess af the crginal cof shape Wery does
bhis eezia?

Thoe ol walls af most members of the shyla Frmscutes sod
Artrobociena lack porins. Wiry (s this the case?

What lwe mechanisms alkow the prsage of rulrients acoss the
eutet mombrana of typical Gram-neqatne bactera’

-

-

w

3.5 The Cell Envelope Often Includes
Layers Outside the Cell Wall

After reading this section, you should be aple to

& Listthe structures found in all the keyess of bacesial urlemrim

b Idandily the funclions and major o
envelape struckees

Figures 1.22 and 3.24 show the hacterial envelope as consisting
solely of the plasma membrane and cell wall. However, many
bacterin have unother layer in their cell envelopes that les out-
side the cell woll. This layer is given different names depending
on its makewp and how it is organized

Capsules and Slime Layers

Capsules are | that are d Iy washed
of [ (figure 3.2K), They ane most often composed of polysacchs-
rides, bhut some are constructed of other materials. For esanple,

K Armonoe

Figure 3.28 Bacierial Capsubes,  Camu v stan a negalve wlan) of
Wit pplia preumanae, hnght beld boht metrodcogy. (01000
o 4 e Bt P

Herewllrs anthracis ithe anthran bacterium) has @ prolemicesas
capsule composed of poly-p-glutamic acid. Capsules are clearly
visibie in the light microscope when negative stuins o specific
capsule stains are employed: they also can be sindicd with the
electron micriscope.

Capsubes are net required for growth and reproducton in
Laboratory culinres. However, they conler several advantuges when
hacteria grow in their normal habitais. They Ite]p pathogenic
hacteria resist phagocytosis by hast phagocy
Prcumoniae, \hwhmw-ﬂum and other
diseases. provides 3 dramatic example. When it lacks a capsale.
o is phagocytosed easily and docs not cause disease. On the cther
hand. the capsulated varian commonly causes disease. Capsules
mdmmmm&mﬂmh«n&lhmlunugm
deal of water They exchade viruses and moa by e 10Xic
muerials sch as detergents.

A slime baver is o zone of diffuse. unorganized material tha
s remowed casily. It is usually composed of soharides but
s oot as casily observed by Ight microscopy. Cdmnghmrm
afien produce slime. which in some cases has been shown 1o fa-
cilitste motility {section 38).
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A bucterial glycocalys s a layer consisting of 4 network
of polysaccharides extending from the surface of the cell. The
fterm cun encompass both capsules and slime layers because
they wsually are composed of polysaccharides. The glycoca-
lyx pids in attachment to solid surfaces, including tissue sur-
fuses b plunt and animal hosts B Pashogenicirs asdands
enicode Vieulenve fuctors (section 35,41

S-Layers

Many bacterin have an ordered covering called an S-layer on
their surface. The S-layer hus 1 pariern something like foor iles

Comprehension Check

1 Wt e anct o shme Laye? Wiy
B the lerm phcocalys usually eroompays both?

2 S-layers and some capsubes are composed of prolems. How does an
S-tayer difter from a proteinaceous caguue”

3.6 The Bacterial Cytoplasm Is More
Complex than Once Thought

and 5 ¥ J ol protein or g figure 3.29), In typi- After reading this section, you should be sble 1o
cal Gram-negutive bacteria, the 5-| Ii]m aclheres Hﬁo\’iklﬂ)’ o @ Describe the funclion of three fypes of bacteral cylovkeletsl
the eater FLEEY d with the p 3 s aiens Ineh
lace of typral Gram-positive cell walls b Compane and coniras sietage inclusons snd mioCOmEAIEents.
S-luyers ure of considerable interest pot only for lhﬂl b= oiling specitic exampies
logical Toles but also b the growing Tiekd of & Lmt and their spatial
Their bivlogical rules include protecting the cell spainst wn and eganization within the cel
pH Muctontions. osnwotic siress, enzymes, of predatory bacieria d
nd plasmicy

The S-layer also helps maintain the shape and eavelope nigpdity
of some cells, snd i can promote cell adbesson 1o surfaces. -
nally, the §-layer seems fo protect some bactenal pathogens
against host defenses, thus contributing 1 thesr virulence. The
potential use of §-layers in nanotechnolog y 1+ due to the abdity
ol S-layer proteins o self-ussemble; that 1. S-layer proicins con-
nain the infi ion required to s ly associsie and
form the S-layer without the akl of any additional enrymes of
other fuciors, Thus S-layer proteins could he used s bailding
blocks for the creatbon of sechnologies such a5 drug-delivery
systems anu aovel detection sysiems for tonse chemicals o b
Terrorism agents.

Figure 3.29 TheS-Leyer. An elechon =crograpt of the Sy cf the
beton um Devnacarea Aodurans after srudowng
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The plasma membrane und everything within i called the
protoplest. The cytoplasm 15 the material bounded by the plasma
membrane; thus the cytoplasm is o major part of the prfoplast.
The cytoplasm i further divided into the liquid component. called
the cvimsol; thise srsctures such @ mchesons, ribosomes, and
plasmuds that float in the cytosol: and the many molecubes dis-
swlved in the cytusol. The high concentration of these macromol-
ecules and thei p and lifes creates &
Lnown 25 macromobecalar cromdimg. Abundant solues resull in
less available space around cach molecule. 3 familiar experience 0
amyone who travels around a city 2t rush bous. The bacierial cyto-
plasm is estimated 10 be about 10 times more viscous than water,
and physical and chemucal processes like diffusion are affecied.
For meany years. bacterial cclls were thought of a5 bags of bio-
chemicals. hut the excming discovery of cyioskeictal proteins e bac-
serial cells has forever changed that view Althongh the hacterial
cymmkeloion i less complex than that of cukaryoies. it cleaty helps
organize the cyloplasm. [n this section, we consider (he bocterial
cytoskeleton and then o vanety of other aructins m the cyloplasm.

Bacterial Cytoskeleton
Eukaryoles possess three magor cyioskeleal ebements: actn fils-
ments, microtubules, and intermedioe filaments. Actin filaments
nml: from actin, and micestubales are made from twbulin
filumenis are 2 mixture of one or mone
members of different classes o peodeins. Hommlogues of all three
types of eukaryotic proteins have been sdentafied in bacteria
(talle 3.2} Bacterial cytoskeletsl proteans are strocturally similar
1o their cubaryotic counterparts and carry oul similar functions:
They participate in cell division, localiee proteins to certan siles
in the cell, and determine cell shape. In sddition, some bacterial
cytoskeletal proteins appear o be umque. Thits i is likely that the
evolution of the cytoskeleton was an early event in the history of




Function
| Tubulin Homologues
FisZ Cet dliviilan
TubZ Bactoriophage replcaton
Actin Homologues
| Fun
Mk -
| MeeBtt e shope: may be Fvoted
| In chromsame segregation, kocalizin
| protens, Moty and estatsarng ced pakinity
ParM Flasmit] seg: o
| totermediate Fuament Homaiegues

CreS fcresconting Induces curvatune in curved rods

| tinigue Bacterial Cytaskeiotal Proteis

MinD Prevents polymerzation o FisZ st cell poke

Para Segrogaies Thmosomes and plasmrs, heips
Iocalle chemetids profees and hpe IV ol o
ano pola of cerain red shaped bactona

Bactofiin Scaffold for protein and chromasome

postianng

life on Earth. M The auluryotic cloptasm comrins o cvtuskel-
et wid organelles (seetion 53): Bocrenal cell cveles v be
aivided int three phuses [section 7.21

The eytoskeletons of Evoberohio codl, Sociling sabnlis, and
Cerisloharcter ¢ rexcemu are the most important hacterial model
system and are the focus of our discussion. £ coli s 8 Grame
egative rod that has been exlermively stuched and can be casily

0 I B swhnlfin 1 Gram-p roud Fosenel im sodl. s
an endos pore-formary bacerium, making it a pood maodel for cel-
Tl differentiation (section 393 Both were muodebs for cell wall
siructune as described in secton 34 C crracentn s @ curved md
Found i aguatic habuats, 11 ineresting i pan becawse o exhubats
u ciomples hife cyele that includes two different stages: o mutile
swirmer cell and o sessibe, stalkied cell that attaches to surfoces by
i holdies (ser flgur 228, M Caulobacieracese und Hyphomi
erabincene repsduce i wnonol woys (ection 32.1)

The best studicd bacterial cytonkebetal proteins are FiZ.
Mrel, and CreS { ko n s crescential Fiad was one ol
thee first bacterial cytoskeletnl proteins identificd and has since
been found an most bacteria as well as mitochondria and o
roplasts, Fisd i a hemalogue of the cubaryotic protein whulin
It forms a ring at the center of a dividing cell and is required for
the [ormation of the septum thal will separate the daughter cells

Comments

Wbty orsered in Bactens ane archses

Otsorved in Mutin'e Dacterophages

Otrervert m most oo-somned b

Piasenidd sneacern

Doserved n many rod-+

“aoed bacteris

Cosorved in many SpeCics. INCUIng Vi choleroe, © oiescemtss,
ang Thormus thevmopnius

Widkely ob=erved in bacesia

cells sy of 1wl found m cocer MrcB and Mbl determine cell
shape by properly positoning the machinery needed for pepti-
doglycan synthesis (figure 3 Mibao) Cre§ dorescenting was dis-
covered m C. ¢ reseenius snd i responsible for its curved shape,
CreS 1s o homoligue of lamn snd keratin, 1wo iniermedisle
filament proteins. B Cellular growth und determmation of
cell shape {section 7.2)

The muvemen of newly replicated DNA 1w daughter cells
o urs ineukaryoles by DNA attachment 1o the mitolic spindle,
Although 1 15 ol @ general phenomenan in bacieiia, there area
Tew examples of cytonkeletal filaments coniributing Lo chromo-
some scgregation isee figuee 741 Certain plasmads, i particu-
lar, rely on partition (Par) proteins 1o ensure equal distributaon
n daughter cells following cell division. B Chrnmosome
replicuiiin and pariitioning (section 7.2)

Intracytoplasmic Membranes

Althoagh memmbers of Badena do nol contiun comples. mermba-
o fes like o Heluirupl imternal menitva
Ty \lrn.lun'\ e sbwerved in wme hocteria (fiare 131 These
can he extensive and comglen. i photosy nisetic hacteris and in boe.
teria with very high respinstory activity, such as pitnfying bacieria,
The imernal membranes of the photmythelke cyanobacteria ae

called thylakokls and are anakogous i the thylakeids of chlomplasts,
LN hedic barterig s diverse {section 2045 Nuryfiving

(hgure 3. M0 b MreH and it relative Mhbl are actin humaologues
Their mojor functien is to d cell shape in rod-shaped
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cam ke Lhe form of gramules. orystals, or globules; some @ wmior-
pheus. Some inclusions e free m the cytoplasn. Other imcluwsions ae
enclosed by o shell tha s single-krverad and may consis of protins
or of both proteans and phospholipids. Some molusons are sur-
romsded by vy imstson of the plisma llv:udm Murry mﬂuwl\s
are i fior dorage je g of carty

and energy b or 1o meduce osmotic pressare by I)mgun modecules m
partacubse form The guantity of mchdons wed for skomge vines
with the mumitional sutus of the cell. Some inclusions are so distine-
tave that they are incresungly being refemed o o macocompan-
mments. A bried description of several imporiant incheions (ol

) Ml
Figure 3.30 The Bacterlal Cyloskeleton. o ©

ook o cets 2 green fosescent GFP) s

micrirsenpy (24 Tre Wriell ke cytoske e4sl pol Storage Inclusions
Muany smrage melussons form when one nutnent w in ready sipply
bt amosther nutnient is nol. Dthers alore end products of metabolic
processes. [n some cases. these end prodicis ane used by the mi-
crobe when it 1 in different environmental conditions. The meost
commeon slodage imnchusions e glycogen oclusons, polyydroy-
alkonate grumudes. sulfur globules, and polyphosphste granules.
Some storage mohnaons are observed only = certain ongandisms,
such us the cyanophycin gramsles in cymobacteri B Plviien
Cyunohactena arvgemic phatesynthens bacteria (secnion 241
Carbon s often stored as polyhydrosyalkonate (PHA)
granubes. also termed carbonosomes. Several types of FHA prun-
ules have been adertificd. but the most commeon contan poly-f-
bydroxybutyrate (PHB) (figure 3320 The sructure of PHB
inchusaions has boen well studied, and PHE granudes are surrounded
by simgle-Bayered shell composed of proteins. Much of the imerest
i PHE and other PHA gramules i due 1o ther mdustrial use in
making bodegradeable plasics. | Brapolimers (section 42.1)
Polyphosphate granules and sulfur globules are norganic
melusions observed in many srganisms, Polyphesphate
granules suwe the phosphuie necded for synthesis ol imporiant
cell constituents such 35 nucleic acids. In some cells. they oct a5

related oganelles, and ¢
wre imvoived in enengy conersution (ection 5.6)

The irternal membranous siructures observed in bactera
may be aggregates of spherical vesicles, Matened vesicles. of
tubalar membrunes Uee figure 2291 They are often conpecied
0 the plasma membrane and arise from it by imvagination. How-
ever, these internal membranes differ from the plasma membrane
by being enriched for proteins and other medecules involved in
erergy conservation. For instance, the thylakoads of cyanohac-
teria contam the chlorophyll and photosyathetic reaction cent-
ers responible for converting light energy imto ATF. Thus the
function of internal membeanes may be 1o provide a larger
membrane surface for gremter metabolic activily.

Inclusions
Inchesdons are common in all cells. They are formed by the aggregs-
o of subsances thal mury be either ongamc o inorganic. nclussons

un energy reserve. and polyphosphate also can serve s an enerpy
slifee in some reactions, when the bomd haking the final phos-
phate in the polyphosphate chain is hydrolyzed. Sulfur globules
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Figure 3.32 PHE inclusions In Bacterla.  PrE s o pakyer of
fi-tydrarybutyrale mo et e joned by esler Soods between e Cabond
and frydrasyl greams of adgacent maieudes. PHE mcsioms ane arousd 02 to
07 umin diameler. PHE red inead m enclawed by o thell campoed of
severa dfferen) proteins, moading the FEE synfhesnng enryme red) and
the PHB-cegradng enryme [geen)

e} Gad vacueles ) Magretosomes.

Figure 3.33 Bacterial Cellinclusions,  {a) Cvamoium waoseem. & surmie
St bt prium, with inttmce ular v fur globules. fo] Carbanysome = the
Eacterum Exhe

W00 nm in dinmeser jof & freeze- raclure prepasaton of Anatoens fosoguoe
shavang gas vescles and ga vacueles Bolk engiicingl snd cross 4ecton
views 0f gas vesicles are indicated by arows, i) Mogrelococas mannum ce i
are migh 'y sp7esical wilh & ungle tham of magretie crystat.
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are formed by bactens that use reduced sulfur-comtaming com-
pounds s & source of clectrons during their encrgy-comser ving
metabolic processes (Migure 3.33%a). For example. some photo-
synthetic bacteria wse hydrogen sulfide (rather than water) as an
clectron donos and scoumulate the resulting sulfur either exier.
nally or internally. B Light reactions in  anotypenic
photossuthesis {section 11.12); Purple sulfur bacteria perform
encypertic photosmshesis (section 22 1)

Micrecompartments
Some bacterial inclusons serve funcuons other than simply
storing substances lor later use, These inclusions, called mi-
share several ch They arc rela-
tively Iuge polyhedrons formed by one or mare differsnt
proteins. Enclosed within the prosein shell are one or more en-
2ymes. M inchde the ethuml: wtilization
1Es b P the il kil (P} micro-
compartment, and urhmyms\. We focus here on curbaox-
ysomes as they are the best studied.

Carbonysomes are present in mamy cyanchacterss and other
€0 fiung bacteria (figure 3334 Therr polyhedrul coar is com-
posed of three different proteans and i about 100 mm in dismeser
Assaciated with the shell s the enzyme carbomnc anbydrse that
converts carbonic scid and wcarbonate i €O, Recall that bio-
logical membrunes allow the free diffusion of C0, However, the
curbonysome shell prevents OO, from sscaping w it can aecum-
Late. Enclosed withan the polyhedmon is the enzyme ribukose- 1, §-bi-
sphusphate carbosy lsetonypenase (RubisCOL RubisCO s the
critical erryme for OO, fisation, the process of converting €O, il
sugar Thas the carteysome serves as 4 site for CO, fiston, As
such it is critical that carboxysomes be distributed to both daaghter
cell during ccll division. PurA, a Lyms.u;lud profein {table 3.2),
helps ensure approp of ¥ . ¥l o,
fasatnn mhnwnﬁc.uuhmra‘('ﬂ vartn (seviion 12.4)

Other Inclusions

Inchsions can be used for lunctions other than dorage or as micr-
compartments. Two of the mos remariable inclusions are gas vacu-
oles and magnctosomes. Both are mvobved o bacterial meovement.

The gus vacuole provides buoyancy o some sgquatic hacte-
ria. many of which arc photosynthetic. Gas vacuoles are aggre-
gates of enormous numbers of small. bollow, cylindrical
struciures called gas vesicles (figure 3. 33%) Gas vesicle walls are
compersed of many copies of 4 single small protein. These protein
subunits assemble (o form a ngid cylinder that is impermeable w
waler but freely permcable 1o smosphenic gases. Cells with gas
wacuoles can regulste thew buoyancy to Moal ai the depth neces-
sary for proper light intensity, ouygen concentration. and awisicn
levels. They descend by simply collapsing vesicles and Moat up-
wardl when new ones are consrucied.

Aquatic s o oricn|
themselves in E-nh-uqm[uld Northern Hemisphere boc-
teria wse their magnetosome chain to determine nonthwand amd
dos nwarnd dircctions. and swim down o nuinicot-rich sediments
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Figure 3.34 Bacierial Ribosomes.  ja-c) Schematic
p of the 1w subunits and 1 plite 105

s} 305 sibunt

(&} SO5 subwrin

el P05 roaseme

e lecate the optimum depth in freshwater and marine habitats.
Magnetotuctic bacteris in the Southern Hemisphere generally
urienl southwand and downwand, with the same resull. Magoewo-
somes are intracellular chain of magnetae (Fe ) or gregile
(Fe 5,) particles (figure 3.33d). They are around 35 w0 125 nm in
tiameter and enclosed within mvaginations of the plasma mem-
brane, The invaginations contain dustinctive protens that are mot
found elsewhere in the plasma . For the cell 10 monve
properly within o magnetc Nield. magnctosomes must be ar-
ranged ina chain. A cytoskeletal protein called MamK is respon-
sible for establishing o framework upon which the chain can
Torm (table 1.2 ser figure 22.14).

Bacterial Ribosomes

Ribesomes are the site of protein synthesis. and large numbers
110,000 to 20,000 are found in nearly all cells. The cytoplasm of
rapidly growing hacterial cells is ofien packed with ribosomes.,
and additional rhaumﬁ uluy he toosely antached 1o the plasma

il The ¢ h profeins des-
tined to remain mlhln the cell, whercas plasma membranc—
associated ribosomes make proteins that will reside mn the cell
eavelope or be transporied o Lhe outside

Translation. the process of protein syathesss, 15 amazingly
complex and is discussed in detail m chapter 13, This complesity
is evadenced in part by the structure of ribosomes, which are
made of dozens of proteins and several ribonucleic acid (RNA)
maolecules. The ribesomes of all three domains of life share simi-
larities. However, there are important differences, Here we focus
stricily on bacterial ribosomes. We compare bacterial and
archacal ribosomes tn chapter 4 and compare all three types of
ribisames in chapter 5.

ricasame of E cob i) Molecula sirsctare of 1he K5 10some
ol Phermu thermoptules. The SO% subuni (LS4 includes 235
TRNA igray) and 55 BMA [avencen whie 165 IRNA lumunse]
o found m the 305 subunt (5501, & ma-ecute of IRNA igoid) s
showen in he & wie To generate this stiuctuls model, crystaly
of put lied bactenal réosomir were prepared and esgoved 1o
¥ vy, and the 1esa ling B aclon patter analyred

Bacterial rib are called 708 riby und are con-
structed of 4 805 and a M08 subunat {ligure 334} The S in these
walaes stands for Svedberg unit. This is the unit of 1he sedimen-
tation cocflicient. a measure of sedimentation velocity ina cen-
infuge: the faster a partiche travels when centrifuged, the greater
s dberp value The ficient s o funclion
of a particle's molecular weight, volume, and shape. Heavier and
more compact particles mormully have larger Svedbery
numbers.

Bacterial rib are composed primarily of 1l
RNA (fRNA) molecules. The small subunit contains 16§
fRNA, whereas the large subunit consists of 235 and 55 rRNA
molecules. Approvimalely 55 pritems make up the rest of the
mass of the nbosome: 21 m the small subunit, and 34 in the
large subunit.

Nucleoid
The nucleoid is an ellipsoidal region thal contains the cell's
chromosome and numerous proteins (ligure 3.35). Although the
nucleoid 15 ot separated [rom the cyloplasm by 2 membrane, i
1% a distinet region of the cell, as observed by microscopy. Ribo-
somes are excluded from the nucleoid The chromosome itself
s an oriemtation. and particalar regions occupy discrete loca-
lions within the nucleoid

The chromosomes of most bacteria are a circle of double-
aranded deaxyribonucleic acid (DNA), but some hacteria hove
o linear chromosome. Most bacterio have o dngle chromosome,
but some bacteria, such as Vibrio cholerae and Borrelia burg-
derferi icausative agents of cholera and Lyme disease, respec-
wvedy). have more than ooe chromosome. Many hacteria carry o
single copy of their chromosome (monoploid), but others are
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Figure 3.35 E cofl Nudesigs and Chromesomes.  Bacional chiommomes
e located i e nuCeoT, 40 ame 1 e OA00IEST. @) A Lo enfanced
irassmeson giacton merogtah of 4 thin section of 2 deedng £ ol cel The
1ol aveas ave e nuclenids present in e bae deughber cof 5. [ Chomasome
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kniewn 1o be polyphoid, often with more than 10 copses per cell

In Deanocorcius radiodirens, this is believed 1o be necesary o

allow the repair of damaged DNA under adverse environmenial

conditions. and the giant bacterium .Epll.rwu\( fram ,-‘ululumr
4

bility 1 the genetic Physicul factors like
macromalecular crowding and supercailing contribute 1o nucle-
oid organization. Supercoiling produces o dense, central core of
DNA with boops of DNA eatending ou from the core. Besides
physical factors, architeciural protemns also contribute (o aucle-
oid structure. Nuckeoid- wsociated protins (NAPs) are small.
abundant DNA hinding protcins that cause the chromosome 1o
bend and fold For example. the HU profein, a NAP first identi-
fied 10 £ coli. is widely distributed 1n bacteria. and is abundarnt
enough to cover ibout 15 of the chrumesome. NAPs have niul-
tiple functions: They form bridges belween one section of the
chromasome and another and they participate in the many pro-
cessen that occur on the chromasome. Cells have several differ-
ent NAPs, bat HL is the only one found in almost all bacteria
NAPs are particularly important dusing cell division. when they
Turther compact the chromeosomes. This extra level of packing is
fir proper ¢ of daughter ch dur-
:n; well division. W DNA i3 a polvmer of dewsyribamglen-
fides (aection 13.2)

Plasmids

In adaliticn o the genetic material present in the nucleod, many
bacterin contain exirachromosomal DNA molecules called plas-
s, The genome of an organism includes all DNA. including
plasmids. Indeed. most of the hacterial genomes sequenced thus
far include plasmids. In some cases. numerous different plus.
mids within a single species have been adentified For insiance.
B, burgdorfer carries 12 lincar and 9 circular plasmids, Plas-
mids play muny mmportant robes i the lives of the organisms
that have them They alwo have proved invaluable 10 ml:mhualu

pists and molecul: in and
new genclic .umhn.nlm and in cloning genes, as described m
chapter I7.

Plasmids ars double-stranded DNA molecules that can exist
independently of the chromosome. Both circular and lincar plas-
midls have heen documented. but most known plasmids wre circu-
lar. Plasmids have relatively few genes. generally fess than 30,
Their genetic infirmation & aot cssential to the bacterium, and
cells that lack them usually function normally. However, many
plasmids carry genes that confes a selective advantage o the hac-
lenim in certain environments.

Plasmids use the cell’s DNA-synihesuning machinery to
replicate, bt their replication is not hinked 1o any particular
stage of rhr n-il ..;;I: Thus regulation of plasmd and chro-

(figure 3.4) appears to require tens of th
Copies.

Buctenal chromosomes are longer than the length of the
well. Therefore, an important and unanswered question is how
these microbes manage to fit their chromosames 1660 the rela-
tively small space occupied by the nuckeoid. For instance,

are 7 However, some plas-
mids are able to imegrate into the chromosome. Such
[\ ds are called ey and when wniegrated are repli-

cated as pant of the chromosome Plasmids are inherited sta-
bly during cell division. but they are nol always equally
apportioned into daughter cells and sometimes are lest. The

E. voli's ccalar ch i by LAy loss of & plasmid is called curing. |t can occur spentancously
pm, or ubout 230-T00 times Jonger than !hc odl (figure 3.35h). or be nduced by treatments that inhibit plasmid replication
Thus the ch mus! be d and packaged in 4 but not host cell reproduction Some commonly used curing

are acnidine ultraviolet and fonizing

manner that decreases s overall size yel reralns easy

tures Lised fod Amachment and Motility B8

3.7 Many Bactona Have Esternal &

Type Function Example Size (kbp) Hosts Phenctyplc Features’
|
Conjugative Transfer of DA from ane F factor 95-100 E col, Sobmomnild, Sex plus, conjugation |
Plasmics’ ool 1 pnother Citrobocter |
R Plasmids Carry antiblobe tesstance RBP4 L2 Preudomonas snd Sew pllus, eonjugation,
many other Gram- resdstance to Amp,
regotive Bactetin K, Wem, Tt
Col Plasmids. Produes DOCIRHOCINS, CoiEl 9 E coll Coscin B productson
Substancos that destroy
closely related specirs
Virulence Plasmids Carry wiulence genes m 200 AgrobocheTium Tumot induction
tnedociens in plnnts

Ancowviate e i anibate Ama engc B K Sanarrpun Ne seomom Tel Tebiecpie
2 Many B pasnec and ot ave ahaanpagetio

radiation. tymime stervation, antibiotics. and growth above op-
limal {emperatures.

Plasmids may be classified in lerms of their mode of existence,
spread. and function, A bricl summary of the types of bacterial
plasmids and thetr propertics is given in table 3.3, These varwous
types of plasmids can also differ in lerms of the number of copies
found within the cell. Single-copy plasmids produce only one
copy per bosi cell. Multicopy plasmids may be present al concen-
trations of 106 or more per cell.

Comprehension Check

1 Beiefly ke nature and and the
IeQiONs a0 structares within 4 How s the cytesol different frem the
cyteglasm?

LList the most common kinds of inclusions. How are they simidar In
eukaryotic oganeles such as mitochondria and chioplats® Hew
o they diter?

How do plasmids diffes fram cheomasomes? What is an eprsome?
Explan the impertarce af each of ihe lollawing plasmeds: conjugative
jplasmid, R plasmid, Col plasmid, and wiulence plasmid

3.7 Many Bacteria Have External
Structures Used for Attachment
and Motility

After reaing this seciion, you should be able o
a. Distinguish B (limbrise) asd Ragells
b, Miustrste the various patteims of Rageis distitutan

Buacteria must constuatly respond w their changing cnvirmments.
Somctimes it is sdvaniageous o attach 1o o surface. Other times it
Is better o muowe towind or sway from something in the emvimon-
ment Mamy hacteria have siractures that exiend beyond the cell

envelope and are involved in either anachment w ssrfaces or muotil-
iy, In addmion. these exiernal srectisres can {unction in protection
and horizontal pene transfer Several are discussed in this section

Bacterlal Pili and Fimbriae

Many hacieria have fine, hairlike appendages that are thinner
and typically shoner than flagells. These are called Mmbrise
i, Mmbria) or pill (s, piles) The terms are synonymuous, al-
though corun structures are historically called pilus (e g.. sex
prlus), while others are called fimbriac. We will use the terms
icrchangeably, except in those instances. A cell may be cove
ered with up 1o | (00 fimbriac. but they are only visible in an
electron microscope due to their small size iligure 3.36), They
are slender mbes composed of helically arranged profein sub-
umis and wre shout 3 1o 10 om i diameter and up lo severul

S e

Figure 3.38 Fagella and Fimbsize. The ong ! sgela and numenous
shorter kmbriae e evioel s SEM of the bactesium Proteus vulgis
+ WM S .

Froma e
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mucrometers long. Pili grow by sdding protein subumits W their
hase, Several different 1ypes huve heen identified and mrst func-
thon 1o aitach cells o solid surfaces such as rocks in streams and
host tissues. Type IV pili are involved in motility (section 3 8)
and two gene transfer mechanisms: bacterial irnsformsation and
hacterial B Bactersal canf requires eell-
cell contitct (ection 16.6) Bavterial transformation is the up-
take of free DNA from the emvirsment (section (6.7)

Many bacteria have up to 10 sex pili (s . sex pilusi per
cell. These hairlike structures differ from other pili i the fol-
lowing ways. Sex pili often are Lug:r than other pili (around
910 10 am in acall by
congugative plasmids and are mmd for conjugation. Some
bacterial viruses attach specifically to sex pils an the stan of
their infection cycle.

Bacterial Flagella
anymlelwmmhymﬁfhllimel_l
hreadlik outwand from the
plnsmnmunbnn:auic;d.lwﬂL Although the main function of
flagelln s matility, they can have other roles. They can be in-
volved in attachment to surfaces, and in some bacleria. they are
virulence Tactors, that is, they contribute o the abiliny of the
hacterium to cause discase.

Hactertal Mugells ane slender. nigid strucneres shou 20 nm acnrss.
and up 00 20 pm long. Flagella are so thin they cannot be observed
directly with a bight micrscope but must be stained with iechnsgues
designed to mcrease their thickness. The detailed struenare of o fls-
gellum can only be seen in the electn microscope.

Bacterial wpecies often differ in (heir patterns of Magells
distribution, and these patterns are useful in identifying bacteria.
Monotrichous bacteria (Greek frikhos, hair) have one Magel-
Tum; if it s kocated 1 an end. it is said 10 be o palar Magellum
(ligure 3.37a} Amphitrichous hacteria (Greek ampdi, on both
sides) have & single Magellum ot each pole. In contrast, lopho-
trichous bacteria (Greek fopiw, crest or it} have a clusier of
flagella o1 ane or both ends (fgure 3. 17h) Flagells are spread

evenly over the whole surface of peritrichous (Giroek pen,
around) bacteria (figure 3.37c)

Transmission ¢lectron microscope studies have shown that
the hacterial Magelium s composed of three parts { figure 338
{13 The filament is the loagest and most obvious portion. [t
extends from the cell surface o the up (21 The basal bedy is
embedded ia the cell eavelope: and (3} & short, curved segment,
the sk, lsnks the (ilament to its basal body and acts as o fexi-
ble coupling.

The filament is a hollow, rigid cylinder construcied of
subunits of the protein Nagelin, which ranges in malecular
mass from 30,000 10 60.000 daltons, depending on the bac-
terial species. The filament ends with a capping protein.
Some bacleria have sheaths surrounding their Nagella. For
cxample, Vibrio choierae flagella have lipopolysaccharide
sheaths.

The hook and basal body are quite difierent from the fila-
ment (figure 3.38). Slightly wider than the filament, the hook is
made of different protein subunits. The basal body is the most
complex part of o flagellum. The hasal bodies »*
other typical Gram-negative hacteria have ©
and €, which are conmecied 1o a central n
L. B and M5 rings are embedded in the ¢
C ring is on the cytoplasmic side of the M5
posstive bacteria have oaly two nings: an mner ning coanected in
the plasma membrane and an outer one probably attached w the
peplidoglycan (figure 3.3%h.

The symhesis of bacterial fagella is complex and in-
wvolves at least 20 1o 30 genes. Besides the gene for flugellin,
10 ¢ more genes code for hook and basal body proteins: ather
genes are concerned with control of Mageliar construction or
function. Many components of the flagellum le outside the
cell envelope and must be wransporicd out of the cell for s
sembly. Interestingly, the basal body is o specialized version
ol the type HI protein secretion system observed in typical
Gram-negative bacteria. Type Il secretion systems have a
needlelike siructure through which profcins are sec . In
the flagellar type 11 secretion system. the filament replaces

'-, N-—
(T3 GV Gul (3
polar Magetation Nagesiation

1) B ctvi—perrec ous
Nagetaticn

Figuro 3.37 Flagollar Distribution. £ vamg e of vanows pafterm of laget aticn as seen in the (ght maow eoe af Fagels stan of Pieutormenis mendocs
ok Siwrstum vesufons (10008 Oy Ihe B of Rage la at ame end = ceary vilie (o) Bools oty

o v Saurte COLDe Wi & Cid. U8 € Wk 108 Bl b Py Bt o e
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the needle Individual [lagellin subunits are transporied
through the hollow filameni. When the subunits reach the tip,
they spontancously aggregate under the direction of a prolein
called the filument cap; thus the filament geows at s up rather
than at the base (flgure 1.39). Filament synthesis, like S-layer
formation, is an example of sell-assembly. B Provein mat-

rution wrd secretion (section 13.8)

92/ 101

Comprehension Check

1 'What are the functions of fimbwise (pil) and sex pili?

2 Whnat terms ate used to the agells
pattern observed among bacieria

Eagedum it stsembied in this way?

Figure 3.39 ﬂqﬂﬁamwnnm Flagel = subunds irived Bvough the | age s core and altach i

rowing . Thes attachment

tap protein

MICRO INGUIRY Mo dees Aagelum groweth compere 10 £ihs Giewth?

3. Winat o vell-an semihy® Wivy dees il make semse that 1 filament of a
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mcromelers long. Pili grow by adding protemn subumis 1o thewr
bhse. Several different 1ypes have been identfied and most fune-
tion to sttach cells 10 solid sarfaces such as rocks in sireams and
host tssues, Type IV pili are involved in motifity (section 3 8)
wnal pwn gene transfer mechonioms: becterial ransformation amd
bacterial conjugation. ® Bucierial requires celi-
cell comtact {section 16.6); Baclerial transformation is the up-
take aif free DNA froe the environmens {section 16.7)

Many bacteria have up to 10 sex pili (s, sex pilush per
cell, These hairlike stractures differ from other pali tn the fol-
lowing ways. Sex pili often are larger than wther pili {uround
910 10 nm in diameter). They ure genctically determined by
conjugtive plasmids and are required for conjugation. Some
bacterial viruses attach specifically 1o sex pili ol the stan of
thetr infection cycle.

Bacterial Flagella
My mestibe hacteria move by means of MNagella (s, Nagellum),
h: dlike | d iH outwarnd from the
plasmin memibrane and cell wall. Although the main function of
flagelln is metility, they can hive sther roles. They can be in-
volved in attachmeni o surfaces, and in some baciena, they are
virubence fuctors. ihat is. they contribute 1o the abality of the
hucterinm 1o cause disease.

i ] about

and up o 20 e long. Flagella are so thin they cannot be obsened
direily with a light mecmscope b mist be stained with ochnigues
designed 10 ncregse their thickness, The detuled seructure of 8 (-
gellum can only be seen in the clectnn micnmoope.

Bacterial species ofien differ in ther patierns of flagells
distribution, nnd these panerns are useful in ident fying bacteria
Muonatrichous hacteria (Gineek frikhos, hair) have one [lagel-
B i€ it b located at an end, it is said 10 be a polar Magellum
(Migure 3.3%). Amphitrichous bacieria (Greek wmphi, an both
sides) hove a single flagellum ul cach pole. In contrast.
trichous bactera (Greek faplier, crest or wit) have a cluster of
Mugella ut ooe or both ends (ligure 3.37h) Flagella are spread

evenly over the whole surface of peritrichous (Greek peri,
arvund) hacteris (figure 3.37c).

Tramumission electron micrwscope studies have shown that
the bacterial Magellum is composed of three parts { figure 3.38),
(13 The MHament is the loagest and most obyiows portion. It
extends from the cell surface to the tp. (2) The basal body is
embedded in the cell envelope: and (1) a short. curved segment.
the heok, links the filament 10 s hasal body and acts as a fexi-
bile coupling.

The filament is a hollow. rigid cylinder construcied of
subunits of the protein Nagellin, which ranges 10 molecular
mass from 30.000 w 60.000 dalions, depending on the bac-
terial species. The filament ends with o capping prodein,
Some bacterin have sheaths surrounding their Magella. For
crample, Vibrro cholerae flagella have lipopolysaccharide
sheaths.

The book and basal body are guite different from the fila-
ment (figure 3.38). Shghtly wider than the filament. the ook is
made of differens protein subunits, The hasal hody is the miss
complex part of 8 Nagellum. The basal bodies of £ cofi and moss
wther rypical Gram-negative bacteria have four nings: L. P, MS,
and C, which are connected 1o a central rod {figure 3.38a) The
L. P aned MS rings are embedded in the cell envelope, and the
€ ring is on the cyloplasmic side of the MS ring. Typical Gram-
posative hacterin have only two rings: un inmer ring connected 10
the plasma membrane and 2n outer one probably anached 1o the
peptidoghycan (figure 3 385)

The synthesis of bacteral flagella is comples and in-
solves ot Jeast N0 1o 3 genes. Besides the pene for flagellin,
10 or more genes code for hook and basal boady proseins: other
genes are concerned with control of (lagellar construcuon or
function Many components of the flagellum lie outside the
cell envelope and must be transported ool of the cell for as-
sembly. Interestingly. the basal body is o specialiced version
wl the type [l proteins secrenon sysicm observed i typcal
Gram-negative bacteris. Type 111 secretion systems have o
weedlelike structure through which proteins are secreled. In
the Magellar type 11 secretion system, the Niloment replaces

IS = Ny
e I
)P o4 5 vanaoes
oeia Ragitatinn Aageiianion

€] B ohver—peritrichous
Fagetation

Flgure 3,37 FlageRes Distribution. £ vamp e of waticus patlenns of Rige: sion s sees n the LGl microscope | F ageda stain ol Preudomanc mendosng
I} vty powatens. ccd D000 Drey thee lult of flage la ot one esd B Cearly vaite (o Booly ofeed
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Figure 338

Fagefar hock. i v

the needbe. Individual Mugellin subunits are transported
through the hollow filument. When the subunits reach the tip.
they spontancously sggregale under the direction of & protein
called the filament cap; thus the filament grows at its tip rather
than ot the base (figure 3.39). Filament synthesis. like S-layer
formation, is an example of sell-assembly. ®| Prosein main-
ruticn and seceetion (section 138

Comprehension Check

1 Whai are the

L Wil leims are used 1 describe the diflerent Ragels detribulion
patteins phietved among Bacteis!

3 Wt s seit " Wiy ]
Nagelium is aisemtied n this wayT

Figure 3.39 Fagellar Flaments Grow al e Tip.  Flage! i subunils ravel Ewough (e | age & core #nd sitach Io

gramingtip Thes ¥ cap protein
MICRO INQUIRY How does fogedl wih?




3.8 Bacteria Move in Response to
Environmental Conditions

After reating this section, you should be able to

a. Compare and contrast Eageliar swimming motiity, swarming.
spiochete lagelar mobilily, and twitching and gliding motiity

b, Stale of motility

© Explain why bactorial ammsrmmn- blased
random walk”

As we note in section 17, severul structures extending beyond
hacterial cell envelopes contribute 10 motility. Five major meth-
ods of movement have been observed: -mlmmmg mmcﬂm
conferred hy I'Iagell-n Magell i

4] t

hing matility associated with

type IV pili, and glidung matiliy

Mudile hacteria do not move aimlessly, Rather, motility s
wsed 10 move toward nutrients such s sugars and amim acids
and oway from many harmful substances and bacterial wasie
products. Movement oward chemical attractants and away from
repellents is known as chemotaxis, Motike bacteria also can move
in response 1o cues such as lemy fthermo-
taxis), light {phototaxish oxygen (aerolaxis), osmolic pressure
(ommartaxis), and gravily.

Flagellar Movement

Swimming

The flament of a bacierial Qagellum i in the shape of a ngid
helix. and the cell moves when this helix muates like o propelier
on a bout, The fagellar moteor can rotate very rapidly, The . coli
rwotor rotates 270 revelutions per second (epsi; Vibrio alginolyvi-
cus averages 1,100 rps, For many bactera in an aquatic envirom-
ment, fagellar rotation results in two types of movement: a
smooth swimming movement often called a run, which actually
moves the eell from one spot 1o another, and o tumble, which
serves 1o reorient the cell As we shall see i our discussion of
chemoluxis, .Ill.emnlml between runs and tumbles s important
for responding Lo | 1 Often, the direction
of fagellar rotation determines whether a run or o tumble occurs.
For example, muny bacteri with moootnchous, polar agella
use a counterclockwise rotation for 4 run (figure 340) When
rotation i reversed, the cell tumbles. Many peritrichously Magel
lated bacteria operate in o somewhat similar way. To move for
ward in a run, the flagella rotate counterclockwise. As they do
50, the Magella bend ut their hooks 10 form a rotsting bundle that
propels the cell forward. Clockwise rotation of the flagells dis-
rupts the bundie and the cell tumbles.

Mot all hacteria use runs and umbles for swimming maotil-
ity. For instance, Rhodobacter sphaeroides cells aliernate be-
Iween rotating their single flagellum in one direction (run) and
no rotation, a so-called run-stop motility,. When the cells are

L]
A
L] L
Forward rur
el
Tumble
L]

Figure 340 The Direction of Flagellar Rotation Often Delermines the
Way a Bacterium Moves.  Parts (3} anc i desoribe 1he motson of Daciend
il monotnchous, poi RaGea. Parts ic) and |0} HLstrate the movemens of
Dactena with pertnchoss flaget a

cause them 1o make small changes in orientation, When they
resume a run, they move in a new direction. Another type of
swimming matility is seen with the monotrichous bactesium
Wik alginofviicus. 1t uses a run-reverse-Mick pattern. It
swima forward (run} when the flagellum rotates in one direc-
tion. When rotation reverses, the cell moves backward (reversel.
Jusi as the rotation switches again for a run, the flagellum
flicks, causing the cell 1o change its oncatation and move in a
new direction

The motor that drives flagellar rotation is localed at the
base of the Magellum. Torque generated by the motor is rans-
mitted 1o the hook and filament. The motor s composed of two
components: the rotor (the meoving parts) and the stator (the sta-
tionary companents|. 1t is thought 1o function like an electrical
mestor, where the rotor turns in the center of a ring of electromag-
nets, the stator, In typical Gram-pegative bacieria, the rotor is
compesed of the central rod and all four rings (Fgure 3.41) The
C ring protein. FIiG, is partcularly important because it imteracis
with the stator. The statoe is composed of the proteins MolA and
MotB, which furm o channel through the plasma membrane.

M also anchors MotA 1o cell wall peptidoglycan

stopped. molecules in the bombard the cells and
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electrons from an electron donor to a terminal electron
acceptor via a chain of clectron carriers called the elec-
won mansport chmn (ETC) In bacierial cells, most
components of the ETC are located in the plasma mem-
brane. As electrons are transponied down the ETC, pro-
tons are transported from the cytoplasm o the oulsade
of the cell. Because there are more protons cutside the
cell than inside, the outside has more positively charged
juns {the protons) and a lower pH. PMF 34 4 type of
potential energy that can be used 1o do work: mechani-
cal work. as in the case of flagellar rotation; transport
work. the movement of materials into or out of the cell
{section 3.3 or chemical work such as the synthesis of
ATP, the cell's major energy curmency.
How can PMF be used 1o power the (lagellar motor?
The channels created by the MotA and MotH proteins
allow prodons (o move across the plasma membrane from
the outside to the insde ifigure 341} Thus the protons
muove down the charge and pH gradiest. This moverment
releases energy that is used to rotate the Magellum. In
essence, the entry of a proton into the channel is like the
entry of a person into a revolving door. The “power™ of
the proton gencrates torque, rather like a person pushing
the revalving door. Indeed, the speed of (agellar mtation
is proportional to the magnitude of the PMFE.
The flagellum is a very cffective swimming device. From the
hacterium's point of view, swimming s quite o difficull sk be-
cause the surmunding water seems as visemis as molasses. The cell
mthm: through the water with its corkserew-shaped flagella. and
if Magellar numn ceases, it stops almest instantly, Despite such
w bactera can swim from 10
o 100 pm per sa:und This 15 equivalent to traveling from 2 to over
150 cell lengths per second, In contrast, an exceptionally fast hu-
man mught be able 10 run around § 0 6 body lengths per second

Outer membrane
- Peptidoglycan Layer

(- Perpiasmic space

Swarming
An increasing number of bacterial species has been found 1o
exhibil an interesting type of motility called swarming. This

Figure 3.41 Mechanism of Flagellar Movement. (1) This dragren of a

Pageium shaws soms of the mone imporant companers and the flow of
protons that dnves rotation. Some of the many Ragel ot pioteins e bbeled
|t & ihree-dimerions eleciion cryoiomographic econstruction of Fe
Nagel ar metot.

(IC G Murpry MatowSoents Souic

MICRD INGUIRY Woul s flogemum be found i o fypical
(Grom-negolive o Gram-posiwe bog fenum?

As with all motors. the flageltar motor must have a power
source that allows it to generate torque and cause Magellar mia-
tion. The used by most flagellar moters is a difference in
charge and pH across the plasma membrane, This difference is
called the prowon motive force (PMF) PMF s largely created
by the metabolic activitics of organisms. as described in chap-
ter 11, One important metabolic process is the transfer of

matility occurs on motst surfaces and is 8 type of group behavior
in which cells move in unison across the surface. Most bacteria
that swarm have peritrichous fMagella. Many als produce and
secrete molecules that help them move across the substrate.
When bacteria that swarm are culiured in the lsboratory on
appropriste solid media, they produce charactenstic colony mor-
phologics (figure 3.42).

Spirochete Molility

Spirochetes have flagella that work in a distinctive manner. In
many spirochetes, multiple fagella arise from each end of the
cell and wind around the cell (Tigure 3.43). The flagelin do oot
exiend outade the cell wall bat rather remain in the periplasmic
space and are covered by the outer membrane. They are called
periplasmic flageila and rotate like the external Nagella of other
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Figure 342 Swarming

 Solid Growth Medium.

f the 1 dle and gred o
0 Daw bramy

tesial celb sminmied fio he center
palten ciled dendrdes

hacterfu. causing the corkserew-shaped ouer membrane o mtale
und move the cell through the surnunding medmum. even very
viscous Heuids. Flagellar mtation may also flex or bend the cell
and weeount for the creeping o crawling mosement observed
when spirochetes are in contact with a solid surface. ® Phylum
Spurochactes {secon 21.6)

PE periplasmic fageia
PC proteplasmic cringe

OM outer memtans

Preoglaumic

00 .
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Figure 3.43 Spirochets Flagella, i3 Numerous flogels arma o e
end af ihe sprochete These miertwine so wand eround the ool osuety
aversppng i e taddie (] Eedron cymor ographic mege of e sprocete
Treponeme demicola srowing Bvee Fager a irsing feom tne 3o of the call

£ larmaies bew thara: SEpTe.

a5 GERCTIDGD Th Chap-
ter 11 One important metabolic process is the transfes of
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Twitching and Gliding Motility
Twitching and gliding motility occus when cetls are on a solid sur-
face. However, unlibe swarming. mmmnwu Ghing
motibiry vanies greatly
i the nature of the motion. -\lhq!afﬂm:ﬂm 100 years
ago, the mechanmm by whach many bacierna ghde remanms 2 mys-
tery. We describe the glhding motility of Flavehbacwenisn spp. and
Mucophama spp rndewlw‘.hwu B Plodum Bacterosdetes
nclides swmpertunt cut 207 Class Mol
Phrvlsen Tenerwutes: bocirri thar lacd coll walls fsection 21.3)

Here we focus on My ovess anshi because 1 exhibiis
bath twiiching and gliding motibty. s twiching motility o
walled social (5) motility because o occars when large groups
of cells move wygether in a coordinated Tashwn. Twitching
motility i characterized by short, imermiticnt. jerky motsns
of up o several micrometers in length and i+
very muisl surfaces. Type IV pili aliernate!
o mwve cells dunng twitching motilty
wonlacts the surface al a pont some dis
bhody. When the pilus retracts, the cell is pus
Bydrolysis piwers the exiension/retraclion process

In contrast 1o the perky movement of twilching motbity,

motility s smeoth. The ghding motility exhibited by

Myvewoccus anthus s called adventurous (A) motlity; it is
observed when single cells move independently. In M. s,
proteins similar to MotA and Mot of the Magellar motor func-
tion as the motors for ghding molity and these are also pow-
ered by PMF They are bocated in the plasma membrane (like
Mageliar modors b Additional motility proteins are located in the
peniplasm and the vuler membrane where they move mdepen-
dentlly. It is enly when the full set of protein compleaes aligns
actoss the entire cell emvelope that they can exert the mecham-
«al force 1o propel the cell. Adbesin proteins on the cell surface
are compressed and slide on the subsirate. pushing the body of
Ih: ctll Durn-ﬂ B Order M;’wm'\.a]:n acteria with mor-

ool and I (aectimn 2240

Chemotaxis

Imagine o motibe hacterum in an ccean. Depending on where i
1 in the water column. light, oxygen. and mrient kevebs wall
vary. These alus vary over tme die 1o the activities of sl the
orgamsms present. To posation itsell m e most benclicial loca-
‘uion in the water column, this bacteriom seeds 1 sense changes
in the emvironment and move accondimgly. The movement 1owarnd
or sway from sftractants or repellents is called vis. As noted
carier. hacteria exhibil tanes 1o @ variety of stimali, including
light and oxygen The mevement of colls owand chemical s
tractants or sway from chemucal repelieats tchemotaxis) i the
best-snudied type of taxis Chemotaxis s readily observed in
Peiri dish cultures. If bacteria are placed in the conter of a dish of
semtelud agar containing an attractant, the kacterna wall exhaust
the hocal supply of the nutrient and swim outward folkwing the
anractant gradient they have created. The resull is an expanding
ring of bacteria. When 3 disk of repellent 1s placed i s Petri dish
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Lalca
periplasmic Magella and mtate like the exiernal flagella of other
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ol semiselsd agur s bocteris, the bacteria will swim sway from
the repellent, creating o clear zone arund (he disk
Adtrsctants und repellents are detected by oh

The behavior of the bacterum s shaped by iemporal changes m
chemical concentration. The cell is able s compare the current
with thy a few seconds eardier. If the

proteins that bead chemmcals and transmit sagnals 1o other com-
pusctits af the ch system. Ch AyMETms,
hscated in the plasma membrane. are setmative and alkow the cell
B responed 1 b levels of attractants Gabout 100 M for some
sugrd Some recepiors albo participate e the il stages of
sugar irunspor! into the cell

concentration of the afirsctant o increasing, fumbling s sup-
proved. Likewise, £ coli moves sway (rom a repellent because
H bt the the repelbent is The
bactermm's chemoreceplon play a critical role i this process.,
The maolkecular events that cnabie E ool oclls o semse o chemical
gradient and respond appropriately are presented in chapler 14

The chemutactic behaveor of £ ooli has been extensively
slusdied and 15 our fovus here. B movements can be followed -
g @ bracking micniscope, o micnncupe with 3 moving sdage
hut Ity keeps an individual i vaes [n the
ahsence ol o chemical grabient. £ coli cells mve randomly.
awhching back amd forth berween muins and tumbles. During o
rum, the bactenum swims i a stroight or slightly curved line
Aller a few secomls, the bacterum sops and tumbles. The tum-
ble randamly reorients the cell so thar it s (acing in a different
direction. Therefore when it begins the next rum 0 wually poes
i i dilTerent direction ifigure 3.44a). In coatrast, when E. coli s
expused to an witractant, i tumbles less frequently for has longer
rins) when raveling wowand the stiractant. Although the tumbles
can still orient (he baciersum sway from the Mirsclant, over time
thie cell pets closer and cliser i the sitraciamt (figure 3440 The
npposite respanse ocouns with 3 repeliest. Tumbling frequency
decreases (the run time lengthens) when the hacterinm moves
awuy from the repellent

£ coli must have wnme mechamism fir sensng that if s pei-
g chiser 1o the stirictant tor moving away from the repellent)

Comprehension Check

1 Descrte the way many Sagells operste 10 Move § bactorium,

1 How does ywmmeng cifter from swarmingT

1 Euplawn in 2 geneval way how bactedia move loward tulistances such
B3 nutients and swey om oot matenals.

4 Sugge

3.9 Bacterial Endospores Are a
Survival Strategy

Alter t@ating (he SECU0N, you $hould be 20 10

& Describe he stucture of & bacterial endovpete

b Explan why battenal endaspones ave of paricular concesn 10 the
food mdustry ang why
o epannm

€ Descrie in general tevm the procein of sper slation

d. Describe thowe properties of sndowpones that are theaght o

#. Describe he three siages ihat iransionm an encaipone o an
v vegetative cell

orper npertant

Tumtin B

Endospores, dormant cells fonmed val:hln a wo-galled maother
well are f; g hacterial cerlam
( . members of the gui:n Havilluy snd Hmrmimm frodsi, amd
i 3 Sporosarcma eocci) withan the phylum Frrmcutes. B s impid-
tant to distinguish bactenial endospores from spores formed by
w Tungs and plants. Endospore formation 1s aol a reproductive strl-
cgy o oaly o ungle endospore is produced by o hacterial cell
There are several reasons why endospores have long held the in-
terest of microbiokogicts. The primary reason s that endospores
resistant e siresses such as
hnt. wkmxia raduation. gamma r-duum chemacal disanfect-
anls. In Mo, some P have remuined
vnbk fior around 100000 years. Another mpun.lnl FEAsOn B5
Ihat several specees of endosp
pathogens. For example. Clostridium burllfnunm causes butu-
lism. & fousd-borne disease that results rom ingestion of boali-
aum tonin, the deadlicst tonin kaown. The cuireme heat
of © hatul s endosp is & major concern of

Figure 3.44 Tumibl
May Bactevia Toward & Chamical Attmetant. |2} Bondom = cvement ol o

BACIERUIT m 1N £ buamce o & concentaron gradent Tumd «g Meguency
tarty constent (5| Movement in 0 aliraciart graceent. Tumbbng beguency is.
Peddat i whes (e Bacienum s o oo e graent. Theselore fum n ine
eheCln 0l ErErIng ARaCIT i lospe

the food industry, Other medically important endospore- forming
bacieria mclude 8. antivocis (cases anthras ), € eian (causes
tetanush, and O perfringens fcauses pas gangrene snd food poi-
soning ). Endospores alss are of considerable interess i sciennists
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hecause of their complex structures und the equally comples
process that generates them Over the decades, microbiolko-
gists have asked many guestbons ahoul endospores and e-
dospare i ion. (1) How are cnd

different from vegetative cells? (2) What mukes them so re-
sistant to hassh eovironmental conditions? (1) Whal triggers
endospore formution? (4] What are the steps in endospore for-
mation aod how is the process regulated? (50 How do en-
dospores convert back 1o vegetative cells? [n this section, we
address these i We save the i af regulat-
ing endospore feemation for chapier 14, M Sporulaion in
B, subtilis (section 14.6)

Endospore Structure and Resistance

Eleciran microscopy has been an important ool for dissect-
ing endospore structure. Electron micregraphs show that the
endospore cansists of a core surreunded by several layers that
vary significantly in composition. The core has normal cell
structures soch as ribosomes und o nuclensd but has very low
wiler cantent (Tigure 3,45, The core is surrounded by an in-
mer membrane, which s in lurn covered by the core wall (sl
celled the germ cell wall. as it contains the peptidoglycan
that will form the wall of the u:grtnmt cell tho grows out of
the endaspore foll Neat is the cortex,
which may occupy s much as half the endospare volume. It
Is made of peptidogl that is less linked than that in
vegelative cells. The cortes b surrcunded by a phaspholipid
hiluyer called the outer membrane, Cutside of the outer mem-
brane is the coal. a complex struciure composed of several
layers, 1| is composed of more than T0 different proleins,
which ure highly cress-linked to cach other. Finally, many
enduspore-lorming baclerin produce endospores enclosed by
a thin covering called the excspurium, which is made up of
glycoproleins.

The ability of the endospore o survive heal, radiation, and
damoging chemicals requires that ils enzymes and DNA be
protecied. The vanous layers of the endospore contnbute (o
this resastunce in several wiys, The coat prodects the cadospore.
from chemicals and varous lytlic encymes such as lysosyme,
The inner memb b 0 various
chemicals, inchuding those that cause DNA dimage The core
has very bew water content. high amounts of J dinic acid

Inner membeane
Germ ceil wall

Outior membsane

Figure 345 Bactevial Endospares. ) & snemat ihawmng e vanou
ayers of an endospose. They are not drewn to scae ) A coloned oo
siectien of a Bocrius bk () unceegang sporiation The ova @ the conm:
1% an endespore that i simod mate, when | sedches matufily The mother

ol wid hyse o peeasa
e

d b the huses of DNA.
which Indpl stabilize i, In addition, small, scid-soluble DNA-
binding proscins (SASPs) saturate endospore DNA. SASPs alter
the three-dimensional structure of DNA in the endospore core,
converting it from the common B form o A form. The A form
DNA s less ible to damage by AUV light,
which accounts for the ability of endospores to tolerute UV
expusure. B DNA ix a polvmer of deaxvribonucleotides (vec-
tion 142

i Making E

Ends 1 g hacteria are comman in soil, where they

complexed with calciom jons (Cu-DPAL and . digillg lower
pH, all of which ibute to the ends w0
harsh conditions. The low water costent seems o k especially
impostant (or eadospore resistance. Evidence exists that the
waler content of the core b lew enough 1o prevent motation of
enzymes and other proteins present. However. o s not low
enough (o prevent protein denaturation. |1 has been suggesied
that the immobilizaton prevents them from interacting with
ench other and becoming entangled Thus, even theugh they
may become denatured, they are able to refold 1o their proper
active struciure as the The "
DNA is protected by |wn main mechanisms Cl—DM

must be bl 1o mlhu-ﬂi Tuctuating levels of narients.
Spoculation normally commences when growth slows due o
nutrient limitstion. Thus it is a survival mechanism that al-
lovws the hacterimm (o prodoce s dormant cell that con survive
until nitsicnis are again svailable and vepetative growih can
resume These hactoria cycle between Iwo siales: vegelative
growth and survival as an endospore. Vegetative growth is the
normal. continuous cycle of growth and division By conirast,
sporulation is a comples process that occurs o a highly or-
paniged fashion over several hours, The mature endospore
oocupies a characteristic location in the maother cell (refermed
10 as the sporangiumi, depending on the species of hacteria

T Tavminat

Figure 3.46 Exsmples ol Endospore Location amd Size.

Endospores may be centrally located, close 1o one end (subler-
mnal), or termunal (figure 3460 Sometimes an endosporne s

3.9 Bactenial Endospores Are @ Survivel Strategy 73

membrane continues 1o grow and engulls the immature en-
dospore in 2 second membrane (sage 1L Nex. cones is laid
down m the space between the two membrancs, snd both cal-
cum and dipscolmic acid are accumulated (dage 1V, Protein
coats are formed arcund the cores (stage V'), and maturation of
the mdmpnrc occurs (stage Y11 Finally, lytic enrymes destroy
the rebeasing (suage Y111 Sporuls-
thom requines aboat B w0 10 hours @ Racterial Endospore
Formatian

Endu'spurl to Vegetative Cell

i won o dormant ends il Bctive vege-
tative cells is almost as complex as sporalation. I3 oceers in
three stages. (1) actvation, (2} germination, and () out-
growth. Activalion is a process thal propares. endospores for
germination and can resl from teatments such as heatng.
1‘hs s followed by germination, the bwcaking of the

a0 large that it swells the One of the be died
endaspare formers is Raciflur subtilis, which is an important
madel arganism.

Sparulation miy be divided into seven stages (figure 3.47)
The cell’s DNA s replicated (stage 1), folliwed by sn imwarnd
[elding of the cell membrane W enclose part of the DNA and
produce the forespore seplum (stage 111 The mother cell

‘s dormant state 11 beging when proteins called
permipant receptors, located in the inner membrane and the
corier, detect small molecules such as sugars and amino
acids. Upon detection of these molecules by the g

receplors, a senes of events occur. These activated receplons
trigger the rebease of the Ca-DPA complenes. breakdown of
the peptideglycan in the cortex, and water uplake, Eventually

Figusre 3.47 Endospore Formation.  Tre stages i
P atig by Boman samen 4




Archaeal Cell
Structure

Cows and Buffaloes and She

e e you Crive OF veall EhrouGh (he Courtr yice, Couse e nurmder
f domesticated rminants you e —dary (ows. Desl cattie sheen, and

goaty, mmong olfwens 1 tvere e about 3
woriwide Tﬂma‘mhnwmmmnamm
source. Bul they da B Each year ey

abaut 200 millan metric tons of methane, & potert greentiouse gas [GHE! The
manu e these and other domesticated ammals produce = thought 1 elease
another % millon metric tors of methane. As detailed m chagier 78, carbon

)

Readiness Check:
Based on what you have learned previouly, you shou'd be sble fo
' L d and their

moke (ks makeup (chagter T)
s

nutrients fsecton 13)
¢ Describe the mm;mn, Bacteria o mowe in (esponse o
stimull {section 30

4.1 Archaea Are Diverse but Share
Some Common Features

After reading this section, you should be able 1o

between bacteria and achaes

daede s an impariant GHE and s B a sgrdicant L
qmlwmmq Mhethare and nil o caice are sk l'.Hl‘n Catton dhanice 1
In e atmoshere. Howeve, about 30 times & Describe a typical archaes! ool
e heal-retaining capacity dioxige Thus, gh B Discuss bey
i marure represents anly

about S% of the intal GHG emivuons warldwide each yar, the impact of these
emisgons s of concen. But don ! blame he arimaly. ihey are not drecty
responsbie ol generating methane. Rather, i o & unicue groud of achoea—
The methanogens —hat make methane from bydrogen gas. carkan diceide,
and acotate. Furthermore, these substrates mrise in the animals as their

lood Is digested with e heip of 8 complex community of macrebes lving m
their rumen. For Mese armats. methane i 8 weri bt product. lor bermers and
ranchers, methane represents a foss in pioduction. There s

Recall that for many years, archaea and bacieria had been
lumped twgether and referred to as prokaryotes. Today Arcioea
and Bacieria are recognized as distinct tana. The separuiion
ol bacteria and archaea o distinct s correlutes with the
observation that they each have umgue and distinguishing
characteristics. Some of these are summaneed in table 4.1
Keep in mend that only a small subret of the archaes con be gnswn
in the laboraary, Many anchica mbabat naches that constitule extreme

Interest i figuring out how GHG

from a humon perspective. Ther requiremients for high

eimissions ace lowered and tarmers and ranchers can eam mere frem
oach animal

P lm pH. or high sall present challenges for culturing
thern. M I by anchaca were ol be-

Tieved w0 support life. Once macrobwslogists broadened therr explors-
bon of earths microbial habwtats, archacn have heen found W be
ubigutous, but i small numbers. Surveys of nonexireme emvimnments
mmﬂﬂummnmﬂmm»wmm
numbers. Must of the studses described in this chap
on archaca that are readily grown in the lab. Methanopens | microbes
hmnﬂnﬁpanhﬂdbymnmmaﬂm
e hanlied in scaled The names of these begn.
with Methario- Halophiles (salt-hovers) mequire hich salt conditions.
i, whach roguares both high iomperatre and low pH for growih.
Muany archaca are known ooly in the sense that their 168 fRNA
sequenie of 4 partial genome sequence has been determined. As-
charal tasonomy 1s currently m a date of flus because of the vast

™ grosap in Bomain Archoea Othes

archaea have attracted attention becouse of their ability i bve in extreme
ervronments, Al are of interest because of thew chimenc natures: They have.
scaroe feetures thel are similar i bectere and some fal sre semlar 1o eckary-
obes. Thelr cel sirucure i fike mummm&muunmw
mrokaryotic cel However, the molec d 1
er often unique or aee smilar o thase foundin eularyotes. As we desoibe n
Chagters 15 and 20, lhesi physicdogies exhibi s dichatomy, it gerecal, the
processes ofactera
eolcaie and express ther
genames ae Bee those of eularyotes. In this chapter. we describe some of the
moleCuE it

n

T8 coarrem a | &rchaesl Cel Shuctiee

Tabie 4.1
Property

Plavma

Archaca

lpids  Ester-linked phosphoipics form a g bitayer  Giycerol giothers fonm Kpid DAayers: Glyoerol IET3ethars fom

s monalayers
Coll wall constituents Paptidegiycan 15 present in nearty sil some
lnck cell walls

vy dhtiar Bt poplicoghyean is slwinys shsent. some consist
ol Shayer only. others combine S-ayes with pokysaccharides or
DrOIEIN O DOUN, S0me Lack cell wall,

Ineluslons present

Vs, mcluding gas vacuoles ¥eg, INCluging gas vatuoles

Ritosome sae J05 05

Chromasarme structire Mot e circulnr, double Al k daliNA
Plasmids present Yies: circutar and lnear daDMNA Wes: circular dsDNA

Emtornal structunes Flageia, fmbrise ipil} common Arcrachia. il common
Caprbes or slime layers  Comman Rare

amaunt ol genomvic dats ta has identified new archaes, There s
wonboversy over the wwonoemic designations used for these new
orgunasn, but three phyls are well established: Coenunchaeni,
Euryetihacots, sl Thaumarcfueatn. We begim vur discussion of
wrehacal cells by dering owerull cell phology and ongan-
zation und then specific cell sructures,

Shape, Arrangement, and Size

Archaeal cells, like bacterial cells, ex hibit s variety of shapes. Coeel
and rods ure common (Tigure 4. 1o, Both usually exist singly, but
some cocel ferm clusters and some ficds form chans, Curved rods,
spiral shapes, wnd pleomorphic (many shaped) archaca have abo
been observed, To date, mo spirochere-like and myselial archaca
have been discoversd. However, some archaea exhibit unigue
whapes. such us the brunched form of Thermoproteus tenax (fig-

{m) Miethonosarcing marei—a coceus
Eat farms clusters

Figure 4.1 Archaesl Cell Morphology.

ure 21k and the flal postage-stamp-shaped Haloguad ratm
walthyi, an archaeon that lives in sall ponds snd measses shout
2 pem by 20 4 pm and ondy 0,25 jm thick. This shape has the ad-
vantage of greatly g the surfice lumne | 87V ) mtio
(see figure 351, which 0 wm increases efficiency of ntreent up-
take, daffusion uf mobecules, and growth rae. |4 Boctena ane di-
verse fun whore swme commaon feanires (uection 1.2)
Archacal cells alwr vary m sze us much & i shape Typcal
ruads are | e 2 paen wade by 1o 8 pm bong: coca ane typcally | o
3 pum in dhameter Ilnu:m eatremely wnall and extremely large ar-
chuea have been wentificd. Several free-|; Jeloning (acado-
phalicy, m&dﬂmmmamﬂ 0 (04 pm in
diameter. Also af the small end of the s comtinuum 1 the parastic
archacon Nanoar hacwm eqears (04 am in diamcter). Al the other
extreme are i recently observed gunt archaca that form long

1) Thurmoproteds Bor—a tranches sichses ol

|aj Scannng e ectron merograph Bar = 5 e (o} Transmission slectron T crogragh
FrOn IT Gamny NP et N Sapmng 37 15 Kot Ean Borgeys Mania o et Bastrera ¥ 1

SRS e s Wirs (2 Betne



Fiamenious
achason

Figure 4.2 A Glont Archason.  Coniores Ggehauma katukesense
dotme lgrig Alamerts that ere covened with & Dachenis sodim Toe neclena
=4y be symbionts of the sest anchaeon

Paok Owae Do

filments up o 30 mm in length. For one archaeon, the filament s
wompesed of rumenous cells, cach messunng 8 o 10 pm wade by 20
w0 24 pm long, An imderening charctenisic of e achason s tha is
filaments are craed with a biofilm formed by bacera of o sangle spe-
cies [Mgire 4.7), The natsre of this imeraction is not known, but # is
thwght that the schecon is the host s the bacteria are symbionts

Cell Organization

Structures observed in members of both Bocteris and s are
summirized wnd ther differences noted m table 4.1, The anchacal
plasma membrane is composed of snkmgly dafferent fipads than
thase found i facn, by 1 lipids were
ape of the first pieces of evidence o suggest that these microbes are
phylogenctically distinct from hacteria. Mot archaea have a cell
waill. but their walls ane considerably mone diverse than hacterial
willls, Notably, archacal cell walls lack peptidkoghycan. Cagsules are
it widespread among archaca examined thus far. Within the ar-
chueal cytopl a oucleuid, nibe and inchasions can be
foundd. Finally, many Flagelta for anach-
ment, bt these aructures differ wilficendy (rom bacterial Magella
s they have heen mumed unchaella (. archacilum).

In the remaining sections of this chapler. we describe the
mijor structurcs observed in archaca in more detail, noting the
aspocts Ihui .halm;unh them frem the analogous hacienal

archacal at the
Jevel is an area of intense rescarch becawse many archaca are
fuumd in extreme habitals. We note those structural adaptatsns
thit contribute 0 this lifestyle. However, the topic of survival m
extreme habitats is convidered more thoroughly in chapier 7
Wl Emvirommenial factors affect microkial groweh (ecnon 75)

Comprehension Check

‘Which eell shape are okserved in members of both Bocieris and
Archoea? Which are unigue to bactetia? Which b schass?
Archoen wa fird defined s o dtinet laon by comparisons of

e used to tetermine il @ miccte havng a typical prokaeyetic
architechare is a bacterivm or an archeecr.

B0 cowemmm 4 | Arcrapal Sl Siructe
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4.2 Archaeal Cell Envelopes Are
Structurally Diverse

After teading this section. you should be able o-

& Drawan vedape and
b. € thaval and bacterial

e of their siracture, mobecula makeup, and funchoms.
c G ptake

bacieria and archaes

We define the cell emvelape o the plasma membranc and any
layers exiernal 1o it For bacteria. these extra layers include
cell walls, §-layers, capsules. and slime layers. One of the mest
distinctive features of archacal cells is the nature of their cell
envelopes, Their umiquencss begims with their plesma mem-
branes. Recall from chapter 3 that the (had aemaic model de-
scribes membranes as [pid hilayers within which proteins (eat
(see figure .71 The moded is based on sludies of cubaryets and
hacterial membranes and s well extablished. Imagine the surprise
of microhiokogiss when they lound that ssme archaea have moms-
layer membrines that function like hilayers. This structual differ-
ence i due 1o the presence of unigue lipsds in archaeal plasms
membrancs. Archacal cell emelopes abo differ in terms of or-
ganization. For many archaca, an S-layer is the magor, and some-
times enly, component of the cell wall. Slime layers have been
observed in some archaca where they sppear 1o mediate cell-
cell inmeractions, but lntke s known about their compasition
and regulation. Fimally, capsules are relatively rare smong ar-
chacy und thus are sl discussed

Archaeal Plasma Membranes Are Composed of
Unigue Lipids but Function Like Bacterial Membranes
Archaeal membranes sre composed primanily of lipsds that dil-
fer from hacterial and cukaryotic li ids\nlnnl’m First, Ilu')
cumtain hydrocarboms derved from isoprene
branched molecules (Migure 450 Thus the hydrocarhons arc
branched us shown 1 ligare 4.4, This affects the way the hipsds
puck IW which in lurn n!'[z:ulln Nusdiny and permeability
uf the This is esp e bl
archaea for which membrane ﬂmdl)' md pumuhin, umld he
d by extreme condith ol the by

are nnn:hud o plycerol by ether Ilnlss rather than ester links
(figure 44u) Ether limkages are mone ressstant 1o chemacal ai
tack and heat than are ester links.

Twu major types of archacal lipids have been identified: glyc-
erol diethers and dighyceral taracihers. Glycerol diether lipids are

€,
= CH s CH
‘hgprene

Figure 4.3 isoprens.  Tha bve caifion, Srenched moiecde o the
bui ding biock of srchaee it

Figuie 4.4 Compariuon of Archaeal

Estar brinage and Bacterial Membranes, o Moteen
B tpage e hrann s 200 zitached to g yeersl
R —E=@=Ch, : R ack By ether Imkeges imiee d of eter mkages.
Bt L < NP atfound m hactens and pukaryotes The
]~ “:é 0= \D ot - Alereechemisty 280 GMers B 2ihasd
Isaprene Vonda, the sterepsom e of § yoerol

n-ghycerol 1 phosphate, © Dacterd ipdn,
the sterpasoes s sn-gheers -3
phosphate, T 0 echaed ipeds, e Sice
chais 2re ttached B carbors 2 and 3o
RN TG I bactens mat. e sde
chauns ere ritached o coroes 12ne 1

i Exermples of archaee ipey e bods 1
2,end 3 Lipats 4, 5, #net § are beciera

(n} Maralnyer of Ca betrasthars

Figure 4.5 Exampies of Archasal Flatma Membranss.

bpigs. Note Bt some srchaes! lods form
manaeyers gee 4 g3
2{ bactanad apeds inem tayers
formed when fwn £ gurc 4.4b,

lipsd 33 Usually. the hydmocarbon chains in glycernd dsethers are
20 carbons m leagth. Dighyeerel tetraether liplds are formed when
oo glycerol residues are linked by tan long hydrocarbons thal are
0 carbos i length (ligure 4.4, lipuds | and 23 Tetraethers are
mrre i gad lipacls than dacthers, Cells can adjust the overall length
of the tetracthers by cyclizing the chams o form pemtacyclic rings
ifigure 4 45, lipid 23 Phosphornse-, sulfur-. amino-. and sugar-
containing groups can be attached 1o the ghcem] mosctics in the
dicthers and tetracthers, just like the phospholipids ohserved in
bacterial arud cularyotic membranes,

Despite the significant differences in membrane ligsds. the
hw»duunduthwd membranes i ssmilar o that of bacterial

and sikaryotic There are two hydrophilic surfsces
and o hydrophobic core. When C, dicthers are wsed, 3 typscal
bilayer membrane s formed |l|:|m- 450 \'al:n the m
" | of €, h a with
much more n:-d-:) s Formed :n;un— 4.8 The addition of
pentacychic rings lurther ocreases this pigsdity. As mught be ea-
pecied from their need for stability. the membranes of extreme
thermophibes sch as Silfeddobio spp. whach grow best al lemper-
tures over 85°C. are almost completely letracther maonolayers.
Archaca that live in modermely hot enviroaments such as

42 Arcraeel Ceit Envelones Ave Structurally Deverse
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with monolayers and sone wath bilayers,

Archacal membrungs are believed to include micrxdomains.
as deseribed in chapter 1 for bucterial membranes. Flotillin-like
proteans have heen ientified in Fymencens membranes where
they cluster into compleses us observed in both hacterial and
eukaryolic membranes.

As we disciss in chapter 3, organisms have several options o
vhtaining the marients they need from their environmest. Impor-
tantly, microbes often fined ihemselves in nutrient-pe
and therefore must be able to accumulate mutrients in their eyto-
plasm al comcentrations higher than the external milieu, Thus, ol
though passive amd facilitaed diffusion have been observed,
archaca primanly use active transport v nutrient uptake. Both
primary (e.2. ABC transport) and sevondary active imnsport sys-
tems (.. sympon and antipan | have been sleifisd in archae)
wells. often by searching an anchaeon’s pesome for the pencs en-
cosding components of these sysienn (i.c., genomic analysish. These
systems tend 1o be nmrlnrwthou anuunbucm The group trams-
focation sysiem p W
wem (PTS) also functions. in swme archaea 4 Bacteria use
gy mechanismy w bring nutrienrs inter the cell {zechon 1.3}
Bl Micmbial genemics | chapter 18)

A SOIME FEgaons

There Are Many Different Types of Archaeal Cell Walls
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Belore they were distinguished as a unique domain of life.
archaeal species were churacterized as being cither Gram posi- Figura 4.6 Archaesl Coll Envelopes. | Metoncoooron. Holtarsim,
tive or Gram negative hased on thesr response to Gram staining Pyrocfckum, Suifviobus. and Mrermegrotes 500 2l eave apes
Thus. like all cells jeven cukaryoric cells), they will stun either ) Meihana st spp. cel enveiooe. k) Mahoneserng w3, el
purple o pink when Gram stained However, their staining ETTvEinnE. (il Methonaorms ind Meforocyns spp onf enveopes.
reaction does nol correlate relishly with a scular cefl wall e M Do, . Halos o,
structure as it does for bactenn. Archaeal cell walls exhibit con- and Notronceooms 1. oe! enweicoes. For Metonothermadoctes ang
siderable variety in lerms of their chemical makewp. Fusther- Wethans (oo 4pc . the pofrsscrhende beyer 5 Compased of pueudor en
more, their cell walls lack peptidophycan Th Thermapigsme: £ | enveice. ig) s hosiois cell emvelope

The mant commwn type of archaeal cell wall s an §-layer
compased of either glycoproten or protesn (fggure 46e). The affect peptidoglycan structure and synthesss in bacterial cell
S-layer may be as thick as TU am. Sume methanwgens walls have oo effect on pseudomurein-containing archacal cell
(Methanolobus s s spp ). sall-loving archaca walls. |4 Cell walls and psmotic protection (section 3.4)
(Hulobaciermm spp. and extreme thermophiles | Silfilobus, Another m,e of archacal coll wall consists of a single, thack
Thermaproiews. and Pyrodictium spp.) huve S-layer cell walls. ! Layer hling that in Girams-p hacteria ifig-

Other archaea have additional layers of materis! out-
sude the S-layer. For instance, Methanospirilium spp. have
i profein sheath external to the S-layer (Hgure 4.65) Other

methanogzens ( Metharorarcing spp.) have 4 polysaccharnide Some archaca lack any [ryer mmum! a cell wall, For in-
layer covering the S-layer (figure 4.6c). This material. stance, members of the scidophsbc penern Ferropluuma and Ther
called methanochomdruitin, is similar 1o the chond A have o only of a plasma membrune
sulfate of animal conoective (asue. coverad by a layer of dime The dime, which is referred 1o s a

In some archaca, the S-ayer s the oulermont layer and is ehyvocalys, may provide some of the pritectson necded for these
separated from the plasme membrine by @ peptidoglycan-like archaca to survive in their acidic habstats {figure 4 66 The most
molecule called pucud (ligure 4.64). Pseud dif- unige wall-dess archacon i fgnicoccus huspitalis. T envelope
fens from peptidoghycan in that it has L-anioo acids imsicad of o consists only of the plesma membrane and an ouler membrane,
aming ackds in its links, N-acetylital woid with an intermembrane companment hetween them (figure 4.6y
instewl of N-acetylmuramic acid, and (41 —=3) glycosdsc bonds and figure 4.8), The vuter membrane contuins protein complenes
insiead of [§1—=4) glycosidic bonds (Mgure 4.7) These diffier- that form pores, much bike bacterial porin proleim creale pores in
ences mean hat lysozyme. penicilling and other chemacals that the outer membrane of typical Gram-ncgative baciera.

are 4.be), Mmhﬂms—hwudmm stain Cirum posi=
e ‘I'hwu-]lmmmn-) varses from wnn mnhlum!y
wcomsists of comples

B2 ewarmima | Archocal Ced Strucire

4.3 Archaeal Cytoplasm Is Similar
to Bacterial Cytoplasm

After rezding this Sechion, you should be abse to

& Compare and conirail the ryloplem cf Bacterial and archacs cedy
1o both

b Cmomss

‘acteria and ecsaryates

Overall. the cyloplaan of anchaeal cells b simalar o that of bactenia.
Withun it can be found ing s — pulytydrosyalkonates, polyphos-
phate granules. glycopen gramudes. and g vacooles. nhowomes. 1
nucleond: and plasmuds. Proterm that might form a oy eskebeton have
d»bem MnLnﬁuthlwhulmh:miwn.M!w-

an actin homekegue sgue o coram
members of the Crenarents, In thise schora having FIZ. the
prolen participates i cell divieaen, i it does m bacieria. Evidence
suggests that the actin homologues MreB and crenactin se imaolvad
in conferring & md dagpe. a mbulin homolegue called
fﬂ!\lﬂhﬂ‘ﬂmmm-‘dﬁwﬂ-ﬂm(ﬂ?w
fers a rod shape to cells rather than functoning in cytokmess o
does. Some seructures found in the cytoplasm of archacal cells have
thuinctive molecular mukeup In this section. we focus on those
structures. B Plodum Crensrchaeots iseciion 20.2); Phovlaw Enr-

L h drealeserry s, amel others (seczion 20 8)

Archaeal Ribosomes Are the Same Size as
Bacterial Ribosomes but Are Composed
of Different Molecules
Like bacterial cells, the ribesomes of archaeal cells are 708 in
size andd are constructed of o 505 and & 308 sbunil However,
. their shupe i hat different and their comp I
arc ot the same. Both have ribosomal RNA (fRNA ) molecules
- of sumilar size: 165 m the small subunit, and 235 and 55 in the
larze subumit. Hc-wnt( as we discuss m chapler 1. the differ-
L - ences in nutleotide ey of these were the initial

e basis for establishang the tanon Archaee. Furthermore, at least

- ome archacon has an sdditionsl rRNA 2 S 85 fRNA_ in the large
subunit. This is of interest because the large subunit of eukaryostic
Wall-less A - b contans both 55 and 585 (ANA molecules.

The protemn compositson of Bacterial and archacal nbosomes
also differs. Archacal ribosomes have more proteins: about 68
rather than abow 35. Archucal sitwmaemal proteins can be sored
imin three gooaps based on thew smilanty o proteins found in
bacterial and cukaryotic ribasomes: (1} those observed in all
three domatns of hife, (21 those amique to archaca, (3) those ob.
served in both archaca and cuksryoles. There are oaly a few ri-
bosomal protcins unipue 0 archaca: the rest are about cvenly
divided between the viher twa groups. Importanily, all the ribo-
somal proteins present in both archaeal and bactenal nbosomes
are also seen in cukaryotic ribosomes. Thas there are o sihono
mal proteins thad are present only i the nbosomes of anchaca and
bacteria. The differcnce m bacterial and archacal nbosomes cor-
relates with the fact that archoeal ribosomes are umaffected

Pyeudomuren.
pareieses ate not ehways present Ac, scely grovp

MICRO |NOUIRY
Haw does it difler?

Figun The ameng qeids £nd 2mir grougs o

wimior

Figure 4.8 ¢ !
Cy. cyloplasT IWC, mtamemaeane compriment OM, ocier merbone; PM,
IS M e . parless . wrrsic i,

Many archical energy conservation reactions occur i the
space between the plasma membrune and the 5-layer. This region
wf the cell is sometimes referred o as the psewlo-periplasm. by
annlogy i the structire o Grem-negative bacteria.

Comprehension Check

1. Mentify theee features hat dist
from these of bacterla

Bolh bactena snd archaes can have S Gayers. How does tir use
within the cells difter!

[
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Ty auntibnotics that bind sed inhibit bacteral nbosomes B Pro.
deli syrishesis inkibitors (section 9.4

Nucleoid

The nuchenbd provides snother cuample of the difference belween
archaca and hacteri. This region i the cywplasm cuntains the
cell’s ch and pruteins. The chy ol
sl known archacu wre circular, double-stranded Mrhn-
cheic icld (DNAL Members of the Ewrvarch o
that i, they have multiple copies of their d:mmsm Ihmu;h-
out their life cycles. In contrust, members of the Crenarchaeats
ure monoploid, with & single copy of the chromsome. It is be-
lieved that this difference reflects the mechanism for chromo-
same partitioning to daughter cells during cell division
Crenurehaent have a highly regulated chromosome segregation
mechanism, but the process appears W be random in the Enrvar-
chaeota, Maintuiming multiple copics of the genetic mformation
Is goed insurunce for an intact copy 1o cnd up in cach daughter
well, Bl Che i and p ing [section 7.2/

The problem of compacting a genome to 0l imnto a cell s
womman 1o archaes and bacteria, and the solution is mmlut

4.4 Many Archaea Have External
Structures Used for Attachment
and Motility

After reading Lhis section, you showd be 2ble to
a Compare and contrast bacterial snd archaeal pill

b Compare and contrast bacienal snd archasal fiagetia in terms of
Ehelr structues and function

Like hactena, many archaca have structures that extend beyond
the vell envelope, namely pili and Magella These external sruc-
tures and therr functions are discussed in this section

Pili

Many archaca have pili. and these appesduges are found in o
range of lengths and diameters, some solid and others halkow,
Pili are composed of many copies of ungle prtein subunits
termed pilins. bul pilins are not related o one another. thus ex-
pluning the dwerily i the stroctures observed. Methanorovous

Buth supercoiling and the presence of nuclenid | pro-
teins (NAPS) o the genumic DNA contribute 1o chromosome
organizabion. As in bacierta there is o vanety of NAPs, but they
bear lintle resemblance wo bacterial NAPs. The commeon features
of these proteins e smadl siee and postive charge Eoch ar-
chagen contains uf beast two different NAFs that may act at differ-

paituedis makes o magor pilin thast compeiscs the bulk of its
pilus, and several other less abundant plins. s genome encodes.
ait beast six other pilins, and changing the relative proportons of
pilins may be a means of responding 1o environmental stama i

Archacal pili are type IV pili. which describes their mecha-
numd wwembly within the cell envelope. Piline are symthesized on

ent scales of chromosome structure U short ol INA,
certain NAPs bend or stiffen the chromosome: on o global bevel,
uther NAFs bridge dy regions of the ch

Many members of the Ewrvarchacota have histones asso-
ciuted with their chromosomes. There 15 u strong correlation
beiween the presence of histones and multiple chromosome
copies, although it is not clear how the twe features are related
These histones form nucleosomes that are related 1o the nu-
cleosomes observed in cukaryotes (see figure 5.10). |n Halo-
ferar voleami, the nucleosomes differ from eukaryotic
nuclensames in that they consist of four histones rather than
cight and they organiee u shorter length of DNA. In Thermo
coccus kodokarenus, however, histones assemble into vari-
ous-sized compleves commmng from two hiswnes o more
than a dozen 1t s hypothesized that in th philic archaea.
histancs help prevent of the ch L
Nueleoid (section 3.6): P Nucieus frection 5.5)

Comprehension Check

1, Thus far. homalogues of intermediate (iaments have not been
Wertified i archasa. 1s if Blely that they will be identified svenhually?
Expiam your answar.

2. Archaea are aften described a1 chimeric organsms having some
features that are smilar to becteria and some that are vamilar 1o
zuiaryates. Based on what you have just rend in this sechon. provide.
w0 exampies ihat Bustrate the similarity of archaes to bactena bt

in the cytopkism and then anchored 1o 3 prosein comples.
in the plisma membrane. Pilin proteins are secreted through the
complex. o assernble the mature pilus stcture,

Pili perform o range of fuscions. Sulfolobus solfararicus
van display af least two distingt types of pili. The archoeal adhe-
sive pibius (Aap) is responsible for cell adhesion to surfaces under
certain growth conditions. The ultravioket (LY j—sndicible plus
(Ups) s only produced following exposurc of the cells 1o UV
light. As UV light can damage DNA. the Ups mediates the ag-
gregation of cells and promotes the transfer of DNA befween
cells. 4 Bucieria! pili and fimbriae (section 3.7}

Twa wular pili are lac and hami
Cannulse are hollow, |M|kunnmnhs:rmluulln i
face of thermophilic archoea belonging 1o the genus Pryrodictium
(ligure 4.9). The function of cannulse is unknown, but it 135
known that daughter cells ansing from a singhe wund of cell
divisson remain connected (o cach other by cannulae. Afier many
rounds of cell dwision. a network of cells 1s formed. Hami are of
particular interest because of thewr shape (figure 4100 They
ook fike tmy grapphng hooks, which suggests they nught functon
o attach cells 1o surfaces Indeed. archacal ceils that produce
hum are members of bofilm mmnl.mm E‘:u:nlll} conssting
of a ham I and a b

Archaella and Motility
Archacal flagella, or archaclla, have been studied in desil in

Two gxampes af 1heir simsarity to sukaryoles

B cmasiwa | Archewel Coll Stuciure

Figure 4.9 Cannotse. Casnyae are tlubwar siructures ebiout 25 nm in
diametes 1hiy have only been observed on Pyrodeium spp They connect

daugier cet, ulturately fareg o dense retwark af cells, SEM. ber s 1 pm
K 0 st

their bacteriul counterparts, but importent differences huve been
sentified. Archoella are thinner tun bacierial Magella (10w 14 am
ruther thn 1B o 22 nm) amd some are composed of more than one
type of protein subunit [figure 4.11). The filament i pot bollow
Assembly ul the archoellum also differs from bacierial Magellum
usacmibly, In o manner similar (o the assembly of bacterial type IV
pill, the archaellin proweins are exporied through the meolor complex
(fgure 4,11y und added w the base of the filament. Addimonal pro-
teins anchor the archacllum w the $-layer, Cryo-
wmography has evealed bundles of archaella at
one pole of the cell, organiaed by 4 protemaceous
sructure in the membvane, |4 Baciersal flagella
section .71
Archaells from the two mapor phyle, Eurvar.
chuenia .‘mu. (mrrhrum have characteristic
hoeal Bl i
vomposed of u single mhu:llm subunit. In con-
trast, curyarchaeal [ilaments have multiple archael-
lins, one of which &5 the primary subunit with
uthers in Jower ubundance, }L:H.ophlea have been
d 1o synth |lims b different
propertions under di(ferent cullore conditions. [t s
not known how the filoment properties vary with
subunit composition. The motor complen abo dif-
[ers between these phylo, and if is believed that this
vanation s related to the presence of a bacterial-
like chemotus system mn Ewrvurchoe s
Archaella work in o manner similar to bactenl
Magelln: Rotabon propels the cell. Aguin. there are
some impurtant difforences. First, rotation 18 pow-
erad by ATF hydrolysis rather than by proton mesive
force. Second, when the directon of rotation
switches, it causes the cell to muve in either the for-

wnly a few model archaca. They are superficially similur 10

) Hami raciatng from cel

Figure 490 Hami, ()& coccus shased ced o
0 e cented of (he 0 SCHDN Mg aph and 100U
100 P e tadhe ing ot Bram he patrum
wadowed el TEM, bar = 500 nm o) AL the ends
of Ihe ha i e Qriapping hook - e SEructures el
are Ihougnt 1o & low CEH 10 SONer fo Welacr.
mguong otnes cois TEM, bar = 50 nm

L0 Orvatow Mol Lhimger

] “Grappling hooks” &t
cistal ench of hami




cell. | Ch, i vared ng (sevtion 7.1}
The prablem of c\npxllm o penome 1o MW mio
comsmun o archeed and bacteria, und the solution i uml:u
Both wipercoiling and the presence of nucleond-associsied pro-
teins (NAPy) on the penomic DNA coniribute o chromeosome
urganization. As in hacteria, there is u viriety of NAPs, but they
bear little resermblance 1o bacieral NAPs. The commen fealures
ol these proteins wre small sire and posinive charge. Each ar-
chaeon containg al keast two different NAPS that may act s dfler-
ent scales of chromosome striciure, On short segments of DNA,
cortain NAPs bend or stffen the chromwsome: oo & ghebal bevel.
wher MAPS hridge 1] regins of the ch
members of the Evrvarchacota huve histones asso-
cisted with thetr chromosomes. There is a sirong correlation
between the presence of histones and multiple chromosome
copies. ulthough it is not clear how the two features are related
These histones form suckosomes thal are related o the mu-
cleasomes ohserved in cukaryotes (see figure 510} In Healo-
ferun volcani, the muclecsomes differ from cukarystic
mucleosomes in that they consist of four histones rather than
eight and they orpanize u shorter length of DNA. In Thermo-
roccar kodekarensis, however, histones assemble inw varn-
ous-sized complenes containing (rom two hisiones 1o mare
than a duzen. I is hypothesized that m thermophilic archuca,
histones help prevent denauranion of the chromasomes. 4
Nucleoid (section 161 W Nuclens (section 5.5)

Comprehension Check
1 Thess far, filaments

iy are composed of many copees 0f singlc prdein subunds
termed pilias, but palins are oot related o one another. this ox-
plaining the diversity in the structures chuerved . Mrethaminoccus
maripafudic makes a magpr phn that comprises the bulk of s
pilias, and several other less abundant pilins. Its genome encodes
at leas sin other pilins. and changing the relative proportions of
pilins may be a means of responding 10 environmental somuli

Archacs] pili are type IV pill which describes thar mecha-
mism of asscmibly within the ool avelope. Pilns are synthessed on
mibersomes 1 the Cy toplasm and then anchored fo 2 prdem comples.
in the plasma membrane. Pilin protesms are secreted (hmogh the
enmpilex 1o ssserhie the matre pabos drocture

Pili perform a range of functions. Seffolebas solfarericus
can display at Jeast two distinet fypes of pili. The archaeal adhe-
sive pibus (Aap) 15 responsible for cell adhesion 1o surfaces under
certain prowih conditions, The uliraviolet (LY )-inducible prlus
iUpsh is only produced follewing exposure of the cells 1o UV
Tight. As UV light can damage DNA. the Ups mediates the ag-
gregation of celfls and promotes the transfer of DNA between
cells, |4 Bacterial pili and fimbriae isection 1.7)

Two particular pili are noteworthy: cannulae and hami
Cannuloe arc Imllc- tishelike siructures vhnerved on the s
face of th bel 10 the genus Purodi
(Migure 491 The function of coneulac is unkown, bl i is
lmn than nl-mghu wells lmng from a single mound of cell

theer by lse. After mamy
mund-\uh:d! division, a network of cells 15 formed. Hamd are of
particular interest bocause of (heir shape (figure 4.10). They
ook fike tiny prappling hooks, which sysgests they mighs function
o attsch cells o surfaces. Indeed, archaenl cells that produce

identified n archaea, |3 i liedy that hey will be ieniiied evenhually?
Explain your arswer.

2. Archasa are clien described as chimaric seganams having some
fratures that are simia o baciens and some (hat e simiar o
eukaryotes. Based on what you have just read in this section, previde

¥ 0! archaes o bactena: st
mnmuulrmwmm

b are members of biofilm communitses gencrally consisting
of & hami-producing archaeon an'

achoizandmotny 109 /1101
Archaeal fagella. or archaells, o

only @ few model archaca. They are superficially similar to

B4 cuwrrma

Archaoal Cetl Stnictuea

) Hm 1 atiating o el

Figure 430 Hami.  jo & cocron shensd el n
1 e et of B b metgrage 5 Ll
) e+ i g ot e e 2 s
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8 the hamy e oF apping hook - ke stnaches et
a1 Thouge i mow LR 1 e 1o rtaces
kg othe cets 1EM, b = 50 e
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Figure 4.9 Cannclen.  Canvu an ae bubeld i \ruciuses shot JS omin

i pine They haw only oo They

Hdughten o s, i atefy sorming a dense network of cels SEM. bar = 1 gm
wail Metm

) “Grapging hooin” af
cinlsl wncy of ham

Uheir bactenal counterpans, but important differences have been
ilentified. Archaclla are thinser than bacterual Magells (10w 14 nm
rusher than 18 10 22 nmj and some sre composed of more than one
type of protesn subuenit (figure 411). The filamens Ls not holiow
Assembly of the archacllum also differs from bactenial Magelham
wssembly In o manner smilar i the assembly of hacteril ype IV
pill, the urchaellin proteins are exponed through the motor cemplex
(e 4,11 b and added o the base of the filament. Additonal pro-
teins anchor the archacllum o the S-layer Cryo-
mugraphy has revealed bumdles of archaelli al
one pode of the cell, organived by 2 proteinocenis
structure in the membrane (4 Bacterial flagetio
faection £.7)

Archaell from the two major phyla. Eurvar
cheeota apd Crenarcharots, have charcieristic
structural variations. Crenarchacal filaments we
composed of o single archaelhin sabunit ln con
trast, euryarchasal filaments have mubtiple archael-
Hns, one of which s the primary subunii with
uthers i wer abundance. Halophiles have been
dermmstrated 10 symihesize srchaellms in different
propartsons under different culiure conditkons, It is
ol kivown how the filament properiies vary wish
whumid compositem. The motor complen abso dif-
fers hetween these phyla. and it s bebieved that this
varintion is reluted to the presence of 3 hacterial.
fike chemutaxis system i Ewrvrchaeota.

Aschiella work in 3 manrer simila (o b terial
Togeile: Rotation propels the cell. Again, there ane
seme important differences. Firsl retation s pow-
creu by ATE liydrolysis rather than by proton motive
force. Second, when the diection of motation
switches, il causes the ocll o move m either the for-
wiird ¢ revense ducction, just as b seen for some
bucteria having polur fagells Thus fur. shicmation
between runs and mmbbes has not been obeervesd

Figure 411 Sructun A Ba Py
compre the e ent, $7 monamers are aoed feoagh Azl The motor rompies & composed of
muigte Fls protests. and e Faf protrn anchors S mizten sretasium n e oel stvelone

Tre archacs o protienn FieB

Hey Concepts BS

villosws and M. i, cam

ed. mnuam:lu:lulumolltrlqdhpmhﬂ!bc
cell forwand, and connterciockwise mtstion pulls the cell (e, the
fngedla are in front of the cell as 1t moves). H. salinarum cxhibats
both chemitaxis and photctass. Phototas 15 wed o position the
archuecn pupa!, x:- nlm:b ng'a wlr.« me- [ l!l\mpsm—

Based ph the diffe
mlluu&lmu&mﬂdkmﬂmmm
and it in M sl o that found in

hacterial systems. The nr:h:ndhm mﬂﬂn\u also switches m-
wntional direction, but the swilch appears to be a random cvent
Bl Riedopsin. based phemphy (vecrion {112
Aschsen huve heen observed 10 engage in bwo types of swam-
mang behaviors, termed o relocaie-und-seck sricgy. Fast speods
n & strwight line (up to =500 pmsec) resull in 3 rapsd change of
Sowution. A shower zigeag nwstion (=50 w 100 pnysec)

wravel af about SO0 body lengths per second (bps |, comparcd i 20
bps for £ coli and 11 bps for humens. Mmm
Ibehavior is an advantage in thea deep sea bydmithermal veni
ronment Tmmummmmmmu
marmw space between the 400°C vent Tusd and the surmunding
0 sewwater, When [ust swimming identifies o suitable niche {507
o T, the microbes wse the archaclla for aftachment.

I schlitvom o their rule in motdity, schacls s mvobved o adbe-
som foy substrases. the formation of ol snd cellcell merscions.

Comprehension Check
1 What cliservations about (amnulae and hame seggest (hat ney show

archaeal ceils ta adhere 1o surlaces, induting ether geiis!
2. Lnttheee nspects of archasila and their matility that s umilar 1o

the seck, o scan for fvorable condiuns. The lastest known

1 mu;uwimu- archsesium is & type of pha

Wey Concepts

41 Archaea Are Diverse but Share
Some Commeon Features

4.3 Archaeal Cytoplasm hmrmﬁ.ﬂmlt\mﬂmm
L s have l cells. They
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the plane of focus, and a much sharper image is formed.

To generate a confocal image. a computer interfaced with
the confocal microscope receives digitized information from
each plane in the specimen. This information can be used to
creale a composite image that is very clear and detailed (lig-
ure 2.15¢) or a three-dimensional reconstruction of the specimen
(figure 2.15d). Images of x-z plane cross sections of the speci-
men can also be generated, giving the observer views of the spec-
imen from three perspectives (figure 2.15¢). Confocal microscopy
has numerous applications. One is the study of biofilms, which
can form on many different types of surfaces, including indwell-
ing medical devices such as hip joint replacements. As shown in
figure 2.15f, it is difficult to kill all cells in a biofilm. This makes
biofilms a particular concern because their formation on medical
devices can result in infections that are difficult to treat.
Pl Biofilms are common in nature (section 7.6)

Figure 2.16 Ray Diagram of a Confocal Microscope. The yellow
lines represent laser light used for illumination. Red lines symbolize the
light arising from the plane of focus, and the blue lines stand for light
from parts of the specimen above and below the focal plane

MICRO INQUIRY How does the light source differ between o
confocal light microscope and other light microscopes?

3. What might a microscopist see through an oil immersion objective if
no immersion oil is present?

4. Why don’t most light microscopes use 30x ocular lenses for greater
magnification?

5. Compare and contrast how dark-field, phase-contrast, differential
interference contrast, epifiuorescence, and confocal microscopes
work and the kind of image or images provided by each. Give a
specific use for each type.

6. Which type of microscope(s) would be used lo examine the following
specimens? Photosynthetic bacteria, swimming bacteria, GFP-
labeled microorganisms, unstained microbes, and pond scum;
explain each of your answers.

2.3 Staining Specimens Helps to Visualize
and Identify Microbes

After reading this section, you should be able to:

a. Recommend a fixation process to use when the microbe
is a bacterium or archaeon and when the microbe is a
protist

b. Plan a series of appropriate staining procedures to describe an
unknown bacterium as fully as possible

c. Compare what happens to Gram-positive and Gram-
negative bacterial cells during each step of the Gram-staining
procedure

As noted in section 2.2, specimens examined by bright-field
microscopy are often lixed and stained before being examined.
Such preparation serves lo increase the visibility of the micro-
organisms, accentuale specific morphological fealures, and pre-
serve them for future study. Importantly, some staining
procedures help microbiologists identify the organism being
examined.

Fixation
Stained cells seen in a microscope should resemble living cells
as closely as possible. Fixation is the process by which the inter-
nal and external structures of specimens are preserved and fixed
in position, It inactivates enzymes that might disrupt cell mor-
phology and toughens cell structures so that they do not change
during staining and observation. A microorganism usually is
killed and attached firmly to the microscope slide during
fixation.

There are two [undamentally different types of fixation: heat
fixation and chemical fixation. Heat fixation is routinely used to
observe bacteria and archaea. Typically. a film of cells (a smear) is



Figure 2.16 Ray Diagram of a Confocal Microscope. The yellow
lines represent laser light used for illumination. Red lines symbolize the
light arising from the plane of focus, and the blue lines stand for light

procedure

As noted in section 2.2, specimens examined by bright-
microscopy are often fixed and stained before being exami
Such preparation serves to increase the visibility of the m
organisms, accentuate specific morphological features, and
serve them for future study. Importantly, some stai
procedures help microbiologists identify the organism b
examined.

Fixation

Stained cells seen in a microscope should resemble living
as closely as possible. Fixation is the process by which the i
nal and external structures of specimens are preserved and |
in position. It inactivales enzymes that might disrupt cell
phology and toughens cell structures so that they do not ch
during staining and observation. A microorganism ernl

fram parts of the specimen above and below the focal plane.

MICRO INQUIRY How does the light source differ belween o

confocol ight microscape ond other light microscopes?
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gently heated. Heat fixation preserves overall morphology and inac-
livates enzymes. However, it also destroys proteins in subcellular
structures, which may distort their appearance. Chemical fixation is
used 1o protect ﬁ.ne ccii'ular substructure as well as morphology. It is
used when I by many electron micros-
copy techniques. C‘l‘u:mcs.l ﬁxnlwe:. penetrate cells and react with
cellular components. usually proteins and lipids. to render them in-
active, insoluble, and immobile. Common fixative mixiures contain
cthanol, acetic acid, mercuric chloride. formaldehyde, and
glutaraldehyde.

Dyes and Simple Staining

The many types of dyes used to stain microorganisms have two
features in common. First, they have chromophore groups—
chemical moieties with conjugated double bonds that give the
dye its color. Second, they bind cells by ionic, covalent, or hydro-
phobic bonds.

Dyes that bind cells by ionic interactions are probably the
most commonly used dyes. These ionizable dyes may be di-
vided into two general classes based on the nature of their
charged group: basic dyes and acidic dyes (table 2.4), The
staining effectiveness of ionizable dyes may be altered by pH.
since the nature and number of the charged moieties on cell
components change with pH. Thus acidic dyes stain best under
acidic conditions when proteins and many other molecules
carry a positive charge: basic dyes are most effective at higher
pH values.

Dyes that bind through covalent bonds or that have certain
solubility characteristics are also useful. For instance, DNA can be
stained by the Feulgen procedure in which the staining compound
(Schiff’s reagent) is covalently antached to the deoxyribose sugars
of DNA. Sudan I (Sudan Black) selectively stains lipids because
it is lipid soluble but does not dissolve in agueous portions of
the cell,

Microorganisms can be stained by simple staining, in
which a single dye is used (figure 2.17). Simple staining’s value
lies in its ease of use. The fixed smear is covered with stain for a
short time, excess stain is washed off with water. and the slide is
blotted dry. Basic dyes such as crystal violet, methylene blue,
and carbolfuchsin are frequently used in simple staining to de-
lermine the size. shape. and arrangement of bacterial and ar-
chueal cells.

killed and attached firmlv to the microscope
fixation.

There are two [ f es
fixation and chemica 55 1101 15
observe bacteria and arcue — -, e, = aim of &0
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Crystal violet stan
of slender, rod shaped bacteria,

Figure 2.17 Simple Staining Mustrates Cell Size and Morphology.
COr a8 Moyes

While most dyes directly stain the cell or object of interest,
some dyes (e.g., India ink and nigrosin) are used in negative
staining. In negative staining. the background is stained, not the
cell; instead, the unstained cells appear as bright objects against a
dark background.

Differential Staining
The Gram stain, developed in 1884 by the Danish physician
Christian Gram, is the most widely employed staining
method in bacteriology. The Gram stain is an example of
differential staining—procedures that distinguish organ-
isms based on their staining properties. Use of the Gram
stain classifies most bacteria into one of two groups—Gram
negative or Gram positive, based on the composition of their
cell walls.

The Gram-staining procedure is illustrated in figure 2,18,
In the first step, the smear is stained with a primary stain
(crystal violet). This is followed by treatment with an iodine
solution. lodine functions as a mordant, a substance that
helps bind the dye tightly to the cell wall. The smear is then
decolorized by washing with alcohol or acetone. This step
generates the differential aspect of the Gram stain: the thick
cells walls of Gram-positive bacteria retain the crystal violet,
whereas Gram-negative bacteria lose the crystal violet and
become colorless. Finally, the smear is counterstained, usually

Table2.4  |onizable Dyes

Typeof Dye  Examples

Basic dyes Methylene blue. basic fuchsin, crystal violet. safranin,
malachite green

Acidic dyes Eosin, rose bengal, and acid fuchsin—possess groups

such as carboxyls (—COOH) and phenolic hydraxyls

{(—OH).

Chromophore Characteristics

Have positively charged groups: bind to negatively charged
malecules such as nucleic acids, many proteins, and the surfaces
of bacterial and archaeal celis

Have negalively charged groups; bind to positively charged cell
struclures



Microorganisms can be stained by simple staining, in
ich a single dye is used (Figure 2.17). Simple staining’'s value
in its ease of use. The fixed smear is covered with stain for a
Tl time, excess stain is washed off with water, and the slide is
tted dry. Basic dyes such as crystal violet, methylene blue,
| carbolfuchsin are frequently used in simple staining to de-
nine the size, shape, and arrangement of bacterial and ar-
eal cells.

(crystal violet). This is followed by treatment with an jodine
solution. lodine functions as a mordant, a subsiance that
helps bind the dye ughtly to the cell wall. The smear is then
decolorized by washing with alcohol or acetone. This siep
generates the differential aspect of the Gram stain; the thick
cells walls of Gram-positive bacteria retain the crystal violet,
whereas Gram-negative bacteria lose the crystal violet and
become colorless. Finally, the smear is counterstained, usually

able 2.4  lonizable Dyes

ipe of Dye Examples Chromophore Characteristics
15ic dyes Methylene blue, basic fuchsin, crystal violet, safranin, Have positively charged groups; bind to negatively charged
malachite green maobecules such as nuckeic acids, many proteins, and the surfaces
of bacterial and archaeal cells
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(—0H). J
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Steps in Staining  State of Bacteria
Step 1 Crystal Celis stain purple
wiglet (primary stain)
for | minute.
Water rinse
Step 2: lodine Celis remain purple.
{mordant) for
1 minute.
Wates rinse.

(&) Gram stain {b) Acid-Tast stain

Purple cells are Gram positive, Red celis are acid-fast.

Step 3: Alcohal Gram-positive cells Red cells are Gram negative Blue cells are non-acid-fast.
(decolorizer) remain purple
for 10-30 seconds.  Gram-negative cells
Waler rinse. become colorless.
Step 4: Safrarn Gram-pasitve celis
{counterstain) remain purple.
for 30-60 seconds  Gram-negative cells
Water rinse. appear red
Blot dry.

Figure 218 Gram Stain. Steps in the Gram-staining procedute

MICRO INQUIRY Why is the decolorization step considerad the
(€} Capsule stain of Kiebsiella

{d) Fiageliar stain of Bociius brevis

mast critical in the Gram-staining procedure?

with safranin, which colors Gram-negative bacteria pink
to red and leaves Gram-positive bacteria dark purple
(Figure 2.19a). Bl There are two main types of bacterial
cell walls {seciion 3.4) @ Gram siaining

Acld-fast staining is another important differential stain-
ing procedure. It can be used o identify Mycobacterium tuber-
cilosis and M. leprae (figure 2.195), the pathogens responsible
for tuberculosis und leprosy. respectively. These bacteria, as
well as other mycobacteria, have cell walls containing lipids
constructed from mycolic acids. a group of branched-chain
hydroxy fatty acids, which prevent dyes from readily binding
to the cells (see figure 23.7). A commonly used staining proce-
dure, the cold Zichl-Neelsen method, uses high concentrations
of phenol and carbol luchsin. as well as a wetting agent. (o drive
the stain carbol fuchsin into mycobacterial cells, Once this dye
has penetrated, the cells are not easily decolorized
by acidified alcohol (acid-alcohol) and thus are said to be acid-
fast. Non-acid-fast bacteria are easily decolorized by acid-
alcohol and thus are stained another color by a second dye
called a counterstain,

One of the simplest staining procedures is capsule staining
(figure 2. 19¢), a technique that reveals the presence of capsules,

prEumonios

Figure 2.19 Differential Stains.
18] © Mclaw-Hi Eduration] s Buigess. phatogrephes. (o) C W Guam-Hi1 Educabon Mimes
Redfearn. photograche!. idh Seurce COLTH Willam A Clak

a network usually made of polysaccharides that surrounds many
bacteria and some fungi. Cells are mixed with India ink or ni-
grosin dye and spread out in a thin film on a shide. After uir-
drying, cells appear as bodies surrounded by a halo of capsule
in the midst of a blue-black background because ink and dye
particles cannot penetrate cither the cell or its capsule. Thus

psul ining is an of negative staining. There
is little distortion of cell shape. and the cell can be counter-
stained for even greater visibility. ™| Capsitles and siime lavers
{section 3.5)

Flagella staining provides tax ically infor-
mation about the presence and distribution pattern of Tlagella
on bacterial and archaeal cells (figure 2.19d; see alse fig-
wre 3.37). Their flagella are fine. threadlike organelles of
locomaotion that are so slender (about 10 10 30 nm in diameter)
they can only be seen directly using an electron microscope
{although bundles of flagella can be visualized by dark-field
microscopy). To observe bacterial flagella with a light micro-
scope. their thickness is increased by coating them with
mordanis such as tannic acid and potassium alum and then
staining with a dye such as basic fuchsin. Wl Bacrerial
fagella (section 3.7)
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mprehension Check

Describe the two general types of fixation. Which would you use
when Gram slaining a baclerium? Which would you use before
ohserving the organelles of a protist?

Why would basic dyes be more effective under zlkaline conditions?

greatly comp their useful for detailed studies of many
microorganisms (figure 2.20). Viruses, for example. are too small
10 be seen with light (with the of some

recently discovered giant viruses). Bacteria and archaea can be
observed. but because they are usually only | to 2 pm in diameter,
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Figure 21 The Bencing of Light by a Prism.  Lines perpendicular 1o the
surface of the prism 2re called rormal, they are indicated by dashed ines. As
light enters the glass. it is bent toward the liest normal. When Iight ieaves, the
glass and retuns to air, it i bent away from the second normal

strike the lens, a convex lens focuses the rays at a specific
puint, the focal point (Fin ligure 2.2). The distance between
the center of the lens and the focal point is called the focal
length ( fin figure 2.2).

Qur eyes cannot focus on objects nearer than about 15 cm
(i.e.. about 10 inches). This limitation may be overcome by us-
ing a convex lens as a simple magnifier (or microscope) and
holding it close to an object. A magnifying glass provides a
clear image at much closer range. and the object appears larger.
Lens strength is related o focal length: a lens with a shont focal
length magnifies an object more than a lens having a longer
focal length.

Comprehension Check
Haw da refraction, refractive index, focal point, and focal length
differ?

- Draw the path of a light ray through a thin and thick lens

. Ilthe lenses in the above question were in coneclive eyeglasses,
which would be used for reading and which would improve distance
wision?

o

~<@HEe>-
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Figure 2.2 Lens Function. A lons functions somewhat like a
collection of prisms. Light rays ram 2 distant source are focused al the
focal point £ The focal point lies a distance £ the focal length, from the
lens center

MICRO INQUIRY How wouid the focal length change If the lens
Shown here were hicker?
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[eyepiece)

Objective lens

Mechanical stage

Aperture diaphragm control

Substage condenser

Baze with light scurce

Figure 2.3 A Bright-Field Microscope.
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micraecnne. The ocular lene further maenifies thic orimary
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2.2 There Are Several Types
of Light Microscopes

After reading this section, you should be able to

a Evaluate the parts ol a light microscope in terms of their
contributions to image production and use of the microscope

b Predict the relative degree of resolution based en light
wavelength and numerical aperiure of the lens used 10 examine
a specimen

. Create a table that compares and contrasts the various types of
light microscopes in lerms of thelr uses, how images are crealed,
and the quality of images produced

Microbiologists currently employ a variety of light microscopes
in their work, cach designed for specific applications, Modern
microscopes are compound microscopes; that is, they have two
sets of lenses. The objective lens is the lens closest 1o the speci-
men. It forms a magnified image that is further enlarged by one
or more additional lenses.

Bright-Field Microscope: Dark Object,
Bright Background

The bright-Mield micrescope is routinely used 10 examine both
stained and unstained specimens. It forms a dark image against
a lighter background. thus it has a “braght field.” It consists of a
metal stand composed of a base und an arm 10 which the remain-
ing parts are attached (figure 2.5). A Tight source, either a mirror
or an electric illuminator, is located in the base. Two focusing
knobs, the Nine and coarse adjustment knobs, are located on the
arm and move either the stage or the nosepiece vertically to focus
the image.

The stage is positioned about halfway up the arm. Micro-
scope shides are clipped to the stage, which can be moved dur-
ing viewing by rotating control knobs. The substage condenser
lens (or simply, condenser) is within or beneath the stage and
focuses a cone of light on the slide. Its position may be fixed in
simpler microscopes but can be adjusted vertically in more ad-
vanced models.

The curved upper part of the arm holds the body assembly,
1o which a nosepiece and one or more ecular lenses (also called
eyepieces) are attached. Binocular microscopes have eyepieces
for both eyes. The body assembly contains a series of mirrors
and prisms so the barrel holding the eyepiece may be tilted for
case in viewing. The nosepiece holds three to five objective
lenses of differing magnifying power and can be rolated to
change magnification. Ideally a microscope should be parfo-
cal; that is. the image should remain in focus when objective
lenses are changed.

The image seen when viewing a specimen with a compound
microscope is created by the objective and oculur lenses working
together. Light from the illuminated specimen is focused by
the objective lens, creating an enlarged 1image within the

Light intensity
" controd

_-Coarse focus
adjustment knob

— Fine focus
I adjustment knob

Stage adjustment
knobs

———
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Figure 2.3 A Brigm-Fleld Microscope.
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microscope. The ocular lens further magnifies this primary
image. The total magnification is calculated by multiplying the
ohjective and eyepicce magnifications together. For example, if
a 45x objective lens is used with a 10x eyepiece, the overall
magnification of the specimen is 450x.

Better Microscope Resolution Means a Clearer Image

The most important part of the microscope is the ohjective lens,
which must produce a clear image, not just o magnified one.
Resolution is the ability of a lens w separute or distinguish
between small objects that are close together. Al best, the reso-
Tution of a bright-field microscope 1s 0.2 pm, which 15 about the
size of a very small bacterium. Why is this the case? Resolution
is in part dependent on the numerical aperture (a sin 8) of o
lens. Numerical aperture is defined by two components: n is the
refractive index of the medium in which the lens works (e.g., wir
= [ }and 0 is 1/2 the angle of the cone of light entering an objec-
tive (figure 2.4). A cone with o narrow angle does not ade-
quately separute the rays of light emanating from closely packed
ohjects, und the images are not resolved. A cone of light with a
very wide ungle is able to separate the rays. and the closely
pucked objects uppear widely separnted and resolved. Recall
that the refractive indices of all materials through which light

Slage adjustment

knobs
48 / 1101
Objective
Working destance ‘[ “ -
Shde with = —
specmen
Figure 2.4 ical Ap in Mi Tre numencal aperture

of a lers & related 1o @ value caliec Lhe angular aperiure (symbolized Dy ),
which is 12 tre angle ol the cone of gt that enters 3 lens from a specimen
The aguation fof rumeral apertute is A sm B in the nght-hanc dlusiration
tne kers nas larger ancular and numerical apertures, its resolution § greater
anc s working distance smaler

waves pass determine the dircction of the light rays emanating
from the specimen. Some objective lenses work in air: since sin
1) cannot be greater than 1 (the maximum @ is 907 and sin 90° is
1,000, no lens working in air can have a numerical aperture
greater than 1.00. The only practical way to raise the numerical
aperture above 100, and therefore achieve higher resolution, is
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Table 2.2 Propert

OBJECTIVE
Property Scanning Low Power High Power Oil Immersion
Magnification A 0 405 80-100x
Numerical aperture 0 025 055-065 1265-14
Approximate focal kength (] 40 mm 6 mm 4mm 18-20 mm
Working distance 17=20 mm A-8mm 05-07 mm 01mm
Approximate resolving power 23 um 09 um 035 um 018 ym

with light of 450 nm (blue bght)

wavelength, at the biue end of the visible spectrum (in the range
of 4500 1w 500 nm).

Examination of figure 2.4 shows that one objective is much
closer to the specimen than the other. Specifically. the ohjective
on the right has a higher numerical aperture and a shorter work-
ing distance. The working distance of an objective is the dis-
tance between the surface of the lens and the surfuce of the
cover glass (if one is used) or the specimen when it is in sharp
focus. As illustrated here, objectives with large numerical aper-

to increase the refractive index wath immersion oil. a colorless
liquid with the same relractive index as glass (table 2.2). [T air
is replaced with immersion oil. many light rays that would oth-
erwise not enter the objective due 10 reflection and refraction
at the surfaces of the objective lens and slide will now da so
(Mgure 2.5), This results in an increase in aumerical aperture
andl resolution,

Resolution is described mathematically by an equaton
develnped in the 18705 by Ernst Abbé (1840-1905), a German

physicist responsible for much of the optical theory underly-
ing microscope design. The Abbé equation states that the
minimal distance () between two objects that reveals them
as separate entities depends on the wavelength of light ()
used to illuminate the specimen and on the numerical aper-
ture of the lens (n sin ), which is the ability of the lens 10
gather light,

0.5k
d=—
nsin

The smaller d is. the better the resolution. and finer detail can be
discerned in & specimen; o becomes smaller as the wavelength of
light used decreases and as the numerical aperture increases.
Thus the greatest resolutian is obtaincd using a lens with the
largest possible numerical aperture and light of the shortest

Figure 2.5 The Oil Immersion Objective. An ol immersion objective
operating in air ang with |mmersen ol

tures and great resolving power have short working distances
(table 2.2).

Numerical aperture is also an important feature of 2 micro-
scope’s condenser. The condenser is o large, light-gathering lens
used o project a wide cone of light through the shde and into the
objective lens. Although most condensers have a numerical aper-
turc between 1.2 and 1.4. the numerical aperture will not exceed
about €19 unless the top of the condenser is oiled to the bottom of
the shide. During routine microscope operation. the condenser
usually is not oiled, and this limits the overall resolution. even
with an oil immersion ohjective.

The most accurate calculation of a1 microscope’s resolving
power cansiders both the numerical aperture of the objective lens
and that of the condenser, as is evident from the following cqua-
tion. where NA is the numerical aperture.

d = PESL S
i 00 (NAecre + NAmtcsner)
However, in most cases the limit of resolution of a light micro-
scope is calculated using the Abbé equation, which considers the
objective lens only. We now see why the maximum theoretical
resolving power of a microscope when viewing a specimen using
an ol immersion ohjective (numerical aperture of 125) and hiue-
green light is approximately 0.2 um.
.o (OANI0 o),

= T35 =212omuor 0.2 pm

Given the limit of resolution of a light microscope. the larg:
est useful magnification—the level of magnification needed 10



microscope. The ocular lens [urther magnifies this pnmary
image. The total magnification is calculated by multiplymg the
ohjective and eyepiece magnifications together. For example. if
o 45x% objective lens is used with a 10x eyepiece, the overall
magnification of the specimen is 450x.

Better Microscope Resolution Means a Clearer Image
The most important part of the microscope is the objective lens.
which must produce a clear image, nol just a magnified one.
Resolution is the ability of a lens to scparate or distinguish
between small objects that are close together. Al best, the reso-
lution of @ bright-ficld microscope is 0.2 um, which is about the
size of a very small bacterium. Why is this the case? Resolution
is in part dependent on the numerical aperture (n sin 0) of a

o Q

working distance { ]
“

Shde with

specimen
Figure 2.4 Numerical Aperture in Microscopy.  Tne numencal aperiure
ofalersis relatec to a value callec the angular aperture (symbolzed by 8),
which & U2 the angle of the cone of light that enters a lens from & specimen
The equation for numerical aperture s 7 sin 8 In the nght-hang diustration,
the iens has larger angular and numerical apertures, IS resolution is greater
anc s working distance smalier

lens. Numerical aperture is defined by two components: n is the
refractive index of the medium in which the lens works (e.g., air
= 1)and @ is 1/2 the angle of the cone of light eniering an objec-
live (figure 2.4). A cone with a narrow angle does not ade-
guately separate the rays of light emanating from closely packed
objects, and the images are nol resolved. A cone of hight with a
very wide angle is able 1o scparate the rays, and the closely
packed objects appear widely separated and resolved. Recall
that the refractive indices of all materials through which light

waves pass determine the direction of the light rays emanating
from the specimen. Some objective lenses work in air; since sin
B cannot be greater than 1 (the maximum 0 is 90° and sin 90° is
LO0), no lens working in air can have a numerical aperture
greater than 1.00, The only practical way 1o raise the numerical
aperture above |00, and therefore achieve higher resolution, is
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Table 2.2 Properties of Objective Lenses

OBJECTIVE
 Property Scanning Low Power High Power Oil Immersion
Magnification Ax 10 4048 90100
Numerical aperture Q10 025 0.55-0865 12614
Approsimate focal length () 40 mm 16 mm 4 mm 18-20mm
| Working distance 17=-20 mm 4-8 mm 0.5-07 mm 01 mm
23um 0.9 um 035um 018 ym

Approximate resolving power
with light of 450 nm (Dlue ight)

wavelength. at the blue end of the visible spectrum (in the range
of 450 10 500 nm).

Examination of figure 2.4 shows thai one objective 1s much
closer to the specimen than the other, Specifically, the objective
on the right has a higher numerical aperture and a shorter work-
ing distance. The working distance of an objeciive is the dis-
tance between the surface of (he lens and the surface of the
cover gluss (if one is used) or the specimen when it is in sharp
focus. As illustrated here, objectives with large numerical aper-
tures and great resolving power have short working distances
(table 2.2).

Numerical aperture is also an important fealure of a micro-
scope’s condenser. The condenser is a large, light-gathering lens
used to project a wide cone of light through the slide and into the
objective lens. Although most condensers have a numerical aper-
ture between 1.2 and | 4, the numerical aperture will not exceed
about 0.9 unless the 1op of the condenser is oiled (o the boitom of

to increase the refractive index with immersion odl, a colorless
liquid with the sume refractive index as glass (table 2.2}, If air
is replaced with immersion oil. many light rays that would oth-
crwise not enter the objective due to rellection and refraction
at the surfaces of the objective lens and slide will now do so
(Figure 2.5). This resulls in an increase in numerical aperture
and resolution,

Resolmion is described mathematically by an equation
developed in the 1870s by Ernst Abbé (1840-1905). a German
physicist responsible for much of the optical theory underly-
ing microscope design. The Abbé equalion siates that the
minimal distance (d) between two objects that reveals them
as separate entities depends on the wavelength of light (2)
used to illuminate the specimen and on the numerical aper-
ture of the lens (n sin 8). which is the ability of the lens to
gather light.

d= wm the slide. During routine microscope operation, the condenser
nsind usually is not ciled. and this limits the overall resolution, even

with an oil immersion ohjective.
The most accurate calculation of a microscope’s resolving
power considers both the numerical aperture of the chjective lens
and that of the condenser. as 15 evident from the following equa-
tion, where NA 1s the numenical aperture.
_ i
Fucrmcre = (NAgpiccme + NA cosenser)

However, in most cases the limit of resolution of a light micro-

scope is calculated using the Abbé equation. which considers the

ohjective lens only. We now see why the maximum theoretical

N resolving power of a microscope when viewing a specimen using

an oil immersion objective (numerical aperture of 1.25) and blue-
green light is approximately 0.2 pm.

(05520 nm)

d= 13

Given the limit of resolution of a light microscope, the larg-

st useful magnification—the level of magnification needed 1o

The smaller o is, the better the resolution, and finer detail can be
discerned in a specimen; d becomes smaller as the wavelength of
light used decreases and as the numerical aperture increases.
Thus the greatesi resolution is obtained using a lens with the
largest possible numerical aperture and light of the shortest

=212omor 0.2 pm

Figure 2.5 The Qil Immersion Objective.  An oil immersion ebjective
operating in air and with immersian il
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increase the size of the smallest resolvable object 1w be visible
with the light microscope—can be determined. Our eye can just
detect a speck 0.2 mm in diameter. When the acuity of the eye and
the resolution of the microscope are considered together, it is cal-
culated that the useful limit of magnification is about 1000 times
the numerical aperture of the objective lens. Most standard
microscopes have 10x eyepieces and have an upper limit of about
LOOMx with oil immersion, A 15x cyepicce may be used with
good objective lenses 1o achieve a useful magnification of
1,500, Any further magnification does not enable a person o
see more detail. Indeed, a light microscope can be built 1o yiekd
a final magnification of 10.000%, but it would simply be magni-
fying a blur, Only the electron microscope provides sufficient
resolution to make higher magnifications useful.

Visualizing Living, Unstained Microbes

Bright-field microscopes are probably the most common micro-
wal laboratories

scope found in teaching, research, and ch
Hiwever, many microbes are unpigmented so are not clearly vis-
ible becuuse there is lintle difference in contrast beiween the
cells, subcel lular structures, and water. As we discuss in section
2.3, one salution to this problem is to stain cells before observa-
tion, Unfortunately staining procedures usually kill cells. But
what il an investigator wishes to view living cells” Three types of
light microscopes create detuiled, clear images of living speci-
mens: durk-field microscopes, phase-contrast microscopes, and
differentiu] interference contrust microscopes,

Dark-Field Microscope: Bright Object, Dark Background

The dark-field microscope produces detailed images of liv-
ing. unstained cells and organisms by simply changing the way

In cark-held mar oy o catkliod

neer eng system T

Figure 2.6 Dark-Fieid Microscopy.
5 <el] & plaCEd UNCEMealn e

condenser

athe

rays do not enter the objective. Only light that has been re-
fMected or refracted by the specimen forms an image (lNgure 1.6),
The field surrounding a specimen appears black, while the
object itself is brightly illuminated (figure 2.7). The dark-held
microscope can reveal considerable internal structure in larger
cukaryotic microorganisms (figare 2.7h). 11 also can be used o
identify certain bactena such as the thin and distinctively

shaped Treponema pallidum, the causative agent of syphilis
(figure 2 Ta)

in which they are illuminated. A hollow cone of light is focused
on the specimen in such a way that unreflected and unrefracied

@) T palidum b} Viohvow

Figure 2.7 Exampies of Dark-Field Microscopy. {3} ireponema pafkdum, the spirochiete that causes sypris (300 (o) The provst Voivex. Note daugbier

colomes within the mature Volvor calon

(o) Seurce. COCASCwarsy ) < Wi Hill Educat phen Durr, phatogragher
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Wave Wave outside the cell. Thus both deviated light
g cre Phase waves that interact with bacterial cell strue-
Elate tures and undeviated light waves that pass

around and through the cell are produced.
Because the deviated light waves are slowed
relative 10 the undeviated light waves. they
\ are said to be out of phase. That is. the crests
and woughs of the deviated and undeviated
waves do not align. Typically the deviated
light waves are slowed by about '4 wave-
length compared 0 the undeviated light
(figure 2.8}
Phase-contrast microscopes take advan-

|

—_

=

Bacterium na  Ray devisted by Deviated ray is Deviated and tage of this phenomenon to create differences
L U specimenis V4 e w:"f.'e"gm indevieied tay3 in light intensity that provide contrast to allow
::;:;Gm = e epnEe oul el each oiner the viewer to sec a clearer. more detaled im-

age of the specimen (figure 2.9). They do so
by separating the two types of light so that the
undeviated light (primarily from the =or

ings) can be pulated and then re-
combined with the deviated hght (from the
hacterium) 1o form an image. Two compo-
nents allow this o occur: a condenser annulus and a phase plate
(figure 2.10). The condenser annulus is an opaque disk with a thin

Figure 2.8 The Production of Contrast in Phase-Contrast Microscopy. The behavor of ceviated
and unceviated (i.e., ungiractec | i ht rays in the posifive-phase-£orirast microscope Because

1t rays tend to cancel each ather out, the image of the spacimen will be gark t
brighter background

Phase-Contrast Microscope

To understand phase-conirast microscopy, consider a bacterium
in 1 drop of water on a microscope slide (i.e.. o wet mount) as il-
lustrated in figure 2.8, The refractive indices of bacterial cell
structures are greater than that of water. Therefore. hight waves
passing through a cell structure will be diffracted and slowed
more than light waves passing through the water inside and

wransparent ring. A ring of light is direeted by the condenser an-
nulus to the condenser. which focuses the light on the specimen as
shown in figure 2.10. Deviated and undeviated light then pass
through the ohjective toward the phase plate. The phase plate has
a thin nng through which the undeviated light (ie.. from the sur-
roundings) is focused (figure 28). In a common type of phase-
contrast microscopy (positive phase contrast). the nng 1s coated
with a substance that advances the phase of the undeviated light
by "4 wavelength. The deviated light is focused on the rest of the
phase plate. which leis the deviated light pass through unchanged.



2.2 There Are Several Types of Light Microscopes 25

Wave Wave outside the cell. Thus both deviated light
trough crest

Phase waves that interact with bacterial cell struc-
l i tures and undeviated light waves that pass
around and through the cell are produced.
Because the deviated light waves are slowed
relative to the undeviated light waves. they
are said to be out of phase. That is, the crests
and troughs of the deviated and undeviated
waves do not align. Typically the deviated
light waves are slowed by about % wave-
length compared to the undeviated light
(figure 2.8),

Phase-contrast microscopes take advan-
tage of this phenomenon to create differences
in light intensity that provide contrast to allow
the viewer to see a clearer, more detailed im-

Bacterium in a
wel mount

Ray deviated by
specimen is /4 1/2 wavelength undeviated rays

wavelength out out of phase. ! cancel each other
of phase. out

Deviated ray is Deviated and

Figure 2.8 The Production of Contrast in Phase-Contrast Microscopy. The behavior of deviated
and undeviated (i.e., undiffracted) light rays in the pesitive-phase-contrast microscope. Because
the light rays tend to cancel each other oul, the image of the specimen will be dark against a

brighter background.

Phase-Contrast Microscope

To understand phase-contrast microscopy. consider a bacterium
in a drop of water on a microscope slide (i.e.. a wet mount) as il-
lustrated in figure 2.8. The refractive indices of bacterial cell
structures are greater than that of water. Therefore, light waves
passing through a cell structure will be diffracted and slowed
more than light waves passing through the waler inside and

{a) An amoeba

age of the specimen (figure 2.9). They do so
by separating the two types of light so that the
undeviated light (primarily from the sur-
roundings) can be manipulated and then re-
combined with the deviated light (from the
bacterium) to form an image. Two compo-
nenis allow this 1o occur: a condenser annulus and a phase plate
(figure 2.10). The condenser annulus is an opaque disk with a thin
transparent ring. A ring of light is directed by the condenser an-
nulus to the condenser, which focuses the light on the specimen as
shown in figure 2.10. Deviated and undeviated light then pass
through the objective toward the phase plate. The phase plate has
a thin ring through which the undeviated light (i.e., from the sur-
roundings) is focused (figure 2.8). In a common type of phase-
conirast microscopy (positive phase contrast), the ring is coated
with a substance that advances the phase of the undeviated light
by V4 wavelength. The deviated light is focused on the rest of the
phase plate, which lets the deviated light pass through unchanged.

Micronucleus Macronucleus

{b) Paramecium sp.

Figure 2.9 Examples of Phase-Contrast Microscopy. (a) An amaeba, a eukaryolic microbe thal moves by means of pseudopodia, which extend aul from the

main part of the cell bedy. (b) Paromecium sp. stained to show a large central macronucleus with a small spherical micranucleus at its side {x400)
) \oMcGeew Hil EducatoerStephen Durr, photographer. by ©McGrav: Hill Educaton/ James Redfearn, pf alograpner




(a) An amoeba

Figure 2.9 Examples of Phase-Contrast Microscopy.  (a) An amoeba, a eukaryolic microbe that moves by means of pseudopodia, which extend out from the

(b) Paramecium sp.

main part of the cell body. (b) Paramecium sp. stained Lo shew a large central macranucleus with a small sphenical micronucleus at its side (x400).
a) ‘TMcGraw-Hill Education/Stephen Duir, photagrapher, |bj ©McGraw Hil oL cat on/iames Reafearn, protographer
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Cﬁdmm
annulus

Figure 2.10 Phase-Contrast Microscopy. The oplics of a pasitive-
phase-conlrast microscope

MICRO INQUIRY What is the purpose of the annular stop in a phase-
contrast microscope? Is it found in any other kinds of light microscopes?

After leaving the phase plate, the deviated and undeviated light
are now out of phase by 2 wavelength (figure 2.8). When the two
rays of light recombine to form an image, they cancel each other
out, a phenomenon called destructive interference. Destructive
interference is also seen if the crest of a wave of water meets the
trough of another wave—the two cancel each other out and the
surface of the water remains calm at the point where they meet. In
our example, the resulting image consists of a darker bacterium
against a lighter background.

Phase-contrast microscopy is especially useful for studying
microbial motility, determining the shape of living cells, and detect-
ing bacterial structures such as endospores and inclusions. These
are clearly visible because they have refractive indices markedly
different from that of water. Phase-contrast microscopes also are

51/1101

Figure 2.1 Differential Interference Contrast Microscopy. This image of

the protozoan Amoeba proteus appears three-dimensional and contains
cansiderable delail
MeGraw-H i Education'Stepten Durr, pholagrapher

widely used 1o study eukaryotic cells, ®| Bacterial endospores
are a survival strategy (section 3.9); Inclusions (section 3.6)

Differential Interference Contrast Microscope

The differential interference contrast (DIC) microscope is
similar to the phase-contrast microscope in that it creates an im-
age by detecting differences in refractive indices and thickness.
Two beams of plane-polarized light at right angles to each other
are generated by prisms. In one design, the object beam passes
through the specimen, while the reference beam passes through
a clear area of the slide. After passing through the specimen, the
two beams combine and interfere with cach other 10 form
an image. A live, unstained specimen appears brightly colored
and seems to pop out from the background, giving the viewer
the sense that a three-dimensional image is being viewed
(figure 2.11). Structures such as cell walls, endospores, granules,
vacuoles, and nuclei are clearly visible,

Fluorescence Microscopes
Use Emitted Light to Create Images

The light microscopes thus far considered produce an image
from light that passes through a specimen. An object also can be
seen because it emits light, This is the basis of fluorescence
microscopy. When some molecules absorb radiant cnergy, they
become excited and release much of their trapped energy as
light. Any light emitted by an excited molecule has a longer
wavelength (i.c., has lower energy) than the radiation originally
absorbed. Fluorescent light is emitted very quickly by the ex-
cited molecule as it gives up its trapped energy and returns lo a
more stable state.

The fluorescence microscope excites a specimen with a spe-
cific wavelength of light that triggers the emission of
fluorescent light by the object. which forms the image. The most



2.2 There Are Several Types of Light Microscopes 27

Table 2.3 Commonly Used Flug

— Long wavelengths

- Barrier hiter (Dlocks

Exciter filter ultraviole! radiation
(remaves lang but allows visible | Fluorochrome Uses 52 / 1 1 01
waveiengths) light thraugh) i
\ | Acridine orange Stains DN.
e | i
-~ Dichromatic mirrar I
{ ' Diamidino-2-phenyl Stains DNA
Mercury —= 3 LA (reflects short Hdole IDQPUQ ¥ ‘
arc lamp wavelengths; transmits |

/
Short -
wavelengths

Fluorescein Often attached to DNA probes or to
Isothiocyanate (FITC) antibadies that bind specific cellular
components

lorger wavelengihs)
_~Long wavelengths

| Tetramethyl rhodamine
isothiocyanate (TRITC
l or rhodamine)

Often attlached 1o antibodies that bind
specific cellular components

Fluorochrome-stained
specimen
short-wavelength
radlation and emits
lorger-wavelength light)

fluarochrome-labeled probes or flucrochromes that bind specific
cell constituents (table 2.3). In addition, microbial ecologists
use epifluorescence microscopy to visualize photosynthetic
microbes, as their pigments naturally fluoresce when excited by
light of specific wavelengths, It is even possible 1o distinguish
live hacteria from dead bacteria by the color they fluoresce after
treatment with o specific mixture of stains (figure 2.13a).
Pl Genetic methods are used 1o assess microbial diversity {sec-
tion 29.2); Idemtification of microorganisms from specimens
{section 17.2)

Flgure 2.12 Epiflucrescence Micrascopy.
an epl‘.:unrﬂrenr_e miCroscope,

Tha principles of cperation of

commonly used fluorescence micrascopy is epifluorescence
microscopy, also called incident light or reflected light fluores-
cence microscopy. Epifiucrescence (Greek epi, upon) microscapes
illuminate specimens from above, The ohjective lens alsa acts as a
condenser (figure 2.12). A mercury vapor arc lamp or other source
produces an intense beam of light that passes through an exciter
filter. The exciter filler wansmits only the desired wavelength of
light. The excitation light is directed down the microscope by
the dichromatic mirror, This mirror reflects light of shorter
wavelengths (ie., the excitation light) but
allows light of longer wavelengths 1o pass
through. The excitation light continues
down, passing through the objective lens
o the specimen, which is usually
stained with maolecules called fluoro-
chromes (table 2.3), The fluorochrome
absorbs light energy from the excitation
light and emits (uoreseent light that travels
up through the ohjective lens into the mi-
cruscope, Beeause the emitted fuorescent
light has a longer wavelength, it passes
through the dichromatic mirror 1o a burrier
filter, which blocks out any residual excita-
tion light, Finally, the emitted light passes
through the barrier filter to the eyepieces,
The uorescence microscope has be- @ )
come an essentiol toal in microbiology.
Bacterial pathogens can be identified after
staining with fluorochromes or specifi-
cally tugging them with fluorescently
luheled antibodies using immunofluores-
cence procedures. In ecological studies,
fluorescence  microscopy s used to
observe microorganisms stained with

Another important use of fluorescence microscopy is the
localization of specific proteins within cells. One approach is
1o use genelic engineering techniques that fuse the gene for the
protein of interest 1o a gene isolated from jellyfish belonging

10 pm

Figure 2.13 Flucrescen! Dyes and Tags. (3 Dyes that cause ive cells o flugresce green and
dead anes red, b Flucrescent antibodies 1ag specilic molecules. In this case, the anthody binds 1o &

malecule that is unique to Yersinia pestis, the bacterium that causes plague
(¢1 00 Rea B. Mayes, [ Sewece COCCourtesy of Lavey Stauter, Crogon Sate Pubks Heaith Labor atory

MICRO INGUIRY How might the flucrescently labeled antibody used in hgure 2 13b be used to
diagnose strap troal?
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fluorescent, GFP has been used extensively in studies on hac-
terial cell division and related phenomena (figure 2.14). In
fact. the 2008 Nobel Prize in Chemistry was awarded to Osamu
Shimomura of Japan and Americans Martin Chalfie and Roger
Txien for their development of this important tool. B Fluo-
rescence labeling (section 17.4)

igure 2.94 Green Fluorestent Protein.

Wisualization of Mbl, a cylcskoletal
Leen fused with green fluorescen

olein of Bocilus subtifis. The Mol proteir
otein and therefore fluoresces green
et Erne gtaniCer e o

peten ¥ Tl BralogyMimacas i Liinesty

' the genus Aequorea. This jellyfish gene encodes a protein
il naturally fluoresces green when exposed to light of a par-
cular wavelength and is called green fluorescent protein
SFP). Thus when the protein is made by the cell, it is

(@) Al objects are defined
by three axes: x, y, and
r The confocal
acanring laser
microscope (CSLM)
creates iImages of
planes formed by the x
and y axes {x-y planes)
and planes formed by
the x and 2 axes
(x-z planes).

microscope
of the twao beads

Confocal Microscopy

Like the large and small beads illustrated in figure 2.15a,
biological specimens are three-dimensional. When three-
dimensional objects are viewed with maditional light micro-
scopes, light from all areas of the object, not just the plane of
focus, enters the microscope and is used to create an image. The
resulting image is murky and fuzzy (figure 2.15h). This problem
has been solved by the confocal scanning laser microscope

(#} Views are also generated using
different plares. The top left
panel is the image of a single
x-y plane {i.e. looking down
fram the 1op of the beads) The
twao lines represent the two
%-z planes imaged in the other
two panels. The vertical kne
Indicates the x-z plane shawn
n the top right panel fie, a
view from the right side of the
beads) and the horizantal line
mdicates the -z plare shown
in the botltom panel [Le. a view
Trevpm # W
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Figure 214 Green Fluorescent Protein. Visualization of Mbl, a cytoskeletal
protein of Bocitlus subtiis. The Mbl protein has been fused with green fluorescent

protein and therefore fluoresces green
Jeft Emngien/Centre far Bacterial Ce | Bro ogy/Mewcastle Unwersity

to the genus Aeguorea. This jellyfish gene encodes a protein
that naturally fluoresces green when exposed to light of a par-
ticular wavelength and is called green fluorescent protein
(GFP). Thus when the protein is made by the cell, it is

T 9 (a) All objects are defined
Scr'u_.crg.ztr:u: dlragram by three axes x, y, and
o planes 2. The confocal

scanning laser
microscope (CSLM)
creates images of
planes formed by the x
and y axes (x-y planes)
and planes formed by
the x and z axes

(x-z planes).

(b) The light micrascope
Image of the two beads
shown in (a). Note that
neither bead is clear,
because the image is
generated from light
emanating from multiple
planes of focus.

(c) A CSLM uses light from a
single plane of focus to
generate an image. A
composite image of the two
beads Is generated using
digitized information
collected from multiple
planes within the beads.

(d) Digitized information
is collected from
multiple planes within
the beads to
generate a
three-dimensional
reconstruction

CSLM: Three different views

CSLM 3-Dr

fluorescent. GFP has been used extensively in studies on bac-
terial cell division and related phenomena (figure 2.14). In
fact, the 2008 Nobel Prize in Chemistry was awarded to Osamu
Shimomura of Japan and Americans Martin Chalfie and Roger
Tsien for their development of this important tool. »| Fluo-
rescence labeling (section 17.4)

Confocal Microscopy

Like the large and small beads illustrated in figure 2.15a.
biological specimens are three-dimensional. When three-
dimensional objects are viewed with traditional light micro-
scopes, light from all areas of the object, not just the plane of
focus, enters the microscope and is used to create an image. The
resulting image is murky and fuzzy (figure 2.155b). This problem
has been solved by the confocal scanning laser microscope

(e) Views are also generated using
different planes. The top left
panel is the image of a single
x-y plane (i.e. looking down
from the top of the beads). The
two lines represent the two
x-Z planes imaged in the other
two panels. The vertical line
indicates the x-z plane shown
in the top right panel (le_, a
view from the right side of the
beads) and the horizontal line
indicates the x-z plane shown
in the bottom panel (i.e., a view
from the front face of the
beads).

(f) A three-dimensional
reconstruction of a
Pseudomonas oeruginosa
biofilm. The biofilm was
exposed to an
antibacterial agent and
then stained with dyes
that distinguish living
(green) from dead (red)
cells. The cells on the
surface of the biofilm have
been killed, but those In
the lower layers are still
alive. This image clearly
demonstrates the difficulty
of killing all the cells in a
biofilm.

tion of P a. biofilm

Figure 2.15 Light and Confocal Microscopy. (a-e) Two beads examined by light and

confocal microscopy. (1) Three-dimensional reconstruction of a biofilm
[b=1 © P DirckniCenter for Biofilm Engineenng/Marttana State Unversty



(CSLM), or simply, confocal microscope. The confocal micro-
scope uses a laser beam to illuminate a specimen that has been
fluorescently stained. A major component of the confocal micro-
scope is an opening (that is, an aperture) placed above the
objective lens. The aperture eliminates stray light from parts
of the specimen that lie above and below the plane of focus
(figure 2.16). Thus the only light used to create the image is from
the plane of focus, and a much sharper image is formed.

To generate a confocal image, a computer interfaced with
the confocal microscope receives digitized information from
cach plane in the specimen. This information can be used to
creale a composite image that is very clear and detailed (fig-
ure 2.15¢) or a three-dimensional reconstruction of the specimen
(figure 2.15d). Images of x-z plane cross sections of the speci-
men can also be generated, giving the observer views of the spec-
imen from three perspectives (figure 2.15¢). Confocal microscopy
has numerous applications. One is the study of biofilms, which
can form on many different types of surfaces, including indwell-
ing medical devices such as hip joint replacements. As shown in
figure 2.15f, it is difficult to kill all cells in a biofilm. This makes
biofilms a particular concern because their formation on medical
devices can result in infections that are difficult to treat.
Pl Biofilms are common in nature (section 7.6)

2.3 Staining Specimens Helps to Visualize a

Comprehension Check

1.

Compare and contrast the function of the ct
eyepiece lenses.

What happens to resolution if each of the folls
of light, refractive index, and numerical aperti
and magnification related?

What might a microscopist see through an ¢
no immersion oil is present?

Why don't most light microscopes use 30x
magnification?

Compare and contrast how dark-field, phas
interference contrast, epifluorescence, and
work and the kind of image or images provi
specific use for each type.

Which type of microscope(s) would be used
specimens? Photosynthetic bacteria, swimr
labeled microorganisms, unstained microbe
explain each of your answers.

2.3 Staining Specimens F

and |dentify Microbes

After reading this section, you should &

a. Recommend a fixation process to use w
is a bacterium or archaeon and when th
protist

b. Plan a series of appropriate staining proce
unknown bacterium as fully as possible

c. Compare what happens to Gram-positiv
negative bacterial cells during each stej
procedure

As noted in section 2.2, specimens e:
microscopy are often fixed and stained
Such preparation serves to increase the
organisms, accentuate specific morphol
serve them for future study. Impo



Acid-last staining is another important differential stain-
ing procedure, It can be used to wlentify Myvcobacterium tuber-
culosis and M, leprae (ligure 2.195), the pathogens responsible
for tuberculosis and leprosy, respectively. These bacteria, as
well as other mycobacteria, have cell walls containing lipids
constructed from mycolie acids, a group of branched-chain
hydroxy fawy acids. which prevent dyes from readily binding
to the cells (see figure 23.7). A commonly used staining proce-
dure, the cold Ziehl-Neelsen method, uses high
of phenol and carbol fuchsin, as well as a wetting agent, w drive
the stain carbol fuchsin into mycobactenial cells. Once this dye
has penetrated, the cells are not easily decolorized
by acidified alcohol (acid-alcohol) and thus are said 1o be acid-
fast. Non-acid-fast bacteria are easily decolorized by acid-
alcohol and thus are stained another color by a second dye

in the midst of a blue-black background because ink an
particles cannot penetrate either the cell or its capsule.
capsule staining is an example of negative staining. |
is little distortion of cell shape, and the cell can be cou
stained for even greater visibility. ® Capsules and stime |
(section 3.5)

Flagella staining provides taxonomically valuable |
mation about the presence and distribution pattern of [l
on bacterial and archaeal cells (figure 2.19d; see als
wre 3.37). Their flagella are fine. threadlike organell
locomotion that are so slender (about 10 to 30 nm in dian
they can only be seen directly using an electron micro:
(although bundles of flagella can be visualized by dark
microscopy ). To observe hacu:ml Magella with a light m
scope, their thick is 1 by them

called a counterstan,
One of the simpl i d is 1]

E

mordants such as tannic acid and potassium alum and

g with a dye such as basic fuchsin. P Baci

(figure 2.19¢), a technique that mvea.ls the of
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Comprehension Check

. Describe the two generzl types of fixation. Which would you use
when Gram slaining a bacterium? Which would you use before
observing the organelles of a protist?

. Why would basic dyes be more effective under alkaline conditions?

. What procedural error(s) might be responsible if you Gram stained a
mixture of bacteria known to be Gram-positive and Gram-negative
and see only red cells?

4, Are capsular and flagellar staining differential staining procedures?

Explain your answer.

w o

2.4 Electron Microscopes Use Beams
of Electrons to Create Highly
Magnified Images

After reading this section, you should be able to
2, Create a concept map, lllusiration, or table that compares
transmission electron microscopes (TEMs) to fight microscopes

b. Decide when it would be bes! to examine & microbe by TEM,
scanning electran microscopy (SEM), and electron cryolomography

For centuries the light microscope has been the most important
instrument for studying microorganisms. However. even the best

light mi pes have a lution limit of about 0.2 pm, which
Range of light
microscope
Rarge af
electran microscope
Colonial algs
pocie (Pediostrum)

1 pm
5 100 rm
Hiv}
‘ Poliovirus
10 nm

(100 4) |Proteins

Scanning — = ‘

tunneling e ] Aming acid
IcTDRcope: 0 & (small malecule)

ﬂl‘;‘"‘ ® Hydrogen atom

1 flagella (section 3.7)

57 /1101

ereatly compromises their usefulness for detailed studies of many
microorganisms (figure 2.20), Viruses, for example, are too small
10 be seen with light microscopes (with the exception of some
recently discovered giamt viruses). Bacteria and archaea can be
observed, but because they are usually only | to 2 pm in diameter,
only their grm:ral shape and major marplmlnglcul Fealum are m-
ible. The detailed internal of

cannot be effectively studied by light microscopy.

Recall that the resolution of a light microscope increases as
the wavelength of the light it uses for illumination decreases. In
electron microscopes, electrons replace light as the illuminating
beam. The electron beam can be focused, much as light is in a
light microscope, but its wavelength is ahoul 100, 000 times
shorter than that of visible light. Theref mic
have a practical resolution roughly 1LOOO times better than 1hc
light microscope: with many electron microscopes. points
closer than 0.5 nm can be distinguished, and the useful magni-
fication is well over 100,000x (figure 2.20). The value of the
electron mitmscope is evident on comparison of the pholographs
in figure 2.21. Microbial morphology can now be studied in
great detail. We briefly review the most common types of elec-
Lron MicToscopy.

Transmission Electron Microscope

A transmission electron microscope (TEM) uses a heated
tungsten filament in the electron gun to generate a beam of

ﬁ&m

Nucleus

f .
10 pm O Red bload cell "g White blood cell

) @ rickensio vactera \\ Rod-shaped M:Hh Q Coccus-shaped bacterium

(‘L‘ Mycoplosma bacteria mh\mﬁ

Human Immuncdeficiency Virus

Figure 2.20 The Limits of Microscopic Resolution.

Dimensions are indicated with a kogarithmic scale (each majer
division represents a 10-fold change in size). To the right side of the
ccale are the approximate sizes of cells, viruses, molecwes, and atoms.

2.4 Electron Microscopes Use Beams of Electrons to Creale Highly Magnified Image

cut such a thin slice, specimens must be embedded
supportive plastic matrix. To prepare specimens, they are
fixed with chemicals such as glutaraldehyde and osi
tetroxide to stabilize cell structure, The specimen is
dehydrated with organic solvents (e.g., acetone or eth:
Next the specimen is soaked in unpolymerized, liquid e
plastic until it is completely permeated, and then the plas
hardened to form a solid block. Thin sections are skillfull
from the block with a glass or diamond knife usine a d
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(a) (b)

Figure 2.21 Light and Electron Microscopy. A comparisan
of light and electron microscopic resolution.

{a) The protecbacterium Spirillum volutons in phase-

contrast light microscope (x1,000). (b) A thin section

of another spiral-shaped proteabacterium Rhodospirilium

rubrim in transmission electron microscope (x100,000).
|a) CMcGraw-Hi | Education/James Rediearn, phatographer, {b) © Bic ogy
MedlaiScience Source

electrons that is focused on the specimen by the
condenser (figure 2.22). Since electrons cannot
pass through a glass lens, doughnut-shaped
electromagnets called magnetic lenses focus the
beam. The column containing the lenses and
specimen must be under vacuum to oblain a
clear image because electrons are deflected by
collisions with air molecules. The specimen
scatters some electrons, bul those that pass
through are used to form an enlarged image of
the specimen on a fluorescent screen that inter-
faces with a computer monitor (figure 2.23).
Denser regions in the specimen scatter more
electrons and therefore appear darker because
fewer electrons strike that area of the screen;
these regions are said to be “electron dense.” In
contrast, electron-transparent regions are
brighter.

Table 2.5 compares some of the important
features of light and transmission electron
microscopes. The TEM has distinctive features
that place harsh restrictions on the nature of
samples that can be viewed and the means by
which those samples must be prepared. Speci-
mens must be viewed in a vacuum and only
extremely thin slices (20 to 100 nm) of a speci-
men can be viewed because electron beams are
easily absorbed and scattered by solid matter. To

cut such a thin slice, specimens must be embedded in a
supportive plastic matrix. To prepare specimens, they are [irst
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.« membrane fixed with chemicals such as glutaraldehyde and osmium
vesicle tetroxide to stabilize cell structure. The specimen is then

Nucleoid dehydrated with organic solvents (e.g.. acetone or ethanol).

Next the specimen is soaked in unpolymerized. liquid epoxy
plastic until it is completely permeated, and then the plastic is
hardened to form a solid block. Thin sections are skillfully cut
from the block with a glass or diamond knife using a device
called an ultramicrotome.

As with bright-field light microscopy, cells are usually
stained so they can be seen clearly with a TEM. The probability
of electron scatlering is determined by the density (atomic
number) of atoms in the specimen. Biological molecules are
composed primarily of atoms with low atomic numbers (H, C,
N, and O). and electron scattering is fairly constant throughout
an unstained cell or virus. Therefore specimens are [urther
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Figure 2.22 A Comparison of Light and Transmission Electron Microscopes.
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faces with a computer monitor (figure 2.23).
Denser regions in the specimen scatter maore
electrons and therefore appear darker because
fewer electrons strike that area of the screen;
these regions are said to be “electron dense.” In
contrast, electron-transparenl regions are
brighter.

Table 2.5 compares some of the important
features of light and transmission electron
microscopes. The TEM has distinctive features
that place harsh restrictions on the nature ol
samples thal can be viewed and the means by
which those samples must be prepared. Speci-
mens must be viewed in a vacuum and only
extremely thin slices (20 to 100 nm) of a speci-
men can be viewed because electron beams are
easily absorbed and scattered by solid matter. To
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Figure 2.23 A Transmission Electron Microscope. The electron qun is
al the top of the central column, and the magretic (enses are within the column
The image on the lluorescent screen is alse viewed on a compuler monitar
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prepared by soaking thin sections with solutions of heavy metal
salts such as lead citrate and wranyl acetate. The lead and ura-
nium ions bind lo structures in the specimen and make them
more electron opaque, thus increasing contrast in the material.
Heavy osmium atoms from the osmium tetroxide fixative also
stain specimens and increase their contrast. The stained thin
sections are then mounted on tiny copper grids and viewed.
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Figure 2.22 A Comparison of Light and Transmission Eleciron Microscopes.
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Twe other important technigues for preparing specimens for
TEM include negative staining and shadowing, In negative stain-
ing, the specimen is spread out in a thin film with either phospho-
tungstic acid or uranyl acetate. Just as in negative staining for
light microscopy, the specimen appears bright against a dark
background, in this case because the heavy metals do not pene-
trate biological material. Negative staining enables visualization
of viruses and cellular microbes, but unlike thin sections, internal
structures cannol be discerned (figure 2.24a). In shadowing, a
specimen is coated with a thin film of platinum or other heavy
metal by evaporation at an angle of about 45 degrees from hori-
zontal so that the metal strikes the microorganism on only one
side. In one commonly used imaging method, the area coated
wilth metal appears dark in photographs, whereas the uncoated
side and the shadow region created by the object are light (figure
2.24b). This technique is particularly useful in studying virus
particle morphology. bacterial and archacal MNagella. and DNA.

The process of chemical lixation and dehydration can intro-
duce artifacts that can alter cellular morphology. This can be min-
imized or avoided by using a freeze-etching procedure. When
cells are rapidly frozen in liquid nitrogen. they become very britile
and can be broken along lines of greatest weakness, usually down
the middle of internal membranes (figure 2.25). The exposed sur-
faces are then shadowed and coated with layers of platinum and
carbon (o form a replica of the surface. Afler the specimen has
been removed chemically, this replica is studied in the TEM. pro-
viding a detailed view of intrace|lular structure.

Scanning Electron Microscope

Transmission electron microscopes form an image from radiation
that has passed through a specimen. The scanning electron
microscope (SEM) produces an image [rom electrons released

Table 2.5 Characteristics of Light and Transmission Electron Microscopes

Feature
‘ Highest practical magnification
Best resolution’
| Radiation source
Medium of travel
| Type of lens
Source of contrast
| Focusing mechanism
Method of changing magnification

{ Specimen mount

1 The resalution limit ol a human eye iz about 0.2 mm

Light Microscope

About 1,000-1500

0.2 um

Visible light

Air

Glass

Differential light absorption

Adjust lens position mechanically
Switch the objective lens or eyeplece

Glass slide

Transmission Electron Microscope
Over 100,000

0.2nm

Electron beam

High vacuum

Electromagnet

Scattering of electrons

Adjust current to the magnetic lens
Adjust current to the magnetic lens

Metal grid (usually copper)
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(a) T4 virlon—negative stain

(b) P. fluorescens—after shadowing

Figure 2.24 Stainied Microorganisms Visualized by TEM.
(8) T4 is a virus that infects Escherichio coli, (b) Psevdomonas fluorescens

with its polar flagella.
(a) ©AMI Images/Science Scurce, (b) ©Dr. Tony Brain/SPUScience Source

MICRO INQUIRY Why are all electron micrographs black and white
(although they are sometimes artificiolly colorized after printing)?

from an object’s surface. The surfaces of microorganisms are visu-
alized in greal detail; most SEMs have a resolution of about 10 nm.

Specimen preparation for SEM is relatively easy, and in
some cases, air-dried material can be examined directly. How-
ever, microorganisms usually must first be fixed, dehydrated, and
dried to preserve surface structure and prevent collapse of cells
when they are exposed to the SEM’s vacuum. Before viewing,
dried samples are mounted and coated with a thin layer of metal
to prevent the buildup of an electrical charge on the surface and
to give a better image.

To create an image, the SEM scans a narrow, tapered elec-
tron beam back and forth over the specimen (figure 2.26). When
the beam strikes a particular area, surface atoms discharge a tiny
shower of electrons called secondary electrons, and these are
trapped by a detector. Secondary electrons sirike a material in
the detector that emits light when struck by electrons (the mate-
rial is called a scintillator). The flashes of light are converted to
an electrical current and amplified by a photomultiplier. The
signal is digitized and sent to a computer, where it can be viewed.

Figure 2.25 Example of Freeze-Etching. A [reeze-etched preparation
of the bacterium Nitrospiro sp.
(2D, Kari Launatmaa/SPL/Sclence Source
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Figure 2.26 The Scanning Electron Microscope.
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Figure 2.27 Scanning Electron Micrograph of Mycobacterium

tuberculosis. Colorized image (x15,549)
Source: COC lanice Haney Can

The number of secondary electrons reaching the detector
depends on the nature of the specimen’s surface. When the elec-
tron beam strikes a raised area, a large number of secondary elec-
trons enter the detector; in contrast, fewer electrons escape a
depression in the surface and reach the detector, Thus raised ar-
eas appear lighter on the screen and depressions are darker. A
realistic three-dimensional image of the microorganism’s surface
results (figure 2.27). A single instrument can house both trans-
mission and scanning electron microscopes (S/TEM).

Electron Cryotomography

Beginning approximately 40 years ago, a series of advances in
electron microscopy paved the way for the development of
electron cryotomography, a technique that since the 1990s has
been providing exciting insights into the structure and function of
cells and viruses. Cryo- refers to sample preparation and visuali-
zation. Samples are prepared by rapidly plunging the specimen
into an extremely cold liquid (e.g., ethane) and the sample is kept
frozen while being examined. Rapid freezing of the sample forms
vitreous ice rather than ice crystals. Vitreous ice is a glasslike
solid that preserves the native state of structures and immobilizes
the specimen so that it can be viewed in the high vacuum ol the
electron microscope. Tomography refers to the method used to
create images. The object is viewed from many directions,
referred to as a tilt series. The individual images are recorded
and processed by computer programs, and finally merged to
form a three-dimensional reconstruction of the object. Three-
dimensional views, slices, and other types of representations of
the object can be derived from the reconstruction (figure 2.28).
The ultrastructure of bacterial and archaeal cells has been
the focus of numerous studies using electron cryotomography.
Some of these studies have revealed new cytoskeletal elements,
such as those associated with magnetosomes—the inclusions
used by some bacteria to orient themselves in magnetic [ields
(see figure 22.14).

Figure 2.28 TEM and Electron Cryotomography. A comparison of

(a) a thin section of a Caulobocter crescentus cell prepared using
conventional TEM procedures and (b) a central slice from a three-dimensional
reconstruction of an intact C. crescentus cell FIL, a bundle of filaments, OM,
outer membrane, P, a presumed inclusion; PG, peptidoglycan, PM, plasma

membrane, RIB, ribosome; SL, S-layer; ST, stalk
(a) = AMI Images/SPL/Science Source, (b) ‘L Grant J Jensen

Comprehension Check

1. Why does an electron microscope have much greater resolution than
a light microscope?

2. Where is the electron gun located relative to the sample? Why must a
TEM use high vacuum and very thin sections?

3. Under what circumstances would it be desirable lo prepare specimens
for a TEM by thin section? Negative staining? Shadowing? Freeze-elching?

4. How does a scanning electron microscope differ from a TEM? If you
were shown a micrograph, how would you know if it were a TEM,
SEM, or electron cryotomography?

2.5 Scanning Probe Microscopy Can
Visualize Molecules and Atoms

After reading this section, you should be able to:

a. Distinguish scanning tunneling from atomic force microscopes in
terms of how they create images and their uses

b. Compare and contrast light microscopy, electron microscopy, and
scanning probe microscopy in terms of their uses, resalution, and
the quality of the images created

Among the most powerful microscopes are scanning probe micro-
scopes (SPMs). These microscopes measure surface features of an
object by moving a sharp probe over the object’s surface. One type of
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SPM is the scanning tunneling microscope. It can achieve magni-
fications of 100 million times, and it allows scientists to view atoms
on the surface of a solid. The scanning tunneling microscope has a
needlelike probe with a point so sharp that often there is only one
atom at its tip. The probe is lowered toward the specimen surface
until its electron cloud just touches that of the surface atoms. When a
small voltage is applied between the tip and specimen, electrons (low
through a narrow channel in the electron clouds, This unneling cur-
rent, as it is called, is extraordinarily sensitive to distance and will
decrease about a thousandfold if the probe is moved away from the
surface by a distance equivalent to the diameter of an atom.

The arrangement of atoms on the specimen surface is deter-
mined by scanning the probe tip back and forth over the surface
while keeping the probe at a constant height above the specimen.
As the tip follows the surface contours by moving up and down,
its motion is recorded and analyzed by a computer to create an
accurate three-dimensional image of the surface atoms. The sur-
face map can be displayed on a computer screen or plotted on
paper. The resolution is so great that individual atoms are ob-
served easily. Even more exciting is that the microscope can ex-
amine objects when they are immersed in water. Therefore it can
be used to study biological molecules such as DNA (figure 2.29).
The microscope’s inventors, Gerd Binnig and Heinrich Rohrer,
shared the 1986 Nobel Prize in Physics for their work, together
with Ernst Ruska, the designer of the first transmission electron
microscope.

A second type of SPM is the atomic force microscope, which
moves a sharp probe over the specimen surface while keeping the
distance between the probe tip and the surlace constant. It does this
by exerting a very small amount of force on the tip, just enough to
maintain a constant distance but not enough force to damage the
surface. The vertical motion of the tip usually is followed by meas-
uring the deflection of a laser beam that strikes the lever holding
the probe (figure 2.30). Unlike the scanning tunneling microscope,

Figure 2.29 Scanning Tunneling Microscopy of DNA. The DNA

double helix with approximately three turns shown (false calor; %2,000,000).
T Driscot, Youngaulst & Baldeschwieler, Cal-tech/SPL/Sclence Source

MICRO INQUIRY Compare the magnification of this image with that
shown in figure 2.27 (SEM). How many limes greater is the magnification
shown here?
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Figure 2.30 The Basic Elements of an Atomic Force Microscope.

The tip used lo probe the specimen is altached to a cantilever. As the probe
passes aver lhe “hills and valleys™ of the specimen’s surface, the cantilever is
deflected verlically. A laser beam directed at the cantilever is used to monitor
these vertical movements. Light reflected from the cantilever |s detected by
the photodiode and used lo generale animage of the specimen

Figure 2.31 The Membrane Protein Aquaporin Visualized by Atomic
Force Microscopy. Aguaporin is a membrane-spanning protein that allows
water lo move across the membrane, (a) Surface view of aquaporin proteins
(b} A single aquaporin protein observed in more detail and at higher

magrification.
|a~b) ©Siman Scheuring

the atomic force microscope can be used to study surfaces that do
nol conduct electricity well. The alomic force microscope has been
used 1o study the interactions of proteins, lo follow the behavior of
living bacteria and other cells, and to visualize membrane proteins
such as aquaporins (figure 2.31).

Comprehension Check

1. Briefly describe each of the most popular versions of the scanning
probe microscope. Discuss a structure that might be visualized.

2. Scanning probe microscopy can be applied to samples that have not
been dehydrated, but electron microscopy cannot. Why is this an
important advantage?
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