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moxosome function.

Inclusions

the agere-

/Indusions are common in all cells. Thev are formed by <
"gation of substances that may be either organic or inorganic. The
first bacterial indlusions were discovered in the late 1800s. Since
then much has been learned about their structure and function.
" Inclusions can take the form of granules, crystals, or globules:
some are amorphous. 'Somiinqlusipns lie free in the cytoplasm. .

- - - - ™ - - - - e a‘ﬁ
single-layered and may consist of proteins or of both proteins and
b - - -
1

phospholipids. Some inclusions are surrounded by invaginations

to reduce osmotic pressure by tying up molecules in particulate
form. The quantity of inclusions used for storage varies with the
nutritional status of the cell. Some inclusions are so distinctive that
they are increasingly being referred to as microcompartments. A

" brief description of several important inclusions follows.

ay

o Storage Inclusions

e Cells have a wide variety of storage inclusions. Manv are formed
se when one nutrient is in ready supply but another nlihient is not.
gg,_’ f}?;l: :Itl?ire en(;l products of metabolic processes. In some cases
- o envimg;(;e 1;(:15 are used by the microbe when it is in differ-
e Sions sre s (I:oe c9nd;t19ns. The most common storage inclu-
Oy sulfur olol:u}les ¥ ndmc usions, polyhydroxyalkonate granules,
te S » and polyphosphate granules. Some storage in-

clusions i
, such as the C}tanophycm granules in cvanobacteria, are
1IN Certain organisms.
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68 CHAPTER 3 Bacteriaand Archaea

' Glycogen is a long branched chain of glucose units. Glycogen
inclusions are found in both bacterial and archaeal cells but have
been best studied in bacteria! Glycogen inclusions usually torm
when bacteria are growing in an environment that is limited tor
an important nutrient (e.g., phosphate) but contains excess car-
bon. Thus glycogen inclusions serve to store carbon until the
missing nutrient becomes available. Most glycogen inclusions are
not bound by a membrane, but some are surrounded by a single-
layered membrane. Other glycogen inclusions that are not mem-
brane bound are dispersed evenly throughout the cytoplasm as
small granules (about 20 to 100 nm in diameter) and often can be
seen only with the electron microscope. It cells contain a large
amount of glycogen, staining with an iodine solution will turn the
cells reddish-brown. PP Carbohvdrates (appendix I)

Carbon is also stored as polyhydroxyalkonate (PHA) gran-
ules. Several types of PHA granules have been identified, but the
most common granules contain poly-B-hydroxybutyrate (PHB).

.t_PHB contains B-hydroxybutyrate molecules joined by ester bonds |
~ between the carboxyl and hydroxyl groups of adjacent molecules. !
PHB accumulates in distinct bodies, around 0.2 to 0.7 um in di-
amejer,}hat are readil);gtained with Sudan black for light micros-
cop_f and are seen as empty “holes” in the electron microscope
(figure 3.33a). This is because PHB is hydrophobic, so it is dis-
solved by the solvents used to prepare specimens for electron mi-
croscopy. The structure of PHB inclusions has been well studied,
and PHB granules are now known to be surrounded by a single-
layered membrane composed of proteins and a small amount of
phospholipids (figure 3.33b). Much of the interest in PHB and
other PHA granules is due to their industrial use in making biode-

gradeable plastics. PP Biopolymers (section 41.3)

Polyphosphate granules and sulfur globules are inorganic inclu-
sions observed in many organisms. Many bacteria store phosphate
as polyphosphate granules, also called volutin granules or metach-
romatic granules. Polyphosphate is a linear polymer of orthophos-
phates joined by ester bonds! Thus polyphosphate granules store the
phosphate needed for synthesis of important cell constituents such
as nucleic acids. In some cells they act as an energy reserve, and
polyphosphate also can serve as an energy source in some reactions.
Polyphosphate granules are called metachromatic granules because
they show the metachromatic effect; that i, they appear red or blue
when stained with the blue dyes methylene blue or toluidine blue.’
Sulﬁu.- globules are formed by bacteria that use reduced sulfur-
comameg compounds as a source of electro
conserving ﬂ?eUIbO].lc.pmcesses (figure 3.34). For example, some
photosynthetic bacteria can use hydrogen sulfide (rather than w:
ter) as an electron donor and accu'rnu.l:te e

-2 proteobacteria (section 20.3)

Cyanophycin granules are observed in cy
group of photosynthetic bacteria. These inclus
posed of large polypepti

ns during their energy-

anobacteria, g
ions are com-

mation of these granules is of particular interest bec
cyanophycin granule polyp
is not synthesized by ribo

f pa ause th
eptide is not encoded by mRNA :m:i3

somes. The granules often are large

I
c
v
o
(b)
FIGURE 3.33 PHB Inclusions in Bacteria. (a) Electron microg#
of Bacillus megaterium (x30,500). PHB, poly-3-hydroxybutyr
inclusion; CW, cell wall; N, nucleoid; PM, plasma membra
and R, ribosomes. (b) Structure of a PHB granule. PHB i
enclosed by a membrane composed of several different
proteins, including the PHB-synthesizing enzyme (red
sphere) and the PHB-degrading enzyme (green sphere).
Yellow spheres represent the phospholipids that are als°
found in the membrane. Note that the membrane is not?
phospholipid bilayer.
FIG
FIGURE 3.34 Sulfur Globul®®  bac
Chromatium vinosum, apu""  ofa
sulfur bacterium, with box

intracellular sulfur globule o
bright-field microscopy (X%
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enough to be visible in the light microscope and

store extra ni-
trogen tor the bacteria,

Microcompartments

Some bacterial inclusions are very unique and serve functions
other than simply storing substances tor later use by the cell,
Many researchers now refer to these inclusions as micr\.\mn\l\m -
mm{_\._ Although microcompartments are not bound by o lipid
bilayer, sume scientists teel they are analogous to mcl'nl\r‘mc-
bound organelles such as mitochondria, The best studied micro-
compartment is the carboxysome,

C Carlmx}'somc\\‘\ are present in many ayanobacteria and other
CO,-fixing bacteria (figure 3.35). Thev, like other microcompart-
ments, consist ofa protein coat that is polvhedral, o shape similar
to that of certain viruses. The polyhedral coat is composed of o to
10 different proteins and is about 100 nm in diameter. One of the
proteins in the shell is the enzyme carbonic anhydrase, which
converts carbonic acid into CO, and releases it into the lumen of
the carboxysome. The nature of the carboxysome shell prevents
the CO; from escaping; thus the carboxysome concentrates CO,,
Also enclosed within the polyhedron is the enzyme ribulose-1,
S-bisphosphate carboxylase (Rubisco). Rubisco is the critical
enzyme for CO, fixation, the process of converting CO, into
sugar. Thus the carboxysome also serves asa site for CO, fixation.
PP CO, fixation (section 11.3)

Other Inclusions

Inclusions can be used for functions other than storage or as mi-
crocompartments. Two of the most remarkable inclusions are gas

vacuoles and magnetosomes. Both are involved in the movement
of microbes.

FIGURE 3.35 Car

bacterium Halogy

of a tilt series tak
boxys

boxysomes. Carboxysomes in tha

iobacillys neapolitanus.This is one image
! en for electron cryotomography. Each car
Ome is approximately 100 nm in diameter.

13 Ovtoplaon of Racteria and Archaea e

The gas vacuole provides buoyancy to some aguatic t j:t:*:‘*’q
and archaea. Gas vacuoles are present in many photosynthetic hac-
teria, aquatic archaea such as Halobwcterim (a Mll-l_t‘\i.n;: ar-
chacon), and some aquatic bactena that are not photasynthetic (e
Thiothrix, a flamentous bacternum) Gas vacuales are aggregates of
cnotmons numbens of small, hollow, avlindnaal structures called
gas vesicles (figure 3.36). Gas vesicle walls are composed entiredy of
a single small protem, These protemn subunits assemble to form a

rigid cylinder thatis impermeable to water but freely permeable o
atmospheric gases. Cells wath gas vacuales can regulate therr buov-
aney to tloat at the d(‘l‘!h navessary tor proper hght InNtensiy, anvpen
concentration, and nuttient levels. They descend by simply collaps-
ing vesicles and tloat upward when new ones are constrectad.

(b)

FIGURE 3.36 GasVacuoles and Gas Vesicles. (a) A freere-
fracture preparation of Anabaena flosaquae (\89,000) showing
gas vesicles and gas vacuoles. Clusters of the cylindrical vest-
cles form gas vacuoles. Both longitudinal and cross-sectional
views of gas vesicles are indicated by armrows. (b) Gas vesicles
of Halobacterium salinarum (~ X150,000).
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70 CHAPTEN 3 Bacterin and Archaca

Aquatic magnelotactic hacterla l/'\l' nmwwhmsm'clu’!u’!n‘r\c_.'glll
themselves i Earthy magnetie field, h‘1i|H1|(‘|H’al||I1('.'i‘ e |In lm(':-
lular chains of magnetite (FeyOy) particles (figure 3.37), Ihey nre
arouned 35 1o 125 nm in dlameter and enclosed within invagina-
tions of the plasma membrane, Since vach fron particle 4 a l.lny
magnet, the Northern Hemlsphere bacteria use their m.u;‘r,mln‘
some chain to determine northward and downward directions,
and swim down 1o notrient-rich sediments or locate the nijll-'
mum depth in freshwater and marine habitats, 1\1nwwlnm‘n.lltl
bacterla In the Southern Hemisphere generally otient southware
and downward, with the same result) For the cell to mnv‘cAl""’!"'I
erly within a magnetic lield, the magnetosomes nm:‘l be l." 1.a?|‘|;-;(lc
in o chaln, A cytoskeletal proteln called MamK Is currently
thought to be responsible for establishing a [ramework upon
which the chain can form (ligure 3.37D).

Ribosomes

Ribosomes are the site of protein synthesis, and large numbers of

them are found in nearly all cells. ‘The eytoplasm of bacterial and
archacal cells is often packed with ribosomes, and otheg, ribo-
somes may be Joosely attached to the plasma membrane,(The cy-
toplasmic ribosomes synthesize proteins destined “.’ remain
within the cell, whereas plasma membrane-associated ribosomes
make proteins that will reside in the cell envelope or are trans-
ported to the outside,

Translation, the process of protein synthesis, is :unnzing,ly
complex and is discussed in detail in chapter 12.'This cum.plcxlly
is evidenced in part by the structure of ribosomes, which are
made of numerous proteins and several ribonucleic acid (RNA)
molecules. Although the overall morphology and makeup of ri-
bosomes is similar across all domains, there are some important
diflerences. ‘The similarities and some of the differences between
bacterial and archacal ribosomes are discussed here.

Bacterial and archaeal ribosomes are called 708 ribosomes (as
opposed to 808 in eukaryotes) and are constructed of a 508 and a
308 subunit (figure 3.38). ‘The S in 708 and similar values stands
for Svedberg unit. ‘This is the unit of the sedimentation coeffi-
cient, a measure of the sedimentation velocity in a centrifuge; the
faster a particle travels when ccntri[ugcd. the greater its Svedberg
value or sedimentation coeflicient,{The sedimentation coefficient
is a function of a particle's molectlar weight, volume, and shape,
Heavier and more compact particles normally have larger Sved-
berg numbers and sediment faster, Thus bacterial and archaeal
ril?ommes are smaller than the ribosomes of eukaryotic cells.)

Despite their similar size, the makeup of bacterial ribosomes and
their shape are somewhat different than archaeal ribosomes. Both
have ribosomal RNA (rRNA) molecules of similar size: 168 in the
small subunit, and 23 and 58 in the large subunit. However, at least

one archacon has an additional rRNA, a 5.85 rRNA, in the large sub-

unit. This is of interest because the large subunit of eukaryotic ribo-

somes contains both 58 and 5.85 rRNA molecules. The protein

composition of bacterial and archaeal ribosomes also differs. Bacte-

rial ribosomes have about 55 proteins, archaeal ribosomes al;out 68

and eukaryotic ribosomes about 78.\}Some of the ribosomal prolein;
/

/
|

A are similar across the thr

ce domains, but others are obsery, i,

> "T_‘
archacal and cukaryotic ribosomes. All the nbo'somal f)m‘?ln‘p
ent i both Archaea and Bacteria are also seen in the L"k“’}'a‘]

e

Periplasmuc spagg
% Pt

Sy
Outer membrane \\y

Magnetosome

Plasma membrane

(a)

filament

Plasma membrane

Magnetosome

(b)

FIGURE 3.37 Magnetosomes.

micrograph of the magnetotac
Mmagnetotacticum (x123,00
phy three
of Magn

(a) Transmission electro”
tic bacterium AquasP ,'nUUr'I
0). (b) An electron crvom”‘ag-;
-dimensional reconstruction of the rl'lagnemsoﬂ
etospirillum magneticum,
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FIGURE 3.38 Bacterial Ribosomes. (a-c) Schematic representation of the two subunits and the complete 7_08 rlbos.ome of
Escherichia coli. {d) The molecular structure of the 70S ribosome of Thermus thermophilus.The-SOS subunit (LSU) includes
23S rRNA (gray) and 5S rRNA (lavender), while 16S rRNA (turquoise) is found in the 30§ su_bunlt (SSU). A molecule of tRNA
(gold) is shown in the A site. To generate this ribbon diagram, crystals of purified bacterial ribosomes were grown, exposed to

X rays, and the resulting diffraction pattern analyzed.

there are no ribosomal proteins that might be referred to as prok ¥-
otic (i.e., present only in the ribosomes of Archaea and Bacteria). The
similarities in protein makeup between archaeal and eukaryotic ri-

bosomes are consistent with the observation that the overall shape 0>

archaeal ribosomes is more similar to that of eukaryotic ribosomes.
Nucleoid

@e nucleoid (other names are also used: the nuclear body,
~caromatin body, and nuclear regjon) is an irregularly shaped
region that contains the cell’s chromosome and numerous proteins
(figure 3.39). The chromosomes of most bacteria and all known
arfhaea are a single circle of double-stranded deoxyribonuygleic
acid (DNA), but some bacteria have a linear chromoson%e;ind
some bacteria, such ag Vibrio cholerae and Borrelia burgdorferi

](:he causative agents of cholera and Lyme disease, respectively),
/¥ more than one chromosome. '

¢\ Bacteria) a}?‘-chaeal chromosomes are longer than the

:l?:fti}slzé:vhtehce”- 7us an important and still unanswered qllJES-
15 reltio €5€ microbes manage to fit their chll'omoso_mes into
Esthertch, y S!'I,Ialll $pace occupied by the nucleoid. For instance,

i coli’s circylay chromosome measures approximately

1,400
3.39@: or about 230-700 times longer than the cell (figure

is thog us the chr Omosome must be compacted in some way. i

ing, wh; hthilznuc}r‘oﬂhemmpacﬁon-is-the result of supercoil-
> YUICh produces a de .

tending oy £, nise, central core of DNA with loops ex-

om the core. There js evidence that some of the

proteins found in the nucleoid also contribute to packing the
DNA into a smaller space. In bacteria, the protein HU is thought
to be important. An HU homologue is also found in some ar-
chaea. Most gther archaea have histones associated with their
chromosomes/JThese histones form nucleosomes that are similar
to the nucledsomes observed in eukaryotes (see figure 4.11) ur-
ing cell division, bacterial and archaeal chromosomes are further—
condensed by proteins called condensins. This extra level of pack-

—

ing is important for proper segregation of daughter chromosomes

during cell division PP Niicleus (section 4.5 )

For most bacterfa and all known archaea, the nucleoid is simply
aregion in the cytoplasm; it is not separated from other components
of the cytoplasm by a membrane. However,
tions. Membrane-bound DNA-containing re
least two genera of the unusual bacteria] phyl
figure 19.10). Pirellula has a single membra
gion called the pirellulosome, which cont
and ribosome-like particles. The nucle
globus is bounded by two membran
determine the functions of these me
this phenomenon is, P Phylum P

there are a few excep-
gions are present in at
um Planctomycetes (see
ne that surrounds a re-
ains a fibrillar nucleoid
ar body of Gemmata obscuri-
es. More work is required to
mbranes and how widespread
anctomycetes (section 19.4)

Plasmids

In addition to the
bacteria, archaea,
chromosomal D

genetic material present in the nucleoid, many
and some yeasts and other fungi contain extra-
NA molecules called plasmids. Indeed, most of
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72 CHAPTER 3 Bacteria and Archaea

0.5 um

DNA fibers

Membrane

Ruptured cell

(b)

the bacterial and archaeal genomes sequenced thus far include
plasmids. In some cases, numerous different plasmids within
a single species have been identified. For instance, Borrelia
burgdorferi, which causes Lyme disease, carries 12 linear and
nine circular plasmids. Plasmids play many important roles in the
lives of the organisms that have them. They also have proved in-
valuable to microbiologists and molecular geneticists in con-
structing and transferring new genetic combinations and in
cloning genes, as described in chapter 15,

Plasmids are small, double-stranded DNA molecules that
can exist independently of the chromosome, Both circular and
linear plasmids have been documented, but most known plas-
mids are circular, Plasmids have relatively few genes, generally
less than 30, Their genetic information is not essential to the host
and cells that Jack them usually function normally, However’
many plasmids carry genes that confer a selectiyve advantage to
their hosts in certain environments. e fo

Plasmids are able to replicate autonomously. That is, plasmid
and chromosomal replication are independent, Single-c;)P la1
mids produce only one copy per host cell. Multicop plasmPi)c)irsP:nas -
be present at concentrations of 40 or more per celkiome plasmid);

FIGURE 3.39 E. coli Nucleoids and Chromosomes, Bacter:
and archaeal chromosomes are located in the nu-i=oid, 2
area in the cytoplasm. (a) A color-enhanced trans mission
electron micrograph of a thin section of a dividin: £. coli
cell. The red areas are the nucleoids present in th= two
daughter cells. (b} Chromosome released from a ;zntly
lysed E. coli cell. Note how tightly packaged the C A must
be inside the cell. (c) Atomic force micrograph of zn E. col
nucleoid. The image was prepared from a culture in the
stationary phase of the growth cycle. In that phase, the rz:
of cell division is the same as the rate of cell death; thusth
culture does not increase in size.

are able to integrate into the chromosome and thus - are replics*
with ﬂﬁhﬁmgspme. Such plasmids are called episomes. Plasm
are inherited stably during cell division, but they are not ah<
equally apportioned into daughter cells and sometimes are lost
loss of a plasmid is called curing. It can occur spontaneously 0&
induced by treatments that inhibit plasmid replication but noth®
cell reproduction. Some commonly used curing treatments dIf"r
dine mutagens, ultraviolet and ionizing radiation, thymine star?
tion, antibiotics, and growth above optimal temperatures.

Plasmids may be classified in terms of their mode of &%
tence, spread, and function. A brief summary of the types Otbi
terial plasmids and their properties is given in table *
Conjugative plasmids are of particular note because they Li
transfer copies of themselves to other bacteria during CO"-“T;;
tion. Perhaps the best-studied conjugative plasmid is the Ffal :
(fertility factor or F plasmid) of E. coli, which is discussed m‘i'l
tail in chapter 14. Some conjugative plasmids are also R Plﬂsm;)
(resistance factors, R factors). R plasmids confer antibioti¢ rf‘- ;
tance to the cells that contain them. Conjugative R facto® i
therefore important in the spread of antibiotic resistance ¥
bacteria. BB Bacterial conjugation (section 14.7)
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Mujor Types.

Table 3.3

Approximate

Type Representatlves Size (kbp)

Conjugative I factor 95-100
Plasmids”

R Plasmlds R 54

pste 21

Col Plasmids ColEEl 9

CloDF13 10

Virulence Plasmids  Ent (P307) 83

Ti 200

Mectabolic Plasmids  CAM 230

TOL 75

3.6 External Structures 73

Copy Number :
( C«l););lcs/ Phenotypic
Chromosome) Hosts Features”
1-3 L. coli, Salmonella, Sex pilus, conjugation
Citrobuacter
1-3 Pseudomonas and many Sex pilus, conjugation,
other gram-negative  resistance to Amp,
bacteria Km, Nm, Tet
Staphylococcus aureus  Resistance to Gm,
Tet, Km
10-30 E. coli Colicin El production
50-70 E. coli Cloacin DF13
E. coli Enterotoxin production
Agrobacterium Tumor induction
tumefaciens in plants
Pseudomonas Camphor degradation
Pseudomonas putida Toluene degradation

*Abbroviations used for resistance to ontiblotics: Amp, ampicillin; Gm, gontamycin; Km, kanamycin; Nm, neomycin; Tet, tetracycline.

"Many R plasmids, motabolic plasmids, and others oro olso conjugative,

Several other important types of plasmids have been discov-
ered. These include bacteriocin-encoding plasmids, virulence
plasmids, and metabolic plasmids, Bacteriocin-encoding plas-
mids may give the bacteria that harbor them a competitive ad-
vantage in the microbial world. Bacteriocins are proteins that
destroy other, closely related bacteria. Col plasmids contain genes
for the synthesis of bacteriocins known as colicins, which are pro-
duced by and directed against strains of I, coli. Plasmids in other
bacteria carry genes for bacteriocins against other species. Viru-
lence plasmids encode factors that make their hosts more patho-
genic. For example, cnterotoxigenic strains of E. coli cause
traveler’s diarrhea because they contain a plasmid that codes for
an enlterotoxin, Metabolic plasmids carry genes for enzymes that
degrade substances such as aromatic compounds (toluene), pesti-
cides (2.-!-dichInruplwm)xyucclic acid), and sugars (lactose).
Mc:al?olic'plasmids even carry the genes required for some strains
g: l:{:_:;za‘:’('):‘]'?::’i?)duce lcg'umc nudulnli‘on and carry out nitro-

. rder Rhizobiales (section 20.1)

1. Briefly

describe the nature and function of the cytoplasm,
and th

2, What 't' r;gif’"s and structures within it,
What d“ e lmp.or(uncc of bacterial cytoskeletal proteins?
o €0 you think would be the outcome if you were able
0 transplant” Cres into o rod-shaped bacterium such as
Bacillus supyilisy
; :Im the most common kinds of inclusions. How are they
milar to eukaryolic organelles such as mitochondria
and chloroplasts? How do they differ?

4. Relate the structure of a gas vacuole to its function. Why
do you think gas vacuoles are bounded by proteins rather
than alipid bilayer membrane?

5. List three genera that are exceptional in terms of their
chromosome or nucleoid structure. Suggest how the dif-
ferences observed in these genera might impact how they
function.

6. Give the major features of plasmids. How do they differ
from chromosomes? What is an episome?

7. Describe each of the following plasmids and explain their
importance: conjugative plasmid, F factor, R factor, Col
plasmid, virulence plasmid, and metabolic plasmid.

m External Structures

Many bacteria and archaea have structures that extend beyond
the cell envelope. ‘These external structures can function in pro-
tection, attachment to surfaces, horizontal gene transfer, and cell
movement. Several are discussed in this section.

Pili and Fimbriae

Many bacteria and archaea have short, fine, hairlike appendages
that are thinner than flagella. ‘These are usually called fimbriae
(s., fimbria) or pili (s., pilus)YThe terms are synonymous, al-
(hough certain structures are - pways called pilus (e.g., sex pilus),
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74 CHAPTER 3 Bacteria and Archaea

while others are always called fimbriae. We will use the terms in-
terchangeably, except in those instances. A cell may be covered
with up to 1,000 fimbriae, but they are only visible in an electron
microscope due to their small size (figure 3.40). They are slender
tubes composed of helically arranged protein subunits and are
about 3 to 10 nm in diameter and up to several micrometers long.
Several different types of fimbriae have been identified in gram-
negative bacteria. Most function to attach bacteria to solid surfaces
such as rocks in streams and host tissues)One type, called type IV
pili, are involved in motility (section 3.7) and the uptake of DNA
during the process of bacterial transforma!iorpGram-positive bac-
teria have at least two types of pili; both are’involved in attaching
the bacteria to surfaces. PP Transformation (section 14.8)

Many bacteria have up to 10 sex pili (s., sex pilus) per cell.
These hairlike structures differ from other pili in the following
ways. Sex pili often are larger than other pili (around 9 to 10 nm
in diameter). They are genetically determined by conjugative
plasmids and are required for conjugation. Some bacterial viruses
attach specifically to receptors on sex pili at the start of their re-
productive cycle. P®| Bacterial conjugation (section 14.7)

Flagella

fany motile bacteria and archaea move by use of flagella (s.,
agellum), threadlike locomotor appendages extending out-
ward from the plasma membrane and cell wall. Although the
main function of flagella is motility, they can have other roles.
Flagella are important for certain types of swarming behavior.
They can be involved in attachment to surfaces, and in some
bacteria they are virulence factors, acterial flagella are the best
studied and are considered first- PP Microbial growth on solid

surfaces (section 6.8)

Fimbriae

AGURE 3.40 Flagella and Fimbriae. The lang flagella and
numerous shorter fimbriae are evident in this electron
micrograph of the bacterium Proteus vulgaris (x39.000).

\Bacterial Flagella
Bacterial flagella are slender, rigid structures about 20 nm y¢y,
and up to 20 pm long.)Flagella are so thin they cannot be f,l‘
served directly with“a bright-field microscope but mug L
stained with techniques designed to increase their thickness/;
detailed structure of a flagellum can only be secn in the electy,
microscope.) ‘
Bacterial species often differ distinctively in their patterpg,
flagella distribution, and these patterns are useful in identify,
bacteria. Monotrichous bacteria (frichous means hair) have ,,
flagellum; if it is located at an end, it is said to be a polar flagy
lum (figure 3.41a). Amphitrichous bacteria (amphi means
both sides) have a single flagellum at each pole. in contrast, |,
photrichous bacteria (lopho means tuft) have a cluster of flag,

N PR . o 3 -y
ol & W T i ‘ )
A W AP X :

(a) Pseudomonas—monotrichous
polar flagellation

(c) P. vulgaris —peritrichous flagellation
FIGURE 3.41 Flagellar Distribution. Examples of various

ht microscopeé:

patterns of flagellation as seen in the lig
(b) Lophotrichous

(a) Monotrichous polar (Pseudomonas).
(Spirilium). (c) Peritrichous (Proteus vulgaris, x600).
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at one or both ends (figure 3.415). Flagella are spread evenly over
the whole surface of peritrichous (peri means around) bacteria
(figure 3.41c).7 )

Transmission electron microscope studies have shown that
the bacterial flagellum is composed of three parts (figure 3.42),
(1) The longest and most obvious portion is the filament, which
extends from the cell surface to the tip. (2) The basal body is em-
bedded in the cell; and (3) a short, curved segment, the hook,
finks the filament to its basal body and acts as a flexib]e coupling.
The filament is a hollow, rigid cylinder constructed of subunits of
the protein flagellin, which ranges in molecular weight from
30,000 to 60,000 daltons, depending on the bacterial species)The
filament ends with a capping protein{ Some bacteria have sheaths
surrounding their flagella.-For example, Vibrio cholerae has a
lipgpolysaccharide sheath. ))

e hook and basal body are quite different from the filament
(figure 3.42). Slightly wider than the filament, the hook is made of
different protein subunits. The basal body is the most complex
part of a flagellum. In the earliest-made transmission electron
micrographs of the basal bodies of E, coli and mos -other gram-
negative bacteria, the basal body appeared to have four rings—

L ring, P ring, S ring, and M ring—connected to a central rod
(figure 3.42a). Ifis now known that the $ ring and M ring are dif.
ferent portions of the same protein, and they are now referred to
as the MS ringQA later discovery was the C rin ich js on the
cy‘tm%: of the MS rir@ Gram-positive bacteria have

only two rings—an inner ring connected to the plasma mem-

brane and an outer one probably attached to the peplidogl)@n)

(figure 3.42b).

3.6 External Structures 75

The synthesis of bacterial flagella is a complex process involv-
ing at least 20 to 30 genes. Besides the gene for' flagellin, 10 or
more genes code for hook and basal body proteins; other genes
are concerned with the control of flagellar construction or func-
tion. How the cell regulates or determines the exact location of
flagella is not known.

Because many components of the flagellum lie outside the cell
wall, they must be transported across the plasma membrane and cell
wall. Interestingly, evidence suggests that components of the basal
body are evolutionarily related to a type of protein secretion system
observed in gram-negative bacteria. This system, called a type I11
secretion system, has a needlelike structure through which proteins
are secreted. The needle is thought to be analogous to the filament of
the flagellum. Thus the flagellin subunits are transported by way of
a type IIl-like secretion process through the filament’s hollow inter-
nal core. When the subunits reach the tip, they spontaneously ag-
gregate under the direction of a protein called the filament cap; thus
the filament grows at its tip rather than at the base (figure 3.43).
Filament synthesis, like S-layer formation, is an example of self-
assembly. B®| Protein maturation and secretion (section 1 2.9)

Archaeal Flagella

Archaeal flagella have not been as thoroughly studied as bacte-
rial flagella. They are superficially similar to their bacterial courn-
terparts, but important differences have been identified/Archaeal
flagella are thinner than bacterial ﬂagellé}(lO to 13 nm rather

than 20 nm) and are co?posed of more than one type of flagellin

'1316 flagellum is not hollow. Archaeal

subunit (figure 3.44).

Filament——

FIGURE 3.42 The y

. Itrastructure of Bacterial Fla
Positive baCteria.

The photo shows an enlarged

view of the basal bog

Outer membrane

Peptidoglycan —&=>

layer C‘:S
Periplasmic 5_‘;
space \ i
L t‘/.‘fn;( £

— i

membrane

(b)
get"a. Flagellar basa| bodies and hooks in (a) gram-negative and (b) gram-

y of an E. coliflagellum. Al| three rings (L, P and MS)

c . " s
an be clearly seen. The uppermost arrow is at the junction of the hook and filament.
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* Flagellin
QO [ | y
.‘_.‘gp,ﬂ, Filament
.-‘l't,ﬁ' cap protein
o ghizs .,l : -
v,:"' ({z0:— Outer
o membrane

d— Peptidoglycan

-{‘!— Plasma
membrane

mRNA

Ribosome

FIGURE 3.43 Growth of Flagellar Filaments. Flagellin subunits travel through the flagellar core and attach to the growing tip.

Their attachment is directed by the filament cap protein.

O FlaB1: major flagellin
Q FlaB2: major flagellin
Q@ FlaB3: flagellin (hook)
@ FlaA: minor flagellin

Cytoplasmic
membrane

FIGURE 3.44 Archaeal Flagellum. The different shades of
blue in the filament illustrate that the filament is composed
of more than one type of flagellin. Clear images of the basal
body have not been obtained, although some electron

micrographs show a knob at the cell end of the flagellum,
as illustrated here.

hooks are difficult to distinguish from the filament: hey ak

tend to be longer than bacterial hooks. A basal body hast
been identified, but some preparations of archaeal flag. lla hav
knoblike structure at the end embedded in the cell. Or. intere

they are more related to type IV bacterial pili than they are mL
proteins in bacterial flagella. Like type IV pili, the filament oft

archaeal flagellin increases in length as flagellin subunits ¢
added at the base.

1. Distinguish between fimbriae (pili) and sex pili, and g
the function of each.

ing feature of the flagellar proteins thus far characterized ist:

2. Discuss flagella distribution patterns and the struct®

and synthesis of flagella.

3. What is self-assembly? Why does it make sense that ¥
filament of a flagellum is assembled in this way?

4. Compare and contrast bacteria] and archaeal flagella-

m Motility and Chemotaxis

. . . e I
As we note in section 3.6, several structures outside the*,

: 1 et
wall contribute to motility. Four major methods of mo¥® .

. . . % vfﬂ

have been observed in Bacteria: the swimming MmOV .
iro¢

conferred by flagella; the corkscrew movement of Spir® dir

the twitching motility associated with type IV pili; and ¢/
motility.
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Turrble Run

(a)

< Y.

(b)

FIGURE 3.50 Directed Movement in Bacteria. (a) Random
movement of a bacterium in the absence of a concentration
gradient. Tumbling frequency is fairly constant. (b) Movement
in an attractant gradient. Tumbling frequency is reduced when
the bacterium is moving up the gradient, Therefore runs in
the direction of increasing attractant are longer.

m Bacterial Endospores

—~
Several genera of gram-positive bacteria, including Bacillus and

3.8 Bacterial Endospores 81

Central

Subterminal
Swollen
sporangium

Terminal

FIGURE 3.51 Examples of Endospore Location and Size.

manufacture these intricate structures in a very organized fashion
over a period of a few hours. Thus spore formation is well suited
for this type of research, and the endospore-forming Bacillus
subtilis has become an important model organism. PP Heat
(section 8.4); Sporulation in Bacillus subtilis (section 13.6)
Endospores can be examined with both light and electron
micfoscopes. Because endospores are impermeable to most
stains, they often are seen as colorless areas in bacteria treated
with methylene blue and other simple stains; staining procedures
specific for endospores are used to make them clearly visible. En-
dospore position in the mother cell (sporangium) frequently dif-
fersamongspecies, makingit of value inidentification. Endospores
may be centrally located, close to one end (subterminal), or ter-
minal (figure 3.51). Sometimes an endospore is so large that it

“swells the sporangium. |44 Preparation and staining of specimens

“Clostridium (rods), and Sporosarcina (cocci), can form a resistant, a)J( (se/aion 2.3)

dormant structure called an endospore) Endospore-forming bac- "¢

teria are common in soil, where they must be able to withstand
fluctuating levels of nutrients{ Endospore formation (sporula-
tion) normally commences when growth ceases due to lack of
nutrients, Thus it is a survival mechanism that allows the bacte-
rium to produce a dormant cell that can survive until nutrients
are again available and vegetative growth can resume. Interest-
ingly, some bacteria have modified the sporulation process and
use it to produce live offspring within themselves (Microbial Di-
versity & Ecology 3.1).

Endospores are extraordinarily resistant to environmental
stresses such as heat, ultraviolet radiation, gamma radiation,
chemical disinfectants, and desiccatiorQ[n fact, some endospores
have remained viable for around 100,000 years. They are of both
Practical and theoretical interest. Because of their resistance and
the fact that severa] species of endospore-forming bacteria are
dangerous pathogens, endospores are of great practical impor-
tance in food, industrial, and medical microbiology. In these
areas, it is essential to be able to sterilize solutions and solid
objects, Endospores often survive boiling for an hour or more;
therefore autoclaves must be used to sterilize many materials.
Endospores are of considerable theoretical interest to scientists
studying the construction of complex biological structures. Bacteria

~" {_Electron micrographs show that endospore structure is com-

plex (ﬁgure 3.52). The spore often is surrounded by a thin, deli-
cate covering called the exosporium.(A coat lies beneath the
exosporiur,x\],flt is composed of several protein layers and may be
fairly thick.(The cortex, which may occupy as much as half the
spore volume, rests beneath the coat. It is made of a peptidogly-
can that is less cross-linked than that in vegetative cells/The core
wall is inside the cortex and surrounds the core. The core has
normal cell structures such as ribosomes and a nucleoid but has a
very low water content and is metabolically inactive.™) % —

r‘ C (‘The various layers of the spore are thought to contribute to its

resistance to heat and other lethal agents. The exosporium and
spore coat are both thought to protect the spore from chemicals,
although the mechanisms by which they do so are not completely
understood. It is known that the spore coat is impermeable to
many toxic molecules. The inner membrane, which separates the
cortex from the core, is also impermeable,to various chemicals,
including those that cause DNA damage{The core plays a major
role in resistance. Several factors may?a Y a part in resistance
(e.g., very low water content, high amounts of dipicolinic acid
complexed with calcium ions, and a slightly lower pH?HOWEVBR
the major core-related factor is the protection of the-spore’s DNA
by small, acid-soluble DNA-binding proteins (SASPs), which
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CHAPTER 3 Bacteria and Archaea

3.1 BacteriaThat Have Babies

Epulopscium fishelsoni (Latin, epulum, a feast or banquet,
and piscium, fish) first gained the attention of biologists
because of its large size. It can reach a size of 80 um by
600 pum and normally ranges from 200 to 500 pum in
length. However, the bacterium has other interesting char-
acteristics. One is its ability to produce living offspring
within itself (viviparity). Usually two offspring are formed.

E. fishelsoni is related to the gram-positive, endospore-
forming bacterial genus Clostridium. It appears that its
mechanism of reproduction is a modified version of sporu-
lation. The process begins with division of the cytoplasm
into three compartments: two small compartments at each
end and a larger, centrally located compartment. The cen-
tral compartment is the mother cell, and the two smaller
compartments will become the offspring (box figure). The
mother cell engulfs the offspring, just as the mother cell of
an endospore former engulfs a developing endospore. Ini-
tially both the offspring and mother cell grow, but later the
mother cell’s growth begins to slow. Eventually the mother
cell dies and the offspring are released.

A central question being addressed by Esther Angert
and others studying this bacterium is which came first: vi-
viparity or endospore formation. Currently it is thought

{a)

Production of Intracellular Living Offspring by E. fishe].
soni. The life cycle begins with the formation of two smaj|
compartments within the mother cell and ends with the
death of the mother cell and release of the offspring.

that endospore formation evolved first. One line of evi-
dence is that E. fishelsoni is closely related to another iner-
esting bacterium, Metabacterium polyspora. As its name
implies, this bacterium produces multiple endospores
rather than just one, as is the case for members of the gen-
era Bacillus and Clostridium.

Source: Angert, E. R. 2005. Alternatives to binary fission in bacteria,
Nature Rev. Microbiol. 3:214-24,

Outer coat

Inner coat
Cortex

Core
Nucleoid

Core wall
(b) ‘

FIGURE 352 Bacterial Endospores, (2) A colorized i g
. cros i ili i i Y
the contor s an endesr s S section of a Bacillus subtilis cell undergoing sporulation. The oval i

atis al

most mature; when it reaches i i i o
section of & mature & e i maturity, the mother cell will lyse to release it. (b) AT ¢

s
1.3 pm; the spore in (b) is 1.2 pum.

howing the cortex and spore coat layers that surround the core. The endospore in (@™

.
1

i
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saturate spore DNA. There are several types of SASPs. The a/f still resistant to other types of DNA damage. Thus other mecha-
type plays a major role in resistance. Cells that have been mutated . - nisms for protecting the DNA must exist.

. aAre ™ o1 s 4 on P . . 1vi i
and do not make a/p SASPs are considerably more sensitive to [« /Sporulation is a complex process and may be divided into

heat, UV radiation, dessication. and a variety of chemicals butare ™~ seven stages (figure 3.53). An axial filament of nuclear material

[ —

Exosporium

Spore coat 1 ‘

Vil Axial filament
Cortex  Lysis of formation
Core sporangium,

Is'goret' Plasma
Iberation membrane
Spore coat DNA
Vi
Completion of Il
coat synthesis, ) Septum .
increase in formation
refractility and and
heat resistance forespore
development
Exosporium

1
Engulfment of /= f———

v . forespore
Coat synthesis

v

F,IGURE 3.53 Endospore Formation: Life Cycle of Bacillus megaterium. The stages are indicated by Roman numerals.The
circled numbers in the photographs refer to the hours from the end of the logarithmic phase of growth: 0.25 h—a typical veg-
etative cell:.4 h-stage || cell, septation; 5.5 h-stage Ill cell, engulfment; 6.5 h-stage IV cell, cortex formation; 8 h-stage V cell,
;:oat formation; 10.5 h-stage VI cell, mature spore in sporangium. Abbreviations used: C, cortex; IFM and OFM, inner and outer
orespore membranes; N, nucleoid; S, septum; SC, spore coats. Bars = 0.5 pm.
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0.5 um

—

forms (stage 1), followed by an inward folding of the cell mem-
brane to enclose part of the DNA and produce the forespore sep-
. The membrane continues to grow and engulfs the

—
<UIn

cortex is laid down in the space between the two membranes, and
both calcium and dipicolinic acid are accumulated (stage IV).
Protein coats are formed around the cortex (stage V), and matu-
ration of the endospore occurs (stage VI). Finally, lytic enzymes
destroy the sporangium, releasing the spore (stage VII). Sporula-

0 hours in Bacillus megaterium. f Bace,..
Spore Formation \

" he transformation of dormant spores into active veget ”‘

clls seems almost as complex a process as sporulation. It Ocah\
in three stages: (1) activation, (2) germination, and (3) outgrg, o
(figure 3.54). Activation is a process that prepares spores for
mination and can result from treatments such as heating, Tﬂ%?;
tollowed by germination, the breaking of the spore’s dorp,
state. Proteins in the exosporium, spore coat, and inner .
brane are all thought to play a role. Some are involved in dele{:ﬁ .
the presence of certain compounds such as sugars and a'“inok;
ids. Germination is characterized by spore swelling, Fupture, o
absorption of the spore coat, loss of resistance to heat and oth
stresses, loss of refractility, release of spore components, and i3
crease in metabolic activity. Germination is followed by the thirg
stage, outgrowth. The spore protoplast makes new componep,
emerges from the remains of the spore coat, and develops agaiy
into an active bacterium. |

tion requires about 1

¥

1. Describe the structure of the bacterial endospore using,
labeled diagram.

2. Briefly describe endospore formation and germination,
What is the importance of the endospore? What migh;
account for its heat resistance?

3. How might one go about showing that a bacterium forms
true endospores? 3

4. Why do you think the low water content of the spore con-

tributes to its dormancy and resistance? Why are SASPs!

PN .

A U L i s (e

important? i
p
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ke comes spherical regardless of the original cell

shape. Why does this occur?
1 an experiment that illustrates the cell wall's role in

D. 1/€8121
O

protecting against lysis.

With a few oxceptions, the cell walls of gram-positive
bacteria lack porins. Why is this the case?

rers Qutside the Cell Wall

1—., L

Many bacteria have another layer in their cell envelopes that lies
outside the cell wall. This layer is given different names depend-

ing on its makeup and how it is organized.

Capsules and Slime Layers

/ Capsules are layers that are well organized and not easily washed
off (figure 3.23a). Capsules are most often composed of polysac-
charides, but some are constructed of other materials. For exam-
ple, Bacillus anthracis has a proteinaceous capsule composed of
poly-D-glutamic acid. Capsules are clearly visible in the light mi-
croscope when negative stains or specific capsule stains are em-
ployed (figure 3.23a); they also can be studied with the electron
microscope.
Although capsules are not required for growth and reproduc-
tion in laboratory cultures, they confer several advantages when
bacteria grow in thelr normal habitats. They help pathogemc)

-
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FIGURE 3.22 Protoplast Formation and Lysis. Protoplast formation induced by incubation with p
isotonic medium. Transfer to hypotonic medium will resultin lysis.

(b) Bacteroides

FIGURE 3.23 Bacterial Capsules. (a) Klebsiella pneumoniae
with its capsule stained for observation in the light micro-
scope (%1,500). (b) Bacteroides glycocalyx (gly), TEM
(X71,250).

bacteria resist phagocytosis by host phagocytes. Streptococcus
pneumoniae provides a dramatic example. When it lacks a cap-
sule, it is destroyed easily and does not cause disease. On the
other hand, the capsulated variant quickly kills mice. Capsules
contain a great deal of water and can protect against desiccation.
They exclude viruses and most hydrophobic toxic materials
such as detergents.

\A slime layer is a zone of diffuse, unorganized material that is
removed easily. It is usually composed of polysaccharides, but is
not as easily observed by light microscopy. Gliding bacteria often

2 AP .

FIGURE 3.24 Bacterial Glycocalyx. Bacteria connected to
each other and to the intestinal wall by their glycocalyxes,

the extensive networks of fibers extending from the cells
(x17,500).

produce slime, which in some cases has been shown to facilitziz
motility (section 3.7). Y -

{ The term glycocalyx refers to a layer consisting of a -
work of polysaccharides extending from the surface of the c&
(figure 3.23b). The term can encompass both capsules and slim
layers because they usually are composed of polysaccharides Th
glycocalyx aids in attachment to solid surfaces, including pissee

surfaces in plant and animal hosts (figure 3.24). PP Vindenz
factors (section 31.3)

S-Layers

Many bacteria have a regularly structured layer called an S-layf
on their surface. The S-layer has a pattern something like float
tiles and is composed of protein or glycoprotein (figure 3.25)- ¥
gram-negative bacteria, the S-layer adheres directly to the ou
membrane; it is associated with the peptidoglyc;n surface i#
gram-positive bacteria. -
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FIGURE 3.25 The S-Layer. An electron micrograph of the
S-layer of the bacterium Deinococcus radiodurans after
shadowing.

Currently S-layers are of considerable interest not only for
their biological roles but also in the growing field of nanotechnol-
ogy. Their biological roles include protecting the cell against ion
and pH fluctuations, osmotic stress, enzymes, or predacious bac-
teria. The S-layer also helps maintain the shape and envelope
rigidity of some cells, and it can promote cell adhesion to sur-
faces. Finally, the S-layer seems to protect some bacterial patho-
gens against host defenses, thus contributing to their virulence.
fIhe potential use of S-layers in nanotechnology is due to the abil-
ity of S-layer proteins to self-assemble. That is, the S-layer pro-
teins contain the information required to spontaneously associate
and form the S-layer without the aid of any additional enzymes or
other factors. Thus S-layer proteins could be used as building
blocks for the creation of technologies such as drug-delivery sys-

te : . .
ms and novel detection systems for toxic chemicals or bioter-
rorism agents.
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