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Chapter - 1
Micrdbiology - A Relevant Science
Contents : ' 4
* History of Discovery of Microbial World.
* Scope of Microbiology.
* Areas of Microbiology.
* Microbiology and the origin of life.
* Place of Microorganismé in the living Wo‘ljld.
* Haeckle’s kingdoh - Protista. -
* Whittaker’s ﬁve kingdom concept. | ‘
* Kingdom of Prog:aryotae after Bérgey’s Manual of systematic Bacteriology.
* Groups of micro - organisms. '
* Broad classification of microorg‘anisms;

“Microbilogy is the study of living organisms of microscopic size. Roughly speaking, organisms
with a diameter of 1 mm or less are microorganisms and fall into the broad domain of microbiology.
Microorganisms have a wide taxonomic distribution, they include some metazoas animals, protozoa, many
algae and fungi, bacteria and viruses. : ' ' - :

Microbilogy is one of the youngest among the biological sciences. Its beginning is in the middle of
to Late nineteenth Century. It is contemporaneous with other great discovery in biology such as Natural
selection and Mendelian genetics. Now it stand in partnership with older biological sciences - viz Botany
and Zoology. ’ ’

’ﬂ}e _existgnce of this miicrobial world was unknown until the inv‘entibh of r;iicréécopes,‘ optical
instrument that serve to magnify objects so small that they can not be clearly seen by the unaided human
eye. Invention of microscopes at the beginning of the seventeenth Century opened the biological realm of

the very small to systématic scientific exploration. ’

The discoverer of microbial world was a Dutch merchant Anton Van Leeuwenhock. His lucid reports
on the ubiquity of microbes enabled Louis Pasteur 200 years later to discover the involvement of these
creatures in fermentation reactions and allowed Robert Koch, Theobold Smith and many others to discover
the association of microbes with disease. Koch js remembered for his isolation of the bacteria that cause
anthrax and tuberculosis and for the rigid criteria he demanded before a specific bacterium be held as the

- cause of disease. His important contribution to the creation of the sciénce of microbiology won him the
1905 Nobel Prize. ) ' : '

-~ A chronoiogical Arrangement of Events Important in the History of Microbiology is given in
abl. -1, ' ’



Table 1 : A Chronological Arrangemenﬁff Events Important in_the History of Microbiology .

“Era

Investigation

Contribution

1500-1600

1600-1700

1700-1800

1800-1900

) ~ Lazaro Spallanzani (1729-1799)

Girolame ancastoxo (1483- 1553)

Francesco Redi (1626-1697)-

- Antony van LeeuWenhoek (1632-1723)

John Needham (1713-1781)

' Bdward Jenner (1749-1823)

-

Theodor Schwann (1810-1882)
Franz Schultze (1815-1873)
Justus Von Liebig (1803-1873) |

Jacob Henle (1809-1885)

Oliver Wendell Holmes (1809-1894)

Theory that invisible living seeds caused disease

Performed experiments to disprove spontaneous
generation.

_First to observe and accurately record and report
_ microorganisms ' '

Performed expenments, results supported concept

of spontaneous generatxon

- Did experiments, results disproved Spontaneous '

generatlon

Discovered vaccination for smallpox using cowpox
vaccine.

Performed experiments, rcéults_ disproved

' spontaneous generation.

Performed experiments, results disproved
spontaneous generation.

“Supported concept of physicochemical theoryof

fermentation.

Established principles for germ theory of disease.

Stressed contagiousness of puerperal fever; that
agent was carried from one mother to another by

doctors.

Ignaz Philipp Semmelweis (1918-1 865) Introduced use of antiseptics.’

Louis Pasteur (1822-1895)

*
<

Florence Nightingale (1820-1910)

Established germ theory of fermentation and germ
theory of disease,: developed immunization
techniques.

Organized hospxtals' which mmu‘mzed cross-

- infection..



Era

~ Investigation

Contribution

1900-1910

Joseph Lister (1827-1912)

Thomas J. Burill (!839-19_1 6)

John Tyndall (1820-1893)
Fanny Hesse (1850-1934)

Robert Koch (1843-1910) -

Paul Metchnikoff (1845-1916)

hans Christian Gram (1853-1933)

Sergai N. Winogradsky (1856-1953)

William Henry Welch (1850-1934)

Theobald Smith (1859-1 934)

" Walter Reed (1851-1902)

Jules Bordet (1 870-1961) and '
Octave Gengou (1875- -1957)

August Von Wassérman (1866-1925)

Martinus Willem Beierinck (1851:1931)

“Frederick W. Twort (1877-1950)

Developed aseptic techniques; isolated bactena in

pure culture.

Discovered bacterial disease of plants.

Developed fractional sterilization to kil spores
' (Tyndalhzatxon)

Suggested use of agar as a solidifying matetial for
microbiol_ogical media.

Developed pure culture technique and Koch's
postulates discovered causative agents of anthrax
and tuberculosis.

Discovered phagocytosis.

Develo; ed important procedure for differ ential
staining of bacteria, the Gram stain.

Discovered nitrogen~ﬁxing bacteria in soil.

One of first great American micrebiologist,
discovered relat:on of clostndxa to gas gangrene.

Early. american mncmbxlogxst, discovered
tansmission of Texas fever by cattle tick.

Reported transmlssxon of yellow fever by
mosquito. :

Discovered complement-fixation reaction.
Introduced comp!ement fixation reaction test for
syphilis.

Utlhsed principle of enrxchment cultures confirmed
ﬁndmg of ﬁrst virus,

Independently dxscovered bacteriophages.



Era 1nvestxgatxon ~ Contribution , -
. Felix H, d’Herglle(lS‘lZ» 1949) Viruses that destroy bacteria.

Hdwai‘d T. Ricketts (1871-1920)- = Reported Rocky Mountain spotted feve
B - transmitted by wood tick and Mexican tvphx

transmitted by body louse.

THE SCOPE OF MICRQBIOL()GY

" Microbilogists have been exploiting the microorganisms in nearly every field of human activity-ir-
industry, in agriculture, in the preparation of food, in connection with problems of shelter or clothing, in the
conservation of human and animal health and to combating diseases. i '

The biological principles can be demonstrated through the study of microbes because they have
many characteristics which make th@m ideal specimens for the investi ganon of numerous fundamental life
processes. This is possible because at the cellular level, many life processes are performed in the samu'
manner whether they be in microbe, mouse or human Microbes can be grown. convemently in test tubes or
flasks, thus requiring less space and mamtenance is easier compare to higher plants and animals. T hc{
grow rapxdly and reproduce atan unusually highrate, some species of bacteria undergo almost 100 generations .~
in a 24 h period. The metabolic processes of microorganisms follow pattems that occur amongh mgher
plants and apimals, For example yeasts utilize glucose in the same manner-as. cells of mammalian tissn®
do. The same system of enzymes is present in these diverse organisms. The energy liberated durine the
breakdown of glucose is trapped and made available for the work to be performed by the cells-are samein
bagteria, yeasts, protozoa or muscle cells. In fact, the mechanism by which organisms utilize ¢nergy is.
fundgmentally the same throughout the biological world. But the source of energy does, of course .

_ agmgngh orgamsms Plants utilize radiant energy, where as animals require chemxcal substances as tleir
fuel. In this respect some microgrganisms are like plants other like animals, and some have the umque
abi hty of using either radiant energy or chemical energy and thus are like both plants and animals.

Furthermorc some microorganisms, the bacteria in particular, are able to utilize a great variety of
chemical substances as thexr ene;gy source - rangmg fmm sxmple motgamc substances to complcx organic
substances. '

In microbiology we can study organisms in great detail and observe this life processes while they
are actively metabolizing growing reproducing aging and dying. By modifying their environment we can
alter metabolic actwmes, regulate grawth and even change some details of their genetic pattern - all without
destroying the organlsms For example, bacteriophages demonstrate the complete sequence of host-parasite
reactions and provide a mode] by which virus-host-cell reactions can be postulated for infections in higher
plants and animals, Thus they glggidg;g many bilogical phenomena, specially those concerned with genetics.



Micro organisms show constderable versatlhty in thexr synthetic capacxtxes For example- some
bzcteria are able to utilize atmospnenc nitrogen for the synthesxs of protems and other complex organic
ritrogenous compounds So researches are being carried on to exchange the N, fixing “nif” gene to higher
organisms pamcuiarly in rice plant through genetic engmeermg If thls is successful then the fertilizer

problem will be solved. v |

The most dramatic current devclopxhent in applied microbiology is the ability to alter an organisms-
genetic make up, commonly referred to as genetic engineering. The detailed knowledge that has been
obtained about the structure and function of DNA, together with the discovery of enzymes that “cut unzip
or rebu:ld” the molecule, has made it posszble to alter the DNA structure

For further details consult ch. 3

- chrobmlogy, by Relczar, Char & Kneg, Sth Edition of microorganisms. New pxeces of DNA can

be inserted into a DNA molecule ina process called recombination. Thus a micro organism can be engineered,

-through modification of its DNA, to produce new substarices, such as human proteins. Bacteria have been
genetically modified to- produoc human insulin and mterferon for example. Genetxcally engineered micro

organisms hold great potenual for the productxon of dmgs and vaccines, for improvement of agricultural

crops and for other products and proccsses :

AREAS OF MICROBIOLO(‘Y ‘ ‘ A 4
Pure or Basxc ' | . ' - - Applied
(general microbiology) , _ | o ]
. ‘ ’ Hy?emc : Economic .
[ - — ) " I . :

pathology aneromicrobiology Pubhc health (Samtary mxcmbxology)

; (Medical Veterinary microbiology) _ o .
R - 1 — 11 T ,
‘FoodandDairy ~ Agricultural  Geochemical Technical & Industrial

Soil microbiology - Microbial control of weeds & pests’
I | — .
; Beneficial  Harmful
I | — ) T
Industrial - Bioassay  Space microbiology Aquatic = Tissue Culture Recombinant
& patroleum (Exomxcrobxology) & Marine Technology
prospection o - Microbiology
T T 1 -
Bacteria Yeasts - Molds




CRITERIA OF PURE MICROBIOLOGY

1 ) : Morphology
2) Physiology
3) Taxonomy
4) Genetics

5 Ecologic;'al behaviors]

1,2, 3 & 4 utilised for classification
| and identification of microorganisms

6) | Naturo of certain unusual type of organisms for example PPLO (Pleuro Pneumonia like organisms
or Microplasma Nature of bacteriophages) ' ‘

. For further details consult Ch.3-
- Mlcrobxology by Pelczar Chan & Krieg, 5th Edition

Major Fields of Applied mlcroblology and tjxexr areas :

Field

Areas

Medical microbilogy

Aeromicron biology

Sanitary microbiology

Food & Dairy microbiology

Causative agents of disease, diagnostic procedures for identifications

causative agents, prcventxve measures

Contaimination & spoilage & dxsemmatxon of diseases Provision of Potable
water for human consumptlon stposal of domiestic & industrial sewage.

(potablei,e, clear clean odorless, vxrmally tasteless and free from pathogenic
tnicroorganisms and deletenous chemxcais for drinking and other domestic

Apurposes)

Food prescrvatxon and preparatlon, food bome disease and their preventlon

"~ food spoxlage
[food preparation micro bxologlcal method -

a) making of wine, beer, bread etc.’

b) making of fermented milk products - cheese, butter, curd etc.
Various practices utilised for food preservation -

L. Aseptic Handling |

| I ngh temperatures

a) Bioling

b) Steam under pressure
¢) pasteurization -

d) Sterilization

e) Aseptic Processing



Areas

Field

Agricultural microbiology

Microbial Control of & pests

Geochemical microbiology

kxo microbiology

OIL. Low temperatures
- 8) Refrigeration
. b) Freezing
IV.  Dehydration
V. Osmetic pressure
a) in concentrated sugar
b) with brine
VL Chemicals-
a) Organic acids
b) Substances developing during processing (smoking)
, c) Substances continued by microbial fermentation (acids)
VII. Radiation
‘ a) Ultraviolet
b) lonizing radiations

For further details consult Chapter 28 of Microbiology by Pelczar, Chaz &

 Kreig, 5th ediction.

Food spoilage - The major food stuff serve a5 a good medium for the

growth of microorganisms and this growth may cause the food to undergo
decomposition & spoilage. - '

Microbial flora of soil. htemcﬁon among soil m;grg organisms & Soil
microbiology Biogeochemical Role of soil microorganisms. Biochemical,

T'ranéfonnations of Nitrogen & Niﬁgggg compeounds -

7 Proieol¥§.i§g Amino acid Degradation, Ammonification Recombinant DNA

and Nitrogen fixation Biochemical Transformation of Carbon & Sulphur

- and other compounds.

Biofertilizer. Biopesticides for example (Bacillus thurengensis Weeds used
for the control of insects] -

For further details consult g&nergg Miggqbiolo,gy (Stl,i editigg) by Stanier et
al. (Chapter 33) & for Soil Microbiology by Pelczar, Char & Kreig,

Coal, mineral and gas fOrmaitiox_x,‘fP}espgctieg for deposits of coal, ail and
gas, recovery of minerals from low-grade ores.

Exploration of life in outer space.
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Field

Areas

Industrial Microbiology
a) Bacteria

Yeasts

Molds

Bioassay and
Petroleum prospectxon
(Analytical m:crobnology)

Aquatic microbiology

Tissue Culture

Recombinant technology

For the production on industrial chemicals like acetone, butanol.
Production of amino acids
Production of antibiotics

Steroid transformation
Production of Enzymes
Production of vitamins

Dextran production

Flavoring agents for tea & coffee
Manufacture of vinegar

Retting of fibre

Single cell protein (SEP)

‘For fuﬁher reading - Some Indstrial Products produced by baderia by

Pelczar, Char & Kreig, page - 650 & by Mold (Teble 29-3) pg. 658 & by
Yeasts (29 -2) pg. 655. from Pelezar Char Kreig.

i)

1t)

ii)
iv)y

As a food (SEP)

Bread making

Preparation of beverages (wine, beer etc.)
Misc. chemicals

Vitamins (Riboflavin)

Enzymes (invertase)

'Producnon of orgamc acxds (Cxtnc, gluconic, itaco=ic, gallic)

Enzymes
Antibiotics _
Transformation of steroids.

Petroleum formation

Petroleum Exploration
Petroleum Recovery
Microbiological assays used for the measurement of vitamin, amino

acids and antibiotics.

Water purification microbiological examination Biological degradation of
waste, Ecology.

Production of monoclonal antibodies.

Genetic Engineering of micro organism for industrial purposes.

9




Restriction

enzymes

b

O

Donor DNA (endonucleoses)

Recombinant New
DNA molecule \ DNA

" Restriction
enzymes
-~ —— .

Fig. 1(A) The major steps in Plasmid DNA Bacterium containing
producting a “generically new DNA
engineered” bacterium.

' Replication  Expression
(B) Fragments of donor produces large  produces
DNA and Plasmid DNA STOUTOrDNA  procein
excised endonucleases and . gz G AATTC
formation of hybrid DNA by Plasmidf CTTAA + ¢ > w0 bgtfgwd
joining these fragments DNA \\\\-__..._ G AATTC
using DNA ligase. (Erwin F. == CTTAA G -
Lessel. illustrator.) Anneal and join

G with DNA ligase

e e e GAATIC

_ :
K i CTIAAG ) Hybrid DNA
\\ o — o~ o GAATTC '

" s e e = CTTAAG

Some Industrial products produced by bacteria (Table 1-I-A) by Mold (Table 1-1-B) & by Yeast (Table 1-I-

C) is given below : ,
Table 1-I-A. Some Industrial Products (Other than Antibiotics) Produced by Bacteria
Product Microorganism Uses
Acetone-butanoi Clostridium acetobutylicum Solvent; chemical manufacturing
*  and others » ,
2, 3-Butanediol Bacillus Polymyxa Solvent; humectant; chemical intermediate
Enterobactor aerogenes
[3ihydroxyacetone Gluconobacter suboxydans Fine chemical

10



Product

Microorganism

Uses

2-Ketoglué(')nic acid Pseudomonas spp.
5-Ketogluconic acid G.suboxydans

Lactic acid

Bacterial amylase
Bacterial protease

Dextran

Sorbose
Cobatamin
(vitamin B,))
Glutamin acid
Lysine
Streptokinase-
streptodornase
Bioinsecticides

[nsulin, interferon,
somatostatin
(human growth
hormone)
Microbial protein
(SEP)

Lactobacillus delbrueckii
L. bulgaricus

Bacillus subtils

B. subtilis

Leuconstoc mesenteroides

G. suboxydans -
‘Streptomyces olivaceus

Propionibacterium freudenreichii

Brevibacterium spp.
Micrococcus glutamicus

~ Streptococcus equisimilis

Bacillus thuringiensis
Baccilus popilliae
Recombinanant DNA
Varieties of E.coli

Methane-oxidizing bacteria

Intermediate for D-arabiascorbic acid
Intermediate for tartaric acid

Food products; textile and laundry; chemical
manufacturing, deliming hides

Modified starches, sizing paper; desizing textiles
Bating-hides; desizing fibers; spot remover,
tenderizing meat

Stabilizer in food products; blood- plasma
substitue.

Manufacturing of ascorbic acid

Treatment of pernicious anemia; food and feed
supplementation

Food additive

Animal-feed additive

Medical use (dissolving blood clots)

Control of insects

Human therapy-

Food supplement

Table 1-I-B. Some Industrial Products (Other than Antibiotics) Produced by Molds

Product Microorganism Uses
Citric acid Aspergillus niger or Food products, medicinal citates; blood
Aspergillus Wentii for transfusion ‘ ’
Fumaric acid Rhizopus nigricans Manufacture of alkali resins, wetting agent.
Gluconic acid A. niger Pharmaceutical products, textiles, leather,
photography.
Jtaconic acid Aspergillus terreus. Manufacture of alkali resins, wetting agents.

Pectinases, protease$:

" 11-g-Hydroxy-
progesterone
Gibberellic acid
Lactic acid

A. wentii or Aspergillus aureus
Rhizopus arthizus, R. nigricans,
others. ':

Fusarium moniliforme
Rhizopus or'yzone‘

11

Clarifying agents in fruit juice industries.

’ Intermediate for the ghydroxycorticosterone

- Setting of fruit, seed production

Foods and pharmaceuticals.



Table 1-I-C. Some Commercial Products of Yeast

Product Microorginism ‘_ Uses ,
Buakers yeast, Saccharomyces cereviside “Baking industry; brewing industry
beer, wine, ale, bread - .

“Soy sauce Saccharomyces rouxir Food condiment .

Candida milleri
S. cerevisiae

Sour French bread
Commercial alcohol

(ethanol) Kluyveromyces &agilis
Riboflavin Eremothecium ashbyi
Microbial Protein Candida utils

Saccharomycopsis iipolytica

MICROBIOLOGY AND THE ORIGIN ‘OF LIFE

Baking
Fuel; solvent

Vitamin supplement

Animal food supplement (single-cell protein)
from paper - pulp waste |

Microbial protein from petroleum products

The time scale of chemical evolution biological evolution and the emergence of microbial life is

given in Figure 1A.

Millions of | Geological Aproximate
years ago | era time of origin
' Cenozoic - Homo sapiens -1
Mesozoic ‘- Mammals and birds
Paleozoic - Fishes, invertebrates
- Multicellular organisms
Proterozoic | - Euca_ryotic cells
1,000 - Bucaryotic cells
- Aerobic bacteria
2,000 - Archacon | - Procaryotic cells | Oxygen-evolving bacteria Biological
Anaerobic bacteria evolution
3.000 - Fast fossil evidence of lifé
4,000 ] 4 First living “Cells” ~
1 3 Oriticekk : membranes enclosing prototypes of nucleic acids -
: . N . . | Chemical
2 Coacervote formghon concentration and aggregation of molecules evolution
1 Organic soup synthesis of amino acids, sugars and peptides. ' i

~ Figurel-A. Time scale of the chemical evolution, the biological evolution, and the occurrence of microbial

life.
12



PLACE OF MICROORGANISM IN THE LIVING WORLD

In biology as in any other field, classification means the orderly arrangement of units under study
into groups of larger units. Preseni day classification in biology was established by the work of Carulus
I.innaeos {1707-1778) a Swedish botanist. Hisboo  onthe classification of plants & animals are considered
to be the beginning of moderm botanical & zoologxcal nomenclature, system of naming plants and animals.
Nomenclature in microbiology which came much later, was based on the principles established for the

plant and animal kingdoms.

Until the 18th Century, the classification of living organisms placed all organisms into one of two
kingdoms, plant and animal. In microbiology we study some organisms that are predominantly plant like
others that are animal like and some that share characteristics common to both plants and animals. Since
there are organisms that do not fall naturally into either the plant or the animal kingdom, so it was proposed
that new kingdoms be established to include those organisms which typically are neither plants nor animals.

HACKLE’S KINGDOM- PROTISTA

One of the earliest proposals was made in 1866 by a German Zoologist E.H. Hackle. He suggested
that a third kingdom, Protista be formed to include those unicellular micro organisms that are typically
neither plants nor animals. These organisms the protists, include bacteria algae fungi and protozoa (viruses
are not considered as they are not cellular organisms).

Bacteria are referred to as lower protxsts the others - algae, fungi and protozoa - are called hngher

protists.
Procaryotic and Eucaryotic protists :-

Hackle’s kingdom Protista left some questions unanswered. For example what criteria could be
used to distiﬁguish a bacterium from a yeast or certain 'microscopic algae? Satisfactory criteria were
unavailable until the dzscovery of Electron microscope. In the late 1940’s the internal cell structure was
revealed through electron microscope. It was discovered that in typlcal bacteria cell, the nuclear substance
was not enclosed by nuclear membrane but in typical algae and fungi cell, the cuclers was enclose in a
membrane. This discovery - the absence of membrane bound internal structure in one group of Protists
(bacteria) and the presence of membrane-bound structures in ail others (fundi, algae, protozoa) - was a
discovery of fundamental significance so, these two cell types have been designated as procaryotic and
eucaryotic and organisms of each cell type are called Procaryotes and Eucaryotes respectively. Distinguishing
features of procaryotic and eucaryotic cells are give in Table - 2.

13



Table 2. Features Distinguish_ing Procaryotic from Eucaryotie Cells

Feature

Procaryotic Cells

Eucaryotic Cells

Groups where found as
Size range of organisms
Structure of nucleus

Sexuality

Bacteria structure

1-2 by 1-4 mm or less
Not bounded by nuclear
membrane; one circular
chromosome
Chromosome does not

contain histones no mitotic -

division

Nucleolus absent;
functionally related genes
may be clustered '
Zygote nature is merozygotic
(partial diploid)

Cytoplasmic nature and

Ctoplasmic streaming
Pinocytosis

Gas vacuoles
Mesosome
Ribosomes

"Mitochondria
Chloroplasts -
Golgi structures
Endoplaémic reticulum

- Membrane-bound (true)
vacuoles .
Outer cell structures
Cytoplasmic membranes

Cell wall

Loevmtor organelles

structures
Absent
Absent

“Can be present

Present
70S.* distributed in the

Absent
Absent

~ Absent
"Absent _' o

Absent

Generally do not contain
sterols; contain part of
respiratory and, in some,
photosynthetic machinery
Peptidoglycan (murein or
mucopeptide) as component
Simple fibril

14

Algae, fungi, protozoa, plants, unit of and animals
Greater than 5 mm width or diameter

Bounded by nuclear membrane; more than one
chromosome ' '

Chromosomes have histones; mitotic nuclear
division

Nucleolus present; functionally related genes
not clustered

Zygote is diploid

Present
Present
Absent
Absent
80S arrayed on membranes as in endoplasmic
reticulum; 708 in mitochondria and chloroplasts
Present

May be present

Present

Present

Present

 Sterols present; do not carryout respiration and

Photo-synthesis

Absence of peptidoglycan

Muiltifibrilled with “9+2” microtubules



Bacteria are procaryotic micro organisms. The eucaryotic micro organisms include the protozoa,
fungi and algae (plant & animal cell are also encaryotic) viruses are left out of this scheme of classification.

WATTAKER'’S FIVE KNGDOM CONCEPT

A more recent and comprehensive system of classification, the five kingdom system was pfoposed
by R.H. Whittaker (1969). A schematic representation of Whittaker’s five-kingdom system is give in Fig.2

Figure 2 : A simplified schematic representation of Whittaker’s five-kingdom system.

(Erwin F. Lessel, illustrator)

This 'system’ of classification is based.en thrse. 2 AR, whxch evolved to-
accommodate three principal modes of nutrition, Photosynthenc absorption and mgesuon

a) Procaryotes are included in the kingdom Monera, they lack the ingestive mode of nutrition (e.g,
Bacteria & Cyanobacteria)

b) Unicellular Eucaryotic micro organisms are placed in the kingdom Protista all three nutritional
types are representeﬂ here (e, g, Microalgae- Photosynthetic, Protozoa - ingestive some other protist

- absurptive.

15



’c) | Muilticellular and muliinucleal eucaryotic organisms are placed in teh kingdom plantae (e, g,

multicelular green plants and higher algae).
d)-  Animalia (multicellular animals)
e) Fungi (multicellular higher fungi)

Micro-organisms are found in three of the five kingdoms : Monera (bacteria & cyanobacteria)

Protista (microalgae & protozoa) and Fungi (Yeasts & Molds).

KINGDOM PROCARYOTAE

Bergey’s Manﬁal of systematic Bacteriology places all bacteria in the kingdom procaryotae which

in turn divided into 4 division as.follows‘:
Div. I. Gracilicutes - Complex cell wall structure characteristic of Gram negative bacteria. |
D'ivA I. Firmicutes - Cell was structure characteristic of Grafn negative bacteria.
Div. - l11. Tenericutes - Lacks cell wall |
Div. - V. Mendosicutes - |
Show evidence of an earlier phytogenetic origin than those bacteria ‘inclizded in Division 1 and 2.

A comparable manual of classification does not exist in for fungi, algae or protozoa. However
schemes of classification for each group that have wide acceptance & usage. An international system for
classification and nomenclature of viruses is in the process of developmient.

€

GROUPS OF MICRO ORGANISMS

The major groups of Protists are Algae, Fungi, Bacteria, Protozoa & viruses. Although viruses are
not protist ot cellular organisms they are included for two reasons :

h the techniques used to study viruses are microbiological in nature.

2) viruses are causative agents of diseases, hece diagnostic procedures for their identification are
cmployed in the clinical microbiological laboratory as well as the plant pathology laboratory. Some
characteristics of major groups of micro organisms are given in Table - 3.



JImportant Characteristics’

Practical Significance

Group Morphology Size
Bacteria o":.::;/:ﬂ t '\ Typical
¥ ' - .
SO0 ) osisum
' Ve N .
Viruses | Range :
' 2 3% 0.015-0.2um

uh
100nm -

Fungi :Yeasts @ p Range:
bﬂ;m

: - a\ig,
| z;\{’!
Fungi:Moulds '

Range :
2.00-10.0pum

20pm

Procaryotic; Unicellular
simple internal structure
grow on artificial laboratory
media: Reproduction asexual,
Characteristically by simple
cell division. ‘

Do not grow on artificial labo-
ratory media-require living
cells within which they are
reproduced; all are obligate
parasites electron microscope
required to see viruses.

Eucaryotic; unicellular; labora-.
tory cultivation much like that
. of bacteria; reproduction by

asexual cell division, budding,

 or sexual processes.

A Eucaryotic;'ﬁiulticellular, with

many distinctive structural
features; cultivated in labora-
tory much like bacteria repro-
duction by asexual and sexual
and sexual processes. |

Eucaryotic; unicellular, some
cultivated in laboratory much
like bacteria; some are intra-

_ cellular parasites; reproduction
- by asexual and sexual processes.
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. Some causes disease; some

perform important role in
natural cycling ot elements
which contributes to soil
fertility; used in industry for
manufacture of valuable
compounds, some spoil foods
and some make foods.

‘Cause disease in humans,

other animals, plants; also
infect microorganisms.

Production of alcoholic
beverages also used as food
supplement; some cause
disease. -

Responsible for decorhposi-

tion (deterioration) of many
materials; useful for industrial

'production of many chemicals,
including penicillin, cause

diseases of humans, other animal
and plants. '

Food of aquatic animals; some
cause disease.



Group Morphology Size

Important Characteristics Practical Significance

50um

Algae E Range!l.0pm

SOum

Eucaryotic; unicellular and ‘Important to the production of

~ multicellular; most occurin.  food in aquatic environments;

aquatic environments; contains used as food supplement and
- chlorophyl! and are photosyn-  in phéfmaceutic‘a_l preparations

*thetic; reproduction by asexual source of agar for microbio- '

and sexual processes. logical media; some produce

toxic substances.

BROAD CLASSIFICATION OF MICRO ORGANISMS (BACTERIA)

The most wxdeiy used reference for bacterxal classsﬁcanon is Bergey s Manual systematic
Bactenology, now published in four volumes.

Volume -1 : includes ordinary Gram negative chemoheterotrophic eubacteria. The major sections

are listed below in Table -4.

Table 4. Gram Negative Bacteria Included in Bergey’s Manual, Volume 1

Section Other Major Charactenstxcs
THE SPIROCHETES Flexible, helical, have penpiasmxc ﬂagella saprophytes or
parasites ,
- AEROBIC/ MICROAEROPHILIC, Rigid, motile by polar ﬂagelia oxxdatxve type of metabolism;

MOTILE, HELICAL/ VIBRIOID,
GRAM - NEGATIVE BACTERIA

NONMOTILE (OR RARELY MOTILE)

GRAM-NEGATIVE CURVED BACTERIA

AEROBIC GRAM NEGATIVE
RODS AND COCCI

FACULTATIVELY ANAEROBIC
GRAM:-NEGATIVE RODS

ANAEROBIC GRAM-NEGATIVE
STRAIGHT, CURVED AND
HELICAL RODS

saprophytes or parasrtes

ngui curved, ring-shaped, or helical cells lacking flagella;
saprophytes or parasites

. Rigid; straight or slightly curved (but not helical) rods, and

cocci; oxidative type of metabolism; saprophytes and parasites

Rigid; straight or curved rods have both and oxidative and a
fermentative type of metabolism; saprophytes and parasities

Rigid; obtain energy by fermentation or by an anaerobic
that does not use sulfur compounds as electron acceptors;

_parasiters. -
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Section T Other Major Characteristics
DISSIMILATORY SULFATE-OR ~ Rigid; anaerobic use sulfur compounds as electron acceptors;
SULFUR-REDUCING BACTERIA saprophytes and parasites.

ANAEROBIC GRAM-NEGATIVE COCCI  Rigid; nonmotile; fermentative; parasites Rigid; tinny cells;
THE_RICKEHSIASANDCPEAMYDIAS intracellular parasites of humans, other animals, and
A ' ' arthopods, can.be isolated and cultivated in host cells and

sometimes on culture media.

THEMYCOPLASMIC ~ - Soft ‘and plastic; nonmotile; lack cell walls; parasites and
- saprophytes - '
ENDOSYMBIONTS ' . -'Bacteriva—like forms that are obligate parasites of protozoa,

anthropods, or other hosts, often benficial to their.

For studying importance of the different members belongs to different sections. Further reading
microbiology Plezar, Chan & King Ch. 13

Volume -2. includes ordinary Grain positive Bacterié. The major sections of volume 2 are listed
below in Table - 5. |

Table 5. Gram positive Bacteria Included in Bergey’s Manual, Volume- 2

Section o Other Major Characteristics
GRAM-POSITIVECOCCI ~ May have a strictly respiratory type of metabolism, a respiratory plus
' a fermentative metabolism, or a strictly fermentative metabolism; in
‘the latter category they may be able to grow in air (aerotolerant) or
: they may be anaerobic.

ENDOSPORE-FORWN_G | }Mainly-rod-shaped, but some are cécci; range from aerobic to facul-
GRAM-POSITIVEBACTERIA  tatively anaerobic to anaerobic; most of the anaerobic libe by
| ' fermentation, but some respire anaerobically with sulfate.

NONSPOREFORMB\IG GRAM-  The cells have a uniform appearance without swellings, branching or
POSITIVE RODS OF REGULAR  other types of variation; some occur in characteristic trichomes;
SHAPE . aerobes, facultative anaerobes, or acrotolerant anaerobes are included.
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Section

- Other Major Characteristics

NONSPOREFORMING GRAM-
POSITIVE RODS OF REGULAR

SHAPE
MYCOBACTERIA

NOCARDIOFORMS

Thece_lls may exhibit swelling, Y or-V shapes, rod/ coccus cycles, or

- other deviations from a uniform morphology; some are filamentous

during at least some stage or their growth; aerobic facultatively
anaeerobic, and anaerobic genera are included.

Aerobic, slightly curved or straight rods which sometimes show

'branchin'g, stain acid-fast.

Aerobic organisms that tend to form a substrate mycelium and
sometimes and aerial mycellium, the hyphae fragment into rod-shaped

- or cocoid elecments; conditiospores may develop from the aerial

hyphae Volume - 3. includes Bacteria with unusual proterties.

Volume 3 includes Bacferia with unusual properties.
The major sections of volume 3 are listed in Table - 6.

Table 6 : Bacteria Included in Bergey’s Manual, Volume 3.

Section

~ Other Major Characteristics

ANOSYGENIC
PHOTOTROPHIC
BACTERIA

OXYGENIC
PHOTOTROPHIC
BACTERIA

GLIDING,
FRUITING
BACTERIA

GLIDING
NONFRUITING
BACTERIA

'THE SHEATHED
. BACTERIA

*
ki

BUDDING AND/ OR
APPENDAGED BACTERIA

Gram- -negative bacteria that contain bacteriochlorophyll and can use
light as an energy cource, the organisms are anaerobxc and do not
evolve O, during photosynthesis. *

Bacteria contain chlorophyll, can use light as an energy source, and
evolve O in a manner similar to that of green plants; the group
includes the cyanobactena (“blue - green algae”).

Gram-neganve nonphototrophxc bacteria that lack ﬂagella yet can
glide across solid surfaces they have a complex life cycle in which
the cells swarm together in massage and form fruiting bodies.

Gram-negative nonphototrophic rods, filaments, or multicellular-
trichomes that guide across solid surfaces fruiting bodies are not

| produced.

- Gram-negative nonphototrophic bacteria that form an external sheath
that covers the chains or tric-omes

Gram-negative nonphototrophic bacteria that reproduce asymmetrically
by budding and or form prosthecae or stalks.
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Section

Other Méjor Characteristies

CHEMOLITHOTROPHIC
BACTERIA

ARCHAEOBACTERIA

Gram-negative nonphottrophic bacteria that obtain energy for carbon
dioxide fixation from the oxidation: of ammonia, nitrate, reduced sulfur
compounds, or ferrous iron.

Gram-prositive or Gram-negative bacteria that are phylogenetically

'dlstmct from eubacteria; some produce methane gas; some require

unusually high levels of NaCl for growthl others are distinguished
by their ability to grow at a low pH and a high temperature.

For further study consult Ch. 15 of Microbiology by Pelzar, Chan & Krieg 5th edn.

Volume - 4. includes Gram positive Filamentous Bacteria.
The major sections of volume 4 are given below in table - 7.

Table - 7 : Gram - Positive Filamentous Bacteria included in Bergey’s Mannual, Volume 4.

Section

Some Major Characteristics

F ILAMENTOUS BACTERIA
THAT DIVIDE IN MORE THAN
ONE PLANE

FILAMENTOUS BACTERIA

The hyphae divide not only transversely but also longitudinally to
produce clusters or packets of cells or spores; cell-wass type II*;
soil organisms, animal pathogens, and symbiotic nitrogen-fixters are
represented.

Harraless soil and water organisms whose hypdivide ina single plane;

THAT FORM TRUE SPORANGIA the spores are fromed within special sacs; cell-wall types Il or =,

STREPTOMYCES AND SIMILAR The hyphae divide in a single plane; long chains of condiospores are

GENERA

ADDITIONAL FILAMENTOUS
BACTERIA HAVING UNCER-
TAIN TAXONOMIC PLACEMENT

formed at the tips of sporogemc hyphae; the organisms are mainly
harmless soil organisms that are noted for production of antibiotics;
a few are human or plant pathogens; cell wall type I*.

A heterogenours collection of organisms whose relationships to the
major groups of Gram-positive filamentous bacteria is not yet agreed
upon; some have remarkable morphological or physiological
properties; a few organisms are pathogenic for humans; the cell-wall

types vary.

For further sutdy consult Ch. 16 of Plezar’s Microbiology 5th edn.
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Chapter 2

- Nutrition of micro organisms :-
« The principles of Microbial nutrition -

* Nutritional requirements. R

* Nutritional Types of Bacteria.

*  The construction of culture media

¥ Types ofmedia. . - |

* Enrichment culture Teéhniqu_é. :

* Preparation of media. | L . |
* Physical conditions required for growth- Temperature, Gases requirements.
* Cultivation of Aerobic & Anaerobic bacteria. '

* Choice of media and conditions of Incubatidq.'

PRINCIPLES OF MICROBIAL NUTRITION :-.

All forms of life, from miciodigéﬁisms to human beings, share certain nutritional requirements for
growth and normal functioning. In Natural habitats micro organisms obtained these nutrients from the
environments. Where as for cultivation of microorganisms in the laborat‘ory, culture media is required.
Therefore, a culture medium must contain all necessary nutncnts Literally thousands of different media
have been proposed for their cultivation. The various components used for designing a culture medium
should be based on scientific principles. The principles of nutrition is based on the chemical composition
of cells. These co‘mpqsi'tionis constant throughout the living world and it also give indication about the

major nutritional requirements for their growth,

NUTRITIONAL REQUIREMENTS :-

*  JWater (the major essential nutrient as because it accounts for 80-90% of the total w§iglxt of cell).
* " Source of energy (for growth). - ‘ -

* Source of electron (for their metabolism). A v

* Carbon source (for synthesizing cell corripé;ients) ‘

* ‘Nitrogen source (for cell component).

* Oxygen, sulfur & phosphorus (for cell component),

* Metal jons like K*, Ca?*, Mg?*, Fe** (for normal growth),

Other metal ions lik‘l'a Zn*, Cu®, Mn?*, Mo®™, Ni¥, B¥, Co™ at very low concentration (Trace elements) (for
growth) Most bacteria do not require Na but marine bacteria & 6yanobacteria & Photosynthetic bacteria do
require 12 to 15% Nacl. : ‘ o

* Growth factors

”
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Vuamin & Vitamin like compounds (function as coenzyme of building block of coenzymes)
Juumo acids (constituents of Protein). ‘ ’
Purines and pyvrimidines (constxtuents of nucleic acids).

NUTRITIONAL TYPES OF BACTERIA ARE C ATAGORISED IN THE FOLLOWING HEADS:-

L. On the basrs of energy requxrement

a) phototrphs (use xadlant energy) S - b) bhemotrophs (use chemical compound for energy)

II On the basts of ezectron requirement :-

! , L i

a) lithotrophs ' | 4 b organotrophs
(reduced inorganic compound as electron donors) -_ (orgamc compounds as electron donors)
2 ’ T } o r | , -
Photolithotroph Chemolithotrophs " Photo organotrophs chemo organotrophs

IH. On the basis of Carbon requirement :-

. - . . _ 1

a) autotrophs : ‘ b) Heterotrophs _
(CO, - major or sole source of carbon) organic compounds --as carbon source.

Nutritional characterization of Bacteria is given in Table - 8.

Table 8 : Nutritional Characterization of Bacteria

’ | : En‘gr_gy ) Electron Donor Carbon for Assimilation
Bacteria Phototropic Chemotropic  Lithotropic ‘Organbtropic Autotropic  Heterotropic
Chromatium okenii + + +

Rhodospirillum rubrum

(anaerobic conditions) + ’ | | + t+
(aerobic conditions) S+ + ‘

Nitrosomonas ewropaea  +. o+ . +

Desulfovibrio desulfuricans -+ + | +
Pseudomonas pseudoflava :

(H, supplied) | - _ + B +

(no H, supplied) v + + +
Escherichia coli » -+ | +
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THE CONSTRUCTION OF CULTURE Q@DIA -

In constructing a culture medium for any microorganism the prxmary goal is to provxde a balanced
mixture of the required nutnents a concentrations that will permit good growth.

For the formulation of media 15t thing is mineral base which provides all those nutrients that can be
supplied to any organism in inorganic form. This base can then be supplemented as required with a carbon
source, an energy source, and any required growth factors. These supplements will, of course, vary with
nutritional properties of the pamcular organism that one wishes to grow.

A medium composed entirely of known chemical compounds is termed a synthetic medxum or
- chemically defined medum. A medium composed of mgred:ents complex medium.

Table 9 . Four Media of Increasing Complenty

Common Ingredients = = Additional Ingredients |

| MEDIUM1 MEDIUM? = MEDIUM3 MEDIUM4
Water, 1 liter NH,Cllg " Glucose* Sg - Glucose Sg ~ = Glucose 5g
KHPO,, 1g NHcl, 1g NHcl, 1g Yeast extract
Mg80,. TH,0, 10mg . 0.1mg A
FeS0,.7H,0, 10mg | - |
CaCL,, 10 mg

Trace elements (Min,
Mo, Cu, Co, Zn) as
inorganic salts 0.02,
0.5 mg of each.

~ For the three media i.e. » Medium 1,2, 3 so far desenbed the chemical ‘nature of every ingredient is
known, these are good example of synthetic media. Medium 4 is a ‘complex medium in which NH, CL &
nicotinic geid of medium 3 have been teplaced by a nutrient of mknown composxtxon yeast extract at a
concentration Sg/lit.

Examples of relatively simple liquid and solid media that support. the growth of many common
heterotrophs are nutrient broth and nutrient agar (Table - 10),
Table 10 Composition of Nutrient Broth & Nutrient agar medium :-

Nutrient Broth

Beef extract - 5g

Peptone - 5g k

Water - 1000 ml

Nutrient Agar

24



Beef extract - 3g.

Peptone - 5g
Agar-15g

Water - 1000 ml

The addition of Yeast extract to each of these formulas improves the nutrient quahty, since yeast

extract contains several of the

B-vitamins & other growth promoting substances. Addition of Yeast extract,

a nutrient of unknown chemical composmon, to the medium formulates complex medium, other complex
supplements such as bovine remen fluid, anifnal blood, blood serum of extracts of plant and ammal tissues
may be requxred for the cultivations of certain tastxdxous heterotrophs.

Characteristics of several complex matenals used an ingredients of media. Table - 11.

Table 11 : Charactenstxcs of severa] Complex Materials used as Ingredlents of Medla

- commercially available as a powder.
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Raw Material  Characteristic Nutritional Value
Beefextract  An queous extract of lean beef Contains the water soluble substances of animal
 tissue concentrated to paste. tlssue, which include carbohydrates, or ganic
' nitrogen compounds water soluble vitamins
and salts.

Peptone The product resulting from the Principle soruce organic nitrogen; may also contain
digestion of protenaceous mate- some vitamins and sometimes carbohydrates,
rials, e.g., meat, casein, and " depending upon the kind of proteinaceous material
gelatinl digestion of the protein digested. ‘

 material is accomplished with
acids or enzymes; many different
peptones (depending upon the
protein used and the method of

digestion ) are available for use in
bacteriological media; peptones -
differ in their ability to support
growth of bacteria.

Agar . A complex carbohydrate obtained ~ Used as. a' solidification agent for media; agar
from certain marine algae; pro- dissolved in aqueous solutions, gels when the
cessed to remove extraneous temperature is reduced below 45°C; agar not
substances. considered a source of nutrient to the bacteria.

Yeast extract An aqueous extract of Yeast cells, A very rich source of the B vitamins; also contains

organic nitrogen and carbon compounds.



The control-of PH :-

Althougfx a given medium may be suitable for the initiation of growth, the subsequent development
of a bacterial population may be severely limited by chemical changes that are brought about by the growth
and metabolism of the organism themselves. For example, in glucose containing media organic acids that
may be produced as a result of fermentation may become inhibitory to growth. In contrast the decomposition
‘ of'proteins & amino acids may also make a medium alkaline as a result of ammonia production.

To prevent excessive changes in hydrogen 1on concentration either fuffers or insoluble carbonates
are often added to the medium.

The phosphate buffers, which consists of mixture of monohydrogen and dihydrogen phosphates
(e.g. K,HPO, and KH,PO ) are the most useful ones.

The phosphates are used wxdely in the preparation of media because they are the only inorganic
agents that buffer in the physxologlcally important range around neutrality and that are relatively non toxic
to microorganism. In addition they provide a source of phosphorus, which is essential element for growth.

The avoidance of Miﬁeral precipitates :-
Chelating Agents

A trouble some problem often encountered in the prepa.ratxon of synthetic media is the formation of
a precipitate upon sterilization, particularly if the medium has a relatively high phosphates and certain
cations, particularly calcium and iron. Although it usually does not affect the nutrient value of the medium,
it may make the observation or quantitation of microbial growth difficult. The problem can be avoided by
sterilizing separately the calcium and iron slats in concentrated solution and adding them to the sterilized
and cooled medium. altematively addition of .01% chelating agent like EDTA (ellylene diaminete traacete
acid), which will form a soluble complex with these metals and thus prevent them form formmg an insoluble
complex with phosphates.

The Control of oxygen concentration:-

Oxygen is an essential nutrient for the obligately aerobic bacteria. In unshaken liquid cultures growth
usually ccours at the surface. Below the surface, howver, conditions became anaerobic and growth is
impossible. To obtiin large population in liquid cultures, it is therefore necessary to aerate the medium,
Another method of aeration is the continuous pasrage of a steam of sterile air through a culture.

The provision of Light

For the cultivation of phototrophic micro organisms (algae, photosynthetic bacteria) light is a
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requirement. Direct exposure to sunlight should be avoided, because the intensity may be too high, and the

temperature may rise to a point where growth is prevented.
Types of media :-

Selection media :'These media provide nutrients that enhance the growth and predominance of a
particular type of bacterium and do not enhance other types of organisms that may be present. For instance,
a medium in which cellulose is the only carbon source withvspeciﬁcally select for or enrich the growth of
cellulose utilizing organisms when it is inoculated with a soil sample containing may kinds of bacteria.

Differential media :

Certain reagents of supplements, when incorporated into culture media may allow diferentiation of
various kinds of bacteria. For example, it a mixture of bacteria is inoculated into a blood containing agar
medium (blood agar) some of the acteria may hemolyze (destroy) the RBC others do not. Thus one can
distinguish between demolytic and non hemolytic bacteria on the same medijum.

For Assay Media, Media for Enumeration of Bacteria Media for characterization of bacteria,

Maintenance media solid and semi solid media] Consult Pelzar’s Microbiology

ENRICHMENT CULTURE TECHNIQUE :-

It is possible to design growth media that will favour the growth of particular microorganism based
on their nutritional requirements. This is the basis of the Enrichment Culture Technique.

The selectivity of an enrichment culture is not determined solely by the chemical composition of the
medium used. The outcome of enrichment in a medium can be significantly modified by variation of such
other factors as temperature, PH, ionic strength, illumination, aeratic or source of inoculum.

In the isolation of endospore-forming bacteria, competition from nonsporalating bacteria, can be
largely eliminated by a pretreatment of the inoculum. Pasteurization of the inoculum, involving brief exposure
to a high temperature (2-5 minutes of 80°C) will destroy most vegetative cells, leaving the much more heat-
resistant spores relatively unaffected. |

Synthetic Enrichment media for chemoheterotrophs.
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Table 12

Primary Envnronmental Factors That Determine the OUtcome of Enrxchment Procedures for
Chemoheterophic bacteria with the Use of Synthetlc Media

: , N2 as sole ' (Azotobactor group)
— Aerobic — Preferably nonfermentable | nitrogen source '
_ _ " substrate - L Combined nitrogen (aerobes, e.g.)
Organic | ‘ resent Pseudomonas
substrates : - [ NO, as electron (Denitrifying
no illumi=] ‘ | acceptor bacteria)
nation _ —Preferably nonfermentable; SO, as electron (Sulfate reducers)
substrate acceptor | :
Anaerobig _ S CO,aselectron  (Methanogenic
- | |_acceptor - bacteria)
— A A
N, as sole (Clostridium
_ , nitrogen source pasteurianum
—Fermentable - and related species)
substrate Combined nitrogen (Fermentative
present bacteria e.g.
- (Enterobacter)

The Enrichment of chemoautotrophic & photosynthetic organisms.
Table 13

Primary Environmental Factors That Determine the Outcome of Enrichment Procedures for Some

Chemoautotrophic Bateria o
' [ NH," as oxidizable (Ammonia oxidzing bacteria

substrate ‘ e.g. Nitrosomonas)
— Aecrobic (oxygenas [—NO, as oxidizable (Nitric oxidizing bacteria e.g.
electron acceptor) ~{ substrate Nitrobacter)
—H, as oxidizable substrate  (Hydrogen bacteria)

Absence of _ S or §,0,% as oxidazable (Thiobacillus)
organic com-.__. : __ substrate '
pounds in . '
medium — Anaerobic (NO, as——— S or 8,0, as oxidazable (Thiobacillus denitrificans)

electron acceptor) substrate

| Anaerobic (CO, as— H, as oxidizable substrate  (Methanogenic bacteria)
_electron acceptor) substrate ‘
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"Table 14 |
Primary Environmental Factors That Detérmine Outcome of Ennchment Procedures for

Photosynthetic Microorganisms

B N, as sole (Cyanobacteria)
— Absenceof — nitrogen source :
—  Absence of sulfide |__ Presence of com- (Algae)
* organic © binednitrogen
compounds ~I  Presence of [ High sulfide - (Green sulfur
' ' sulfide = —] concentration bacteria)
Lightas _ 3 anaerobic Low sulfide (Purple sulfur
source | conditions ~ concentration (bacteria)
of energy | C - ‘
Presence of _ . - Purple or green
organic - Anaerobic conditions — nonsulfur bacteria)
" compounds

PREPARATION OF MEDIA :-
The preparation of bacteriological media usually involves the following steps :-

1. Each ingredient is dissolved in the appropriate volume of distilled water.
2. The PH of the fluid medmm is adjusted if necessary.

3. It a solid medium is designed, agar is added and the medium is boiled to disslove the agar, (s1hca
- gel is some times used as an moxgamc solidfying agent for autotrophic bacteria).

4. The medium is dnspensed in to tubes or flasks.

5. The medium is sterilized generally by auto claving. Some media that are heat-labile are sterilized
by filtration. ‘

PHYSICAL CONDITION REQUIRED FOR GROWTH :

; In addition to the proper nutrients, for the cultivation of bacteria, it is also necessary to know the
physical environment in which the organisms will grow best. They exhibit diverse responses to physical
~ conditions such as temperature gaseous conditions and PH.

Temperatui‘e -

Since all processes of growth are depéndent on chemical reactions and since the rates of these
reactions are influence by temperature, the pattern of bacterial growth can be profoundly influenced by
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this condition. The temperature that allows for most rapid growth during a short period of time (12-24th) is
known as optimum growth temperature. The maximum temperature at which growth occurs is usually
quite close to the optimum temperature, where as minimum temperature for growth is usually much lower
than the optimum. - ' '

On the basis of their temperature relationships bacteria are divided into three main groups :-

1. Psychrophiles : They are able to grown at 0°C or lower, though they are grow best at hi gher temperatures.
It can grow at 0°C but have an optimum temperature of 15°C or lower and-a maximum temperature of about
20°C psychgotroph or Facultative psychrophile are those organisms able to grow at 0°C but they range of
about 20°C to 30°C. During isolation of strict psychrophles, (for example, Antarctic soil sample) it is
usually necessary to maintain the source sample at cold temperatures from the time they are collected and
also to chill all media before attempting isolation. The reason behinds it is that the strict psychrophiles
- usually die if they are even temporarily exposed to room temperature. Even at optimum growth temperature
it often takes two of three weeks for colonies of phychrophiles to develop; o

The physiological factors responsible for the low temperature maxima for stict psychrophiles are
not entirely clear, but some factors that have been implicated are heat instability of ribosomes and various
enzymes increased leakage of cell components and impaired transport of nutrients above the maximum
temperature.

Meésophiles grow best within a temperature range approximately 25°to 40°C for example, all bacteria
that are pathogenic for humans and warm blooded animals are mesophiles (grow best at 37°C).

Thermophiles grow best at temperatures above 45°C. the grow the range of many thermophiles
extends into mesophilic region, these species are designated facultative thermophiles other thermophiles
can not grow in the mesophilic range, these are termed true thermophiles obligate thermophiles or
stenottermophiles. '

Factors that are responsible for the growth at high temperature are an increaséd thermal stability of
ribonsomes, membranes, and various enzymes hoss of the fluidity that exists with in the lipid bilayer of the
cytoplasmic membrane may be factor governing the maximum temperatures. '

A} .

Gaseous requirements :-

The principal gases that affect bacterial growth are oxygen and CO, Bacteria display such a wide
variety of convenieat to divide them into four groups on the following bases.

1. Aerobic bacteria required oxygen for growth and can grow when incubated in an air atmosphere
(1,€,21% 0,).

2. Anaerobic bacteria do not use oxygen to obtain energy, moreover oxygen is toxic for them and
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they cannot grow when incubated in an air atmosphere. Some can tolerate low levels of oxygen (non
stricngentor tolerant anaerobes) but others (stringent or strict anaerobes) can not tolerate even low levels
and may upon brief exposure to air. '

3. Facultative anaerobic bacteria do not require oxygen for growth, although they may use it for
energy production if it is available. They are not inhibited by oxygen and usually grow as well under an air
~ atmosphere as they do in the absence of oxygen. '

4. Microaerophilic bacteria require low levels of oxygen for growth but cannot to create the level
of oxygen present in an air atmosphere. Fig. 3. .

Aerobe Anoerobe Faculistive Micro
anaerobe acrophile

Figure 3. Scheatic illustration of the growth of bacteria in deep agar tubes, showing differences in
response to atmospheric oxygen.

Oxygen Toxicity :-

0, is bath beneficial and poisonours to living organisms. It is beneficial because its strong oxidizing
ability makes it an excellent terminal electron acceptor for the energy yielding process known as respiration.
However O, is also a toxic substance. Aerobic and facultative organisms bave developed protective
mechanism that greatly mitigate this toxicity but micro-aerophilis and anaerobes are deficient in these
mechanisms and are restricted to habitats where little or no oxygen is present.
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Factors responsible for oxygen toxicity :-

1. Oxygen inacﬁ'vatio'n of enzymes : Molecular oxygen can diieg:tly oxidize certain essenttial
reduced groups, such as teh 01 (-5H) groups or enzymes resulting in enzyme inactivation. For example, the
enzyme complex known as nitrogenase, responsible for nitrogen fixation, is irreveribly destroyed by even
small amounts of oxygen. S | B

2. Damage due to toxic derivatives of oxygen : Various cellular enzymes 'cat‘alyZe chemical reactions
involving molecular oxygen, some of these reactions can result in addition of a single electron to an oxygen
molecule, thereby farming a super oxide radical (0,). '

O,+e -0, (1) » ‘

Super oxide radicals can inactivate cell components, and produced more toxic substances such as
hydrogen peroxide (H202) and hydroxyl radicals (OH).

- 20,+2H-0,+H,0,-  (2) - ‘

Oy +H,0, chelated iron- 0, + OH+OH -(3) - -

Hydroxy! radicals can damage almost every kind of molecule, found in living cells. H,0, is not a
~ free radical, but it is a powerful oxidizing agent that is highly toxic to many kinds of cells. Another toxic
derivative of oxygen is an energized is produced in biological system by certain photochemical reactions.

Aerobic-and facultative organisms have developed various protective mechanksm agaist the toxic
forms of oxygen. One is the enzyme known as super oxide dismutase, which eliminates super oxide radicals
by greatly increasing the rate of reaction (2) mentioned ébove. The H,0, produced by catabase and peroxidase
enzymes. ’ I R - : _
2H,0, Catalase-2HzO+Oz-v(4)' - - ,

H,0, + reduced substrate - Puroxidase - 2H,O + Oxidized substrates - ®)
Elimination of either 0, - 01"1-1202 can prevent the formation of the highly dangerous OH. Since

both reactants are required for reaction 3). _
Inf general anaerobic bacteria have either no super oxide dismutase or only relatively low levels
compared to aerobes. Many anaerobes are also deficient in catalase and/or at least input, peroxidase. For

the abqve reasons, the anaerobes are sensitive to oxygen althohgh other factors are probably involved as
well. '

CULTIVATION OF AEROBIC BACTERIA ;-
=22 vAION OF AEROBIC BACTERIA

To grow aerobic or facultative bacteria in tubes or small flasks, incubation of the medium under
normal atmospheric céndition is generally satisfactory. However, in large scale production of aerobic
organisms, it is accomplished by dispensing the mediums in shallow layers, in kille flask/ Roux bottle/
Fernbach Flask. Fig. 4 ' '
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Fernbach flask

‘ Roux bhottle

Figure 4 : Methods for providing incresed areation during
incubation. (A4) Culture vessels of several designs that
provide a large surface area for a shallow layer of medium.

~ Aeration can also be mcreased by constantly shaking the inoculated liquid cultures (in incubator
shaker) Fig. 5. : :

CULTIVATION OF AEROBIC BACTERIA :-

Stringent anaerobes can be grown only by taking special precauttons to exculde all atmospheric
oxygen from the medium. These includes :-

1. prereduced media :- Here culture medium is boilded for several mmutes to drxve off most of the
dissolved oxygen. ‘

A reducing agent e, g, cysteine, is added to further lower the oxygen content O, free N is bubbled
through the medium to keep it anaerobic the medium is then dispensed into tubes which are being fused
with O, free N,,, stoppered tightly, and sterilized by autoclaving. During inoculation, the tubes are continuously
ﬂushed,thh oxygen free CO, by means of cannula restoppered and incubated. Fig. 7.

Figure 7 . Use of precluded media for
* cultivation.of stringent anaerobes (4) Tube .
of prereduced medium: contmnzng an
atmosphere of oxygen free N, (B) To
inoculate, the stopper is removed and a gas
cannula inserted to flush the tube ' \ T 1

. Pasteur pipette
. Gas cannulo -

contznuously with oxygen free CO, and
maintain anaerobic conditions. The medzum
is onoculated with a few drops of culture by N,
means of a Pasteur pipette. (C) After
inoculation the tube is restoppered and
incubated. : \A‘/
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2. Anaerobic chamber :- It is nothing but a plastic anacrobic glove box (see fig. 8 (A, B) below) that
illustration contains an atmosphere of H, CO and N culture media are placed within the chamber by means
of an air lack which can be evacuated and refilled with N. From teh ari lock the media are placed within the
main chamber. :any' Ointhe media is slowljr reraoved by reaction with the H forming water this reaction is
added by a palladium catalysf. After being rendered oxygen free the media are inoculated with in the
chamber (by means of the glove ports) and ncubated also within the. chamber).

Figure 8 (A) . Schematic
diagram of the various parts of ani o 9 "__\__
anaerobic chamber (top view). (a) : o IR
Glove ports and rubber gloves '
that allow the operator to perform
manipulations within the
chamber. (b). Air lock with inner
and outer doors. Media are
Dplaced within the air lock with the ]
inner door remaining sealed; air A -
is removed by a vacuum pump

‘connection (c) and replaced wtih

N, through (d). The inner door is

opened and the media are placed

within the main chamber, which.

contains an atmosphere of H, +

CO, + N, Acircular (e) circulates

‘the gas atmosphere through
pellets of palladium catalyst (f),

causing any residual oxygen in

the media to be used up by

reaction with H,. After media

have become completely

anaerobic they can be inoculated

and placed in an incubator (g)

located within the chamber (B)

Photograph of an anaerobic

chamber. (Courtesy of the Germ

Jfree Laboratories; Inc.)
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Clamp with clamp screw

Lid with O-ring gasket

. : \:

I~ Catalyst reaction chamber

Flash arrester to prevent explosion

~ Gas Pak disposable Hydrogen h
Jl | - and carbon dioxide generator
“F\ envelop

b

) .
Gas Pak disposable

’ \_‘(‘/ " aricerobic indicator

- Figure 9 Ariaerobic jar; GasPac

system. (A) Media are inoculated .
and then placed in the jar. Water

" is added to the GasPak generator

envelop, causing the evolution of
H, and CO, The H, reacts with

) 0 onthe surface of the palladium

catalyst forming water and
establishing anaerobic
conditions. The CO, aids growth
of fastidious anaerobes which

" sometimes fail to grow, or grow
~ only poorly, in its absence. an

anaerobic indicator strip (a pad

 saturated with methylene blue

solution) changes from blue to
colorless in the absence of

"oxygen.  (B) The GasPak

Anaerobic System with inoculated
Petri dishes, the GasPak

.generator envelope, and the
-anaerobic indicator strip.

(Courtesy of BBL Mzcrobzology
Systems).

| Nonstringent anaerobic can be cultured an anaerobic jar (F ig. 9). Inculated media are placed in the
jar along with an H, + CO, generating system. After the jar is sealed, the oxygen present in the atmosphere
with in the jar, as well as that dxssolved in the culture medium, is gradually used up through react:on with

the hydrogen in the presence of a catalyst

- e e o e e 0 o
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Chapter - 3

Prinéipel Characteristics used in the classification
and identification of microbes '

Characterization, classification and identification are major objectives inva_'ll branches of the biological

sciences.

It is necessary to learn the characteristics of microorganisms for their smooth identification and
classification. It is usually not feasible to study the characteristics of a single microorganism because of its
small size, therefore, it is necessary to study the characteristics of a culture - a population of microorganism.

A culture that consists of a single kind_of miéroorgahism (one living species) regardless of the
number of individuals, in an environment free of other living organisms it called a pure culture (axenic
culture). In the strict, technical sense a pure culture is one grown from a single cell.

The major observable features of microdrgam’sm which together are used to identify the species are
enumerated below : '

L Direct microscope Examination
A) Staining reaction
a) Gram staining
b) Acid fast staining
Dy Cell size '
- 0O CellAshape
D) Presence of spore
- E) Capsule formation
F) Motility

I Chemical compositions ; The various chemical constituents of the cell.

III.  Cultural characteristics :

a) Food requirement

b) Media most suitable for growth

c) Appearance of growth in different media.

d) _Oxygch requirements, '

e) Optimum growth temperat’ure. o : ,

f) Characterization of pure culture (1) Siz:eA (ii) Shape (iii) Texture (iv) Elevation of the colonies
(v) Pigmentation. : '
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IV.

VI.

VIL

VIIL

Metabolic characteristics : The way in which cells obtain and use their energy, carry out chemical

reactions and regulate these reactions.

Antigenic characteristics : Special large chemical components (antigens) of the cell, distinctive
for certain kinds of micro organisms.

Genetic characteristics : Characteristics of the hereditary material of the cell (DNA) (or more
briefly mul% G+C) and occurrence and function of other kinds of DNA, that may be present, such
as plasmid.

Pathogenicity : The ability to cause disease in various plants of animals of even other micro
organisms.

Ecological characteristics : Habitat and the distribution of the organisms in nature and the interaction
between among species and natural environments.

Staining reaction:

(a) Gram staining : A differential staining procedure of great value in the identification of eubacteria is
the gram stain 1st developed by Christian gram (1884).

ii1)

On the basis of the staining behaviour bacteria have been grouped into 2 groups.

D Gram positive bacteria.

2) Gram negative bacteria.

A heat fixed smear of bacteria is stained successively with a solution of crystal violet (or a related
basic dye) and with a solution of iodine. Thus the crystal violet and iodine formed crystal violet -
lodine complex (CV-I).

- The prepardlwn is then treated with an orgamc solvent such as alcohol or acetone.

Gram negative bacteria are completely decolourised (CV-I complex released) by the organic solvent.
Gram positive bacteria resist decolourization (CV-I complex not released) retaining the deep purple

-colour,

Gram negative bacteria are stained With satranin when they exhibit the red colour of the counterstain.

As a result of this difference in colour gram positive and gram negative cells can be readily

distinguished from one another under the mlcroscope

“(b) Acld fast staxmng The walls of some bactena contain large amounts of waxy materials. These

waxes confer on thecella spemal staining property, termed acidfastness, which is a very valuable diagnostic
character.
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Acid fastness is determined by a procedure knownas Ziel-Neelson stain. The fixed cells are treated
for 10 minutes with a hot, dilute phenolic solution of the red basic dye, carbol fuschin and heated to 90°C.
over a steam bath for four minutes. This softens the wax and the dye supposedly penetrates. After washing
of the excess dye, the smear is treated for five minutes with cold 95 percent alcohol containing 5 to 10

percent HCL or H,SO,,

The organism retain the red dye in spite of the acid alcohol, which removes the colour from everythin g
else. Organism retaining the red stain are said to be acid fast. If methylene blue or brilliant green is now
applied as a counter stain, the acid fast bacteria stand out as'brigh't red objects in a blue or green field. This
stain is also a differential stain because from non acid-fast ones. o ‘

It is used especially for staining tuberculosis bacilli (Mycobacterium tuberculosis) and related
organisms (genus Mycobacterium) having an abundance of particular acid fast waxy materials (mycolic
acids) on the cell. Such organism are gram-positive, but the Gram stain does not give an useful information
about them as the Ziehl Neelson or acid fast stain. '

Size : Microorganism ‘are very small and their size is usually expressed in micro meters (um)
[approximately 0.5 to 1.0 um in diameter]. ' ’

Shape & arrangement : The shape of bacteria is governed by its rigid cell wall, Typical bacterial
cells are spherical (cocci/coccus), straight rods (bacilli/bacillus) or rods that are helically curved (spirilia/
spirillum). Some home cells that are pleomorphic (a variety of shapes) cocci may be of different types on
the basis of plane of cellular division and whether the daughter cells stay together foliowing division
Bacilli are not arranged in pattern as complex as those of cocei and must occur singly or in pari (diplobacilli)
some form chains (strepto bacilli) others such as Beggiatoa and Saprospira species form trichomes, and
streptomyces species form long branched multicellular filaments called hypae.

Cogci may be of different types : . o
i) Diplococ¢i : Cells divide in one plane and remain attached predominantly in pairs.

i) Streptobocci : Cells divide in one plané and remain attached to form cheins. *

i) Tetra cocci : Cells divide in two plaﬁes and characteristiéally form groups of four cells.

v) . Staphylocei : Cells divide in three planes in irregular pattern, producing “punches of locci”.

V) Sarcinae : Cell divide in three planes in a regular pattern, producihg cuboidal arrangement of cells.

Presence o‘fspgre : Some organism can praduce spore and other can not. This property helps in the
identification of an organism. For example it a grant straight rod can produce spore and is aerobic, the
bacterium may be baccillus, if anaerobic it may be clostridium. The gram positive straight rod if do not
produce spores, Lactobacillus and some other bacteria are considered gram negative straight rods generally

do not produce spores,
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Capsule formation In caso of bacteria presence or absence of Capsule help in idontifying the
_organism. ' ' :

Motility : The possesexon of flagella, and hence the capacxty for active moment is of i lmpcrtancc in
identification. : :

Microbial claSsiﬁcatidn, N omenclature and Identification :

Classxﬁcatwn In microbiology taxa are untnally constructed ﬁ'om strains. A stram is made up of
all the descendents of a pure culture.

For example, strain ATCC 19554 is a strain of sp'irilla isolated originally from pond water Blackspurg
Virginia\ in 1965 by wells arid Krieg and cultures of the strain are maintained at the American Type Culture
Collection (ATCC) Rock Ville, Maryla.nd. Cultures of the same species that were isolated from other sources
would be considered different strams - :

The Basic taxonomic group (Taxon) is the specxes, i,e, a collection of strams having
‘similarcharacteristics. Bacterial species consist of a special strain called type strain together with all other
strains that are considered sufficiently similar to the type strain as to warrant inclusion in the species.

Similarly bacterial genus is composed of a colleéti_oh of similar species.

Taxonomic groups of higher rank than genus :

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 group fo similar dwxsmns

Nomenclature : One ru}e in bactenologxcal nomenclature is that name must be written as a Latin or
Latinized binomial (two words) and must follow certain rules of Latin grammar. The first word in the
binomial is the genus name and is always capitalized. The second word is the specific epithet and is never
capitalized. Both the names (genus and species) and written in italics or underlined).

Principles of International code of Nomenclature of Bacteria.

1. Each distinch kind of organism is designated as a species.
2. The species is designated by a Latin binomial to provide a characteristic international label (binomial
system of nomenclatue).
Regulatidn is established for the application of names.
A law of priority ensured the use of oldest availabel legitimate name.
Designation of categories is required of classification of organisms.
- Requirements are given for effective publication of new specific names as well as guidance in

O

coining new names. ,
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Identification : An organism must be classified before it can be identified - that is given a name.

. Many identification schemes are in the form of keys which give 1dentxfymg characteristics arranged
in logical fusion. Identification tables are very useful and generally contain more characteristics than do
keys, the the information arranged in an easy-to-read, summarized form. Bergey’s Mannual of systemat:c
Bacteriology is very helpful for the 1dentxﬁcat10n of Bacteria.

Suggested questions :
1. What is type strain ?
Why is the type strain the most important strain in a bacterial species.

2. What is differential staining? Mention few differential stain with special reference to Acid fast stain
. mdxcatmg its apphcatnon ‘

3. Why are micro organisms useful as subjects for research in the field of biology.

4. Name several applied areas of micro blology Describe the unportance of bacteria, mold and yeast in
industry?

5. 'What condition of cultivation would allow you to grow selectively.
a) Thiobacillus thioosxydexns from a mixed culture of bacteria.
b) an extreme halophile form a sample of sea salt.
¢) anitrogen ﬁxmg bacterium form a soil sample.
d) a spore forming bactenum form a sod sample.
or

Indicate the various toxic derivatives of oxygen and cxplam how aerobic organisms xmght protect
themselves against these deravatxves

P 9 T o iy o o 5 72 00
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OVERVIEW OF CELL GROWTH

In any biological system, growth can be defined as the orderly increase of all chemical COIMpOnents.
Microbial growth involves an increase in the number of cells rather than in the size of individual cells.

Growth of most microorganisms occurs by binary fission. Cell division and chromosome replication are
normally coordinately regulated. '

The bacterial cell is essentially a synthetic machine that is able to duplicate itself, the synthetic
processes of bacterial cell growth involve as many as 2000 chemical reactions of a wide variety of types,
some of these reactions involve energy transformation. Other reactions involve biosynthesis of small
molecules — the building blocks of macromolecules — as well as the various cofactors and coenzymes
needed for enzymatic reactions. However, the main reactions of cell synthesis are Polymerization reactions,
the processes by which polymers (macromolecules) are made from monomers, DNA synthesis, RNA
synthesis, and protein synthesis. Once polymers are made, the stage is set for the final events of cell growth
assembly of macromolecules and fonnatlon of cellular structures such as the cell wall, cytoplasmic membrane,
ﬂagella nbosomes, inclusion bodies enzyme complexes, and so on.

In most prokaryotes, growth of an mdxvxdual cell continues until the cell devides into two new cells,
a process called binary fission (binary to express the fact that two cells have arisen from one cell). In a
growing culture of a rod-shaped bacterium such as Escherichia coli, for example, cells are observed to
elongate to approximately twice the length of an average cell and then form a partition that eventually

. DNA

~ DNA
replication

5

""‘m ' 3 Cell
..': Wi ;) m separeation

Figure 1.1. : The process of binary fission in a rod shapped prokaryote. For simpheity, the nucleoid is
depicted as a single circle
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separates the cell into two daughter cells (Figure 1). This partition is referred to as a seption and is a result
of the inward.growth of the cytoplasmic membrane and cell wall from opposing directions until the two
daughter cells are pinched off (Figure 1.1). During the growth cycle all cellular constituerits increase in
number such that each daughter cell receives a complete chromosome and sufficient copies of all other
macromolecules, monomers, and inorganic ions to exist as an independent cell. Partitioning of the replicated
DNA molecule between the two daughter cells depends on the DNA remaining attached to membranes
during division, with septum formation leading to separation of chromosome copies, one going to each

daughter cell (Fxgure 1.1).

The time required for a complete growth cycle in bacteria is highly variable and is dependent on a number
of factors, both nutritional and genetic. Under the best nutritional conditions the bacterium Escherichia
coli can complete the cycle in about 20 min., a few bacteria can grow even faster than this, but many grow
much slower. The control of cell division is a complex process and appears to be 1mmedxately tied to

chromosomal replication events.

Population Growth

As growth is defined as an increase in the number of microbial cells in a population, which can also
be measured as an increase in microbial mass. Growth rate is change in cell number or cell mass per unit
‘time. During this cell division cycle, all the structural components of the cell double. The interval for the
formation of two cells from one is called a geoeration and the time required for this to occur is called
generation time. The generation time is thus the time required for the cell population to double. Because of
this, the generation time is also sometimes called the doubling time. Note that during a single generation,
both the cell number and cell mass double. Generation times vary widely among organisms. Many bacteria
have generation times of 1-3 hr., but a few very rapidly growing organisms are known that divide in as little
as 10 min, and others have generation times of several hours or even days.

Grov;’th and Generation Time

The most common means of bacterial reproduction is binary fission, one cell divides, producing
two cells. Thus, if we start with a single bacterium, the increase in population is geometric progression:

] —>2—>22 B >20. > >0

when n = the number of generations. Each succeeding generation, assuming no cell death, doubles the
population. The tétal population N at the end of a given time period would be expressed 4

N=1x2" (1)

However, under practical conditions, the number of bacteria N, inoculated at time zero is not 1 but
more likely several thousand, so the formula becomes

43



N=Nx2" (2

Solving Eq. (2) for n, we have |
log, N = log, N = nlog, 2 '
n= (log, N - log,.N,)log, 2 (3)

If, we now substitute the value of log,,2, which is 0.301, in the above équation.
N = (log, N - log, ,N,)/ 0.301
n=3.3 (log,,N - log, ,N) (4)

Thus, by use of Eq.(4), we can calculate the number of generations that have been taken place,
providing we know the initial population and the population after growth has occurred.

The generation time g (the time required for the population to double) can be determined ﬁ'om~ the
number of generations n that occur in a particular time interval ¢. Using Eq.(4) for n, the generation time
can be calculated by the following formula.

G=tn = 13.3 (log,;N - log, :V,) (5)

Not all bacteria have the same generation time; for some as E. coli, it may be 151t0 20 minutés, for
others it may be many hours. Similarly, the generation time is not the same for a particular species under all
conditions. it is strongly dependent upon the nutrients in the medium and on prevailing physical growth,
the growth rate (i.e., the number of generations per hour), termed 1, is the reciprocal of the generation time
g. It is also the slope of the straight line obtained when the log number of cells is plotted against time.

_ R=3.3 (log, N - log, N/t (6)
GROWTH CURVE

Log of numbers of viable bacteria

Time, h
ABrptte— sty

Fig. 2: Typical bacterial growth curve. A-Lag phase; B-Log or exponential phase; C-Stationary phase; D-
Death or decline phase.
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In reality when we inoculate a fresh medium with a given number of cells, determine the bacterial
population intermittently during an incubation periad of 24 h [more or less], and plot the logarithms of the
number of cells versus time, we obtain a curve of the type illustrated in fig. 2. From this it can be seen that
there is an iriitial period of what appears to be no growth [the lag phase], followed by rapid growth [the
exponential .or logarithmic phase] then a leveling [stationary phase], and finally a decline in the viable
population [death of decline phase], between each of these phases there is a transitional period [curve
portion]. This represents that time required before all cells enter the new phase.

The Lag Phase

The addition of inoculum to a new medium is not followed immediately by a doubling of the
population instead, the population remains temporarily unchanged, as illustrated in fig.2 but this dose
mean that the cells are quiescent or dormant, on the contrary, during this stage the individual cells increase
in size beyond their normal dimensions. Physiologically ihéy are very active and are synthesizing new
protoplasm. The bacteria in this new environment may be deficient in enzymes or coenzymes with much
first be synthesized in amounts required for optimal operation of the ¢hemical machinery of the cell. Time
for acljustment in the physical environment around each cell may be required. The organisms aremetabolizing,
but there s a lag in cell division.

Ar the end of the lag phase, each organism divides. However, since not all organisms complete the
lag, pe:iod simultaneously, there is a gradual increase in the population until the end of this period, when al}
cell are capable of dividing at regular intervals. '

The logarithmic or Exponential phase

During this period the cells divide steadily at a constant rate, and the log of the number of cells
plotted against time results in a straight line [fig. 2]. Moreover, the population is most nearly uniform in
terms of chemical composition of cells, metabolic activity, and other physiological characteristics.

Time (hr) . Total number of cells
0 1
0.5 2
1 4
1 g 8
: 16
* | o1
35 128
4 256
4.5 512
5 1,024
5.5 2,048
6 4,096
a) 10 1,048,576
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A growth experiment be ... 'ng with a single cell having a doubling time of 30 min is presented in
Figure 2a. This pattern of population increase, where the number or cells double during each unit time
period, is referred to as exponential growth, when the cell number from such an experiment is graphed on
arithmetic coordinates as a functions of elapsed time, one obtains a curve with a constantly increasing
slope (Figure 2b). However, deriving growth rate information from such curves is difficult. The number of
cells on a logjariihmic (lbgm) scale is presented in Figure 2b in a graph in which cell number is plotted
logarithmically and time is plotted arithmetically (a semilogarithmic graph), resulting in a straight line.
This straight line function'is an immediate indicator that the cells are growing exponentially. Semilogarithmic
graphs are also convenient and simple to use for estimating generation times for a set of results. The
doubling time may be read directly from the graph (Figure 1.3). -

4x 107 e Pt camastrn

Cells/ ml .
2x 107 n=1 Fig.1.3Method of éstimating the
g;},{,mmmm generation times(g) of éprnéntidlly
o T 5 '3‘ . re 5 growing populations with generation
Ix10"  rorre T times of 6 and 2 hr. respectively, from data
zx 10: i P:gf&‘i:" Pplotted on semilogarithmic graphs. The
x‘ 10 o _in2be &7 - slape of each line is 0.301/g. All numbers
Cells/ ml 4x107 | - 777 Slope=0.15 ,: are expressed in scientific notation; that
3x107 | 3 il is 10,000,000is 1 x 107, 60,000,000 is 6 x
2% 10° b h ‘i-...zhr._.f; 10, and;oon.
R )
0 1 2 3 4 5
Time (br.)
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- This growth rate can remain constant during the logarithmic phase of grthh even though the
concentranon of substrate (i.e., some essential nutrient in the culture medium, usually the carbon and
energy source) is continually decreasing through utilization by the organisms. To understand this, one must
. recognize that the relationship between R and subsfrate concentration is not a simple linear relationship, as

shown in Fig: 2-A, when the substrate concentration is high, a change in the concentration has very little
effect on the growth rate. It is only when the substrate concentration becomes quite low that the growth
begins to decrease sxgmﬁcantly Since bacteria are commonly “gverfed” in laboratory culture, (i.e. are
supplied with far greater substrate concentration that they need), they can multiply at a constant exponential
rate for many generations before the substrate level becomes low enough to affect this rate.

Fig.2A The effect of nutrient (substrate)

- * concentration upon the growth rate of a
. bacterial culture. The level of substrate

- ; ' commonly provided in a bacterial culture is
sufficiently high (right portion of the curve)
so that, even through the bacteria use up
some substrate during the log phase of

A - growth, the growth rate does not decrease
Substrate concentration | appreciably. It is only when substrate levels
' become very low (left portion of curve) that

the growthrate brings to be severely affected.

Growth rate
i

The stationary phase

The logarithmic phase of growth begins to taper off after several hours, again in a gradual fashion
represented by the transition from a straight line through a curve to another straight line, the stationary
phase as shown in Fig. 2. This trend toward cessation of growth can be attributed to a vanety of circumstances,
particularly the exhaustion of some nutrients, and, less often, the production of toxic products during
growth. The population remains constant for a time. Perhaps as a result of complete cdssation of division or
perhaps because the reproduction rate is balanced by an equal death rate. ‘

The phase of Decline or Death

Following the stationary phase the bacteria may die faster than new cells are produced, if indeed
some cells are still reproducing. Undoubtedly a variety of conditions contribute to bacterial death, but the
most important aré the depletion of essential nutrients and the accumulation of inhibitory products, such as
acids. During the death phase, the number of viable cells decreases exponentially, essentially the inverse of
growth during the log phase. Bacferia die at different rates, just as they grow at different rates some species

47



of Gram-negetive cocci die very rapidly, so that there may be very few viable cells left in a cuiture after 72
hr. or less. Other species die so slowly that viable cells may persist for months or even years.

Transitional Period between Growth Phases

. Note that culture proceeds gradually from one phase of growth to the next (Fig. 2). This means that
not all the cells are in an iucatical physiological condition toward the end of the given phase of growth.

Time is required for some to catch up with others.
Synchronomous Growth

Information about the growth behaviour of individual bacteria can be obtained by the study of
synchronomous cultures i.e., cultures composeq of cells that are all at the same stage of the cell cycle.
Measurement made on such cultures are equivalent to the measurements made on individual cells.
Synchronomous cultures of bacteria can be obtained by a number of techniques. Synchromy can be induced

by manipulation of environmental condition viz.

i) manipulating the physical environment. The cells may be inoculated into a medium at a
suboptional temperature, if they are kept in this condition for some time they will metabolize
slowly but will not divide, when the temperature is subsequently raised, the cell will undergo
synchronised division.

ii) Manipulating the chemical composition of the medium.
iif) ~ Byphysical separation (by differential filteration or centrifugation).

An excellent selective method for obtaining synchronomous culture is the Helmstetter-Cummings technique.
The technique involves filtering an unsynchronized culture of bacteria through a (membrané) filter, then
inverting the filter and allowing fresh medium to flow through it (Figure 4). After loosely associated bacteria
have been washed from the filter, the only bacterial cells in the effluent stream of medium are those that

arise through division. Hence, all cells in the effluent are newly formed and are therefore at the same stage
of the cell cycle.

The growth of a culture of E. coli so synchronized is shown in F igure 5. The number of cells in the
culture remains approximateiy constant for about one hour while the hewly' formed cells grow in size.
Then, rather abruptly, the number of cells doubles. In the second division cycle, the plateau is less distinct
and the population rise extends over a longer period indicating that synchrony is already being lost. In the
third division cycle, almost no indication of synchrony remains.

Synchronous cultures rapidly lpse synchrony because various cells of a populatioxi do not all divide at the
same size (age, or time following the previous division),
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Fig.4 Helmstetter-Cummings technique of | . Fig.5. Synchro‘nous growth of E.
‘obtaining synchronous cultures. ’ . -~ coli in glucose munimal medium.

Continuous Culfure

In both experimental research and in industrial processes, it is often desirable to maintain a bacterial
population growing at a particular rate in the exponential or log phase. This condition is known as steady-
state growth The culture volume and the cell concentration are both kept constant by allowing fresh sterile -
medium to enter the culture vessel at the same rate that “spent” medium containing cells, is removed from
the growing culture (see Figure 6). Under these conditions, the rate at which new cells are produced in the
culture vessel is exactly balanced by the rate at which cells are being lost through the overflow from the
culture vessel.

One type of system that is widely employed for continuous cultivation is the chemostat.
This system depends on the fact that the concentration of an essential nutrient (substrate) within the culture
> vessel will control tﬁe growth rate of the cells. The concentration of substrate within the culture vessel is in
turn controlled by the dilution rate, i.e., the rate at which fresh medmm is being added to the culture (flow
rate) divided by the volume of the culture vessel. |
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- Therefore, by adjusting the dilution rate we can control the growth rate, for example, suppose that
the dilution rate is very low. The cells reach a high density because they are leaving the culture vessel at a
very slow rate, moreover, they have time to use the substrate almost completely. Therefore, the substrate
coneentration is maintained at a low level within a vessel. This low substrate concentration permxts the
cells to grow at only a slow rate. On the other hand, if the dilution rate is high, the cell density is low

“because the cells are leaving the vessel at high rate, moreover, they have little time to utilize the substrate
that is entering the vessel, and therefore, the substrate concentration is maintained at a high level within the
vessel (but still less than that in the sterile-medium reservoir). This high concentration allows the cells to
crow at a high rate. In each case the growth rate automatically adjusts to match the dilution rate. However,
:f the dilution rate is increased to the point where xt exceeds the maximum growth rate of the cells, then
washout occurs; that is, the cells cannot grow as fast as the rate at which the culture is being diluted by fresh
nmdmm and they are soon ehmmated from the culture vessel. '

A second type of continuous culture apparatus is the turbidostat. Here a photoelectric device

- continuously monitors the cell density within the culture vessel and controls the dilution rate to maintain

the cell density at a constant value. If the density becomes too high the dlhxtlon rate is increased, if the
density becomes too low, the dllutlon rate is decreased.

50



QUANTITATIVE MEASUREMENT OF BACTERIAL GROWTH

The term growth as commonly applied in microbiology refersto the magmtude ofthe total populatxon
Growth in this sense can be determined by numerous techniques based on one or more of the follo»wmg

types of measurements

1. Cell count. Dxrectly by microscopy or by using an electromc particle counter, or indirectly by a
‘colony count. :

2. Cell mass. Dxrectly by weighing or by a measurement of cell mtrogen or mdxrectly by turbidity.
| 3. Cell activity. Indirectly by relating the degree of biochemical activity to the size of the population.

Certain specific procedures will illustrate the application of each type of measﬁrement.

)

Direct Microscopic count

- Bacteria can be counted easily and accurately with the Petroff-Hausser countmg chamber. Thisis a
special slide accurately ruled into squares that are 1/400 mm? in area; a glass cover slip rests 1/50 mm
above the slide, so that the volume over a square is 1/20,000 mm® (1/20,00, 000 cm®). A suspension of
‘unstained bacteria can be counted in the chamber, usinig a phase-contrast microscope. If, for example, an
average of five bacteria is present in each ruled square, there are 5 x 20,000,000 or 10%, bacteria per millimeter.
Direct microscopic coimnts can be madé rapidly and simply with a minimum of equivalent; moreover, the
morphology of the bacteria can be observed as ihey are counted. Véry dense suspensions can be counted if
they are diluted appropriately; however, suspensiods having low numbers of bacteria, e.g., at the beginning
of a growth curve, cannot be counted accurately. | ‘

Electronic Enumeration of Cell Numbers

.- Inthis method, the bacterial sus'pensién is placed inside an electronic particle counter, within which
the bac;ena are passed through a tiny orfice 10 30 um in diameter. This orfice connects the two compartments
of the counter which contain an electronically conductxve solution. As each bacterium passes through the
orfice, the electrical resistance between the two compartments increases momentarily. This generates an
electrical signal which is automatlcally counted. Although this methed is rapid, it requires sophisticated
electronic equipment; ‘moreover, the orﬂce tends to become clogged

.

The main disadvantage of direct counting of cell numbers is that there is no way to determine
whether the cells lzemg counted are viable. To determine the viable count of a culture, we must use a
techmque that allows vmble cells to multiply, such as the plate—count method or the membrane-ﬁlter method.

’I’he Plate-Ceunt Method

This method, 1llustrated in Fig. 7, allows determination of the number of cells that will multiply under
certain defined condmox}s. a me_:asured amount of the bacterial suspension is introduced into a Peri dish,
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after which the agar medium (maintained in liquid form at 45°C) is added and the two thoroughly mixed by
rotating the plate. When the medium solidifies, the organisms are trapped in the gel. Each organism grows,
reproducing itself until a 'visible mass of organisms - a colony — develops; i.e., one organism gives rise to
one colony. Hence, a colony count performed on the plate reveals the viable microbial population of the
inoculum. The original sample is usually diluted 30 that the number of colonies developing on the plate will
fall in the range of 30 to 300. Within this range the count can be accurate, and the’pdssibility of interference
ofthe growth of one organism with that of another is minimized. Colonies are usually counted by illuminating
them from below (dark-field illumination) so that they are easily visible, and a large magnifying lens is
often used (see Fig. 7-11A). Various electronic techniques have been developed for the counting of colonies
(Fig. 7.11B). : : '

| . : 0~
Culture of bacteria or any other sample containing Specimen :
bacteria in suspension : P
Iml transferred to 99 ml dilution bank: 1 ml L | A
transferred to 2d 99 ml dilution blank; 1 ml Dilutions {
transferred to 3d 99 ml dilution blank. : ‘
After addition of inoculum to plate, 15 to 20 ml : et - | ———
ofagarmediumispomedinmeadxplam.'meplate- o : =1:1,000,000
is gently rotated for through distributin of Platin =1:100 =1:10000 -~ dilution
inoculum throughout the medium, ating dilution dikution
Plates are placed, inverted, in an incubator for 24 » 1 mt 1 mi —— | mi
br. or longer. A c':ﬁ' i 0
A plate is selected which contains from 30 t0 300 - InCUbAtiOnes v wwam am 2 e - - -
colonies, . ‘ -
Number of colonies counted on plate x dilution :
of sample number of bacteria per ml, - Counting ‘

Calculation of count
an 1. The plate-count technique in which the sample is diluted quantitatively and measured amounts of
the dilution are cultured in Peri dishes. ' - '



e.g., cocci in clusters (staphylococci), chains (stretococci), or pairs (diplococci), the resulting counts will
be lower than the number of individual cells. For this reason the “counts” are often reported as colony-
forming units per milliliter rather than number of bacteria per milliliter.

The plate-count technique is used routinely and with satisfactory results for the estimation of bacterial
populations in milk, water, foods, and many other materials. It is easy to perform and can be adopted to the
measurement of populations of any magnitude. It has the advantage of sensitivity, since very small numbers
of organisms can be counted. Theoretically, if a specimen contains as few as one bacterium per milliliter,
one colony should develop upon the plating of | ml.

Fig.7. Bacterial colony counters. (4) Quebec colony
counter. A Petri dish fish into the recess in the platform.
The Petri dish is illuminated from beneath while the lens
provides x 1.5 magnification. (B) An electronic colony
counter. The Petri dish is placed or the illuminated stage,
the count bar is depressed, and the precise number of
colonies is instantly displayed on a digital readout.
(Courtesy of New. Brunswick Scientific Company, inc.).

Membra:;e-Filter Ct;z'mt

A véry useful variation on the plate-count technique is based on the use of molecular or membrane
filters. These filters have a kmown uniform porosity of predetermined size sufficiently small to trap
microorganisms. This technique is particularly valuable in determining the number of bacteria in a large
sample that has a very small number of viable cells; e.g., the bacteria in a large volume of air or water can
be collected simply by filtering therm through an assembly as illustrated in Figure 7-C. The membrane with
its trapped bacteria, is then placed in a special plate containiﬁg a pad saturated with the appropriate medium.
Special media and dyes can be used to make it easier to detect certain types of organisms than with the
conventional plate count. During incubation, the organisms grow into colonies which appear on the membsrane

surface (see Fig. 7-D).
' Fig.7(C) Filteration apparatus for use with a

membrane filter. After placing the filter on the support,
the hinged upper part of the apparatus clamps it in place.
A known volume of the bacteria-containing sample is then
passed through the filter. (D) The filter is then incubated
on a suitable culture medium. In the particular type of filter
shown, a grid divides the filter into 1,600 small square
compuartments, and colony growth is restricted to these
compartments. This greatly facilitates the counting of the
colonies.

53



Turbidimetric Methods

Bacteria in a suspension absorb scatter the light passing through them, so that a culture of more than
107 to 108 cells per millimeter appears turbid to the naked eye. A spectrometer or colorimeter can be used
for turbidimetric measurements of cell mass (see Fig. 8). Turbidimetry is a simple, rapid method for
following growth; however, the culture to be measured must be dense enough to register some turbidity on
the instrument. Moreover, it may not be possible to measure cultures grown in deeply colored media or
cultures that contain suspended material other than bacteria. It must also be recognised that dead as well as
living cells contribute to turbidity. ‘

=)
8 —=\J Instrument adjusted to read zero optical density
Light source  gjier Photo :
Tube of cell
A vnimoculated
: medium

' n . Q . . Reading on instrument will be greater than zero; the more
H ::U y "‘U@ turbid the culture, the higher the reading. '

Light source Filter - Photo
cell
B Broth culture of bacteria; replaces

tube shown in A

Fig.8. Schematic illustration of the use of a photoelectric colorimeter for measuring bacterial populations.
The instrument measures optical density (also termed absorbance). A function oflight intensity which is
almost linearly proportional to cell mass. (4) Adjustment of Instrument. A glass tube (cuvette) filled with
uninoculated culture medium is used to set the instrument to give a basal optical density reading of 0. (B)
The “blank” cuvette is replaced by a similar cuvette containing the broth culture (i.e., medium + cellls),
and the increase in optical density is recorded. ' '

Table 1. Summary of Methods for Measuring Bacterial Growth.

Method Some Application "Manner in which

Growth is expressed
Microscopic count .  Enumeration of bacteriain  Number of cells perml,
' vaccines and cultures
Electronic enumeration Same as for microscopic count Samie as for microscopic count
Plate count Enumeration of bacteria in Colony-forming units per ml.
) Milk, water, foods soil '
Cultures etc.

54



Method Some Application - Manner in which
Growth is expressed

Membrane filter Same as piate count Same as plate count
Turbidimetric - Microbiological assay, Optical density (absorbance)
Measurement estimation of cell crop in
broth, cultures, or aqueous
, suspensions.
Nitrogen determination Measurement of cell crop Mg. nitrogen per ml.
from heavy culture suspen-
. sions to be used for research
in metabolism.
Dry weight determination Same as for nitrogen - Mg. dry weight of cells
determination per ml.
Measurement of Microbiological assays Milliequivalents of
Biochemical activity acid per ml or per culture
e.g. acid production
per culture

Determination of Nitrogen Control

The major constituent of cell material is protein, and since nitrogen is a characteristic part of proteins,
one can measure a bacterial population or cell crop in terms of bacterial nitrogen. Bacteria average
approximately 14 percent nitrogen on a dry-weight basis, although this figure is subject to some variation
introduced by changes in cultural conditions or differences between species. To measure growth by this
technique, you must first harvest the cells and wash them free of medium and then perform a quantitative
chemical analysis for nitrogen. Bacterial nitrogen determinations are somewhat laborious and can be
performed only on specimens free of all other sources of nitrogen. Furthermore, the method is applicable
only for concentrated populations. For these and other reasons, this procedure is used primarily in research.

Determination of the Dry Weight of Cells

This is the most direct approach for quantitative measurement of a mass of cells. However, it can be
used only with very dense suspensions, and the cells must be washed free of all extraneous matter. Moreover,
dry weight may not always be indicative of the amount of living material in cells. For example, the intracellular
reserve material }}oly-B_-hydrdxybutyrate can accumulate in Azotobacter beijerinckii at the end of the log
phase of growth and during the stationary phase and finally can comprise up to 74 percent of the dry weight
of the cells, thus the dry weight may continue to increase without corresponding cell growth. Yet, for many
organisms the determination of dry weight is an accurate and reliable way to measure growth and is widely
used in research.
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Measurement of a specific chemical change produced on a constituent of the medium

As an example of this method of estimating cell mass, we may take a species that produces an
organic acid from glucase fermentation. The assumption is that the amount of acid produced, under specific
conditions and during a ﬁx_cd period of time, is proportional to the magnitude of the bacterial population.

Admittedly, the measurement of acid or any other end pioduct is a very indirect approdch to the measurement

of growth and is applicable only in special circumstances.
The Selection of a Proceduié to measure Growth

Table | summarizes the methods described above for measuring bacterial growth. Each has its
particular advantages and limitations, and no one method can be recommended universally. The best
procedure for your work can be selected only after these factors are considered in relation to the problem at
hand. The colony count is the most widely used procedure for general microbiological work, and complete
familiarity with this technique, both in principle and practice, is essential. It should be emphasized that the
colony count is theoretically the dnly‘ technique that reflects the viable population. Furthermore, it is not at
all.unlikely that discrepancies inay occur in results of growth of a bacterial population when measured by

two different methods. For example, a microscopic count of a culture in the étationary phase would include
all cells, viable and nonviable, whereas the colony count would reveal only the viable population.

Importance of Quantitative Measurement of Growth

conditions, growth must be expressed in quantitative terms. In microbiology the term growth is used in
several ways. For example, we may judge a certain set of conditions as being good because the bacteria
grow rapidly, but the final total cell crop méy not be as large as under another 'set of conditions where
growth proceeds at a slower rate but continues to increase over a longer time period. Such a situation is
shown schematically in Fig.9, where the growth of the same bacterial species is compared in two different
media. If wé measured growih at time A, we should conclude that growth is best in medium II; measured at
time B, growth would be equally good in both medig; and at time C, growth would be better in medium 1.
If we were primarily interested ina large cell crobi we should select medium L. In any event, we must have
knowledge of growth in quantitative terms to make the correct choice. - |

Medium |

Before we can evaluate or intérpret growth responéés of bacteria in different media or under various

Fig.9. Quantitative measurement of growth is
significant for interpretation of various growth
responses. Hypothetical growth response of same
bacterium‘in medium of two different compositions.
- Compared the cell crops, or amount of growth, at

Growth, expressed quantilalively
R ]

L ‘AI B: 9 times A, B and C. -
Incubolion lime
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Effect of Environmental Factors on Growth

Activities of microorganisms are greatly affected by the chemical and physical conditions of their
environments. Understanding environmental influences helps us to explain the distribution of microorganisms
in nature and rnakes it possible for us to devise methods for controlling microbial activities and destroying
undesirable organisms. Not all organism respond equally to a given environmental factor. In fact, an
environmental condition may be harmful to one organism and actually beneficial to another. Regardless of
whether organisms are interacting with other organisms in natural communities or with each other in pure
culture in the laboratory, the environment can significantly affect their ability to carry out metabolic reactions
and grow. Many environmental factors could be considered in this connection, however, four main factors
have been identified that clearly play major roles in controlling microbial growth, temperature, pH, water
ability, and oxygen. We consider each of these factors in detail here.

Effect of Temperature on Microbial Growth

Temperature is one of the most important environmental factors influencing the growth and survival
of organism. It can affect living organisms in either of two opposing ways. As the temperature rises, chemical
and enzymatic reactions in the cell proceed at more rapid rates and growth becomes faster. However, above
a certain temperature, proteins, nucleic acids, and other cellular components may be irreversible damaged.
Thus as the temperature is increased within a given range, growth and metabolic function increase up to a
point where inactivation reactions set in. Above this point, cell functions fall sharply to zero. Thus, we find
that for every organism there is a minimum temperature below which growth no longer occurs, an optimum
teraperature at which growth is most rapid, and a maximum temperature above which growth is not
possible (Figure 10). The optimum temperature is nearer the maximum than the minimum. These three
temperatures, after called the cardinal temperatures, are generally characteristic of each type of organism
but are not completely fixed, as they can be modified slightly by other factors of the environment — in
particular, the composition of the growth medium.

- Enxymaiic reactions occurting & | ]
masdmal possible rats -
IR e adinasions : Fig.10. Effect of temperature on growth
' _ rate and the molecular consequences for
M " thecell.
3 - .‘ Temperaturs
Worsbrance  gettings rotein deﬂm, collapse
rampstprocessessosiow] | 01 the Cytoplasmic membrane; |
thet prosth eon'l ooty themma tysis

57



Temperature classes of organisms

Although there is a continum of organisms, from those with very low temperature optima to those
with high temperature optima, it is possible to broadly distinguish four groups of microorganisms in relation
to their temperature optima: psychrophiles, with low temperature optima, mesophiles, with midrange
temperature optima, thermophiles, with high temperature optima, and hyperthermophiles, with very
high temperature optima (Figure 11). Mesophiles are found in warm-blooded animals and in terrestrial and
aquatic environments in temperature and tropical latitudes. Psychrophiles and thermophiles are found in
unusually cold and unusually hot environments, respectively. Hyperthermophiles are found in extremely
hot habitats such as hot springs, geysers, and deép—sea hydrothermal vents.

Microbial Growth at Temperature Extremes

. Because humans live and work on the surface of the earth where temperatures are generally moderate,
it is natural to consider very hot and very cold environment as Béing “extreme”. And they are extreme for
human habitation because humans would die quickly if immersed in boiling of freczing water. However,
the natural habitats of many microorganisms can be either extremely hot or extremely cold, and the organisms
that live there have evolved to grow optimally under these conditions. '

Fig.11. Relation of temperature to growth
rates of a typical psychrophile, a typical
| mesophile, a typical thermophile, and two
different  hyperthermophiles. The
temperature optima of the example
organisms are shown on the graph.
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Organisms with low temperature optima are called psychrophiles. A psychrophile can be defined
as an organism with an optimal temperature for growth of 15°C or lower, a maximum growth temperature
below 20°C and a minimal temperature for growth at 0°C or a lower. Organisms that grow at 0°C bit have
optima of 20-40°C are called psychrotolearnt. '

Molecular adaptations to psychrophily

Psychrophiles produce enzymes that function optimally in the cold and that are ofter, denatured or
otherwise inactivated at even very moderate temperatures. Another feature of psychrophiles is that compared
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to mesophiles, active transport occurs well at low temperature, an indication that the cytoplasmic membranes
of psychrophiles are constructed in such a way that low temperatures do not inhibit membrane phenomena.
Studies on the composition of cytoplasmic membranes from psychrophiles have shown them to contain a
higher content of unsaturated fatty acids, which helb to maintain a semifluid state of the membrane at low
temperatures (membranes composed of predominantly saturated fatty acids would become waxy and
nonfunctional at low temperatures). The lipids of some psychrophilic bacteria also contain polyunsaturated
fatty acids and long chain hydrocarbons with multiple double bonds. In the latter connection, a hydrocarbon
with nine double bonds (C,, ,) has been identified from the lipids of several Antarctic bagteria.

Freezing

Despite the ability of some organisms to grow at low temperatures, there is a lower limit below
which reproduction is impossible. Pure water freezes at 0°C and seawater at —2.5°C, but freezing is not
continuous and microscopic pockets of water continue to exist at much lower temperatures. Although
freezing prevents microbial growth, it does not always cause microbial death. In addition, the medium in
which the cells are suspended considerably affects sensitivity to freezing. Water-miscible liquids such as
glycerol and dimethylsulfoxide (DMSO), when added at about 10% (final concentration) to the suspending
medium, penetrate the cells and protect by reducing the severity of dehydranon effects and preventing ice
crystal formation. In fact, the addition of such agents, called cryoprotectants, is a common way of preserving
microbial cultures at a very low temperatures (usually -70°C to —196°C).

Table-2. Presently known upper temperature limits for growth of living organisms

Group v Upper temperature limits (°C)
Animals ' -
Fish and other aquatic vertebrates 38
- Insects . 45 -50
Ostracods (crustaceans) , 49 - 50
Plants | |
Vascular plants - 45
Mosses 50
Eukaryotic microorganisms :
Protozoa 56
Algae 55-60
Fungi 6062
Prokaryotes
Bacteria ,
" Cyanobacteria " - C70-74
Anoxygenic phototrophic bacteria 7073
Chemoorganotrophic, bacteria . 90
Archaea '
Hyperthermophilic methanogens S 110
Sulfer-dependent hyperthermophiles 113
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High temperature environments and thermophiles and hyperthermophiles

Organisms whose growth temperature optimum is above 45°C are called thermophiles, and those
whose optimum is above 80°C are called hyperthermophiles. Temperatures as high as these are found in
nature only in certain restricted areas. For example, soils subject to full sunlight are often, heated to
temperatures above 50°C at midday, and some soils may become warmed to even 70°C, although a few
centimeters under the surface the temperature is much lower. Fermenting materials such as compost piles
and silage usually reach temperatures of 60-65°C. However, the most extensive and extreme high temperature
environments are found in nature in association with volcanic phenomena. Many hot springs have
temperatures near boiling and steam vents (fumaroles) may reach 150-500°C. Hyperthermal vents in the
bottom of the ocean have temperatures of 350°C or greater. |

Many hot springs are at the boiling point for the altitude (92-93°C at Yellowstone, 99-100°C at
locations where the springs are close to sea level). As the water overflows the edges of the spring and flows
away from the source, it gradually cools, settmg up a thérnial gradient. Along this gradient, various
microorganisms grow with different species growing in the different temperature ranges. By studying the
species distribution along such thermal gradients and by examining hot springs and other thermal habitats
at different temperatures around the world, it is possible to determine the upper temperature limits for each
kind of organism (Table 2). From this information we can condlude that (T) prokaryotic organisms in general
are able to grow at temperam:es higher than those at- which éukzu,yotc’s can grow; (2) the most thermophilic
of all prokaryotes are certam species of Archaea; and (3) nonphotbﬁ'qphic organisms are able to grow at
higher temperatures than can phototropic forms. However, it should be emphasized that not all organisms
from a group are abie to grow near the upper hmxts for that group. Usually only a relatively few species or
genera are able to function successfully near the upper temperature limit.

Molecufar adaptations to thermophily

How can thermophiles and hyperthermophiles thrive at high temperatures? First, their enzymes and
other proteins are much more stable to heat than are those of mesophiles/and these macromolecules a¢tually
function optimally at high temperatures. How is heat stability achieved? Studies of thermophilic enzymes
have shown that they often differ very little in amino acid sequence from an enzyme that catalyzes the same
reaction in a mesophile. It appears that a critical amino acid substitution in one or a few locations in the
enzyme allows it to Yold in a different way and thereby withstand the denaturing effects of heat.

Heat stability of proteins from hyperthermophiles is also improved as a result of the increased
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number of salf bridges (bridging of changes on amine acids by Na* or othor cations) present and the density
packed highly hydrophobic interiors of the proteins, which naturally resist unfolding in the aqueous millou.
In addition to enzymes and other proteins in the céll, the protein-synthesizing machinery (that is, ribosomos
and other constituents) of thermophiles and hyperthermophiles, as well as tho cytoplesmic membrane, are
likewise heat-stable. It has been found earlier that psychrophiles have membrane lipids rich in unsaturated
fatty acids, thus makmg the membranes fluid and functional at low temperatures. Conversely, thermophlles
‘have membrane. lipids rich in satwiated fatty acids, thus allowing the membranes to remain stable and
functional at high temperatures Saturated fatty acxds form much stronger hydrophobic bonds than do
unsaturated fatty acids, which accounts for the membrane stabxhty HyperthcrmOphxles, virtually all of
which are Archaea, do not contain fatty acids in the hpxds of their membranes but instead have hydrocarbons
of vanous lengths composed of tepeaung units of the five-carbon compound phytane bonded by ether
lmkage to glycerolphosphate.

_ ‘Why are eukaryotes absent fmm environments with tcmperamres above about 60°C (Table - 2)?
This most likely mvoives the mbxhty of organellcr membmncs, which must remain fairly porous to permit
passage of large molecules like ATP and RNA Itis hkely that porous membranes such as these would be
more temperamrc-hable than the typxca! hpxd bxlayers of prolcaryotes (or lipid monolayers of some
hyperthermophiles). Thus, above 60°C the organelles of eukm'yotes cannot survive and the only life forms
observed are prokaryotes

Acxdity and Alklnlty (pH)

_ Acidity or alkamty of a solutioni is. expressed by its pH ona scalc on which neutrality is pH 7 (Fxgure
12). Those pH values that are less than 7 are said to be aczdic, and those greater than 7 are alkaline (or
basic). It is important to remember that pH is logarithmic function; a change of 1 pH unit mprescnts al0-

fold change in hydrogen ion concentration. Thus vinegar (pH near 2) and household unonu (pH near 11)
differ in hydrogen ion concentration by a billionfold. :

PH and microbial growth

. Each organism has a pH range within which growth is possible and usmlly has a well-defined pH
optimum, Most qatuml exmronmcats have pH valw between S and 9, organisms with optima in this range
are most commoni. Only a few species can grow at pH values less than 2 or greater than 10. Organisms that
live at low pH are called acxdoplnles Fungi as a group tend to be more acid-tolerant than bacteria. Many
fungi grow optimally at pH 5 or below, and a few grow well at pH values as low as 2. Several bacteria are

61



also acidophilic. In fact, some of these bacteria are obligate acidophiles, unable to grow at all at neutral pH.
Obligately acidophilic bacteria include several species of Thiobacillus and several genera of Archaea,

including Suifolobus and T hermoplasma

A few organisms have h:gh pH optxma for growth, sometimes as high as pH 10-11, and are known
as alkaphxles Alkaphilic mxcroorgamsms are usually found in highly basic habitats such as soda lakes and
hxgh carbonate soils. Most alkaliphilic prokaryotes studied have been aerobic nonmarine bacteria, and
many are Bacillus species. Some extremely alkahphxhc bactena are also halophlhc (sa]t—lovmg), and most
of these are Archaea. Some alkaliphiles have found industrial uses because they produce hydrolync enzymes,
such as proteases, which function well at alkaline pH, and are used as supplements for household detergents.

F inally, concerning pH and microbial growth, it should be emphasxzed that despite the requirements
of a particular organism for a specific pH for growth, the optimal growth pH represents the pH of the
extracellular environment only; the intracellular pH must remain near neutrality in order to prevent
destruction of acid - or alkah-labtlc macromolecules in the cell. In extreme acidophiles or extreme alkaliphiles
the intracellular pH may vary by 1 - 1.5 units from neutrality, but for the majority of macroorganisms,
whose pH optimum for growth is between pH 6 and 8 (referred to as neutrophiles), the cytoplasm remains
neutra} or véry nearly so (Figure 12).

Example Moles per fiter
H . OH
1 101
Volcanic soils, watsrs 101 10
Gastric flulds
Lemon juice
Acid mine drainags 10¢ 107
Vinegar .
Riwbarb 10° 10"
Peaches
Acid soll 104 10
Tomatoes
American chesse : AR (A |1
- Pens ) £ T (g liad
Com, saimon shdmp »
Pure water 107 107
Seawater . 10% 10¢
Very slkaline 10t 104
natural soi
Alkaling lakes 10% 10+
Soap solutions - Co
Household ammonia 1o 109
. Lin {salurated solution) 07 102
100 10"
1o 1

Fig.12.The pH scale. Not that although microorganisms can live at very low or high pH the cell s internal
PH remains near neutrality.
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Buffers

In abatch culture‘ the pH can change during growth as the result of metabolic reactions that consume
or produce acidic or basic substances. Thus, chemicals called buffers are frequently added to microbial
culture media to keep the pH relatively constant, such pH buffer generally work over only a narrow pH
range; hence different buffers much be used to buffer at different pH values. For near neutral pH ranges (pH
6 — 7.5), phosphate, usually supplied as KH,PO,, is an excellent buffer. Many other buffers for use in
microbial growth media or for the assay of enzymes extracted from microbial cells are available, and the
best buffering system for one organism-or euzymé may:be considerably different from that of another.
Thus, the optimal buffer for use in a particular situation must usually be determined empirically, although
for assaying enzymes in vitro, a certain buffer that works well in an assay for enzyme from one organism

will usually work for assaying this same enzyme from other organisms.

Water Availability

Water is the solvent of life. All orgam‘sniS require water, and water availability is an important
factor affecting the growth of microorganisms in natufe. Water availability not only depends on the water
content of an environment, that is, how moist or dry a solid microbial habitat may be, but is also a function
of the concentration of solutes such as salts, sugats, or other substances that are dissolved in water. This is
because dissolved substances have an affinity for water, which makes the water associated with solutes

unavailable to organisms.

Oxygen
(Discussed in Module-1).
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Surface Structures of the procaryatu: cell

The outcome of the Gram reaction (Chnstum Gram 1884)1i is ablc to correlates with maj or differences
in the chemical composmon ultrastructure of eubacterial cell walls. It distinguishes the gram positive form
the gram negative bacteria. Tliese two groups a!ong with the molecules, which completely lack cell walls,
constitute the eubacteria. The Gxam-negatwe group is larger and more diverse than the Gram-positive
group; the molccules group is quite small.

Flectron micrographs of thin section of the two types of cell wall reveal the wall ofa Gram-posxtwe
bacterium to be a structure of almost uniform appearance. Some 10 to 80 nm width, whereas the wall of a:
Gram-negative bactetium is revealed to be composed of two readily dxstmgmshable layers, both considerably
thmner than the wall of a Gram~posmve bacterium (F ig. 1) ’ '

Ty

Cell wall ) ' - ' .
Fig.1. Schematic interpretation of cell wall of
Cytoplasmic , ) ,
membranc eubacteria from electron-microscope observation. (4)
Cytoplasm Gram-positive bucteria, showing. thick consisting
 Cell wall mainly of peptidoglycan. Although the wall is often
wa . .
c . nomogenous in appearance, in some bacteria, it may
vt ' . » :
m".,‘:},?:’,‘,‘é“ C o= N consist of several layers. (B) Gram-negative bacteria,

showing outer membrane and thin peptidoglycan layer.

- Cytoplasm

Chemical analyses show that the walls of Gfram-posmve bacteria contain peptxdoglycan as a major
component (gencrally accountmg for 40 to 90 percent. of the dry weight) with which are associated.
polysacchandes and a special class of polymers, the teichoic acids.

The inner layer of the walls of Gram-negative bactena is very thin layer of pepndoglycan, the outer
one is a membrane, termed the outer membrane.

Table 1. Surface Stmctures of the Procaryotxc Cell

Structure Lodation Structure and Dimensions. Chemical Composntxon
Membrane Bounding layer of Unit membrane, 7.5-8 mm 20—30% phospholipid,.

. protoplast - wide , . remainder mctly protein
Wall Layer immediately Gram-negativc' eubacteria: Peptidoglycan (1.'urein),
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Structure Location Structure and Dimensions Chemical Composition
External to Inner single layer 2-3mm  Phospolipids, proteins,
Membrane  wide : lipopolysaccharides
Gram-positive eubacteria: Peptidoglycan(murein);
Homogeneous layer 10-80 teichoic acids; polysaccarides

mm wide
Archaebacteria:
. . Variable .. variable.
Capsule - Diffuse layer ex- Homogeneous structure of Diverse; usuaily a polysacc-
orslime  temal to wall low dénsity and very harides, rarely a polypeptide
layer Anchored in proto- variable width Protein

Flagella plast, traversing  Helical threads, 12,18 mm
Membrane and wall wide

Pili Anchored in Straight threads,4-35mm  Protein
Protoplast “ovide
‘Traversing .

Membrane and waﬂ

In addition to the wall and the membrane; procaryotic cells maybe enclosed byg.loosc outer layer
known as a capsule or slime layer. Also, two class of thread-shaped organelles, flagella and pili, occur on
the cell surface of many bacteria. Table-1 summarizes the distinguishing properties of the various surface
structures with the procaryotic cell.

The Surface Structure Of Archaebacteria .

The chemical composition of the surface structures of Archaebacteria is quite different from that of
other bacteria. Their walls are composition of protein or a form of peptidoglycan termed pseudomurein
rather than the typical murein that is found in all other bacterial walls. ‘

A significant difference exists between the phospholipids of eubacteria and those of archaeobacteria.
In eubacteria the phospholipids are phosphoglycerides, in which straight-chain fatty acids are ester-linked
to glycerol in archaeobacteria, the lipids are plolyisopreoid branched-chain lipids, in which long-chain
beanched alcohol (phytanols) are ether-linked to glycerol.

The Cell Membrane

The eubacterial.cell membrane, is made up of a bilayer of phopholipids which are the major | fpids
of bacterial cell membranes and which account for about 20 to 30 percent of their dry weight. The polar
“head” regions of the phospholipids are located at the two quter surfaces of the bilayer, while the hydrophobic
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fatty acid chains extend into the centre of the membrane, perpendicular to its plane (Fig. 2). The membrane
proteins, which account for more than one-half of the dry weight of the membrane, are intercalculated into’

this phospholipid bilayer.

Fig.2. Schematic interpretation of the
structure of the cytoplasmic membrane.
Phospholipids (PL) are arranged in
bilaver such that the pollar portions (circles)
face outward and the nonpolar portions
(filaments) face inward. IP=integral
portion; PP=peripheral portions, are
believed to span the membrane.

The bacterial cell membrane is an important centre of metabolic acnvxty, it contams many different
kinds of proteins, each of which probably has a specxﬁc catalytic function. Most of these proteins are
tightly integrated into the hydrophobic region of the membrane. Major,classes of proteins known to be
Jocalized in the membrane include (1) the permeases respdnsible for the transport of many organic and

inorganic nutrients into the cell; (2) biosynthetic enzymes that mediate terminal steps in the synthesis of the
membrane lipids, and of the various classes of macromolecules that compose the bacterial cell wall

(peptidoglycans), teichoic acids, lipopolybacchari‘des and simple polysaccharides; (3) the proteins that
parucxpatc in generation of ATP in those bacteria that do so by electron transport In respxratory bacterza the

components of the electron transport chain and the ATP phosphotransferase are located in the membrane.

In purple bacteria these, as well as the other components of the complete photosynthetic apparatus (antenna

pigments and reaction centres) are also located inthe membrane. Lastly procaryotic cell membrane contains

specific attachment sites for the chromosome and for plasmids, and that it plays an active role in the

partitioning of these genetic elements to daughter cells. The bacterial membrane contains from 10 to 20

percent of the total cell protein.

Complex, localized infoldings known as mesosomes occur in many bacteria, often at or near the site
of cell division (Figure 3), and probably participate in the formation of the transverse septum.
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Fig.3 Electron micr’agraph of a thin section of a dividing cell
of Bacillus megaterium, containing three mesosomes(m). One

. is located in association with the nearly formed transverse
septum and wall.. V' |

Membrane infoldings of a different type occur in purple bacteria and in many nonphotosynthetic
bacteria that possess a high level of respiratory acﬁvity, such as the nitrogen fixers of the Azotobacter
group and the nitrifying bacteria the greatly enlarged total area of the membrane produced by such intrusions
serves to accommodate more centres of respiratory (or photosynthetic) activity than could be housed in a
membrgne of simple contour. The most convincing evidence in support of this interpretation has come
from studies 6n the membrane structure of certain purple bacteria, where the photosynthetic pigment content
(and hence photosynthetic activity) can very widely in tespdnse to environmental factors (light intensity,
.. presence or absence of oxygen). Here, the extent of the membrane intrusions is directly related to the
pigment content and photosynthetic activity of the cells.

In most procaryotes, there is a physical cdntinuity bet_weeh membrane intrusions and the surface
region of the membrane. This may not be true, however, of the cyanobacteria. In these organisms, the
photosynthetic apparatus is contained in a system of flattened membranous sacs (thylakoids), which have
been very rarely observed in connection with the cell membrane, and niay be in iarge part physically
distinct from it. | B | |

" The Bacterial Cell Wall : Jts peptideglycan Componeht: -

- Of'the many classes of macromolecules that may be associated with procaryotic cell walls, only
one-the peptidogiycans ~ is of universal occurrence. The only procaryotes that possess walls devoid of
peptidoglycans are certain arfchae_bacterg' -and the planctomyces group of eﬁbacteria. o

' Pefatidoglycans are hetempolymérs of substituted sugars and amino acid synthesized uniquely by
procaryotes. The form of peptidoglycan (termed murein) found in eubacteria is always composed of two
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acetylated amino sugars, N-acetylgluébsémine, and N-acetylmuramic acid and a small number of aruno
acid, the particular representatives of which very amoung different groups. Indeed, on the basis of thesc
'variations, over 100 different chemotypes of mureins are now known. Some of the amino acids in murein
are “unnatural” in the sense that they never occur in proteins. The form of peptidoglycan, pseudonuuein,
found in archaebacteria differs from murein in two respects; N-acetylmuramic acid is never present (in its
place is another amino sugar acid, N-acetyltélosamimufonicacid), nor are “unnatural” amino acids present.

Two amino sugars of muein form glycan strands composed of alternating residues of N-
acetylglucosamine (g) and N-acetylmuramic acid (M) in beta-1,4 linkage (F igixre 4). Each strand contai»
from 10 to 65 disaccharide units. Muramic acid, being a lacty! ether of glycosamine, provides a carbox:

- group to which a peptide chain is attached.

Adjacent peptide chains projecting from different giffean strains may be cross linked !--
formation of a peptide bond between the carboxyl group of a terminal D-alanine in one chain and the fic
a-amino group of meso-diaminopimemelie acid in another. Not all peptide chains participate in croe .
linkage, but enough to do froma molecular mesh or fabric (Figure-5). Infact, the peptidoglycan layer of the
bacterial cell wall is made up of a single giant macromolecule that completely encloses the protoplast. In
Grame-negative bacteria it occurs as a single layer; in Grame-positive bacteria there are many layers.

Figure 4 . General structure of «

b omon f .
i ' peptidoglycan (mDpm-direct type).
: : fa) Completer structure of a single
P : subunit, showing the linkage between

i g g
| : CINM-—MI«GNA‘ .

§ i L the two amino sugars that make up
G 4 o-'?- the glycanstrand, and between
“5;" | ' muramic acid and the four amino
b-ste acids in the short peptide chain. (b}

» Schematic, simplified representation

—{CH,),CO0H ' of structure shown in (a). (c)

CiNAc—MuNA:  GiiAc—MwiNAc  Representation of the mode of cross-

- L-ade . ) .

{ i cuabHcoon ;Z: t. . linking between the terminal carboxy!

3 ¥ ": pAr _\w,n': group ao D-alanine on one subunit

 decoon poata B-38  and the free amono group of the

| “i,’ _ diamino acid (diaminopimelic acid)

on an adjacent subunit).
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Py o . .

/M' /Mx/,./ ,;/ ? | Fig.5. 4 schemati(:;.represenldtion of the intact

] I /«: /1; ,,-/ ’ . peptidoglycan sac of E. coli; G.and M designare

_/“"7“ /M *&/M/  residues of N-acetylglucosdmine and N-acetylmuramic

/" /( ; /" /(i ; acid; respectively, joined (diagonal lines) by 1,4-

“/7 (_/“ . /"' /“ ‘  glycosidic boqd;. The vertical Iines_ represent free

N ._M(t; M/" /‘7 l o - tetrapeptid‘g side chaz‘n, attached to muramic acid

(;~’/ <L “/7‘ residues. .The symbol represents cross-linked
My’ e, tetrapeptide side chains.

The’murein structure shown in Figure 4 sometimes termed mDpm-direct is the most wide spread
one; it occurs in the walls of nearly all Gram-negative bacteria and many Gram-positive ones. But there arc

many variation on this general pattern (Read Stanier P-1 53). A
The Location of Peptidoglycan in'the Walls of Grame-Négative Bacteria

The walls of Grame-negative bacteria have a comparatively low peptidoglycan content, seldom
exceeding 5 to 10 percent of the weight of the wall, The location of the peptidoglycan layer in this type of
wall was first established by W. Weidel and his collaborators, for walls of Escheichia coli. They showed 7
that peptidoglycan constitutes the innermost layer of the multilavered wall and can be isolated as a very
thin sac that retains the form and shape of the original cell, after other wall components have been stripped
off it by appropriate treatments (see Figure-6).

. -Protéin so,,}}ﬁ@’ - ~:'.' . . :. Fig.6. 4 diagrammatic
;Pcpt!dégly can ~ lipopolysaccharidé "~ Lipoprotein representation of

s -~ 13% of e .

e (90% phenol) ( ; : )(P‘—‘psj , wf:i ghtogfi?l,l) . . successive ;teps in the
s , . (79@’\\%}1 = _ Jraction of the cell wall

(20% of dry 0D '

\(,vei;;x:’ d‘fiezu)' weight of wall) o E.coli

Isilated cell wall

. .Rgptxog ycan sac
Proteln - . . l(LYSozyme)
- lipopolysaccharide: . - ' Dialyzable
’ peptidoglycan
fragments

70



The pcptldoglycans of Gram-negatxve bacteria characteristically dxsplay a rather low degree of
cross-linkage between the glycan strands; many of the peptxde chains are not cross-linked (see Figure-3).
The thickness of the petidogiycan layer of the wall varies somewhat in different group of Gram-negative
bacteria. Calculations suggest-that in many Gram-negative organisms it is a monomolecular (or.at most

bimolecular) layer.
The Outer Membrane

Supenmposed on the tlun murien sac characteristic of" Gram~negatxve bactena is an outer layer that
has the width and fine structure typical of a unit membrane. This layer, the outer membrane, has some
chemical and physical properties in common with the cell membrane, and others that are quite different.
LiKe the cell membrane, it is a lipid bilayér containing phospholipids and proteins, but in addition it contains
large amounts of a unique lipid, lipopplysaécharide (LPS), which replaces, probably completely,
phospholipids in the outer leaf of this mﬁque structure. Although chemically quite different from a
phospholipid, LPS has physical properties that are sufficiently sxmllar 50 that it can participate in forming
a membrane; one end of the molecule is hydtophobxc and the other is hydrophilic, the hydrophobic end
becomes inserted in the membrane’s hydrophobic core and the hydrophlhc end is on the outer surface. The
structure of LPS is shown in Flgure 7 and its onentatxon in the outer membrane is shown in Fxgme 8A

Abe-OAC  \ Abe-GAC

‘ \ ' : . ’- Fig.7. Strucmré of ’ilz_e lipopolysacchari of
. Salmonell typhimurium. Abe, abequose; Man,
Man-Rha-Gal / Man-Rha-Gel , D-mannose: Rha, Lose; Gal, D-galactose:
1 3 ' GlcNAc, N-acetyl-D-glycosamine; Gle, D-
- | 0 side chain glucose; Hep, Heptose; KDO, 2-keto-3
4 Reore _ ‘ -y ' : déox_voctonié acid: EN, ethanolamine: Ac,
fr Core oligosaccharide w Up'dA acetyl, Biosynthesis starts at the lipid A end.
Gal,  PorPREN KDO-P-EIN _Farty acds and the molecule is progressively elongared
l ‘ : A | by the addition of sugar residue.
/Gic, - Gal, —Gic,- Hep, KOO - KOO -GN - oN- ) - .

chNAc

LPS is composed of three distinct regibns : lipid A, the R core region, and the side chain. Lipid A,
the hydrophobic megmbrane anchoring region of LPS rather than carrying the two fatty acid residues typical
of a phospholipid has six or seven attached to a phosphorylated glucosmine diner. Unlike those in
phospholipids, all the fatty acids in lipid A are saturated.-Some are attached directly to the glucosamine
dimer and others are esterified to the 3-hydroxy fatty acids that are charactenstxcally present. Attached to
the oppositic. of one one glucosamine residue in lipid A is the R core oligosaccharide : a short chain of

7



sugars, which include two unusual ones, '2~k§to-3-déoxyci:tdnoic acid (KDO) and heptose. The R core, in
turn bears the hydrophilic Oside chain, likewise composed of sugar. It is 'muéh longer than the R core,
being cdmpbsed of many r‘epe,ating 't'ctrasor pentasaccharide units. The elucidation of structure depended
heavily on the availability of mutants, each blocked at a particular point in LPS biosynthesis (Figure 7).
Biosynthesis of LPS is strictly sequ'ential,' starting Wi’thnli'pid A from which the oligosaccharide is built by
successive sugar additikon, theoside chain being added last. The innermost region, consisting of lipid A
-and three residue of KDO, appears to be essential, but the rest of the molecule is dispensable.

> Protein 'cataiy_zing
specific, facilitated
- diffusion

Fig.8. Schematic model of the
outer membrane of Eschericha
coli and Salmonella tyhimurium
showing  the presumed
arrangement of its components
and its attachment to the murien

layer.

OmP‘A‘ | "
Lipopolysaccharides '

Trimers of porin -

.

- g g N ‘,
Mutein lipopretein Phospholipid Peptidoglycan (Murein)

The peptidoglyqan layer of the wall bears a small (MW = 7,200) specific type of lipoprotein termed
murein Iz;bbprotei_n, which forms an anchoring bridge to the outer membrane. The C-terminus of this protein
is a lysine residue which is peptidebonded to an amine group of a meso-diaminopimelic acid residue that is
not cross-linked in the peptidoglycan layer. At the other end (the N-terminus) of the protein is a cysteine
~ residue to which fatty acids are attached; one is attached in an amide linkage to the terminal amino group,
and two more are esterfied to a glycerol residue which is attached by sulfur ether linkage to the cysteine.

, The resulting brushdike structure composed of the hydrophobic chains of three fatty_ acids becomes
inserted into the jnner leaf of the_outer membrane, thereby anchoring it to the peptidoglycan layer.

Lipoproteinis quite abundant, there being 7 x 10° molecules of it in each cell, about half of which
are. bonded to peptidoglycan. In-spite of its abundance and clear structural role, murein lipoprotein is
~apparently not essential to. surViVal, atleast under ‘conditions of laboratory cultivation, because munate
strains have been isolated that grow well despite lacking this protein.
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Fig.8A. Bacterial LPS layer (a) Arrangement of lipopolysaccharide, lipid A, phospholipid, porins, and
lipoprotein in gram-negative Bacteria. '

The physiological significance of the outer membrane is threefold : (1) it forms the outer limit of
the peripla&m, the regibn between the two membrane that contains a set of digestive enzymes (2) it presents
an duter surface with strong negative charge which is important in evading phagocytosis and the action of
complement and (3) it provides a perméability barrier and thereby increased resistance to a number of toxic
agents. Among these are host defense agents like lysozyme, beta-lysin, and leucocyteprotein, which are

quxte toxic to grame-posmve bacteria which lack an outer membrane.

Of course the outer membrane cannot present a barrier to all substances in the environment bccause
alllcellular nutrients'must pass through it. Permeability of the outer membrane to nutrients is provided in
part by proteins?" collectively termed porins which, in aggregates generally of three, form cross-membrane
channels through which certain small molecules can diffuse (Figure 8). A variety of different porins are

presents in the outer membrane (Table 2).
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Table 2. Channel Proteins in the Quter Membrane of E, coli and S, typhimurium.

Protein » ' Physioiogical Role
PORINS
-OmpC Forms small (1.1 nm) pores
OmpD Present in S. typhimurium only
Ofon | . Forms of larger pore (1.2 nm) than OmPC; repressed by elevated
temperature and higher osmatic pressiiré '
PhoE Formed in response to restricted supply of phosphate
SPECIFIC CHANNEL PROTEINS
LamB . Spebiﬁc for the _cliﬁ'lx'sional entrance of maltose and maltodextrins
induced by maltose; site of adsorption of phage lambda
Tsx : Specific for the diffusional entrance of nucleosides;
v Side of adsorption of phage T6
TonA Speciﬁc for diffusional entrance of ferrichrome; site of adsorption

of phages T1 and T6.

In addition to the nonspecific channels formed by porins, the outer membrane contains a variety of
channels formed by other proteins that exhibit a remarkable specificity. For example, the channel sometimes
called the maltoporin, formed by the inducible LamB protein. Specifically allows the diffusional entrance
of the disaccharide maltose and maltodextrans into the cell.

In addition to the channel-forming proteins, aprotein termed OmpA is quite abundant in the outer
membrane. Its specific role has not been clearly defined, but mutant strains that lack it produce a more
fragile outer membrane, so we assume that OmpA contributes in some way to the membrane’s structural
integrity.

The Periplasm

The region, termed the periplasm, between the cell membrane and the outer membrane of Gram-
negative bacteria has been defined by ultrastructural and biochemical studies. Electron micrographs of the
walls of Gram-negative bacteria typically reveal an open region on either side of the peptidoglycan layer
that is identified as the periplasm. Biochemical studies have shown that a unique set of proteins (periplasmic
proteins) are released from Gra}n-negative bacteria by treatments that disrupt the outer membrane while
maintaining the cell membrane intact. Such studies establish the periplasmic location of this set of proteins.
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Electron micrographs of Gram-negative walls have appeared that indicate that the peptidoglycan
layer is, indeed, in intimate contact with both the cell membrane and outer membrane. These micrographs
were made of material that was specially prepared to prevent damage to the cell envgelope, and they
suggest that the appearance of the periplasm in conventional micrographs might be artifactual. The scientists
who made these new micrographs suggest that the region between the two membranes of a Gram-negative
bacterium is filled with highly hydrated peptidoglycan, only the outer portion of which is sufficiently cross-
linked for it to be isolated as an intact structure; the inner portion of peptidoglycan consists of largely
uncross-linked strands which detach from the intact saculus when the cvell is disrupted. Thus, these authors
believe that the intermembrane region oughi more properly to be termed a periplasmic gel.

Peptidoglycan In Walls of Gram-Positive Bacteria

In most Gram-positive bacteria, peptidoglycan account for some 40 to 90 percent of the dry weight
of the cell wall. The wall is homogeneous in fine structure, and considerably thicker (10 to 80 nm) that the
peptidoglycan wall layer in Gram-negative groups. As already mentioned, there is considerable diversity
with respect to peptidoglycan structure and composition among Gram-positive bacteria. The peptidoglycan
matrix of the wall is covalently linked to other macromolecular wall constituents which may include a wide
variety of polysaccharides and polyolphosphate polymers known as teichoic acids. the teichoic acids are
water-soluble polymers, containing ribitol or glycerol residues joined through phosphodiester linkages
(Figure 9). ‘

— e 0~CHy L o
@ 0-CH, o ® @-0=( 0 . Fig9. Repeats units of some teichoic acid. (a)

'@-—0" i /" e ;',/ . Glycerol teichoic acid uf Lacrobacillus casei 1469
.H,("-O/ ? - Hy ~0/(!)H ~ (R=D-alanine). (b) Glycerol teichoic acid of

OH ) Actinomyces antibioticus (R=D-alanine). (d)

(8 /O: ::’ Ribitol teichoic acids of Bacillus subtilis

®;?)_“ " (R=glucose) and Actinomyces strepiomycini

{ MO P (R=succinate). (The D-alanine is attached to

CH ,é...,g/ | position 3 or 4 ribitol). .
on

Their exact location in the cell envelope is not certain; most of the teichoic acid remains associated
with cell wall matcpal during cell fractionation, and covalent linkage to muramic acid has been demonstrated.
However, a small percentage (consisting entirely of glycerol teichoic acids) remains associated with the
cell membrane. This material, called membrane‘tezchozc acid or lipoteichoic acid, has been found to be
convalently linked to membrane glycolipid. Much teichoic acid may lie within the peptidoglycan layer
(Figure 10).
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Fig.10. 4 model of the cell wall and membrane of a Gram-positive
bacterium, showing lipoteichoic acid molecules extending through
the cell wall. The wall teichoic acids, covakent! ly linked to muramic
acid residues of the peptidoglycan layer, are not shown. (4) cell
{ 1 wall, (B) protein, (C) phospholipid (D) glycolipid, (E) phosphat:dy!
glycolipid, (F) lipoteichoic acid.

i

TG
M

The repet units of some teichoic are shown in Figure 9. The repeat units may be glycerol, joined by
I, 3 or 1, 2-linkages; ribitol, joined by 1,5-linkages; or more complex units in which glycerol or ribitol is
joined to a sugar residue such as glucose, galactose, or N-acetyl glucosamine. The chains may be 30 or
more repeat units in length, although chain lengths of 10 or less are common.

The function of the teichoic acids is unknown, but they do provide a high density of regularly
oriented charges to the cell envelope, and these must certainly affect the passge of ions through the outer
surface layers.

Function of The peptidoglycan Layer

The peptidoglycan layer appears to be the primary determinant of cell shape, as well as the wall
component largely responsible for counteracting turgor pressure, and hence preventing osmotic [ysis.

Protoplasts, Spheroplasts

Protoplasts

A protoplast is that portion of a bacterial cell consisting of the cytoplasmic membrane and the cell
material bounded by it. Protoplasts can be prepared from Gram-positive bacteria by treating the cell with
an enzyme such as Yysozyme, which selectively dissolves the cell wall, or by culturing the bacteria in the
presence of an antibiotic such as penicillin, which prevents the formation of the cell wall. some bacteria,
the mycoplasms, never have cell walls and are bounded by only a cytoplasmic membrane; therefore, they
have many of the properties of protoplasts, yet they manage to thnve nonethe!ess
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Spheroplasts

‘ Round, osmotically fragiic forms of Gram-negative bacteria can be prevented by procedures similar
to those used for the protoplasts of Gram-positive bacteria. However, the cell walls of Gram-negative
bacteria differ from those of Gram-positive bacteria by possessing an outer membrane.’ Although the
peptidoglycan of the céi_l wall may be destroyed by lysozyme or its synthesis inhibited by antibiotics, the
flexible outer membrane of the cell wall remains. Because the treated cell has two membranes, the cytoplasmic
membrane of the protoplast plus the outer membrane of the cell wall, the cell is called a spheroplast rather

than a protoplast.

Capsules

Some bacterial cells are surrounded by a viscous substance forming a covering layer or envelope
around the cell wall. If this layer can be visualised by light microscopy using special staining methods it is
termed a capsule. If the layer is too thin to be seen by light micros¢opy it is termed a microcapsule; if it is
so abundant that many cells are embedded in a common matrix, the material is called slime.

In many instances capsular material is not highly water-soluble and therefore does not readily diffuse
away from the cells that produce it. In other instances the material is highly water-soluble and dissolves in
the medium, sometimes dramatically increasing the viscosity of the broth in which the organisms are cultured.

Capsules (Fig.11) can serve a number of functions, depending on the bacterial species. (1) They
may provide protection against temporary drying by binding water molecules. (2) they may block attachment
of bacteriophages. (3) They may be antiphagocytic; i.e., they inhibit the engulfment of pathogenic bacteria
by white blood cells and thus contribute to invasive or infective ability (virulence). (4) They may promote
attachment of bacteria to surfaces; for example, streptococcus mutans, a bacterium associated with producing
dental caries, firmly adheres to the smooth surfaces of teeth because of its secretion of a water-insoluble
capsular glucan. (5) if capsules are composed of compounds having an electrical charge, such as sugar-
uronic acids they may promote the stability of bacterial suspension by preventing the cell from aggregating
and setting out, because cell bearing similarly charged surfaces tend to repel one another;

Fig.11. Bacterial capsules as seen by light microscopy.
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Most bacterial capsules are composed of polysaccharides Capsules composed of a single kind of
sugar are termed homopolysaccharides; are usually synthesized outside the cell from disaccharides by
exocellular enzymes. The synthesis of glucan (apolymer of glucose) from sucrose by S. mutansis an example.
Other capsules are cbmposed of several kinds of suger and are termed héteropo[ysa'ccharides'; these are
usually synthesized from sugar prechrsor_s that are activated (energized) within the cell, attach to a lipid
carrier molecule, transported acoss the cytoplasmic membrane and polymerized outside the cell the capsule

- of Klebsiella pneumoniae is an example.

A few capsules are polypeptides. For example, the capsule of the anthrax organism, B. anthracis, is
composed entirely of a polymer of glutamic acid. Moreover, this peptide in an unusual one because the
glutamic acid is the rare D optical isomer rather than the usual isomer commonly found in nature.

Pseudomonus aeruginosa  Pseudomonous fluorescens

Fig.12. Drawings of various arrangements
of bacterial flagella. (4) Monotrichous: a
single polar flagellum, (B) Lophotrichous;
a cluster of polar Sflagella. (C)
Amphitrichous; flagella, either single or
clusters, at both cell poles, (D)
Peritrichous; surrounded by lateral
. flagella. (Erwin F. Lessel, illustrator).

THE MOLECULAR STRUCTURE OF FLAGELLA AND PILI

Although they differ both in function and in gross from, ﬂi¢ two classes of filiform bacterial surface
appendages, flagella and pili, share many common structural features. Both originate from the cell membrane
and extend outward through the wall to a distance that may be as much as 10'times the diameter of the cell.
The external part of these organelles can be detached from the cell by mechanical means (e.g. shearingin a
blender), and subsequently isolated and purified. The filaments of flagella and pili are made up of specific
proteins known as flqgellins and pilins. Studies of isolated flagella and pili by electron microscopy and x-
ray diffraction have ;hown that the protein monomers are assembled in helical chains, wound around a
central hollow core. The structure of the filament is consequently a reflection of the properties of the
specific type of protein subunit from which it is built; it is determined by the size of the subtnit and by the
number and pitch of the helical chains into which they aggregate. The flagella of different bacteria differ
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slightly both in diameter (12 to 18 nm), and in form (i.e., height and wavelength of the helical curvature).

‘Different types of pili differ greatly in width (4 to 35 nm). Theseminor variation within each class of
“oreanelle evidently reflect differences in the assembly properties of different flagellins and pilins. It has
heen shown that a single mutational change in the amino acid sequence of a flagellin can cause a change in
the hcigﬁt any wavelength of the flagellum formed from it.

{

Fig.13. Electron micrograph of a Vibrio with mixed
polar-peritrichous flagellation. The cell bears a single
sheathed polar flagellum, together with numerous
laterally inserted unsheathed flagella (x 16,600).

Some bacteria bear flagella that are notably thickend. These sheathed flagella are surrounded by an
ex{ension of the cytoplasmic membrane. Under certain condition of growth, some bacteria produce polar
cheathed flagella along with many peritrichously arranged unsheathed flagella (Figure 13); such flagellation
is termed mixed flagellation. |

The probable ultrastructure of two filaments that have been studied in some detail, the flagelfum of
Salmonella typhimurium and the type I pilus of Escherichia coli, are shown schematically in Figure 13A.

Flagellum (Sa!monella typhimurium}  Type 1 pfus (Eschericnia colli)

helical filament _ Straight filament -
14 nm in diameter » 7 nm in diameter
s of organelle Fiégeilln (40,009 daitons) Pitin (17,000 daltons)

y )
,

{:otein subunit '
Fig.13A. Models showing the

portable helical arrangement
of the protein subunits of a
bacterial flagellum (left) and
of a pilus (right).

Suggested mode! for the
assembly of the subunit
inot drawn to same scale.
ertain subunits are
tjepicted in black in order
t» emphasize the helical
stucture, :
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One function of type | pili is adhesion to surfaces including those of eucaryotic cells, and hence
these pili are sometimes essential to the first step in infection. In these cases the tip of pilus attaches to
specific receptor sites on the surface of the eucaryotic cell.

" Another type of pili, termed sex pili, which are morphologically similar to type I pili but which are
composed ot different pilin monomers, are synthesized by cells that contain plasmids that determined the
cell’s capacity to carry out conjugative genetic exchanged with other cells. These pili also piay an attachment
role, which in this case is the first step in the process of conjugation, -

The basal Structure of the Flagellum

The entire flagellar apparatus is made up of three distinct regions. The outermost region is the
helical flagellar filament, of constant width, made up of ﬂagellih. Near the cell surface this is attached to a
slightly wider 0ok, about 45 mm long, made up of a different kind of protein which is in turn attached to
a basal body, located within the cell envelop. ’

The basal body consists of a small central rod, inserted into a system of rings. In gram-negative
bacteria the basal body fypically bears two pairs of rings (Figure 14). The outer pair (Land P rings) arc
situated at the level of the outer membrane; appatently, their function is to serve as bushings for the insertion
of the body through this layer. The inner pair (S and M rings) are located near the level of the cell membrane:
the M ring is embedded either in it, or just below it, while the S ring lies just above, possibly attached o the
inner surface of the peptidoglycan layer. On flagella of Gram-positive bacteria, only the lower (S and M)
rings are present; apparently, the upper pair is not required to support the rod as it passes through the
relatively thick and homogeneous Gram-positive wall. this difference is significant, since it implies thal
only the S and M rings are essential for flagellar function. '

Fig.14. Diagrammatic model of the basul
end of the flagellum of E. Colibased on
electron micrographs of the isolated
organelle; From M.L. Pamphilis and J
Adler. “Fine Structure and Isolation of
the Hook-Basal Body Complex o
Flagella from Eschericha coli and
Bacillus subtilis”. J. Bacteriol. ]05. 384
(1971).
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Hydrodynamics of Flagella

Large motile bodies such as boats and fish make use of the inertia of water for their propulsion.
When pushed against with, for example, an our, a propeller blade, or fins, the water temporarily acts as a
solid, thereby enabling the boat or fish to generate a forward propulsive force. However, the small size of
bacteria probhibits their use of the intertia of water to gain propulsive force, because the drag forces due to
the viscosity of water become thousands of times greater than any forces that can be generated from inertia.
The difficulty would be similar to what we would encounter if we attempted to row a boat on a lake filled
with thick molasses. However, bacteria can swim many times their own length per second under analogous
conditions.

Bacteria propel themselves by rotating their helical flagella. The principle involved can be illustrated
by imaging the penetration of a piece of cork by a corkscrew. If one tries to ram the corkscrew directly
through the cork, great force will probably be needed. On the other hand if one merely rotates the corkscrew,
the cork can be easily penetuited. In the case of bacteria, the cork is analogous to the viscous medium and
* the corkscrew to the helical flagellum. It is apparent from this analogy that a mutant bacterium having
straight rather than helical flagella would be unable to swim. The nature of the rotary motor that spins each
corkscrew-shaped flagellum is still not understood, but the rings found in the basal body are probably
involved, it is known that the flagellar motor is driven by the protonmotive force, i.¢. the force derived from
the electrical potential and the hydrogen-ion gradien across the cytoplasmic membrane (see Chap.10).
Moreover recent studies suggest that the concentration of cGMP (guanosine 3°,5’-cyclic phosphoric acid)
within the cell governs the direction in which the rotation occurs. ‘

Bacteria having polar flagella swim in a back-and-forth fashion; they reverse their direction of
swimming by reversing the direction of flagellar rotation. Bacteria having lateral flagella swim in a more
complicated manner. Their flagella operate in synchrony to form a bundle that extends behind the cell
(Figure 15). However when the flagellar motors reverse, conformation changes occur along the flagella,
the bundle files apart, and the cell tumbles widely. Finally the flagellar motors resume their normal direction,
the flagellar bundle again forms and the cell begins to swim but now in a different direction. This sequence
of event occurs repeatedly, so that the motility becomes a series of periods of swimming (runs) punctuated
by periods of tumbling (twiddles), with a change in direction after each tumble.

Fig.15. Diagram of the configuration and arrangement of petrichous
[lagella during swimming and tumbling. The small arrows indicate
the direction of propagation of helical waves along the flagella. (4)
During swimming the flagella are in the form of left-handed helicles
and rotate counterclockwise in-synchrony to form a bundle. The
large arrow indicates the direction of swimming. (B) During tumbling
the flagella reverse their rotation, portions of the flagella acquire a
short wavelength and right-handed configuration, and the bundle
Mies apart. The cell cannot swim under these conditions and instead
exhibiis a chotic motion, as symbolized by the large crossed arrows.
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Swimming Motility Without Flagella

Certain helical bacteria (spirochetes) exhibit swimming motility, particularly in highly viscous media,
yet they lack external flagella, however they have flagella. However they have flagella like structures
located within the cell, Just beneath the outer cell envelop. These are called periplasmic flagella; they have
also been termed axial fibrils or endoflagella. They are responsible for the motility of spirochetes, but how
they accomplish this is not yet clear. Other helical bacteria called spiroplasmas are able to swim in viscous
media, yet lack any apparent organless for motility, even periplasmic flagella. The mechanism for their
motility is completely unknown. B | -

Gliding Motility

Some bacteria, e.g. Cytophaga species, are motile only when they are in contact with a solid surface.
As they glide they exhibit a sinuous, flexing motion. This kind of movement is comparatively slow, only a
few p.m. per second. The mechanism of gliding motility is unknown no organelles responsible for motility
have been observed. ' : ‘ |

~

Bacterial Chemotaxis

Many, perhaps most, motile bacteria are capable of directed swimming toward or away from various
chemical compounds - a phenoinenon called bacteria chemotaxis. Swimming towards a chemical is termed
positive chemotaxis; sWimming away is negative chemotaxis. Although chemicals may act as attractants
or repellents, the stimulus is in fact not the chemical itself but rather a change in the concentration of the
chemical with time i.e., a temporal gradient. Such gradient are sensed by means of protein chemorecepters
which are located on the cytoplasmic membrane and are specific for various attractants and repellents.

By means of its chemoreceptors, a bacterium continually compares its immediate environment
with the environment it had experienced a few moments earlier. To illustrate this, suppose we are observing
the behaviour of a bacterium that has peritrichous flagella and for which glucose is an attractant. If the cell
is placed in a homogeneous glucose broth, the glucose concentration remains constant regardless of the
direction of the bacterium’s swimming and the glucosg—épeciﬁc chemoreceptors can sense no change in
glucose concentration. Consequently, the cell exhibits a normal swimming pattém—periods of swimming
with intermittent periods of tumbling, Suppose that the cell is now placed in a long capillary tube with a
higher concentration of glucose at one end than at other, If the cell happens to swim toward the higher
concentration of glucose (i.e., in the “right” direction), the chemoreceptors sense that the glucose
concentration is incgeasing with time. This results in suppression of normal tumbling, causing the cell to
swing smoothly ahead for a long period before it tumbles. On the other hand, if the cell happens to swim
toward the end of the tube whete there is less glucose (i.e. in the “wrong” direction), the chemoreceptors
sense that the glucose concentration is decreasing with time, and no suppression of tumbling occurs.
Therefore, the cell soon tumbies, changes direction, and tries again until finally the “right” direction is
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achieved. (Jn a gradient of a repellent compound) the right direction would be down the gradient, i.c.,

towards,a decreasing concentration, and the wrong direction would be up the gradient).

4 b
Tactic responses are not Jimited to chemical gradients. For instance, phototrophic bacteria exhibit

positive photdtakis toward increasing light intensities and are repelled by decreasing light intensities, still
another typg of taxis is exhibited directed swimming in response to the earth’s magnetic field or to local
magnetic fields (magnets placed near the culture). This is attributed to a chain of magnetite inclusions
(magnetosomes) within the cell, which allows the cell to become oriented as a magnetic dipol (Figure 16).
Because of the downward inclination of the Earth’s magnetic field in the regions where these bacteria have
been found, magnetotaxis may serve to direct the cell downward in aquatic environments toward oxygen-
deficient areas more favourable for growth (For Details see magnetosome in the next page).

SPECIAL PROCARYOTIC ORGANELLES

As already mentioned, most procaryotic do no: form intracellular organelles bounded by unit
membranes, the only possible exceptions are the thylakoids, which house the photosynthetic apparatus of
cyanobacteria. However, three classes of procaryotic organelles are bounded by nommit membranes, made
up of protein, at least in part, in all cases. These are gas vesicles, chlorosome, and carboxysomes (polyhedral
bodies).

Fig.16. Transmission electron
micrograph of a magnetotactic bacterium
and the single string of magenetosomes
that it contains.

Gas Vesicles and Gas Vacuoles

Since most cells have a slightly hogher density than water, they tend to skin in an aqueous medium
at a rate that is a function of cell size. This effect can be counteracted by swimming against the gravitational
pull. However, many aquatic procaryotes have developed another device to counteract gravitational pull,
their cells contain gas-filled structures known as gas vacuoles. By light microscopy, gas vacuoles appear
densely refractilé, and have an irregular contour. If such cells are subjected to a sudden sharp increase in
hydrostatic pressure, the gas vacuoles collapse, and the cells simultaneously lose their buoyancy and become
much less refractile. Electron microscopy shows that gas vacuoles are compound organelles made up of a
variable number of individual gas vesicles. Gas vacuoles occur in a wide variety of procaryotes including
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archaebacteria purple bacteria, cyanobacteria, green bacteria, and various groups of chemoheterotrophic
eubacteria the only common denominator of all these organism is ecological they occur in acquatic habitats,
there can be Tittle doubt accordingly, that the function of gas vacuoles is to enable their possessors to
regulate the buoyancy of the cell in order to occupy a position in the water column that is optimal for their
metabolic activity with respect to light intensity, dissolved oxygen concentration, or the concentration of
other nutrients. . '

Chlorosomes

[n the green bacteria, part of the photosynthetic apparatus has a distinctive intracellular location:
the antenna pigments are housed in a series of cigar-shaped vesicles, arranged in a cortical layer that
immediately underlies, but is physically distinct from, the cell membrane. These strui:tm*es, detectable only
by electron microscopy. The photosynthetic pigments are entirely contained within them; these are probably
the sites of the photosynthetic apparatus. '

Carboxysomes (Polyhedral Bodies)

A number of photosynthetic bacteria (cyanobacteria, certain purple bacteria) and chemoautotrophic
bacteria (nitrifying bacteria, thiobacilli) contain structures termed polyhedral bodies. These structures contain
most of the cellular content of ribulose bisphosphate carboxylase (carboxydismutase), the key enzyme in
the fixation of CO, associated with the operation of the Calvin-Benson cycle. They have been termed
carboxysomes, and evidently represent the principal site of CO, fixation in these autotrophic procaryotes.

Magnetosomes

In 1975 a remarkable group of bacteria were described by R P Blakemore that are magnetotactive,
i.e., when they are placed in a magnetic field as weak as 0.2 gauss they orient and swim towards one or
another of the magnetic poles. The sensing organelles, termed magnetosomes, within these cells are uniformly
shaped enveloped crystals of magnetite (Fe,0,), a ferrimagnetic meneral. These are often arranged in a
string (Fig. 16) the essentiality of the preence of magnetosomes to magnetotaxis can be clearly established
by ‘the simple experiment of growing these bacteria in amedium that contains a restricted concentration of
iron; such cells do not contain magnetosomes and they are not magnetotactic.

Magnetosomes appear merely to orient the cells in a magnetic field and thereby determine the
direction in which they swim; they are not an object that is pulled by a magnetic field as can be shown by
the fact that dead cells are not magnetotactic.

The selective advantage of magnetotaxis seems to lie in the relationship of these bacteria to oxygen.
All are acquatic organisms, found in either freshwater or marine environments and they are either
microaerophiles or strict anerobes. In northern latitudes, the earth’s magnetic field is included downward;
in southern latitudes it is directed upward. Thus, magnetotactic bacteria that happened to be suspended in
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the water column by some disturbance of the bottom layer could, by swimming along the magnetic field
lines, return to the bottom where microaerophilic conditions are favourable for their survival. This hypothesis
is materially strengthened by tlic vvservation that magnetotactic bacteria from the Northern Hemisphere
are almost exclusively, north-seeking and those from the Southern Hemisphere are almost exclusively
south-seeking. In both cases, magnetotaxis directs cells in a downward direction. Curiously. populations of
magnetotactic bacteria collected at the geomagnetic equator where the magnetic field has no vertical
component are composed of equal mixtures of north-seeking and south-seeking cells.

THE PROCARYOTIC CELLULAR RESERVE MATERIALS

, A variety of cellular reserve materials may occur in procaryotic organism; they are frequently
detectable as granular cytoplasmic inclusions. Distribution of Nonnitrogeneous Organic Reserve Materials

has been shown in Table 3.

Table - 3

The distribution of nonnitrogenous organic reserve materials among procaryotes

A. GLUCANS
Cyanobacteria (most reprsentative)
Enteric bacteria (most genera, except those listed under B).
Sporeformers: many Bacillus and Clodtridium species.
B. POLY-B-HYDROXYBUTYRATE .
Enteric bacteria genera Vibrio and Photobacterium Pseudomonous (many species)
Azotobacter group (Azotobacter, Beijerinckia, Derxia) Rhizobium
Moraxella (some species) '

Spiriltum
Sphaerotilus
Bacillus (some species)
C. BOTH GLUCANS AND POLY-B-HYDROXYBUTYRATE
Cyanobacteria (a few species)
Purple bacteria. ' _
D. NO DEMONSTRATABLE RESERVE MATE
Green bacteria ‘
Pseudomonous (many species)

Acinetobactor

Note : This list is partial.and includes only groups in which the nature of reserve materials have been
systematically investigated. [For details read Gen. Microbiology by Stainer et al].
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Nitrogeneous Reserve Materials

As arule, procaryotes do not produce intracellular nitrogenous organic reserve materials. However,
many of the cyanobacteria accumulate a nitrogenous reserve material known as cyanophycin when cultures

approach the sfationary phase. It is a copolymer of arginine and aspartic acid,
Polyphosphate Granules

Many microorganisms, both procaryotic and eucaryotic, many accumulate polyphosphate granules,
which are stainable with basic dyes such as methylene blue, these bodies are also sometimes termed volutin
or metachromatic granules, because they exhibit a metachromatic effect, appearing red when stained with
a blue dye. In electron micrographs of bacteria they appear as extremely electron-dense bodies the
polyphosphates are linear polymers of orthophosphate, of varying chain lengths. The polyphosphate granules
therefore appear to function primarily as an intracellular phosphate reserve, formed under a variety of
conditions when nucleic acid synthesis is impeded.

Sulfur Inclusions

Inclusions of inorganic sulfur may occur in two physiological groups; the purple sulfur bacteria,
which use H,S as a photosynthetic electron doner, and the filamentous, nonphotosynthetic organism, such
as Beggiatoa and Thiothrix, which use H,S as an oxydizable energy source. In both these groups, the
accumulation of sulfur is transitory and takes place when the medium contains sulfide after the sulfide in
the medium has been completely utilized, the stored sulfur is further oxidized to sulfate.

THE NUCLEUS
Recognition and Cytological Demonstration of Bacterial Nuclei

Basic dyes, which selectively stain the chromatin of the eucaryotic nucleus, stain most bacterial
cells densely and evenly. The basophilic property of the bacterial cell is caused by the abundance of ribosomes,
which confers as usually high nucleic acid content on the cytoplasmic region. Hence, in order to stain
selectively the bacterial nucleus, the fixed cells must first be treated with ribonuclease or with dilute HCI,
which hydrolyzes the ribosomal RNA subsequent staining with a basic dye then reveals the bacterial nuclei
as dense, centrally located bodies of irregular outline; two to four are present in an exponentially growing
cell, the growth and division of bacterial nuclei in living cells can be observed by the phase-contrast
microscopy, provided that the cells are suspended in a medium (e.g., a concentrated protein solution) that
enhances the slight ¥ifference in contrast between nucleoplasm and cytoplasm.

In Electron micrograph it appears as a region closely packed with fine fibrils of DNA. This region
is not separated from the cyteplasm by a membrane, and contains no evident structures, apart from the
DNA fibrils, | |
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The. Bacterial Chromosome

@&

By 1960 the cytological infarmation about the structure of the bacterial nucleus had been
complemented by genetic studies of E. coli, which suggested the presence of a single circular linkage
group. This in turn implied that each nucleus should contain a single circular chromosome. If such were
indeed the case, the fibrils of DNA revealed in the nuclear region by electron microscopy should represent
sections of an extremely long circular molecule of DNA, highly folded to form a compact mass.

In 1963, J. Caims succeeded in exttacﬁng DNA from E. coli under conditions that minimize its

shearmg (Radioautography).

. Examination of the developed radioautographs showed that the DNA was present as extremely
long threads, the longest of which were shgﬁtly more than 1 mm in length. Furthermore, a few of the
threads were circular.

Actually folded chromosomes are associated with a consmlerable amount of RNA and protem the
protein is largely RNA polymerase and the RNA is newly transcribed single RNA strands RNAse treatment
causes a rapid increase in viscosity, which indicates that some of the associated RNA is responsible for
holding the DNA into a compact form. The DNA in these structures is folded into a number (between 12
and 80) of supercoiled loops. In the light of these facts, the folded chromosome can be represented

schemancally as shown in Figure 17.

Fig.17. 4 schematic drawing illustrating the proposed
structure of the folded chromosome of E. coli the
chromosome is shown as seven loops, each twisted
into u superhelix (the actual number is much greater)
and hold together by a core of RNA (shaded area).
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SPORES AND CYSTS

Certain sf&ecies of bacteria produce spoi‘es, either within