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GROWTH CYCLE

Bacteria reproduce by binary fission, a process by which
one parent cell divides to form two progeny cells. Because
one cell gives rise to two progeny cells, bacteria are said to
undergo exponential growth (logarithmic growth). The
concept of exponential growth can be illustrated by the fol-
lowing relationship:

Number of cells 1 2 4 8 16
Exponential 2° 2! 2? 2 2!

Thus, 1 bacterium will produce 16 bacteria after 4
generations.

The doubling (generation) time of bacteria ranges from
as little as 20 minutes for Escherichia coli to as long as 18 hours
for Mycobacterium tuberculosis. The exponential growth
and the short doubling time of some organisms result in
rapid production of very large numbers of bacteria. For
example, 1 E. coli organism will produce over 1000 progeny
in about 3 hours and over 1 million in about 7 hours. The
doubling time varies not only with the species, but also
with the amount of nutrients, the temperature, the pH, and
other environmental factors.

The growth cycle of bacteria has four major phases. If a
small number of bacteria are inoculated into a liquid nutri-
ent medium and the bacteria are counted at frequent inter-
vals, the typical phases of a standard growth curve can be
demonstrated (Figure 3-1).

(1) The first is the lag phase, during which vigorous
metabolic activity occurs but cells do not divide. This can
last for a few minutes up to many hours.

(2) The log (logarithmic) phase is when rapid cell divi-
sion occurs. B-Lactam drugs, such as penicillin, act during
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FIGURE 3-1

Growth curve of bacteria: a, lag phase; b, log

phase; ¢, stationary phase; d, death phase. (Reproduced with permission

R

from Joklik WK et al. Zinsser Microbiology. 20th ed. Originally published by Appleton

& Lange. Copyright 1992, McGraw-Hill.)

this phase because the drugs are effective when cells are
making peptidoglycan (i.e., when they are dividing). The
log phase is also known as the exponential phase.

(3) The stationary phase occurs when nutrient depletion
or toxic products cause growth to slow until the number of
new cells produced balances the number of cells that die,
resulting in a steady state. Cells grown in a special apparatus
called a “chemostat,” into which fresh nutrients are added and
from which waste products are removed continuously, can
remain in the log phase and do not enter the stationary phase.

(4) The final phase is the death phase, which is marked
by a decline in the number of viable bacteria.

OBLIGATE INTRACELLULAR GROWTH

Most bacterial pathogens of humans are capable of growing
on artificial media in the clinical laboratory. The term,
artificial, means that the medium is composed of purified
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chemicals such as sugars, amino acids, and salts, such as
sodium chloride. Often blood is added in the form of
sheep’s blood but that is for nutritional purposes rather
than for the need of the bacteria to grow within the red
blood cells.

However, certain bacterial pathogens of humans, nota-
bly Chlamydia and Rickettsia (see Chapters 25 and 26,
respectively), and Ehrlichia and Anaplasma (see Chapter
26) can only grow within living cells. They are obligate
intracellular parasites, meaning that it is obligatory that
they grow within cells. The main reason for this is that they
lack the ability to produce sufficient ATP and must use
ATP produced by the host cells.

AEROBIC & ANAEROBIC GROWTH

For most organisms, an adequate supply of oxygen enhances
metabolism and growth. The oxygen acts as the hydrogen
acceptor in the final steps of energy production catalyzed
by the flavoproteins and cytochromes. Because the use of
oxygen generates two toxic molecules, hydrogen peroxide
(H,0,) and the free radical superoxide (O, ) bacteria
require two enzymes to detoxify these molecules when
oxygen is utilized. The first is superoxide dismutase,
which catalyzes the reaction

20, +2H" - H,0,+ 0,
and the second is catalase, which catalyzes the reaction
2H,0, — 2H,0 + O,

The response to oxygen is an important criterion for
classifying bacteria and has great practical significance
because specimens from patients must be incubated in a
proper atmosphere for the bacteria to grow.

(1) Some bacteria, such as M. tuberculosis, are obligate
aerobes; that is, they require oxygen to grow because their
ATP-generating system is dependent on oxygen as the
hydrogen acceptor.

(2) Other bacteria, such as E. coli, are facultative anaer-
obes; they utilize oxygen, if it is present, to generate energy
by respiration, but they can use the fermentation pathway
to synthesize ATP in the absence of sufficient oxygen.

(3) The third group of bacteria consists of the obligate
anaerobes, such as Clostridium tetani, which cannot grow
in the presence of oxygen because they lack either superox-
ide dismutase or catalase, or both. Obligate anaerobes vary
in their response to oxygen exposure; some can survive but
are not able to grow, whereas others are killed rapidly.

FERMENTATION OF SUGARS

In the clinical laboratory, identification of several impor-
tant human pathogens is based on the fermentation of

certain sugars. For example, Neisseria gonorrhoeae and
Neisseria meningitidis can be distinguished from each other
on the basis of fermentation of either glucose or maltose
(see page 131), and E. coli can be differentiated from Salmo-
nella and Shigella on the basis of fermentation of lactose
(see page 151).

The term fermentation refers to the breakdown of a
sugar (such as glucose or maltose) to pyruvic acid and then,
usually, to lactic acid. (More specifically, it is the break-
down of a monosaccharide such as glucose, maltose, or
galactose. Note that lactose is a disaccharide composed of
glucose and galactose and therefore must be cleaved by
B-galactosidase in E. coli before fermentation can occur.)
Fermentation is also called the glycolytic (glyco = sugar,
lytic = breakdown) cycle, and this is the process by which
facultative bacteria generate ATP in the absence of
oxygen.

If oxygen is present, the pyruvate produced by fermen-
tation enters the Krebs cycle (oxidation cycle, tricarboxylic
acid cycle) and is metabolized to two final products, CO,
and H,O. The Krebs cycle generates much more ATP than
the glycolytic cycle; therefore, facultative bacteria grow
faster in the presence of oxygen. Facultative and anaerobic
bacteria ferment, but aerobes, which can grow only in the
presence of oxygen, do not. Aerobes, such as Pseudomonas
aeruginosa, produce metabolites that enter the Krebs cycle
by processes other than fermentation, such as the deamina-
tion of amino acids.

In fermentation tests performed in the clinical labora-
tory, the production of pyruvate and lactate turns the
medium acid, which can be detected by a pH indicator that
changes color upon changes in pH. For example, if a sugar
is fermented in the presence of phenol red (an indicator),
the pH becomes acidic and the medium turns yellow. If,
however, the sugar is not fermented, no acid is produced
and the phenol red remains red.

IRON METABOLISM

Iron, in the form of ferric ion, is required for the growth
of bacteria because it is an essential component of cyto-
chromes and other enzymes. The amount of iron available
for pathogenic bacteria in the human body is very low
because the iron is sequestered in iron-binding proteins
such as transferrin. To obtain iron for their growth, bacte-
ria produce iron-binding compounds called sidero-
phores. Siderophores, such as enterobactin produced by
E. coli, are secreted by the bacteria, capture iron by chelat-
ing it, then attach to specific receptors on the bacterial
surface, and are actively transported into the cell where
the iron becomes available for use. The fact that bacteria
have such a complex and specific mechanism for obtain-
ing iron testifies to its importance in the growth and
metabolism of bacteria.




PEARLS

Bacteria reproduce by binary fission, whereas eukaryotic
cells reproduce by mitosis.

The bacterial growth cycle consists of four phases: the lag
phase, during which nutrients are incorporated; the log
phase, during which rapid cell division occurs; the station-
ary phase, during which as many cells are dying as are
being formed; and the death phase, during which most of
the cells are dying because nutrients have been exhausted.

Some bacteria can grow in the presence of oxygen (aer-
obes and facultatives), but others die in the presence of
oxygen (anaerobes). The use of oxygen by bacteria gener-
ates toxic products such as superoxide and hydrogen
peroxide. Aerobes and facultatives have enzymes, such as
superoxide dismutase and catalase, that detoxify these
products, but anaerobes do not and are killed in the pres-
ence of oxygen.

The fermentation of certain sugars is the basis of the
laboratory identification of some important pathogens.
Fermentation of sugars, such as glucose, results in the
production of ATP and pyruvic acid or lactic acid. These
acids lower the pH, and this can be detected by the change
in color of indicator dyes.

SELF-ASSESSMENT QUESTIONS

1. Figure 3-1 depicts a bacterial growth curve divided into phases
a, b, ¢, and d. In which one of the phases are antibiotics such as

penicillin most likely to kill bacteria?

(A) Phasea
(B) Phaseb
(C) Phase c
(D) Phased
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2. Some bacteria are obligate anaerobes. Which of the following
statements best explains this phenomenon?
(A) They can produce energy both by fermentation (i.e., glycolysis)
and by respiration using the Krebs cycle and cytochromes.
(B) They cannot produce their own ATP.
(C) They do not form spores.
(D) They lack superoxide dismutase and catalase.
(E) They do not have a capsule.

ANSWERS

1. (B)
2. (D)

PRACTICE QUESTIONS: USMLE &
COURSE EXAMINATIONS

Questions on the topics discussed in this chapter can be found
in the Basic Bacteriology section of Part XIII: USMLE (National
Board) Practice Questions starting on page 709. Also see Part
XIV: USMLE (National Board) Practice Examination starting
on page 751.




	Cover Page
	Title Page
	Copyright Page

	Contents���������������
	Preface��������������
	Acknowledgments����������������������
	How to Use This Book���������������������������
	PART I: BASIC BACTERIOLOGY

	1. Bacteria Compared with Other Microorganisms�����������������������������������������������������
	2. Structure of Bacterial Cells��������������������������������������
	3. Growth����������������
	4. Genetics������������������
	5. Classification of Medically Important Bacteria��������������������������������������������������������
	6. Normal Flora����������������������
	7. Pathogenesis����������������������
	8. Host Defenses�����������������������
	9. Laboratory Diagnosis������������������������������
	10. Antimicrobial Drugs: Mechanism of Action���������������������������������������������������
	11. Antimicrobial Drugs: Resistance������������������������������������������
	12. Bacterial Vaccines�����������������������������
	13. Sterilization & Disinfection���������������������������������������

	PART II: CLINICAL BACTERIOLOGY�������������������������������������
	14. Overview of the Major Pathogens & Introduction to Anaerobic Bacteria�������������������������������������������������������������������������������
	15. Gram-Positive Cocci������������������������������
	16. Gram-Negative Cocci������������������������������
	17. Gram-Positive Rods�����������������������������
	18. Gram-Negative Rods Related to the Enteric Tract����������������������������������������������������������
	19. Gram-Negative Rods Related to the Respiratory Tract��������������������������������������������������������������
	20. Gram-Negative Rods Related to Animal Sources (Zoonotic Organisms)����������������������������������������������������������������������������
	21. Mycobacteria�����������������������
	22. Actinomycetes������������������������
	23. Mycoplasmas����������������������
	24. Spirochetes����������������������
	25. Chlamydiae���������������������
	26. Rickettsiae����������������������
	27. Minor Bacterial Pathogens������������������������������������

	PART III: BASIC VIROLOGY�������������������������������
	28. Structure��������������������
	29. Replication����������������������
	30. Genetics & Gene Therapy����������������������������������
	31. Classification of Medically Important Viruses��������������������������������������������������������
	32. Pathogenesis�����������������������
	33. Host Defenses������������������������
	34. Laboratory Diagnosis�������������������������������
	35. Antiviral Drugs��������������������������
	36. Viral Vaccines�������������������������

	PART IV: CLINICAL VIROLOGY���������������������������������
	37. DNA Enveloped Viruses��������������������������������
	38. DNA Nonenveloped Viruses�����������������������������������
	39. RNA Enveloped Viruses��������������������������������
	40. RNA Nonenveloped Viruses�����������������������������������
	41. Hepatitis Viruses����������������������������
	42. Arboviruses����������������������
	43. Tumor Viruses������������������������
	44. Slow Viruses & Prions��������������������������������
	45. Human Immunodeficiency Virus���������������������������������������
	46. Minor Viral Pathogens��������������������������������

	PART V: MYCOLOGY�����������������������
	47. Basic Mycology�������������������������
	48. Cutaneous & Subcutaneous Mycoses�������������������������������������������
	49. Systemic Mycoses���������������������������
	50. Opportunistic Mycoses��������������������������������

	PART VI: PARASITOLOGY����������������������������
	51. Intestinal & Urogenital—Protozoa�������������������������������������������
	52. Blood & Tissue Protozoa����������������������������������
	53. Minor Protozoan Pathogens������������������������������������
	54. Cestodes�������������������
	55. Trematodes���������������������
	56. Nematodes��������������������

	PART VII: IMMUNOLOGY���������������������������
	57. Immunity�������������������
	58. Cellular Basis of the Immune Response������������������������������������������������
	59. Antibodies���������������������
	60. Humoral Immunity���������������������������
	61. Cell-Mediated Immunity���������������������������������
	62. Major Histocompatibility Complex & Transplantation�������������������������������������������������������������
	63. Complement���������������������
	64. Antigen–Antibody Reactions in the Laboratory�������������������������������������������������������
	65. Hypersensitivity (Allergy)�������������������������������������
	66. Tolerance & Autoimmune Disease�����������������������������������������
	67. Tumor Immunity�������������������������
	68. Immunodeficiency���������������������������

	PART VIII: ECTOPARASITES�������������������������������
	69. Ectoparasites That Cause Human Disease�������������������������������������������������

	PART IX: INFECTIOUS DISEASES�����������������������������������
	70. Bone and Joint Infections������������������������������������
	71. Cardiac Infections�����������������������������
	72. Central Nervous System Infections��������������������������������������������
	73. Gastrointestinal Tract Infections��������������������������������������������
	74. Pelvic Infections����������������������������
	75. Upper Respiratory Tract Infections���������������������������������������������
	76. Lower Respiratory Tract Infections���������������������������������������������
	77. Skin and Soft Tissue Infections������������������������������������������
	78. Urinary Tract Infections�����������������������������������

	PART X: BRIEF SUMMARIES OF MEDICALLY IMPORTANT ORGANISMS���������������������������������������������������������������
	PART XI: CLINICAL CASES������������������������������
	PART XII: PEARLS FOR THE USMLE�������������������������������������
	PART XIII: USMLE (NATIONAL BOARD) PRACTICE QUESTIONS�����������������������������������������������������������
	PART XIV: USMLE (NATIONAL BOARD) PRACTICE EXAMINATION������������������������������������������������������������
	INDEX������������

