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Preface

THE HISTORY of science is characterized by sudden spurts of prog-
ress which frequently occur following the merger of once separated
disciplines. The field of bacterial genetics represents one of the
most recent examples of such scientific cross-fertilization from
which a subject with real hybrid vigor has evolved. The progress
in this field during the last ten years has contributed not only sig-
nificant information for geneticists, but what is perhaps even more
important, it has resulted in the development of a branch of science
that may take its place alongside biochemistry as necessary for
understanding the nature and activity of microorganisms. Thus it
has been recognized that a majority of problems in bacteriology
and its allied fields, such as medicine, public health, bacterial
metabolism and industrial fermentation, require an understanding
of the nature and control of variation. This recognition of the grow-
ing importance of bacterial genetics is reflected in the remark-
able increase of bacteriological publications that either deal with
genetic problems or utilize the techniques developed by bacterial
geneticists. In addition several universities have added formal
courses on the subject to their curriculum.

Yet, despite the fact that bacterial genetics is gaining such im-
portance in basic and applied research, it also has become evident
that many students and professional workers without specialized
training in genetics have had difficulties in understanding and fol-
lowing pertinent progress in this field. Apparently, there are two
primary reasons for these difficulties: (1) the geneticists who work
with bacteria have transferred many of their special terms into the
field of bacterial genetics, and much of this language, as well as
many of the underlying principles, are foreign to students of
bacteriology; (2) the places of publication of fundamental data
have been widely scattered, many of the important papers hav-
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ing appeared in journals that are read by very few bacteriolo-
gists.

This book has been written in an attempt to aid in overcoming
these difficulties. It tries to present the more important findings
and principles of bacterial genetics to those primarily trained, or
being trained, in bacteriology, and it tries to provide a basis for
better evaluation of the relationship between bacterial genetics and
such diverse problems as pathogenesis, general laboratory tech-
niques, bacterial physiology, epidemiology, therapy, and taxonomy.
Beginning with a review of those general principles of genetics
which are necessary for the understanding of bacterial genetics, the
text endeavours to furnish a general account of the present status
of bacterial genetics in a manner which, it is hoped, is elementary
enough for the beginning student and sufficiently comprehensive to
be of value for the research worker. But even though this book
was written with the needs of bacteriologists in mind, it is hoped
also that its contents will prove equally useful to students and re-
search workers in the general field of genetics. The latter may find
here not only a compilation of progress in an allied field but also
information that should be of value to basic genetic problems.

In presenting this outline of bacterial genetics no attempt has
been made to cover all the details of this rapidly expanding field
and the space alloted to the various problems has been determined
to a large extent by the apparent importance of the particular prob-
lem for general bacteriological questions. Thus the relatively ex-
tensive discussion of population changes should not be blamed on
the author’s preoccupation with such problems but on his convic-
tion that these problems must be thoroughly understood and rec-
ognized by anyone connected with studies on bacteria. Throughout
the book only representative examples of published data are cited
and consequently many equally valuable contributions to the sub-
ject had to be omitted both in the text and in the literature refer-
ences. In most instances, an effort has been made to cite those
literature references which in turn will guide the reader to older
publications.

I am greatly indebted to many colleagues and friends for their
assistance in the preparation of this book. Many of them have con-
tributed illustrations, including some previously unpublished ma-
terial. The names of these contributors are indicated in the figure
legends. I wish to express my collective thanks to them as well as
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to the various publishers who gave permission for reproducing pre-
viously published figures and tables. I am particularly indebted to
Drs. Emily Kelly, Edward Garber, Vernon Bryson and Mr. Leon-
ard Mika, who read the manuscript in its entirety, and to Drs.
Joshua Lederberg, Rollin Hotchkiss and Robert Austrian, who
read certain chapters of the manuscript. All of them contributed
valuable suggestions and editorial advice but, of course, they are
in no way responsible for any remaining errors or omissions. The
artistic skill of Mr. James Decker, who prepared all of the original
drawings, and the diligence of Mr. Austin Hoffman, who typed the
entire manuscript, were of invaluable help in the preparation of
the book. I also wish to express my sincere appreciation to the
staff of W. B. Saunders Co.; their interest and efficiency were of
great help at all times. Finally, it is a real pleasure to acknowledge
the interest of Dr. William Burrows without whose encouragement
this book probably would still be an idea in the author’s mind.

W.B.
Thurmont, Md.

July, 1953



Contents

Chapter 1
SOME GENERAL GENETIC PRINCIPLES ............... 1
The nature of hereditary characteristics ................ 2
Genotype and phenotype .. ....o.saasvissasossnns 2
The site and transmission of hereditary determinants . . ... .. 4
Chromosomes and genes ........................ 4
Chromosome numbers and mitosis ................. 5
MEIOBIS * 2 o s wiafurs wloi fow 575 1o e s 18 B a5 o s 0 4 7t 6
Polyploltdy = +uciiivaibrinmnncnarunnnssiorsnerys 9
Dominance ..............ceuiiiiiiiieanneanaan 9
Livkage Bid SERIEgution . . . o, is s swssmmmms sawews s 11
The stability of hereditary determinunts . ................ 12
IMUBRGION. .55 v o100 0 00 wioe om0 i 8 550708 331 S 51 st 12
MUBABENS - o oo mman s oo s 705w i 5 o iseis ) 2500 sias o1 513 14
Chromosomal ChENgeS ... consscosanassnnsspas 14
GONE ACHOM 5.5 5100 miin v o vv 0 wra srwvw i 41 wory Briisse 514ve s 5 0 8 Héte 15
Extra-nuclear determinants of hereditary characteristics . ... 20
Cytoplasmic inheritance in plants and Drosophila . . . .. 20
The killer characteristic of Paramecium ............ 21
Antigenic transformation in Paramecium . .......... 23
Cytoplasmic inheritance in yeast .................. 25
Interactions between nuclear and cytoplasmic elements . 25
Enzymatic adapl@tion. . . . . : <% s oscms o s s i sm g8 s 5 me s s 26
Population CRONGES. . s oo 55 5 - sis s om0 6 5s 5 05 o558 28
CONCIUSIONG, ., & 51 01 55 1w o 355 et i iomt i 1 i) 3751 2 5 liEhis 0, 31 3 29

Chapter 2
THE EVOLUTION OF BACTERIAL GENETICS ........... 32
BORPIBHOR .. o v svvns edavns o e in d Fhiamnnssone 33



viii CONTENTS

LHECYEILS oo svmunnronnoscaveasvsnpnstsinninss 35
Mutation and selection

Chapter 3

THE CYTOLOGICAL BASIS OF BACTERIAL GENETICS .. 38

NUCIEAT DOBIES .. 0 i s v inoieiemimoi sim e s 5 im e a0 5400 016 38
Intranuclear structures .................oovee.nnn 44
Reproductive mechanisms .......ccovcomevseennsns 46
Bacterial cytogenetics ................cc 00t 48
Chapter 4
MUTATION- - ok 5 st BB D e e o G et & 50 50815 49
Evidence for the occurrence of mutations in bacteria . . .. .. 50
Newcombe’s spreading experiment ................. 50
The fluctuation eS8t ........ccovueveonosaisobiossss 52
Lederberg’s indirect selection test ... ............... 55
Studies on the mutational origin of tryptophan-independ-
BIICE! oo i 5 s 3 i 0e it oy oot s ot ioin o 5 S - &1 Fin s ) o o 58
Generality of phenomenon ....................... 60
MUTALONFALES 101 4+ 5505757 & 5 REE T T 806 516 5o 6] 8 FRras 81 5 & 5 62
Methods for estimating mutation rates .............. 62
Mutation rate vs. mutant frequency ................ 66
Mufation gate: and.Cell dIVISION. s ;.. ws saiss s wwm ppss s 67
The cause of spontaneous mutations ............... 67
Chapter 5
MUTAGENIC AGENTS AND MUTAGENESIS ............ 69
Doape SHBEIE ..nvvinnsurst@nin. ixmessgnsosms sy 70
Lethal effects and mutation rates .................. 73
Determination of induced mutation rates ............ 73
PRENOHIIC A0 ;e v s s 5 ol v o s i 305 = ssia s sise & 73
Nuclear structures as sites of mutational changes ... ... 76
Mulational 188 ... sopppusmoarss gesne s aqionmys s 97
“Zero point” and “delayed” mutants ............... 79

Photoreactivation



CONTENTS iX

Chapter 6
REPRESENTATIVE TYPES OF MUTANTS. I ............. 81
Mutants resistant to inhibitory agents .................. 81
Streptomycin resistance ....... ................. 81
Penicillin resistance .......... LIy S 82
Isolation of antibiotic-resistant mutants ............. 83
Cross resistance and collateral sensitivity ............ 85
Non-mutational increases in antibiotic resistance .. ... 87
Antibiotic resistance in relation to therapy ........... 87
Radiation resistance ..................iutin.... 88
BIOCRETICAL MULANLS . o oorsos 5o ssovs s imrerts s g Biien iy sars s s 90
AUXOTROPHIC MUTANTS' & o v eov s o mirie a0 sohorn o mim oé o @ s 90

Isolation Procedires ... .. .:scrensssvsssenns’ e 91

Assaying growth requirements .................... 94
Polyauxotrophic strains ......................... 95
Reverse MUtations / . ..o o5 ssdbmie ol somns s & S 95
Blocking of biosynthetic steps and syntrophism ....... 97
Interactions between different biosynthetic pathways ... 98
Some applications of auxotrophic mutants ........... 99
FERMENTATION MUTANTS o 5ues o wns s s ioanis sowmnss 100
PIGMENTATION MUTANTS .........c0tvvnenneenannn.s 103
Chapter 7
REPRESENTATIVE TYPES OF MUTANTS. II. ............ 104
Mutations affecting colonial morpholegy ................ 104
IDELECHON: . oion & wis Bimsrcmieim s 5 6 515 58 ity o o mrese ... 104
Colony QPES .« cxnvens sawsih pvens st s padanssons 107
The significance of changes in colonial morphology . ... 108
Colonial morphology as indicator of changes in resist-
ance and growth-requirements ................. 109
Environmental effects upon colonial morphology . ... .. 112
ATGENIC MULANTS o 5 o5 v vonwom s 8105 8 5% 585 oo wice 85518 75 0o o 114
PAITEIIE WPER .+ 5 ¢ 5owvmns 5 v forn 5 S o 58 F 000 9 3 114
The cause of antigenic changes .................... 115
Phenotypic modifications ....:ssisevssossusnnsion 115
Variation in antigenic complexes .................. 116
Phase variation in Salmonella ..................... 117
Simple indicators of antigenic changes .............. 118
REVETSIONS 1.6 < +.cjwis s 5 505908 55 5) ams siwierml 30 SSFRTREEIE ) Spsises ity 12



X CONTENTS

Mutants with altered virulence . .......................
Inherent properties affecting virulence ..............
Associated changes .................. ...l

Some genetic problems common to colonial, antigenic and

virulence mutants
Mutation TateS .. .........ecqcmascnacssosnoseas
Nuclear or cytoplasmic factors ....................

Antigenicity and virulence of auxotrophic mutants . ... |

Independent and associated changes in colonial, antigenic,
virulence and other characteristics ................

Chapter 8

POPULATION CHANGES DUE TO MUTATION AND SE-
LEGTIONR. 1 suinsssvnsnsnanssstneiasnnhs fonges newans

PorupATION CHANGES DURING GROWTH UNDER RELATIVELY
CONSTANT ENVIRONMENTAL CONDITIONS .............
Population equilibria between mutants of equal growth

THIE! o b voeic e A0S btim o 5y S Bl 5138 i 8 204 3
“Periodic, selection” .. ..:isswsssressssasitns: duge
POPULATION CHANGES IN THE ABSENCE OF CONSTANT ENVIRON-
MENTAL CONDITIONS ... i\tiiteit e iie e annnens
Absolutely selective conditions
Relatively selective conditions . .......................
POPULATION CHANGES ON SOLID MEDIA ...........
POPULATION CHANGES IN LIQUID MEDIA . ..............
Typical growth cycle ...........................
Populstion pressure ... .. cssovionsssasnestoss
Factors influencing rate of population changes ........

The role of metabolites in population changes ........
Apparent cycles and reverse population changes . .. ...
The effect of the source of N upon population changes . .
Additional correlations between metabolite accumulation

and population chanpes ,.....osssciossssssnsns

Other environmental agents affecting population changes
Correlations between population changes and inherent
differences in metabolism ......................
Interactions between mutants in mixed populations . . . .
Population changes involving inhibitory effects produced

by the parent type upon mutant cells .............
Determination of the selective value of a mutant

138

139

139
141

144
144
145

. 145

148
148

.. 149

150
151
154
155

156
158

159
159



CONTENTS xi

Chapter 9

POPULATION- CHANGES DUE TO MUTATION AND SE-

LECTION. IX - cso500 5 56 000 5 i Soponit mimmiogssisl il i insoirn 55 gt 165
Population changes IN VIVO ............. R, A 165
Examples of population changes IN vivo ............ 165
The nature of selective host factors ............. N .57

The effect of amino acids upon population changes IN
WVIVO!E J2ifis o o abh @ DAl dh e T 0k & o b 5w e s 168

Muration and selection in relauan to some problems of bac-
teriological technique . ......... .............c..... 170
Maintenance of bacterial stock cultures ..... .. ...... 170
Preparation of inocula .......................... 172
Problems arising during cultural growth ............ 173
Prisiary BOBHONE . ..scn:icsnnniinvasnnunsidin. 174

Chapter 10

POPULATION CHANGES THAT ARE NOT DUE TO MUTA-
TION AND SELECTION . ... . ... .. . i 176
Modifications . .. .... . . . ... ... 176
Enzymatic adaptation . ............... e 178
Manifestations and detection . . .................. 178
Genetic control of enzymatic adaptanon ............ 179
Simultaneous adaptation ........................ 180
Kinetics of enzymatic adopiation .. .....co05raspuns 181

Chapter 11

RECOMBINATION IN BACTERIA ..................... 184
Mechanism of crossing-over in higher organisms ......... 184
Recombination in E. coli, K-12 ... ............ .. 186
I'rue recombination versus transformation .. ... ..... 191
Mechanism of bacterial recombination . ............ 192

Prevalence of recombination among different bacteria .. 194
Problems tlrat require recombination tor testing ... ... 194



Xii CONTENTS
Chapter 12

BACTERIAL TRANSFORMATION AND TRANSDUCTION . 197

Transformation . ...............oiuiueneeennnnennn. 197
Definition of transformation ...................... 197
Transformation of pneumococcal capsular types ...... 198
Pneumococcal transformations involving intermediate

Capsular AYPES. vz s dun oo liiiigs sods LBl e B o 400 201
Transformation reactions involving protein specificity,

drug resistance and colonial morphology .......... 204
Cellular competence and environmental conditions re-

quired for transfermMation. .. vod. va sl i e e 207
Time required for action of DNA ................. 210

Mechanism of bacterial transformation . . ................ 211

Transduction in Salmonella .......................... 212

General importance to other problems .................. 215

Chapter 13

BACTERIAL GENETICS IN RELATION TO GENERAL BAC-

TERIOLOGICAL PROBLEMS .. ... ciinacusassnsssins 216
Metabolism ..........0 e 216
Pathogenesis and epidemiology ................... 218
TAXONOMIY. 55 31562 s = mivsin ot i beie 8 sy i o 223
Evolution .........ciiiiii e 225



CHAPTER 1

Some General Genetic Principles

Moxe THAN FIFTY YEARS OF GENETIC RESEARCH ON HIGHER
organisms have demonstrated that, except for minor peculiarities
in some species, the basic principles of genetics, the science of
heredity, apply equally to all animals and plants. Information ob-
tained in experimental work with the fruit fly, Drosophila, or with
corn, therefore, can be and has been applied, often with immense
economic gain, to such diverse problems as improvement of crops
and livestock, increased penicillin yields, the discovery and under-
standing of the Rh factor, and the determination of disputed
paternity. In recent years the area of applicability of general genetic
principles has been broadened by the demonstration that the gen-
eral mechanisms of inheritance in unicellular organisms, including
bacteria, do not differ significantly from those established for higher
organisms. Even though in most cases reproductive mechanisms
appear to be less complex in bacteria than in higher organisms, all
the available evidence indicates that the determinants of hereditary
characteristics, their nature, sites, transmission, stability and the
manner in which they control the processes leading to the actual
development of the detectable characteristics, are similar in bacteria
and in higher organisms. During its rapid development the field of
bacterial genetics, therefore, was able to draw on the vast amount
of existent general genetic information, the type of information
which will be reviewed briefly in the following paragraphs.

! This introductory survey is intended to acquaint the reader with genetic
terminology and those basic genetic principles that are of interest to bac-
terial genetics. Within the confines of this survey it is impossible to do
full justice to the wealth of data accumulated in genetic studies with higher
organisms. For a more detailed account the reader is referred to one of the
many textbooks of genetics. For example: Sinnot, E. W., Dunn, L. C., and
Dobzhansky, Th., Principles of Genetics, McGraw-Hill Book Co., 1950;
Srb, A. M. and Owen, R. D., General Genetics, W. H. Freeman &.Co.,

San Francisco, 1952; Dunn, L. C. (Editor), Genetics in the 20th Century,
The Macmillan Co., New York, 1951.

1



2 BACTERIAL GENETICS

THE NATURE OF HEREDITARY CHARACTERISTICS
Genotype and phenotype

The old saying “like begets like” expresses the well-known fact
that offspring or progeny usually mirror the general characteristics
of their parents. This applies not only to higher organisms, where
sexual processes are the rule rather than the exception, but also to
asexually reproducing organisms. Hereditary traits thus are trans-
mitted from generation to generation, and the manner in which they
are transmitted has been the subject of intense experimental re-
search, starting with the ingenious experiments on peas conducted
by the Austrian monk, Gregor Mendel, in the 1860’s. These studies,
initially unnoticed, were independently rediscovered and extended
by DeVries, Correns and Tschermak in 1900 and since then re-
search has continued on various animals and plants in laboratories
throughout the world. These extensive investigations on the prin-
ciples of heredity and variation have demonstrated that what is
transmitted from generation to generation is a set of determinants
of as yet ill-defined chemical nature, controlling the reaction range
of an individual or a cell. The sum total of these heritable de-
terminants is called the genotype. Everyday experience shows us
that despite similarity in genotype, as, for example, in identical twins
or a group of purebred plants maintained under different environ-
mental conditions, considerable differences may exist in appear-
ance, i.e., the manner in which the inherited traits express them-
selves under the influence of the environment. What is inherited
therefore is an ability to react in a specific way to specific environ-
mental conditions. The sum total of the realized characteristics, in
other words, the appearance of morphological characteristics as
well as the manifestation of physiological processes in individuals,
is called the phenotype. Phenotypic differences between organisms
of similar genotype are referred to as modifications. Thus the inter-
action between hereditary determinants and environmental in-
fluences may cause divergent phenotypes despite the presence of
identical genotypes; however, the genotype controls the potential
range of such phenotypic differences. To choose a simple illustra-
tion let us consider the skin pigmentation of whites and Negroes.
This difference in pigmentation is controlled by hereditary deter-
minants (genotypic differences) yet the actual skin color will greatly
depend on the extent of the individual’s exposure to sunlight (pheno-
typic differences). With prolonged exposure to sunlight, the skin of
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whites may become as dark as that of Negroes who have not been
similarly exposed; yet after equally intense exposure the latter would
manifest a far darker skin pigmentation than that ever possible
for a white person (Fig. 1).

The foregoing example illustrates not only the potential plasticity
existing in each organism or cell, but it also demonstrates that under
certain environmental conditions the phenotypic expression of one
genotype (the sum of inherited determinants) may be identical to
that of an entirely different genotype. Such a phenomenon has been
termed phenocopy.

PHENOTYPE *

TR

Fig. 1. Sketch illustrating the difference between phenotype and genotype
(see text for a description of this example).

Even though environmental effects are capable of modifying the
phenotype, as a rule such modifications persist only in the presence
of the specific environmental condition and will not be transmitted
to and inherited by the offspring. Cutting off the tails of mice for
many generations does not reduce the length of tails in the progeny;
neither does the exposure of flagellated bacteria to phenol, inter-
fering with the development of flagella, cause the disappearance of
flagella in the progeny when the latter are grown in phenol-free
media. These and many other experimental studies have led to the
conclusion that acquired characteristics probably are never in-
herited. This does not mean that the genotype remains entirely
unaffected by the environment. As will be discussed subsequently,
changes in the genotype occur occasionally in all organisms, and
certain environmental agents are capable of enhancing the rate of
such changes. In addition, the environment plays a most important
role in promoting the selective survival of individuals with heredi-
tary determinants that control characteristics best adapted to the
existing environmental conditions.

It is now well established that practically all characteristics, both
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morphologic and physiologic, are under the direct or indirect con-
trol of hereditary determinants. In general, it is not the trait itself
which is inherited, rather it is the potential to develop the particular
trait under proper environmental conditions that is transmitted
from generation to generation. Thus learning is not inherited, but
the ability to learn is; cancer is not inherited but the tendency to
develop certain types of cancer appears to be a hereditary trait. In
the final analysis all hereditary characteristics are probably the end
products of biochemical processes. This applies equally to physio-
logical characteristics, morphological characteristics, and even to
the ability to learn which depends on the development of the brain
cells, a process involving an as yet unknown series of complex bio-
synthetic interactions. Therefore, the hereditary determinants may
be said to control in a specific manner biosynthetic reactions and
the biochemical activities of an organism. We shall discuss such
mechanisms of control in more detail after a brief inquiry into the
site of the hereditary determinants and their transmission.

THE SITE AND TRANSMISSION OF HEREDITARY DETERMINANTS

Chromosomes and genes

Most hereditary determinants are transmitted from generation to
generation via nuclear components. Within the nucleus of cells there
exist microscopically visible structures, usually filamentous in ap-
pearance, which are most easily observed when the nucleus is in the
process of dividing. Due to their capacity to take up basic dyes
these structures are called chromosomes. Chromosomes consist of
nucleoproteins, i.e., proteins plus desoxyribose nucleic acid (DNA),
and exhaustive experimental evidence has established that they are
the carriers of factors or chemical complexes that control the in-
herited traits. These factors within the chromosomes are called
genes; they are believed to represent macromolecules which are
arranged in a linear fashion. While chromosomes are easily visible,
the genes, or what is believed to be their site, have been only ap-
proximately localized. For example, the chromosomes of the sali-
vary glands of insects are exceptionally large and, when stained with
basic dyes, display a substructure consisting of bands with varying
affinities for the stain. Certain alterations in hereditary traits have
been found to be associated with changes in this visible substruc-
ture of salivary gland chromosomes (see also p. 14 and p. 186).
These observations are merely one example of the correlation of
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cytological observations with the manifestations of genetically con-
trolled processes, a correlation which has been of immense value
in modern genetic research.

Chromosome numbers and mitosis

It was stressed above that as a rule the genotype, or the sum
total of hereditary determinants, remains constant from generation
to generation, as well as from cell to cell. Since the chromosomes
have been recognized as the carriers of these determinants it must
be expected that a mechanism exists whereby each cell receives
from its parent cell a similar complement of chromosomal, and thus
genic, material. Cytological observations have proven that this is
the case, and that the manner in which chromosomes are distributed

CELL WALL
e — m———

- ~.

PROPHASE METAPHASE ANAPHASE

Fig. 2. Diagram of several stages of mitosis. Each cell in above sketch is
diploid having 2 pairs of chromosomes. The dark dot on each chromosome,
also shown in Figs. 3 and 57, indicates the centromere, a fixed structure
which appears directly concerned with the movements of the chromosomes
" during division, leading the way on the spindle towards the poles.

from generation to generation, as well as from cell to cell, parallels
the manner in which hereditary traits are transmitted. First of all
it has been demonstrated that within a given species each nucleus
contains a constant and characteristic number of chromosomes.
For example, man has 24 pairs in each nucleus, Drosophila melano-
gaster 4 pairs, and certain roundworms have 1 pair. Considerable
differences in size and shape are often seen between each pair of
chromosomes (Fig. 3), but it is typical for sexually reproducing or-
ganisms that each chromosome is matched by a partner, or homolo-
gous chromosome, identical in size and shape and usually similar
in its genic complement. Cells with pairs of chromosomes are called
diploid cells. One member of each pair originates from the mother,
the other from the father. During ordinary cell division equal shares
of each chromosome are distributed to the daughter cells in a
process known as mitosis. Figure 2 illustrates various stages of this



