Cell Wall-Deficient Bacteria
Basic Principles and Clinical Significanee

Gerald J. Domingue, Editor



Cell Wall-Deficient Bacteria
Basic Principles and Clinical Significance

Gerald J. Domingue, Editor

Tulane University School of Medicine
New Orleans, Louisiana

A
vy
1982

ADDISON-WESLEY PUBLISHING COMPANY
Advanced Book Program/World Science Division
Reading, Massachusetts

London - Amsterdam - Don Mills, Ontario - Sydney - Tokyo



This book was prepared in camera-ready form by the Editor on an IBM composer, model
5218.

Library of Congress Cataloging in Publication Date
Main entry under title:
Cell wall-deficient bacteria.

Bibliography: p.
Includes index.
1. Bacterial diseases. 2. L-form bacteria.
1. Domingue, Gerald J.[DNLM: 1. Bacteria—Pathogenic-
ity. QZ 65 C393]
RCI115.C4 616’.014 82-3970
ISBN 0-201-16162-9 AACR2

Copyright © 1982 by Addison-Wesley Publishing Company, Inc.
Published simultaneously in Canada.

All rights reserved. No part of this publication may be reproduced, stored in a retrieval
system, or transmitted, in any form or by any means, electronic, mechanical, photo-
copying, recording, o otherwise, without the prior written permission of the publisher,
Addison-Wesley Publishing Company, Inc., Advanced Book Program/World Science
Division, Reading Massachusetts 01867, U.S.A.

Manufactured in the United States of America

ABCDEFGHIJ-HA-898765432



Cell Wall-Deficient Bacteria
Basic Principles and Clinical Significance



CONTRIBUTORS

CAROLYN L. BARTH, Department of Pathology, Henry Ford Hospital, Detroit, Michigan

BLAINE L. BEAMAN, Department of Medical Microbiology, University of California
School of Medicine, Davis, California

ALAN R. CANTWELL, JR., Department of Dermatology, Southern California Permanente
Medical Group. Los Angeles, California

GERALD J. DOMINGUE, Department of Urology and Department of Microbiology and
Immunology, Tulane University School of Medicine, New Orleans, Louisiana

RICHARD W. GILPIN, Department of Microbiology, The Medical College of Pennsylvania
and Hospital, Philadelphia, Pennsylvania

JAMES C. GRAY, Department of Biological Sciences, Wayne State University, Detroit,
Michigan

PAUL M. HEIDGER, JR., Department of Anatomy, University of lowa School of
Medicine, lowa City, lowa

PHILIP C. HESSBURG, Detroit Ingtitute of Ophthalmology, Grosse Pointe, Michigan

MEHNGA S. JUDGE, College of Medicine, Wayne State University, Detroit, Michigan

GYTA KAGAN, Gamaleya Institue oi Epidemiology and Microbiology, Academy of
Medical Sciences, Moscow, Russia

WILLIAM J. LARSEN, Department of Anatomy, University of Cincinnati School of
Medicine, Cincinnati, Ohio

JOHN W. LAWSON, Department of Microbiology.-Clemson University, Clemson. South
Carolina

RAYMOND J. LYNN, Department of Microbiology, The University of South Dakota
School of Medicine, Vermillion, South Dakota

LIDA H. MATTMAN, Department of Biological Sciences, Wayne State University, Detroit,
Michigan

PAUL D. MITCHELL, Section of Clinical Microbiology, Marshfield Clinic, St. Joseph's
Hospital, Marshfield, Wisconsin

EDWARD A. MOSCOV!C, Medizinische Hochschule Hannover, Hannover, West Germany

KEVIN PARENT, Section of Gastroenterology, Marshfield Clinic, St. Joseph's Hospital,
Marshfield, Wisconsin

SUZANNE K. PATTERSON, Merck, Sharp and Dohme Research Laboratories, West
Point, Pennsylvania

JANINE SCHMITT-SLOMSKA, Institut National de la Sant€’ et de la Recherche Médicale
U. 65, Universite de Montpellier |, Faculte de Médecine, Nimes, France

PAUL F. SMITH, Department of Microbiology, The University of South Dakota School of
Medicine, Vermillion, South Dakota

T. WOODIE SMITH, JR., Department of Biological Sciences, Gulf Coast Community
College, Panama City, Florida ’

SATRICK D. WALKER, Department of Pathology, Tulane University School of Medicine,
New Orleans, Louisiana

HANNAH B. WOODY, Department of Pediatrics, Tulane University School of Medicine,
New Orleans, Louisiana

DAVID WRAY, Laboratory of Oral Medicine, National Institute of Dental Research,
National Institute of Health, Bethesda, Marylard



PREFACE

There is a considerable body of experimental and clinical evidence—much
of which has never been published—supporting the concept that cell wall-
deficient bacteria (CWDB) may be agents of disease. Although the
pathogenic potential of CWDB for humans and laboratory animals has been
the subject of journal reports, the results of many of these findings have
been inconclusive, sometimes contradictory, and often clouded with con-
troversy. Frequently, these .aberrant bacteria have been regarded as
laboratory curiosities of littie or no clinical significance. This book dispels
that myth by providing up-to-date experimental and clinical data which
describe and amplify the processes of cryptic parasitization with CWDB.
These data demonstrate that CWDB can be isolated from the tissues and
body fluids of patients when ordinary- bacterial culture of the same
specimens yield negative results. Herein, the central thesis is that cryptic
parasitization with CWDB is an important bacteriologic entity often
overiooked in clinical medicine. Most written accounts on the subject have
dealt with the fundamental microbiology of CWDB. Although the expertly
edited volume by Dr. Lucien Guze in 1968, the monograph by Dr. Lida
Mattman in 1974, and the proceedings of a conference in Montpellier, France
in 1976 edited by Dr. Jacques Roux, called attentioh to the possible
relevance of CWDB in medicine, there are no current books whose primary
focus is on the clinical significance of these unusual bacteria.

It is generally agreed among scientists that CWDB are extraordinarily in-
triguing and interesting tools for biolcgical study, yet the most neglected
research area has been on the role of these organisms in disease and par-
ticularly in host-parasite interactions. This book meshes fundamental data

ix
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with clinical relevance. For some diseases described, it has been clearly
established that CWDB can be induced within a suitable host; they can sur-
vive and persist in a latent state within the host; and they can induce
pathologic responses compatible with disease. The observations delineated
in this book regarding the roles of CWDB in experimental infections provide
some understanding of the mechanisms of both latency and chronicity
which typify certain infections.

This book does not purport to show that all definitive answers have been ob-
tained to the questions about the role of CWDB in disease. Quite the con-
trary, the purpose here is to call timely attention to this neglected area in
medicine so that others will want to explore this exciting and provocative
subject. It is hoped that much of the information presented in this volume
will convince the reader of the worthiness of continuing to search. for a
buried bacterial genome as a cause of persisting infection and disease in
certain patients. The intent has been to try to make a field which has tradi-
tionally been very murky for the clinician much clearer. In this way, it is
hoped that it will be possible to make more worthwhile clinical and
laboratory observations and interpretations which, finally, will encourage
and facilitate additional research.

| proudly salute all contributors and thank each one for their willingness to
participate as authors. | am most grateful to my technical assistant, Mrs.
Kamma Pontoppidan, for her competence and for her help in compiling data.
To the following research technicians who have been a part of my research
program, | express my sincere appreciation: Gail Fernandez, Carole
Richtmyer, Sunita Prabhu, Lisa Matthews, Trudy Crow Oswald, Dwight
Hardy, Debbie Duckworth, Celia Stokes, Pearl Gervais and Kathy Fabricant.
To my former students, Drs. Mary Green, James Mclaughlin, Reutai
Sakulramrung, Rudolf Bruppacher, Ali Salhi and to post doctoral fellows,
Drs. Gary Frentz, Bruce Turner, Keith Lloyd, Andy Daniels, Bertholdt Ponig,
Michel Auger, Alfred Colfry, Leo Lowentritt and Karolyn Hardaway who par-
ticipated as collaborators in various phases of my research activities, | ex-
press my sincere thanks. | am most grateful to the foliowing facuity
associates for their assistance and advice: Drs. Jorgen Schlegel, Hannah
Woody, Norman Woody, Paul Heidger, Jr., Melanie Ehrlich, James Roberts,
Blackwell Evans, Gary Frentz, Ronald Lewis and Richard Harrison. Special
thanks go to my many clinical colleagues -at Tulane University Medical
Center, and Ochsner Foundation, Methodist, SoL.nern Baptist and Jo Ellen
Smith Hospitals in New Orieans.

My secretary, Mrs. Lois Deshotel, deserves special accolades for meticulous
and expert typing of the manuscripts. To James Culbert goes my deepest
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thanks for his loyal and unselfish help in this and many other endeavors.
Lastly, | thank my dear wife, Kathryn Colbert-Domingue for her capable and
careful assistance in proof-reading and especially for her advice, her pa-
tience and her understanding during the writing and editing of this book.

Gerald J. Domingue
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PART I: BASIC PRINCIPLES

Chapter 1
BASIC BIOLOGY OF CELL WALL-DEFICIENT BACTERIA

Suzanne K. Patterson and Richard W. Gilpin

NOMENCLATURE

Historical

The origin of studies on cell wall-deficient bacteria (CWDB)
is closely tied to the earlier discovery and research with
Mycoplasmas' (formerly known as pleuropneumonia-like orga-
nisms - PPLO). The first report on isolation of an L-form
in 1935 was by Klieneberger-Nobel (60), who found an or-
ganism which had a colony morphology similar to PPLO bac-
teria. This organism was first considered to be a PPLO.
Dienes (21) and Van Rooyen (131) soon found that this
culture was actually derived from a Gram positive bacteri-
um, Streptobacillus moniliformis. Once the bacterial par-
entage was established, Klieneberger-Nobel described this
culture with atypical colony morphology as a stable colony
form which did not revert to the usual parent bacterium
colony. She named these bacteria "L-forms" after the
Lister Institute where she worked.

Current

The difficulties in sorting out the terminology applied to
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2 Basic Biology of CWDB

L-forms and associated CWDB can be traced to their
morphological similarities with Mycoplasma. As research
with L-forms increased, so did the number of terms in the
literature. Certain terms or designations have been applied
to both L-forms and Mycoplasma. For example, "L" was
originally used to designate Mycoplasma strains studied by
Kleineberger-Nobel. Mycoplasma and L-forms were consi-
dered to be '"filterable", meaning that they could pass
through filters with pore sizes that usually retained bac-
teria but not viruses. Both entities often grow with a
characteristic "fried-egg" colony morphology on agar medi-
um. Light microscopy and electron microscopy show that
L-forms and Mycoplasma also have similar morphologies.

The terms, "elementary bodies" (0.1-0.3 um dia-
~meter) and "large bodies" (5-50 pm diameter) have been
used to describe morphological units found in both. Some
other terms used in the literature in reference to L-forms
are: "L-phase","L-phase variant", and "L-variant". In
addition, some authors have used the morphologically de-
scriptive terms, "spheroplast" or "protoplast" to describe
L-forms.

It is important to be aware of these terms and how
they are defined. Clearly, it would be helpful to establish
uniform terminology. In the monograph, Cell Wall-Deficient
Forms (88), Mattman put together some definitions of the
various terms used for L-forms and other morphologically
related bacteria. We suggest that the terminology should
be simplified to reflect the original definitions. Some of the
terms put forth by investigators are listed below. Those
that we feel should be retained are marked with an aster-
isk.

*CELL WALL-DEFICIENT BACTERIA: Bacteria which have
lost all or part of their cell wall. This term is broadly
inclusive (88). ELEMENTARY BODY: Very small morphologi-
cal units found in L-form cultures; considered by some to
be the smallest reproductive wunit (22). FILTERABLE
FORMS: Bacteria which can pass through a filter with a
pore size of 0.20 uym or less and remain viable; may apply
to L-forms and Mycoplasma (21,25,61,62,84). G-FORMS:
Granular colcnies associated with some antibiotic-induced
cell wall-deficient bacteria. They revert to the parent
bacterium colony morphology when antibiotic is removed and
are thought to be an intermediate stage in the development
of L-forms (145). *INDUCTION: A process by which a
parent bacterium undergoes partial or complete loss of cell
wall material by in vitro manipulation of the environment or
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metabolism of the parent organism, resulting in an L-form
(107). *L-FORM: Derived from bacteria; having no rigid
cell wall; able to reproduce; not able to revert to the
parent bacterium: a colony morphology on solid medium
described as "fried-egg" (23,54,62,63,91,99,135,137).
¥*L-FORM COLONY: Colony formed by an L-form on solid
medium. A "fried-egg" colony with a dense center that
penetrates the agar, surrounded by growth that spreads
over the agar surface (21). L-PHASE: Term proposed to
replace L-form (29). L-PHASE VARIANT: Term proposed
to replace L-form (29,88). LARGE BODY: Large morpho-
logical unit (up to 50 um) found in L-form cultures;
considered by some to play a role in L-form reproduction
(23). *PROTOPLAST: Bacteria with no demonstrable cell
wall. . Most authors include in this definition the inability to
reproduce (7,32,59,67,70,85,90,134,137). *REVERSION:
Return of a cell wall-deficient form to the morphology of the
parent bacterium with formation of a cell wall (21,25).
*SPHEROPLAST: Bacteria which retain some cell wall compo-
nents. Usually not considered able to reproduce (:,39,70,
85,90,127). TRANSITIONAL FORM: Bacteria whiz» have
the properties of an L-form but are capable of revei:ing to
the parent bacterial form. Unstable L-form and L-phase
variant have been used to describe transitional forms (56,
57,58,135,137).

Recommendations

In light of the confusion in terminology, the use of more
than one term to describe the same thing seems coun-
ter-productive. For instance, the term "L-phase wvariant"
instead of "L-form" does not provide any additional infor-
mation. A return to some of the original terms is strongly
endorsed as a logical approach to keeping terminology uni-
form and readily understandable. This is not a new idea.
In 1958 Lederberg and St. Clair (74) stated that "The time
is perhaps nearly ripe for a notation that better reflects
our concepts of these (L-form) structures."

We recommend that only the terms CELL
WALL-DEFICIENT BACTERIA, INDUCTION, L-FORM,
L-FORM COLONY, PROTOPLAST, REVERSION, and
SPHEROPLAST be retained. The terms SPHEROPLAST and
PROTOPLAST would be wused most appropriately as
descriptions of cell morphology seen by electron microscopy.
No cell wall is observed in protoplasts, but some observable
cell wall is present on spheroplasts.
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ULTRASTRUCTURE

When considering L-form morphology it is helpful to be
familiar with the morphology of classical, cell wall-
containing bacteria; morphological entities such as sphero-
plasts. and protoplasts that resemble L-forms; and members
of the class Mollicutes such as Mycoplasma. Light and
electron microscopy are used to observe the structure of
individual L-forms.

Ultrastructure of Classical Bacteria

L-forms can be induced from both Gram negative and Gram
positive bacteria. It is easier to induce them from Gram
positive bacteria, however. This may -be related to the
structural differences between the cell walls of Gram posi-
tive (Fig. 1) and -negative bacteria (Fig. 2). Gram positive
bacteria have a trilaminar (18) cell wall composed of a
thick (15-50 nm) peptidoglycan matrix containing other

Fig. 1 Structure of a Gram positive bacterium (Strepto-
coccus mutans) in thin section. The thick tri-
laminar cell wall can be seen external to the elec-
tronlucent cytoplasmic membrane. Magnification:
104,000 X. Courtesy of John J. Bozzola, Ph.D.

macromolecules such as teichoic acid and lipoteichoic acid.
Gram negative bacteria have a more complex cell wall. The
peptidoglycan is thinner (1-3 nm) and is not easily visuali-
zed by electron microscopy. An outer cell wall iiembrane
containing lipopolysaccharide; is anchored to the peptido-
glycan by lipoprotein. Other proteins, carbohydrates and
lipids are also associated- with cell walls of both Gram
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positive and -negative bacteria.

Fig. 2 Structure of a Gram negative bacterium (Legionella
pneumophila) in thin section. The wavy cell wall
outer membrane can be seen external to the cyto-
plasmic membrane. Magnification: 11,000 X. Cour-
tesy of John J. Bozzola, Ph.D.

L-form Induction -

The construction of the Gram positive cell wall facilitates its
removal by in vitro techniques. This may result. in the
induction of L-forms under the appropriate conditions.
This has been demonstrated with Bacillus species (33,71) c.
botulinum (9), M. lysodeikticus ,(115), sS. aureus (133),
Streptobacillus (107), and Streptscoccus species (44). The
induction methods often include treatment with cell wall lytic
enzymes such--as lysozyme (134) or antibiotics such as
penicillin (129), that affect cell wall synthesis. Usually,
protoplasts produced by these procedures do not retain the
ability to replicate as L-forms.

Because Gram negative bacteria have a more
complex cell wall organization, subjecting them to simil¥r
enzymatic and/or antibiotic induction pressures often gives
rise to spheroplasts which retain some vestages of the cell
wall. ' N. meningitidis and N. gonorrhoeae L-forms have

been produced by penicillin treatment (111). L-forms have .
also been induced from E. coli (125), Haemophilus (73}, R..

mirabilis (23), and Salmonella (66, 117). Some well docu-
mented L-forms are listed in Table 1. This is not intended
to be a eomplete tabulatmn.
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Table 1. L-forms Reported in the Literature

Parent Bacterium Strain Designation Reference
Bacillus licheniformis S1f (33,142)
Bacillus subtilis Sal-1, Sig-1 (39,146)
Escherichia coli Ecl (27)
Neisseria meningitidis (112)
Nocardia caviae (2)
Proteus (93,138)
Staphylococcus aureus 209 PL (28)
Streptococcus faecalis (GK) T53,T531 (94,95)
Streptococcus faecium F24 (43,59)
Streptococcus pyogenes AED, Type 12 (99,102,
104,121,
144)

It is not easy to determine whether an L-form has
been induced by these procedures. Protoplasts or sphero-
plasts may lyse, revert to classical bacteria, or become
L-forms. Spheroplasts and/or L-forms of E. coli described
by Gumpert and Taubenek (46) grew as L-forms on medium
supplemented with penicillin but reverted when penicillin
was removed. This is typical of many recently induced
L-forms. It has been proposed that a mutational event may
be necessary to produce an L-form which does not revert
(69,74,86). Hoyer and King have shown an actual loss of
genome in a streptococcal L-form (50), which lends further
support to this theory.

L-form Ultrastructure

It is difficult to distinguish between various cell
wall-deficient bacteria, including Mycoplasma, by light or
electron microscopy. Typical findings are presented in
order to illustrate this point.

Light Microscopy

L-forms can be observed by light microscopy of stained
L-forms and colonies and by phase contrast microscopy of
wet mounts. Most light microscopy of stained L- forms has
been done with colonies on solid medium. Dienes (21)
developed a staining technique using Methylene and Azure
blue to stain L-form colonies on agar blocks after they were
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placed on a glass slide and sealed under a coverslip.
Colonies can also be stained in situ without cutting out agar
blocks (119), as shown in Fig. 3.

Fig. 3 Dark center and light edge of a S. aureus L-form
colony on agar medium stained in situ with the
Dienes stain. Approximate magnification 215 X.

An acridine orange method has also been used to
stain L-form colonies and individual L-forms in broth cul-
tures (89). A fluorescent microscope is needed for this
procedure, however. Clive amd Landman (16) used methy-
lene blue and safranin to differentiate Gram positive bacte-
ria from L-form colonies on membrane filters. L-forms are
uniform!y Gram negative and have no cell wall. Therefore,
Gram stained smears show a pi~k background of cellular
debris with no discernable structures.

Oil immersion, phase contrast microscopy is the best
way to observe viable L-forms. The following figures com-



