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Perspective

100 years of virology: from vitalism
via molecular biology to genetic

since the famous Dutch

microbiologist  Beijerinck
published his paper on the
cause of tobacco mosaic'™. In
it, he described the agent as a
‘contagium vivum  fluidum’,
contrary to the current theory
at the time concerning the
corpuscular (cellular) nature
of the causes of infectious
diseases. This paper marked
the beginning of a far-reaching
change in thinking in micro-
biology and led eventually to
the development of virology, a
new discipline distinct from
the study of microorganisms.

It 1s now just over 100 years

Contagious disease
Contagious diseases of plants,

engineering
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The identification of the causative agent of
tobacco mosaic disease as a novel
pathogen by the Dutch microbiologist
Beijerinck is now acknowledged as being
the foundation of virology as a discipline
distinct from bacteriology. However, as
this was contrary to the prevailing theories
of the time, it took many years for
virology to become firmly established as a
separate discipline. The history of virology
illustrates how accepted concepts in
science evolve by trial and error and the
need for a balanced approach when
manipulating natural systems.
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Koch’s successful in vitro
cultivation of bacteria such
as Bacillus anthracis (1876;
Ref. 7), Mycobacterium tu-
berculosis (1882) and Vibrio
cholerae (1883) stimulated the
search for microorganisms. The
development of solid media in
1880 was of great help in mak-
ing pure cultures, and such
successes soon led to the estab-
lishment of the Institut Pasteur
in Paris (in 1888) and the Insti-
tut fir Infektionkrankheiten
in Berlin (in 1891), further
promoting this new scientific
field. However, Koch’s suc-
cessful methods became a per-
vasive theory known as Koch’s
Postulates, and bacteriology
began to dominate the study

animals and man himself have

been long-standing puzzles in biology, and were
originally ascribed to supernatural forces. Initially,
microorganisms found to be associated with disease
were considered to be a result of disease, rather than
its cause. Life was thought to arise spontaneously
(spontaneous generation) and was claimed to be
more than mere physicochemistry (the concept of
vitalism). However, by the middle of the 19th cen-
tury, ideas had started to change. In agriculture,
Albrecht Thaer’s humus theory was replaced by
Justus von Liebig’s revolutionary theory concerning
remineralization of organic matter and the central
role of mineral elements in plant nutrition®. Agricul-
tural chemistry boosted agricultural production and
stimulated agricultural research. Louis Pasteur, when
studying fermentation in 1860, demonstrated that
‘life’ does not originate spontaneously but develops
from ‘germs’®. In 1876, Robert Koch, while investi-
gating anthrax in cattle, was the first to show con-
vincingly that contaglous disease results from infec-
tion by microorganisms’, which could be cultivated
in (or on) artificial medla and be back-inoculated
into disease-free specimens of the natural host to
reproduce disease. This is how microbiology (or,
more accurately, bacteriology) emerged as a new
discipline.
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of disease. Indeed, Koch’s Pos-
tulates were accepted as dogma: according to Pasteur
in 1890 (Ref. 8), viruses, a term previously used for
any poisonous- or venomous-disease-inciting agent,
‘are always microbes’. Towards the end of the 19th
century, however, phenomena were observed that
conflicted with these ideas.

Beijerinck’s novel concept

On 26 November, 1898, during a meeting of the
Academy of Sciences in Amsterdam, Martinus Willem
Beijerinck (1851-1931; Fig. 1) presented a now-clas-
sical paper ‘on a contagium vivum fluidum as the
cause of the spot disease of tobacco leaves’. He had
become familiar with tobacco mosaic disease when
teaching botany at the Agricultural School (now Uni-
versity) at Wageningen, The Netherlands, at the be-
ginning of his scientific career. In 1897, soon after
becoming Professor of Microbiology at the Polytech-
nical School (now University) at Delft, The Nether-
lands, he established his own bacteriology laboratory
and greenhouse, and immediately started to tackle
the then-enigmatic disease, in the knowledge that
Professor Adolf Eduard Mayer (1843-1942; Fig. 1)
at Wageningen had been unable to find a bacterial or
nutritional cause of the disorder, but had been able to
prove its contagiousness.
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Beijerinck’s paper still makes
fascinating reading owing to its
clarity of writing and reasoning.
A significant aspect was the appli-
cation of unglazed filter candles
(which had been developed 13
years before by Chamberland to
obtain ‘physiologically pure’ water)
for removing all visible micro-
organisms from expressed plant
sap. Beijerinck concluded that
infection is not caused by a micro-
organism (a contagium fixum), but
by a non-corpuscular (i.e. non-
cellular) entity, which he named
contagium vivum fluidum. Within
the originally poorly defined cate-
gory ‘viruses’, filtration helped to
define another subcategory, the
filterable viruses. However, this
was not Beijerinck’s sole criterion
for recognizing the tobacco-mosaic-
disease-causing agent as some-

Fig. 1. Left: Martinus Willem Beijerinck (1851-1931). Right: Adolf Eduard Mayer (1843-1942).
Photographs courtesy of the historical collection, Agricultural University, Wageningen, The Netherlands.

thing new, as throughout his text
he refers to the ‘contagium’ or, more often, the ‘virus’.
Beijerinck’s virus was an entity fundamentally dif-
ferent from microorganisms, as it was present sys-
temically in plants, passively moving, together with
the plant’s metabolites; it multiplied in growing tis-
sue; and it retained infectivity in expressed sap after
filtration and alcohol precipitation, as well as after
storage in desiccated leaves and dry soil. Beijerinck
clearly indicated that the virus became part of the
cell’s metabolism: “Without being able to grow inde-
pendently, it is drawn into the growth of the dividing
cells and here increased to a great degree without los-
ing in any way its own individuality in the process’.
Beijerinck’s awareness that the virus required an ac-
tive host metabolism was crucial. Beijerinck’s biogra-
pher stated that “Throughout the paper, Beijerinck
expresses a firm belief in the existence of an au-
tonomous sub-microscopical (that is, subcellular)
form of life”. At the time, this was an entirely new
concept. The prevailing theory that ‘all viruses are mi-
crobes’ was altered into ‘a virus is not a microbe’. The
word virus was acquiring an entirely new meaning,
but would this revolutionize the study of infectious
disease, or was it merely the threshold of change?

Forerunners and contemporaries of Beijerinck

Prior to Beijerinck’s description of the contagium
vivum fluidum, something had been ‘in the air’ already.
In 1898, Beijerinck referred to observations made
earlier by Mayer, an agricultural chemist trained in
the School of Leibig, but also interested in fermenta-
tion'®. In 1879, Mayer, like Beijerinck a teacher at the
Agricultural School in Wageningen, and director of
its Agricultural Experimental Station, was asked by
farmers to study a tobacco disease then prevalent in
the region. He called it mosaic disease (Fig. 2), and
although he found no evidence of causal involvement
of a visible organism, nutritional factors, humidity or
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temperature, he proved its infectious nature by trans-
fer of the causal agent in expressed sap introduced
into healthy plants by pricking with glass capillaries.
In his 1882 paper, which is often overlooked, Mayer
speculated on the existence of a ‘soluble, possibly
enzyme-like contagium, although almost any analogy
for such a supposition is failing in science’'. How-
ever, in his 1886 paper, he gave up the idea of the
possible involvement of an enzyme and adhered to
the prevailing theory, with the interesting restriction
that the mosaic disease ‘is bacterial, but that the in-
fectious forms have not yet been isolated, nor are
their forms of life known’'2,

The way in which a theory can become dogma®? is
illustrated by the involve-

ment of the Russian bi-
ologist Dimitrii Josifovic
Ivanovsky (1864-1920;
Fig. 3). In 1892, at the
Academy of Sciences in
St Petersburg, he read a
short paper'* on the to-
bacco mosaic disease, in
which he stated without
any further detail ‘that
the sap of leaves attacked
by the mosaic disease re-
tains its infectious quali-
ties even after filtration
through Chamberland fil-
ter candles’. From the
outset, Ivanovsky insisted
that he was dealing with a
microorganism that could
have passed through the

pores of the bacteria-proof
filter or that produced a
filterable toxin, and he

Vor.

Fig. 2. Symptoms of tobacco mosaic
virus. (Photograph courtesy of the IPO,
Wageningen, The Netherlands.)
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Fig. 3. Postage stamp issued
in Russia in 1964 on the
occasion of the 100th birth-
day of Dimitrii
(1864-1920), claimed to be
the founder of virology.

continued looking for cultivable
bacteria. In reaction to Beijer-
inck’s report, Ivanovsky later re-
K lated that by 1892, he himself had
already ‘succeeded in evoking the
disease by inoculation of a bac-
terial culture’®, and in 1903, he
claimed ‘that the contagium of
< the mosaic disease is able to mul-
tiply in the artificial media’'¢. Ob-
< | viously, Ivanovsky did not grasp

L 1864~1920 | the scope of his observations, and
sdosasnnasad | recent efforts to mark the year he
published his results as the begin-
ning of virology'”'®* have been
renounced".

Also of interest are experi-
ments performed at the same time
as Beijerinck’s investigations on

Ivanovsky

tobacco mosaic disease by a
German commission headed by Loeffler and Frosch
on the cause of foot and mouth disease in cattle?®?!,
There is a remarkable parallel between Loeffler and
Frosch’s approach and conclusions and those of
Beijerinck; however, Loeffler and Frosch did not re-
fute the germ theory but ascribed the cattle disease to
very small organisms. In fact, they speculated that ‘the
agents of numerous other infectious diseases of man
and animals, such as smallpox, cowpox, scarlet fever,
measles, typhus, and rinderpest etc., so far sought in
vain, belong to the group of these minutest organisms’.

‘Invisible’ microbes
At the time of Beijerinck’s, and Loeffler and Frosch’s
investigations, another line of research began at the
Institut Pasteur in Paris. It concerned several infec-
tious diseases of animals and man caused by filterable
and ‘invisible’ agents, and included bovine pleuro-
pneumonia, a cattle disease studied by Roux and
others??. Initially, this disease seemed to defy Koch’s
Postulates, but eventually the causative agent was
cultivated under very specific conditions, and could
be visualized using the light microscope at high mag-
nification, although they were ‘so small that their
form was difficult to define’. In 1903, in what was
probably the first written review on ‘viruses’, Roux
included Beijerinck’s tobacco mosaic contagium as
well as the agent of bovine pleuropneumonia and
named them ‘so-called “invisible” microbes?®. He
then concluded that ‘One cannot say that the microbe
of pleuropneumonia is invisible, it is at the limit of
visibility, it forms a transition between the ordinary
bacteria and those which the microscope is incapable
of showing’. The existence of sub-microscopic organ-
isms, previously only a matter of speculation, was
then viewed as a virtual certainty?*. Pasteur’s ‘all
viruses are microbes’ continued to echo and Roux’s
1903 paper haunted medical and animal virology for
many years; indeed, these sub-disciplines still tend to
regard viruses as microorganisms.

It was not until 1960 that electron microscopy re-
vealed the involvement of a mycoplasma-like organism
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instead of non-cellular viruses in pleuropneumonia
and of ‘pleuropneumonia-like organisms’ in aster-
yellows-like plant diseases. They are now known as
mollicutes, the smallest-known prokaryotic micro-
organisms, and are wall-less and bounded only by
unit membranes; they are therefore pleomorphic, and
able to pass through bacteria-retaining filters. Molli-
cutes found in plants resemble viruses in their rela-
tionships with plants (systemic infection) and insect
vectors (persistent transmission). In these respects,
they are virus-like agents, and have often confounded
diagnosis of viral diseases.

Further evidence of the chemical, non-cellular
nature of true viruses

At the time of Beijerinck, the methodologies and tools
for experimentally testing his views were not yet
available and, immediately after 1898, Beijerinck re-
turned to bacteriology. When studying the etiology of
graft-transmissible variegations, the German geneti-
cist Erwin Baur (1876-1933) stated in 1904 that the
agent of such disorders ‘cannot be a living organism’
but must be ‘a nonorganized, let us say a pure chemi-
cal substance’ and that ‘the virus might function as a
product of the metabolism of the infected plant’.
Mayer had earlier proposed an enzyme-like nature
for the infectious agent of the tobacco mosaic dis-
ease'l. Beijerinck later compared the infectious agent
of tobacco mosaic disease with genes. In the early
1930s, experiments with collodion filters indicated
that viruses range in size from ~300 nm to ~15 nm.
This created further doubts as to the microbial nature
of viruses, as it was argued that all the ‘machinery’ as-
sociated with a living organism could not be packed
in a volume hardly larger than a protein molecule.

The advent of molecular biology
While Beijerinck stressed the non-organized, non-
cellular but living nature of the new category of disease
agents, Baur emphasized their mere chemical (i.e. non-
living) quality. However, the true nature of viruses re-
mained a matter of speculation for three more decades.
Viruses were increasingly compared with enzymes, as
already done by Mayer!!, or with genes, and Beijerinck
had already ascribed the material base of heredity
to enzymes*®?’. However, prior to the advent of mol-
ecular biology, nobody knew the nature of either
enzymes or genes, nor the relationships between them.

For the first three decades of the 20th century,
viruses could only be studied for their transmissibility
and host reaction, which are rather variable biologi-
cal properties. However, the discovery of a rapidly
increasing number of viral diseases, particularly dur-
ing the 1920s, increased the need for information on
the intrinsic properties of their causal agents. In 1927,
James Johnson described ‘physicochemical virus
properties’?® in plants, a challenging but now mis-
leading term for nothing more than the persistence of
the infectious agents in expressed sap on dilution,
heating, chemical treatment and storage.

Real change only began in 1935 when the chemist
Wendel M. Stanley (Fig. 4) was hired by the Rockefeller
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Fig. 4. Wendel M. Stanley (1904-1971).
Photograph courtesy of the Virus Labora-
tory, University of California, Berkeley,
CA, USA.

Fig. 5. Electron micrograph of particles of tobacco mosaic virus negatively stained
with uranyl acetate. Scale bar represents 100 nm. Photograph courtesy of Dr J.T. Finch.

Institute to work on a more chemical approach to in-
vestigating the nature of viruses. Northrop had just
successfully isolated and crystallized trypsin, pepsin
and other enzymes, and soon after his arrival, Stanley
succeeded in isolating ‘a crystalline protein possessing
the properties of tobacco mosaic virus’ from diseased
plants?’. This later qualified him, together with
Northrop and Sumner, for the 1946 Nobel prize for
chemistry. Although erroneously describing tobacco
mosaic virus (TMV) as an autocatalytic enzyme, this
achievement, together with the characterization of
the virus as a protein—nucleic acid complex by
F.C. Bawden and N.W. Pirie in the UK soon after-
wards®, provided the crucial breakthrough in our
understanding of viruses as truly physicochemical
entities and their later description as genetic entities.
These events signalled the advent of modern molecu-
lar biology and were a springboard for the develop-
ment of the double helix model of genetic activity
proposed by Watson and Crick in 1953 (Ref. 31).

Electron microscopy (Fig. 5), which had developed
since the late 1930s, helped to eliminate much of
the mystery shrouding the hitherto invisible disease
agents that had long been ‘beyond the microscope’. In
the 1960s, it served as a key tool to solve the riddle of
Roux’s so-called ‘invisible microbes’.

Viruses at the threshold of life

As described, after 1898 another 40 years were re-
quired for science to develop the methodology and
technology required for unambiguous characterization
of viruses. Several more years elapsed before the final
description of their molecular nature as non-
cellular, small packages of non-host genetic infor-
mation, obligate parasites lacking any physiological
machinery of their own; viruses live ‘a borrowed
life’32, Their study has much to say about the nature
of life33. In their design and function, viruses really

85

TRENDS IN MICROBIOLOGY

are at the threshold of life’*, and thus of utmost inter-
est to biologists. They continue to play a key role in
molecular biology.

When dying at the age of nearly 80 after a long
and highly productive, mainly bacteriological career,
Beijerinck had not lived long enough to witness the
physical discovery of the agent, which he — as the
‘Mendel of virology’, far ahead of his time — had
envisioned in 1898. The actual change of paradigm
and general acceptance by the profession, and the
subsequent change in technology turned out to be
a time-consuming process. However, there is no
doubt that conceptually, virology was conceived in
1898 when Beijerinck’s classical paper was presented
independently!.

Back to Mayer

Soon after Beijerinck’s paper was published, his
former colleagues at Wageningen must have realized
how close he and even Mayer were to the mark in
their description of viruses. This is testified by the car-
toon (Fig. 6) drawn in 1900 by Louis Raemaekers
(A.M. De Ranitz, PhD thesis, University of Amsterdam,
1989). It depicts Mayer, while studying life in vitro as
a student of Liebig’s in a chemical laboratory, as
Goethe’s Dr Faust approaching the threshold of life
with Mephistopheles, the symbol of temptation and
evil, in the background.

The cartoon is highly visionary in that it represents
the old dilemma between vitalism — that is, an aware-
ness of something special in life, be it a vital factor or
just natural complexity — and mechanicism — that is, the
Cartesian, analytical, reductionist or physicochemical
approach.

In agriculture, technological development was
boosted by Leibig’s agricultural chemistry (intro-
duced to The Netherlands by Mayer). The beginning
of virology, as conceived by Mayer but voiced by
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Fig. 6. Cartoon of Professor Adolf Mayer by Louis Raemaekers.
Mayer is depicted as Goethe’s Dr Faust with Mephistopheles
as the symbol of evil in the background. It testifies the aware-
ness of Mayer’s (and Beijerinck’s) involvement in phenomena
at the threshold of life, and also symbolizes the beginning of
virology. (Image courtesy of the historical collection, Agricultural
University, Wageningen, The Netherlands.)

Beijerinck, was later followed by molecular biology,
largely stimulated by the study of viruses and with the
help of viruses as valuable and manageable tools of
experimentation’!?*. Biotechnology, including gen-
etic engineering, reaching the threshold of life with
outlooks towards engineering of life itself (as envi-
sioned by Raemaekers) was, and still is, thought to be
the final outcome.

Lessons to be learned
Keeping Raemaekers’ Beijerinck-inspired cartoon in
mind, there are lessons to be learned from the history
of virology on its way from vitalism, via agricultural
chemistry and molecular biology, to genetic engineering.
The first lesson is that progress in science requires
human involvement. Progress in virology, as in sci-
ence at large, involved human concepts of reality,
which evolved by trial and error, with no one contri-
bution independent from the others. In attempting to
grasp reality, scientists are working with images in
the same way as artists such as Raemaekers. The im-
ages are the concepts or the definitions of concepts
(i.e. the ideas, theories or paradigms). Such images of
reality, according to ancient Jewish teaching, should
never grow into graven (carved) images, that is they
should not become dogma. We must keep an open
mind as to the unknown, and, like Beijerinck, be critical
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of current opinion. Definitions must be revised con-
tinually to accommodate the latest discoveries.

Holism, though much in vogue now, teaches that
reality is so complex and multifactorial that our im-
ages or models will always fall short. This implies
that we will never be able to manage nature as a
whole, and could be why even so-called holistic ap-
proaches are doomed to fail. Any approach to disease
control could, in the short term, help control one dis-
ease but it is likely to create new ecological niches that
could allow other pathogens and pests to emerge.
However, the consequences of reductionism — apply-
ing biotechnology and genetic engineering, thereby
leading to science-based technological interference with
natural complexity — are also uncertain. Practically
any interference with natural systems that addresses
single factors will almost certainly imbalance nature
and create secondary problems, hence the increasing
concern about newly emerging or re-emerging viral
diseases®*3.

Dealing with nature — including the control of viral
diseases — therefore has to involve careful adjustment
of natural equilibria rather than improvident ex-
ploitation. This requires seeking a balance between
belief in the ‘all-encompassing’ approach on the one
side and knowledge of detail on the other side, and
prudent implementation of both approaches. The
search for this balance can be nothing other than trial
and error. Raemaekers’ cartoon artistically represents
the crucial question regarding the reliability of our
images of reality and the scope of our technological
interference with nature.
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ellular microbiology is a
‘ field of research that de-

scribes prokaryotic—eukary-
otic interactions. As an emerging
and rather autonomous scientific
discipline, cellular microbiology
combines the ways of thinking
and the experimental strategies of
microbiology and cellular biology.
In fact, the importance of cellular
microbiology has its roots in the
renewed and growing interest in
bacterial infections, once thought
defeated but currently still increas-
ing and diversifying in spite of anti-
biotics and some efficient vaccines.
The understanding of what is hap-
pening during the infection process
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is thus of primary importance, a
fact which explains why several
journals specializing in infection
and host defences have recently
been launched. However, most
microbiologists ignore cellular bi-
ology (and vice versa), and most
immunologists ignore both these
subjects and focus mainly on the
properties of T and B cells. There
is a great need for a textbook
that provides the necessary basic
knowledge in the three afore-
mentioned disciplines for students
and scientists.

Cellular Microbiology: Bacteria—
Host Interactions in Health and
Disease is such a book, aimed at
bridging the gap between micro-
biology, cellular biology and im-
munology. I have read it with plea-
sure and great interest, and I
consider that its initial goals have
been reached. Whatever their re-
search field, readers will learn a lot
from the chapters concerning dis-
ciplines they are less familiar with.
The way the book is organized
might at first look surprising
because well known, basic infor-
mation is provided. Could nu-
merous pages have been saved for
more detailed descriptions by

removing this basic information?
The answer is clearly no: the
manner in which the information
is presented in the book generates
a form of ‘landscape’, in which the
reader can ‘see’ bacteria and host
cells interacting. It was a genuine
pleasure to be reminded of the
complexity and diversity of the
mechanisms involved in the infec-
tion process and this can also assist
researchers greatly in placing the
molecular mechanisms they are
working on in a general physio-
pathological context. On the down
side, the iconography is rather
poor and often outdated, and the
absence of coloured figures does
not help. It also would have been
useful to see some original figures
(e.g. tissue sections, 3-D struc-
tures) rather than just sketches.
In spite of these few reservations,
Cellular Microbiology is a timely
and extremely welcome textbook.

Gabriel Gachelin
Department d’Immunologie,
Institut Pasteur,
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France

87 Vor. 8 NoO. 2 FEBRUARY 2000



