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ABSTRACT The pathogenic potential (PP) concept posits that all microorganisms
have some pathogenic potential that can be calculated by an equation that includes
the fraction symptomatic, inoculum, and mortality fraction. The PP concept dis-
penses with characterizing microbes as pathogens, nonpathogens, commensals,
pathobionts, etc., by providing an alternative approach to the problem of virulence
that considers the contributions of both the host and the microbe. Here, the PP con-
cept is extended to incorporate the role of time in virulence by introducing a new
parameter, fulminancy, which is a measure of the rapidity of the pathogenic process.
Fulminancy allows PP calculations in situations where all hosts are affected equally,
but the process occurs later for attenuated strains. Differences in the PP of wild-type
and mutant microbes lacking virulence factors can be used to estimate the contribu-
tion of virulence factors to the pathogenic process, thus providing a new quantita-
tive approach to these important pathogenicity parameters.
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n 2017, | introduced the concept that all microbes had a pathogenic potential (PP)
Ithat could be calculated by the following formalism (equation 1):

PP = ? (10™) (1)
whereby Fs is the fraction symptomatic, | is the infective inoculum, and M is the mortal-
ity fraction (1). Disease is a state that occurs when damage from the host-microbe
interaction reaches a level that impairs homeostasis and the host manifests clinical
symptoms (2). Fs is a measure of the penetrance of disease in a population for a
defined infective inoculum and can include any characteristic that is measurable in
host outcomes, ranging from nonlethal symptoms (e.g., weight loss) to mortality. In
recognition of the fact that death is an extreme outcome in host-microbe interactions
with high consequence, the ratio of Fs to | is then multiplied by 10M, an amplification
factor when M > 0.0. M ranges from 0 for infectious diseases where there is no death
and 10M = 1.0, to 1.0 when all affected individuals die, M = 1.0, and 10M = 10. Hence,
microbes that cause disease at low infective inoculums and which result in host death
have much greater pathogenic potential than those requiring large inoculums and/or
which produce only nonlethal symptoms.

The PP concept yields the result that any microbe can cause disease if acquired by
a host in sufficient quantities to trigger a threshold of damage that affects homeosta-
sis. This is a critical insight, for it implies that there is no dividing line in PP between
microbes that can be used to classify some as pathogenic and others as nonpatho-
genic. For those microbes known to cause disease in normal hosts, the so-called “pri-
mary pathogens,” the PP is relatively high since the inoculum needed to cause disease
is smaller. At the other end of the spectrum, microbes not regularly associated with dis-
ease, the so-called saprophytes, opportunists, or commensals, the PP is relatively low
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because the inoculum needed to cause disease in an immunologically intact host is
large, with the caveat that in hosts with impaired immunity, the Fs may be larger for a
given inoculum, and thus, disease is more likely. The contribution of the host is incor-
porated into the PP concept in the Fs/I term, and PP can vary as a function of host
genetic background or host immune state (1). For example, normal mice are very re-
sistant to Neisseria meningitidis but become susceptible when given mucin (3), allow-
ing infection and disease to occur when given a smaller experimental inoculum, an
intervention that increases the PP of that microbe for that host.

Communication in the field of infectious disease is plagued by an inadequate lexi-
con whereby such basic terms as virulence, pathogenicity, etc., have been given differ-
ent definitions (2, 4-6). The PP concept preempts the need to give microbes labels
such as pathogen, commensal, saprophyte, pathobiont, opportunist, etc., for it pro-
vides a new approach whereby the capacity for virulence can be calculated for any
microbe from three variables that can be measured experimentally. This view is sup-
ported by the suggestion that the term pathobiont not be used, but, rather, the PP
should be calculated instead (7). Some investigators have used PP rather than viru-
lence with studying pathogenic aspects of various microbes (8, 9), suggesting the use-
fulness of this concept.

TIME AND VIRULENCE

The original formulation of PP (1) did not include the variable of time. However, any
consideration of microbial pathogenic processes reveals that these can proceed at dif-
ferent rates. For example, meningococcal meningitis can follow a fulminant course
that kills the host in a matter of hours, while cryptococcal meningitis is a slowly pro-
gressive disease where death often ensues after many months. Although the outcome
of both conditions is the same for some affected individuals, namely, the death of the
host, the course of disease differs in the rate of damage resulting from the host-
microbe interaction. Hence, we need a new term, and | introduce the parameter of ful-
minancy (F), named after a now seldom-used 19th-century noun derived from the
word fulminant, which is defined as “the quality or condition of being severe or life-
threatening” (https://www.lexico.com/en/definition/fulminancy). For our purposes, F
can be defined as the rate of host damage (D) over time (T) and given by the
formalism

AD

F= —
AT

(2)
which yields F as the slope of host damage over time (equation 2). Following up our
example, the value of F is both positive and greater for meningococcal meningitis than
for cryptococcal meningitis. The value of F is negative for the time after when a disease
peaks and is followed by recovery.

F can be the result of microbial characteristics, host responses, or both. Toxin-pro-
ducing streptococci, the so-called “meat-eating bacteria,” produce fulminant disease
by elaborating proteins that cause tissue necrosis, massive damage, and rapid death.
In contrast, Neisseria meningitidis produces fulminant meningitis by eliciting a profuse
tissue inflammatory response that damages the brain tissue. Following up our compar-
ison with cryptococcal meningitis, the fungal infection often elicits little inflammation
and kills the host after a protracted course when continued proliferation of fungal cells
in meningeal spaces damages brain tissue through increased mechanical pressure.

TIME AND PATHOGENIC POTENTIAL

The PP of a microbe is not dependent on time, but there is no question that time to
outcome is an important variable in host-pathogen interactions. Without considering
the variable of time, the usefulness of PP in certain experiments is limited. Consider an
investigator who generates a mutant from a pathogenic microbe and wants to deter-
mine its PP relative to the parental strain. If a comparison between the mutant and
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TABLE 1 Sample calculation of pathogen potential and its modification by introducing the
parameter of time

Strain Fs | M Time (days) PP PP;®

A 1.0 5,000 1.0 7 2x1073 29x107%
B 1.0 5,000 1.0 28 2x10°3 7.1 x10°°
aSample calculation of PP for strain A, PP = ?(10”‘) =z (1)00 (10")=2x1072.

bSample calculation of PP; for strain A. PPt = — (10™) - ! (10")=29x 107

IT (5,000)(7)

parental strains reveals a difference in the fraction symptomatic or mortality for a spe-
cific infective inoculum, then the two strains will have a different PP. However, if both
strains produce 100% lethality at different times where the survival difference differed,
the PP equation will not distinguish between them, even though these differed in rate of
damage incurred by their respective hosts or the F parameter (Table 1). Incorporating F
into PP is possible, but measuring F in typical laboratory experiments is difficult because
quantitating damage as a function of time is experimentally challenging. However, F is
proportional to 1/T, and one cany modify PP to add the element of time to pathogenic
potential in a new formalism that | call PP; (equation 3), defined as follows:
PPy = f—TS (10™) 3)
Incidentally, the same approach can be used when comparing the susceptibility of
different hosts to a pathogenic microbe whereby all individuals die albeit at different
times, with more less susceptible hosts living longer. For example, the susceptibility of
mouse strains to Cryptococcus neoformans varies with the genetic background such
that A/J > C57BR > BALB/c, but all animals die with the difference in susceptibility
reflected in differences in strain survival time (10). In this situation, it is possible to use
the PP; of C. neoformans for each mouse strain as an inverse estimate of host suscepti-
bility to infection (Table 2). In this essay, | often use C. neoformans as an example sim-
ply because it is the major focus of my laboratory, but any other microbe can be used
provided the necessary data are available, as illustrated in Table S1 in the supplemental
material for Mycobacterium tuberculosis.

VIRULENCE FACTORS AND PATHOGENIC POTENTIAL

Virulence factors are microbial characteristics that contribute to pathogenicity, of-
ten by promoting the survival of the microbe in the environment of the host (11). In
1999, we defined virulence factors as components of pathogens that damage the host
(2). At the time, there was considerable debate on the definition of a virulence factor,
with some investigators requiring the viability of mutants, which necessarily excluded
microbial components such a cell membrane and wall constituents. Hence, this defini-
tion was meant to include modulins and took a holistic approach to the problem of
host damage by including any interference with host homeostatic mechanisms, such
as phagocytosis. Experimental virulence factors are often studied by showing that
mutants lacking the trait in question differ in virulence from wild-type strains.
However, for such comparisons, it is also possible to calculate the PP and PP; of the
mutant (PP1) and parental (PP2) strains and their proportional difference (APP), which

TABLE 2 PP and PP, of C. neoformans for several mouse strains?

Mouse strain Fs | M Time (days) PP PP;

A/) 1.0 5 x 108 1 23 2x10°¢ 8.7 x 1077
BALB/c 1.0 5 x 10° 1 13.5 2x10°° 1.5%x 1077
C3H/Hel 1.0 5 x 10° 1 20.6 2x10°° 9.7 x 1078
C57Br/cdj 1.0 5 x 108 1 25.2 2x10°¢ 79 x 1078
B10.A 1.0 5x 10° 1 30.0 2x10°° 6.7 x 1078

aPP and PP; calculated from data published in reference 15.
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TABLE 3 Estimation of the relative contribution of four virulence factors on the PP and PP, of C. neoformans

mSphere

Virulence factor® Strain Fs | M Time (days) PP PP; APP? Reference®
CAP CAP* 1.0 5x10° 1 14 20x10°° 14 x10°°¢ =1 16
CAP~ 0 5x10° 0 NA 0 0 16
LAC LAC* 1.0 1 x 10° 1 14 1.0x10°° 7.1 x 1077 —0.80 17
LAC™ 0.75 1 x 10° 0.75 30 42 x10°° 14 %1077 17
PLP PLP* 1.0 5 x 10* 1 33 20x107% 6.1 x 1076 —0.54 18
PLP~ 1.0 5x 10% 1 72 20x10°% 28 x10°° 18
URE URE™ 1.0 1x10° 1 17 1.0x 1074 59 x 10°¢ —0.64 19
URE™ 1.0 1x10° 1 47 1.0x107% 2.1 x10°¢ 19

aFor the APP calculation in the table, the PP, was used since, for the phospholipase and urease mutant strains, there was no difference in the PP, as all animals eventually

PPT—PP2 0—1x10°

died. For the capsule, the APP is calculated as follows using the PP values: APP = = =-1.

PP2 1 % 107°

bThe values for Fs, I, M, and time were obtained from the reference cited. The time was taken at the point where 50% of the effect had occurred and estimated from survival

plots in the publication.
¢CAP, capsule; LAC, laccase; PLP, phospholipase; URE, urease; NA, not available.

reflects the contribution made by the virulence factor under study (equation 4), with
APP formally defined as
PP1 — PP2
APP = ———— (4)
PP2
The APP will be negative when virulence is reduced in the mutant strain and posi-
tive when the mutant is hypervirulent relative to the parental strain. Experimenters
who wish to avoid positive and negative values can simply use a modified APP formal-
ism where the result is given as an absolute value (equation 5).

PP1 — PP2

|APP =
PP2

\ (5)

Table 2 and Table S1 provide a demonstration of this approach for the calculation
of the relative contributions of various virulence factors of C. neoformans and M. tuber-
culosis, respectively, from published studies. In situations when all animals die in both
groups, PP cannot be used for this calculation because PP is the same for both the pa-
rental and mutant strain (Table 1). However, in circumstances where the mutant is atte-
nuated, as evident by longer survival time in hosts infected with the mutant strain, one
can use PP; to estimate the contribution of the virulence factor in the formula. This is
apparent in the analysis for the C. neoformans virulence factors in Table 3. For the acap-
sular phenotype, which is avirulent in mice, as evident by no deaths and no evidence
of clinical disease, resulting in PP of 0.0, this implies that this virulence factor is
required for virulence in that system. However, for laccase, urease, and phospholipase
comparisons, most of the mice infected with the enzyme-deficient mutants still died,
and the comparison must use PP;; otherwise, the calculation would reveal no differ-
ence in APP despite a survival difference. A similar type of comparison for M. tuberculo-
sis mutants listed in Table ST shows that most are hypovirulent relative to the parental
strain and, thus, have a negative APP, but a mutant deficient in a transcription factor is
hypervirulent and, thus, has a positive APP. Calculating APP for individual virulence
factors allows a measure of their relative contribution to the virulence composite for
individual pathogenic microbes. When considering the values in Table 3 and Table ST,
the reader is cautioned about this comparison given that the studies were done with
different strains at different labs. To make a rigorous comparison among virulence fac-
tors to determine their relative importance in a given microorganism for a specific host
would require a simultaneous experiment using the same parental strain for all
mutants, the same mouse strain, and a common infection procedure where all animals
are infected by the same route with the same inoculum. Despite these cautionary
words, | note that estimating the relative contribution of C. neoformans virulence fac-
tors from PP differences revealed that the capsule and laccase emerge as the two viru-
lence factors that make the strongest contribution to the virulence potential. This
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estimate is consistent with a prior study that identified the capsule and melanin (pro-
duced by laccase) as the major virulence factors of C. neoformans using regression
analysis (12). One advantage of the APP calculation over regression and principal-com-
ponent analysis is that it can be done using only pairs of wild-type and mutant strains,
while the other methods often require a large number of strains differing in the expres-
sion of the virulence strain of interest.

VACCINATION AND ANTIMICROBIAL THERAPY

The development of vaccines and antimicrobial therapy are seminal accomplish-
ments of biomedical sciences. Both interventions reduce the morbidity and mortality
of targeted infectious diseases. Although the pathogenic potential concept was devel-
oped primarily as a quantitative tool in microbial pathogenesis, it allows us to see suc-
cessful vaccines and effective antimicrobial therapy in a new light. Vaccines have been
proposed to mediate protection by reducing the infective inoculum through enhanced
immune function (13). Similarly, antimicrobial therapy directly inhibits microbes in tis-
sue by interfering with its metabolism or replicating apparatus. Passive immunization
is another strategy whereby preformed antibody is administered to a nonimmune host
providing immediate immunity, which, like vaccines, functions to reduce the infective
inoculum (14). From the perspective of the pathogenic potential concept, vaccinated
individuals and those receiving antimicrobial therapy or preformed antibodies are dif-
ferent types of hosts where the infective inoculum needed to cause symptoms is much
greater than that in the absence of the intervention.

THE PATHOGENIC POTENTIAL CONCEPT IN CONTEXT

The PP concept was developed as a quantitative tool to study differences in viru-
lence. In contrast to virulence, which is always measured relative to some standard and
was not easily quantitated, the PP calculation is simple and uses parameters available
in most experiments such as inoculum and measured experimental outcome, where
the effect measured in the fraction symptomatic can range from a nonlethal observa-
tion, such as weight loss, to mortality. However, working through various situations
indicates that differences in pathogenic potential need to be considered in the context
of the extant cultural values and the judgment of the experimenter. Consider two dis-
eases caused by microbes A and B. Infection with microbe A leads to symptoms in 90%
(Fs = 0.9) of affected individuals but has only a 1% mortality (M = 0.01) when individu-
als are infected with an inoculum of 1,000 microbes (I = 103), and the formula yields a
PP of 9.2 x 10~ Infections with microbe B lead to symptoms in 50% (Fs = 0.5) of
infected individuals with a mortality of 10% (M = 0.1) when infected with an inoculum
of 1,000 microbes (I = 103), and the formula yields a PP of 6.4 x 1074. In this compari-
son, the PP for microbe A is greater than for microbe B, which is paradoxical since the
mortality for B is 10 times than for A. However, the interpretation of the calculation is
dependent on the types of symptoms. If microbe A causes only transient symptoms
such as an upper respiratory infection, then many observers would agree that the PP
of B is greater than A and that the calculation does not provide an accurate measure-
ment of their relative pathogenicity. However, if the symptom caused by microbe A
was dementia, the interpretation of the calculation could be different and possibly de-
pendent on the cultural values and judgment of the observer since some could con-
sider dementia a worse outcome than death. Hence, PP value comparisons between
microbes must always be done cautiously, and numerical differences should be inter-
preted with context and judgment. The point of the PP calculation is not to provide a
definite reference value but, rather, to be used as a tool for adding quantitative rigor
to comparisons in microbial pathogenesis.

LIMITATIONS
When considering any quantitative approach to the problem of host-microbe inter-
actions, one must be cautious given the complexity and diversity of host-microbe
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interactions. In devising the original PP formalism, | assumed a linear relationship
between such variables as Fs, |, and the mortality amplifier given that this was the sim-
plest assumption and that there were no data suggesting otherwise. However, these
relationships may not be linear, and if different host-microbe interactions differ in this
respect, that would make direct comparisons of their PP inappropriate. In fact, we do
not know whether the mathematical relationships between symptoms, mortality, and
inoculum differ at different inoculums. Hence, the PP formalism should be considered
a first-approximation template that can be modified as new information becomes
available. In this regard, investigators are welcome to modify the formula if experience
in their systems or new data warrant it. Nevertheless, the assumption of linearity in the
PP formalism highlights a limit to what we know and suggests the need to study host-
microbe interactions across a large range of conditions since the relationship between
infective inoculum and outcome is of fundamental importance in microbial pathoge-
nesis. In other words, stating the formalism suggests new research opportunities.
When using APP to estimate the contribution of virulence factors without the abso-
lute value modification (equation 5), it is noteworthy that this parameter ranges from 1
to —1 and that experiments comparing virulence factor where none of the animals
infected with a mutant strain die, or show symptoms, will always result in values of —1.
However, equal APP for two virulence factors should not be interpreted as indicating
that both make the same contribution, but, rather, the experimental setup could not
distinguish between them since it is possible to tease out differences in the magnitude
of their contributions by changing such variables as inoculum, host species, etc. In this
regard, regression and principal-component analysis could be used for finer discrimina-
tion between virulence factors with comparable contributions.
In summary, this work expands the PP concept to incorporate the notion of fulmancy,
now approximated by adding the variable of time to calculate PP, which allows its dis-
crimination of PP in situations when all the individual hosts experience the same symp-
toms, but these differ in the time to outcome. In addition, the PP concept is used to esti-
mate the contribution of virulence factors to microbial pathogenicity, showing that is it
possible to obtain quantitative values that can be used to ascertain the relative contribu-
tion to the virulence composite. By its ability to incorporate modifications, the PP con-
cept is shown to be a flexible new quantitative approach applicable to different aspects
of the problem of microbial virulence. Perhaps most importantly, the PP concept sug-
gests that it is possible to approach the problem of microbial virulence more quantita-
tively, which, in turn, provides for a simpler lexicon, posits the existence of mathematical
relationships between infection variables, and suggests new problems for study.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
TABLE S1, DOCX file, 0.04 MB.
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