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INTRODUCTION
Hospitals throughout the world are increasingly fol-

lowing the lead set by Western biomedicine and are look-
ing to emulate its core tenets and practices, from
biochemically engineered pharmaceuticals to hospital hy-
giene, as closely as possible under what are often chal-
lenging economic and geopolitical conditions. Developed
Western nations, however, are paradoxically seeing a rise
in a particular variety of infection in the hospital: health
care-acquired infection (HAI†) [1]. The problem of elim-
inating nosocomial and other HAIs has proven intractable
despite continually emerging sanitization technologies
[2] and protocols. This is in large part due to the evolu-
tion of highly pathogenic, multidrug-resistant microbes,
popularly termed “superbugs.” As we will explore, how-
ever, these and other contributing factors may have un-
derlying causes rooted in excessive hygienic practices
and can be mitigated through a microbial remediation ap-
proach based in evolutionary theory. 

Virulence, loosely considered here as the degree to
which an organism can damage its host, is subject to evo-
lution. Although now beginning to change, a common yet
outdated mode of thought regarding the evolution of viru-

lence is that pathogens will seek to maximize their chances
of survival over time by minimizing harm to the host and
will always, therefore, evolve toward “benign coexistence”
[3]. Supplanting this outmoded reasoning is a parameter-
ized model for the evolution of virulence [4]. Under this
newer model, each organism has a specific optimal viru-
lence at which it is in a state of balance between cost and
benefit. In addition to modifying the degree of virulence,
this optimization also occurs in temporal terms, as the case
of lysogenic viruses and opportunistic pathogens demon-
strates by their varying ability to exist in non-pathogenic
states indefinitely. Hence, virulence is a trade-off; in ef-
fect, this means that our own actions can contribute to the
extent a microbe benefits from pathogenicity and, there-
fore, the ultimate virulence of the pathogen.

Behaviors or institutions that facilitate microbial
transmission to an extent that would not otherwise be ex-
pected lower the cost of virulence and collectively can
be termed “cultural vectors” of disease transmission [5].
This label applies to the modern hospital, in which some
of the most susceptible patients are crowded into the
same barracks as our veteran, war-hardened “enemies,”
much like during the Spanish Flu epidemic of 1912 that
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REVIEW

The pervasive dogma surrounding the evolution of virulence — namely, that a pathogen’s virulence de-
creases over time to prevent threatening its host — is an archaic assertion that is more appropriately cast as
an optimization of virulence cost and benefit. However, the prevailing attitudes underlying practices of
medical hygiene and sanitization remain entrenched in these passé ideas. This is true despite the emergence
of evidence linking those practices to mounting virulence and antimicrobial resistance in the hospital. It is,
therefore, our position that just as the microbe has sought an optimized balance in virulence, so should we
seek such an optimized balance in vigilance, complementing warfare with restoration. We call this ap-
proach “bygiene,” or bidirectional hygiene. 
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exhibited a rapid evolution toward high virulence [6]. Our
stance, therefore, is that we should turn to our microbial
allies instead of considering the entire microbial world to
be our “enemies” and complement the sterilization side of
hygiene with microbial restoration. 

MICROBIAL MELEE
We must accept quickly and decisively that our med-

ical system is unwittingly creating a competitive arms race
that we are unlikely to ever truly win. Microbes have
proven their ability to quickly develop resistance to an-
timicrobial compounds in the hospital and, by some esti-
mates, are now poised to flood beyond the hospital gates
into the community [7]. The pace of new narrow-spectrum
antimicrobial discovery is tapering off, with resistance to
each accruing shortly after its introduction [8], while the
cost of discovering new drugs is rising exponentially [9].
The cost of treating antibiotic-resistant infections hit an
all-time high in 2010, with the trend continuing upward
[10]. 

This isn’t to say there is no hope in novel drug dis-
covery. On the contrary, understanding the evolutionary
underpinnings of the virulence trade-off hypothesis has
recently given rise to an entirely new class of drugs in-
tended to demonstrate ecologically grounded resistance to
resistance [11]. Supposedly, by targeting virulence factors
themselves at the molecular level, pathogenesis can be

specifically selected against without threatening benign
communities [12]. However, in practice, such drugs have
rapidly seen resistance emerge [13,14]. Recent develop-
ments have since modified this premise, suggesting that
despite the inevitable development of resistance, nuances
in the drug treatment protocol itself, rather than indis-
criminate use of the drug, may sway the trade-off [14].
This line of thinking is compatible with the present pro-
posal that the answer to the virulence dilemma lies within
us — specifically, in our own community of microbes.

Extensive recent findings from human microbiome
research provide evidence that overly hygienic and anti-
microbial practices are detrimental to human health [10].
The healthy human body houses hundreds of trillions of
microbes inside and out; within the gut alone, there are
more than 10 microbial cells to each one human cell and
100 times the number of genes [15]. Theories of the
human “superorganism” are even taking shape to account
for this striking reality, and yet, the importance of this
“forgotten organ” has remained largely unappreciated
until recently [16]. It is, therefore, reasonable to assume
that as a valuable part of the healthy self, excessive per-
turbations of our microbial ecology might well be delete-
rious, and indeed, many health conditions have now been
associated with such “dysbiosis” of our microbiome [17]. 

As distinguished from baseline hygienic practices (Fig-
ure 1), “super-sanitization” has become the norm in modern
hospitals. In its current form, super-sanitization involves the
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Figure 1. The continuum of modern hygiene. Hygienic practices in the outer circles are typically practiced along
with those in the inner circles. An ideal scenario would involve practicing baseline and extended hygienic practices
while eliminating super-sanitization.



extensive use of broad-spectrum antibiotics, antimicrobial
hand sanitizer stations in lieu of hand-washing, sophisti-
cated mechanical air filtration systems, and rigorous hospi-
tal surface sterilization, in addition to liberal use of
antimicrobial agents. Despite prevalent over-prescription of
antibiotics [18], these antimicrobial agents have sweeping
effects throughout the body in addition to precipitously rais-
ing levels of antimicrobial resistance in and out of the hos-
pital. The hygienic ideal in the hospital, therefore, seems to
have taken on unrealistic and counterproductive ambitions
to “sanitize” the patient environment from the inside out,
the effects of which we will now explore. 

Beginning with the bowels of the patient, perturba-
tions of the microbiome result in multiple undesirable ef-
fects. As the gut microbiome is normally involved in
helping with digestion, a reduction in gut microbes fol-
lowing antibiotic treatment renders the gut less effective in
harvesting nutrients from food [19]. Antibiotics also have
been implicated in intestinal dysbiosis [20], potentially
contributing to serious health conditions such as Clostrid-
ium difficile infection (CDI), antibiotic resistance [21], in-
flammatory bowel disease, diabetes, obesity [22],
metabolic disease, and even conditions as seemingly dis-
tant from the gut as autism [23]. Indeed, the microbiome
may play a role in depression, mental health, and decision-
making [24,25]. From an ecological vantage, the disrupted
gut community attempts to shield itself against extinction
from antibiotics by engaging in protective measures such
as induced horizontal gene transfer of antimicrobial re-
sistance factors, which results in a rapid evolution of an-
timicrobial resistance [26]. The microbial landscape of the
gut in the wake of antibiotic insult is ripe for opportunis-
tic infection in accordance with niche theory after a de-
structive habitat event, and the ecological succession that
follows suit is far from optimal for the host, as with CDI. 

Moving up to the next layer of the patient-environ-
ment system, the skin is often liberally scoured with alco-
holic povidone-iodine or chlorhexidine-based antiseptics
to reduce risk of puncture infection secondary to injection,
a sanitization effort that may affect much of the region’s
normal epidermal microbiome. This healthy microbiome
of the skin acts in tandem with the immune system as a
barrier (or, even in some cases, a standing army) against
potential pathogens [27] and even plays a role in modu-
lating the human host’s own inflammatory responses to
infection or injury [28]. Ironically, “disinfecting” the re-
gion in this manner, in addition to clearing it of some
pathogens, may, in theory, be removing its sentinels and
clearing the way for opportunistic pathogens like methi-
cillin-resistant Streptococcus aureus (MRSA). 

Proceeding another level outward, the surfaces
around the patient, from walls to window sills to the floor,
are routinely washed with bleach and other powerful anti-
microbial chemicals (disinfectants). Although designed to
eliminate a large proportion of microbial species, disin-
fectants simply do not kill all of them, and as such, “some
organisms and bacterial spores” do survive, even if their

concentrations are such that they are usually unable to
cause disease on their own; common household antibac-
terial cleaners also suffer from this dilemma [29]. It is not
outside the realm of possibility that the microbes that do
survive will likely be the community’s hardiest members.
Today’s aseptic protocol, while not selecting specifically
for virulence, nonetheless constitutes an evolutionary
pressure for the development of antimicrobial resistance,
which may potentiate virulence or other disease mecha-
nisms under certain conditions [30]. 

Finally, the airflow in the hospital is pumped through
mechanical filtration systems intended to clear harmful
microbes from the air. However, not only do high-effi-
ciency particulate air (HEPA) filters fail to completely fil-
ter out potentially pathogenic species [31], a survey of the
hospital microbiome pointed to an increase in indicators
for opportunistic pathogens in mechanically ventilated
rooms as opposed to window-ventilated rooms, and the
major determinants for pathogen accumulation were found
to be higher humidity and airflow rate [32]. Ultimately,
the filter built in the name of sanitization is no cleaner in
many cases than pulling in fresh air from outside, although
this may not apply to patients with special need of anti-
fungal filters or transplant patients with extremely com-
promised immune systems. 

A common theme underlying these observations is
that extensive emphasis on creating a completely sterile
environment is not only impractical, but also results in the
killing of benign or beneficial microbes while imperfectly
controlling the extremely pathogenic ones, furthering re-
sistance mechanisms and selecting for pathogenicity. As a
cultural vector, the hospital often weakens the protective
normal human microbiome, selects for resistant microbes,
and then disseminates them to susceptible patients. It is
clear that the modern super-sanitized hospital represents
the overly clean end of the hygiene spectrum. 

IF YOU CAN’T BEAT ’EM, JOIN ’EM
We suggest that one way to address this dilemma is to

restore healthful communities [33] to over-sterilized envi-
ronments. Instead of treating all microbes as the enemy, it
eventually may benefit health care experts to recognize and
support our microbial allies by reintroducing them to the
appropriate niches in and around patients and the hospital.
The culturing process may ultimately run the gamut from
gut to filtration system or beyond the hospital entirely, al-
though in most cases, substantial research needs to be done
to determine how this remediation would take place.

The practice of fecal microbiota transplantation
(FMT) fits this prescription precisely. This procedure,
which has been practiced in some form for a variety of ail-
ments for at least half a century [34], has seen a recent
resurgence in study and practice since the advent of tech-
nology capable of quantifying host microbial configura-
tion [35]. For example, 16S rDNA sequencing technology
has enabled investigators to quantitatively determine that
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“engraftment” of this microbial organ unequivocally takes
place and that it is responsible for patient recovery through
ecological means free of significant adverse side effects
[36]. The concept of transplanting a donor’s fecal micro-
biota into a patient’s gut is the very antithesis of cultural
conceptions of hygiene in the developed world, yet the
comparatively low-cost FMT has an unprecedented cure
rate of nosocomial C. difficile infection (approximately 96
percent) in severely colonized individuals with no other
recourse [36,37]. Other applications of FMT are currently
emerging, perhaps in inflammatory bowel disease [38]. As
the field advances, there may be potential to perturb or in-
troduce select members of this complex ecosystem to ef-
fect the desired outcome [39]. For FMT currently, the
perturbation desired is general: a restoration to healthful-
ness. Hence, donors are screened using rigorous general
health criteria to maximize this directionality. The future
of FMT, however, may personalize this process in the
form of targeted microbiome interventions, averting the
potential for unwittingly introducing opportunistic
pathogens or incompatible species in specific recipients. 

The skin has received less attention from a restora-
tive perspective, but some evidence seems to indicate a
benefit to the use of probiotics for skin conditions, one cit-
ing the restorative advantage of applying microbes to
compensate for antibiotic treatment, similar to FMT. This
restorative intervention has successfully used a commen-
sal bacterium, acne-associated Proprionobacterium acnes,
to suppress growth of MRSA [40]. There is ongoing re-
search to restore the microbiome to newborn babies de-
livered via cesarean section, as microbial inoculation by
the vaginal tract during childbirth is associated with pos-
itive health outcomes later in life [41]. Recent evidence
also demonstrates the potential for oral probiotics to im-
prove oral health markers and protect against periodontal
pathogenic bacteria [42]. Inoculation of hospital surfaces
and ventilation systems with normal or “healthful” species
seems a logical next step, with the added potential to out-
compete pathogens in environmental niches before they
even reach the human body. Some gut bacterial taxa are
currently under study for their ability to fulfill these roles
in the gut, including Bifidobacterium, Lactobacillus,
Akkermansia miciniphila, Faecalibacterium prausnitzii,
Roseburia spp., and Eubacterium hallii [43].  

Although microbial restoration holds considerable
potential, the particularities of the distribution thereof war-
rant additional layers of consideration such that the inoc-
ulation strategy proceeds in accordance with individual
patient needs. A severely immunocompromised patient
would require a different strategy (or hospital ward) than
a patient with an airborne respiratory infection, for in-
stance. There has been some investigation into use of sur-
face inoculation as a biocontrol strategy, with promising
early results [44,45]. More research into the ecological
and mechanistic actions of the inoculants is required to
find the optimal balance of microbes for each set of pa-
tient conditions. 

THE CASE OF THE MIS-EVOLVED PREMISE

It is important to consider a paradigm shift of this
magnitude from various angles, including an examination
of some foreseeable counter-arguments against the present
ecological hypothesis. One such counter-argument to the
proposal of bidirectional hygiene would be to question the
universal validity of virulence trade-off optimization — a
foundation upon which the bulk of the analysis is based.
So-called “coincidental” and “short-sighted” evolution
have been proposed as two alternative routes [46] adopted
by certain pathogens in the establishment of virulence in
humans. This counter-argument would posit that it would
be safest to super-sanitize, because despite its incom-
pleteness, sanitization is universal and independent of the
ultimate “cause” of virulence.

The theory of coincidental evolution seems to con-
tradict the trade-off hypothesis by explaining the emer-
gence of virulence in a microbe as a coincidental result of
some other arbitrary reason unrelated to its pathogenicity
in humans [47]. By this logic, coincidental evolution
might be an expected evolutionary model for certain gen-
eralist pathogens for whom the human is a “dead-end
host.” Similarly, short-sighted evolution [48] is proposed
as a form of “accidental” evolution of virulence due to se-
lection pressures within an individual host that may not
confer upon the unwitting microbe any additional advan-
tage for between-host transmission or even may be detri-
mental to this end. Either case seems to violate the
trade-off hypothesis, but the utility of bidirectional hy-
giene still holds. 

First, in regard to coincidental evolution, a restorative
plan effectively would select against the pathogen within
its non-native host or niche. Second, in the case of short-
sighted evolution, should a short-sighted microbe succeed
in occupying a particular niche to its own detriment, it still
would be impeded by an entrenched and resilient healthy
microbiome at every level in and around the patient.

Another counter-argument might suggest that the ex-
panding size of hospitals is the ultimate cause of its being a
cultural vector. As previously mentioned, a hospital makes
for an ideal mixing vessel in which patients congregate in
close quarters to facilitate pathogen spread. However, a
study considering the influence of hospital size on rates of
nosocomial infection has not seen this assumption borne
out in practice [49]. In sum, a policy shift toward bidirec-
tional hygience, or “bygiene,” remains tenable from a vari-
ety of evolutionary and financial perspectives. 

SIFTING THE CURVE SHIFTING
In the virulence cost-benefit theory, the benefits of

virulence from the perspective of a microbe include a
higher reproductive rate as well as heavier pathogen load
within a host. Since fitness in the short term is quantified
as a species’ immediate number of progeny, higher viru-
lence would imply more efficient use of the host as a re-
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productive vessel. However, this fitness is offset in the
longer term by the costs associated with that same viru-
lence. These costs may include the energetic requirements
of maintaining and expressing antimicrobial resistance
genes, the between-host transmission penalty incurred by
shutting down a potential conduit for transmission, and
the toll exacted by otherwise restricting transmission effi-
cacy despite higher pathogen load within an individual
host [50]. In general, the result of reducing the efficacy of
the hospital as a cultural vector would be to force
pathogens to pay a higher virulence cost, as transmission
would no longer be facilitated between incapacitated
hosts. Likewise, the specific harmful impacts of super-san-
itization on the evolution of virulence can be understood
in terms of their contributions to this tradeoff. 

The destruction of the normal microbiome in and
around patients can be seen as increasing the benefit of
virulence. A landscape devoid of most potential competi-
tors allows reproduction of a pathogen to occur without
restraint, resulting in pathogenic blooms, and pathogens
are free to compete within the same host to produce even
more virulent strains. Less virulent pathogens would be
disadvantaged because they would be less expeditious in
propagating into the niche, which would instead be
quickly filled by their more efficient kin. Additionally, de-
pletion of the normal microbiome can be seen as decreas-
ing the cost of virulence. Without the sentinels,
immune-priming agents, and various other regulatory bod-
ies within an intact community, whatever virulence fac-
tors normally might have been recognized and
systematically excluded by the community no longer elicit
a negative reaction from the host. This is especially true of
hosts whose immune systems are already in a compro-
mised state, which is frequently the case in susceptible
populations of hospital patients. 

There is much ongoing research into molecular links
between specific resistance mechanisms and their individ-
ual implications in virulence [51]. However, antimicrobial
resistance resulting from super-sanitization may be seen in
general as decreasing the cost of virulence in the long term.
When a pathogen reaches a high level of virulence, it may
be exposed to antimicrobial drugs, effectively imposing a
virulence cost. However, in the case of a pathogen with
evolved antimicrobial resistance, rather than being cur-
tailed by the application of antimicrobial agents, a wave of
resistant infection can persist and transmit undeterred,
thereby maintaining or even increasing virulence at the
population level. This may be best exemplified by
pathogens for which antimicrobial interventions, rather
than modulation of behavior or other host-side factors,
serve as both the primary mode of control and hurdle to
evolving increased pathogenicity, since the only weapon
holding them back would have lost its effect. 

As mentioned previously, dysbiosis, whether caused
by broad-spectrum antimicrobial agents or other factors
in the complex web of host genetics, environment, and mi-
crobiome [52], plays a critical role in rendering the host

susceptible to pathogenic blooms from within and with-
out. Nosocomial agents, opportunistic pathogens, or im-
balances of healthful species may result in health
consequences, both known and unknown. It may be pos-
sible by extension that our own “evolving” behaviors and
microbial community compositions contribute to a grow-
ing “Western dysbiosis,” as potentially healthful members
of the microbiome in industrialized nations disappear from
one generation to the next [53]. 

Microbial remediation may hold significant promise
in counterbalancing these deleterious shifts toward in-
creased virulence. Restoring depleted members of a
healthy microbiome to a damaged community can reverse
the virulence benefits of pathogenicity and re-impose
community- and niche-associated virulence costs. Di-
verse, species-rich habitats are less amenable to perturba-
tion [54], likely through regulatory mechanisms that
enforce the system’s equilibrium population dynamics, ac-
tively excluding high-virulence invaders. Pursuing
restorative microbial treatments in addition to antimicro-
bial warfare as strategies for disease control and preven-
tion may prove useful for controlling the mounting
problems of antimicrobial resistance at their source. 

CONCLUSIONS
If we were to imagine the entirety of pathogenic mi-

crobes as influenza viruses and the sum of our current at-
tempts at super-sanitization as an antiviral drug, we might
see some conclusions akin to the surprising findings of
Lipsitch et al. in their model of antiviral resistance in pan-
demic influenza [55]. One such finding is that the benefit
of antiviral use (medical hygiene) is highest at “interme-
diate levels of antiviral use,” for the reason that doing
nothing in the way of stopping infection will of course not
diminish pathogenicity at all, but doing too much will
eventually cause complete resistance to our efforts and be-
come exactly like doing nothing.

The personalization of microbial remediation in the
hospital is one important future research direction for per-
sonalized medicine, as hygienic policy could be tailored
on a per-patient basis based on known risk factors and mi-
crobiome assays. It also would promote a more holistic
form of medical practice in which hygiene becomes about
balancing antimicrobial warfare against pathogens with
restoration of essential microbial diversity. This balanced
approach could include administration of probiotics, nat-
ural air supplies with protective microbial infusions, mi-
crobiome-sensitive skin care as part of standard practice,
and other interventions that require further research. Pre-
liminary evidence indicates that at least some hospital ster-
ilization practices can be safely removed, replaced, or
supplemented with microbial restoration [45].

A bidirectional approach to hygiene espousing hy-
gienic best-practices in tandem with restoration of normal
microbial communities is preferable to continuing down a
road solely focused on antimicrobial warfare. Such a bidi-
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rectional technique holds the potential to improve health
care on both an individual and global level. Indeed, be-
yond the hospital and in all walks of life, the notion of
bidirectional hygiene, or “bygiene,” highlights the grow-
ing need for balanced and nuanced approaches to contend
with pathogens on an ecological scale in the face of
mounting antimicrobial resistance. As such, future work
should study restorative techniques in addition to germ
warfare. 
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