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Indoor environments, where people spend most of their time, are characterized by a
specific microbial community, the indoor microbiome. Most indoor environments are
connected to the natural environment by high ventilation, but some habitats are more
confined: intensive care units, operating rooms, cleanrooms and the international space
station (ISS) are extraordinary living and working areas for humans, with a limited
exchange with the environment. The purposes for confinement are different: a patient
has to be protected from infections (intensive care unit, operating room), product quality
has to be assured (cleanrooms), or confinement is necessary due to extreme, health-
threatening outer conditions, as on the ISS. The ISS represents the most secluded
man-made habitat, constantly inhabited by humans since November 2000 – and,
inevitably, also by microorganisms. All of these man-made confined habitats need to be
microbiologically monitored and controlled, by e.g., microbial cleaning and disinfection.
However, these measures apply constant selective pressures, which support microbes
with resistance capacities against antibiotics or chemical and physical stresses and
thus facilitate the rise of survival specialists and multi-resistant strains. In this article, we
summarize the available data on the microbiome of aforementioned confined habitats.
By comparing the different operating, maintenance and monitoring procedures as well
as microbial communities therein, we emphasize the importance to properly understand
the effects of confinement on the microbial diversity, the possible risks represented by
some of these microorganisms and by the evolution of (antibiotic) resistances in such
environments – and the need to reassess the current hygiene standards.
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INTRODUCTION

Nowadays, people spend most of their time indoors (up to 90% in
industrialized countries; Hppe and Martinac, 1998). In particular,
the process of increasing urbanization has created new types of
microbiome settings that surround us in our living and work
space, such as air conditioned residences and highly populated
offices. The microbiome of a built environment is determined by
numerous parameters, such as geographic location, type of usage,
architectural design, ventilation and occupancy, but mainly by
the living inhabitants (humans, animals, and plants), as the
major source of microorganisms (Califf et al., 2014; Mahnert
et al., 2015a; Meadow et al., 2015). For example the human
body is a holobiont and thus the home of billions of microbes.
Every second of our lives, we interact with microorganisms that
support our life and health. This cohabitation has evolved over
1000s of years, and is characterized by a balanced interaction
of three domains of life, namely the Archaea, Bacteria, and
Eukaryota (Parfrey et al., 2011; Human Microbiome Project
Consortium, 2012; Probst et al., 2013; Gaci et al., 2014). It was
calculated that a human body can emit up to 3.7 × 107 bacterial
and 7.3 × 106 fungal genome copies per hour (Qian et al.,
2012).

In the study by Ruiz-Calderon et al. (2016) different housing
types were analyzed with respect to the indoor microbial
community, starting with jungle villages to highly urbanized
living areas in Manaus. Although all of the analyzed living
areas were well ventilated, the housings of higher urbanization
level were characterized by a reduced influence of the outer,
natural environmental microbiome whereas the portion of
human-associated microorganisms was substantially increased.
As a logical conclusion, more confined environments, with less
or no contact to the outdoor environment, should be totally
dominated by human associated microorganisms. There are
many reasons that necessitate stricter confinement for living
and work environments than is typical for most people. For the
purposes of this review, we are interested in confined habitats
as defined by human-populated environments restricted by a
number of parameters. The parameters are a restriction of area
and space, and restrictions of physical, chemical and biological
exchange with the surrounding, natural environment. Such
confined habitats include areas such as intensive care units (ICUs)
and operating rooms, where patients need to be protected from
infection; cleanrooms, where the quality of products needs to be
assured; and the ISS, which is encapsulated due to life-threatening
environmental conditions. A summary of the characteristics of
the confined habitats addressed in this review is given in Figure 1.

All these environments require microbiological monitoring,
and control, since they harbor their own, possibly adapted,
microbial community, which is greatly influenced by the
maintenance regime.

In this review, we detail the setting, architecture, and
control measures of such environments, which influence the
internal microbiome tremendously. We hypothesize that all these
environments have parameters in common, which shape, in
a similar way, the inhabiting microbial community – with a
potential effect on humans living and/or working in these areas.

THE MICROBIOLOGY OF INTENSIVE
CARE UNITS

Intensive Care Units and Hospital
Acquired Infections
Intensive care units are special departments in hospitals that
provide intensive medical care for patients suffering from
severe and life-threatening diseases or injuries. These units can
be divided into several categories, including neonatal ICUs,
pediatric ICUs, psychiatric ICUs, cardiac ICUs, medical ICUs,
neurological ICUs, trauma ICUs, and surgical ICUs. Depending
on the underlying disease, duration of stay and treatment in
ICUs, patients may show higher susceptibility for hospital-
acquired infections (HAIs) than healthy individuals due to
an overall weak condition, immunosuppression, or disrupted
physiological barriers. ICUs are considered potential reservoirs
for (opportunistic) pathogenic microbial strains (Russotto et al.,
2015). These microorganisms may thrive on the medical
equipment, in other patients, personnel, and the surrounding
environment of the hospital (Gastmeier et al., 2007). HAIs are
a serious problem worldwide: in the United States, HAIs are the
sixth leading cause of death, killing more people than diabetes or
influenza combined (Anderson and Smith, 2005; Klevens et al.,
2007), and similar results have been reported from Europe as
well (Peleg and Hooper, 2010). For instance, Vincent et al. (1995)
have estimated the risk for gaining a nosocomial infection in
a European ICU to be 45%. In general, the risk of acquiring
pathogenic infection, in hospital environments is higher than in
other environments, and the course of an infection is more often
fatal (Centers for Disease and Prevention, 2002, 2010; Klevens
et al., 2007).

Already in the 1980’s, specialists in infectious diseases detected
that patients in ICUs are infected by nosocomial bacteria,
as e.g., Pseudomonas aeruginosa and Acinetobacter baumannii,
considerably more often than patients in other wards in the
hospital (Donowitz et al., 1982). Many factors contribute to
the increased infection rate in ICUs, including the underlying
disease of the patient, the length of the hospitalization, frequency
of contact with medical personnel, the number of colonized
or infected patients in the same ward, ICU structure (single
bed vs. double bed rooms), and the lack of compliance with
existing infection prevention guidelines (Siegel et al., 2007).
Even the season affects the incidence: in wintertime the risk
of acquiring a HAI is smaller compared to other seasons
(Schröder et al., 2015). Patient groups that are most often affected
are the elderly, premature infants and patients suffering from
immunodeficiency (Unahalekhaka, 2011); in the latter, even non-
virulent bacteria may cause serious infection and death (Poza
et al., 2012).

The risk of infection is increased by invasive, clinically
necessary procedures (like insertion of catheters), but also
from architectural properties of the hospital environments
(such as ventilation systems; Unahalekhaka, 2011) or deficient
hygiene procedures. For instance, significantly higher risk
for the acquisition of antibiotic resistant microorganisms
was observed when newly arrived patients were placed in
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FIGURE 1 | Graphical display of the confined habitats addressed in this review. Outer rings summarize environmental conditions of the purpose for
confinement, some characteristics of each confined environment and overall maintenance and preventive measures in respective built environments. Potential
contamination and infection sources are highlighted by small graphics. Inner circle: Bacillus spores, scanning electron micrograph.

rooms that were previously occupied by carriers, despite
terminal cleaning of the ICU bed space (Huang et al., 2006;
Russotto et al., 2015). This transfer was confirmed by another
study, reporting that the infection of the previous room
occupant was the most important independent risk factor
for infection with Pseudomonas aeruginosa and Acinetobacter
baumannii, two bacteria causing nosocomial infections (Nseir
et al., 2011). The majority of the HAIs is believed to be
transmitted directly from patient to patient, but increasing
evidence demonstrates that also the medical personnel as well
as the clinical environment (i.e., surfaces and equipment)
often are a source of infection (Tringe and Hugenholtz, 2008;
Caporaso et al., 2012; Passaretti et al., 2013; Salgado et al.,
2013). One major vector for cross-contamination are hands
of medical personnel, contributing to approximately 20–40%
of nosocomial infections (Agodi et al., 2007; Weber et al.,
2010). Since infected patients themselves act as a source
of microorganisms, frequently touched surfaces close to the
patient were heavily contaminated (Wertheim et al., 2005;

Pittet et al., 2006). Specifically, Salgado et al. (2013) observed
that the risk of acquiring a nosocomial infection increased
significantly when the total microbial burden exceeded 500
CFU/100 cm2.

The link of invasive equipment and the emergence of
nosocomial infections has clearly been shown. However, there is
also evidence of non-invasive devices to cause ICU outbreaks.
Especially, electrical equipment and devices that are difficult to
clean (irregular shape, no cleaning regime) have been reported as
a source for infection (Russotto et al., 2015).

Hospital textiles are another potential source of HAIs.
These textiles are usually reusable and include uniforms,
bed linen and pajamas, as well as privacy curtains and
protective clothing of health care personnel. The liberation
and dispersal of bioaerosols and fomites from textiles takes
place during handling of soiled textiles that have been used
by or have been in close contact with an infected patient.
It has been shown that antibiotic resistant Staphylococcus
strains can aerosolize from bed linen during routine handling
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of bedding and be transmitted via air (Handorean et al.,
2015). However, microbial transfer from textiles can be easily
prevented by proper laundry procedures (Fijan and Turk,
2012).

The ICU Microbiome
Previous studies have shown that pathogenic bacteria, such
as Staphylococcus aureus, various Enterococcus species,
Escherichia coli, Pseudomonas aeruginosa, Klebsiella pneumonia,
different Enterobacter species, Acinetobacter baumannii and
Klebsiella oxytoca are, despite efficient cleaning procedures and
disinfectants, commonly found on surfaces such as stethoscopes
(Marinella et al., 1997), electronic thermometers (Livornese et al.,
1992), and other equipment routinely used in hospitals (Myers,
1978; Schabrun et al., 2006; Safdar et al., 2012).

Bacteria living in diverse communities at ICUs include
pathogenic strains, opportunistic pathogens, as well as harmless
and beneficial bacteria. Bacteria found in ICU environments are
typically human associated and, due to confinement and strict
cleaning procedures, less diverse than indoor environments
with unlimited and uncontrolled access. In addition to the
above mentioned common hospital pathogens, several genera
of opportunistic pathogens have been detected in hospital
environments by cultivation and using next generation
sequencing methods, including Actinomyces, Burkholderia,
Clostridium, Flavobacterium, Neisseria, Propionibacterium,
Roseomonas, Streptococcus, and Vibrio (e.g., Kim et al.,
1981; Heeg et al., 1994; Triassi et al., 2006; Hewitt et al.,
2013; Oberauner et al., 2013). Bacterial communities in
different locations at an ICU vary in species composition
and diversity. In general, objects and surfaces near patients,
including textiles such as pajamas, bedlinen, pillows and
mattresses, carry more human gut-, hair- and skin-associated
bacteria like Staphylococcus, Propionibacteria, Corynebacteria,
Lactobacillus, Micrococcus and Streptococcus, whereas floor
and other sites with greater distance to the patient carry
more environmental strains. In addition, the abundance of
bacteria was higher if samples were taken close to the patient
(Handorean et al., 2015; Hu et al., 2015). However, according
to current knowledge, most of the detected bacteria are
harmless or beneficial and include, for example, Bradyrhizobium,
Corynebacterium, Delftia, Lactobacillus, Melissococcus, Prevotella,
Paracoccus, Sandaracinobacter, and Sphingobium (Hewitt et al.,
2013).

(Opportunistic) pathogenic bacteria are typically resistant
to various stresses. Due to the extreme selective pressure that
confinement and cleaning practices induce, microorganisms
living in ICUs develop or acquire resistance mechanisms that
allow them to survive in the presence of a vast range of
antimicrobial agents used in cleaning and antibiotic treatment,
to adapt to extremely low nutrient content, and to persist
on dry surfaces for a long time (Poza et al., 2012). In
particular biofilms (including multispecies biofilms (Fux et al.,
2005)) can resist common cleaning protocols. Their cells,
embedded in the matrix of a biofilm, are considerably more
tolerant to desiccation, detergents and disinfectants than
planktonic bacteria (Burmølle et al., 2006), making them a

highly dangerous infection source for susceptible patients and
a critical target for bacterial burden control (Kramer et al.,
2006; Hu et al., 2015). The presence of these multispecies
biofilms on various surfaces may contribute to the stability
of harmful bacteria in ICUs. In a recent study, Hu et al.
(2015) showed that these diverse biofilms can even tolerate
terminal cleaning procedures of ICU facilities and harbor viable
bacteria even after 1 year (Vickery et al., 2012). Biofilms
have been detected in various locations in ICUs, including
a box for sterile supplies, a privacy curtain, a glove box,
a noticeboard, and catheters (Perez et al., 2014; Hu et al.,
2015). According to Hu et al. (2015) up to 93% of studied
surfaces carried bacterial biofilms. In addition, the biofilm
lifestyle of microorganisms bears a high risk for horizontal
gene transfer, consequent spreading of antibiotic resistance and
high possibility for recurrence (Fux et al., 2005). Common
examples of multidrug resistance (MDR) are methicillin-
resistant Staphylococcus aureus (MRSA) and vancomycin-
resistant enterococci (VRE) that are also typical components
of the ICU microbiome. Often similar cellular mechanisms are
used in virulence, antibiotic resistance and resistance to toxic
compounds, such as cleaning agents (Daniels and Ramos, 2009;
Beceiro et al., 2013).

The Microbiome Of Neonatal ICUs
Neonatal intensive-care units (NICUs) are specialized in the
treatment of seriously health-threatened or prematurely born
infants. In general, infants acquire their microbiome from
their mother’s vagina (natural birth), skin (cesarean birth)
and environment (including the breast milk) emphasizing
the role of the NICU’s microbiome for the development of
a healthy microbiome (Penders et al., 2006; Dominguez-
Bello et al., 2010; Brooks et al., 2014). Babies treated in
NICUs are often underweight, from low birth weight
(<2500 g) to extremely low birth weight (<1000 g). They
have congenital abnormalities, or undergone surgery, and
are therefore susceptible to nosocomial infections (Stover
et al., 2001; Urrea et al., 2003; Couto et al., 2007). As in other
ICUs, also NICU patients often develop life-threatening
infections. Potentially pathogenic bacteria are found in
various locations, such as diaper scales, drawer handles,
keyboards, sink counters, and door buttons (Hewitt et al.,
2013). Epidemiological studies have shown that infective
bacteria can spread particularly well via air (Adler et al.,
2005), infant incubators (Singh et al., 2005; Touati et al.,
2009), sink drains (Bonora et al., 2004), thermometers (Van
den Berg et al., 2000), as well as soap dispensers (Buffet-
Bataillon et al., 2009) and toys (Naesens et al., 2009). Brooks
et al. (2014) found that tubing, surfaces, incubators, and
hands are the most important reservoirs and sources for
colonizing the premature babies. They also detected that
bacteria which later colonize infants’ guts can initially be
discovered in NICU environmental samples (Brooks et al.,
2014). At genus level, typical bacteria on NICU surfaces
include Staphylococcus, Enterococcus, Acinetobacter, Bacteroides,
Burkholderia, Clostridia, Pseudomonas and Streptococcus (Hewitt
et al., 2013; Brooks et al., 2014), which are all known to include
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opportunistic pathogens that potentially are of great risk for
immunocompromised patients. However, most of the bacterial
genera detected on NICU surfaces are harmless to humans. If
and how these interact with patients and other bacteria is still not
understood.

Cleaning Procedures At ICUs
Cleaning practices at ICUs are an important part of preventing
the spread of multidrug resistant organisms, such as MRSA
and VRE, which are associated with HAIs, prolonged stays
in hospitals, increased mortality rates and higher healthcare
costs (Daxboeck et al., 2006). The cleaning procedures in ICUs
are strict, though the practices may vary between hospitals.
Depending on the frequency and type of use, dedicated
ICU staff and additionally outsourced cleaning personnel are
responsible for cleaning hospital interior fittings thoroughly
daily, weekly, monthly, or yearly. As one example, the
hygiene and cleaning protocol of the ICU, Department of
Internal Medicine Graz, Medical University of Graz, is shortly
mentioned (listed frequencies are minimum demand): E.g.,
floor is cleaned daily, toilets are cleaned daily (staff toilet) or
twice (visitor toilet), shower heads are cleaned once a week,
waste is evacuated as necessary and garbage bins are cleaned
daily; windowsills, racks, sinks and showers are cleaned daily;
laundry is washed daily, vacuum cleaning is done weekly,
umbrella holders are cleansed monthly, and telephones and
shutters yearly. Exposed surfaces with direct human contact,
such as door handles and sinks are cleaned at least daily
with cleaning detergents and surface disinfectants. In case of
contamination of highly infectious material, including certain
viruses and bacteria such as Norovirus and Clostridium difficile,
a detailed procedure for hand and surface contamination
is given: the hands have to be decontaminated with a
specific disinfectant detergents under a specific exposure time,
depending on which pathogen has caused the epidemic (Cleaning
and disinfection protocol, guideline 2000.3116, 7.4.2014. ICU,
Department of Internal Medicine, Medical University of
Graz).

Despite precise protocols and appropriate disinfectants,
statistical analyses of data from hospitals have revealed that
fatal infections are increasing with more efficient cleaning
practices, suggesting that current procedures are inadequate to
protect the susceptible patients from serious, life-threatening
infections (Arnold, 2014). Efficient cleaning practices are known
to decrease, but not eradicate the multidrug resistant organisms
living on hospital surfaces (Dancer, 2008). Consequently,
new cleaning technologies are being developed. These new
methods include for example technologies that are both
microbiologically effective and safe to use, such as hydrogen
peroxide vapor, and UV light decontamination for terminal
cleaning, as well as ultra-microfibers associated with a copper-
based biocide (Blazejewski et al., 2011). Hydrogen peroxide
vapor and UV light can reduce the amount of bacterial
cells by at least four orders of magnitude, leading to far
smaller risks for patients to acquire any multidrug-resistant
bacterial infection (Boyce, 2016 and references therein). These
cleaning methods are particularly effective with uneven surfaces

and textures that are difficult to access with other methods
(Blazejewski et al., 2011). Additionally, bacterial contamination
and growth can be reduced by selecting antimicrobial material,
such as copper, that can reduce bacterial burden and the
possibility for patients to acquire HAI (Schmidt et al.,
2015).

Other important factors for preventing infections in ICUs,
beside strict cleaning protocols, are monitoring of microbial
colonization and educational interventions of the cleaning
procedures and results (Goodman et al., 2008; Carling,
2013). The Centers for Disease Control and Prevention
(CDC) published guidelines for monitoring programs for
health care workers to improve the environmental hygiene in
hospitals, and to provide instant feedback and a possibility to
improve the current procedures. These monitoring methods
include direct observation of staff performance and protocol
compliance, quantitative microbial detection by swab and agar
slide cultures, fluorescent markers to identify the frequently
touched surfaces, as well as adenosine triphosphate (ATP)
bioluminescence for detecting both microbial and non-
microbial ATP present in monitored surfaces (Guh and Carling,
2015).

Summary And Outlook
Research has already shown that objective monitoring can
significantly reduce the contamination of surfaces near
patients, and can point out the weaknesses of current protocols
(Goodman et al., 2008; Carling, 2013). Monitoring projects
have shown that flat surfaces and textiles are easier to keep at
the required cleanliness level, whereas more complex surface
types, including doorknobs, handles and other irregular
surfaces, including electronic equipment are more often
cleaned with unsatisfactory quality (Goodman et al., 2008).
Time pressure and lack of adequate instructions may also
play a role when the set cleaning standards are not met
(Goodman et al., 2008). For example, the 2010 CDC tool kit
“Options for Evaluating Environmental Cleaning” offers specific
instructions on how to implement monitoring and intervention
programs (Carling, 2013). When HAIs are reduced in number
via these infection controls and prevention programs, also
substantial economic benefit can be achieved (Raschka et al.,
2013).

Recently, a new and completely different perspective in
defeating hospital pathogens has emerged: the interest has
shifted from pathogenic bacteria toward the whole microbial
communities thriving on different surfaces in hospitals and
ICUs, and to a more microbial ecological perspective on how
the microbes interact with their environment and other species
(Arnold, 2014). It has been shown that a higher microbial
diversity can prevent pathogenic infections (van Elsas et al.,
2012; Pham and Lawley, 2014), and the idea of supporting
the beneficial hospital microbiome by increasing the microbial
diversity has raised great interest (Hewitt et al., 2013; Berg et al.,
2015). However, the interaction between pathogenic bacteria,
opportunistic strains, and harmful and beneficial microbes in
ICUs, as well as in hospitals in general, are not yet understood
and more research is still needed.
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OPERATING ROOMS

Modern Operating Rooms Structure and
Air Quality Monitoring
Operating rooms (ORs) are important hospital wards where
most surgical procedures are performed. These areas are
subjected to strict cleaning procedures such as sterilization,
disinfection and removal of contaminants (e.g., dust and organic
waste). Cleaning and maintenance schedules are implemented
for each OR according to the surgical procedures performed.
All ORs should be cleaned at the beginning of the day,
between each surgical procedure, and at the end of the
day, followed by a weekly or each second week total clean-
up of the entire OR including walls, floor and ventilation
system. In addition, guidelines propose the daily exposure to
UV radiation (Rutala et al., 2008; Lives, 2009; Gupta et al.,
2015).

Operating rooms are part of operating theater complexes and
these complexes are architecturally divided into four different
zones based on the level of cleanliness with the bacterial burden
decreasing from the outer to the inner zones. These zones
are maintained by a differential decreasing positive pressure to
prevent unfiltered air flow toward the inside of the ORs (Spagnolo
et al., 2013; Külpmann et al., 2016). The four zones can be
divided as follows: (a) a protective area that includes the changing
rooms for all the medical personnel, administrative staff rooms,
pre and post-operative rooms and the sterile and non-sterile
stores; (b) a clean area that connects the protective area to
the aseptic zone; (c) the aseptic zone which includes the ORs;
(d) and the disposal area for each OR (Harsoor and Bhaskar,
2007).

Modern ORs are equipped with HVAC (Heating, Ventilation
and Air Conditioning) systems to control environmental factors,
namely temperature, relative humidity and air flow. The
ventilation systems (e.g., with vertical flow, horizontal flow, or
exponential laminar flow) are equipped with different filters
according to the surgical procedures performed. Most ORs
have a conventional ventilation system with filters that have an
efficiency of 80–95% in removing particles ≥5 µm (Dharan and
Pittet, 2002). In ORs used for orthopedic and other implant
surgeries, the air is filtered through HEPA filters. These filters
have an effectiveness of 99.97% in eliminating airborne particles
of 0.3 µm size and above (Dharan and Pittet, 2002; Sehulster et al.,
2003; Lives, 2009; Spagnolo et al., 2013).

Monitoring the air quality is recommended for each OR
and is often checked by particle count, a method derived from
industrial cleanroom standards. This method has been proposed
to determine both the effectiveness of the filters in the ventilation
system as well as to establish the level of biological contamination
(Pasquarella et al., 2000; Gupta et al., 2015).

Many studies have argued that the results of the particle count
method do not correlate with the bacterial count results (Landrin
et al., 2005; Scaltriti et al., 2007; Cristina et al., 2012). Only two
studies have shown that there is a correlation between the number
of airborne particles and the number of CFUs. The presence of
particles >5 µm size indicate microbiological contamination in
the aerosol (Seal and Clark, 1990; Stocks et al., 2010).

To date, there is no international standard of allowed airborne
microbial contamination in ORs. Most countries have their
own standards: for example, in France the microbiological
limits are between 5 and 20 CFU/m3, which are lower
than the limits of the United Kingdom (35 CFU/m3) and
Switzerland (25 CFU/m3) (Landrin et al., 2005; Cristina
et al., 2012). However, facing the increasing use of particle
count over microbiological sampling, many countries have
established their standards in accordance with the International
Standards Organization (ISO) 14644 – Cleanrooms and
associated controlled environments1. It is proposed that ORs
should meet the requirements of a cleanroom of ISO 6 or 7
(explanations see also section on cleanrooms). In contrast,
in the ORs equipped with HEPA filters, the levels of an ISO
5 class should be reached (Scaltriti et al., 2007; Chauveaux,
2015).

Active microbial monitoring has been used in most studies as
the main method to determine the air cleanliness (Edmiston et al.,
2005; Landrin et al., 2005; Wan et al., 2011; Cristina et al., 2012;
Birgand et al., 2015b). This method uses an air sampler to collect
a known volume of air which is then blown on agar plates for
cultivation-based analyses (Napoli et al., 2012).

Besides this method, Friberg et al. (1999) have shown
that in ORs with laminar air flow the CFU counts on
sedimentation plates is a more relevant indicator of bacterial
contamination, with CFU levels not exceeding 350 CFU/m2/h
(Friberg et al., 1999). In addition to the particle counter and
microbial monitoring, other methods (e.g., ATP test, fluorescent
particle counter) have been implemented to determine the
microbiological contamination of the air and surfaces in the
ORs. Griffith et al. (2000) proposed the use of ATP test together
with bacterial culture to identify the contaminated surfaces in
ORs, while Dai et al. (2015) suggested the use of fluorescent
particle counter for real-time measurements of microbes present
on aerosol particles (Griffith et al., 2000; Dai et al., 2015).

Surgical Site Infections: Factors,
Sources And Prevention
In OR environments, the presence of microorganisms is closely
linked to increased incidence of acquired surgical site infections
(SSIs). About 14–20% of all hospital acquired infections are SSIs,
leading to an increase in morbidity and mortality, along with
rising costs to the healthcare system due to an extended stay
in the hospital (Birgand et al., 2015a). Most of the microbes
causing SSIs have an endogenous source, the patient’s microflora.
Occasionally, microorganisms acquired from an exogenous
source, such as the ORs environment or health care personnel,
can be the cause of the development of SSIs (Mangram et al.,
1999; Spagnolo et al., 2013).

The factors that may lead to SSIs development are multifarious
and can be divided into 3 main categories: (i) patient-related
characteristics (e.g., age, obesity, diabetes mellitus and other
diseases); (ii) characteristics of surgical procedures (e.g., duration
of the operation, type of procedure, surgeon skills, hypothermia
control, antibiotic therapy, surgical personnel behavior and

1https://www.iso.org/obp/ui/#iso:std:iso:14644:-1:ed-2:v1:en
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equipment) and (iii) the OR environment (Mangram et al., 1999;
Cristina et al., 2012; Spagnolo et al., 2013).

In most studies, the relation between these factors and the
development of SSIs has been explored mainly by determining
the number of particles in the OR under different conditions. The
number of airborne particles varies during a surgical procedure
being higher at the beginning due to patient installation and
surgical bed preparation, and an increased movement of the
medical personnel (Knobben et al., 2006).

Additionally, the surgical personnel and patients release skin
particles (especially when the skin is dry), respiratory aerosols,
dust particles and textile fibers containing viable microorganisms
in the OR environment, therefore increasing the overall count
of airborne particles (Dineen and Drusin, 1973; Mangram
et al., 1999). Moreover, Cristina et al. (2012) have shown that
the use of certain instruments (e.g., ultrasonic scalpel, laser
tissue coagulation), which produce surgical smoke, increases the
number of particulates in the OR air during surgical procedures,
but the increasing number of particulates was not correlated with
the microbial load.

Besides the presence of surgical personnel, their behavior can
also lead to an increased number of microbiological particles.
Several studies have shown that the number of persons present
during a surgical procedure influences the number of airborne
particles to a big extent, their movement leads to resuspension
of any dust particle settled and the door opening rates cause
an increase in the number of bacteria that can enter the
ORs (Scaltriti et al., 2007; Lynch et al., 2009; Wan et al.,
2011). To lower the particles shed by the health care personnel
and to decrease the incidence of SSIs, different guidelines
suggest the use of alcohol-based hand rubs, double gloves,
face masks, hoods for covering the hair as well as the use of
disposable impermeable garments made of non-woven particles
during surgical procedures (Sehulster et al., 2003; Howard and
Hanssen, 2007; Humphreys, 2009; Lives, 2009; Salassa and
Swiontkowski, 2014). In some studies, the incidence of SSIs
increased when the health care personnel wore the suits and
shoes or used mobile devices both in and out of the ORs
(Amirfeyz et al., 2007; Hee et al., 2014; Venkatesan et al.,
2015).

Up to 30% of all SSIs are known to be caused by Staphylococcus
aureus, especially the methicillin-resistant strains (Anderson
et al., 2007). S. aureus is one of the most commonly isolated
microorganisms from the ORs environment and a typical skin-
associated microbe, indicating that ORs are dominated by human
associated microbiota (Shin et al., 2015).

In two different studies the number of S. aureus has been
investigated in different zones of the ORs. The number was
increased in the critical zone (in close proximity of the patient)
in comparison with the intermediate and peripheral zone
(Edmiston et al., 2005; Genet et al., 2011).

Besides Staphylococcus ssp., other microorganisms have been
isolated from ORs such as: Enterobacter spp., Micrococcus
spp., Acinetobacter spp., Brevibacterium spp., Pseudomonas spp.,
Klebsiella spp., Bacillus spp., and Escherichia coli (Edmiston et al.,
2005; Wan et al., 2011; Al Laham, 2012; Venkatesan et al., 2015;
Verde et al., 2015).

Commonly, the microbiota associated with SSIs are
investigated by culture-dependent methods and include well
known opportunistic pathogens (e.g., S. aureus, Enterococcuss
spp., Pseudomonas spp., and Escherichia coli). However, a study
performed by Wolcott et al. (2009) shows that the vast majority
of the microorganisms linked to SSIs is unidentifiable using
standard culture methods (Wolcott et al., 2009) and consists
mostly of anaerobes (the majority belonging to the genus
Bacteroides).

The Microbiome Of Operating Rooms
Knowing that only a small fraction (around 1%) of the microbial
diversity can be cultured and described (Amann et al., 1995),
the usage of molecular methods arises as a prerequisite not
only for identifying the microorganisms present in the ORs
environment, but also for uncovering the mechanisms of
their dispersal and exploring the sources of microbiological
contamination.

To date, only one study has explored the entire microbiome
of an OR by using molecular techniques (Shin et al., 2015).
Shin et al. (2015) performed next generation sequencing of
the microbial communities present in three OR environments
(found in two different hospitals), and proved that the OR
dust contained a microbial community similar to the one
found on human skin (dominated by Staphylococcus and
Corynebacterium). Moreover, Staphylococcus strains have been
isolated from the dust present on ORs mobile surgery lamps,
pointing out a high infection risk associated with the formation
of microbial plumes. Overall, the study showed that the microbial
communities present in all three ORs were similar, and that the
bacteria present belonged to the phyla Proteobacteria, Firmicutes,
Bacteroidetes, Actinobacteria, and Cyanobacteria (Shin et al.,
2015).

More studies on the microbiome of the OR environment
are needed to identify the main sources of microbial
contamination, to understand how these microbes thrive in
these controlled environments and how they are transmitted
from humans to surfaces and vice versa. This would help
to optimize stringent maintenance and cleaning procedures
and to lower the microbial burden. Furthermore, health
care personnel should be instructed on how to perform
safer surgeries and how to minimize the microbial shedding
during surgical procedures. The recommendations of WHO
and CDC guidelines (Sehulster et al., 2003; Lives, 2009)
should be applied in each OR to prevent SSIs and avoid
unwanted expanse for both the patient and health care
facilities.

CLEANROOMS

Cleanrooms: Definition, Architectures
and Classes
Cleanrooms are facilities used for ensuring quality and safety of
many production processes. They are either mainly particulate-
controlled (e.g., microelectronics, semi-conductor industry),
or additionally biocontamination-controlled in case of food
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technology, pharmaceutical industry, medical processes (e.g.,
biosafety labs), aeronautics and many other application areas
(Whyte, 2010).

The idea to use a biocontamination-controlled, clean
environment to increase hygiene standards was first implemented
by the two physicians Semmelweis and Lister in the 19th century.
They realized the presence of an “invisible threat,” which we
nowadays have identified as the presence of (opportunistic)
pathogenic microorganisms or viruses. By their developed
countermeasures they were able to significantly decrease
mortality rates in hospitals (Semmelweis, 1988). However, it was
Willis Whitfield who created the basis of the modern cleanroom
in 1960 and solved the problem of contaminating particles and
unpredictable airflows by the application of a constant highly
filtered air flow to flush out air impurities (Whitfield, 1964).
A “clean” production process results in a product, which is
free of contaminants of concern. Such contaminants can be
microorganisms themselves and their remnants, biomolecules
in general, as well as any (inorganic) particulate matter that
could affect the production process and the quality of the end
product. Nowadays any outdoor air entering the cleanroom
is filtered and air inside the facility is constantly recirculated
through HEPA (high-efficiency particulate air) and/or ULPA
(ultra-low particulate air) filters to prevent contaminants to
enter the cleanroom or settle on its surfaces. In addition,
most cleanrooms are operated at higher pressures than their
outside environment to prevent inadvertent airflows into cleaner
areas2.

The installation of a clean production line requires proper
planning prior to the operation itself, including consideration
of specific requirements of the product (Whyte, 2001). Specific
decisions have to be taken with respect to operation (i.e.,
exchange of materials (products) and personnel), maintenance
and monitoring (i.e., measurements of air conditions, particles,
flow dynamics, acoustics, electrostatics, electromagnetics,
contaminating sources, risk and hazard assessments, concepts
of air flow facilities, laminar flow cabinets, filter fan units),
calculations of energy and media consumptions, as well
as hygiene protocols and evaluations (i.e., disinfection,
decontamination).

A cleanroom class is defined by its amount of particles
of a certain size according to the ISO classification criteria
(see also above). Hence, a cleanroom of ISO Class 6 is
for instance allowed to contain 106 particles equal to and
larger than 0.1 µm in size per m3 of air. This number is
then decreasing by 1 log per ISO category resulting in 105

for ISO 5, 104 (ISO 4), 103 (ISO 3), 102 (ISO 2), and 10
particles for ISO 1, which represents the cleanest level. In
case even higher cleanliness is required, so-called insulators
can be installed inside a cleanroom environment. Cleanrooms
of ISO classification 7–8 represent the most common and
appropriate levels of cleanliness for many different production
lines. Here, classification is based on 0.5 µm- sized and larger
particles with limits at 3.5 × 105 for ISO 7 and 3.5 × 106

2http://www.thomasnet.com/articles/automation-electronics/Cleanroom-Air-
Flow-Principles

for ISO 8 per m3 air, whereas ISO Class 9 (3.5 × 107

particles) corresponds already to the particle concentration
observed in uncontrolled areas. Besides the presence of
particles, cleanrooms are controlled with respect to temperature
and humidity (HVAC systems; heating, ventilating and air
conditioning), the kind and quality of gaseous substances, the
light source, electrostatics and electromagnetics (Whyte, 1999;
Hortig, 2002).

Technologies for a Clean Production
Cleanrooms are often arranged in a sequential manner
to guarantee desired conditions on each level. For this
purpose, cleaner areas are only accessible after passing other
cleanrooms of higher ISO classes in decreasing manner.
Passages between different ISO classes and into cleanrooms are
often sealed by airlocks or sluice systems, which sometimes
include additional air showers and tacky mats. These systems
intend to remove dust, soil, skin flakes and many other
contaminating particles associated with a person or item.
Work processes, as well as people behavior and interaction
with respective products are strictly predefined to avoid
needless spreading of particles. Hence, people in general are
advised to perform their duties with slow body movements
inside a cleanroom environment. In addition, the staff is
equipped with special cleanroom garment that has to be
donned in a specific area in a pre-defined order and
often includes an overall, pants, bonnet, mustache cover,
glasses, gloves, shoe covers, boots, and hoods. Previous
studies have shown that dispersion rates of microbe carrying
particles (MCPs; ≥0.5 µm) were substantially reduced from
2.1 × 106 to 1 × 106 per minute, when staff wore cleanroom
garment compared to normal indoor clothing (Whyte and
Hejab, 2007), emphasizing the effectiveness of such control
measures.

Since cleanrooms can harbor entire production lines, these
rooms are modular and scalable up to enormous sizes. Depending
on the mode of use, cleanrooms can be equipped with diverse
machines and furniture. Regardless of its special requirements,
installed devices have in common that they should generate
minimal air contaminations and are easy to clean. Hence,
materials from natural fibers are often excluded from devices used
in cleanrooms (Whyte, 2010).

Microbial decontamination actions are performed regularly
but without leaving any residues behind. Standard cleaning
reagents include alcohols (e.g., 70% (v/v) isopropanol),
hydrogen peroxide (e.g., Klercide-CR) and alkaline cleaning
reagents (e.g., Kleenol 30 or Jaminal Plus), and could be
supplemented with, e.g., UV light, γ – irradiation and vapor-
phase H2O2 treatments. Cleaning schedules can be rather
elaborative including extensive repetitions of vacuuming
and mopping as well as other cleaning protocols. As a
result, microbial abundance is often intensively reduced
compared to uncontrolled adjoining facilities. However, harsh
environmental conditions and selective pressures in the
cleanrooms also result in a microbial shift toward survival
specialists like bacterial spore formers or archaea (Mahnert et al.,
2015b).
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Microbial Monitoring in Cleanrooms
Microbial monitoring in biocontamination-controlled clean-
rooms is often executed according to standard, cultivation
dependent approaches based on the usage of contact plates
(nutrient agar plates), witness plates (if specific surfaces are
too sensitive to be sampled) or air sampling directly onto
nutrient agar plates. Besides pharmaceutical cleanrooms, also
industrial cleanrooms are sometimes required to operate under
biocontamination control. Examples are spacecraft assembly
cleanrooms that house mission vehicles, intended to land
on extraterrestrial areas of elevated risk for contamination
with Earth-borne microbes. Such missions are subject to
strict planetary protection regulations (Kminek and Rummel,
2015).

First studies that examined the microbial contamination
of such industrial cleanrooms were conducted in the 1960s
(Nicholson et al., 2009), especially in preparation for the Viking
mission to planet Mars (Puleo et al., 1977), starting with the
microbial characterization of laminar flow cleanrooms (Powers,
1965). A first report on a comprehensive analysis of a horizontal
laminar flow, three conventional industrial cleanrooms, and three
open factory areas for the presence of microbial contaminants
using witness plates was published by Favero et al. (1966).
It was found that the number of CFUs was reduced along
with the reduction of particles in samples from the air and
surfaces and reached a plateau after several weeks of exposure.
Microbial contaminations (mainly vegetative microorganisms of
human origin like Staphylococcus, Micrococcus, Corynebacterium,
Brevibacterium) could be clearly associated with the density and
activity of personnel in the cleanroom (Favero et al., 1966). In
the 60’s, general microbial levels on flat surfaces were evaluated
using Rodac (Replicate Organism Detection and Counting)
plates. These plates contained Trypticase Soy Agar (TSA) and
were, after sampling, incubated at 32◦C for 43 h (Vesley
et al., 1966). Similar procedures are still used today. Later on,
industrial cleanrooms were brought into a broader perspective
after comparing their microbial contamination type and levels
with those found in hospital ORs. The hospital environment
harbored at least 1 log higher microbial abundances (based on
colony forming units) than the investigated cleanrooms (Favero
et al., 1968).

In the case of bioaerosol characteristics, Li and Hou (2003)
observed only weak relationships among different cleanroom
class levels in hospitals and air particle concentrations. The index
of microbial air contamination (IMA) was proposed as a reliable
tool for monitoring surface contamination by settling of microbes
from the air and was tested in environments like hospitals, food
industries, art galleries, aboard the MIR space station and in open
air (Pasquarella et al., 2000).

Several authors discussed the effectivity of microbiological
methods and analytical tools to assess the risk of typical microbial
contaminants, such as Staphylococcus, Microbacterium and
Bacillus (Wu and Liu, 2007) during pharmaceutical production
(Whyte and Eaton, 2004a,b) or in aseptic processing cleanrooms
(Hussong and Madsen, 2004). Thomas et al. concluded that the
aseptic techniques applied by the personnel were more critical
in avoiding contamination, than the general level of cleanliness

of the environment (e.g., a cleanroom) for compounding drugs
(Thomas et al., 2005).

Nevertheless, besides modeling the spreading of
contaminants, risk assessments, improving sampling strategies
from air and surfaces in various cleanroom settings, most
studies that tried to expand applied methods beyond routine
microbial monitoring were conducted in spacecraft assembly
cleanroom settings due to planetary protection requirements
(Nicholson et al., 2009; Kminek and Rummel, 2015). For
planetary protection purposes, the profound knowledge and
understanding of the cleanroom and spacecraft associated
microorganisms is an important prerequisite for mission
success. Besides standard assays based on cultivation of aerobic
mesophilic and heat-shock resistant microorganisms, more
sophisticated methods have been established. These included
for instance the cultivation of microbial contaminants on
anoxic TSA, resulting in a collection of more than 100 strains
of facultative (Cellulomonas, Paenibacillus, Staphylococcus,
Arsenicicoccus, Dermabacter, Pseudomonas, Stenotrophomonas,
Corynebacterium, Enterococcus) and obligate anaerobes
like Clostridium and Propionibacterium (Stieglmeier et al.,
2009; Probst et al., 2010). Isolated bacteria from several
spacecraft assembly cleanrooms were extensively tested for
their resistance against numerous environmental stresses
like desiccation, UV-C irradiation, γ-radiation, 5% (v/v)
hydrogen peroxide, temperature extremes from 4 to 65◦C
up to a heat shock of 80◦C, pH 3 and 11, and hypersalinity
of 25% NaCl (w/v), in order to understand their potential
capacity to survive space flight or under extraterrestrial
conditions. Besides extremotolerant Alphaproteobacteria,
Betaproteobacteria, Gammaproteobacteria (Acinetobacter
radioresistens), Actinobacteria and fungi (Aureobasidium),
highly tolerant spore forming isolates were found, including
numerous bacilli, Geobacillus (thermophilic), Paenibacillus
(obligate anaerobes), and other species that revealed halotolerant
and alkalo-tolerant characteristics (La Duc et al., 2003a,
2007).

The application of diverse cultivation strategies and regular
monitoring and isolation of microbes from spacecraft
assembly cleanrooms resulted in a rich culture collection
of extremotolerant microorganisms from confined built
environments that is now open to the scientific community
at the German Collection of Microorganisms and Cell
Cultures DSMZ (Moissl-Eichinger et al., 2012, 2013) or
through the U.S. Department of Agriculture’s Agricultural
Research Service Culture Collection (Venkateswaran et al.,
2014b).

Targeting Microbial Communities Of
Cleanrooms With Molecular
Cultivation-Independent Technologies
However, beside cultivation based methods, several studies
conducted in spacecraft assembly cleanrooms included also
(molecular) cultivation independent assays to target microbial
diversity and abundance in NASA (National Aeronautics and
Space Administration) and ESA (European Space Agency)
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affiliated spacecraft assembly cleanrooms. La Duc and coworkers
used molecular methods in 2003 in addition to culture-based
methods to characterize microbial diversity of a cleanroom
encapsulation facility and the collocated Mars Odyssey
spacecraft. Predominant species in clone libraries included
Variovorax, Ralstonia and Aquaspirillum. The application of
various biomarkers such as ATP, LPS (lipopolysaccharides),
and DNA to assess contamination of spacecraft and associated
environments were reviewed by La Duc et al. (2004) including
even samples from the International Space Station (ISS). In
2009, DNA microarrays (PhyloChip) were added and compared
in-depth to standard cloning methods in a study covering
cleanrooms before and after spacecraft assembly at Lockheed
Martin Aeronautics Multiple Testing Facility (LMA-MTF),
Kennedy Space Center Payload Hazard and Servicing Facility
(KSC-PHSF), and the Jet Propulsion Laboratory Spacecraft
Assembly Facility (JPL-SAF; La Duc et al., 2009). Three
geographically distinct spacecraft-associated cleanrooms (Jet
Propulsion Laboratory, Kennedy Space Flight Center, Johnson
Space Center), including air samples, were analyzed in another
study to determine if microbial populations are influenced
by the surrounding environment or cleanroom maintenance.
Only a small subset of microorganisms (e.g., Acinetobacter,
Deinococcus, Methylobacterium, Sphingomonas, Staphylococcus,
and Streptococcus) was common to all locations, whereas
samples from Johnson Space Center featured the greatest
diversity of bacteria, Kennedy Space Flight Center samples
were characterized by a high presence of Proteobacteria
and areas in the Jet Propulsion Laboratory assembly facility
harbored mainly Firmicutes. The air of these spacecraft assembly
facilities contained for instance Massilia timonae, Agrobacterium
tumefaciens and Agrobacterium sanguineum, Janthinobacterium
lividum, Wautersia metallidurans, Acidovorax temperans,
Deinococcus geothermalis, Delftia acidovorans, Gemmata
obscuriglobus, and Methylobacterium fujisawaense (Moissl
et al., 2007). In addition to NASA operated spacecraft assembly
cleanrooms, their European counterparts used by ESA were
investigated for their microbial abundance and diversity as well
(Stieglmeier et al., 2012). However, not only Bacteria could be
associated to human-controlled environments but also signatures
of Archaea (Thaumarchaeota, closely related to Nitrososphaera
gargensis; and Euryarchaeota like halophilc and alkaliphilic
Halalkalicoccus, and the methanogen Methanosarcina) were
detected by molecular methods and could be visualized by
FISH (fluorescence in situ hybridization; Moissl et al., 2008;
Moissl-Eichinger, 2011).

Similarly like Bacteria, Archaea seem to be transferred by
humans into cleanroom environments (Probst et al., 2013).
Although they were found to be less (3 logs) abundant than
bacteria (2.2 × 104 archaeal cells per m2 cleanroom surface
determined via quantitative PCR), they seem to be a constant
microbial contaminant. Recently, an shotgun metagenomic
approach using multiple displacement amplification (MDA)
completed the picture of microbial life in a cleanroom by
the detection of Eukaryotes (Acanthamoeba and fungi, e.g.,
Leotiomyceta, Exophiala, Mycosphaerella) and diverse viruses
(Weinmaier et al., 2015).

New molecular methods like next generation sequencing
nowadays allow not only a much better assessment of the total
microbiome inside confined habitats like cleanrooms, but can
additionally be enriched by different assays to target potential
viable microbial communities. For instance the application
of propidium monoazide (PMA), a chemical compound
that masks DNA of dead cells from further downstream
molecular analysis, revealed a remarkable proportion of dead
cells (up to 99%) compared to other uncontrolled built
environments (Vaishampayan et al., 2013; Mahnert et al.,
2015b). The viable portion of the cleanroom environment
included bacterial spore formers, such as Ammoniphilus,
Bacillus, Brevibacillus, Clostridium, Cohnella, Desulfosporosinus,
Geobacillus, Paenibacillus, Planifilum, Sporosarcina, Terribacillus,
Thermoactinomyces, Virgibacillus) and Archaea (Haloferax and
Candidatus Nitrososphaera; Vaishampayan et al., 2013; Mahnert
et al., 2015b).

Moreover, viability assays using PMA were shown to increase
the traceability of low abundant taxa of the rare viable biosphere
(Mahnert et al., 2015b) and help to assess the entire complexity
of microbiomes in confined environments which are dominated
by DNA signatures of dead cells (Weinmaier et al., 2015). Hence,
the importance to include differentiated methods targeting the
total microbiome and that of viable or intact cells is of particular
relevance in microbially controlled low biomass environments,
to allow a less biased picture of the microbial DNA-based
inventory.

The investigation of a whole cleanroom facility including
adjoining facilities besides actual controlled cleanrooms
highlighted the critical role of the gowning area. These
areas are located in front of restricted clean zones, and were
identified as the major location and source of microbial
contaminant dispersal into cleanrooms (Moissl-Eichinger
et al., 2015). Moreover, the authors of this study applied a
broad spectrum of methods and compared standard cultivation
techniques (TSA, R2A), adapted cultivation protocols for
anaerobes (anoxic TSA), alkaliphiles (R2A at pH 10), halophiles,
oligotrophes (RAVAN agar), methanogens (Methanosarcina
medium) and various (molecular) cultivation-independent
methods including 16S rRNA gene cloning, micro-array
technology (PhyloChip) and next generation sequencing
(454-pyrosequencing). Interestingly, against expectations, high
throughput next generation sequencing technologies could not
cover all cultivated microbes (Moissl-Eichinger et al., 2015).
However, due to targeting 16S rRNA genes, this study missed
the entire microbial complexity as accessible through broader or
even untargeted approaches (Vaishampayan et al., 2013; Mahnert
et al., 2015b). Hence all methods, even state-of-the-art, have their
individual advantages, disadvantages and limitations. However,
in combination they have the potential to lead to a more
complete picture of microbes inside the extreme environment of
the cleanroom (Moissl-Eichinger et al., 2015).

Conclusion
In conclusion, from a microbial perspective, a cleanroom
is an extreme environment, where strict maintenance and
overall lack of nutrients complicate microbial growth. The
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human body serves as a continuous source of microbial
contaminants, although also environmental sources (such as
soil, dust particles and aerosol droplets) represent another
common source of cleanroom microbes. Once transferred to
the cleanroom environment, microbes adapt their metabolism
(Weinmaier et al., 2015) to withstand harsh conditions,
responding to starvation, by reduction of overall metabolic
activity (dormancy) and spore formation. Hence, cleanroom
maintenance selects especially for microbial adaptation and
survival specialists – and thus enriches microbes posing a higher
risk for planetary protection. For those purposes, cleanroom
maintenance and the design of its infrastructure should be
reconsidered and the necessity as well as impracticality of overall
sterility in a cleanroom should be critically discussed in the
future.

ISS AND HUMAN LONGTERM SPACE
TRAVEL (MARS AND BEYOND)

The International Space Station as a
habitat
Another confined man-made habitat exists about 400 km
above ground: The ISS, one of the biggest and most complex
international scientific projects in history, is circling our
planet in low Earth orbit. As joint venture of the five space
agencies of USA (NASA), Europe (ESA), Russia (Roscosmos;
Russian Federal Space Agency), Canada (CSA; Canadian Space
Agency), and Japan (JAXA; Japanese Aerospace Exploration
Agency), the ISS is organized in modules. The first module,
namely the Russian Zarya module, was launched in 1998
and since 30th October 2000, the ISS has been constantly
inhabited by humans. While the ISS kept growing by the
addition of new modules over the years, also the crew
size increased from initially three crew members to six
international astronauts and cosmonauts wo are now routinely
inhabiting the ISS. Naturally, the presence of humans also
imposes the presence of their associated microorganisms
in this confined habitat. Besides the arrival of new crew
members roughly every 6 months and about one cargo
transporter per month, delivering supplies and scientific
equipment for experiments, the ISS is cut off from any
other biological environment. Therefore, the ISS composes
the most confined man-made and inhabited environment to
date. In addition to its confinement, the ISS represents a very
unusual microbial biotope. Higher radiation levels than on
Earth, low nutrient levels due to reduced introduction of new
material, constant temperature (∼22◦C), stable humidity (∼60%)
and microgravity characterize the ISS habitat and make it a
unique and extreme-situated indoor environment (Coil et al.,
2016).

Microbial Safety Measures And Risk
Factors
The microbiology on the ISS has been under surveillance since
its first inhabitation. Standardized monitoring of surface and

air samples onboard the ISS as well as more detailed post-
flight investigations thereof have been conducted (Pierson, 2001;
Castro et al., 2004; Alekhova et al., 2005, 2016; Novikova et al.,
2006; Vesper et al., 2008; Satoh et al., 2011; Venkateswaran et al.,
2014c; Checinska et al., 2015; Ichijo et al., 2016; Yamaguchi et al.,
2016). Moreover, cleanliness of the ISS water supplies has been
investigated (La Duc et al., 2003b; Bruce et al., 2005). The greater
part of the first microbial investigations were mainly based on
cultivation of bacteria and fungi on commercial high-nutrient
media and under moderate conditions (Castro et al., 2004;
Novikova et al., 2006; Van Houdt et al., 2012). Since Roscosmos
could observe serious problems due to microbial contaminations
during operation of the space station Mir, all involved space
agencies agreed on preventive measures to protect spacecraft,
cargo, and crew from harmful microorganisms (e.g., Novikova,
2004; Ott et al., 2014).

For example, the air regeneration system is equipped with
HEPA or equivalent filters (POTOK 150MK in Russian modules)
to remove airborne microorganisms and particles ≥0.3 µm. The
acceptability limits for airborne bacteria and fungi were set to
10,000 and 100 CFUs/m3 of air, respectively. For surfaces the
respective limits were defined with 10,000 CFUs/100 cm2 and 100
CFUs/100 cm2. The microbial limits for the ISS water supplies
differs between the US and the Russian segments: US water must
be free of coliforms, with a total heterotrophic content of less
than 100 CFUs/100 mL, while the Russians allow heterotrophic
bacteria up to 10,000 CFUs/100 mL (Pierson, 2001; Van Houdt
et al., 2012).

In order to avoid higher levels of microbial contamination, a
rigorous housekeeping program is in place that includes weekly
cleaning, biweekly disinfection and standard monitoring of ISS
air and surfaces for viable bacterial and fungal contaminants
every 90 days. The used disinfection agents are either based
on a quaternary ammonium compound which is supplied by
the US or on the combination of a quaternary ammonium
compound with hydrogen peroxide, which is supplied by the
Russians (Directorate, 2000; Pierson, 2001; Castro et al., 2004;
Novikova et al., 2006; Duane et al., 2011; Van Houdt et al.,
2012). Monitoring of the microbial community onboard the ISS
is highly important to evaluate material integrity of the spacecraft
and to assess risk factors to the health of crew members. It is
known that the human immune system is compromised under
space conditions. For example, there is a significant decrease
of lymphocytes and also the activity of innate and adaptive
immune response is reduced compared to terrestrial controls
(Sonnenfeld and Shearer, 2002; Aponte et al., 2006). Additionally,
it has been shown that the virulence of most microorganisms is
affected by microgravity. For some species virulence is enhanced
in space conditions, such as Salmonella typhimurium (Wilson
et al., 2007) and for some other species virulence is reduced, such
as Listeria monocytogenes or Enterococcus faecalis (Hammond
et al., 2013). It is also debated that the efficacy of antibiotics
and other medications decreases under space conditions (Taylor,
2015).

Even the integrity of the spacecraft itself can be compromised
by microorganisms. So-called technophilic microorganisms, in
particular fungi, are able to corrode alloys and polymers used in
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spacecraft assembly (Alekhova et al., 2005). These technophilic
microorganisms caused major problems on the former Russian
space station Mir (Novikova et al., 2001; Novikova, 2004).

The International Space Station
Microbiome And Its Origin
The main fungal genera detected onboard the ISS by cultivation
were Aspergillus and Penicillium (Alekhova et al., 2005; Novikova
et al., 2006; Venkateswaran et al., 2014c). These fungi were also
found in higher abundance using different molecular approaches;
however, Satoh et al., 2011 did not find any Penicillium in the
Japanese Kibo module 1 year after its installation, but detected a
predominance of skin-associated Malassezia (Satoh et al., 2011).

The main bacterial phyla detected onboard the ISS in
air and on surfaces, by either cultivation or molecular
methods, were Firmicutes and Actinobacteria. In cultivation-
based assays, Bacillus and Staphylococcus species were the
most detected Firmicutes, whereas signatures of Staphylococcus
utterly dominate the Firmicutes-affiliated signatures detected by
molecular methods. The most probable reason for this observed
discrepancy might be the disability of standard DNA isolation
protocols to open spores adequately (Venkateswaran et al.,
2014c).

This finding emphasizes that cultivation approaches –
although generally not able to record the whole diversity of
a given environment (also stated above) – are still necessary
for regular monitoring procedures. However, the ability of
modern culture-independent molecular methods to assess the
total microbial diversity present in a given environment is
a powerful tool which enables researchers to elucidate the
microbial community structure within the ISS beyond the
standard cultivation assays. Next generation sequencing is
nowadays also facilitating the microbiome analysis of the ISS.
For instance, vacuum cleaner dust and filter debris collected
from HEPA filters within the US American part of the ISS
were analyzed in detail (Venkateswaran et al., 2014c) and
their microbial inventory was also compared to the microbial
inventory from spacecraft assembly cleanrooms (Checinska et al.,
2015). Overall, there are several current projects which aim to
broaden the knowledge about the ISS microbiome, including
NASA’s “Microbial Observatory” project (Venkateswaran et al.,
2014a), JAXA’s “Microbe” experiment series (Satoh et al., 2011;
Ott et al., 2014; Ichijo et al., 2016; Yamaguchi et al., 2016) and
ESA’s ARBEX project (Moissl-Eichinger et al., 2016).

Almost all studies which investigated the ISS microbiome
agree in one major aspect: the crew members act as the
main source for the ISS microbial community, since most
of the detected microorganisms are known to be human
associated. The only studies which did not report a dominance
of microorganisms of a presumable anthropogenic origin were
studies conducted on the water supplies of the ISS, which is
reasonable since these should normally not come in extensive
physical contact with humans. Most of the organisms in the
ISS water supplies were gram negative Proteobacteria, such as
Methylobacterium, Sphingomonas, Ralstonia and Pseudomonas
(La Duc et al., 2003b; Bruce et al., 2005).

Besides the human body, the other possible contamination
source in this secluded habitat is the cargo delivered to the ISS
including food, general equipment and material for scientific
experiments. Cargo is always subjected to adapted cleaning
procedures before upload and should be at least “visibly clean”
before sent to the ISS (Pierson, 2001; Mord, 2009).

The crew on the ISS wears clothing, which does not
impede the dispersal of microorganisms off the respiratory
tract or skin and thus is certainly the major reason for the
predominance of Staphylococcus (Firmicutes), Corynebacterium
and Propionibacterium (Actinobacteria), which were also proven
to be present in a viable status (Venkateswaran et al., 2014c).

Conclusion And Outlook
Many human associated fungal and bacterial species are known to
be opportunistic pathogens which are able to infect people with
a (severely) compromised immune system. As mentioned above,
the human immune system is proven to be compromised in space
and the virulence of some (opportunistic) pathogens could even
be enhanced under space-flight conditions. Additionally, if left
uncontrolled in a confined environment where environmental
strains are not present, which would normally outcompete
human associated microorganisms under such conditions,
human associated microorganisms can easily proliferate quickly
and thereby pose a health hazard, as has been shown in artificial
closed ecosystems on Earth (e.g., Sun et al., 2016). However, to
date, there has been no serious infection reported on board the
ISS, and the above mentioned CFU limits were exceeded only in
a few cases in which appropriate countermeasures succeeded in a
timely manner (Van Houdt et al., 2012).

Taking all the publicly available information into
consideration, one can conclude that the preventive measures
which are in place on board the ISS are currently sufficient to
ensure the safety of crew and spacecraft from the microbiological
perspective. Nevertheless, the longitudinal analysis of microbial
community behavior under space conditions is necessary
to deliver crucial knowledge to enable future long term
space missions, as e.g., a flight to Mars and beyond. For
such a long-term spaceflight, not only the maintenance of a
healthy microbiome in the human body and the surrounding
environment has to be considered, but also the safe production
of food and recycling of water. Spaceflight simulations, such as
MARS 300 and MARS 500, and microbial monitoring thereof
(Project: MICHA, DLR Cologne) are extremely helpful in order
to elucidate potential pitfalls during a flight to Mars and beyond.
However, much more research in this area is needed to ensure
the health and well-being of the crew during such missions.

Recent and current studies on the overall microbial
communities onboard the ISS help to understand the influence of
microorganisms on this special inhabited confined environment,
as well as on other man-made environments on Earth (and vice
versa). The overwhelming majority of detected microorganisms
are, however, no threat toward human health or material
but provide tremendous resources for human body function,
sustainable waste remediation, recycling and purification of
water and/or air supplies as well as nutrients for renewable
food sources or even as a renewable food source themselves
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(e.g., Nitta, 1999; Pierson, 2001; Czupalla et al., 2005; Bekatorou
et al., 2006; Habib et al., 2008). In addition, the presence
of beneficial microorganisms within a closed environment
can help to suppress the harmful microbes and can thereby
promote human health. As discussed in Mahnert et al.
(2015a), this could potentially be achieved by installing
plants in such confined environments, which could support
indoor air quality, mental health, provide a food source
and support human’s health and well-being by providing a
natural microbiome source (Mahnert et al., 2015a). However,
more research needs to be done in this regard, also to ensure
that no harmful microorganisms are introduced by such
plants.

ADDENDUM: HIGH-SECURITY
LABORATORIES

High-security laboratories are facilities developing customized
technological solutions covering functional and security needs
in natural scientific sectors. The purpose of such a laboratory
is to reduce or eliminate exposure of laboratory staff and the
outside environment to potentially hazardous agents. Different
biosafety levels (BSL) for bio-containment are defined to work
with dangerous biological agents in an enclosed laboratory
facility. Biological safety levels are ranked from one (BSL-1)
to the highest level four (BLS-4) where high security labs
are categorized into BSL-3 and BSL-4 based on the agents
or organisms on which the research or work is being
conducted. High-security laboratories, in particular of level
4, are thus the most confined environments, where humans
work. Although not much is known about the indigenous
microbial diversity in such environments, for the sake of
completeness, these environments shall be mentioned shortly
in this review, pointing to a lack of knowledge in this
regard. BSL-3 includes safety equipment and construction which
are applicable to clinical, diagnostic, teaching, research, or
production facilities in which work is done with dangerous agents
causing serious and potentially lethal infections. Mycobacterium
tuberculosis, St. Louis encephalitis virus, and Coxiella burnetii
are representative of the microorganisms assigned to this
level (Wilson and Chosewood, 2007). Primary hazards to
personnel working with these agents relate to autoinoculation,
ingestion, and exposure to infectious aerosols. At BSL-3,
more emphasis is placed on primary and secondary barriers
to protect personnel in contiguous areas, the community,
and the environment from exposure to potentially infectious
aerosols. Thus, more protective barriers are used in BSL-3
laboratories, including tightly closed wraparound protective
suits made of special materials like DuPontTMTyvek R©3 and
respirators if required. A high-security laboratory does also
comprise self-closing double-doors access apart from general
building passageways and the ventilation must supply ducted
systems for directional airflows without recirculation. BSL-4
is defined for working with dangerous and exotic agents that

3www.dupont.com

pose a high individual risk of life-threatening disease, which
may be transmitted via the aerosol route and for which there
is no available vaccine or therapy. Agents with a close or
identical antigenic relationship to BSL-4 agents should also
be handled at this level. BSL-4 microorganisms are the Ebola
virus, the Lassa virus, and any agent with unknown risks of
pathogenicity and transmission. Thus, BSL-4 facilities provide
the maximum protection and containment. In addition to
the BSL-3 level, there are requirements for complete clothing
change in a special lock and decontamination of all materials
when entering and leaving the laboratory. A BSL-4 facility is
generally located in a separate building or a totally isolated
zone within a building with proper supply and exhaust
ventilation systems, where high-efficiency particulate air (HEPA)
filters exhaust the air, depending on the agents used (World
Health Organization, 2005). Additionally, the laboratories also
have their own air, electricity and water supply and multi-
level security systems to prevent that pathogens reach the
outside.

Besides biological agents, BSLs comprise safe work practices,
specialized safety equipment (primary barriers) and facility
design (secondary barriers), which are summarized in different
reports (US Department of Health and Human Services, 2009;
McLeod, 2010). In the United States, the Centers for Disease
Control and Prevention (CDC) have specified all BSL levels
(Richmond and McKinney, 1999), whereas in the European
Union, the same biosafety levels are defined in directives. The
most important EU regulations for biosafety laboratories are
directive for biological agents at work (2000/54/EC), workplace
safety (89/391/EC), contained use of microorganisms (98/81/EC),
deliberate release into the environment (2001/18/EC), hazardous
waste (94/31/EC), or directive on harmful organisms, plants,
plant products and other objects (95/44/EC). The CDC and the
National Institutes of Health (NIH) are our main sources for
biological safety information for infectious agents. High security
laboratories are characterized by strict hygienic guidelines
comprising qualified employees, measures, and disinfection-
and cleaning plans. Disinfectants, dosage and applications are
defined within SOPs. The common decontamination strategies
are hydrogen peroxide (H2O2), formaldehyde (CH2O) or
chlorine dioxide (ClO2). A study (Beswick et al., 2011) reported
that these methods were tested of their efficacy where only
chlorine dioxide and formaldehyde showed a high disinfection
efficacy.

In comparison to other indoor environments, biosafety
laboratories are even more confined. Wearing of special clothes
and protections prevents the humans from microbes as well as
particles, which can be a carrier of microorganisms. Microbial
communities of mentioned indoor habitats within this review
are well analyzed by several next generation sequencing methods,
but no research study about microbiome analysis in high security
laboratories exists. It can be assumed that microorganisms of this
extreme habitat adapt to low nutrient and dry conditions as well
as strict hygienic guidelines (e.g., decontamination procedures or
lock systems), as it was observed for microorganisms of other
confined habitats. Further, monitoring of high-security labs is
becoming more and more important to prevent outbreaks of
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FIGURE 2 | The microbial network visualizes microbial profiles of selected confined habitats based on a range of isolates obtained from these
environments. The network was arranged with Cytoscape using a spring-embedded algorithm on eweights. Diversity of isolates on genus level was correlated with
node size. Nodes and edges were colored by color mixtures of their respective environments: international space station (ISS) – yellow, intensive care units (ICU) –
green, cleanrooms (CR) – blue, and operating rooms (OR) – red. Edge width and opacity was correlated to respective eweights, which were computed in QIIME
(Caporaso et al., 2012).

disease and to maintain public faith. Generally, the awareness is
low, but in cases of epidemic, e.g., Ebola or SARS, the interest
increases. Thus, the World Health Organization (WHO) has
recently witnessed a worldwide increase in the demand for
biosafety guidance and support that culminated in 2005 with
the adoption by the World Health Assembly of resolution WHA
58.29 on enhancement of laboratory biosafety (World Health
Organization, 2005).

CONCLUSION

Due to similar maintenance, architecture and type of
confinement, the environments presented here harbor a
very specific microbial core-community. ICUs, ORs, cleanrooms

and even the ISS share a number of typical microbial inhabitants,
as displayed in Figure 2. In particular Bacillus and human-
associated microbial species are cultivated from all confined
areas, reflecting the typical microbial community being
composed of survival specialists (such as spore formers) and
mainly representatives of the human microbiome, defining the
human body as major source of microbial contamination.

The purposes for confinement are different. In the hospital
area, the risk of infection is the major driving factor for
confinement. Interestingly, higher efforts in cleaning (i.e.,
sterilization and bioburden reduction) do not necessarily
decrease the risk for infections, in contrary: they were even
correlated with a higher incidence of infections and presence
of multi-resistant strains. Similar findings exist for cleanroom
environments: the microbial inhabitants frequently showed
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higher resistances against physical and chemical stresses than
their naturally occurring counterparts. All of these discussed
habitats are extreme and pose stresses toward the internal
microbiome, which entails a positive selection pressure for
microbes which are adapted to such stresses and therefore
promotes the development and establishment of survival
strategies within these habitats.

Interestingly, the ISS seems to be a safe work space: despite
allergic reactions (Venkateswaran et al., 2014c), so far no severe
incidences of outbreaks have officially been reported. Certainly,
although most confined, this is also an area where a higher
number and diversity of microorganisms can be accepted, since
neither persons, nor products are exposed to instantaneous risk.

Although cleanrooms are not living places for human beings,
they have been subjected to comprehensive microbial analyses
during the last years, using most sophisticated molecular and
cultivation-based methods. While the overwhelming majority of
cleanroom microorganisms appears to be dead, the survivors are
specifically resistant and are considered possible contaminants, of
e.g., spacecraft targeting potential extraterrestrial biotopes.

In all habitats considered in this review, the routes of microbial
transmission are not clearly resolved yet, leading to uncertainty
with respect to optimal maintenance and risk management. Based
on our experience and the information summarized in this
review, we argue, that hygiene and maintenance strategies need to
be critically reviewed, and the role of beneficial microorganisms,

that naturally suppress unwanted microorganisms, need to
be reassessed. The most-likely healthy transfer of beneficial
microorganisms through, e.g., pets or plants into patient rooms
is currently restricted, due to uncontrollable risks. However, a
controlled spreading of selected, beneficial microorganisms in
certain settings could help tremendously to improve quality of
living and human health and to reduce long-term risks emanating
from multi-resistant microbial strains.
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