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• Greywater aerosols had higher bacterial
counts compared to background
amounts.

• Low pathogen counts were detected on
settle-plates from greywater aerosols.

• Before enrichment no bacteria were
found in greywater aerosols, using a
BioSampler®.

• After enrichment some pathogens were
occasionally found in the greywater
aerosols.

• QMRA results show that greywater
aerosols were below safety limits for
S. aureus.
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Greywater (GW) reuse can alleviate water stress by lowering freshwater consumption. However, GW contains
pathogens that may compromise public health. During the GW-treatment process, bioaerosols can be produced
andmay be hazardous to humanhealth if inhaled, ingested, or come in contact with skin. Using air-particlemon-
itoring, BioSampler®, and settle plates we sampled bioaerosols emitted from recirculating vertical flow con-
structed wetlands (RVFCW) – a domestic GW-treatment system. An array of pathogens and indicators were
monitored using settle plates and by culturing the BioSampler® liquid. Further enumeration of viable pathogens
in the BioSampler® liquid utilized a newer method combining the benefits of enrichment with molecular detec-
tion (MPN-qPCR). Additionally, quantitative microbial risk assessment (QMRA) was applied to assess risks of in-
fection from a representative skin pathogen, Staphylococcus aureus.
According to the settle-plate technique, low amounts (0–9.7 × 104 CFU m−2 h−1) of heterotrophic bacteria,
Staphylococcus spp., Pseudomonas spp., Klebsiella pneumoniae, Enterococcus spp., and Escherichia coli were found
to aerosolize up to 1 m away from the GW systems. At the 5 m distance amounts of these bacteria were not sta-
tistically different (p N 0.05) from background concentrations tested over 50m away from the systems. Using the
BioSampler®, no bacteria were detected before enrichment of the GW-aerosols. However, after enrichment,
using an MPN-qPCR technique, viable indicators and pathogens were occasionally detected. Consequently, the
QMRA results were below the critical disability-adjusted life year (DALY) safety limits, a measure of overall dis-
ease burden, for S. aureus under the tested exposure scenarios. Our study suggests that health risks from
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aerosolizing pathogens near RVFCWGW-treatment systems are likely low. This study also emphasizes the grow-
ing need for standardization of bioaerosol-evaluation techniques to providemore accurate quantification of small
amounts of viable, aerosolized bacterial pathogens.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

Onsite treatment and reuse of greywater (GW), domestically gener-
ated effluents excluding toilet and occasionally kitchen wastewater
(WW), can increase water savings and alleviate water scarcity (Gross
et al., 2008; Oron et al., 2014). Millions of onsite GW-treatment systems
are in operation worldwide and are directly accessible to household in-
habitants (Oron et al., 2014). Many GW-treatment systems, such as
recirculating vertical flow constructed wetlands (RVFCW) (Gross et al.,
2007, 2015), create bioaerosolswhichmight compromise humanhealth
if critical amounts are inhaled, ingested, or come into contact with
human skin.

1.1. Airborne pathogens and aerosol sampling techniques

Particles ranging from0.01–50 μm indiameter that are suspended in
air are categorized as aerosols (Gehr and Heyder, 2000). Between 80
and 90% of aerosols are b10 μm in diameter and of these, ~70% are of re-
spirable size and can contain cultivable bacteria (Li et al., 2012). A signif-
icant fraction of particles from 0.5 μmup to 10 μm can enter into lung or
gastrointestinal tissue (Thomas et al., 2008) and have thus been catego-
rized by the US Environmental Protection Agency (US EPA, 2014) as
particles that may not be filtered by the lungs but rather deposited
there or ingested (Brunekreef and Holgate, 2002; Olin, 1999). Infectious
pathogens, such as viruses and bacteria (SI: Table S1), are within the
size range that can be carried in these aerosols (Bowers et al., 2011).
Via exposure to skin, inhalation, or ingestion, they can have a potentially
negative impact on human and animal health (Jeppesen, 1996; Li, 2013;
Stellacci et al., 2010). The possibility of respirable air particles contami-
nated with fungi, bacteria, viruses, and other harmful organisms has
been widely researched and reviewed (Baron and Willeke, 1986;
Gralton et al., 2011; Lacey and Dutkiewicz, 1994).

Various environmental and physical factors affect airborne pathogen
transport and their ability to remain infective over small or large dis-
tances (Dueker et al., 2012). In general, airborne bacteria and viruses
can remain viable and travel further with increased wind velocity, in-
creased relative humidity, lower temperature, or lower solar radiation.
Other important factors include the sources and initial concentrations
of pathogens in WW, duration of aerosolization, and droplet sizes
(Asano, 1998; Li, 2013; Marthi et al., 1990; Teltsch and Katzenelson,
1978). Previous studies on WW systems have indicated that under
ideal conditions, high concentrations of coliform bacteria are carried
over distances of 90–130 m with a wind velocity of 1.5 m s−1

(Jeppesen, 1996), and that ideal conditions for bacterial survival are rel-
ative humidity levels of 70–80% and low temperatures (b12 °C) (Marthi
et al., 1990). Formost infectious agents, the aerosol research community
has only rudimentary knowledge of the process of airborne disease
transmission from WW sources to recipients due to the technical diffi-
culties involved in obtaining quantitative estimates of excretion, distri-
bution, stability, and probability of infection by exposure dose
(Hermann et al., 2006). Part of these technical difficulties may stem
from the type of biological aerosol sampling techniques employed.

Biological aerosol sampling is often performed using the settle-plate
technique, which could simulate skin contact, and/or by utilizing a vac-
uum to draw air into a liquid impinger or impaction onto agar plates,
which could simulate the action of inhalation/ingestion (Pasquarella
et al., 2000). All air-collection methods have their limitations but also
advantages, as described in depth by Napoli et al., 2012. It is known
that in passive sampling using the settle-plate technique, microbial
quantification is weakly (if at all) correlated with counts by other quan-
titative methods. This is because gravity, motion of the surrounding at-
mosphere, and other depositional dynamics due to particle size and
shape affect what falls onto the agar plates. The volume of collected
aerosols is unknown due to these factors, and larger particlesmay be in-
herently selected as they are more likely to settle (Napoli et al., 2012).

Active sampling techniques, using a vacuum to draw air into an
impinger or onto an agar plate, have a variety of designs and require cal-
ibration for each microorganism and each nutrient medium used. Thus,
results obtained by these devices are variable and can often be difficult
to interpret (Napoli et al., 2012). A significant limitation to active sam-
pling methods includes the loss of sampling liquid through evaporation
and re-aerosolization of bacterial droplets. This often reduces collection
efficiency of liquid impingers along with the force of impact of the bac-
teria onto the liquid or agarmedium surfacewhich reduces bacterial vi-
ability (Lin et al., 2000).

1.2. Estimating health risks of aerosolized bacteria from GW systems

Quantitative microbial risk assessment (QMRA) is a promising
modeling tool for predicting health risks associated with specific patho-
gens in water sources (Ashbolt et al., 2010; Till et al., 2008). In recent
years, a few studies have applied or promoted the use of QMRA to esti-
mate the health risks of GW use (Busgang et al., 2015; Maimon et al.,
2010; O'Toole et al., 2014; Ottoson and Stenström, 2003). QMRA is
based on a paradigm of four discrete steps: (1) hazard identification to
describe the effects of the pathogens of concern on human health;
(2) exposure assessment to determine the size and nature of the popu-
lation which may be exposed via route, amount, and duration of expo-
sure; (3) dose-response modeling to characterize the relationship
between the exposure to specific doses of a pathogen and the probabil-
ity of a negative outcome; and (4) risk characterization to determine the
annual probability of illness and the maximum acceptable risk via the
integration of information from the previous three steps (Haas et al.,
1999). No study thus far has applied QMRA to evaluate the risks of bac-
terial pathogens thatmay aerosolize fromGWsystems. Thismay be due
to the difficulties in obtaining accurate pathogen data for risks of inges-
tion and inhalation infectivity alongwith the limitations of various aero-
sol collection techniques (Marthi et al., 1990; Napoli et al., 2012; Oliver,
2010; O'Toole et al., 2014; Schmidt and Emelko, 2011).

Reuse of GW is widely practiced, yet the potential risks associated
with the transport of pathogens found in GW via aerosols have not
been thoroughly investigated. It has been shown that there are in-
creased concentrations of pathogenic bacteria near contaminated
water sources such as WW-treatment systems (Dutkiewicz et al.,
2003; Haas et al., 2010), but little is known about the amounts or
types of aerosolized bacteria in residential areas (Bowers et al., 2011).

Microbial characteristics of raw and treated GW from RVFCW treat-
ment systems have been studied and pathogenic microorganisms have
often been found (Benami et al., 2013, 2015; Gross et al., 2006) (SI:
Table S1, Table S2). The transfer of the microorganisms from water to
air occurs mainly during the aeration stage of treatment (Bauer et al.,
2002). Thus, the source of pathogenic bioaerosols from these systems
could originate from the recirculation and aeration of raw GW and pos-
sibly from the contribution of detached biofilm microorganisms (Sklarz
et al., 2009; Gross et al., 2006, 2007, 2008).

To the best of our knowledge, there has been no investigation of
aerosolized pathogens where onsite domestic WW treatment is prac-
ticed. Therefore, we had two aims: 1) to quantify bacterial pathogens
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commonly found in GW from aerosols generated frommodel onsite do-
mestic GW-treatment systems, and 2) to evaluate the risks associated
with aerosolized pathogens by comparison to current published infec-
tive dose standards and by applying QMRA.

2. Materials and methods

2.1. Experimental setup

The experimentswere designed to test the spreadof pathogenic bac-
teria via aerosols originating from GW-treatment systems. Aerosols
were sampled from three RVFCWs (N = 3) and were each tested
three times (n = 3) over the duration of nine months (June–February
2014–2015). In an alternating testing scheme, a replicate (n) from
each system was tested once a month (one sampling per month in
total). Sampling was conducted early in the morning right before sun-
rise when temperature and solar radiation were minimal and relative
humidity was high, maximizing pathogen survival (Marthi et al., 1990).

All of the GW systems treated washroom (sink and shower) and
laundry effluents. All systemswere located in the yards of domestic res-
idences in the aridNegev desert region of Israel (34°46′58.548″E; 30°51′
6.588″N) and all systems had been operating for over four years (Gross
et al., 2008;Maimon et al., 2014). Briefly, an RVFCW is composed of two
500-L plastic containers (1.0 m × 1.0 m × 0.5 m) placed one on top of
the other. The top container acts as a vertical flow wetland holding a
planted three-layer bed and is perforated at the bottom. The bed is com-
posed of a 5 cm top layer of woodchips, followed by a 35 cm middle
layer of tuff gravel and a 10 cm lower layer of limestone pebbles. The
lower container functions as a reservoir. Raw GW is applied to the top
of the bed and trickles through the layers into the lower container.
The water is then pumped continuously from the reservoir back to the
top at a rate of ~300 L h−1.

A schematic representation of the RVFCW is depicted in Fig. 1. Mi-
croorganisms constitute a central component of the RVFCW's capacity
for treating GW. In the RVFCW treatment layers, biofilms are formed.
The kinetic interactions for mineralization of organic matter of GW
biofilms have been previously characterized (Baban et al., 2010).

The treatment efficiencies of the RVFCW have been studied previ-
ously (Benami et al., 2015; Gross et al., 2007; Sklarz et al., 2009). For a
wide range of highly contaminated raw GW qualities, the RVFCW has
been found to effectively remove on average 102–103 CFU 100 mL−1

of E. coli and lower TSS and BOD levels to b10 mg L−1 (Benami et al.,
2015; Zapater et al., 2011) (SI: Table S2).

Tomimic a worst-case scenario, aerosols were sampled shortly after
a batch of rawGWwas introduced into the RVFCW. A fanwas set up be-
hind each RVFCW system to direct the air flow in one direction and cre-
ate a maximum air flow of approximately 1 m s−1 air flow at 5 m away,
as detected by an anemometer (Kimo AMI 300Multifunction Data Log-
ger, North Yorkshire, England) (Fig. 1). Further details of the experi-
mental set-up are listed in SI: Experimental information.
Fig. 1. Field setup for bioaeros
2.2. Weather data

Solar radiation (kWh m−2 h−1), wind speed (m s−1), temperature
(°C), and relative humidity (%) were recorded using a portable
iMETOS® ET weather station (Pessl Instruments GmbH, Weiz, Austria)
located onsite during each sampling. The weather parameters in
Table 1 were monitored during the samplings and averaged 0.28 ±
0.26 kWh m−2 h−1 for solar radiation, 0.1 ± 0.2 m s−1 for wind
speed, 20.0 ± 7.0 °C for temperature, and 71.3 ± 20.0% for relative
humidity.

2.3. Aerosol sampling methods

Due to the fact that there is no standard method yet established for
aerosol samplings (Napoli et al., 2012) and that limitations exist in sam-
pling aerosolswith only one technique (Section 1.2), several aerosol col-
lectionmethodswere employed. Using severalmethods allowed amore
complete understanding of the presence, size, and viability of the aero-
solized bacteria. Bioaerosols emitted from the RVFCW were monitored
by an air-particle monitoring device (Dylos air particle monitor)
which was utilized to measure the aerosol fraction contributed by the
GW treatment systems. Bioaerosols were collected by an active collec-
tion method, the BioSampler® (SKC Inc., 225-9595, Eighty Four, PA),
and via a passive collectionmethod using settle plates. All GWand aero-
sol collection (BioSampler® and settle plates) andmonitoring (Dylos air
particle monitor) efforts were performed simultaneously for one hour,
for each independent sampling event, for a total of nine samplings
(N = 3, n = 3).

2.3.1. Aerosol particle count
Particles of two size distributions (0.5–2.5 μm and 2.5–10 μm) were

monitored by Dylos DC1700 air-particle monitors (Dylos Corporation,
Riverside, CA). During sampling events, monitors were located 0.3 m
and N50 m (control) away from the systems (Jones et al., 2015;
Northcross et al., 2013; Semple et al., 2015; Steinle et al., 2015). In
total, 465 and 459 measurements were taken for the 0.5–2.5 μm and
2.5–10 μm size ranges, respectively. The difference between back-
groundmeasurements from50maway from theRVFCWtreatment sys-
tem and themeasurements closer (0.3m) to the systemwas considered
to be the aerosol fraction contributed by the system.

2.3.2. Active aerosol sampling
Air-sampling was done by a popular active sampling device called

the BioSampler® (SKC Inc.) which was created to reduce evaporation,
re-aerosolization, and impact of bacteria into the liquid medium—all
factors that can reduce bacterial collection or viability (Lin et al.,
2000). During each sampling event, aerosols were collected for 1 h by
air suction at a rate of 12.5 L min−1 into the BioSampler® liquid
impinger as suggested by the manufacturer. The sampler was located
0.3 m downwind of the RVFCW GW-treatment system (Gross et al.,
ol pathogen monitoring.



Table 1
Weather data collected during the samplings.

Sampling Solar radiation
(kWh m−2 h−1)

Wind speed
(m s−1)

Temperature
(°C)

Relative humidity
(%)

1 0.79 0.1 26.0 48.8
2 0.58 0.0 26.9 61.1
3 0.04 0.0 21.1 48.8
4 0.28 0.1 26.7 55.7
5 0.21 0.5 21.9 84.6
6 0.34 0.2 22.9 74.7
7 0.08 0.0 14.7 100.0
8 0.13 0.1 13.6 68.3
9 0.18 0.0 6.5 100.0
Average 0.28 ± 0.26 0.1 ± 0.2 20.0 ± 7.0 71.3 ± 20.0
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2008), reflecting the closest distance at which a person can comfortably
sit or stand near a GW system.
2.3.3. Passive aerosol sampling
Settle plates with selective agars were placed at 0.3, 1, 5, and N50m

away from the systems for 1 h to evaluate total heterotrophic bacteria,
indicators and pathogens as described in Section 2.4 and in SI: Table S3.
2.3.4. GW samples
During each sampling event GW was collected from the source of

the aerosols, the reservoir of the RVFCW. Collection of the GWwas per-
formed immediately after the raw GW went through the treatment
cycle one time, henceforth representing the “worst-case” or “most con-
taminated” form of treated GW. The treated GW was analyzed for mi-
crobial pathogens and indicators as described in Section 2.4.

At the end of each sampling, liquid and plate samples were immedi-
ately brought to the laboratory in a chilled cooler. The plates were incu-
bated at the temperatures dictated by the microbial medium
manufacturers' instructions (SI: Table S3). Liquid samples from the
BioSampler® impinger were kept at 4 °C and processed within 24 h of
collection. Bacteria were enumerated as described in Section 2.4. A
more detailed description of the sampling methods and field setup is
provided in the SI sections: Sampling information, Field setup, and
Aerosol and bacterial sampling (Fig. 1).
2.4. Microbial quantification in aerosols and GW

An array of pathogens and indicators were tested using the settle
plates and by culturing the BioSampler® liquid on selective agar plates.
These two quantification methods were only able to detect culturable
bacteria which grew from the aerosol samples on selective growth
media. Additionally, a newer method combining the benefits of
culture-dependent enrichment with molecular detection (MPN-qPCR)
(Orlofsky et al., 2015) was employed to enumerate bacteria by
distinguishing specific (detecting DNA) culturable (identified via en-
richment) bacteria from the BioSampler® liquid impinger.
2.4.1. Culture-dependent methods
Colony-forming units (CFU) were enumerated using standard

methods (APHA, 2012) after appropriate incubation times as described
by manufacturer instructions for total heterotrophic bacteria,
Escherichia coli, Enterococcus spp., Klebsiella pneumoniae, Pseudomonas
spp., and Staphylococcus spp. (SI: Table S3). Settle-plate agars were sup-
plementedwith cycloheximide (Hi-Media Laboratories,Mumbai, India)
at 100 μgmL−1 to suppress fungal growth. Similarly, 1mL sampleswere
taken from the BioSampler® liquid impinger and the collected bacteria
were enumerated for the same bacteria using the same selective agar
plates (SI: Table S3).
2.4.2. Most probable number (MPN)-based culture-dependent method
GW samples from the RVFCW were analyzed by MPN-based

enzymatic-based microbial kits (IDEXX, Westbrook, ME) for the detec-
tion of Pseudomonas aeruginosa, fecal coliforms, E. coli, and Enterococci
(SI: Table S3).

2.4.3. Enrichment and molecular detection
Enrichment was applied to 5 mL aliquots taken from the

BioSampler® liquid impinger to address (1) the reduction in bacterial
viability and the release of free DNA (Zhen et al., 2013) that the
BioSampler® active sampling might induce; and (2) the assumption
that the GW systems may produce low amounts of aerosolizing patho-
gens. E. coli, K. pneumoniae, P. aeruginosa and S. aureus were targeted
using an MPN–qPCR enrichment and molecular detection method of
pathogens in aerosols as described previously (Orlofsky et al., 2015).
For a more robust DNA extraction to detect the targeted pathogens,
the GeneAll® Exgene™ Genomic DNA kit (Biofrontier Technology,
Seoul, S. Korea) was used according to the manufacturer's instructions
in place of the technique cited in Orlofsky et al., 2015. Molecular
(qPCR) detection of E. coli, K. pneumoniae, P. aeruginosa, and S. aureus
followed protocols from Benami et al., 2013. Primers and probes used
for molecular detection of the bacterial species in the MPN-qPCR meth-
od are listed in SI: Table S4.

2.5. Recovery of pathogens in aerosols

Calibration and recovery tests to assess the impact due to time, bac-
teria, collection and enrichment media using the BioSampler® were
performed and are described in SI: Calibration tests, Table S5, and
Figure S1.

2.6. QMRA

QMRA was used to estimate potential risks from possible exposure
to GW aerosols and compare it to the tolerable risk as postulated in
the World Health Organization (WHO) guidelines for GW reuse (Haas
et al., 1999; WHO, 2006). S. aureus was tested as a representative skin
pathogen (Nishijima et al., 1995) because this bacteria is commonly
found and is postulated to be a risk in GW sources (SI: Table S1).

An exposure scenario was chosen to simulate average and worst-
case scenarios for skin-infection risks from S. aureus. The settle-plate
data was used to estimate the number of bacteria that might come in
contact with the skin assuming, as a worst-case scenario, lounging
0.3 m away from the GW-treatment systems daily for 1 h. More details
can be found in SI: QMRA Scenarios, Tables S6 and S7.

2.6.1. Dose-response modeling
The exponential dose-response model used for S. aureus scenario

was acquired from Rose and Haas, 1999:

P inf ¼ 1� exp�d=k ð1Þ

where d is the dose of microorganisms that a person may be exposed to
(days × number [CFU] of pathogens per m2), and k = 1.31 × 107 is a
shape factor that is characteristic of the process. To account for multiple
exposures per year, the individual probabilities were summed as:

P ¼ 1� 1� P inf
� �n ð2Þ

where P is the probability of infection from n exposure events per year.
All parameters related to thesemodels can be found in SI: Tables S6 and
S7. To estimate exposures as probability distributions, the model was
run as Monte Carlo simulations in Matlab (Armstrong and Haas, 2007;
Haas et al., 1999).
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2.6.2. Risk characterization
The annual probability of infection was determined for the S. aureus

exposure scenario and the risk was characterized as above or below the
maximum tolerable risk suggested according to Disability Adjusted Life
Years (DALY) (WHO, 2006) and from Havelaar et al., 2012 in combina-
tion with data from Adak et al., 2005. Further description of the DALY
used in this research along with model assumptions are listed in SI:
DALY, and Model assumptions.

2.7. Statistical analyses

For statistical analyses, microbial counts were log-transformed.
Culture-dependent, MPN-qPCR techniques, and aerosol counts as a
function of distance from aerosol source were compared by Student's
t-test or one-way analysis of variance (ANOVA) with a significance
level of p b 0.05, followed by Tukey's multiple comparison test when
needed. If the data set did not pass the normality test, Mann-Whitney
or one-way ANOVA on ranks (Kruskal-Wallis) test was used. Statistical
analyses were conducted by SigmaPlot® 13.0 software.

To determine the reliability of the QMRAmodel predictions, the un-
certainty and sensitivity in themodel inputswere determined following
a previously reported method (Xue et al., 2006). More information on
the application of sensitivity and uncertainty analyses in relation to
the S. aureus scenario is provided in SI: Uncertainty and sensitivity anal-
yses and Tables S8 and S9. Spearman rank correlation was used for the
uncertainty analyses.

3. Results and discussion

3.1. Particle enumeration by the Dylos air particle monitor

Dylos air-particle monitors were used to assess potential aerosols
generated by the GW-treatment systems. Fig. 2 shows the background
concentrations (N50 m away from GW system) and GW contributions
(0.3 m away from the GW system) of particles that were in the 0.5–
2.5 μm and 2.5–10 μm diameter ranges.

In the 0.5–2.5 μm diameter range, background particle results
ranged from 1.7 × 101 to 1.7 × 102 with an average of 8.4 × 101 ±
5.5 × 101 particles m−3. Closer to the GW systems (0.3 m distance) par-
ticles ranged from 4.0 × 101 to 2.1 × 103 particles m−3 with an average
of 1.3 × 102 ± 2.3 × 102. Results were similar for the 2.5–10 μm diame-
ter range, as background particle results ranged from 2.6 × 101 to
1.6 × 102 with an average of 6.9 × 101 ± 3.1 × 101 particlesm−3. Closer
to the system (0.3 m distance), the particle amounts were usually
higher, ranging 3.4 × 101 to 6.9 × 102 particles m−3 with an average
of 1.4 × 102 ± 1.0 × 102.

On average, aerosolized particle counts at 0.3 m away were one to
two orders of magnitude higher than the background counts (N50 m
away) for both of the tested particle size ranges (Fig. 2). These results
Fig. 2.Average number of particles perm3 ranging in diameter fromA) 0.5 to 2.5 μm; andB) 2.5
measured by a Dylos air-particle monitor (N = 4).
from the Dylos air particle monitor suggest that aerosols large enough
to carry pathogenic bacteria are produced by GW-treatment systems.
This coincides with studies that found increased particle counts within
these size ranges next toWW-treatment systems (Li et al., 2011, 2012).

3.2. Bacteria in GW

In this study, pathogenic bacteriawere found in all biologically treat-
ed GW samples. P. aeruginosa was, on average, the most frequently de-
tected bacterium, ranging from 9.4 × 101 to 3.1 × 104 MPN 100 mL−1

and Staphylococcus spp., E. coli, and K. pneumoniae ranged from 0 to
4.1 × 103 MPN 100 mL−1 (Table 2). Fecal coliforms and Enterococcus
spp. ranged from 0 to 2.4 × 104MPN 100mL−1 in the biologically treat-
ed GW samples (data not shown).

The presence of pathogenic bacteria in GW has been acknowledged
(Benami et al., 2013, 2015; Friedler et al., 2006) and consequently,many
GW regulations have addressed this issue by various means (Dixon
et al., 1999; Maimon et al., 2010; WHO, 2006). Moreover, some reports
have discussed risks associatedwith GW (Busgang et al., 2015;Maimon
et al., 2010; O'Toole et al., 2012). Yet, little is known about the possible
risks associated with GW aerosols and only a few reports were found to
speculate on the risks (Blanky et al., 2015; Jeppesen, 1996) or to attempt
pathogen quantification (Orlofsky et al., 2015) from GW aerosols.

3.3. Aerosolized bacterial enumeration by the BioSampler®

The BioSampler® was used as a direct active enumeration method
for bacteria. No bacterial colonies grew following inoculation of the liq-
uid impinger field samples (after 1 h operation) on selective agar plates
(Table 2). However, after enrichment was applied to the BioSampler®
impinger liquid viable indicators and pathogens were occasionally de-
tected, ranging from 0 to 1.1 × 104 CFU m−3 h−1 (Orlofsky et al.,
2015). On a presence/absence basis, after enrichment, K. pneumoniae
was detected in 67% of the collected samples, E. coli in 44%,
P. aeruginosa in 33% and S. aureus in 11% (Table 2).

As humans breathe in an estimated 0.6 to 1.5 m3 of air per hour (US
EPA, 1997), we estimated whether the tested bacteria fell within pub-
lished infective dosage levels for ingestion, inhalation, or skin contact
(Table 2) assuming that one would stand 0.3 m away from the GW sys-
tems for one hour.We considered aworst-case scenario that 100%of the
selected bacteria had the ability to infect the digestive tract, lungs, or
skin. Since nobacteriawere detected before enrichment, in this scenario
we assessed the infective risk using median values from the
BioSampler® impinger liquid after enrichment. K. pneumoniae fell with-
in published median infective dosage levels for ingestion. Using maxi-
mal bacterial values, P. aeruginosa also fell within the lower limit of
the published median infective dosage levels for ingestion (Table 2).
These bacteria are opportunistic pathogens and are generally known
to cause infections on the skin, and inside the nose, ear, lungs, or in
to 10 μm,measured 0.3 and 50maway from the greywater treatment systems over time, as

Image of Fig. 2


Table 2
Median infective doses and counts of bacterial concentrations in GW and GW-generated aerosolsa.

Bacteria Range and [median] of
culturable bacteria in GW
(MPN/CFU 100 mL−1)

Detected aerosolized
culturable bacteria from
BioSampler® before
enrichment n = 9

Detected aerosolized culturable
bacteria from BioSampler® after
enrichment andMPN-qPCR n=9

Range and [median] of aerosolized
culturable bacteria detected (CFU m−3

h−1) from BioSampler® after enrichment
and MPN-qPCR n = 9

Published median
infective dose in CFU
(reference)

E. coli 6.3 × 100

4.1 × 103
0/9 (0%) 4/9 (44%) 0

9.5 × 103
Indicator bacteria

[8.0 × 101] [1.3 × 103]
K. pneumoniae 0

4.1 × 102
0/9 (0%) 6/9 (67%) 0

2.4 × 105
102 to 108

(Malina et al., 1991)
[2.7 × 101] [5.3 × 102]

P. aeruginosa 9.4 × 101

3.1 × 104
0/9 (0%) 3/9 (33%) 0

2.6 × 104
104 to 108

(Roser et al., 2014;
Rusin et al., 1997)[8.5 × 102] [0]

Staphylococcus
spp.a

1.2 × 102

4.1 × 103
0/9 (0%) 1/9 (11%) 0

2.4 × 102
103 to 106

(Leggett et al., 2012;
Schmid-Hempel and
Frank, 2007)

[4.7 × 102] [0]

a Only the specific S. aureus species and not Staphylococcus spp. genera were checked for in the BioSampler® samples after enrichment and DNA detection (MPN-qPCR).
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the blood (Atanassova et al., 2001; Malina et al., 1991; Roser et al.,
2014). However, no published study to date has found critical thresh-
olds for the risk of human infection via inhalation or skin infection of
K. pneumoniae or P. aeruginosa and thus a similar estimation could not
be applied to these pathogens.

Due to the fact that we were unable to detect culturable pathogens
before enrichment, the MPN-qPCR enrichment technique was used to
improve detection sensitivity (Table 2). We used MPN-qPCR as a way
to increase detection of aerosolized bacteria on a presence/absence
basis. It enhanced our ability to revive previously non-culturable bacte-
ria, thus reducing the possibility of false negative results from the
BioSampler® collected samples.

However, until more optimization is performed, results from this re-
port do not support the use of the MPN-qPCR enrichment technique
(Orlofsky et al., 2015) as a reliable method for quantitation of actively
collected bacterial aerosols. This is because laboratory aerosolization re-
covery experiments showed an over or under-estimation of aerosolized
bacterial quantities between 101–102 CFU along with a detection limit
of N103 CFU mL−1 when aerosols were collected by the BioSampler®
(SI: Detection limit and recovery of bacteria in aerosols, Figure S1).
These detection limit and quantification range issues made us suspi-
cious of the environmental aerosol results calculated by MPN-qPCR
when collected via the BioSampler®, as the collected environmental
bacterial aerosol quantities ranged between 0 to 105 CFU mL−1

(Table 2). More research needs to be done to appropriately quantify a
variety of viable bacteria in actively collected aerosols using this tech-
nique and others: a notion also upheld by Orlofsky et al. (2015).
Fig. 3. Bacterial aerosols contributed fromgreywater treatment systems, collected at 0.3m
and 1m away via the settle-platemethod. Each plot represents three sampling campaigns
from three similar GW treatment systems (n = 9). Whiskers refer to the 5th and 95th
percentiles of the tested data, margins of the box to 25th and 75th percentiles, dashed
black line in the box indicates mean and solid line indicates median.
3.4. Aerosolized bacterial enumeration by passive sampling (settle plates)

Heterotrophic bacteria, Pseudomonas spp., Staphylococcus spp.,
E. coli, K. pneumoniae, and Enterococcus spp. were collected on settle
plates at 0.3m away from the GW systems. They collected at an average
rate of 3.5 × 101–9.7 × 104 CFUm−2 h−1 (Fig. 3). At 1maway these bac-
teria were detected at an average rate of 0–2.4 × 103 CFU m−2 h−1. In
comparison to the 0.3 m distance, there was a significant decrease
(p b 0.05) in bacterial quantities at the 1 m distance (excluding E. coli
that was rarely found at both distances) (Fig. 3).

A Mann-Whitney statistical test indicated that average aerosolized
heterotrophic bacteria (7.0 × 103± 8.6 × 103 CFUm−2 h−1) and Staph-
ylococcus spp. (2.1 × 103 ± 2.8 × 103 CFU m−2 h−1) found 5 m away
from the GW systems were not significantly different (p N 0.05) from
average airborne bacteria in the control (N50 m away) samples
(3.3 × 103 ± 2.2 × 103 and 2.0 × 103 ± 2.1 × 103 CFU m−2 h−1 for
the heterotrophs and Staphylococcus spp., respectively; data not
shown). Pseudomonas spp., Enterococcus spp., K. pneumoniae and E. coli
were not detected on the settle plates at 5 m and N50 m away from
the GW systems (data not shown). Hence, only the measured amounts
of heterotrophs and Staphylococcus spp. at 0.3 and 1 m away from the
systems were adjusted by reducing each sampling amount by
3.3 × 103 and 2.0 × 103 CFU m−2 h−1, respectively, to reflect the actual
amounts minus the background concentrations.

To explain the paucity of E. coli on the settle plates, we assumed that
E. coli might not be easily cultured on settle plates after aerosolization,
but may be successfully revived after enrichment (Table 2). In the
field, the same trend was observed with the other fecal coliform bacte-
riumK. pneumoniae—whichwas also non-culturable on settle plates but
revived after enrichment (Table 2). These results support the notion
that without enrichment, culture-dependent detection techniques
may not provide an adequate evaluation of environmentally sourced
pathogen burdens (Orlofsky et al., 2015). In addition, due to the fact
that they might not survive aerosolization, enteric coliform bacteria
such as E. coli and K. pneumoniae may not be good candidates as
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universal indicators of aerosol contamination generated from GW. This
observation is in contrast to previous work done on aerosol contamina-
tion from WW-treatment plants (Adams and Spendlove, 1970; Goff
et al., 1973), but coincides with other GW studies which also proposed
that enteric coliforms are not good indicators of GW contamination
(Benami et al., 2015; Ottoson and Stenström, 2003; Ridderstolpe, 2004).

Bacteria from the genera Pseudomonas, Staphylococcus and Entero-
coccus may be either more prevalent in the outdoor air, as they are
found in natural environments, or better adapted to the environmental
stresses imposed by aerosolization compared to enteric bacteria
(Alonso et al., 1999; Rathnayake et al., 2012). These results fall in line
with other environmental air-quality and viability studies performed
on these organisms (Byrd et al., 1991; Górny et al., 1999; Górny and
Dutkiewicz, 2002; Heidelberg et al., 1997).

Although a significant differencewas found between the aerosolized
bacteria (excluding E. coli and Staphylococcus spp.) at 0.3m vs. 1m away
from the GW systems, at both distances, the maximum number of bac-
teria that settled on the plates over the course of an hour did not reach
the publishedmedian infective dosage levels for ingestion or skin infec-
tion for the pathogenic species within each genus (Table 2, Fig. 3)
(Dixon et al., 1999; Malina et al., 1991; Rose and Haas, 1999; Roser
et al., 2014). Therefore, for the average healthy individual, we assume
little to no risk of infection from these pathogens aerosolizing from
GW systems when evaluated by the settle-plate method. Furthermore,
a QMRA was conducted using these data to further evaluate the health
risks associated with skin infection from repeated exposures to
S. aureus.

3.5. QMRA

The presence of S. aureus in GW (Gilboa and Friedler, 2008;
Zimmerman et al., 2014) is of potential concern due to its ability to in-
fect oral, dermal, or respiratory tracts of individuals with weakened im-
mune systems, children or the elderly, and quickly become resistant to
antibiotics, particularly methicillin (Atanassova et al., 2001; Nishijima
et al., 1995). The median infective dose of S. aureus has been recorded
to be within the range of 103–106 CFU (Leggett et al., 2012;
Schmid-Hempel and Frank, 2007). At 0.3 m away from the GW treat-
ment systems, Staphylococcus spp. colonies were collected on settle
plates ranging from 0 to 6.2 × 103 CFU m−2 h−1 (Fig. 3). Using this
data for our QMRA scenarios (SI: Table S6 and Table S7), the model out-
puts resulted in the following information.

With an average annual probability of infection at 2.7 × 10−7 (5th–
95th percentiles from 7.6 × 10−8 to 8.7 × 10−7), S. aureus concentra-
tions did not breach the DALY's limit of 3.9 × 10−4 (3.9 infections per
10,000 people) with respect to acceptable risks of infection from skin
contact. In the worst-case scenario, N3.2 × 106 CFU m−2 h−1 would
need to be deposited to initiate dermal infection, which is 514 times
more than the maximum number of Staphylococcus spp. colonies re-
corded in this study. The QMRA results confirmed that the critical
DALY limit was not met for all exposure scenarios of S. aureus and for
all concentration ranges in the GW aerosols as assessed by the settle
plates. These results coincide with a recent epidemiological survey indi-
cating that GW reuse is an insignificant human health risk (Busgang
et al., 2015).

3.6. Understanding the risks

Overall risks were found to be negligible for the average healthy per-
son at the maximum concentrations for the settle plate and QMRA ex-
posure scenarios explored in this study. However, the time (duration
and frequency) one stays near the GW systems were shown to be the
most uncertain and sensitive parameters in the QMRA scenario (SI: Un-
certainty and sensitivity analyses). Thus, in accordance with the results
(Table S8 and Table S9), we recommend that immunocompromised in-
dividuals would distance themselves and decrease average contact
frequency with the GW systems to lower the possible risk of skin infec-
tions from S. aureus and other aerosolized pathogens.

It should be noted that the bacterial counts detected in this study
were expected to be the highest that can be collected (using the collec-
tion methods described above) from GW systems as samplings were
performed immediately after the introduction of rawGW into the treat-
ment systems. Over time, these systems remove bacterial indicators and
pathogens. Thus, bacterial counts are expected to be lower (Sklarz et al.,
2009) the longer the raw GW recirculates and, consequently, this re-
duces the concentration of aerosolizing bacteria. Additionally, a natural
spread of the aerosols (dilution) into the air would play a role in reduc-
ing airborne microorganism concentrations as a function of distance
from the GW treatment systems.

As discussed in Section 1.1, meteorological factors such as tempera-
ture, solar radiation, and humiditymay also affect the viability of micro-
organisms during their dispersion (Dungan, 2014). While there is very
little pathogen-specific information, previous laboratory and field stud-
ies on indicator organisms have shown that downwind concentrations
of viable airborne microorganisms generally decrease with increased
distance from the bacterial source, elevated temperatures and solar ra-
diation or reduced relative humidity (Goff et al., 1973; Karra and
Katsivela, 2007). In this study all samplings were conducted early in
themorning right before sunrise when temperature and solar radiation
were minimal and relative humidity was highest, enhancing pathogen
survival. The weather data collected during the sampling period
(Section 2.2; Table 1) were found to be beneficial for bacterial survival
in accordance with previous studies (Asano, 1998; Li, 2013; Marthi
et al., 1990; Teltsch and Katzenelson, 1978) and within the tested dis-
tances away from the GW treatment systems (0.3, 1, 5, N50 m).

This is the first study to assess specific and viable pathogen concen-
trations in aerosols originating from the treatment of rawGW. Although
due diligencewas done to standardize all parameters in this study, fluc-
tuations in GW pathogen loads may affect pathogen aerosol concentra-
tions and more research may be needed to investigate this possibility.
On-site GW quality can vary significantly based on a large number of
factors. However, from the numerous studies which tested raw GW,
treated GW, and RVFCW removal efficiencies (Benami et al., 2013,
2015; Gross et al., 2007, 2008; Sklarz et al., 2009), the pathogen and in-
dicator ranges mentioned in Section 3.2 fell within average recorded
ranges (Table S2). Additionally, we consider the GW indicator and path-
ogen counts found in this study to be representative of typical GWqual-
ity as nine samplings from different private residences during different
seasons were taken.

This research suggests that if risk-based analyseswill be done on col-
lected aerosol data, methodology choice (e.g. settle-plates for skin/sur-
face; active-sampling impinger methods for ingestion/inhalation)
should be taken into account and optimization on the chosen method
should be performed to obtain more accurate results which may affect
public health. Future risk analyses such as QMRAwould be better served
upon the standardization of bioaerosol collection and detection tech-
niques. Additionally, more research is needed on the infectivity mecha-
nisms and thresholds of various opportunistic pathogens common to
GW such as P. aeruginosa, S. aureus, and K. pneumoniae, which cause in-
fection upon ingestion, inhalation, and skin contact and were found to
aerosolize from the GW systems (Table 2).

4. Conclusions

Aerosols near GW treatment systems (like the RVFCW tested here)
contain elevated levels of pathogens which were similar to pathogens
found in the GW. Using two common passive and active sampling tech-
niques for aerosol collection (settle plates and BioSampler®, respective-
ly), followed by bacterial enumeration on plates, results demonstrated
that pathogens in aerosols from GW did not surpass QMRA DALY risk
limits for S. aureus or median ingestion and skin infection thresholds
for P. aeruginosa, S. aureus, or K. pneumoniae.
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These findings suggest that the risks frombacterial aerosols to public
health are expected to be negligible. However, it was also demonstrated
that after application of enrichment using MPN-qPCR, bacterial counts
could be underestimated suggesting a miscalculation of the potential
risk. Using MPN-qPCR, K. pneumoniae and P. aeruginosa fell within pub-
lished median infective dosage levels for ingestion (Table 2). Therefore,
this research highlights the need for improvement and standardization
of bioaerosol sampling and sensor technologies to better quantitatively
evaluate the viable pathogen concentrations under ambient environ-
mental conditions. Further investigation is recommended for the ex-
tended monitoring of many different types of bacteria, viruses, and
endotoxins in domestic wastewater treatment systems which have
aerosolization potential.
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