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“This study does 
not prove that 
enteric bacterial 
and viral diseases 
are transmitted 
through the air as a 
result of spray 
irrigation with 
sewage. It strongly 
indicates, however, 
that such a 
possibility exists”





Wherever you have concentrated waste & mechanisms for 
aerosolization!

Wastewater treatment and land application of biosolids 
(Cronholm 1980; Fannin et al. 1985; Gangamma et al. 2011; 

Close to urban surface waters (Dueker et al. 2012;); 
concentrated animal feedlot operations (Ko et al. 2008); toilet 
flushing (Barker and Jones 2005); water features (de Man et 
al. 2014); pavement cleaning using non-potable water (Seidl et 
al. 2016); wind-wave, wind-shore, and other interactions (Aller 
et al. 2005). 

Indoor exposures in high-risk environments, such as in hospitals 
(King et al. 2015;) and daycares (Prussin et al. 2016). 

Bioaerosols & enteric microbes: modern era



Wherever you have concentrated waste & mechanisms for 
aerosolization!

Wastewater treatment and land application of biosolids 
(Cronholm 1980; Fannin et al. 1985; Gangamma et al. 2011; 

Close to urban surface waters (Dueker et al. 2012;); 
concentrated animal feedlot operations (Ko et al. 2008); toilet 
flushing (Barker and Jones 2005); water features (de Man et 
al. 2014); pavement cleaning using non-potable water (Seidl et 
al. 2016); wind-wave, wind-shore, and other interactions (Aller 
et al. 2005). 

Indoor exposures in high-risk environments, such as in hospitals 
(King et al. 2015;) and daycares (Prussin et al. 2016). 

Bioaerosols & enteric microbes: modern era



Wherever you have concentrated waste & mechanisms for 
aerosolization!

Wastewater treatment and land application of biosolids 
(Cronholm 1980; Fannin et al. 1985; Gangamma et al. 2011; 

Close to urban surface waters (Dueker et al. 2012;); 
concentrated animal feedlot operations (Ko et al. 2008); toilet 
flushing (Barker and Jones 2005); water features (de Man et 
al. 2014); pavement cleaning using non-potable water (Seidl et 
al. 2016); wind-wave, wind-shore, and other interactions (Aller 
et al. 2005). 

Indoor exposures in high-risk environments, such as in hospitals 
(King et al. 2015;) and daycares (Prussin et al. 2016). 

Bioaerosols & enteric microbes: modern era



Wherever you have concentrated waste & mechanisms for 
aerosolization!

Wastewater treatment and land application of biosolids 
(Cronholm 1980; Fannin et al. 1985; Gangamma et al. 2011; 

Close to urban surface waters (Dueker et al. 2012;); 
concentrated animal feedlot operations (Ko et al. 2008); toilet 
flushing (Barker and Jones 2005); water features (de Man et 
al. 2014); pavement cleaning using non-potable water (Seidl et 
al. 2016); wind-wave, wind-shore, and other interactions (Aller 
et al. 2005). 

Indoor exposures in high-risk environments, such as in hospitals 
(King et al. 2015;) and daycares (Prussin et al. 2016). 

Bioaerosols & enteric microbes: modern era



Bioaerosols & enteric microbes



“dog feces are likely 
the dominant source 
of aerosolized bacteria 
in the winter months 
in Cleveland, Detroit, 
and, to a lesser 
extent, Chicago.” 
(Bowers et al. 2011)

… and another data point



Miasma – “bad air” – causes many diseases
Miasma causes no diseases: germs do
Airborne transport of enteric bacteria documented

Low relative concentrations
Airborne transmission of some diseases happens

Measles, TB, influenza, covid-19

Enteric microbes in aerosols documented routinely
Risk from modern wastewater infrastructure is low

Summary: trends over time
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Most evidence for airborne transport of enteric microbes 
has been:

Culture of bacteria that do not persist in aerosols or 
molecular detection of fecal indicators that are 
everywhere we look

Near modern wastewater / waste sites in rich countries

In low-burden settings where pathogens are rare

BUT
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Indoors & outdoors: it’s complicated





Piloting: March & June 2016, La Paz & Kanpur



Piloting: March & June 2016, La Paz & Kanpur

• 80% of air samples 
taken near to Rio 
Choqueyapu positive for 
culturable E. coli

• Mean concentration: 325 
CFU/m3

• ETEC, Shigella, and 
Giardia near open sewers 

• Culturable E. coli present 
in all samples



Farling, S., Rogers, T., Knee, J., Tilley, E., Brown, J., and 
Deshusses, M. 2018. Bioaerosol emissions associated with pit 
latrine emptying operations. Science of the Total Environment 
https://doi.org/10.1016/j.scitotenv.2018.08.147.

Malawi pit emptying: December 2016
HPC à +3 orders 
of magnitude 
during emptying

E. coli and total 
coliforms 350 / 
790 CFU per m3

Detection of ETEC 
by PCR
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Which pathogens are there, are they infectious, 
how did they get there, and what are the risks 
(if any) of exposure? 



PRISMA methodology, pre-registration at OSF.io
https://osf.io/6Q7E9/

A systematic review of enteric pathogens and antibiotic 
resistance genes in extramural urban aerosols 



Results



Results



Limited range of enteric microbes, primarily indicator bacteria 
via culture: Enterococcus, Enterobacter, Escherichia

Some pathogenic genera reported: Yersinia, Salmonella

qPCR detects of same plus human adenovirus, enteroviruses, 
rotavirus (one study)

Our study in Malawi detected ETEC by PCR

16S rRNA analysis most common: 37 to genus, 13 to species

Many detects via 16S: Clostridium, Vibrio, Campylobacter, 
Shigella, Aeromonas, Klebsiella, E. coli O157:H7

Relative abundance measures only (fecal typically <1% total)

28 AR studies, wide range reported, but 80% in HICs

Summary: systematic review
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Quantitative estimation of a wide 
range of pathogens where risks 
are greatest

Bacteria, virus, protozoa

Viability estimation alongside 
molecular detection

New technologies!

Highly sensitive, quantitative 
molecular detection

Portable, high-volume samplers with 
good & known recovery of 
DNA/RNA

What’s missing?



Quantitative estimation of a wide 
range of pathogens where risks 
are greatest

Bacteria, virus, protozoa

Viability estimation alongside 
molecular detection

New technologies!

Highly sensitive, quantitative 
molecular detection

Portable, high-volume samplers with 
good & known recovery of 
DNA/RNA

What’s missing?



Quantitative estimation of a wide 
range of pathogens where risks 
are greatest

Bacteria, virus, protozoa

Viability estimation alongside 
molecular detection

New technologies!

Highly sensitive, quantitative 
molecular detection

Portable, high-volume samplers with 
good & known recovery of 
DNA/RNA

What’s missing?



Quantitative estimation of a wide 
range of pathogens where risks 
are greatest

Bacteria, virus, protozoa

Viability estimation alongside 
molecular detection

New technologies!

Highly sensitive, quantitative 
molecular detection

Portable, high-volume samplers with 
good & known recovery of 
DNA/RNA

What’s missing?



Aerosol transport of enteric pathogens in cities with poor 
sanitation (2017 – present)





Non-random sampling, reference sites close to & far from sources
150-200 lpm sampling over ~4 hours with Bobcat (up to 48m3)
Impingement (12.5 lpm) & ACI (28 lpm) for culture
qPCR & ddPCR, ~50 targets (indicators, pathogens, AMR)
RH, temperature, wind, UV, other data
2 seasons 

Methods
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Multiplex pathogen screening via TAC

Samples with viable EC:
La Paz: 25%, 
Kanpur: 76%, 
Atlanta: 0%



Density estimation via ddPCR



Density estimation via ddPCR



Density estimation via ddPCR



Density estimation via ddPCR



% samples with positive molecular detection



Mean antimicrobial resistance gene and mobile integron densities with mean standard error bars for the distribution in gene copies per cubic meter of air, where targets were detected at levels 
equal to or above the limits of detection (left). Estimated mean culturable E. coli as colony-forming unit per cubic meter of air with mean standard error bars for the distribution (right).

Kanpur



La Paz



2018 La Paz



La Paz

Medina, C., Ginn, O., Brown, J., Soria, F., 
Garvizu, C., Salazar, D., Tancara, A., and 
Herrera, J. 2020. Assessment of the presence 
and antibiotic resistance 
of Enterobacteriaceae recovered from 
bioaerosols in the Choqueyapu River area, La 
Paz, Bolivia. Science of the Total Environment







In progress: air & presumptive source metagenomes



Enteric microbes, including pathogens & antimicrobial 
resistance, are present & enriched near open sewers 

Some previously unreported in urban aerosols
Culturable indicators in many of the same samples

Could be many sources: ongoing work in source 
tracking

Probably lead to exposures in dense cities
Current & future transport and risk modeling

Some observations
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Observational epi or risk assessment studies

Controlled laboratory experiments to examine the 
aerosolization and viability kinetics of fecal microbes

Controlled animal studies!

Types of studies that will advance the science
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Ozone 
Monitor

Biospot 
Sampler

SMPS (for 
particle 
measurement)

Chamber

Humidifier
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Mezquital Valley in Mexico: 

Compared to children under 
5 living within 10 m from a 
canal, children living 100 m 
from a canal had 45% 
lower odds of diarrhea and 
children living 1000 m from 
a canal had 70% lower 
odds of diarrhea.

24% of all diarrheal cases 
in the study and 50% of all 
cases within 100 m from a 
canal were attributable to 
canal exposure 

Contreras et al. 2020
Environmental Health Perspectives



So what if it’s raining (fecal) microbes in 
densely populated cities all over the world?

Aerosol transmission 
possible – but is it 
probable?

The source of the 
observed microbial 
veneer

Implications for all 
other 
environmental 
sampling
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Thanks!
More info: 
tarheels.live/brown


