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Research Focus
• Characterizing bioaerosols 

• Occupational and environmental
• 16s Pyrosequencing - 2010
• Application of DNA sequencing 

technology to inhalable samples - 2016
• Field characterization – agricultural 

workers/health care 1997 - current
• Developing and evaluating bioaerosol exposure 

control technology – PPE, Administrative and 
Engineering Controls
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As Dr. Boles mentioned…
• The human microbiota is 

the collection of all the 
microbes living in 
association with the 
human body
 Includes archaea, bacteria, 

viruses, and some unicellular 
eukaryotes 
- NIEHS, 2025

Human Microbiome vs. Exposome

Source: Nathalie Ruaux

https://www.niehs.nih.gov/research/supported/exposure/hhear
https://commons.wikimedia.org/w/index.php?curid=109448989


• The exposome “includes 
chemical, physical, and 
biological stressors as well as 
lifestyle and social 
environments.” 

 - NIEHS, 2025

• NIEHS Laboratory (@ Duke) 
has been created for 
environmental sampling for 
exposome research
• Not aware of work including 

biological exposures

Human Microbiome vs. Exposome

Source: Nathalie Ruaux

https://www.niehs.nih.gov/research/supported/exposure/hhear
https://commons.wikimedia.org/w/index.php?curid=109448989


Natural Questions(?)
• What happens to the microbiome of people are exposed to occupational 

hazards?

• What is a “normal” microbiome in the lung, gut, oral cavity?

• Microbiome characterization includes concepts from biomonitoring
• Biomarkers of exposure (e.g., manure)

• e.g., presence of organisms from exposure to occupational 
environment (e.g., E. coli) 

• Biomarkers of effect
• Exposure to a hazard (e.g., irritant gases) results in changes 

in the distribution of organisms the lung microbiome
• Presence of antibodies (e.g., H5N1)

• Biomarkers of susceptibility
• Abnormal distribution of lung microbiome (e.g., presence of 

lung inflammation/disease) Source: Wiki

https://commons.wikimedia.org/wiki/File:Pile_of_manure_on_a_field.jpg
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Current Technology: Biases?

Concentrations range from 106 – 109 cfm/m3



Current Technology: Biases?
• What organisms are intact after sampling (-)
• What grows on the media (i.e., food to eat) (-)
• What grows under the culture conditions (i.e., 

temp, oxygen) (-)
• Sampling frame (10 seconds) (-)
• Breathing Zone (-)
• Personal inhalation exposure (-)
• Only bacteria/archaea (-)
• What grows the fastest (i.e., 12 hours) (+)



New Methods: Metagenomics

Microbial Biotechnology
28 JUL 2016 DOI: 10.1111/1751-7915.12380
http://onlinelibrary.wiley.com/doi/10.1111/1751-7915.12380/full#mbt212380-fig-0001

http://onlinelibrary.wiley.com/doi/10.1111/1751-7915.12380/full#mbt212380-fig-0001


Metagenomics

Tasks



Metagenomics

Dust collected for 
toxicology studies

How do we assess the impact of 
exposure if the dust microbiome we 
use in toxicological studies differs 
from the workplace?

Challenge with establishing 
NOAEL.



Metagenomics

Biases?

Challenge with establishing 
NOAEL.



Dynamic, fast paced, work environments: Dairy Parlor



Metagenomic Technology: Biases?
• All DNA sequenced no culture bias – yes!
• Personal inhalation exposure, full shift sampling – yes!
• All organisms that contain DNA – yes!
• Greater specificity - identify many organisms that have 

not been previously identified – Yes!
• Do we know if the organisms are active – No! 
• Can we calculate concentration – No! 

• Tried using 16s technology - Nonnenmann, 2010 
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• Single 
exposure 
model 
really 
doesn't 
apply

The Future: 
Microbiome 
and 
Exposome

Rappaport, 
2014

https://pmc.ncbi.nlm.nih.gov/articles/PMC4123034/figure/f2/
https://pmc.ncbi.nlm.nih.gov/articles/PMC4123034/figure/f2/


Exposome:
• High throughput hazard characterization (Dix et al., 

2007, Collins et al., 2008)
• High throughput exposure forecasts (Wambaugh et 

al., 2013)
• High throughput toxicokinetics (i.e., dose-response 

relationship) linking hazard and exposure (Wetmore 
et al., 2012)

• Use metagenomic “biome” data to personalize 
medicine
• – Do we know what a normal microbiome is?

The Future: Microbiome and Exposome



Incorporate microbiome data collection into national health 
surveys

CDC - National Health and Nutrition Examination Survey (NHANES)
• Ongoing survey representative of the US population

• demographic, body measures, medical exam, biomonitoring (e.g., 
health and biomarkers of exposure)

• reverse dosimetry possible based on biomarkers
Future directions

• microbiome characterizations are not included, but needed for 
benchmarking (e.g., “normal” microbiome)

• identify associations of microbiome patterns with participant 
characteristics (e.g., diet, sleep, occupational exposures)

• characterize building “biome” data to understand environmental 
exposures and drive medical decisions

The Future: Microbiome and Exposome



Culturomics

• Advance throughput of microbiological techniques to study the 
diversity, composition, and function of microbial communities

• Example: Lung microbiome changes based on exposures
• Complex bioaerosols – remember 106 - 109

• Gases, (e.g., CO2, irritant gases)
• Gases, bioaerosol and risk of infectious disease

• Incorporate “representative” microbiomes into animal models 
for toxicology testing

The Future: Microbiome and Exposome



Artificial Intelligence

• “Big data” analysis
• Machine learning algorithms integrate and analyze data from 

multiple sources
• Future of AI in IH

• Example – use AI to integrate data by target organ system, 
identify exposure duration, “recovery” periods, and 
personal factors (e.g., age, gender, medication use, 
comorbidities, etc.) 

• “Brief and Scala 5000” – Ha ha…

The Future: Microbiome and Exposome



The Future: Microbiome and Exposome
Example of 
Personalized 
Medicine: Skin 
Allergy Testing



American Academy of Allergy Asthma and Immunology – skin 
test recommendations

Standard Panel
1. Alternaria alternata (7)
2. Cladosporium 

herbarum (1), cladosporoides (3), 
sphaerospermum (10)

3. Penicillium chrysogenum (20)
4. Drechslera/Curvularia or helminthosporium

bipolaris
5. Epicoccum nigrum (6)
6. Aspergillus fumigatus (30)

Expanded Panel
1. Aspergillus mix (13, 14, 21, 22)

A flavus (common in indoor settings) (35)
2. Penicillium mix or P. expansum, (28)
3. Fusarium roseum
4. Auerbasidium pullulans (2)
5. Chaetonium globosum (29)
6. Mucor species/Rhizopus species (often cross-
reactive).(19)
7. Trichophyton tonsurans: identified as being 
associated with asthma and nail infections
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4.
5.
6.
7.
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9.
10
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11
.
12
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13
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15
.
16
.
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.
18

Metagenomic 
data – fungal 
targets in dust



American Academy of Allergy Asthma and Immunology – skin 
test recommendations

Standard Panel
1. Alternaria alternata (7)
2. Cladosporium 

herbarum (1), cladosporoides (3), 
sphaerospermum (10)

3. Penicillium chrysogenum (20)
4. Drechslera/Curvularia or helminthosporium

bipolaris
5. Epicoccum nigrum (6)
6. Aspergillus fumigatus (30)

Expanded Panel
1. Aspergillus mix (13, 14, 21, 22)

A flavus (common in indoor settings) (35)
2. Penicillium mix or P. expansum, (28)
3. Fusarium roseum
4. Auerbasidium pullulans (2)
5. Chaetonium globosum (29)
6. Mucor species/Rhizopus species (often cross-
reactive).(19)
7. Trichophyton tonsurans: identified as being 
associated with asthma and nail infections

1.
2.
3.
4.
5.
6.
7.
8.
9.
10
.
11
.
12
.
13
.
14
.
15
.
16
.
17
.
18



American Academy of Allergy Asthma and Immunology – skin 
test recommendations

Standard Panel
1. Alternaria alternata (7)
2. Cladosporium 

herbarum (1), cladosporoides (3), 
sphaerospermum (10)

3. Penicillium chrysogenum (20)
4. Drechslera/Curvularia or helminthosporium

bipolaris
5. Epicoccum nigrum (6)
6. Aspergillus fumigatus (30)

Expanded Panel
1. Aspergillus mix (13, 14, 21, 22)

A flavus (common in indoor settings) (35)
2. Penicillium mix or P. expansum, (28)
3. Fusarium roseum
4. Auerbasidium pullulans (2)
5. Chaetonium globosum (29)
6. Mucor species/Rhizopus species (often cross-
reactive).(19)
7. Trichophyton tonsurans: identified as being 
associated with asthma and nail infections

1.
2.
3.
4.
5.
6.
7.
8.
9.
10
.
11
.
12
.
13
.
14
.
15
.
16
.
17
.
18



American Academy of Allergy Asthma and Immunology – skin 
test recommendations

Standard Panel
1. Alternaria alternata (7)
2. Cladosporium 

herbarum (1), cladosporoides (3), 
sphaerospermum (10)

3. Penicillium chrysogenum (20)
4. Drechslera/Curvularia or helminthosporium

bipolaris
5. Epicoccum nigrum (6)
6. Aspergillus fumigatus (30)

Expanded Panel
1. Aspergillus mix (13, 14, 21, 22)

A flavus (common in indoor settings) (35)
2. Penicillium mix or P. expansum, (28)
3. Fusarium roseum
4. Auerbasidium pullulans (2)
5. Chaetonium globosum (29)
6. Mucor species/Rhizopus species (often cross-
reactive).(19)
7. Trichophyton tonsurans: identified as being 
associated with asthma and nail infections

1.
2.
3.
4.
5.
6.
7.
8.
9.
10
.
11
.
12
.
13
.
14
.
15
.
16
.
17
.
18



American Academy of Allergy Asthma and Immunology – skin 
test recommendations

Standard Panel
1. Alternaria alternata (7)
2. Cladosporium 

herbarum (1), cladosporoides (3), 
sphaerospermum (10)

3. Penicillium chrysogenum (20)
4. Drechslera/Curvularia or helminthosporium

bipolaris
5. Epicoccum nigrum (6)
6. Aspergillus fumigatus (30)

Expanded Panel
1. Aspergillus mix (13, 14, 21, 22)

A flavus (common in indoor settings) (35)
2. Penicillium mix or P. expansum, (28)
3. Fusarium roseum
4. Auerbasidium pullulans (2)
5. Chaetonium globosum (29)
6. Mucor species/Rhizopus species (often cross-
reactive).(19)
7. Trichophyton tonsurans: identified as being 
associated with asthma and nail infections

1.
2.
3.
4.
5.
6.
7.
8.
9.
10
.
11
.
12
.
13
.
14
.
15
.
16
.
17
.
18

Not 
detected



Exposure Control and Worker 
Resiliency Studies:

• Do exposure control studies include “baseline” microbiome?

• How does the use of cleaning products impact the worker 
microbiome? 

• Example: Use of alcohol-based hand sanitizer 

• The “kill all the bugs we can” approach – pathway to failure



Exposure Control and Worker 
Resiliency Studies:

• Therapeutics – probiotic treatments, problematic pathogen 
treatments (e.g., phage) and nutrition resiliency (e.g., zinc), 
vaccinations

• Worker wellness – diet, exercise, sleep hygiene effects, Total 
Worker Health 

• How does the use of PPE impact microbiome (?) 
• Barrier clothing and respirators, disposable gloves impact 

skin microbiome(?)



National Institute for Occupational Safety and Health (CDC)



Conclusions
• The exposome and microbiome overlap
• Methods for measurement we have include many sources 

of error – one hazard model
• Advancements in exposure science are needed and 

available
• We need to integrate tools such as AI and use exposure 

control approaches that are more complex than PPE or 
the “kill all microbes” method



“If there is one thing about 
your job you could change, 
what would it be?”



Matthew Nonnenmann, MS, PhD, CAIH, CIH
mnonnenmann@unmc.edu
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