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a b s t r a c t 

Objectives: To develop airborne respiratory microflora quantification as a method of quantifying airborne 

infection risk that is more readily applicable than airborne pathogen sampling, without being subject to 

the limitations and caveats of CO2 monitoring. 

Methods: Digital polymerase chain reaction targeting a mixture of Streptococcus and Haemophilus genera 

common to the respiratory tract was first tested under laboratory conditions and then tested on aerosol 

sampled from around a hospital in Sydney, with polymerase chain reaction quantification of SARS-CoV-2 

genome copies also being carried out on the samples. 

Results: Clear signals were obtained from every location within the hospital, with a significantly higher 

signal being observed in more densely crowded, less well-ventilated areas. When SARS-CoV-2 was 

present within the aerosol samples, the respiratory microflora signal correlated with the number of SARS- 

CoV-2 copies. 

Conclusions: Airborne respiratory microflora can be used as a marker for airborne infection risk. Using 

the value in conjunction with pathogen sampling provides in-depth insights into the relative infection 

risk of a space, and a clear marker which can be used to compare between different pathogen sampling 

studies. 

© 2026 The Author(s). Published by Elsevier Ltd on behalf of International Society for Infectious 

Diseases. This is an open access article under the CC BY license 

( http://creativecommons.org/licenses/by/4.0/ ) 
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Understanding where the most significant risks of airborne dis- 

ase transmission occur and how this risk is influenced by factors 

uch as ventilation rate, occupancy, and activity levels is essential 

n developing improved risk management strategies, and reducing 

lobal disease burdens, particularly pandemics driven by airborne 

ransmission [ 1 , 2 ]. 

A proxy for airborne infection risk often used is the concen- 

ration of carbon dioxide (CO ) within a space [ 3 ]. The simplic- 
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ty of measuring this parameter means it can readily provide real- 

ime information, allowing actions such as ventilation rate adjust- 

ent to actively respond to an elevation in risk [ 4 ]. However, the 

recision of this approach as a research tool is limited by incon- 

istencies in the correlation between respiratory particle and CO2 

oncentrations within a space. Varying occupant vocal activity [ 5 ] 

nd the recirculation of filtered air, can both impact the degree to 

hich CO2 and airborne respiratory particles are correlated. This 

nconsistency can prevent CO2 from providing a direct quantitative 

easure of infection probability and from being used to assess the 

mpact of mitigation strategies accurately. 

In principle, more detailed insights into airborne infection 

isk could be expected from actual measurements of airborne 

athogen, obtained by sampling air and either culturing a known 
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Figure 1. Testing of the ARM-ddPCR under laboratory conditions. (a) Copy numbers detected by ddPCR for saliva samples provided by healthy volunteers and ‘dirty’ negative 

controls using the ARM primers. Copies per reaction are converted back to copies per ml in the original sample, assuming no loss during sample processing. Note that the 

datapoint for one saliva sample (1.85 ×108 copies per ml) is outside the axis range. (b) Copies per reaction detected by the ARM primers in samples of either 5 minutes of 

room air (Blank), 1 minute of singing happy birthday (Singing 1 min), or 5 minutes of singing happy birthday (Singing 5 min) by healthy volunteers. 

ARM, airborne respiratory microflora; PCR, polymerase chain reaction. 
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athogen [ 6 ] or quantifying their presence with methods such as 

uantitative polymerase chain reaction (PCR) [ 7 ]. However, while 

hese approaches are useful in assessing the propensity of a par- 

icular pathogen to transmit through airborne routes, they are lim- 

ted in the quantitative information they can provide. Airborne 

athogen concentrations are often close to the detection limits of 

iological assays, and interstudy variability in particle sampling 

ethods and sample processing procedures complicate compar- 

sons of infection risk between different studies [ 8 ]. Additionally, 

uch measurements only provide insights into infection risk in the 

ase that the pathogen in question is present in the air at de- 

ectable concentrations. 

Required, is a universal marker for airborne disease transmis- 

ion risk within the indoor environment, both to provide its own 

uantitative insights into airborne infection risk and to allow inter- 

tudy comparisons between reported airborne pathogen concen- 

rations. To this end, we present a first attempt at developing a 

uman respiratory particle specific PCR, using primers specific to 

irborne respiratory microflora (ARM). 

esults and Discussion 

The ARM-PCR was first tested using saliva from healthy volun- 

eers as positive controls and a range of ‘dirty’ samples as nega- 

ive controls ( Figure 1 a). The PCR invariably produced a high sig- 

al against the saliva (11 samples total) with an average of 1027 

opies being detected within the reactions, equivalent to 4.3 ×107 

opies per ml in the original undiluted saliva sample. Some inter- 

ersonal variability was seen, but approximately 75% of the sam- 

les fell within the 107 -108 copies per ml range. The dirty sam- 

les were generally negative or had very low copy numbers, with 

he highest non-specific signal being obtained from a pond water 

ample. 

To test whether ARM copies were detectable within respira- 

ory particles, five healthy volunteers were asked to sing ‘Happy 

irthday’ for 1 and 5 minutes into a sterile tube. For 1-minute of 

inging, ARM copies were detected within 3/5 samples and for 5- 

inutes ARM copies were detected for 4/5 samples. When positive, 

he average copies per reaction was 6.8 and 40.1 for the 1 and 5- 

inute samples respectively. 

The ARM-PCR was tested against several aerosol samples col- 

ected in a large public hospital in Sydney using the Thermofisher 
2

erosolSense Sampler (which collects particles ranging from 0.1-15 

m in diameter). Full details of the study from which these sam- 

les originated are to be published [ 9 ]. These samples were also 

ested for the presence of SARS-CoV-2 by reverse transcription- 

uantitative PCR. All of the samples collected tested positive for 

RM. The samples were collected for different durations (either 2, 

, or 24 hours) and correcting the results for sampling time re- 

uced the variability of the data (Figure S3) indicating the detected 

RM signal originated from the sampled air. Several sampling lo- 

ations were used across the hospital, each seeming to correspond 

o varying levels of ARM ( Figure 2 a). The highest concentrations 

n average were found within the emergency department ambu- 

ance waiting bay, which was a small, crowded space, where pa- 

ients brought in via ambulance were handed over to and assessed 

y hospital staff. The sample locations were split between two 

ospital wards: the emergency department (ED) and the intensive 

are unit (ICU). The ED is generally busier and less well-ventilated, 

hile the ICU is quieter, better ventilated, and staff are more often 

earing facemasks. When grouped into these locations there was 

 clear difference between the concentrations of ARM between the 

D and ICU ( Figure 2 b), with the ED containing significantly higher 

oncentrations than the ICU on average ( P = 0.001 by t -test). 

The utility of the ARM approach becomes clearest when SARS- 

oV-2 copies are also measured. Plotting ARM-ddPCR against the 

ARS-CoV-2 copies (per hour of sampling time), reveals that while 

he ARM signal does not predict the likelihood of the sample being 

ARS-CoV-2 positive, it does correlate with the number of SARS- 

oV-2 copies present in the positive samples (R2 = 0.86), sug- 

esting that the variability in SARS-CoV-2 copy numbers detected 

ould be the result of differing amounts of respiratory particles 

eing collected. However, whether this is because more airborne 

espiratory material is present in the air (i.e., higher occupancy or 

oorer ventilation) or factors such as sampler placement, is diffi- 

ult to disentangle. While a correlation is expected, there should 

e cases that deviate from this correlation. This can be seen for 

he location ‘ICU ward area 1’ and is clearest when the SARS- 

oV-2 copy numbers are normalized to the ARM copy numbers 

 Figure 2 d). Here it can be seen that ‘virus copies per ARM copies’

s particularly high for ICU ward area 1, which suggests a larger 

roportion of the sampled respiratory material contains virus. For 

his location, the sampler was placed close to the bed of a patient 

nfected with SARS-CoV-2 and so it is likely that a larger propor- 
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Figure 2. Testing the ARM-ddPCR assay against air samples collected within an Australian hospital. (a) ARM copies per reaction detected by the PCR, divided by the number 

of hours of sampling, to give copies per hour. Copy numbers are reported for each sampling location, with the lines indicating the mean and standard deviation. (b) All copy 

numbers per hour for the ED and the ICU locations were grouped together, reported here as a box plot with the central line indicating the median, the box indicating the 

standard deviation, and the whiskers indicating the range. ∗∗ P-value < 0.01 by t-test. (c) SARS-CoV-2 copy numbers (measured by RT-qPCR) are plotted against ARM copies 

for each sample. All values are corrected for sampling time. The colors of the markers correspond to the specific locations in panel a. (d) SARS-CoV-2 copies per hour for 

each location are divided by the ARM copies to provide a quantification of the relative infectiousness of the sampled respiratory material. Lines indicate the mean, where 

this could be calculated. 

ARM, airborne respiratory microflora; ED, emergency department; ICU, PCR, polymerase chain reaction. 
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ion of the sampled respiratory particles originated from the in- 

ected person (therefore carrying more SARS-CoV-2 copies). 

While this work is in its early stages, the implications are im- 

ortant. We propose that including respiratory material-specific 

rimers in airborne pathogen quantification studies should become 

ommon practice. Whether the primers target respiratory bacteria 

s we did here, or another respiratory target (such as messenger 

NA specific to human lung surfactant protein [ 10 ]), is less impor- 

ant than the principle of their inclusion. Doing so provides essen- 

ial context in interpreting airborne pathogen quantification and 

ill allow improved interstudy comparability. If additional mea- 

urements are made regarding the spaces being studied, includ- 

ng respiratory-specific primers will allow the influence of factors 

uch as sampling efficiency, ventilation rates, and viral loads on re- 

orted airborne pathogen counts to be understood. Having com- 

arable values in every airborne sampling study would also allow 

hese datasets to be more effectively used to develop and validate 

ransmission risk models, with the ARM-ddPCR providing an ideal 

etric by which such models could be validated. In addition to 

t

3

roviding context to pathogen sampling, the correlation between 

irborne pathogen concentration and ARM concentration seen in 

igure 2 c points to its usefulness as a standalone indicator of the 

elative airborne infection risk within a space. The assay could be 

pplied to priority locations such as aged-care facilities and hospi- 

als, for which the resources required could be justified. 
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