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Abstract
Atmospheric pollutants are hypothesized to enhance the viability of airborne microbes by preventing them from degrada-
tion processes, thereby enhancing their atmospheric survival. In this study, Mycobacterium smegmatis is used as a model 
airborne bacteria, and different amounts of soot particles are employed as model air pollutants. The toxic effects of soot on 
aerosolized M. smegmatis are first evaluated and excluded by introducing them separately into a chamber, being sampled on 
a filter, and then cultured and counted. Secondly, the bacteria–soot mixture is exposed to UV with different durations and 
then cultured for bacterial viability evaluations. The results show that under UV exposure, the survival rates of the low-, 
medium-, and high-soot groups are 1.1 (±0.8) %, 70.9 (±4.3) %, and 61.0 (±17.6) %, respectively. This evidence significantly 
enhanced survival rates by soot at all UV exposures, though the combinations of UV exposure and soot amounts revealed 
a changing pattern of survival rates. The possible influence by direct and indirect effects of UV-damaging mechanisms is 
proposed. This study indicates the soot-induced survival rate enhancements of M. smegmatis under UV stress conditions, 
representing the possible relations between air pollution and the extended pathogenic viability and, therefore, increased 
airborne infection probability.
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Introduction

Air quality and role of bioaerosols

To establish regulatory standard values, air quality-related 
environmental investigations have focused on the chemical 
compositions of gaseous and particulate matter (PM), such 
as  SOX,  NOX, ozone, CO,  PM10, and  PM2.5. Recently, the 
attribution of biological components for air quality research 
has gained more attention. Studies on earth system to indoor 

air quality have recently increased the knowledge on biologi-
cal aerosols (bioaerosols) to ensure health status at varying 
levels (Fröhlich-Nowoisky et al. 2016; Fujiyoshi et al. 2017; 
Ruiz-Gil et al. 2020). One reason for investigating the air 
quality is for safeguarding our health, and including bio-
aerosol fractions is a natural step. Also, some bioaerosols are 
pathogenic, causing infectious diseases, such as the recent 
pandemic event with coronavirus (SARS-CoV-2), norovi-
rus, influenza, Ebola virus, tuberculosis (TB), and other 
pathogens transmitted via aerosols (Wang and Du 2020; 
Doremalen et al. 2020; Liu et al. 2020; Jones and Bros-
seau 2015). The livestock sector has substantial concerns 
regarding airborne viruses, such as foot-and-mouth disease 
(Colenutt et al. 2016; Christensen et al. 2011; Poonsuk et al. 
2018), Q-fever (Gregory et al. 2019), mycoplasma (Kanci 
et al. 2017), and mycobacterium-related Johne’s disease 
(Richardson et al. 2019). Notably, it is a significant concern 
for human and animal healthcare providers and medical pro-
fessionals who are in close contact with such pathogenic bio-
aerosols. A formidable feature of pathogens is its ability to 
multiply within the host and then further infect other hosts, 
thus deteriorating health conditions of a larger number of a 
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population; this is known as a pandemic case, which is dif-
ficult to control. However, many toxic chemical substances 
have a more explicit dose–response relationship, reducing 
exposure to chemical substances and alleviating the risk of 
health problems.

Bioaerosols and atmospheric science

Atmospheric science can contribute to increasing knowledge 
of airborne infection mechanisms and the dispersion of path-
ogens to cause some illnesses. Thanks to advancements in 
analytical techniques in molecular biology, increased sensi-
tivity and lowered detection limits contribute to understand-
ing the role of bioaerosols in the atmospheric environment. 
Some approaches combine knowledge of dust events and 
meteorological datasets to reveal the long-distance trans-
port mechanisms of bioaerosols. Kellogg and Griffin (2006) 
reported that dust derived from the Sahara Desert reaching 
the downwind region of the Caribbean ocean increased the 
fungi infection on coral leaf. Another example is Kawasaki 
disease (KD), a well-documented inflammatory syndrome 
predominantly occurring in children, which was initially 
diagnosed by Japanese physician Dr. Kawasaki in the 1960s; 
however, the etiological agent or mechanisms of KD are 
not fully understood (Ramphul and Mejias 2018). Some 
attempts to relate KD to climate conditions, such as wind 
patterns, were made (Rodó et al. 2016; Manlhiot et al. 2018). 
Although the precise mechanism of KD is undetermined, a 
multidisciplinary approach could further explain the illness 
and introduce a new implementation step. Understanding 
the role of bioaerosol is still in its initial stage; however, the 
above approaches could provide answers to manage health-
related problems globally.

Air pollution and bioaerosols

In the case of SARS-CoV-2 pandemic situation, various pub-
lic places, such as schools, concert halls, theaters, public 
transportation, and many other crowded spaces, are high-risk 
areas for infecting the population. Knowledge on how bio-
aerosol pathogens maintain viability in such ambient condi-
tions is limited; therefore, we must avoid public places. This 
study investigates this problem by combining knowledge of 
pathogens and other PMs. A previous investigation showed 
the significance of other atmospheric components. The via-
bility of airborne bacteria aerosolized with marine sediment 
dust was significantly higher than the desert dust (Noda et al. 
2019). This investigation showed that the examined marine 
sediment dust contained 4.7 times higher volatile organic 
fraction than desert dust, a common air pollutant; thus, soot 
could act as supporting material for bacteria. Some materials 
function as a supporting role; these materials are known as 
fomites, an object or substance that can transmit infectious 

organisms from one individual to another (Fracastoro 1961; 
Contini and Costabile 2020). These results indicate a pos-
sible coupling between bioaerosol and dust PM as fomites 
that contribute to maintaining the viability of bacteria. Thus, 
bioaerosol behavior, including the pathogenic ones, signifi-
cantly depends on the type and abundance of PM as fomites.

A recent SARS-CoV-2 publication shows that the infected 
patients’ mortality rate correlates with long-term exposure to 
 PM2.5 in large cities of the USA (Wu et al. 2020, preprint). 
The 2003 SARS-CoV-1 outbreak in China, with a moderate 
or high long-term air pollution index (API), showed higher 
fatality rates than in locations with low API areas (Cui et al. 
2014). Some reports have indicated the linkage between 
air pollution and infectious diseases to mortality rates (Di 
et al. 2017a, b; Croft et al. 2020; Di et al. 2017a, b; Tsai 
et al. 2019; Contini and Costabile 2020). A previous study 
in Okayama, Japan, indicated that cases of non-TB myco-
bacteriosis (NTM) caused by Mycobacterium kansasii had 
higher incidents with workers dealing with dust material in 
heavily industrial areas (Mimura 2002; Yoshida et al. 2011). 
Patients with NTM increased rapidly, exceeding the cases of 
TB since 2014 in Japan. The mechanism behind this trend 
is unclear (Namkoong et al. 2016), but there was a possi-
ble connection with metal dust material or air pollutants in 
the industrial area as fomites, mediating the transmission of 
pathogens. Furthermore, long-term exposure to high  NOX 
levels could correlate with the SARS-CoV-2 fatality rate in 
European cities (Ogen 2020). These findings show that the 
level of air pollutants influences the fatality rates of those 
infections; however, the mechanisms are unclear. Further-
more, the host’s immune response to the pathogen attribut-
ing to the actual infection must be considered; however, this 
is beyond the scope of this study.

Aim of the study

This investigation examined the hypothesis that soot can be 
a model air pollutant to maintain the viability of aerosolized 
mycobacterium under ultraviolet (UV) ray as a stress factor. 
Aerosolized bacteria and soot were collected on a membrane 
filter, and different durations of UV rays were irradiated as 
stress. Further culturing was conducted to evaluate the dif-
ferent viability of bacteria, and the survival rates of the bac-
teria were calculated. This study was carried out from 2018 
to 2019 at Rakuno Gakuen University, Hokkaido, Japan.

Materials and method

To examine the survival of bacterial bioaerosol, a simulation 
chamber system was used as a model of ambient air inside a 
safety cabinet (Fig. 1). It is designed to examine pathogenic 
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microorganisms; thus, the simulation chamber size was lim-
ited according to the safety cabinet size.

Simulation chamber

A simulation chamber made of a polycarbonate plastic cage 
was used in the examination (CLEA Japan Inc. Tokyo, 
Japan). Its dimensions are 260 × 425 × 155  mm3 with a vol-
ume of 17 L, and a lid made from a polypropylene sheet 
adhered to the cage with double-sided adhesive tapes, main-
taining the tightness of the simulation chamber. Because the 
experiments were conducted inside the safety cabinet, the 
background air was high-efficiency particulate air (HEPA)-
filtered particle-free air; thus, aerosolized bacteria and soot 
were diluted with particle-free air (Fig. 1).

Nebulizer for aerosolization of bacteria

A jet nebulizer NE-C30 (OMRON Co. Kyoto, Japan) pro-
duces bioaerosols from a liquid bacterial solution using com-
pressed air. The jet nozzle-type nebulizer is gentler than the 
ultrasonic type and is commonly used for respiratory tract 
humidification and inhalation therapy to administer drugs 
and other materials to human patients.

Particle number size distribution

The concentration and size distribution of particles ranging 
from 0.3 to 10 µm inside the simulation chamber before and 
after being introduced to the bacterial suspension or soot 
were determined using an Optical Particle Sizer (OPS; 3330, 
TSI Inc. Minnesota, USA), an online measurement device 
that directly monitors the concentration and size distribution 
of particles with a time resolution of a few seconds. Before 
the experiments, the ventilation mode of the safety cabinet 
was active, and inside the chamber, the system was purged 
with HEPA-filtered air for ~15 min. After purging, the OPS 
verified that the inside of the chamber is particle free.

Model bioaerosols

This study used the bacterial strain (ATCC 19,420) Myco-
bacterium smegmatis (Jing et al. 2013; Louveau et al. 2005). 
Freshly cultured colonies were acquired from the Middle-
brook 7H10 agar medium (Difco™, Maryland, USA) and 
were suspended in 1% bovine serum albumin (Roche, Basel, 
Switzerland) in phosphate buffer solution (Kent and Kubica 
1985; Murray et al. 2007). Each fraction of serial dilutions 
was plated to determine a colony-forming unit (CFU) per 
volume M. smegmatis concentration. Before the experiment, 
bacterial concentrations were visually adjusted by compar-
ing it with a standard turbidity solution (McFarland No. 3) 
with ca. 9.0 × 108 CFU/ml. The adjusted bacterial suspen-
sion was kept at −20 °C until the ca. 1 h before nebulization. 
Modified Middlebrook 7H9 broth medium (Difco™, Mary-
land, USA) with oleic acid, albumin, dextrose, and catalase 
enrichment mixture was used for initial culturing with the 
filter sample and was plated and cultured with the 7H10 
medium for CFU evaluation.

Soot concentration

Soot, which was generated by burning a candle with incom-
plete combustion as the model soot, was used as a potential 
fomite in this experiment (Fig. 2a). After sampling the bac-
teria and soot mixture on the filter, pictures of sample filters 
were taken (Fig. 2b). The amount of soot on the filter was 
evaluated with 255 stages of gray scale produced by ImageJ 
software (Rasband 2018; Schneider et al. 2012). After edit-
ing the photographs to 32-bit monochrome, it was measured 
to determine the soot concentration on the filter using the 
ImageJ index.

Sample filter and filter holder

A 47-mm-diameter polycarbonate filter holder, developed 
by the Norwegian Institute for air research (NILU, Oslo, 
Norway), was used in this investigation. A 0.45-µm-pore size 

Fig. 1  The polycarbonate chamber system (17 L) is attached  with 
nebulizer, OPS, and the NILU filter unit

Black 0

White 255

Gray 127

(a) (b)

Fig. 2  a Soot generation by incomplete combustion and b sampled 
filter to measure the amount of soot in gray scaling by ImageJ (the 
photograph shows the gray scale of 141)
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membrane filter made by polytetrafluoroethylene filter was 
used (Omnipore™, Merck KGaA, Darmstadt, Germany). 
The nebulized bacterial bioaerosol and soot in the chamber 
were collected on the filter at a flow rate of 9 L/min.

Preparation of sample filters and culturing step

To prepare for the sample filters with only bioaerosol, the 
bacterial solution was first nebulized in the chamber for 
3 min, with a 3-min waiting period for stabilization. Upon 
generating soot aerosols, it was suctioned into the chamber 
and collected on the filter inside the NILU filter holder. With 
a rate of 9 L/min air suction, 27-L air mass was sampled. A 
linear motor-free piston-type pump VP0940 (Nitto Kohki, 
Tokyo, Japan) was used with a digital mass flow controller 
MQV0050 (Azbil Co., Tokyo, Japan) to maintain the flow. 
For the preparation of a sample filter containing bioaerosol 
and soot, the soot generated from the candle was simultane-
ously introduced into the chamber to withdraw the prein-
stalled bioaerosol. After sample collection, the filter was 
removed from the NILU filter holder. Each sample filter was 
divided into four equal parts using sterilized scissors. Fig-
ure 3 shows that a quarter of the divided filter was used as 
a control, and the remaining three quarters were irradiated 
with UV for 15, 30, and 60 s each, respectively. Directly 
after the UV irradiation step, each sample filter was placed 
into separate 1.5-ml microtubes containing 1 ml of 7H9 
broth medium, was mixed well with a vortex mixer, and 
incubated at 37 °C for 24 h. After the incubation period, 
each filter aliquot of 200 µl was serially diluted and cultured 
on 7H10 media plates for 96 h to calculate CFU.

Ultraviolet irradiation

A germicidal lamp GL-15 (Panasonic, Osaka, Japan) in a 
safety cabinet was used as the UV ray source with 254 nm 
peak intensity. The exposed power of the UV rays was set 
to 60 µW/cm2 by adjusting the distance to the filter surface 

from the lamp and exposure duration of 15, 30, and 60 s to 
simulate environmental stresses. This UVC intensity was 
monitored using the UV ray meter UVC-254 (CUSTOM, 
Tokyo, Japan).

Statistical analysis

Data are summarized as average values with the standard 
error of the mean (SEM). Students’ t tests were used to sta-
tistically calculate significant differences. p < 0.05 was con-
sidered statistically significant.

Calculation of survival rate

The survival rate of M. smegmatis was estimated using the 
CFU counts and compared with a set of experiments without 
soot as a control bioaerosol sample (Eq. (1)):

Results and discussion

Optical particle sizer (OPS) result

The measurement data of particle concentrations and their 
size distributions calculated by OPS are shown in Fig. 4 (a) 
with nebulized M. smegmatis bacteria and (b) with generated 
soot. From the triplicated measurements, the average value 
and standard errors (1 ± SEM) are calculated and shown 
on the error bar. The nebulized bacteria in Fig. 4a show 
a peak concentration around 2 µm, which is an expected 
aerodynamic diameter range because M. smegmatis has a rod 
shape of 2–5 µm in length and a diameter of less than 1 µm 
(Kang et al. 2012). The freshly generated soot result shows 
0.3 µm as the highest concentration in this measurement 
range. However, the soot generated from candle burning 
shows 50–100 nm size ranges as maximum concentrations 
(Pagels et al. 2009; Mulay et al. 2019). The real peak con-
centration could occur in a much smaller size range. Thus, 
Fig. 4b shows the tail part of soot particles, and the soot 
particle concentration increases as the size decreases; there-
fore, it is plausible to have a 50–100 nm size range as the 
peak concentration. Because the OPS uses a laser beam as a 
light source, there is a limitation in measuring particle sizes 
smaller than 0.3 um in aerodynamic diameter. Reconfirming 
with the scanning mobility particle sizer or other nanopar-
ticle monitoring devices is necessary. Monitoring aerosols 
using OPS confirms the introduction of bacteria and soot 
aerosols; thus, the measurement results served their purpose. 
For a more detailed contribution of nanosized range particles 
for the survival of bacteria, they must also be monitored.

(1)Survival rate (%) =
CFU with soot

CFU without soot
× 100.

Fig. 3  Either bacteria only or bacteria with soot were divided into 
four fractions with UV exposures of 0, 15, 30, and 60 s
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Soot amount estimation on the filter

Figure 2b shows a filter that collected bacteria and soot with 
a gray scale of 141. The filter could have an uneven color-
ing with some lines because of the grid-type filter support 
placed under it. A large part of the filter area was photo-
graphed and analyzed for ImageJ as an average value consid-
ering the unevenness of soot distribution. Also, it was used 
only for estimating the soot accumulated on the filter. The 
average value and standard errors (1 ± SEM) of the obtained 
low, medium, and high soot conditions were 163 (±8), 86 
(±3), and 12 (±5), respectively. The high soot condition had 
the highest SEM value relative to the average value. The 
darker the color, the harder it becomes to judge by the naked 
eye, and to determine the amount of soot, a precise measure-
ment method is necessary.

Culture result in the presence of soot

As an initial step, the toxic effect of soot on bacteria was 
examined. The filter samples of aerosolized bacteria and 

the mixture of aerosolized bacteria and soot were cultured 
for CFU determination. Figure 5 shows the results from 
repeated trials (n = 4) for bacteria only or bacteria with soot 
groups, showing that there was no significant difference in 
CFU (p > 0.05). Because soot contains toxic substances, we 
anticipated less CFU for the group mixed with soot. Soot 
contains polyaromatic hydrocarbons (PAHs), which could 
have genotoxicity, and coexisting bacteria with soot could 
result in less CFU. Some PAHs have a strong carcinogenic 
effect on mammals. For example, benzo-a-pyrene has geno-
toxicity to inhibit bacterial growth (Samburova et al. 2017). 
The results from culturing bacteria with soot did not show 
a toxic effect from the reduced CFU. However, it was only 
the result of a culture-based test for ~96 h that showed that 
unnoticed damage to bacterial DNA might have occurred. 
Further serially passaged culturing could reveal genetic 
damage to the bacteria. Genetic-level damage can be fur-
ther analyzed by the emergence of DNA repair proteins 
induced by the recA gene, a genetic marker for this process 
(Vollmer et al 1997; Rosen et al. 2000). Because the toxic 
effect of PAH to bacterial DNA was recognized, detecting 
the recA gene is a more direct evidence to show the bacte-
rial response from soot exposure. Although the amount of 
PAH and other pollutants in the soot from the paraffin-type 
candles can widely vary (Derudi et al. 2014), the evaluation 
step requires further consideration of a soot property analy-
sis. A detailed evaluation of genetic-level response to soot 
exposure is beyond the scope of this investigation; however, 
it is a direct way to assess the effect of soot on bioaerosol.

Culture method results with UV ray irradiation 
as a stress factor

The sampled aerosolized bacteria and soot were first col-
lected on the filter and then irradiated with UV to understand 
the effect of the soot on bacterial survival under the UV 
ray stress condition. This sampled filter was divided into 
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four parts, and each quarter was irradiated with the UV ray 
for 15, 30, and 60 s. Figure 6 shows the average survival 
rates (n = 3), and the error bars represent 1 ± SEM for low, 
medium, and high soot groups, with average gray scales 
of 163, 86, and 12, respectively. With the 15-s UV expo-
sure test, the survival rate of M. smegmatis with the low 
soot group showed a 1.1% (±0.8) survival rate; however, 
the medium and high soot groups showed a significantly 
higher survival rate of 70.9% (±4.3) and 61.0% (±17.6), 
respectively (p < 0.05). Similarly, the 30-s UV exposure test 
showed that the medium soot group displayed a significantly 
higher survival rate of 20.3% (±6.7) than the low soot sam-
ple group with 0.9% (±0.8) (p < 0.05). Lastly, the 60-s UV 
exposure test showed a significantly higher survival rate of 
11.7% (±2.2) in the high soot group than the low soot group 
with 1.8% (±1.8) (p < 0.05). Notably, the 30- and 60-s UV 
exposure experiments showed a higher survival rate with 
the high soot groups.

The series of experiments showed that soot helps sur-
vive UV exposure. However, the more considerable amount 
of soot does not contribute to the survival of the bacteria. 
Thus, more sophisticated mechanisms are needed to derive 
the above results. Figure 6 shows that the survival rate for 
medium and high soot groups decreased with extended UV 
irradiation time from 15 to 60 s. The survival rates of the 
medium soot group decreased more rapidly than the high 
soot groups as UV irradiation time was extended.

Interestingly, the survival rates between medium and high 
soot groups were inversed after 30 s. The higher soot group 
survived longer than the medium group for 30 and 60 s, 
which could be because of a different mode of bacterial dam-
age. Nelson et al. (2018) reported different microorganism 
damaging modes with different UV wavelengths showing 

more dominant endogenous UV effects (direct one) for 
UVB and more dominant exogenous UV effects (indirect) 
for UVA. In this investigation, the medium soot condition 
allows a certain proportion of UV rays to directly reach the 
bacteria, causing damage to decrease the survival rate. With 
the high soot condition, the soot absorbs most of the UV 
rays, hindering the direct damage to the bacteria. However, 
the absorption of UV rays on soot could generate a photo-
produced reactive intermediate (PPRI) that could predomi-
nantly have an indirect toxic effect, reducing the survival rate 
of bioaerosols. The mechanism proposed by Nelson et al. 
(2018), UV, and some visible rays could produce PPRI to 
have an exogenous indirect effect on the microorganisms.

The UV absorption on soot could produce PPRI, indi-
rectly damaging the microorganisms. Our investigation only 
used UVC rays to examine the protective features of soot, 
and the extent of PPRI generation using UVC rays was not 
investigated. Also, the toxicity of the indirect exogenous UV 
effect highly depends on the chemical properties of the soot, 
which could pose more direct differences for the survival 
rates of bacteria. Having a combination of direct and indirect 
effects to reduce survival rates is possible; however, fur-
ther verification is necessary to quantify the produced PPRI 
under different UV exposure conditions. One approach is 
determining the reactive oxidant species (ROS), one of the 
PPRI, using the fluorescence technique (McBee et al. 2017). 
We anticipate ROS to increase with longer UV exposure 
time to the soot. Shiraiwa et al. (2012) reported that soot 
and polycyclic aromatic compounds could trigger ROS for-
mation; however, several mechanisms exist to initiate ROS 
formation. UV irradiation should be considered one of many 
reaction steps in atmospheric conditions.

UV wavelength

In this experiment, we only use the UVC wavelength, which 
does not reach ground level. Further studies on irradiation 
using UVB and UVA could provide results with realistic 
circumstances at the near-ground atmospheric condition. A 
different wavelength of UVB to visible light has a different 
inactivation mechanism for specific microorganisms with 
different mechanisms (Nelson et al. 2018). The endogenous 
and exogenous effects can damage the virus and bacteria 
with mostly UVB, and the endogenous indirect effect can 
damage bacteria with mostly UVA. Because different UV 
wavelengths could have different mechanisms and roles to 
cause damage to bacteria, further investigation is critical. 
Also, the chemical composition of the bacterial outer layer 
could vary with each species; the type and amount of PPRI 
might vary accordingly.

In this investigation, we examined M. smegmatis, which 
has an outer layer covered predominantly with mycolic acid, 
a group of long fatty acids that have chemical composition 
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that varies under varying conditions (Verschoor et al. 2012). 
The complex entities of mycolic acid have different poten-
tials to generate PPRI of different wavelengths; however, 
this requires further investigation. Besides, the soot attach-
ment and distribution patterns on the bacterial surface could 
have a different hindering effect on the UV ray to penetrate 
through the bacteria. Soot absorbs the UV ray to protect 
bacteria because soot has a relatively high absorption as the 
wavelength reaches the UV ray range (Russo et al. 2017). 
However, the location of the soot attachment provides differ-
ent protective effects. The soot coverage in the most suscep-
tible area has a more significant contribution to the survival 
of bacteria. The coating pattern of soot is significant for the 
UV ray to reach bacteria to have both direct and indirect 
effects. UV wavelength-dependent experiments are neces-
sary to evaluate the different modes of damage to bacteria.

Soot and bacterial interaction

An outer layer of bacteria consists of materials such as 
mycolic acid, trehalose complex, polysaccharides from the 
biofilm, and other substances. The attachment of soot to the 
outer layer of bacteria could have specific selectivity because 
of affinities determined by charge, chemical, physical, and 
other properties. Under the limited soot condition, the soot 
attaches to the surface material with the most definite affin-
ity, causing uneven distribution. However, in an abundant 
soot condition, soot might attach to an even less avid posi-
tion with a weak affinity, making the attachment pattern 
more random and complicated. With the excess soot condi-
tion, multilayers of soot can form on the surface of bacteria, 
including unique conformation patterns to protect or damage 
the bacteria. Also, the high soot condition becomes more 
susceptible to environmental changes or experimental condi-
tions, such as temperature, humidity, and static electricity. A 
more considerable amount of soot condition allows different 
mechanisms, resulting in more variation on the survival rates 
to cause greater SEM values. Fewer of the 1 ± SEM values 
were observed for the medium soot group than the high soot 
group, except for the 60 s of UV irradiation. The limited soot 
condition of the medium soot group has a more uniform soot 
distribution; therefore, the effect of UV irradiation protects 
and damages the bacteria similarly. The excess soot condi-
tion applies to the high soot group where soot attachment 
becomes more random and complex, causing a substantial 
variation in the SEM values.

Mycobacterium smegmatis contains mycolic acid, a long 
carbon chain with many lipophilic layers that could have 
a high avidity with soot; however, the bacteria can adapt 
to a specific environment that could change the outer layer 
composition, producing different characteristics and affin-
ity (Verschoor et al. 2012; Li et al. 2012). Thus, varying 
affinity to soot causes a more prominent variability in the 

survival rates. Another study on the biological response on 
the presence of black carbon showed drastic changes in the 
development of bacterial biofilm, which is critical for bacte-
rial colonization and survival (Hussey et al. 2017). Hussey 
et al. (2017) proposed that the presence of soot could send 
a signal to bacteria for biofilm formation enhancement with 
Staphylococcus aureus and Staphylococcus pneumoniae 
to resist certain antibiotic drugs. It illustrates the potential 
mechanism of coexisting soot acting to send a chemical sig-
nal to trigger the bacteria to form some protective properties, 
indicating that bacteria being inhaled with or without soot 
could cause a more drug-resistant-type infection.

Soot and infectious diseases

With the SARS-CoV-2 pandemic, the linkage between mor-
tality and exposure to air pollution in the USA was reported 
as a nationwide cross-sectional long-term epidemiological 
study (Wu et al. 2020). Previous reports illustrate similar 
findings with increased levels of PM air pollution, which 
exacerbates respiratory infections (Croft et al. 2020; Horne 
et al. 2018). The outbreak of severe acute respiratory syn-
drome (SARS) in 2003, a similar type of coronavirus to 
SARS-CoV-2, in high API cities had higher fatality rates 
than locations with low API (Cui et al. 2003). Investigat-
ing the interaction between pathogens and air pollutants is 
essential. Many reports illustrate the linkage between air 
pollution and respiratory infections. The challenge is that the 
immune response on the host side could also have a signifi-
cant influence, and the immune response is complex and has 
substantial individual differences. Understanding the linkage 
between the frequency of infection and the level of air pol-
lutants is challenging. One might need to consider individual 
monitoring or small-scale measurements to understand the 
link.

Subsequently, understanding the mechanism of how the 
pathogen maintains infectivity for a prolonged period in 
the real atmospheric environment under different stresses 
such as temperature, humidity, UV, and atmospheric oxi-
dant species is critical. There are numerous studies on 
fomite surfaces such as a doorknob, medical instruments, 
and other surfaces with the hand contact area as a source 
of infection; however, the potential of airborne fomites, 
such as PM, has not received much attention. Our previous 
attempt to investigate the mixture of bioaerosol and different 
micron- to submicron-size PM showed a significant differ-
ence in survival rate (Noda et al. 2019). The bacteria with 
PM from marine sludge had significantly higher survival 
rates than those from the desert sand origin. The marine 
sludge had almost five times higher total organic content 
than desert sand, indicating that soot could have a common 
chemical feature with high carbon content. This investiga-
tion used soot as the organic components of air pollutants 
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to understand the contributing factors for bacteria to main-
tain their viability, which we humans want to counteract to 
reduce the risk of infection. The M. smegmatis used in this 
study is UV irradiation-sensitive; hence, soot is a potential 
protective fomite; however, other bacteria or viruses could 
have suitable fomites to evade specific stresses. Understand-
ing the protective aspect of airborne fomites with different 
materials could reveal the potential risk of infection for dif-
ferent pathogens and reduce the risk of airborne infection by 
minimizing the presence of such fomites.

Limitation and suggestions for further research

This work examined only UVC irradiation as a stress fac-
tor, which limits the extrapolation of the results to the real 
tropospheric environment. Since the tropospheric condition 
receives only UVA and UVB, investigating the irradiation 
of longer UV wavelengths is necessary to simulate a more 
realistic situation. In this investigation, the examined soot 
was freshly generated, and the oxidation of soot was low 
compared to the atmospheric soot suspended in the air and 
subject to the aging process. The aged soot with an oxidized 
form could become more reactive to pose varying toxicity 
to airborne bacteria; thus, the type and amount of oxidized 
products of soot need to be confirmed more precisely. UV 
irradiation could induce PPRI to damage the bacteria, and 
even the soot itself might undergo an oxidation process to 
generate the PPRI to damage the bacteria. One approach 
is stimulating the generation of PPRI by mixing the soot 
with ozone or other oxidants and exposing the bacteria for 
the toxic effect of soot. Furthermore, this investigation uses 
only the candle-generated soot as model soot. Other soot 
types from different fuel combustion could provide a more 
realistic condition.

For the bacterial response to stress, this investigation 
used only colony-forming ability as an indicator of damage 
or stress; however, bacteria could show stress response by 
direct genetic damage or damage response by the stimulated 
repair function of bacteria. Lastly, this investigation provides 
only a small part of soot and bioaerosol interaction and is in 
a preliminary stage.

Conclusion

The experimental results indicated no direct inhibition of M. 
smegmatis growth with soot; thus, the soot did not have a 
direct toxic effect. However, this investigation examined the 
inhibition of M. smegmatis growth with freshly generated 
soot, and aged or more oxidized soot could provide different 
results. Also, it was only the result of a culture-based test 
for ~96 h, and unnoticed damage to bacterial DNA might 
have occurred.

Furthermore, serially passaged culturing or other geno-
toxicity tests could reveal genetic toxic damage to M. smeg-
matis. A further examination of UV stress conditions for the 
growth inhibition of aerosolized M. smegmatis and three 
types of soot collected on a filter was conducted. The results 
revealed that soot significantly contributed to an increase in 
the survival rate of M. smegmatis. However, the results from 
varying UV stress periods and soot amounts showed differ-
ent survival rate changes. The possible involvement of direct 
and indirect UV-damaging mechanisms was suspected.

The freshly generated soot from the candle burning indi-
cated a potential attribution for the increased survival rate 
of M. smegmatis under the UV stress condition. The result 
could explain the possible linkage between air pollution and 
the pathogens’ extended viability to increase airborne infec-
tion probability.
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