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Background: Particulate matter–associated microbes in the workplace are a burning issue in 
occupational toxicology. Studies have reported on respiratory infections among tannery 
cohorts. This study uniquely presents measurements of airborne bacterial 
concentrations associated with varied particulate-matter sizes, their exposure, and consequent 
severity in occupational respiratory problems, all for different microenvironments within 
leather tanneries.
Methods: Analyses included molecular identification of isolates, computation of mass 
median aerodynamic diameter of aerosols, tannery process–exposure dose (TPED) to bacter-
ial aerosols, and spirometry and symptom assessment of impaired pulmonary function.
Results: The highest bacterial concentrations were for rawhide treatment and finishing units, 
showing 3.6×103 and 3.7×103 CFU/m3, respectively. Identified bacterial species 
included Ochrobactrum pseudogrignonense, Neisseria bacilliformis, Enterobacter cloacae, 
Alcaligenes faecalis, Klebsiella pneumoniae, and Corynebacterium spp. Maximum and 
minimum values of mass median aerodynamic diameter were 8.3 µm and 0.65 µm for 
buffing and snuffing and production units, respectively. The highest TPED was 1,516.9 
CFU/kg for finishing units. Respiratory symptoms in order of incidence were dyspnea > 
phlegm > cough > wheezing and tachypnea (equivalent). Bronchodilator measurements of 
FEV1, FVC, and PEF represent decline in lung function. Of 26 patients identified with 
COPD, most were working in rawhide treatment.
Conclusion: We conclude that exposure–infection synergy is also a cause of pulmonary 
ailments and COPD development, rather than the better-known exposure–smoking synergy.
Keywords: respiratory symptoms, bacteria, lung function, COPD, tannery process, MMAD, 
infection, airborne

Plain Language Summary
Industrial exposure to particulate matter (PM) is a notorious source of occupationally 
induced respiratory ailments. In the interests of finding the synergistic effect of this chemical 
multimix PM with work-related microorganisms, this study presents interesting data on 
leather tanneries, showing a strong relationship of respiratory pathogenic bacterial in inhaled 
PM with enhancement of occupational respiratory disorders (eg, COPD and decline in FEV1 

and FVC) and symptoms (dyspnea, phlegm, cough, wheeze and tachypnea) that exposed 
cohorts generally face even without bacterial infection. Further, instead of only airborne 
concentrations, mass median aerodynamic diameter of aerosols and tannery process–expo-
sure doses are presented for different process sites within tanneries to identify the most risk- 
prone. A majority of identified bacteria in PM were opportunistic pulmonary pathogens, the 
origin of which may be attributed to hides and skins under treatment and indoor environ-
mental conditions in the workplace.
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Introduction
Organic dust originates from plants, animals, and 
microbes.1 In workplaces, dispersed dust aerosols contain-
ing bacteria, viruses, and fungus spores located in the 
breathing zone of workers pose a particular danger to 
health.2 The distinct impacts of inhaled bioaerosols and 
particulates are known to cause respiratory ailments. 
However, synergistic impacts include exacerbation of pul-
monary diseases,3 irritation of mucous membrane, organic 
dust toxic syndrome, asthma, allergic rhinitis and alveoli-
tis, and COPD.4,5 Bacteria can be observed in many occu-
pational environments. Bacterial pathogens are classified 
as fine biological particles within indoor dust. Ultrafine 
particles do not include bacteria, because a single bacter-
ium is more than a micrometer in diameter. Nevertheless, 
bacteria-derived substances like lipopolysaccharide are 
common in airborne ultrafine particles,6 comprising almost 

5%–34% of indoor air pollutants.7 Gram-negative bacteria 
have lipopolysaccharide in cell walls that play a direct role 
in development of disease.8 Exposure to lipopolysacchar-
ide and extracellular vesicles causes the creation of proin-
flammatory and immunomodulating factors.6 An invasion 
of neutrophils into the lower respiratory tract is 
a representation of this response, accompanied by produc-
tion of inflammatory intermediaries. However, the inflam-
mation declines after recurring exposure.9

A majority of occupational respiratory disorders are 
caused by dusts and gases, but many pulmonary infections 
have also been reported lately, eg, acquired by inhaling 
physical vectors like airborne particulates or droplets.10 

A measure of bacterial concentration in an environment 
is not the only determinant of a pathogen’s potential to 
induce problems among exposed personnel. In this regard, 
particle-size distribution and the bacterial concentration 
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that is bioavailable to reach target tissue in human body is 
important. The quantity of pollutants actually invading 
through tissue by crossing biological barriers is called 
the dose. Occupational exposure limits (OELs) for bioaer-
osol doses have not been established yet,11 for there exists 
greate variation in workplace characteristics (ventilation 
type, open or closed workstations), individual vulnerabil-
ity, and personal exposure levels.12

In leather tanneries, bioaerosols come primarily from 
skin dehairing and defleshing processes. Organic particulates 
originateing from animals (skin, hair, fur) are irritants of the 
upper respiratory tract, eyes, and skin. Small fractions are 
capable of reaching the lower respiratory tract and may cause 
diseases like bronchitis, asthma, conjunctivitis, and 
dermatitis,13 which have been reported among tannery 
employees. Animal hides facilitate growth of bacteria due 
to rich nutrients and high moisture content. Indoor air during 
tanning processes is associated with spread of microbes that 
lead to occupationally induced infections in employees. In 
buffing dust, fungal species have also been reported,14 which 
is also a major problem in hide-preservation units. In tan-
neries, major sources include fragments and fiber remnants 
from animal fur, skin, leather, brooms, protein-bound buffing 
dust, and organic tanning emissions. Animal skin provides an 
ideal medium for the propagation of microorganisms in both 
the leather-tannery and footwear industries.15 It has been 
found that the prevalence of symptoms suggestive of asthma, 
tuberculosis, and chronic bronchitis among tannery workers 
is higher than non–tannery workers.16 These symptoms 
include wheezing, obstructive lung disease, tightness of 
chest, difficulty in breathing, cough, and breathlessness 
after a walk.17 Increasing evidence suggests that the lung 
microbiome plays an important role in COPD severity. 
COPD is a pulmonary ailment that primarily develops with 
age, but environmental exposure and genetics are also con-
sidered significant disease-inducing agents.18

Acute exacerbations of COPD are sudden worsening of 
symptoms in which bacterial colonization is one major etio-
logical factor.19 Bacteria have been isolated from the lower 
airways of stable COPD patients, and airway inflammation 
has been related to bacterial load and type. Bacterial coloni-
zation in COPD is an important factor in disease 
progression.20 COPD is defined by the spirometric definition 
of postbronchodilator FEV1/FVC <0.7.21 When calculating 
FEV1/FVC, the highest value of each after reversibility test-
ing is used, as per ERS taskforce guidelines for epidemiolo-
gical studies on COPD22 and supported by GOLD 
guidelines.23 The second definition (FEV1/FVC < LLN) 

is not used, because compared to the first (FEV1/FVC 
<0.7), no substantial connection has been found with this 
definition when respiratory assessments for exposure to bio-
logical dust, mineral dust, gases, and fumes ware made.24

It is well proven that bacteria play an important role in 
pulmonary obstructions and infections. There exists a gap 
in the available research regarding process-wise identifica-
tion of respiratory pathogenic bacterial strains and conse-
quent disorders at leather tanneries. Further, the available 
literature focuses on airborne bacterial concentrations in 
occupational environments, but little has been reported on 
bacterial mass or particle-size association.4 We hypothe-
sized that tannery workers engaged in areas of high-level 
bioaerosol emissions would experience exacerbated parti-
culate matter (PM)–associated pulmonary dysfunctions, as 
respiratory pathogens might play a synergistic role. 
Therefore, we aimed to gauge the presence of such bac-
teria in a variety of tannery environments by measuring 
viable culturable counts of bacteria in ambient air, the 
mass median aerodynamic diameter (MMAD) of bacterial 
aerosols, and the tannery process–exposure dose (TPED) 
of bacterial aerosols, and assess pulmonary function 
among tannery workers, along with pulmonary symptoms 
and enhancement during bacterial infections, and 
identify COPD patients among employees for a number 
of tannery microenvironments with different processes in 
progress.

Methods
Leather tanneries in Pakistan are not complete industrial 
units. Therefore, different processes are found in different 
factories. These processes are classified in groups on the 
basis of their being performed under one roof and thus 
environmental samples not being segregated. The process 
clusters identified for this study are shown in Table 1, 
representing a variety of microenvironments with different 
occupational exposure. Measurements were made in sum-
mer (July–September). Though the season was not at its 
peak, all routine processes were in progress. 
Representative samples were taken from leather tanneries 
of Lahore, Sialkot, and Kasoor, all renowned tannery hubs 
in Punjab.

Bacterial Analysis
Air Sampling of Particulate Matter–Associated 
Bacteria
Sampling was carried out using a portable 11.B aerosol 
spectrometer (Grimm Aerosol Technik Ainring). This 
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instrument has 31 size channels ranging from 0.25 to 32 
μm. Its working principle is light scattering of a single 
particle with a semiconductor laser as a light source of 638 
nm. Instead of filters, a greased glass slide was used as an 
impactor that collected aerosols. Samples were collected at 
a flow rate of 1.2 L/min. The sampler operated for 8 hours/ 
day for 3 days at each site to collect triplicate samples. 
These glass-slide samples for each process under investi-
gation were taken to the laboratory using sterile isolated 
containers.25 The collected samples were incubated at 
30°C, and colony-forming units (CFUs) were counted 
after 24 hours. Tryptic soy agar (Sigma-Aldrich) with 
0.2% nystatin was used for collection of bacteria. Based 
on colony morphology, mixed-culture plates were then 
subcultured to obtain pure colonies.

Molecular Identification of Isolates
Confirmation of the isolated bacterial strains was done by 
molecular characterization through 16S rRNA gene 
sequencing. Genomic DNA of all bacterial strains was 
obtained using a DNA-extraction kit (Qiagen). 
Concentrations of DNA were qualified and quantified by 
spectrometry using a NanoDrop 2000 (Thermo Fisher 
Scientific). PCR amplification of extracted DNA was 
done using universal bacterial primers 27F′ (5′- 
AGAGTTTGATCCTGGCTCAG-3′) and 1492R′ 
(5-CTACGGCTACCTTGTTACGA-3′). The PCR mixture 

consisted of GoTaq green master mix (25 μL), primer 27F´ 
(1 μL), primer 1492R´ (1 μL), DNA extract (2 μL), and 
nuclease-free water (50 μL). An MJ Mini personal thermal 
cycler was used for the PCR reaction (Bio-Rad). Cycling 
conditions consisted of initial denaturation at 95°C for 3 
minutes followed by 30 cycles of denaturation at 95°C for 
1 minute, annealing at 55°C for 1 minute, and extension at 
72°C for 1 minute. At 72°C, the final extension was 
performed for 7 minutes. Electrophoresis was done for 
PCR-product analysis with 1% agarose gel. Sequencing 
of the amplified PCR product was done by Macrogen 
Service Center (Seoul, South Korea).

MMAD and TPED
The mass held in each particle size defines a particle 
population. The MMAD basically splits the distribution 
of the mass in half. During respiration, there is maximum 
chance of particles ≤3 μm reaching the lower respiratory 
tract of an adult.26

MMAD was calculated using:

MMAD ¼ ∑midi=M 1 

where mi is the mass of all particles in one group i (where 
d is the midpoint dimeter).

The TPED was measured for indoor and semi-indoor 
environments (CFU/kg):12

TPED ¼ C:IR:IEF=BW 2 

where C is the bacterial aerosol concentration (CFU/m3), 
IEF the indoor exposure fraction (hours spent per day at 
work considering assorted activity patterns), IR the inhala-
tion-rate coefficient characteristic of the selected activity 
levels (m3/day),27 and BW mean body weight (kg).

Pulmonary Assessment of Workforce
Inclusion and Exclusion Criteria
A total of 250 male workers aged 18–60 years engaged at 
tannery works for at least 5 years in the same microenvir-
onment were recruited as subjects. Those diagnosed with 
respiratory or other ailments like anemia, abnormal ver-
tebral column or thoracic cage, diabetes, respiratory tuber-
culosis, asthma, and bronchitis and those severely ill were 
excluded from the study. Further the drug buffs, tobacco 
consumers were also omitted from the study. Smokers and 
nonsmokers were included and compared, as cigarette 
smoking is considered an important factor in the develop-
ment of pulmonary ailments and occupational COPD.28

Table 1 Tannery-site characteristics

Processes Type

Rawhide 
treatment

Soaking, liming, dehairing, defleshing, 
deliming, bating, and pickling

Sheltered

Wet machine 
operations

Chrome tanning, wet-blue storage, wet 
finishing (wet back, neutralization, 

retanning, washing, fat liquoring, dyeing, 

and washing)

Indoor

Buffing and 
snuffing

Buffing and snuffing Indoor

Splitting and 
shaving

Splitting and shaving Sheltered

Production 
unit

— Indoor

Finishing unit Hydraulic press, roller cutting, spray 
plant

Indoor

Packing and 
sales

Weighing, finished leather trim, sorting, 
and packing

Indoor
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Spirometry
Spirometry was performed in leather tanneries in Lahore, 
Kasur and Sialkot.

A handheld digital spirometer (SP10W, Contec) was 
used to record FEV1, FVC, and FEV1% (FEV1/FVC), both 
pre- and postbronchodilation. For validation and accuracy 
of testing, equipment quality control was carried out with 
regular calibration checks before testing was performed, 
according to American Thoracic Society 
recommendations.29 Bronchodilation was done with 
a combination of 0.4 mg salbutamol and 80 
μg ipratropium bromide.23 FEV1 and FVC >80% 
is considered normal, FEV1 and FVC <80% but FEV1/ 
FVC >0.7 represents restriction, and FEV1 <80% with 
reduced FVC shows obstruction.30 Subjects with COPD 
were classified into grades 1–4 according to GOLD.31 The 
GOLD classification of airflow-limitation severity in 
COPD (based on postbronchodilator FEV1) is 1 (mild) = 
FEV1≥80% predicted 2 (moderate) = 50%≤ FEV1 <80% 
predicted, 3 (severe) 30%≤ FEV1 <50% predicted, and 4 
(very severe) FEV1 <30% predicted.

Pulmonary Symptom Assessment
A standard pulmonary symptom–identification question-
naire was filled in by all subjects. Symptoms included 
cough, phlegm, chest troubles, tachypnea, dyspnea, and 
wheezing.32 It was also modified to include if these symp-
toms were associated with routine exposure and/or 
enhanced with chest bacterial infections. Division of 8 
working hours was also determined based on activity 
level via a walk-through survey for each process.

Statistical Analysis
Two sample t-tests were used to find statistical contrasts in 
pulmonary symptoms when conditions shifted from only 
dust-exposure days to the days when working cohorts 
experience increased respiratory infection with occupa-
tional dust exposure. Multiple linear (forward) regression 
models were used to identify predictor variables for cough, 
wheezing, tachypnea, dyspnea, and phlegm. For the cho-
sen covariates, P<0.1 was utilized to locate variables for 
the best-fit model to explain the highest variations in 
dependent variables. Differences were considered statisti-
cally significant at P<0.05. SPSS 21.0 was employed for 
statistical analysis.

Results and Discussion
Bacteria in Tannery Dust
Tanneries in Pakistan perform different operations, ie, 
a complete chain of processes is not found in a single factory. 
That is why processes at all locations were clustered and 
considered as one workplace to collect data. Table 2 presents 
the bacteria identified along with reported characteristics 
from the literature and pulmonary pathogenicity.

Ten strains were observed, of which one was uncul-
tured. Noviherbaspirillum autotrophicum is found in air of 
three units: wet operations, rawhide treatment, and split-
ting and shaving. This facultatively autotrophic bacterium 
was reportedly isolated from rice-paddy soil.33

Alcaligenes spp. were found where splitting and shaving 
of hides and skins was in progress. These drug-resistant 
respiratory pathogens34,35 may worsen pulmonary infec-
tions. Compromised respiratory tracts become victims of 
this opportunistic pathogen. Three strains of this family 
were identified, of which two were Alcaligene faecalis. 
Ochrobactrum pseudogrignonense was isolated from aero-
sols collected from rawhide treatment, spraying and finish-
ing, and packing and production units. This is a known 
human respiratory pathogen that has frequently been found 
in patients with cystic fibrosis.36 This emergent pathogen is 
equally treacherously infectious for both immunocompro-
mised and healthy humans.37 Neisseria bacilliformis is also 
an opportunistic pathogen that causes infection in the upper 
respiratory tract.38 In this study, it was found in skin-splitting 
and -shaving and leather-finishing units. Enterobacter cloa-
cae is a Gram-negative anaerobic facultative bacteria that 
causes human infections of the respiratory tract, urinary 
tract, skin, and abdomen.39 The basic source for its emer-
gence in the tannery environment is the skin and hides of 
animals. It was found in the air of a finishing unit. Klebsiella 
pneumoniae is specifically a respiratory and urinary tract 
infectant; however, it may cause infection in any part of 
the body. It colonizes and multiplies in the gastrointestinal 
tract, and a majority of infections arise when bacteria move 
from the here.40 Corynebacterium spp. are multidrug-resis-
tant bacteria, of which the first epidemic was reported in of 
COPD patients in 2007. These organisms cause infection 
that worsens existing respiratory disorders.41 Providencia 
rettgeri, isolated from the air of a finishing unit is not 
a respiratory infectant, but causes urinary tract and skin 
infections in humans.42
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Four strains identified in this study have also been 
isolated from oropharyngeal mucosa of tannery workers 
in Mexico: Alcaligenes faecalis, Neisseria bacilliformis, 
Enterobacter cloacae, and Klebsiella pneumoniae,15 

which confirms the association of these bacteria with the 
tannery environment. Table 3 gives a checklist of identi-
fied bacteria at different leather tanneries.

MMAD and TPED
MMAD values of the particle populations observed at 
defined sites are shown in Table 4. The maximum 
MMAD was measured for B&S — 8.3 µm. This means 

50% of the total sample mass is present in particles with 
aerodynamic diameter <8.3 µm and the other 50% in 
particles >8.3 µm in diameter.43 The minimum was 0.65 
µm, for PU. Commonly, bioaerosol size is 0.02–100 µm,44 

but their association with particulates changes the aerody-
namic diameter of PM,3 affecting their inhalation charac-
teristics. The atmosphere shows a chemistry of two 
contrasting mechanisms in summer and spring. Bacteria 
grow quickly, but the particle-size range (fine) that is 
associated with bacterial mass tends to exterminate. 
Therefore, there are fewer fine particles (<3.3 μm) in 
total particulates.45 The TPED results are also shown in 

Table 2 Human pulmonary bacterial pathogens isolated from tannery air

Family Characteristics Pulmonary symptoms from 
literature

References

Noviherbaspirillum 
autotrophicum

Oxalobacteraceae Facultatively autotrophic 
bacterium isolated from rice 
paddy soil

NA Ishii et al33

Alcaligenes spp. Alcaligenaceae Opportunistic respiratory 

pathogens

Adult respiratory distress syndrome Aisenberg et al34

Sepsis syndrome

Cystic fibrosis

Ochrobactrum 
pseudogrignonense

Opportunistic respiratory 

pathogens

Cystic fibrosis Lundy et al, 

Chmelař, Holý 
et al36,64Respiratory failure

No cross-contamination
Upper and lower respiratory tract 
infections

Neisseria bacilliformis Neisseriaceae Opportunistic pathogens Upper respiratory tract infections Han et al38

Enterobacter cloacae Enterobacteriaceae COPD Didilescu et al, 

Miyoshi-Akiyama 
et al49,50Nosocomial pneumonia

Lower respiratory tract pneumonia

Alcaligenes faecalis 
(two strains)

Alcaligenaceae Pan-drug–resistant organism even 
to carbapenems, polymyxins, and 

tigecycline

Respiratory depression (reduced 
SPO2)

Kavuncuoglu et al, 
Hasan et al35,63

Bloodstream infections
Respiratory dysfunction synergist

Acute respiratory distress syndrome

Klebsiella pneumoniae Enterobacteriaceae Opportunistic pathogen Lung and urinary tract infection Kaur et al62

Gastrointestinal diseases

Corynebacterium spp. Animal-skin flora Respiratory infections Díez-Aguilar 

et al41

Human pathogen

Providencia rettgeri Enterobacteriaceae — Urinary tract infections, bacteremia, 
skin infections, diarrhea, and 

gastroenteritis

Yoh et al, Tada 
et al42,61
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Table 4. Maximum TPED was 1,516.9 CFU/kg for FU-HP 
and the minimum was found for WMO — 92.78 CFU/kg. 
One reason for exposure limits not yet being established 
for bioaerosols of occupational origin is that individual 
exposure characteristics and vulnerabilities are exceed-
ingly varied.12

Pulmonary Function
The process-wise distribution of the 250 tannery workers 
was PS 55, RHT 48, WMO 37, BS+SS 64, and FU 46. 
They were all male Muslims and residents of the areas 
where their workplaces were located. Two-thirds (66%) 
were married. Their awareness of occupational safety 
was medium (51%), low (45%), and high (4%). 
Demographic characteristics are shown in Table 5. All 
were working for 8 hours a day.

Spirometry and COPD
Average process-based FEV1, FVC, and PEF are shown in 
Figure 1. There were clear differences in between pre- and 
postbronchodilation. However, the most compromised 

lung function was found in BS+SS personnel, because of 
being exposed to buffing dust, toggling dust in the hang- 
dry process, and shaving and splitting producing fine and 
ultrafine dust. Their prebronchodilation FEV1 was 2.10 
±0.667. However, considerable improvement was 
observed after bronchodilation — 2.62±0.492. Similarly, 
prebronchodilation FVC was 2.48±0.746 and became 2.96 
±0.951 after the reversibility test had been applied. This 
response to medication in the form of improvement in 
FEV1, FVC, and PEF gives an indication of airway 

Table 4 Bacterial concentrations, MMAD, and TPED

RHT WMO PU FU-S FU-HP B&S S&S P&S

Bacterial concentration (CFU/m3) 3.6×103 2.3×102 2.6×102 3.2×103 3.7×103 3.2×103 2.8×103 2.2×103

Tolerable concentrations of airborne microbes in occupational environment: 
Mesophilic bacteria 100,000 and Gram-negative bacteria 20,000 

Suggested standards for respirable aerosols are half those, ie, 50,000 CFU/m3 for mesophilic bacteria and 10,000 CFU/m3 for Gram-negative 

bacteria.65

MMAD (µm) 7.740 0.741 0.659 7.199 7.050 8.351 7.960 7.265

TPED (CFU/kg) 1,464.4 92.78 104.9 1,295 1,516.9 1,299 1,130 923.9

Notes: Sheltered: (top covered corridor without walls); average work hours 8; average employee weight 70 kg. 
Abbreviation: MMAD, median mass aerodynamic diameter; TPED, tannery process–exposure dose.

Table 5 Demographic characteristics of participating workforce 
(n=250)

Parameter Tannery workers 
N=250

Age (years) 35±10.55
BMI 23.73±4.77

Body weight (kg) 70±5.6

Smokers 28.4%
Nonsmokers 71.6%

Table 3 Site-wise bacteria identified

RHT WMO PU FU-S FU-HP B&S S&S P&S

Noviherbaspirillum autotrophicum x x - - - - x -
Alcaligenes spp. x - - - - x x -

Ochrobactrum pseudogrignonense x - x x - x - x

Neisseria bacilliformis - - x x x x x
Enterobacter cloacae x x - x x x x x

Alcaligenes faecalis (two strains) x - - x x - x x

Klebsiella pneumoniae x x x x x - x x
Corynebacterium spp. x - - x x x x x

Providencia rettgeri x - - x x - x x
Uncultured bacteria x - - - - - -

Notes: x, presence; –, absence.
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obstruction.46 These results are parallel to those reported 
in the literature.9,17,46–48 Moreover, these are the processes 
where respiratory pathogenic bacteria have also been 
recognized, and surveyed pulmonary symptoms back this 
finding as well.

Although highly severe cases of COPD were not identi-
fied, for those suffering from COPD, GOLD stages were 

determined (Figure 2). Two COPD patients were identified 
in the B&S group, of which one (nonsmoker) was stage 1and 
the other(smoker) stage 2. Similarly identified cases of 
COPD stages were shown for all sampled processes. Most 
were found in RHT (ten), including six smokers and two 
nonsmokers. A peculiar finding was one with stage 3 COPD 
being a nonsmoker. The overall trend was RHT (ten)> SS (5) 
> PU (4)> WMO, P&S, and BS (two each) > FU(one)> HD 
(none). The highest stage of COPD was identified as stage 3 
of which four worked in RHT and two in S&S. These two 
environments presented the most COPD patients. It was also 
observed that the highest bacteria numbers, including pul-
monary pathogens,49,50 were found in S&S and RHT units. 
Since cigarette smoking is a known COPD-exacerbating 
agent, distribution of COPD patients was determined using 
this factor. An important aspect to be noted is that the COPD 
patients identified were not necessarily smokers. It is may be 
because cigarette smoking is not the only risk factor of 
pulmonary obstructions.51,52 This ailment may grow among 
nonsmokers due to their exposure to dust and infectious 
agents. Nonsmokers can also develop chronic airflow 
obstruction, and smokers show substantially inconsistent 
vulnerability when it comes to symptoms and signs of pul-
monary obstruction,53 which may be attributed to recurring 
exposure to a variety of tannery dusts along with pulmonary 
obstruction–aggravating bacteria. In a recent study on causa-
tive agents of COPD exacerbation, 55 noninfectious, 33 
bacterial, and 12 bacterial agents were found. Of 33, nine 
patients had Klebsiella pneumoniae,54 which was identified 
in PM sampled from all processes, except for B&S.

Bacterium-Induced Pulmonary Symptom 
Augmentation
All the tannery working groups showed respiratory symp-
toms with considerably high percentages, as shown in 
Table 6 (dyspnea > phlegm > cough > wheezing and 
tachypnea [equivalent]). These symptoms are induced 
occupationally by prolonged exposure to chemical-laden 
particulates emitted from different tannery processes.9,55– 

57 Respirational indicators like chest pain, cough, dyspnea, 
cough, and phlegm among tannery workers are symptoms 
of pulmonary dysfunction.58 It was quite observable that 
among recorded respiratory symptoms, a majority were 
enhanced when exposure is synergized with chest infec-
tion. This supports that dust-induced occupational respira-
tory symptoms being boosted in coexistence with 
respiratory infection causing bacteria. Both chronic and 
developing pulmonary obstructions are intensified by 

Figure 1 Process-based comparison of average pulmonary function in tannery 
workers. (A) PrBD and PoBD forced expiratory volume in one second (FEV1); 
(B) PrBD and PoBD peak expiratory flow (PEF); (C) PrBD and PoBD forced vital 
capacity (FVC). 
Abbreviations: PrBD, pre bronchodilation; PoBD, post bronchodilation.
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bronchial infections, and result in acute increases in symp-
toms like cough, dyspnea, and phlegm.59 Further, upon 
bacterial respiratory infection, differences in symptoms 
between smokers and nonsmokers were recorded. The 
results showed increased magnitude of symptoms among 
nonsmokers (cough 24.8%, phlegm 18.0%, wheeze 15.2%, 
dyspnea 14.0%) compared to smokers (cough 1.6%, 
phlegm 6.4%, wheeze 5.2%, dyspnea 5.6%). Studies 
have reported symptoms among tannery workers of dry/ 
productive cough, throat irritation, dyspnea, and chest 
troubles.9,60 So far, these symptoms have been reported 
without work/process specification or evaluation of expo-
sure-induced symptoms vs symptoms synergized by bac-
terial infections. This study presents these assessments 
(Table 6A), where (except for tachypnea) differences in 
symptoms between two investigated conditions 
was statistically apparent. Further, it was identified that 
no independent variables, including process and smoking, 
had a significant impact on cough (only exposure) and 
wheeze (only exposure). The forward-regression model 
identified significant contributors to each pulmonary 
symptom, as presented in Table 6B. During exposure and 
infection, cough was found to be highly influenced by 
presence of bacteria and bacteria numbers (R2=0.023, 
P=0.01). A similar trend was observed for the other pul-
monary parameters. However, for tachypnea, two variables 
(department types and bacteria numbers) were found to 
have an influence on exposure to infection conditions 
(R2=0.033, P=0.002). From these models, it can be 
inferred that the presence of bacteria was the highest 
contributor in enhancing respiratory symptoms like cough-
ing, wheezing, and dyspnea.

This study is a pioneer in determining the synergy of 
occupational exposure of PM and bacterial pathogens in 
aggravating respiratory conditions in different microenvir-
onments of leather tanneries. Implications of this study may 
be useful for studying synergy with chemical characteristics 
of PM. Further, the inclusion of both sexes as study subjects 
may widen the horizon of the subject matter.

Conclusion
From different microenvironments of leather tanneries, human 
respiratory pathogenic bacteria were associated with inhalable 
PM. According to MMAD computation, 50% bacterial mass 
was associated with average PM size >7 µm, except for WMO 
and PU, where this association was also substantial with PM 
<0.5 µm. Some areas present alarming airborne concentrations 
and TPED. Our data show that work-environment exposure 
along with chest infections enhance respiratory symptoms 
manyfold. This points to the synergy of opportunistic respira-
tory pathogens with exposure to incidental PM at work. 
Obstructive variations on pulmonary functions FEV1, FVC, 
and PEF and identification of COPD patients with grade 3 
COPD also prove the compromised lung function of tannery 
workers. Bacterial infections were a stronger synergist with 
occupationally induced pulmonary symptoms than smoking, 
signifying the importance of setting up protective measures 
focusing on respiratory health among exposed workers, espe-
cially in departments like rawhide treatment, shaving and 
splitting, buffing, finishing, and packing.

Data Sharing Statement
All generated or analyzed data in this study are included in 
this manuscript. Additional information/data will be furn-
ished by the corresponding authors upon request.

Figure 2 Stagewise (GOLD) distribution of COPD patients among tannery-workier cohorts: difference for smokers and nonsmokers. 0, no disease; 1, GOLD stage 1; 2, 
GOLD stage 2; 3, GOLD stage 3.
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Table 6 Statistical evidence of bacterial aerosol–tannery dust synergy enhancing pulmonary dysfunction

Respiratory symptoms among tannery workers (with and without bacterial infections)

Cough Phlegm Wheeze Dyspnea Tachypnea

DE DE + BI DE DE + BI DE DE + BI DE DE + BI DE DE + BI

% Age 33.2 58.8 34 55.6 9.6 16.4 34.4 49.6 9.6 10.8

P <0.0001* <0.0001* 0.02* <0.0001* 0.66

Forward linear regression model: relationship of pulmonary symptoms with selected potential synergy

Unstandardized coefficients Standardized coefficients

Cough β SE β t P

Constant 0.438 0.65 0 0

Bacteria numbers 0.30 0.011 0.163 2.604 0.01
Smoking −0.43 — — −1.094 0.99
Department −0.06 — — −0.056 0.852

Model F=6.781 P=0.010 a0.023

Phlegm

Constant 0.287 0.064 4.503 0
Bacteria numbers 0.053 0.011 0.290 4.779 0
Smoking −0.15 — — −0.253 0.800

Department 0.003 — — 0.051 0.959
Model F=22.84 P=0 a0.08

Wheeze

Constant 0.067 0.049 1.364 0.174

Bacteria numbers 0.019 0.009 0.141 2.235 0.026
Smoking −0.082 — — 0.192 0.192

Department −0.039 — — 0.573 0.852

Model F=4.966 P=0.026 a0.016

Dyspnea

Constant 0.260 0.065 4.009 0

Bacteria numbers 0.047 0.011 0.253 4.121 0
Smoking −0.030 — — −4.84 0.629
Department −0.126 — — −0.120 0.852

Model F=16.986 P=0 a0.06

Tachypnea

Constant −0.133 0.068 −0.176 0.860
Departments 0.035 0.009 0.253 3.778 0

Bacteria numbers 0.018 0.008 0.156 2.324 0.021

Smoking 0.038 — — 0.621 0.535
Model F=9.586 0.002 a0.033

Notes: *P=0.05. aAdjusted R2. Independent variables: bacteria numbers, smoking status, and department type. P-values in bold indicate maximum influence on pulmonary 
symptom. 
Abbreviations: DE, dust exposure (days); BI, bacterial infection (days).
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