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Abstract

Fine particulate matter (PM2.5) pollution has become a perennial environmental issue and
triggered health problems in China, especially in densely populated regions such as the
Yangtze River Delta (YRD) in the east and the Pearl River Delta (PRD) in the south. For
health-oriented pollution control, it is necessary to dissect PM2s from both the chemical
and the biological perspective and further identify the key toxic components and source
contributors of adverse health effects. However, integrated investigation of PM2s
composition and closed-loop analysis from sources to impacts have not yet been
completed. Towards this end, PM.s was collected simultaneously for one year across
geographical locations under different land-use impacts in selected typical cities of the
YRD and PRD regions, to characterise the inter/intra-regional differentiation of chemical
and biological features of PM. s with linkage to emission sources and the resultant health

impacts.

First, the chemical composition profile (e.g., organic carbon and elemental carbon, water-
soluble ions, and metals) of PM2s showed notable regional differences, while the intra-
regional heterogeneity was more exhibited by trace metal profiles, with the highest
concentrations of anthropogenically enriched metals at industrial sites. Incorporating the
speciation and bioaccessibility information, a population-based risk assessment of
chronic exposure to metal was conducted. Chromium and arsenic were major contributors
of the estimated metal-induced carcinogenic risk (CR) over the safety level in both
regions, whereas the non-carcinogenic risk (NCR) within the threshold was largely
attributed to manganese. Traffic emission and combustion (coal/waste/biomass burning)
were identified as two common dominant sources of metal-induced CR to be controlled

in both regions, besides an elevated contribution from industrial emissions in the YRD



sites. The differentiation of source profiles between environmental risk and the total mass
of metals further implied the necessity of a regulatory control shift from a mass

concentration-based to a risk-based framework for public health benefit.

Second, investigations on the biological components of PM2s focused on bacteria and
embedded antibiotic resistance genes (ARGS) for their potential as microbial hazards to
humans and provided the following findings: (1) more pronounced seasonal variations in
bacterial and ARG abundance at the (semi)rural site compared with other land-use types
in both regions; (2) inter-regional differentiation in ARG profiles in contrast to similar
intra-regional antibiotic resistance patterns independent of land-use types and seasonal
cycles; (3) the targeted ARGs associated with limited bacterial genera and their relative
abundance commonly correlated to mobile genetic elements (MGES) across regions; (4)
ARG and MGE enrichment in PM2s with high variability covering the span of
terrestrial/aquatic samples from natural to engineered environments and human/animal
excreta; and (5) PM2s as a unique exposure pathway for bacteria and ARGs via inhalation

with region-specific importance, compared with ingestion of drinking water and food.

To further quantify the contributions of anthropogenic sources to PMazs-associated
bacteria and ARGs, a metagenomics-based study was conducted in a wastewater
treatment plant (WWTP) in Hong Kong, supplemented with analysis of literature data on
other potential sources. As evidenced by the more distinct disparities in bacterial and
ARG profiles across environmental matrices (PM2s and sewage/sludge/effluent)
compared with sampling locations (PMs in WWTP and urban/coastal sites), PM2s was
reaffirmed as a unique bacterial and ARG reservoir. Dominated by multidrug resistance,

the increasing ARG enrichment in PM2s along the coastal-urban—-WWTP gradient



illustrated the impacts of human activities on the atmospheric accumulation of ARGs.
However, a co-occurrence analysis suggested that the horizontal transfer of ARGs,
especially to pathogens, could hardly occur in the atmosphere. Finally, ~18% of the
bacteria and >36% of the relevant ARGs in urban and WWTP PM2 s were attributable to
sewage/sludge/effluent in WWTP. The results showed the differences in source profiles
between chemical and microbial hazards in PM2 s and indicated WWTPs as an important

source of airborne bacteria and ARGs to be controlled.

Collectively, the current integrated study on PMgzs from both chemical and
(micro)biological dimensions quantitatively links geographical disparities in chemical-
induced health risk (e.g., metal) and microbial components (e.g., bacteria and associated
ARGS) to their sources. The results contribute to a better understanding of PM2 s pollution
and provide valuable information for health-oriented pollution control that can be adapted
for regional-specific circumstances, thus helping to improve regional air quality and

protect public health.
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Chapter 1 Introduction

1.1 Background

Air pollution has become a global environmental issue relevant to human health. Among
the air pollutants, fine particulate matter < 2.5 pum in aerodynamic diameter (generally
abbreviated as PM2:5) is considered a principal culprit of death caused by air pollution.
Owing to its small size, PM2 5 can enter the respiratory tract and later penetrate the bronchi
upon inhalation. The ultrafine portion is even capable of penetrating deep into the alveoli
and entering the bloodstream, a phenomenon that can have adverse effects on human

health.

China, located in eastern Asia, is undergoing frequent PM2 s pollutions, especially for the
densely populated regions under rapid urbanisation and industrialisation — the Yangtze
River Delta (YRD) and the Pearl River Delta (PRD) — where effective control of PM2s
pollution is required for public health benefit. Previous studies pointed out that the spatial
differentiation in PM2s composition and different underlying toxicity between
components could lead to unequal exposure risk per unit PM2.s mass across geographical
locations (Li et al., 2019b). Hence, to better control pollution from health-oriented
perspectives, it is of significance to first dissect PM2s and determine the key components
that may elicit negative health impacts, rather than only be concerned about the total

concentrations of PMys.

According to previous studies, PM> s is a heterogeneous mixture of various chemical and
biological components (Jin et al., 2017). The chemical fractions of PM2s, including the
major compositions (e.g., elemental carbon [EC], organic carbon [OC], heavy metals, and

water-soluble ions [WSI]) and their potential sources (e.g., dust resuspension, vehicular



exhaust, coal combustion, and industrial emissions) have been extensively explored
(Changetal., 2017; Cong et al., 2011; Qi et al., 2016; Tan et al., 2014). Meanwhile, some
researchers assessed the exposure risks of various hazardous components under their
environmental concentrations to find out the key health-relevant species. On top of this,
heavy metals accounting for low mass proportions in PM2s were confirmed to pose
significant adverse effects on human health via inhalation (Lu et al., 2008; Sgrensen et
al., 2005). Many studies have analysed the health outcome of airborne metals, such as
carcinogenic risk (CR) and non-carcinogenic risk (NCR) estimated by the population-
based assessment model from the United States Environmental Protection Agency
(USEPA), using total metal or bioaccessible metal concentrations (Cong et al., 2011;
Huang et al., 2016b; Huang et al., 2016d; Ming et al., 2017). However, few studies
incorporated metal speciation information into risk assessment for bias control and further
apportioned the predicted risks to the identified metal sources, so as to differentiate the
contributions of various sources to the consequent health risks. Continuous efforts on this
issue are needed to figure out the key sources of metal-induced risk, which can help with

the formulation of risk-based source control strategies.

Compared with the chemical composition, the biological part of PM2s has been less
explored but could be far more critical than previously thought. A large number of
microorganisms have been found in PMzs (e.g., bacteria, fungal spores, viruses, and
pollen debris), in which some are allergens or pathogens responsible for infection when
exposed to individuals. Thus, PM2s is increasingly recognised as an important vector for
the transmission of potential microbial hazards with relevance to human health via
inhalation (Cao et al., 2014; Schaeffer et al., 2017; Zhou et al., 2018b). In addition, the

spread of some hazardous genetic elements carried by airborne microbes, such as



bacteria-associated antibiotic resistance genes (ARGS) that can encode resistance to drugs
for infection treatment, have provoked increasing research (Li et al., 2018a; Ling et al.,
2013; Pal et al., 2016). Standing at the intersection between fine inhalable particulates
and antibiotic resistance, PMs-associated ARGs have become an important issue,
considering their potential to be transferred to pathogens from benign bacteria and deposit
into the human airway via inhalation. However, the composition and spatiotemporal
characteristics of these biological components in PM2s, including ARGs and the
associated bacteria (no matter benign or bad) as potential ARG carriers, remain
elucidations at local or regional scales before geographical differences in latent exposure
risks are revealed. In addition, previous studies have qualitatively identified various
potential sources of airborne bacteria and ARGs, including livestock farms, clinical
settings, and wastewater treatment plants (WWTPs) (He et al., 2020; Smets et al., 2016;
Yang et al., 2018). Further quantifications of source contributions could help to pinpoint

the key sources of these biological fractions in PM2s to be controlled.

Collectively, systematic investigations of the spatiotemporal variations in PMzs across
geographical locations in two densely populated regions in China — the YRD and PRD —
from both chemical and (micro)biological perspectives, would contribute to an integrated
understanding of the regional and local characteristics of PM2s pollution. Further
attempts to identify their emission sources from these two dimensions and conduct
pertinent exposure risk assessments could provide valuable information for health-
oriented pollution control adaptive to regional/local-specific circumstances, thus helping

to improve air quality.



1.2 Research objectives

This study aims to compare PM2.s pollutions from chemical and biological dimensions in
two densely populated regions in China — the YRD and PRD — with linkage to emission
sources and resultant health impacts. An annual-based PM..s sampling campaign was thus
deployed in multiple sites under different land-use impacts in selected typical cities in
these two regions, coupled with a case study in a typical anthropogenic source of PM3 s-
associated microbes as a supplement, to better fill in the aforementioned research gaps.
The major objectives (Figure 1-1) are:

1) to study the inter-regional differentiation and intra-regional variations in chemical
compositions of PM. 5, including OC, EC, WSI, and heavy metals;

2) to identify the emission sources of major chemical components of PMs and the
source-resolved risk profiles posed by PMgzs-associated metals based on their
bioaccessible concentrations with combinations of metal speciation;

3) to characterise the regional features of the key biological components in PM2s, such
as bacteria and associated ARGs that could be potential biohazards, including their
concentrations and community structures, and estimate the relative contribution of the
inhalation pathway to ARG daily intake; and

4) to quantify the contributions of specific emission sources to PM_s-associated bacteria
and ARGs in the ambient atmosphere, based on a case study in a WWTP in Hong Kong

in the PRD region.
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Figure 1-1 A flowchart of the objectives and structure of the thesis.

1.3 Organisation

This thesis comprises seven chapters (Figure 1-1). The present chapter provides the
background information on PM2 s pollution, clarifies the gaps in identifying health-related
PM2s components and their emission sources from both chemical and biological
perspectives, and states the purpose of this PhD project. Chapter 2 gives a holistic review
of current work in dissecting the compositions of airborne particles and advances in
detection techniques, especially for biological components, accompanied by elucidations
of critical research gaps in linking emission sources and potential risks of health-related
fractions in PMa2s. Subsequently, Chapter 3 presents the sampling settings and the
experimental approach to achieving the research objectives. The following three chapters
describe and discuss the acquired results. Specifically, Chapter 4, targeting chemical
characterisations of PM.s, demonstrates the regional differences of PM2s chemical

compositions and source-resolved risk profiles based on metal content between the PRD



and YRD (based on selected cities). With a shift to biological components, Chapter 5
discusses the seasonal variations in PMzs-associated bacterial concentrations and
community structures, the importance of PM2 in disseminating bacteria and ARGs, and
the relevant contributions of inhalation to the daily intake of these biological components.
As an extension of Chapter 5 and based on a case study in a WWTP (a typical
anthropogenic source of airborne bacteria and ARGs) in Hong Kong in the PRD, Chapter
6 characterises the bacterial community and ARG structure across sample types (e.g.,
PM2s, sewage, sludge, and effluent) and that in PMa2s across sampling locations (e.g.,
WWTP, urban, and coastal) and estimates the relative contributions of various potential
sources to the ambient bacteria and ARGs. Finally, Chapter 7 summarises the major
conclusions and limitations of the current project and provides recommendations for

future studies.



Chapter 2 Literature Review

Given that PM2s is a complex mixture with negative impacts on human health, this
chapter provides an overview of the chemical and microbiological components of PM2s
along with innovations in detection techniques. From a health perspective, this review
mainly focuses on the major health-relevant components in both dimensions, such as
heavy metals and bacteria coupled with ARGs, and extends to their spatiotemporal
variations, sources, and risk assessment, thus enhancing the understanding of the current

research gaps and helping to address the research needs.

2.1 PMy ;s pollution, a health-threatening environmental issue

With rapid urbanisation and industrialisation, air pollution has become an evolving
problem worldwide and there is an urgent need for mitigation regarding its impacts on
human health. According to the World Health Organization (WHO), approximately 91%
of the world’s population was exposed to polluted air that exceeded the level of the
WHO'’s safety guideline value in 2016 (WHO, 2018). In 2019, air pollution climbed to
be the fourth biggest cause of death (Health Effects Institute, 2020). Among the currently
known atmospheric pollutants, PM2s could be a major culprit for up to 4.2 million
premature deaths worldwide per year (WHO, 2018), besides its influence on regional and
global climate (Menon et al., 2002) and deterioration of the environment. Revealed by a
global report from Health Effects Institute (2020), China, located in eastern Asia, is one
of the epicentres of PM2 s pollution with a consequent death up to 1.42 million in 2019

(Figure 2-1) and thus deserves more research focus.

According to myriad epidemiological studies, the escalating hospital admissions in

relation to respiratory and cardiovascular diseases could be ascribed to short-term and



long-term exposure to PM2s, which poses acute and chronic effects on human health
(Atkinson et al., 2014; Thurston et al., 2016). Previous studies have highlighted the
nonuniform deposition pattern of PM2s (after it is inhaled into the respiratory tract)
regarding the particle size (Li et al., 2019a). The larger fractions of PM2s (>1 um) are
likely to sediment in the tracheobronchial regions (Wang et al., 2002); whereas the
ultrafine portion is capable of penetrating deep into the alveoli by Brownian diffusion and
even transferring to extrapulmonary organs (Li et al., 2019a), in addition to getting access
to the human body via trans-synaptic mechanisms (Li et al., 2018c) (Figure 2-2). PM2s
can be associated with a number of pollutants due to its large specific surface areas, thus
significantly increasing its mutagenic and carcinogenic risks. To deploy health-based
control of PM2 pollution, it is imperative to dissect and characterise PM.s components

from the beginning.
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Figure 2-1 Number of death caused by PMzsin 2019 (plot by country) (Health Effects
Institute, 2020). The original data are retrieved from The Institute for Health Metrics and

Evaluation (2019).
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Figure 2-2 Deposition of airborne particulate matter in the human respiratory system with
regard to particle size. This figure was adapted from Li et al. (2018c) (Copyright 2018
Chinese Medical Association; production and hosting by Elsevier B.V. on behalf of KeAli
Communications Co., Ltd.; open access under the CC BY-NC-ND license

[https://creativecommons.org/licenses/by-nc-nd/4.0/]).

2.2 Chemical characteristics of PMa 5

2.2.1 Major chemical components and potential sources

Chemical fractions of PM2s are characterised as a diverse mixture of carbonaceous
substances (EC, OC, and their derivatives), WSI (e.g., SO4%, NOs’, NH4*, Na*, K*, and
CI"), metals/metalloids (e.g., Al, Fe, Ca, Zn, Pb, Cu, V, Mn, Co, Cr, and Ni), and other
minor constituents. Generally, aerosols can be emitted directly from sources (primary
aerosol) like plants, soils, mineral dust, sea salts, and fuel combustions, or generated
through physical or chemical processes with conversion of gases to particles (secondary
aerosol) (Seinfeld et al., 2016). It has been reported that severe haze episodes in China
are mainly driven by the formation of secondary aerosols with high levels of PM2s (Guo
et al., 2014), and both secondary organic and inorganic aerosols contribute over 30% to

the mass of PM.s (Huang et al., 2014b). Inorganic aerosols chiefly contain sulphate,



nitrate, and ammonium, but have less amount of inorganic carbon and trace metals.
Compared with inorganic aerosols, it could be more difficult and complex to dissect
organic aerosols because of the diversity of organic molecules and the complicated
organic reactions in the atmosphere. However, advances in online monitoring instruments,
like aerosol mass spectrometer, and offline techniques, including gas/liquid
chromatography—mass spectrometry, nuclear magnetic resonance, and Fourier transform

infrared spectroscopy, have gradually allowed chemical speciation of this fraction.

A variety of methods have been established to identify the sources of PM2s and its
embedded components. For example, water-soluble potassium and levoglucosan
(CeH100s) are widely considered indicators of biomass burning (Urban et al., 2012).
Compared with the rough estimation of carbon sources based on the source-specific
OC/EC ratio, radiocarbon (**C) can be a robust measure to differentiate the sources of
carbonaceous substances more accurately and unambiguously (Liu et al., 2014). For trace
elements, the enrichment factor (EF) is conveniently and extensively used to distinguish
their origins from natural or anthropogenic sources (Chen et al., 2008). Other methods
based on mathematical applications like the chemical mass balance model, multilinear
engine, and positive matrix factorisation (PMF) can distinguish and calculate the
contributions of specific sources to trace metal and PM25 (Chang et al., 2017; Qi et al.,
2016; Rizzo et al., 2007; Tan et al., 2014), by which various sources, such as coal
combustion, vehicular exhaust, dust resuspension, and industrial emissions have been

identified.
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2.2.2 Spatiotemporal variations and regional patterns

Chemical compositions and concentrations of PM.s often exhibit spatial and temporal
variations in China (Figure 2-3) due to differentiation in contributions from various
sources under the effect of fickle meteorological conditions. In general, the PMa2s
concentration shows a decreased trend from the Beijing—Tianjin—Hebei region in north
China, with a higher burden of coal-based industries, to the YRD in the east and the PRD
in the south, with favourable weather conditions for pollutant dilution (Ma et al., 2020).
According to the nationwide survey of PM2s concentration, higher loads of PM.5s in
winter and lower loads in summer across China have been common and affected by the
meteorological conditions (Ye et al., 2018), except some region-specific pollution
episodes like dust storms in the spring in west China and biomass burning in the autumn
in east China that have been accompanied by a higher abundance of crustal elements and
OC/CI/K" in PMas, respectively (Tao et al., 2013; Zhang et al., 2015). These
spatiotemporal variations in PMys concentrations indicate the heterogeneous
distributions of pollution sources between regions, which may also result in changes in
chemical compositions of PM2s. Besides the regional patterns, some studies conducted
in intra-regional and even intra-city level have revealed the spatial differences of PMazs
pollution between land-use types or functional zones, highlighting the important role that
local emission sources play in shaping the pollution patterns on a rather fine scale,
particularly regarding some specific components. For example, the authors of an
investigation within a city in south China observed a higher level of carbonaceous
aerosols in roadside and urban sites compared with rural sites; these findings point to the
significant contribution from local traffic sources, while similar levels of sulphate in these
three locations hint at the regional contribution (So et al., 2007). The combined effect of

regional and local sources complicates the characterisation of PM2s pollution and
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warrants further studies to identify the major source contributor to mitigate PMas

pollution effectively.
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Figure 2-3 Spatiotemporal variations in surface PM2s concentration (seasonal mean)
over China from December 2013 to November 2019. The figure was adapted from Jiang
et al. (2020) (Copyright 2020 the authors; published by Elsevier B.V.; open access under

the CC BY-NC-ND license [https://creativecommons.org/licenses/by-nc-nd/4.0/]).

2.2.3 Trace metals as critical components with health relevance

As mentioned in the previous section, the deposition location of airborne particles inside
the human body is related to their sizes. Hence, the health effects posed by chemical
components in airborne particulates could be associated with their distribution in different
size fractions besides their own toxic potency. Consider metal(loid)s: Al and Fe from
crustal origins are usually concentrated in coarse particles, while toxic elements with a

high EF such as Cu, Zn, As, Se, Cd, and Pb tend to accumulate in fine fractions (Pan et

12



al., 2015), a phenomenon that intensifies the health risks they cause considering the size
distribution and the resultant deposition site. Accumulated evidence has demonstrated
that transition metals in fine particles can result in oxidative DNA damage, even though
those elements only account for a minor mass proportion of the hosted particles compared
with other components (Lu et al., 2008; Sgrensen et al., 2005). A suite of studies based
on either long-term or transitory monitoring strategy have been conducted to investigate
the spatiotemporal variations in the metal concentrations and compositions in PMz5 so as
to evaluate the resultant toxicity (Kendall et al., 2011; Liu et al., 2017; Wang et al., 2018;
Wang et al., 2015). However, explorations beyond the total metal concentrations, like the
identification of their active and toxic fractions, as well as the key source contributors of

the derived risks, are still much in demand to ensure effective health risk mitigation.

2.2.3.1 Metal bioaccessibility and molecular speciation

Not all the trace elements could be available for biochemical reactions after entering the
human body via PM2s. Some studies have regarded the exchangeable and reducible
fractions of inhaled metals determined by sequential extraction as the bioavailable part
readily available to influence health directly (Feng et al., 2009; Huang et al., 2018); others
have utilised simulated lung fluids to extract the bioaccessible fractions of metals to
deduce their in vivo bioavailability for risk assessment. In general, neutral Gamble’s
solution and acidic artificial lysosomal fluid are widely applied in in vitro bioaccessibility
tests of metals in atmospheric particles (Cong et al., 2011; Huang et al., 2016a; Huang et
al., 2016c; Ming et al., 2017; Zereini et al., 2012). The solubility of metals can be
determined and regulated by multiple factors, including their own characteristics relevant

to emission sources (e.g., the metal-aerosol bond and metal speciation), environmental
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parameters (e.g., pH and temperature), and operationally defined conditions (e.g., the

selected extraction solution) (Smichowski et al., 2005).

Besides its bioavailability, the toxic potency of a metal is highly dependent upon its
valence state, which can be another key factor to determine the health impact it poses
(Egorova et al., 2017; Jan et al., 2015), like Fe(ll)/Fe(lll), Cr(l)/Cr(VI), and
As(I11)/As(V). Arsenic and chromium are notable examples that present huge disparities
in toxicity between different forms. However, little information regarding their valence
states in PM2 is available from the literature. In some urban areas, including Guangzhou
in the PRD and Beijing in north China, inorganic As(V) as the predominant species could
account for over 80% of the total arsenic content in PM2s and total suspended particles
(TSP) (Huang et al., 2014a; Sanchez-Rodas et al., 2007; Yang et al., 2012). By contrast,
even fewer studies have reported chromium speciation in PM25s in non-source sites. A
study at a traffic site in Poland showed that chromium was often present in the less
poisonous form of Cr(l11) in fine particles no matter in summer or winter (Widziewicz et
al., 2016). For metal quantification with requirements for speciation information,
complex pretreatment processes are often needed in metal extraction before separations
of metals in different forms using chromatography-based instruments like high-
performance liquid chromatography (HPLC), coupled with other downstream detection
equipment such as hydride generation and atomic fluorescence spectrometry (HG-AFS)
and inductively coupled plasma mass spectrometry (ICP-MS) for their high sensitivity
(Nocon et al., 2018). However, avoiding species transformation during the pretreatment
process is always a nodus when using the detection methods mentioned above. An
increasing number of studies have also reported the adoption of X-ray absorption

spectroscopy (XAS) to determine the speciation of heavy metals, including Cr, As, Zn,
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Cu, Mn, and Ni in atmospheric particulates. These data have been collected from the
indoor or outdoor environment and the ambient atmosphere or emission sources
(Galbreath et al., 2004; Godelitsas et al., 2011; Lu et al., 2015; Wang et al., 2007).
Compared with other methods, the highly specific XAS technique can be conveniently
applied in raw environmental samples like PMzs, although it is possibly limited by its

relatively high detection limit.

2.2.3.2 Risk assessment and related sources

Risk assessment of PM2s-associated metals based on either their total concentrations or
bioaccessible concentrations has been widely conducted using the USEPA’s guidelines
to estimate the CR and NCR under lifelong exposure. Along with the differentiation of
airborne metal characteristics in different sampling locations, the risk contribution
profiles of metals present spatial variations. However, As, Cr, and Pb — as the major
culprits of CR — and Mn — as one of the important contributors of NCR — have been
commonly found in many (sub)urban areas in China (Huang et al., 2018; Huang et al.,
2016d; Liu et al., 2018; Ming, 2017; Wang et al., 2015). This finding is probably because
of the high toxic potency of these anthropogenically enriched elements as well as their
similar dominant sources, like traffic emission, in cities. However, it is a general practice
in the current risk assessment model to use the inhalation unit risk (IUR) and reference
concentration (RfC) of metals given by the USEPA, while such parameters typically
consider either the most toxic form of metals or are based on metal bulk concentration
without speciation information. This often results in large deviations from reality due to
the toxicity discrepancy between different metal speciation and leads to unmeasurable

biases when carrying out geographical comparisons of inhalational risks posed by metals.
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After determining the metal-resolved risk profiles, a few studies have attempted to further
assign the resultant health risks to the potential emission sources of metals, so as to obtain
the source-resolved profile of metal-induced risks. Following this strategy, researchers
have found that in Beijing in winter, coal combustion and traffic emissions were primarily
responsible for the inhalational risks posed by bioavailable metals (Huang et al., 2018),
while soil dust was the predominant source of both the CR and NCR resulting from total
PM2s-associated metals in Huzhou, a city in Zhejiang province in east China (Peng et al.,
2017). Although these researchers either considered total metal concentrations or used
bioaccessible metal concentrations over a short-term period, they still aimed to assess

specific key sources for health-oriented controls of PM2 s pollution.

2.3 Biological perspectives of airborne particulates

Atmospheric primary biological particles include plant debris, pollens, algae, fungi,
bacteria, viruses, and other cellular substances like proteins and polysaccharides, ranging
in sizes from millimetres to nanometres (Jaenicke, 2005). Some of them are small enough
to be suspended in air and cluster in clumps to form bioaerosols due to their micron-level
size. Itis alarming that part of them could be somehow responsible for human respiratory
diseases. In contrast to the majority of microorganisms in airborne particles being benign
to human beings, the pathogenic bacteria might only account for less than 0.02%-0.2%
in non-polluted days (Zhang et al., 2019a). However, some microbial allergens and
pathogens in airborne particles significantly enriched along with the increase in pollution
level could make up 1.7% of total microbes in PM2s and 4.5% in PMyo during polluted
days (Cao et al., 2014). Meanwhile, some specific genetic elements such as ARGs can be
inhaled along with aerosol-associated bacteria and are likely to pose risks to human health

if they can be transferred from benign bacteria to respiratory pathogens. Considering the
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potential health impact, it is of significance to firstly investigate the biological
components of PMas, including microorganism (no matter whether pathogenic or not)

and the associated ARGs, of which the current understanding will be summarised below.

2.3.1 Microorganisms in airborne particles

Microorganisms are ubiquitous in the atmospheric environment despite the lack of
nutrition, high burden of radiation, and strong turbulence compared with other
environmental compartments. Accumulated evidence indicates that airborne microbes
play important roles in mediating physical and chemical processes in the atmosphere,
including cloud formation, precipitation, and biotransformation of organic and inorganic
compounds (Ariya et al., 2009; Ariya et al., 2002); these microbes also pose implications

for human health.

2.3.1.1 Microbial distribution in particles with different sizes

Considering that some microbes in the atmosphere present negative effects on human
health (e.g., allergy, bacterial infection, and viral infection) and ecosystem functions,
studies on airborne microbes have skyrocketed in pace with the development of high-
throughput sequencing. Based on previous research, the community structures of airborne
microbes are dissimilar in different sizes of aerosol particles (Bertolini et al., 2013;
Bowers et al., 2013; Franzetti et al., 2011). As revealed by the results of high-throughput
sequencing, bacteria are the most dominant domain in airborne particles. They generally
occupy a higher proportion of the total microbial community in PM2s compared with
PMyo, although the taxon richness and diversity seem to be higher in coarse particles
(Bowers et al., 2013; Cao et al., 2014). It is not difficult to understand that

microorganisms distribute unevenly in atmospheric particles with different sizes
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considering the diverse aerodynamic diameters of different kinds of airborne microbes.
Most eukaryotes like fungi and algae as well as plant debris larger than 2.5 pm tend to
attach to PMyo and TSP. In contrast, the higher diversity of bacteria in coarser fractions
could be partially attributed to the greater abundance of nutrients and better shelter effect
from environmental stress (like ultraviolet radiation) in larger particles, as proposed by

Bowers et al. (2013).

2.3.1.2 Concentration, community structure, and spatiotemporal variations

Several studies have mainly focused on airborne bacteria because they are small enough
to penetrate the respiratory tract and some of them (e.qg., allergenic and pathogenic species)
can exert adverse health effects. The concentration of airborne bacteria presents obvious
spatial variations spanning several orders of magnitude in the outdoor near-surface
atmosphere, most of which range from 103 to 10° copies m of the 16S ribosomal
ribonucleic acid (rRNA) gene (Bertolini et al., 2013; Gao et al., 2017; Lymperopoulou et
al., 2016) based on quantitative polymerase chain reaction (QPCR), or from 10* to 10°
cells m? quantified by cell-based approaches like flow cytometry or fluorescence
microscopy (Bowers et al., 2011b; Murata et al., 2016). A summary of geographical
disparities in bacterial load in airborne particles is provided in Figure 2-4. Consistently,
the airborne bacterial community presents great diversity and also distinct spatial
variability across land-use types and between cities (Bowers et al., 2013; Bowers et al.,
2011a; Gandolfi et al., 2015). However, there are still some commonalities of certain
kinds of bacteria, a factor that could be due to the selection pressure of the atmospheric
environment and contributions from similar sources. For example, Actinobacteria,
Firmicutes, Proteobacteria, and Bacteroidetes are generally the most abundant phyla in

airborne particles regardless of particle sizes (Bowers et al., 2013; Cao et al., 2014; Liang
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etal., 2020; Lymperopoulou et al., 2016). Some specific taxa like Actinobacteridae at the
subclass level (Bertolini et al., 2013; Bowers et al., 2013) and Actinomycetales at the
order level (Cao et al., 2014; Gandolfi et al., 2015), which originate from terrestrial
sources and dominate in the bacterial community under their corresponding classification
rank, are prevalent in different sampling locations. Relevant studies have also highlighted
the strong seasonal variability and even diurnal fluctuation of airborne bacteria in a
certain site and different seasonal patterns across geographical locations (Bertolini et al.,
2013; Bowers et al., 2013; Chen et al., 2012; Fang et al., 2007; Gandolfi et al., 2011;
Gusareva et al., 2019). Such spatiotemporal variations in airborne bacteria could be
regulated by multiple factors, like the emission sources, environmental stress, and other
meteorological conditions. A suite of studies has emphasised the shift of contributions
from different sources as a determining factor on the changes in the concentration and
composition of airborne bacteria. For example, bacterial loads are higher in summer and
decrease in winter, variations that are concordant with the seasonal changes in vegetation,
which release less relevant bacteria in winter due to plant senescence especially in
agricultural sites (Bertolini et al., 2013; Bowers et al., 2013). On the contrary, marine-
related microbes may be universal in the air in coastal areas. Detailed information about
the sources of airborne bacteria is provided in Section 2.3.1.3. Meteorological conditions
including temperature, relative humidity, wind speed, precipitation, and possibly
ultraviolet flux are also partially responsible for the short-term variations in airborne
bacteria; these factors regulate the contributions from different sources and provide
selection pressure in shaping the bacterial community (Bowers et al., 2013; Sun et al.,
2020). Besides, variations in airborne microbes are also found correlated with other
environmental factors like chemical pollutants (Gandolfi et al., 2015) because they can

be either nutrients or toxic compounds for microbes. However, there is still a lack of
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evidence to justify whether it is the actual effect of these chemicals or just a result of the
co-selection effect of meteorological conditions on both the chemical and biological
components. Owing to the highly dynamic nature of the atmospheric environment and
the intricate relationships among influential factors, it seems difficult to quantify the
contributions of different factors on microbial concentrations and community structure in
the atmosphere. Robust approaches from a more biological perspective are warranted in
the future, in addition to the current mathematical methods like correspondence canonical
analysis (CCA), redundancy analysis (RDA), and variation partitioning analysis (VPA)

(Zhen et al., 2017).
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Figure 2-4 Spatial variations of aerosol-associated microbial/bacterial load (Bertolini et
al., 2013; Bowers et al., 2009; Gao etal., 2017; Gao et al., 2016; Gat et al., 2017; Harrison
et al., 2005; Hospodsky et al., 2012; Lee et al., 2010; Li et al., 2020; Ling et al., 2013;
Lymperopoulou et al., 2016; Xu et al., 2016a; Xu et al., 2019; Zhen et al., 2017). Filled

boxes/dots represent sites in the vicinity of typical sources (e.g., clinical, poultry, and
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municipal solid waste treatment system). Those unfilled represent ambient sites with

land-use types distinguished by colour.

2.3.1.3 Putative sources and transport of bacteria in the atmosphere

Respectable studies have tried to identify the putative sources and quantify their
contributions to airborne bacteria (Figure 2-5). Soils, vegetation, faecal materials, and
(local/foreign) dust could be important terrestrial origins of bacteria in near-surface
aerosols (Bowers etal., 2013; Bowers et al., 2011a; Bowers etal., 2011b; Gat et al., 2017),
as well as the aquatic environments like marine and freshwater with non-negligible
contributions (Cao et al., 2014). Previous studies have highlighted that microorganisms
in water bodies can be ejected into the atmosphere along with the bubble breakage in the
air-water microlayer, which is responsible for the distribution of ocean-related
microbiota in the air in coastal areas (Aller et al., 2005). Other identified anthropogenic
sources, including WWTPs (Bauer et al., 2002), composting and bio-solid treatment
facilities (Wéry, 2014), livestock farms (Bakutis et al., 2004), hospitals, and humans
(Hospodsky et al., 2012), could probably account for a greater contribution in urban areas
and other locations under intense human activities. To quantify the contributions of
various sources, source tracking methods have been developed based on the sequencing
data of samples. By comparisons with the indicative taxa in samples from potential
sources, the methods adopted by Bowers et al. (2013) and Cao et al. (2014) allow
assigning DNA sequences of targeted samples to different sources and thus provide an
estimated source contribution profile. In recent years an improved method -
SourceTracker2, based on Bayesian approach — has been extended to atmospheric studies
to calculate the contribution of various sources to airborne bacteria (Knights et al., 2011;

Uetake et al., 2019; Yang et al., 2019).
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After emission from the surface of sources, bacteria can be transported to downwind areas
through airflow and even participate in continental-scale movements along with dust
storms and cyclones. Scientists have found that bacteria that originated from livestock
farms can be isolated from the air plumes in downwind areas more than 100 m away from
the sources (Gibbs et al., 2006). In addition, the local airborne microbial communities
changed after the attack of a dust storm in the Eastern Mediterranean (Mazar et al., 2016)
and the microbial communities in the rainfall collected during the dusty days were more
diverse than those in the clean rains (Itani et al., 2016). Such observations indicate the
possibility of long-range dispersal of airborne microbes, for which dust serves as an

important carrier.

w vegetatio

composting and bio-solid treatment facility

Figure 2-5 Putative natural (blue arrow) and anthropogenic (red arrow) emission sources

of airborne bacteria.

2.3.1.4 Survival, viability, and health concerns
Compared with other habitats like soil and water bodies, the atmosphere used to be

considered a harsh environment for microorganisms to live and proliferate due to the
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scarcity of nutrients and moisture and the existence of solar radiation and myriad gaseous
pollutants. However, investigations of airborne microbes by culture-based technique have
revealed the viability of some airborne microbes (Fang et al., 2007; Gao et al., 2015).
Pigmentation is a powerful mechanism by which airborne bacteria protect themselves
from solar radiation damage; this strategy could be prevalent in bacteria dwelling in the
atmospheric boundary layer (Imshenetsky et al., 1978). Tong et al. (1997) reported an
increased proportion of pigmented bacteria in the outdoor environment because the
intensification of solar radiation exerted selective pressure on non-pigmented bacteria.
Another way for microbes to survive the tough atmospheric environment is to go dormant.
Morphologically, they are transformed into spores that enjoy high resistance to external
pressures. During this stage, their metabolic rates reduce greatly as multiplication and cell
division cease (Bér etal., 2002). Once they encounter suitable conditions, they can readily
reside in their new habitats and become active again. The successful recovery of
culturable microbes in the free troposphere in North America during a storm from Asia
verified the tenacious vitality of airborne bacteria even after a cross-continental transport
(Smith et al., 2012), a phenomenon that raises concern about the spread of microbes via
atmospheric dispersal, especially for pathogens. Moreover, although most of the microbes
detected in the atmospheric particles are non-pathogenic to humans, the relative
abundance of the diagnosed microbial allergens and pathogens have increased in pace
with the pollution level of airborne particles (Cao et al., 2014; Sun et al., 2020). These
findings in China indicate the role of haze episodes in promoting the proliferation of

pathogens and opportunistic pathogens.
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2.3.2 ARGs as a kind of emerging pollutant

2.3.2.1 Origin, acquisition, and development of antibiotic resistance in the
environment

ARGs refer to genetic elements that encode resistance to antibiotics. As a matter of fact,
antibiotic resistance is an intrinsic attribute of some environmental microorganisms. They
harbour certain ARGs so as to protect themselves from the surrounding, naturally existing
antibiotics or their endogenous metabolites to inhibit the growth of other microbes that
compete with them for niches (Martinez et al., 2009). Some soil microbes with intrinsic
ARGs can even gain nutrition by degrading the antibiotics in the surrounding
environment (Allen et al., 2010). Such intrinsic ARGs are ubiquitously present in the
environment as a kind of functional gene in ecosystems. For other microorganisms, ARGs
can be acquired by horizontal gene transfer (HGT) or mutation, which can occur
spontaneously (Martinez et al., 2000). However, human activities can provide a high
selection pressure that accelerates the formation and dissemination of antibiotic resistance
in the environment, like overuse or abuse of antibiotics in human therapy and in
husbandry (Witte, 1998). The antibiotic residuals can be subsequently retained in the soil
or released to the aquatic environment in a sub-inhibitory concentration due to ineffective

removal in WWTPs.

Antibiotic resistance used to be a health concern in the clinical environment, the rapid
development of which in recent decades has been confirmed by the progressive
ineffectiveness of traditional antibiotics and an increased detection rate of pathogens
resistant to some novel antibiotics of last resort, like vancomycin. However, a growing
body of research has shown that ARGs, including those with high clinical-relevance like

blanom-1 and mcr-1, are becoming prevalent and enriched in non-clinical environments
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such as some anthropogenic hotspots (e.g., WWTPs, landfills, and livestock) and then the
receiving environment (e.g., soil, surface water, and sediment), compared with low
abundance in relatively pristine places (Chen et al., 2013b; Chen et al., 2016; Ji et al.,
2012; Ouyang et al., 2015; Schages et al., 2020; Wu et al., 2017; Yang et al., 2016; Zhu
etal., 2017b). Meanwhile, mobile genetic elements (MGES) (e.g., integrons, transposons,
plasmids, and bacteriophages) able to mobilise DNA either within a given cell or between
bacterial cells are widely detected in the environment. The capability for MGEs to either
capture ARGs or transfer them between bacteria — and the aptitude of bacteria under
certain conditions to uptake extracellular DNA — can facilitate the dissemination of ARGs
in bacterial communities in the environment (Berglund, 2015; Salyers et al., 1997; Van
Hoek et al., 2011). Thus, all of the aforementioned facts urge the need to treat ARGs as a

kind of emerging environmental pollutant (Pruden et al., 2006).

2.3.2.2 Dissemination of ARGs via airborne particles

Compared with the considerable amount of studies on the source, dissemination, and
distribution of ARGs in the terrestrial and aquatic environment, the situations in the
atmosphere have been far less explored. This situation is concerning because airborne

particles may also be important vectors for the dissemination of ARGs.

Aerosol-associated bacteria showing resistance to different antibiotics like macrolides,
beta-lactams, tetracyclines, fluoroquinolones, and sulphonamides, have been
continuously isolated from clinical settings and animal farms where a variety of
antibiotics have been applied (Fan et al., 2014; Gibbs et al., 2006; Gilbert et al., 2010), as
well as in the urban atmospheric environment (Gandolfi et al., 2011; Liang et al., 2020;

Mao et al., 2019; Zhang et al., 2019b; Zhao et al., 2020). This isolation indicates the
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ubiquitous presence of airborne ARGs encoding the corresponding antibiotic resistance.
Aerosol-associated bacteria and ARGs that withstand long-range transport via air
movements and dust storms are likely to influence the local airborne bacterial and ARG
profiles of downwind locations (Gat et al., 2017; McEachran et al., 2015). Using culture-
independent methods, researchers have shown that the absolute and relative abundance
of airborne ARGs can evolve frequently over times and across geographical gradients (Li
etal., 2018a; Liang et al., 2020; Wang et al., 2019; Zhang et al., 2019b). However, studies
on spatiotemporal variations in airborne ARGs, especially for their absolute abundance
used for exposure estimation, are still quite limited over the world. Figure 2-6 provides a
geographical comparison of certain prevalent ARGs detected in the atmosphere. The
observed ARG variations over times and spaces could be under the combined influence
of host bacterial communities, meteorological conditions, and anthropogenic activities
(Hu et al., 2018b; Liang et al., 2020). Some recent studies providing comparisons on
airborne bacteria and ARGs between hazy and non-hazy days have revealed that the
diversity and abundance of airborne ARGs seem to increase with the deterioration of PM
pollution (Sun et al., 2020; Zhao et al., 2020). These findings highlight the growing
exposure risks of airborne ARGs on polluted days. In addition, the higher abundance of
MGEs like intl1 and tnpA found in PM2 s pollution episodes is consistent with studies in
other environmental compartments from a certain perspective that intll could be a
candidate indicator of anthropogenic pollutions (Gillings et al., 2015). Such observations
triggered our concern about the acceleration of ARG dissemination via HGT in the
atmosphere since urban PM_5 is likely to promote the frequency of conjugative transfer

(Xie etal., 2019).
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Emerging evidence distinguished PM2s-associated antibiotic resistomes from those in
terrestrial and marine systems (Pal et al., 2016). These observations suggest that the
atmospheric environment is a unique reservoir of antibiotic resistance, with varying
stresses shaping their structures. Accumulating data have enabled qualitative
comparisons of antibiotic resistome profiles between potential source matrices and
nearby aerosol-bound ARGs, as well as comparisons of the abundance of aerosol-bound
ARGs between the potential source points and their ambient environments. On such a
basis, various typical sources including natural sources such as marine and soil dust (Gat
et al., 2017; Liang et al., 2020) and other anthropogenic hotspots like animal faeces in
livestock, WWTPs, hospitals, and solid waste treatment systems (He et al., 2020; Li et
al., 2020; Yang et al., 2018), were identified to contribute ARGs to the ambient

atmosphere.

Although a growing number of investigations have provided valuable information on
airborne ARGs near potential emission sources and in urban areas, most of them either
mainly focused on coarser particles (e.g., TSP and PMyo) (Gat et al., 2017; Li et al., 2018a;
Ling et al., 2013; Mazar et al., 2016) or considered a short-term snapshot or limited
analyses to certain small-scale areas (Hu et al., 2018b; Sun et al., 2020; Zhang et al.,
2019b). In addition, compared with water and food that are generally well-processed
before ingestion, ambient air is inhaled directly with aerosol-bound pollutants subject to
virtually no treatments before entering the respiratory tract. This fact sets the inhalation
of airborne particulates as an important exposure pathway for ARGs and bacteria (see
Section 2.3.1). Hence, spatiotemporally resolved dynamics of aerosol-associated

antibiotic-resistant bacteria (ARB) and ARGs, especially for the PM2s-bound fraction,
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are still required to assess long-term human exposures via inhalation on a larger scale like

regional, national, and even global scope.
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Figure 2-6 Geographical comparisons of absolute abundance of selected ARGs that are
prevalent in aerosol particles (copy m) (Gao et al., 2016; Gat et al., 2017; Ling et al.,

2013; Wang et al., 2019) assuming equal DNA extraction efficiency across studies.

2.3.3 Aerosolisation potential of bacteria and ARGs from key anthropogenic sources
As described in previous sections, livestock farms, WWTPs, composite lands, and
hospitals are considered to be critical anthropogenic reservoirs of ARGs and bacteria —
especially opportunistic pathogens; hence, occupational exposure risks at these locations

merit close attention. The importance of investigations on microbial emissions has
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already been emphasised by many researchers who have revealed the frequent occurrence
of respiratory symptoms in workers in WWTPs and farms with high levels of airborne
microbes (Eduard et al., 2001; Melbostad et al., 1994). Previous papers have reported that
the concentrations of source-indicative bacterial and ARG species in the atmosphere are
in descending order by the increased distance away from bacteria- and ARGs-rich
environment like poultry manure and municipal solid wastes, which probably hints at the
emission of microbes and ARGs from solid/water matrices to ambient air in bioaerosol

forms (Gao et al., 2016; Li et al., 2020).

Most of the extant research on the aerosolisation potential of bacteria from potential
sources have been conducted in WWTPs. Bioaerosol emission levels in WWTPs subject
to a strong impact by agitation methods could vary along with the treatment phases (Fathi
et al., 2017; Gotkowska-Ptachta et al., 2013; Li et al., 2016a), during which time the
aeration process can generate bioaerosols less than 1 um in size with a unimodal pattern
peaking at the nanometre scale, as reported in a laboratory-based study (Han et al., 2019).
Bauer et al. (2002) also found that most of the emitted bioaerosols from wastewater were
less than 2 um, with the aerosolisation ratio of culturable bacteria ranging from 8.4E-11
to 4.9E-9 (expressed as colony-forming units [CFU] m air/CFU m™ wastewater). These
findings demonstrate the need for concern about the exposure risks in these key sites.
Other possible methods to measure the emission rate of microorganisms could be based
on dispersal models using meteorological parameters and concentrations of bioaerosols
away from sources at different downwind distances (Li et al., 2013). Researchers have
recently started to use the robust source tracking software (SourceTracker2) in airborne
bacterial studies. Based on this method, Yang et al. (2019) attributed 4%-17% of airborne

bacteria within the WWTP to wastewater and sludge; these data provide quantitative
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information of contributions from WWTP by-products to airborne bacteria. However, the
authors used air samples from sites downwind of the WWTP as a potential source of the
indoor airborne microbes in the WWTP, a design that ignored the influence of the WWTP

on the downwind air and could result in unknown uncertainty to the contribution profile.

Compared with airborne bacteria in WWTPs, only a few studies have touched the field
of ARG emission from wastewater and sludge. Some studies have isolated opportunistic
pathogens with antibiotic resistance from bioaerosols collected in WWTPs (Zhang et al.,
2018), while others based on metagenomic sequencing have only compared the ARG
profiles between activated/dewatered sludge and bioaerosol in WWTPs without further
quantitative estimations of the contributions (Han et al., 2020). Fortunately, the feasibility
of SourceTracker2 in predicting the contributions of different ARG sources has been
verified in sediment and urban stream samples (Baral et al., 2018; Li et al., 2018b). This

ability could possibly be extended to airborne ARGs in the future.

2.3.4 Detection methods of airborne microbes and relevant genetic elements —
development and challenges

Traditional detection methods of airborne microbes are culture-based, with the embedded
antibiotic resistance generally evaluated by disc diffusion tests. However, <1% of the
viable microorganisms in any environment are cultivable according to previous studies
(Amann et al., 1995; Pace, 1997). Hence, the abundance and diversity of microbes and

ARB could be largely underestimated using traditional methods.

To overcome the drawbacks, various molecular biological methods have been established.

Sebat et al. (2003) analysed designated gene contents from genomic libraries of
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environmental samples with DNA microarray technology. Polymerase chain reaction
(PCR) has been utilised to amplify and detect ARGs that encode resistance to tetracycline
(Schmitt et al., 2006), erythromycin (Patterson et al., 2007), and sulphonamides (Agerso
et al., 2007). Denaturing gradient gel electrophoresis and 16S rDNA clone library were
once used to analyse the microbial communities in different matrices (Zhang et al., 2000;
Zhang et al., 2005). In recent years, metagenomic analysis has been revolutionised with
rapid developments in sequencing techniques. Next-generation sequencing (e.g., Hiseq
and Miseq platforms from Illumina), characterised by high throughput and low cost, and
third-generation sequencing (e.g., PacBio and Nanopore sequencing), which features long
reads, have been widely used in environmental analysis to profile the microbial
communities and explore the interactions between microbes and other genetic elements
(e.g., ARGs and MGEs). Besides the above-mentioned qualitative methods, gPCR is a
competitive and highly sensitive technique for quantifying target genes and their
expression efficacy. The recently developed high-throughput gPCR can even parallelly
quantify hundreds of genes or pathogens. The applications of these newly established
techniques facilitate the identification of target gene context and the exploration of
metabolic pathways of microbes for different environmental substances and their roles in

environmental processes.

However, the main problem we face now in atmospheric microbiome studies is how to
get enough DNA from airborne particles before downstream analysis, especially for
metagenomic sequencing. The extremely low biological content in airborne particulates
compared with other environment matrices (e.g., water and soil) and the limited DNA
extraction efficiency make it difficult to study extensively the microbial and ARG

community in the atmosphere. Whole genome amplification (e.g., multiple displacement
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amplification), a promising method to amplify DNA amounts with acceptable biases, has
been successfully used before metagenomic analysis in urban aerosol surveillance
(Nicholas et al., 2015). On the other hand, some scientists are concentrating on improving
DNA extraction efficiency in order to get enough DNA from airborne particles for
downstream analysis. For example, a modified protocol of DNA extraction and
metagenomic sequencing with low DNA input has been developed (Jiang et al., 2015) for

metagenomic analysis of the airborne microbiome.

2.4 Summary and outlook

PM2 s pollution has become an environmental issue with high relevance to human health
around the world, especially in developing countries like China. The YRD and PRD —
located in east and south China, respectively — have been and continue to be subject to
intensive anthropogenic impacts due to urbanisation and industrialisation, thus resulting
in severe PM2s pollution. To better control the pollution from health-oriented
perspectives, it is necessary to dissect the composition of PMas and find out the key

components with negative health effects.

Previous studies have extensively explored the spatiotemporal variations and potential
sources of major chemical compositions in PMz s, including carbonaceous materials, WSI,
and metal(loid)s. Among the widely identified components, heavy metals accounting for
low mass proportions in PM2 s could pose significant adverse effects on human health via
inhalation. Although a variety of studies have investigated the mass contribution of
different sources to PM2s-associated metals and estimated the metal-induced CR and
NCR based on either their total or bioaccessible concentrations, limited efforts have been

made to incorporate the information of metal speciation into risk assessment and further
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apportion the predicted risks to the identified metal sources, so as to differentiate the
contributions of various sources of emissions to the consequent health risks under
prolonged exposures. An integrated and comprehensive study to close the loop of metal
exposure via PMa s from sources to health implications is needed, especially in highly

urbanised and industrialised regions like the YRD and PRD.

Compared with the chemical compositions of PM2 s, understanding the (micro)biological
fractions like the PM2s-associated bacteria and ARGs is still in its infancy; inhalation of
these fractions may cause allergies and infections. The airborne particulate matter is an
important vector that is responsible for the dissemination of bacteria and ARGs in the
atmosphere. Analogous to chemical components, many studies in independent
geographical locations on the seasonal and spatial variations in airborne bacterial
concentration as well as the community structures have emerged. However, there is still
a lack of simultaneous studies to explore the biological features of PM3 s at inter-regional
scales from a health-relevant perspective. Standing at the intersection between fine
inhalable particulates and antibiotic resistance, PM2s-associated ARGs have aroused
increasing research interest, but it has been quite limited with regard to identifying certain
ARG subtypes on small scales. The spatial and seasonal characteristics of airborne ARGs
with linkage to PM>.s-associated bacteria at regional scales remain to be elucidated, as
well as the contributions of putative sources to airborne bacteria and ARGs. A
comparative study considering both the chemical and (micro)biological components of
PM2s between regions could sharpen our current understanding of the regional
characteristics of PM2 s pollution from an integrated perspective and further help with the

health-oriented pollution control that can be adapted to regional-specific circumstances.
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Chapter 3 Methodology

This section provides the general information of the studied sites, sampling strategy, and

detailed descriptions of the chemical and biological analyses applied in this study.

3.1 General information of the studied regions
This study was conducted in two of the most economically developed and densely

populated regions in China, namely, the YRD and PRD (Figure 3-1).

The YRD is located in eastern China. It has a population of around 225 million and covers
a total area of 358000 km?, which integrates the whole area of Jiangsu province, Zhejiang
province, Anhui province, and Shanghai (State Council of the People's Republic of China,
2019). Twenty-seven central cities such as Shanghai, Nanjing in Jiangsu province, and
Hangzhou in Zhejiang province —all with a robust economy — are expected to take leading
positions to drive the development of the entire region. As a coastal region lying on the
west of the Pacific Ocean, the YRD is situated across low and middle latitudes and
subjected to the subtropical monsoon climate. Hence, the YRD enjoys clear seasonal
features characterised by hot and humid summers under the influence of southeastern

winds and cold and dry winters with northwestern winds.

In contrast, the PRD lies in southeastern China and faces the South China Sea; it includes
nine cities in Guangdong province, Macau, and Hong Kong. Similarly to the YRD, the
PRD is located in the subtropical zone with most areas south of the Tropic of Cancer.
Under the impact of a subtropical monsoon climate, rainfall in the PRD mainly falls

between April and September (from spring to late summer). Compared with the YRD,
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winter in the PRD tends to be more temperate. Being a highly developed region in China,

the PRD has around 70 million people dwelling in a total area of 56000 km?.
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Figure 3-1 Geographical locations of the YRD and PRD (created using ArcGIS (2012)).

3.2 Description of the sampling strategy and sampling sites

In this study, sample collection was first conducted in multiple sites under different land-
use impacts in selected typical cities in the YRD and PRD to investigate the inter-/intra-
regional differences of PM2 5 pollution from both chemical and biological perspectives.
Unlike the relatively extensive study on the climate effect on chemical pollution, the
climate influence on the airborne biological fraction has been less explored. Therefore,
additional samples were collected simultaneously in a representative urban Beijing site

(temperate continental climate) for biological studies and further comparisons with the
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subtropical YRD and PRD. Then, a short-term case study on a small scale was deployed
ina WWTP in Hong Kong of the PRD region, a representative source of airborne bacteria
and ARGs, to explore the quantitative contributions of potential urban sources to the
biological components of ambient PM2s. Details of all the sampling sites in this study,
including the description of the surrounding environment and the demographic and
economic information of their located districts, are listed in Table 3-1 and Table 3-2.
Further information of the two sampling campaigns is introduced in Section 3.2.1 and

3.2.2, respectively.
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Table 3-1 Description of the sampling sites.

Climate
zone

District/City

(Abbreviated Type
site name)

Sampling site

Description

Sampling site at the rooftop of a two-floor building; located between the

Beijing Haidian, Instlt_ute of Atmosphenc North 3" Ring Road and the North 4" Ring Road; surrounded by heavy
(northern  Temperate Urban Physics, Chinese ! N o . ) . .
Chi Beijing (BJ) . traffic, residential buildings and a public park; covered with certain
ina) Academy of Sciences .
amounts of vegetation
Nanjing University of Sampling site at the rooftop of a twelve-floor building; surrounded by
Pukou, Suburban- . . - : e . .
" ; . Information Science and  petrochemical plants, steel plants and highways; mixed industrial-
Nanjing (PK) industrial . :
Technology residential areas
YRD ) Xuanwu, Institute of Soil Science,  Sampling site at the rooftop of a five-floor building; downtown area
(ea_stern Subtropical  Nanjing Urban Chinese Academy of surrounded by school, residential, and commercial buildings, with
China) (XW) Sciences complex traffic networks
LiShHi’ . Sampling site on the ground; distant from main roads, with massive
Nanjing Rural A botanical garden . . L . . ’
(LS) vegetation cover; no obvious industrial emissions around
Tianhe, Guangzhou Institute of . . . S
Guangzhou  Urban  Geochemisty,Chinese 8T8 S8 6 T crrouned by dwalings and sohool
(TH) Academy of Sciences '
Conghua, N . . .
Guangzhou Suburban Tianhu Park Sampling site on the ground upon a hill; located in a recreation area around
60 km northeast from Guangzhou downtown areas
PRD (CH)
(southern  Subtropical . . : _— .
China) Heshan, Semirural- Guangdong Atmospheric ~ Sampling site at the rooftop of a four-floor building; located on a hill
Jiangmen industrial Monitoring Supersite of  surrounded by vegetation, farmlands and country roads in the vicinity, as
(HS) China well as some industrial activities and highways in the outer space
Hok Tsui, . Sampling site on the ground upon a hill; located in southeast Hong Kong
Hong Kong Coastal Hpk TSU.' Ba}ckground and facing the South China Sea; approximately 10 km away from the urban
(HT) Air Monitoring Station areas
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Region

PRD
(southern
China)

Climate
zone

Subtropical

District/City
(Abbreviated Type
site name)

Hom Hung,
Hong Kong Urban
(PU)

Sampling site

The campus of the Hong
Kong Polytechnic
University

Description

Sampling site on the ground; at the roadside and next to a crowded
footbridge; located in the highly urbanised city centre with heavy traffic
and human flow

Stonecutters

Island, Hong WWTP
Kong

(SCISTW)

Stonecutters Island
Sewage Treatment Work

Sampling sites on the ground next to different treatment facilities within
the SCISTW:; located in the Stonecutters Island in West Kowloon with the
West Kowloon Refuse Transfer Station on the northeast side.
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Table 3-2 Demographic and economic information of the sampling districts.

Residential Population Urbanisation GDP* Percentage of GDP (%) GDP density (million RMB km)
Redi Types of land . Area population density ratio e
egion use District (km?) (population) (billion
(1000 capita km2 RMB)  Primary  Secondary Tertiary Primary  Secondary Tertiary
(cap ) o : ; . ; . .
capita) (%) industry industry industry industry industry industry
Beijing
(northern  Urban Haidian 430 3593 8342 98.16 539.5 0.03 11.14 88.82 0.38 139.77 1114.38
China)
Urban Xuanwu 75 634 8646 100 79.6 0 4.48 95.52 0.00 47.55 1013.79
YRD Suburban-
(east . . Pukou 910 769 823 69.87 88.5 4.68 47.96 47.37 4.55 46.64 46.07
. industrial
China)
Rural Lishui 1063 432 399 25.69 64.2 6.23 51.15 42.62 3.76 30.89 25.74
Urban Tianhe 96 1631 16931 100 380 0.02 9.96 90.03 0.79 394.25 3563.69
PRD Suburban Conghua 1974 635 322 4481 37.5 6.75 43.83 49.43 1.28 8.33 9.39
(south )
China) ;Snedmu's'#i;""l" Heshan 1082 505 344 61.01 287 805 52.12 3983 214 13.82 10.56
Egﬂg 1106 7337 6777 100 2491° 0.1 1.7 92.2 2.25° 173.42° 2076.58°

The statistical data were obtained from Beijing Municipal Bureau of Statistics (2017a,2017b), Nanjing Municipal Statistics Bureau (2017), Guangdong Statistics Bureau (2017),
Jiangmen Statistics Bureau (2017), and Census and Statistics Department (2017,2018).

2 GDP, gross domestic product

b HKS$ billion; revised data of 2016
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3.2.1 Sample collection for the regional comparative study

For regional comparisons of the chemical and biological features of PM2 s pollution, our
PM2s sampling campaign was conducted simultaneously in selected cities in the YRD
and PRD from spring 2016 to spring 2017. The seasons were demarcated as follows:
March—May as spring, June—August as summer, September—November as autumn, and
December—February as winter, in accordance with the China Meteorological
Administration. In each region, three sampling sites under different land-use impacts
within a city or two close cites were selected: for the YRD, these were Pukou (PK,
representing a suburban-industrial area), Xuanwu (XW, representing an urban area), and
Lishui (LS, representing a rural area) of Nanjing; for the PRD, these were Tianhe (TH,
representing an urban area) and Conghua (CH, representing a suburban area) of
Guangzhou, and Heshan (HS, representing a semirural-industrial area) of Jiangmen
(Figure 3-2). The site classification was based on the major land-use type, population
density, economic development, and industrial activities of the district where each
sampling site is located (Table 3-1 and Table 3-2). The Nanjing and Guangzhou city
selected here were typical megacity with a large population in the YRD and PRD,
respectively, while the Jiangmen city, enjoying about one fourth of the agricultural land
in the PRD, was under rapid industrial development at the same time. In addition, an
urban site in Beijing (Haidian district) with sample collection during the same
aforementioned period was added as a supplement — but merely for comparisons of
biological features of PM2s between the subtropical and the temperate zones. As
mentioned before, regarding the representativeness of the sites selected, detailed
information of the surrounding environments for the sampling sites and the possible
influence from human activities can be found in Table 3-1. One 24-hour PM.5 sample

per week was collected with high-volume samplers (TH-1000C Il, Wuhan Tianhong
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Instruments Co., Ltd., China) at a flow rate of around 1 m®*/min in the above-mentioned
studied sites, with the exception of TH and LS, where samples were collected every three
days and on a monthly basis, respectively. The current sampling method for biological
study has been widely used, of which the appropriateness was tested in previous studies.
Although there could be a gradual loss of DNA content as the sampling time increases
(Luhung et al., 2015), it is a trade-off to obtain enough biological materials for
downstream analysis by the one-day sampling strategy. By applying the same sampling
method, errors from DNA loss during the sampling period can be regarded as systematic
errors. Additionally, it must be mentioned that, unlike the biological analysis in which all
the samples were used, only the samples collected from March 2016 to February 2017 in
the YRD and PRD were used for chemical analysis. Approximately four samples from
each month in TH during this one-year period were randomly selected for chemical
analysis. For better quality control, a filter placed in the air sampler not operating
throughout the sampling campaign served as a field blank for each site. Tissuquartz filters
(8 x 10 in, PALL, United States) pre-baked at 500°C for 5 h were used, weighed before
and after sampling with a sensitivity of + 0.0001 g. Before weighing, filters were
equilibrated at 25°C and at 40%—50% relative humidity. Meanwhile, surface soil samples
(1-2 cm depth) were collected in triplicate in the Beijing site, the PK and XW site in the
YRD, and the TH site in the PRD, respectively, using a sterilised trowel (wiped with 70%
ethanol). The possibility of fine surface fraction of soil being resuspended into the
atmosphere makes soil a potential source for airborne microorganisms. These soil
samples were only used for part of biological tests to help with source tracking of airborne
bacteria. Since space was found to play a far more important role than season in shaping
the microbial community in soil (Zhang et al., 2020b), it is still reasonable to collect soil

samples once in this study. However, it should be cautious that the soil sampling time did
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not fully match the PM2 s sampling period, which could partially affect the relevant results.

All of the filter and soil samples after collection were stored at —20 °C until subsequent

treatment. A summary of the total number of samples, sampling frequency in each site

over the sampling period, and the succeeding analyses that samples were subjected to is

given in Table 3-3.
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Figure 3-2 Satellite map of the sampling sites (created using ArcGIS (2012) with the

World Imagery base map (Esri, 2009)).
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Table 3-3 Sampling period, frequency, and sample size in the regional sampling campaign, as well as the analytical assays that were applied.

. Land-use Sampling  Sample . . Sampling . . .
Region type site type Sampling period frequency Sample size Experimental analysis
Biological (DNA extraction; gPCR analysis; 16S
(rl?s:tjrzr;?n Uroan Haidian PMas March 2016-May 2017 Weekly 61 (DNA sequencing)
. (BJ)
China) Soil April 2018 N/A™ 3 Biological (DNA extraction; 16S rDNA sequencing)
Chemical (OC/EC, WSI, total/bioaccessible metal);
Suburban- Pukou PMas March 2016-May 2017 Every 7-10 days 46 (36 Biological (DNA extraction; gPCR analysis; 16S
industrial  (PK) FDNA sequencing)
Soil July 2017 N/A™ 3 Biological (DNA extraction; 16S rDNA sequencing)
YRD Chemical (OC/EC, WSI, total/bioaccessible metal);
(eastern PM2s March 2016-May 2017 Every 7-10 days 48 (379 Biological (DNA extraction; gPCR analysis; 16S
China) Urban Xuanwu rDNA sequencing)
(XW)
Soil July 2017 N/A™ 3 Biological (DNA extraction; 16S rDNA sequencing)
Lishui Chemical (OC/EC, WSI, total/bioaccessible metal);
Rural (LS) PMas April 2016-May 2017 Every 20-30 days 18 (157 Biological (DNA extraction; gPCR analysis; 16S
rDNA sequencing)
Around everv 3 Chemical (OC/EC, WSI, total/bioaccessible metal);
PRD Tianh PMas March 2016-May 2017 davs y 122 (517) Biological (DNA extraction; gPCR analysis; 16S
(southern Urban anne Y rDNA sequencing)
China) (TH)
Soil February 2018 N/A™ 3 Biological (DNA extraction; 16S rDNA sequencing)
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Land-use  Sampling

. . ; Sampling : . .
Region Sampling period frequency Sample size Experimental analysis

type site

Chemical (OC/EC, WSI, total/bioaccessible metal);

Suburban  COMINUA by March 2016-May 2017 Every 7-10 days 52 (417) Biological (DNA extraction: gPCR analysis; 16S
(CH) )
PRD rDNA sequencing)
(southern
China) Semirural- Heshan Chemical (OC/EC, WSI, total/bioaccessible metal);
industrial (HS) PMas March 2016-May 2017 Weekly 65 (517) Biological (DNA extraction; gPCR analysis; 16S

rDNA sequencing)

* All the samples collected were used in biological analysis, while the specified number with an asterisk in the bracket refers to the sample size used in chemical analysis.
" N/A, not applicable; soil samples were only collected once in this study.
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3.2.2 Sample collection in typical sources of PM2s-associated bacteria and ARGs

To explore the quantitative contributions from potential urban sources to the biological
components of PM2 s, a typical WWTP in Hong Kong (a representative city in the PRD)
was selected for further study, with an urban and a coastal site in Hong Kong as
comparisons. In detail, the PM2s sampling campaign was deployed in the Stonecutters
Island Sewage Treatment Work (SCISTW), the campus of The Hong Kong Polytechnic
University (PU), and Hok Tsui (HT) (Figure 3-3; Table 3-1). Serving half of the
population, the SCISTW is the largest sewage treatment plant in Hong Kong, with daily
a capacity for treating 2.45 million m® sewage and featured by its application of
chemically enhanced primary treatment (CEPT) without biological treatment before the
effluent is discharged. To reduce the emission of odour and the impact on nearby residents,
all the flocculation tanks and sedimentation tanks in the SCISTW are equipped with
covers. In addition, the West Kowloon Refuse Transfer Station is located on the northeast
of the SCISTW, where the sludge generated from the SCISTW is temporarily stored and
gathered with other municipal solid wastes before being transported for landfilling and
incineration. PU is located in the highly urbanised city centre with heavy traffic and
human flow. The sampling site in PU is located at the roadside and next to a crowded
footbridge. By contrast, HT in southeast Hong Kong faces the South China Sea and is
approximately 10 km away from the urban areas. Hence, these three locations were

selected as the representatives of WWTP, urban, and coastal areas, respectively.

The sampling period lasted from 24 to 30 October 2016 in the SCISTW and HT, and from
28 October to 4 November 2016 in PU. Twenty-four-hour PM2s samples were collected
daily on pre-baked (500 °C for 5 h) quartz filters (8 x 10 in?, PALL) using high-volume

air samplers (TH-1000C 11, Wuhan Tianhong Instruments Co., Ltd., China) at a flow rate
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of around 1 m® min. Unlike PU and HT — where only a single sampler was set — four
sites were selected to collect PM2.s samples simultaneously in the SCISTW, including the
flocculation tank (FT), sedimentation tank (ST), sludge storage tank (SST), and the barge
facility (BF) (Figure 3-4A and Figure 3-4B). One sampler was placed beside each of the
above-mentioned sites, except the BF site equipped with two samplers in 2 m intervals as
duplicates. A blank filter was placed in a non-operating sampler at the flocculation tank,
PU, and HT for quality control. Correspondingly, sewage including screened influent
(daily flow ranging from 1.9 to 2.0 million m3during the sampling period), flocculation
tank sewage, sedimentation tank effluent, and final effluent after de-chlorination, as well
as CEPT sludge before centrifugation and sludge cake ready for transport to be landfilled,
were collected daily from 24 to 28 October 2016 in the SCISTW (Figure 3-4C). Samples
were kept at 4 °C and sent back to the laboratory immediately. PM2 s samples were stored
at —80 °C until further treatment, while sewage/effluent/sludge samples were subjected
to pretreatment (Section 3.4.1) upon arrival at the laboratory. In addition, to monitor the
meteorological parameters, a weather station (Vantage Pro2™, Davis, UK) was set above
the sedimentation tank. The major wind direction and wind speed during the sampling
period are shown in a wind rose graph (Figure 3-5). The West Kowloon Refuse Transfer
Station, which might pose certain impacts on nearby airborne microbes and ARGs, was
never upwind of the SCISTW during the course of sampling. Detailed information of the
collected samples, including the sampling period, sample size, and the downstream

analytical assays applied, is summarised in Table 3-4.
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Figure 3-4 Sampling sites in the SCISTW and sample types collected along the treatment

process. (A) An overall layout of the SCISTW, with the PM2 s sampling sites marked with

stars; (B) an aerial view of the SCISTW; (C) the general sewage treatment process in the

SCISTW, with the sampling sites and the corresponding sample types collected marked.
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Table 3-4 Detailed information of the samples collected in the SCISTW and urban and coastal Hong Kong.

Land- N . . Sampling . . .
use type Sampling site Sample type Sampling period frequency Sample size Experimental analysis
Coastal Hok Tsui (HT) PM_5 24-30 October 2016 Daily 5 (4 for 24 h; 1 for 72 h") B'OIOQ."?aI (DNA extraction; qRCR
analysis; metagenomic sequencing)
Roadside of the 28 October—4 . . . Biological (DNA extraction; gPCR
Urban PU campus (PU) PMas November 2016 Daily 6 (5for24h; 1for72h) analysis; metagenomic sequencing)
Pumping station, Sewage . ) . Biological (DNA extraction; gPCR
SCISTW (influent) 24-28 October 2016 Daily 3 (24-h composite) analysis; metagenomic sequencing)
PM2s 27-30 October 2016 Daily 2 (1 for 24 h; 1 for 72 h") B'OIOQ."?aI (DNA extraction; qRCR
. analysis; metagenomic sequencing)
Flocculation tank
(FT), SCISTW L o
Hong Kong, Sewage 24-28 October 2016 Daily 5 B|olog.|<?al (DNA ext_r action, qRCR
PRD analysis; metagenomic sequencing)
(southern T .
China) N PMzs  24-30 October 2016  Daily 5(4for2ah; 1for7ohyy  Diological (DNA extraction; gPCR
Sedimentation analysis; metagenomic sequencing)
WWTP tank (ST),
SCISTW Effluent 24-28 October 2016 Daily 3 (24-h composite) B'OIOQ.'(?aI (DNA extraction; qRCR
analysis; metagenomic sequencing)
PMas  24-30 October2016  Daily 5(4for2ah: 1for72h7)  bological (DNA extraction; gPCR
Sludge storage analysis; metagenomic sequencing)
tank (SST),
SCISTW Sludge 24-28 October 2016 Daily 3 B|olog.|<?al (DNA extraction; qRCR
analysis; metagenomic sequencing)
Barge facility 1 PMas 2426 October 2016 Daily 3 Biological (DNA extraction; gPCR

(BFN), SCISTW

analysis; metagenomic sequencing)
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Land- Sampling

Sampling site Sample type Sampling period Sample size Experimental analysis

use type frequency

Barge facility 2 Biological (DNA extraction; gPCR

(BFF), SCISTW PM2s 25-30 October 2016 Daily 4 (3 for 24 h; 1 for 72 h%) analysis; metagenomic sequencing)
Hong Kong, . .
Discharge pipe . . .
PRD — wwrp (post de- Efflient  24-28 October 2016 Daily 3 (24-h composite) Biological (DNA extraction; gPCR
(southern chlorination) analysis; metagenomic sequencing)
China)

Truck (for sludge  Sludge (de-
transport) watered)

Biological (DNA extraction; gPCR

24-28 October 2016 Daily 3 - . .
analysis; metagenomic sequencing)

* Due to the inaccessibility to the SCISTW during weekends, the collection of PM; s samples that started on Friday lasted for 72 h until the next Monday. For consistency, the
corresponding PMz s samples in HT and PU were collected for 72 h as well.
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3.3 Chemical-based analysis

This section describes the wet lab experiments for basic analysis of the chemical
components of PMas, including WSI, OC, EC, total metal(loid)s, and bioaccessible
metal(loid)s, as well as the subsequent risk-calculation model for source apportionment.
For chemical analysis, only the PM2s samples collected from March 2016 to February
2017 in the YRD and PRD with impact from different types of land use were used (Table

3-3).

3.3.1 WSI and carbonaceous material analysis

One thirty-second of each filter sample was extracted twice in 15 mL Milli-Q water (18.2
MQ cm at 25 °C) using sonication (20 min for each) in an ice-water bath. The sample
was filtered through a 0.45-pm membrane and stored at 4 °C and measured within one
week for anions (CI-, NOs", and SO4%) and cations (Na*, K* and NH4") with lonPac AS14
and CS12 (Dionex, United States) columns, respectively, using ion chromatography
(Dionex). All the samples were cut using ceramic scissors, which was wiped and sterilised
with 70% ethanol between cuts. With regard to the carbonaceous materials, 0.526 cm? of
each filter was used for OC and EC analysis by a Desert Research Institute (DRI) Model
2001 Thermal/Optical Carbon Analyzer (Atmoslytic Inc., United States), the result of

which was calculated based on the thermal optical reflectance protocol.

3.3.2 Total metal(loid) and bioaccessible metal(loid) analysis

For total metal(loid) analysis, one sixteenth of each sample was cut and submerged within
a mixture of HNO3z and HCIO; at a ratio of 4:1 in test tubes, followed by digestion in a
heating block with a progressive temperature increase programme up to 190 °C until it

was dried. Then a 10 mL aliquot of 5% (v/v) HNOz was added and the mixture was
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incubated at 70 °C for 1 h. The final solutions were filtrated through 0.45-pm membranes
and kept at 4 °C until detection of the total concentration of various elements by ICP-MS
(Agilent model 7700, United States). For quality control, a standard reference matter
(NIST 1648a), filter blank, and reagent blank were treated with the same procedure and
detection method as the samples. Replicates were applied to 5% of samples (randomly
selected) to test the precision of the digestion and analysis (relative standard deviation
[RSD] < 5%). Using the method in this study, the recovery of most metals in the reference
materials ranged from 80% to 105%, with the exception of Al and Cr, both of which
displayed unsatisfactory recovery due to incomplete dissolution limited by the current

digestion method (Table 3-5).

To investigate the bioaccessibility of metal(loid)s in PM2s, Gamble’s solution was
applied to extract the bioaccessible metal(loid) fractions in samples. The composition of
Gamble’s solution is shown in Table 3-6; the chemicals were added to 18.2 MQ cm Milli-
Q water following the sequence specified in previous studies (Colombo et al., 2008;
Marques et al., 2011). One sixteenth of each sample was combined with 30 mL Gamble’s
solution and shaken at 100 rpm and 37 °C for 24 h. A portion of the solution (15 mL in
this study) was digested with the addition of 2 mL HNOs3, heated at 120 °C until it was
dried, and subsequently leached by 5% HNO3 following the aforementioned method for
total metal(loid) digestion. The leachate was kept at 4 °C before further analysis by 1CP-
MS. Filter blank and reagent blank were treated following the same procedure at the same
time. RSD < 5% was consistently achieved for the replicates of samples (5% of samples
randomly selected). In addition, all the test tubes used in metal analyses in this study were
submerged in 10% nitric acid overnight, washed with Milli-Q water, and dried before use,

to reduce external contaminations as much as possible.
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Table 3-5 Recovery of targeted elements by acid digestion in the analysis of total metal

concentration.

Element
51.50 81.23 92.64 104.66
SD (%) 2.50 3.32 1.85 2.00 4.16 3.28 373
Element Cr Cu Ni ‘ Pb \Y% VA Mn
Mean (%) 21.67 88.65 81.54 98.84 81.79 95.86 80.59
SD (%) 2.39 2.34 1.49 2.85 1.44 2.20 531

Table 3-6 Chemical composition of Gamble’s Solution (pH 7.4).

Chemicals Concentration (g L)

Magnesium chloride, MgCl, 0.095
Sodium chloride, NaCl 6.019
Potassium chloride, KCI 0.298
Disodium hydrogen phosphate, Na,HPO4 0.126
Sodium sulphate, Na,SO4 0.063
Calcium chloride dihydrate, CaCl,-2H,O 0.368
Sodium acetate, C,H3;0,Na 0.574
Sodium hydrogen carbonate, NaHCO; 2.604
Sodium citrate dihydrate, CsHsNa3;O7-2H>O 0.097

3.3.3 Source apportionment

The EFs of metal(loid)s in PM2s were calculated using Fe as the reference element, with
comparisons to the geochemical background values of metal(loid)s in soils in Guangzhou
and Jiangmen in the PRD (Guangdong Geological Survey, 2010) and Nanjing in the YRD
(Liao et al., 2011). Then, the PMF model from the USEPA (PMF 5.0) was applied to

explore the more specific sources of PM2s (Norris et al., 2014b) in the areas with intense
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human activities, including two urban sites (TH and XW) and another two sites under
industrial impacts (HS and PK), using the concentrations of PM2 s and its major chemical
components. Briefly, the PMF model that is extensively used in the source apportionment
of pollutants in ambient air can resolve the input data (multiple pollutant data arranged in
a matrix) into a factor contribution matrix and a factor profile matrix. The exhaustive
explanations of this mathematical model can be found in its user guide (Norris et al.,
2014a). In this study, the input data under the method detection limit (MDL; refer to Table
3-7 for details) were replaced by half of the MDL beforehand. The species-specific
uncertainties for each sample were calculated following either Equation 3-1 or Equation

3-2.

Unc = /(10% X concentration)? + (0.5 x MDL)?Z, if concentration > MDL
Equation 3-1
Unc = 2 X MDL, if concentration < MDL

Equation 3-2
Various tests were conducted to determine the optimal factor numbers according to the
criteria provided in a previous study (Lyu et al., 2016), mainly based on the model fitness
and the interpretability of the source profile results. Different starting seeds were
examined, and an approximate Q value was obtained. After removing the data that
resulted in out-of-range points, the scaled residuals ranged from -3 to +3 (the percentage
of the valid data was >90%). The ratio of Q(robust) to Q(true) was close to 1 (<1.5). For
most species, the slope and correlation coefficient (R?) between the predicted data and
the input data were 0.82-1.16 and 0.80-0.99, respectively, meaning a good fit for the
model. The only exceptions were As, Cr, and Ni, all of which showed a relatively lower
slope (0.6-0.83) and R? (0.55-0.76), possibly due to the limited sample size used and the

complex mixing sources of these elements (Zeng et al., 2019). For uncertainty assessment
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of the modelled results, 100 bootstrap runs were conducted after the base run to estimate
the errors, which were used for the calculation of the 95% confidence interval (CI). The
G-space plot generated by a subsequent run of the F-peak model showed a poor

correlation between various factors, which meant there was little rotational ambiguity.

Table 3-7 Method detection limit of the analysed chemical species in this study.

Chemical species

Detection limit (ug m)

Chemical species

Detection limit (ug m)

Na* 0.0441 Mg 0.0223
NH4* 0.0333 As 0.0020
K* 0.0161 Cd 0.0001
Cr 0.0642 Cr 0.0026
SO4* 0.0350 Cu 0.0017
NOy 0.1138 Mn 0.0011
oC 0.205 Ni 0.0016
EC 0.0475 Pb 0.0017
Al 0.1134 v 0.0007
Fe 0.0406 Zn 0.0235
Ca 0.2065 Co 0.0001

3.3.4 Analysis of arsenic speciation by X-ray absorption near edge structures
(XANES)

Considering that arsenic and chromium with high toxicity under their specific valence
state — As(I11) and Cr(VI) — and the more significant disparities in toxicity between their
different valence states compared with other metals, a lack of speciation information of
these two metals could result in bias in downstream risk assessment. Hence, the speciation
information of As and Cr were attempted to be acquired by the XANES technique.

However, the low mass content of Cr in PM2s samples did not support its analysis via

55



XANES. Therefore, only the analytical method for the molecular speciation of arsenic in

airborne fine particulate matter was provided in this section.

The As K-edge (11,867 eV) XANES spectra of four selected PM2 filter samples (i.e., 3
from HS in the PRD and 1 from PK in the YRD) with a high arsenic concentration were
acquired in fluorescence mode on beamline 01C1 at the National Synchrotron Radiation
Research Center, Taiwan, coupled with reference standards, such as NaAsO. and
Na;HAsOs. For the XANES analysis, PMgs filter samples were directly used without
pretreatment, while standard compounds were ground into powder. Multiple scans for
each sample were merged and processed using Athena software (Ravel et al., 2005)
according to methods specified in previous studies (Cui et al., 2018; Cui et al., 2013)
before downstream linear combination fitting (LCF) was conducted, where all weights

were constrained to between 0 and 1 with a final sum of 1.

3.3.5 Metal-based health risk assessment

To determine the chronic inhalation risks caused by the airborne trace metals of interest,
a health risk assessment following guidelines from the USEPA was conducted for adults
based on the bioaccessible concentrations of metals detected in the sampling sites. In light
of the significant disparities in toxicity between different speciation of arsenic and
chromium, a slightly modified risk assessment was conducted. The distribution of arsenic
speciation determined by the XANES analysis was incorporated into the calculation of
CR and NCR (refer to Section 3.3.6). One seventh of the bioaccessible chromium
concentration (assumed to be bioaccessible Cr(VI1)) was used in the risk assessment, on

the assumption that the ratio of Cr(VI) to Cr(l1l), two major species of Cr, is around 1.6
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in the air as proposed by the USEPA (2018b) and applied in other studies (Park et al.,

2008; Zhang et al., 2017).

Specifically, the exposure concentration (ug m3) was normalised according to Equation
3-3 at the start of the analysis. The CR and NCR indicated by the hazard quotient (HQ)
were calculated using Equation 3-4 and Equation 3-5, respectively (USEPA, 2009).
EC = (BC x ET x EF x ED)/AT

Equation 3-3
In Equation 3-3, EC (ug m?) indicates the exposure concentration; BC (ug m?) is the
annual average of bioaccessible metal concentration; and ET, EF, and ED represent
exposure time (h day), frequency (days year™), and duration (years), respectively. AT is
the averaging time, which means the total number of hours in a lifetime when calculating
CR, but it is only considered as the number of hours in the exposure duration while
calculating HQ.

CR = IUR X EC
Equation 3-4
HQ = EC/(RfC; x 1000 pg/mg)

Equation 3-5
In Equation 3-4 and Equation 3-5, IUR means inhalation unit risk (ng m=)* and RfC;
refers to reference concentration (mg m3) of a specific metal (i) via inhalation. The values
of other parameters are shown in Table 3-8. Here the arsenic concentrations used for risk
calculation were modified according to its speciation information. The modification

model based on speciation distribution is explained in Section 3.3.6.

57



Subsequently, the CR caused by metals from each source in different locations was
determined according to Equation 3-6, while the NCR was based on Equation 3-7.
CRs; = Xi(CR;; X RC;s;) (i=Co, Ni, As, Cd, Pb, and Cr)
Equation 3-6
HQ;; = X;(HQ;; X RC;5,;) (i=V, Mn, Co, Ni, As, Cd, Pb, Cr, Fe, Cu, and Zn)
Equation 3-7
In the above equations, s is the emission sources and | represents the sampling locations
(TH, CH, and HS in the PRD and PK, XW, and LS in the YRD). CRj; and HQi, are the
CR and NCR induced by each metal(loid) in a specific sampling location, calculated from
the aforementioned Equation 3-4 and Equation 3-5, respectively. RCis; stands for the
relative contribution of a certain source to individual metal(loid)s in a targeted location,

which can be obtained from the source profile determined by the PMF model.

Finally, the contribution of individual sources to the CR and NCR of metal(loid)s via

inhalation were evaluated using Equation 3-8 and Equation 3-9, respectively.

CRy,
ConCRs'l - Zs CRs,l
Equation 3-8
C _ HQs,l
OTHOs T S HQ,y
Equation 3-9

In the above equations, s represents an individual source category and | represents an
individual sampling location. CRs; and HQs; are the CR and NCR induced by all the
identified metal(loid)s from a certain source (S) in a certain sampling location (I), which

were calculated in the previous step.
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Table 3-8 Parameters used in the calculation of CR and NCR (presented as HQ) in this

study.
Parameter Metal(loid) 1UR? (ug m3)? RfC2 (mg m®)
ED (years) 20 \Y --9 1.00E-04
ET (hday %) 8 Mn -8 5.00E-05
EF (days year 1) 350 Co 9.00E-03 6.00E-06
. 175200 Ni 2.60E-04° 9.00E-05
AT-non-carcinogens (h)
(20 years) As 4.30E-03 1.50E-05
Cd 1.80E-03¢ 1.00E-05
) 613200
AT-carcinogens (h) Pb 1.20E-05¢ 5.00E-04¢
(70 years)
Cr(V1) 8.40E-02 1.00E-04
Fe -8 5.00E+00% f
Cu -8 1.00E+00°
Zn -8 5.00E-01°

21UR (inhalation unit risk) and RfC (reference concentration) obtained from the USEPA (2018a)

b JUR estimated from data of soluble nickel salts

¢ IUR estimated from cadmium data in diet and water

4 JUR estimated from lead phosphate data

¢ benchmark value obtained from other standards (Oosthuizen et al., 2015)

fRfC estimated from data of iron oxide in dusts

9 stands for a scarcity of relevant information

3.3.6 Modification on the calculation of arsenic-induced health risks based on
speciation distribution

According to documents from the USEPA (USEPA, 2007), the IUR of arsenic was
deduced from previous epidemiological studies conducted near the Anaconda smelter and
Asarco smelter. Meanwhile, the RfC of arsenic for NCR assessment was established by
the California Environmental Protection Agency’s Office of Environmental Health
Hazard Assessment (OEHHA) from a study on child exposure to arsenic in well water in
Bangladesh (OEHHA, 2014; USEPA, 1994), due to a lack of relevant study on chronic
effects of As exposure via inhalation. The estimate of RfC of As for air exposure
assessment was based on the assumption that the lowest As dose to have an observed

toxic or adverse effect under chronic exposure via inhalation should be the same as that

from ingestion of drinking water. Regrettably, these studies — carried out in places with
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heavy arsenic pollution — only considered the total concentration of arsenic regardless of
their speciation. With reference to relevant studies, As(I11) concentration was found to be
at least one time higher than that of As(V) in Bangladesh groundwater (Rahman et al.,
2008) and at a similar level to As(V) in West Bengal, which neighbours Bangladesh
(Samanta et al., 1999). In contrast, As(V) was the dominant arsenic species in the surface
soil near the Asarco smelter, with As(l1l) also detected (Impellitteri, 2005). Given the
much higher toxic potency of trivalent compared with pentavalent arsenic, the PMzs
arsenic criteria recommended by the USEPA could be less suitable for risk assessment of
ambient air in places that are distant from smelters or without groundwater consumption
by residents, as the speciation distribution of arsenic could be different in ordinary

ambient environments from heavily polluted environments.

As such, a modified model for arsenic risk assessment based on its speciation distribution

was applied, as shown in Equation 3-10 for the CR and Equation 3-11 for the NCR.

CRyri
CRcur = 2 X (Rcur,As(V) * TRAS(V)/AS(III) + Rcur,As(III))

Rori,as(v)*TRas(v)/as1n T Rori, As(IIT)

Equation 3-10

HQori
Hchr = - X (Rcur,As(V) * TRAS(V)/AS(III) + Rcur,As(III))

Rori,as(v)*TRas(v)/asin T Rori, As(IIT)

Equation 3-11
In the above equations, CRcr and CRori are the modified and original cancer risks,
respectively, based on data from the USEPA. Rcur means the proportion of As(V) or As(l11)
in total arsenic in the current study, while Rori represents those in the studies referenced
by the USEPA. TRasvyasany refers to the ratio of As(V) toxicity to As(l11). Of note, the
toxic potency of trivalent arsenic is at least one order of magnitude higher than
pentavalent arsenic (Jacobson-Kram et al., 1985; USEPA, 2007); thus TRasqvyasqain= 0.1

was adopted in this study. Given that there is a lack of literature that provides the
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distribution information of arsenic speciation in air particles near the Anaconda smelter
(copper) and the Asarco smelter (lead), here the ratio of As(V) to As(lll) in PM2s in
another copper smelter (de la Campa et al., 2008), which was estimated to be around 5
based on average concentrations, was applied in carcinogenic risk assessments. Therefore,
Rori,as(v) and Rori,asqiy for carcinogenic risk assessments were 5/6 and 1/6, respectively, if
assuming that total arsenic only included As(l11) and As(V), while in the evaluation of
NCR, both Rori,ascvy and Rori,asiny Were 1/2 because the concentration of As(V) and As(111)
is similar in groundwater in Bangladesh. In addition, the average percentage of As(V)
and As(l1) in total analysed arsenic in the selected samples from HS and PK (Figure
4-7B) was regarded as a general situation in the PRD and YRD, respectively, when

conducting health risk assessments.

3.3.7 Data analysis

The data were processed using Excel, SPSS Statistics 21, and GraphPad Prism 7. The
QQ-plot and Shapiro-Wilk test (p < 0.05) were used to evaluate the distribution of the
data. Besides, non-parametric tests using Kruskal-Wallis one-way analysis of variance

(ANOVA) were employed to compare the differences between the sampling groups.

3.4 Molecular biological analysis

This section provides the detailed procedures of the molecular biological tests applied in
this study, including the pretreatment of different samples, the quantification of bacterial
loads and certain kinds of environmentally relevant ARGs based on qPCR, the analysis
of bacterial community structure based on 16S rDNA sequencing, and the determination
of antibiotic resistome structure based on metagenomic sequencing. All the samples

collected, including the PM2s (March 2016 to May 2017)/soil samples for regional
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comparisons and PMas/sewage/sludge samples in the case study (October to November
2016), were subjected to various biological analyses. Specific analytical assays used for

different samples are provided in Table 3-3 and Table 3-4.

3.4.1 Sample pretreatment

For PM2s samples collected from March 2016 to May 2017 in the PRD, the YRD and
Beijing for the regional study, a quarter of each filter sample was cut out except for that
from the PRD urban site (TH; one eighth of each sample) and the YRD rural site (LS;
half of each sample). A blank filter was treated simultaneously using the same operation
that was used for the samples. The PM.s sample pretreatment followed the well-
developed method proposed by Jiang et al. (2015) with slight modifications. Briefly, after
the filter was cut into pieces if needed (and finally into one-eighth segments), each portion
of the filter samples was sonicated with sterilised 1x phosphate-buffered saline (PBS) in
an ultrasonic bath filled with ice-water. According to He et al. (2021), no significant DNA
degradation was caused by this procedure. Each monthly combined extract was then
filtered through a 0.2-um polyethersulfone (PES) membrane disc filter (47 mm, PALL)
to ensure enough biological material obtained for downstream analysis, although this
option sacrificed the time resolution with the results only indicating the monthly average.
For the remaining PM..s samples from the SCISTW and urban and coastal Hong Kong,
as well as their field blanks, the whole filter of each sample was treated following the
same method as aforementioned, except that the PBS extracts were concentrated on the

membrane disc filter individually by sample.

Soil samples were crushed and sieved to remove stones and other coarse detritus like

plant debris. Sewage, effluent and sludge samples stored at 4 °C during transport were
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treated immediately upon arrival at the laboratory. Influent, flocculation tank sewage, and
sedimentation tank sludge collected from the sludge storage tank (~100 mL) were
centrifuged at 9840 g and 4 °C for 10 min; the supernatant was carefully discarded and
the pellets were kept. The remaining sedimented sludge was fixed with absolute ethanol
ata 1:1 ratio for future use (if needed). For sedimentation tank effluent and de-chlorinated
discharge, 250 mL solutions were filtered through 0.2-pum PES membranes (PALL). All
the samples were preserved at —80 °C before DNA extraction. All the tools, consumables,

and equipment used in this section were sterilised.

3.4.2 DNA extraction

DNA extraction was conducted using the FastDNA SPIN Kit for Soil (MP Biomedicals,
United States) according to the manufacturer’s instructions, except for a modified
purification step involving the use of Agencourt AMPure XP beads (Beckman Coulter,
United States) for PM.s samples (Cao et al., 2014; Jiang et al., 2015). The 0.2-um
membrane disc filters of effluent and PM2s were first cut into pieces, while the sieved
soil, the pellet from sewage and sludge, and the sludge cake sample (around 150 mg)
were directly used as the input for the DNA kit. For each non-PM2 s samples (soil, sewage,
effluent, and sludge), DNA was extracted in triplicate and pooled together to reduce
heterogeneity, which was followed by a further purification step using the DNeasy

PowerClean CleanUp Kit (QIAGEN, United States).

As described in Section 3.4.1, 15 monthly DNA samples of PM2s and one DNA sample
of the field blank in each sampling site for the regional study (TH, CH, and HS site in the
PRD, XW, PK, and LS site in the YRD, and BJ site in Beijing) — together 112 DNA

extracts (105 of PM2s and 7 of control) — were ready for downstream analysis.
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Correspondingly, 12 DNA samples of soil (TH, XW, PK, and BJ) were obtained in total.
For samples from the SCISTW, PU, and HT in Hong Kong, a different strategy was
adopted. PM25s DNA extracts from samples collected in three or four consecutive days
were combined to obtain enough DNA for downstream analysis as well as to minimise
the possible heterogeneity in samples collected on different days. Specifically, combined
DNA samples of PM2 s from 24 to 26 October (period 1) and 27 to 30 October (period 2)
in the SCISTW and HT were gained, respectively, as well as that in PU from 28 to 31
October (period 2), 1 to 2 November (period 3), and 3 to 4 November (period 4). After
that, DNA extracts of non-air samples from the same sites were combined corresponding
to the time division of PM2s samples and based on the daily flow of influent. Due to an
accidental malfunction of the air sampler in FT at period 1 and one of the two samplers
in BF at period 2, as well as the limited project budget, 13 PM2s DNA samples covering
the entire sampling period, 3 DNA samples of the field blank, and 5 sewage/effluent DNA
samples and 2 sludge DNA samples covering around half of the sampling period were
selected for downstream experiments (Table 3-9). All of the DNA extracts were kept at

—80 °C until analysis.
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Table 3-9 List of DNA samples from the SCISTW and urban and coastal areas in Hong Kong for downstream analysis.

Sampling date (2016)

Sample type Location
240ct 250ct 260ct 27 Oct 280ct | 290ct 300ct 310ct 01Nov 02Nov | 03Nov 04 Nov
Flocculation tank FT-P2
Sedimentation tank ST-P1 ST-P2
Sludge storage tank SST-P1 SST-P2
Barge facility 1 BFN-P1
. Barge facility 2 BFF-P1 BFF-P2
Air samples -
Hok Tsui HT-P1 HT-P2
PolyU PU-P2 PU-P3 PU-P4
Blank_SCISTW Blank_SCISTW
Blank_ HT Blank_ HT
Blank PU Blank-PU
Screened sewage (influent) SERaw-P1
Sewage Flocculation tank sewage SEFlo-P1 SEFlo-P2
samples Sedimentation tank effluent EFSed-P1
Final effluent (de-chlorination) EFDechl-P1
Sludge CEPT sludge before centrifuge SluSed-P1
samples Sludge cake collected from truck SluDew-P1
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3.4.3 Absolute quantification of target genes (16S rRNA gene, ARGs, and MGESs) by

gPCR

3.4.3.1 Construction of gPCR standards

Due to the limited amount of DNA extracted from airborne PM2s, 10 genes, including
the 16S rRNA gene serving as an indicator of total bacterial load, six ARGs (ermB, tetW,
gnrS, InuA, blatem-1, and sull), and three MGEs (intl1, tnpA-02, and tnpA-04), were
selected as targets. The choice of the six ARGs encoding resistance to different classes
of antibiotics was based on their prevalence in the surface and atmospheric environments
(Ling et al., 2013; Zhou et al., 2018a). The choice of the three MGEs was based on their
dominance as important genetic vectors for the dissemination of ARGs (Xu et al., 2016b;

Zhou et al., 2019; Zhu et al., 2017a).

To construct standards for absolute quantification by qPCR, targeted genes were firstly
amplified from samples on a Veriti Thermal Cycler (Applied Biosystems, United States)
following the procedures provided by a previous study (Chen et al., 2013a). Briefly, the
PCR mixture in a 25-uL. volume — which contained 12.5 pL Premix Taq™ DNA
Polymerase (TaKaRa, Japan), forward and reverse primers, and a certain amount of
template DNA — was subjected to the following amplification procedure: 5 min at 95 °C;
35 cycles of 15 sat 95 °C, 30 s at the annealing temperature, and 45 s at 72 °C; and a final
extension at 72 °C for another 10 min. The primer sets and the corresponding annealing

temperature used in this study are listed in Table 3-10.

Targeted amplicons were purified using the MEGAquick-spin™ Total Fragment DNA
Purification Kit (iNtRON Biotechnology, Korea), followed by cloning into the

pMD™19-T vectors (TaKaRa), and transformation into Escherichia coli DH5a
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competent cells (TaKaRa). Plasmids containing targeted genes, which were selected by
blue-white screening and extracted by MiniBEST Plasmid Purification Kit Ver.4.0

(TaKaRa), were verified by Sanger sequencing.

67



Table 3-10 Information about the primer sets used in the present study.

Primer Sequence (5" — 3") Annealing temperature (°C) Classification Reference
- 16SrRNAgene  Forward =~ TCCTACGGGAGGCAGCAGT 60  Totalbacteria (Nadkami etal., 2002)
Reverse GGACTACCAGGGTATCTAATCCTGTT
ermB Forward AAAACTTACCCGCCATACCA 60 Macrolide (Chen et al., 2015)
Reverse TTTGGCGTGTTTCATTGCTT
tetW Forward GAGAGCCTGCTATATGCCAGC 62 Tetracycline (Aminov et al., 2001)
Reverse GGGCGTATCCACAATGTTAAC
gnrS Forward GTGAGTAATCGTATGTACTTTTGC 57 Quinolone (Chen et al., 2015)
Reverse AAACACCTCGACTTAAGTCT
InuA Forward TGACGCTCAACACACTCAAAAA 60 Lincomycin (Zhu et al., 2017b)
Reverse TTCATGCTTAAGTTCCATACGTGAA
blarem-1 Forward CATTTTCGTGTCGCCCTTAT 60 Beta-lactamase (Tanetal., 2017)
Reverse GGGCGAAAACTCTCAAGGAT
sull Forward CGCACCGGAAACATCGCTGCAC 58 Sulphonamide (Tanetal., 2017)
Reverse TGAAGTTCCGCCGCAAGGCTCG
intll Forward GGCTTCGTGATGCCTGCTT 60 MGE/Integrase (Luo et al., 2010)
Reverse CATTCCTGGCCGTGGTTCT
tnpA-02 Forward GGGCGGGTCGATTGAAA 60 MGE/IS4 group (Zhu et al., 2017b)
Reverse GTGGGCGGGATCTGCTT
tnpA-04 Forward CCGATCACGGAAAGCTCAAG 60 MGE/IS6 group (Zhu et al., 2017b)
Reverse GGCTCGCATGACTTCGAATC
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3.4.3.2 gPCR detection of target genes

After measuring the DNA concentration using a Qubit 3.0 Fluorometer (Thermo Fisher,
United States) with the Qubit™ dsDNA HS Assay Kit (Thermo Fisher), ten target genes
(Table 3-10) in DNA samples were quantified using the StepOnePlus Real-Time PCR
System (Applied Biosystems). To minimise inhibition, a 10-fold and a 100-fold dilution
were applied to DNA extracts of PM2.sand other non-PM..s samples, respectively, before
the gene quantification. The dilution factor was determined by testing a number of

randomly selected samples.

The gPCR reaction was performed in a 20-pL volume comprising Power SYBR™ Green
PCR Master Mix (10 uL) (Life Technologies, United States), forward and reverse primers,
template DNA (1 uL), and a certain amount of PCR-grade water. The target genes were
amplified according to the following protocol: 10 min at 95 °C; 40 cycles of 15sat 95 °C,
1 min at the annealing temperature — except that qnrS and sull were annealed at 57 °C
and 58 °C for 15 s, respectively — and extension at 72 °C for 45 s. In the end, a melt curve
analysis was conducted to verify the specificity of the primer sets. Primer sets and the
corresponding annealing temperature used in gPCR were the same as that of traditional
PCR (Table 3-10). To quantify the absolute gene copy number in DNA samples, a seven-
point standard curve using 10-fold serial dilutions was run with samples for each gene.
For genes less than the minimum quantifiable copy number (under the current qPCR
conditions) in spiked DNA templates without dilution, their concentrations in the
atmosphere were set as the limit of quantification (LOQ) for subsequent analysis (Table
3-11). In brief, 2-fold serial dilutions of standards down to one copy were tested to

determine the minimum quantifiable copy number, which is also the lowest point of the
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standard curve for each target gene. The LOQ was then calculated according to Equation

3-12.

VDNA sample (HL)
MQCN; (co X
Q l ( py) Vspiked DNA template (UL)

Vsampled air (mg)

LOQ; (copym™) =

Equation 3-12

In Equation 3-12, i represents the target genes for gPCR (16S rRNA gene, ermB, tetW,
gnrS, blarem-1, sull, InuA, intll, tnpA-02, and tnpA-04). MQCN; (copy) means the
minimum quantifiable copy number of a specific gene (i). Vona sampte (ML) and Vspiked DNA
template (UL) are the total volume of DNA eluted in the last step of DNA extraction (100
pL in this study) and the volume of DNA template spiked in gPCR tests (1 pL in this
study), respectively. Vsampled air (M°) refers to the corresponding air volume of PMys
samples used for DNA extraction, which is converted from the total portion of PM2s

filters used for combination in sample pretreatment.

All of the samples, standards, and negative controls (procedural blanks and field blanks)
were run in triplicate, with the efficiency of the amplification ranging from 90% to 105%.
Because the copy numbers of the 16S rRNA gene detected in PM2s samples were at least
two orders of magnitude higher than those in blank samples, contamination caused during
the sampling and DNA extraction procedure could be ignored. The blank samples were

thus excluded from subsequent experiments.

Table 3-11 Minimum quantifiable copy number (QPCR) and LOQ of different target

genes in the current method (normalised to air volume).
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Minimum LOQ (copy m)

guantifiable

Target gene

copy number Regional study (PM25) WWTP study (PM2s)
in gPCR Mean (95% CI) Mean (95% Cl)

165 rRNA gene 400 26.02-86.19 | 5243+282 |871-17.36 | 10.99+1.03
ermB/tetW/qnrs/ 8 0.53-1.72 105+006 | 017-0.35 | 0.22+0.02
blatem-1/sull/intl1

InuAANpA-02/ 40 269862 | 524+028 | 087174 | 1.10+0.10
tnpA-04

3.4.3.3 Assessment of inhalational contribution to the daily intake of bacteria and
ARGs
To assess the relative importance of inhalation to total human exposure to external ARGs,
the human daily intake of the targeted genes via PMas, drinking water, and food items in
urban populations in China (Beijing, the YRD, and the PRD) was estimated, coupled with
the situation in the United States as a comparison, using Equation 3-14, Equation 3-15,
and Equation 3-15, respectively.
Dlpy, . (copy d™') = Concentration (copy m™®) X inhalation rate (m*> d™")
Equation 3-13
Dlgrinking water (copy d™') = Concentration (copy L™)
X ingestion rate (L d™1)
Equation 3-14
Dlyoq (copy d™') = Concentration (copy g~') X ingestionrate (g d™")

Equation 3-15
In the above equations, DI represents the daily intake of targeted genetic elements. The
concentrations of the target genes in urban aerosols are from this project (the PRD, YRD,
and Beijing in China) and references for the United States (Echeverria-Palencia et al.,
2017; Hospodsky et al., 2012). Those in other intake matrices (e.g., drinking water,
aquatic products, and vegetables) are from previous studies (Echeverria-Palencia et al.,
2017; He et al., 2016; Huang, 2014; Shi et al., 2013; Su et al., 2018a; Su et al., 2018b; Xi

71



et al., 2009). The daily inhalation rate was commonly set as 20 m® day™* (USEPA, 1989).
The ingestion rates for drinking water, aquaculture products, and vegetables in China
were 1.6 L day? (1.5-1.7 L day™?), 57.5 g day* (40-75 g day™?), and 400 g day* (300
500 g day?), respectively, according to the Dietary Guidelines for Chinese Residents
(Chinese Nutrition Association, 2016). For U.S. adults, the ingestion rates for drinking
water and aquaculture products (finfish) were set as 2 and 12 g day™?, respectively, as
recommended by the USEPA (1989). These comparisons were based on the assumption

of equal DNA extraction efficiency between matrices across studies.

3.4.4 16S rRNA gene amplicon sequencing

3.4.4.1 Sample preparation and sequencing strategy

In order to compare the regional differences of airborne bacterial community structure,
16S rRNA gene amplicon sequencing was conducted for PM.s samples that were
continuously collected from March 2016 to May 2017 in the PRD, the YRD, and Beijing.
The V3-V4 hypervariable region of the 16S rRNA gene was amplified using KAPA HiFi
HotStart ReadyMix (Kapa Biosystems, United States) with primer pair 341F
(ACTCCTACGGGAGGCAGCAG)/806R (GGACTACHVGGGTWTCTAAT) on a
Veriti Thermal Cycler. Each reaction mixture (25 uL) contained 12.5 uL of KAPA HiFi
HotStart ReadyMix, 200 nM of forward and reverse primers, 5 pL of template DNA, and
a certain amount of PCR-grade water. The amplification procedure was as follows: 3 min
at 95 °C for initial denaturation; 35 cycles of 20 s at 98 °C, 30 s at 55 °C, and 50 s at
72 °C; and a final extension at 72 °C for another 5 min. The targeted amplicons (around
460 bp in length) were then purified using the MEGAQquick-spin™ Total Fragment DNA
Purification Kit and quantified with the Qubit™ dsDNA HS Assay Kit after

electrophoretic separation in a 1.5% agarose gel. Purified amplicons from the same season
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at the same sampling site were pooled on an equal mole basis and sequenced on the
Illumina Miseq platform (2 x 300 bp paired-end run) in the Beijing Genomics Institute
(Wuhan, China). The raw sequencing data were preprocessed using in-house scripts of
the Beijing Genomics Institute. In brief, sequencing reads were truncated if the average
quality score over the sliding window (30 bp) was less than 20. The trimmed reads were
removed if they were shorter than 75% of their original size. Afterwards, the remaining
data were further filtered to remove adapters and reads with ambiguous bases or low
complexity (with 10 same bases consecutively). The clean data acquired were deposited
in the National Center for Biotechnology Information (NCBI) BioProject database
(https://www.ncbi.nlm.nih.gov/bioproject/) with the accession number of PRINA485473.
For soil samples collected in the same urban sites, their DNA extracts were directly sent
to the Beijing Genomics Institute for 16S rRNA gene amplicon sequencing with the same
primer pair and sequencing platform as that of PM2s. The sequencing data were then

subject to the same preprocessing procedure as that of PM2s.

3.4.4.2 Taxonomy annotation and source tracking

The structure of the bacterial community in the samples was characterised by the Basic
Local Alignment Search Tool for nucleotide sequence (BLASTn) (Altschul et al., 1997)
against the Silva SSU database (version 111) with an E-value cut-off of 1e-20
(Mackelprang et al., 2011). The sequences from the BLAST results were assigned to
NCBI taxonomies via MEGAN (version 4.67.5) (Huson et al., 2007) using the lowest
common ancestor (LCA) algorithm with the default cut-off of BLAST bitscore 50 and
10% of the top 50 hits. MEGAN directly classifies sequencing reads into taxonomic bins
without generations of operational taxonomic units or amplicon sequencing variants

(Mitra et al., 2011). In addition, SourceTracker2 (Knights et al., 2011), a quantitative
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method developed based on a Bayesian approach to track the proportion of biological
elements from source environments, was applied as a supplement with default parameters
to estimate the contribution of terrestrial origins (soil/dust) to PM2s-associated bacteria.
The bacterial taxonomy information (genus level) of PM2 s and soil samples were used as
the model input; the PM2s and soil samples were set as sink and source samples,

respectively.

3.4.5 Metagenomic sequencing

3.4.5.1 Sequencing strategy

Unlike the regional studies where the PM.s samples were divided for both chemical and
biological analysis, samples from the SCISTW and urban and coastal Hong Kong were
fully used for DNA extraction (Section 3.4.2) in order to obtain enough DNA amount for
metagenomic sequencing and thus capture the antibiotic resistome. Around 25-100 ng
DNA of each combined sample from these three sites in Hong Kong were sent to Beijing
Genomics Institute for low-input library construction and metagenome shotgun
sequencing on an lllumina Hiseq X Ten platform with the PE150 (2 x 150 bp paired-end
run) strategy. The sequencing data were firstly filtered using fastp (Chen et al., 2018) to
remove reads with low quality, short in length, or with low complexity (--
qualified_quality phred 20; --unqualified_percent limit 40; --n_base limit 5; --
length_required 75; --complexity threshold 30), as well as removing contaminations
from adapters and duplication. After quality control procedures, 432 GB of clean data in
total from 20 samples were obtained and uploaded to the NCBI BioProject database

(https://www.ncbi.nlm.nih.gov/bioproject/) with the accession number of PRINA693982.

74



The rarefaction curves proved that the sequencing strategy applied in this study was able
to capture sufficiently the bacterial community at the genus level and most of the ARG

subtypes (Figure 3-6).
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Figure 3-6 Rarefaction curves of (A) bacterial genera and (B) ARG subtype diversity

analysed using the “vegan” package in R.

3.4.5.2 Bioinformatic analysis

Taxonomy classification and estimation of the relative abundance of bacteria were
conducted in Kraken 2 (Wood et al., 2019) and Bracken 2.5 (Lu et al., 2017) using the
standard Kraken 2 database. Venn diagrams revealing the intersections of bacterial
communities among different samples were drawn using jvenn (Bardou et al., 2014).
ARGs were predicted using the DeepARG online platform (Arango-Argoty et al., 2018)
with default parameters (--identity 50%; --E-value le-10; --coverage 5%; --minimum
probability 0.8). The relative abundance of ARGs normalised to the 16S rRNA gene

calculated by DeepARG was based on Equation 3-16 (Li et al., 2015a).

LARG—like read
LARG reference sequence

n

Relative abundance (ARGs) = Z
T Nigsrpnaread X

NARG—like read X

L16S rDNAread
L16S rDNA reference sequence

Equation 3-16
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In Equation 3-16, n means the number of mapped ARG reference sequences that belong
to a particular ARG subtype; Narc-iike read represents the number of ARG-like reads
annotated to a specific ARG reference sequence; while Larc-like read @Nd LARG reference sequence
mean the length of the specific ARG-like read and the corresponding ARG reference
sequence, respectively. N1ies rona read IS the number of identified 16S rDNA reads, and Liss
rDNA reference sequence Iefers to the length of the 16S rDNA reference sequence (1432 bp used
in DeepARG). According to Li et al. (2015a), the relative abundance of ARGs generated

based on this method could be comparable to that from gPCR.

Afterwards, non-metric multidimensional scaling (NMDS) analysis was conducted to
analyse the differentiation of taxonomy and ARG profile between different sample types
or sampling locations, followed by further identification of the determined biomarkers,
which were determined by a linear discriminant analysis (LDA) effect size (LEfSe)

method (Segata et al., 2011).

To evaluate the co-occurrence patterns of ARGs, MGEs, and human pathogens, clean
sequencing data were then assembled on the MetaStorm platform (Arango-Argoty et al.,
2016) using iterative de Bruijn graph de novo assembler for short reads sequencing data
with highly uneven sequencing depth (IDBA-UD) (Peng et al., 2012). The output
scaffolds were then deposited in the NanoARG platform (Arango-Argoty et al., 2019) for
annotation (identity > 50) of ARGs, MGEs, and putative human pathogens, especially for
ESKAPE pathogens (Enterococcus faecium, Staphylococcus aureus, Kilebsiella
pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, and Enterobacter spp.)
and other WHO priority pathogens (Enterobacteriaceae, Helicobacter pylori,

Campylobacter spp., Salmonellae, Neisseria gonorrhoeae, Streptococcus pneumoniae,
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Haemophilus influenzae, and Shigella spp.) in urgent need of novel antibiotics for
treatment. Meanwhile, the assembled data were uploaded to the online MetaCompare
platform to evaluate the potential horizontal dissemination risks of ARGs, particularly for
their transfer to human pathogens (Oh et al., 2018). This computational software proposed
a conceptual risk score based on the distance in a three-dimensional (3D) space between
the dot of the analysed sample and the dot symbolising the theoretical maximum
resistome risk. The three coordinate axes of the 3D space represented the relative
abundance of scaffolds containing: 1) ARG-like sequences, 2) ARG- and MGE-like
sequences, and 3) ARG-, MGE-, and pathogen-like sequences, respectively. The relative
abundance here was expressed as the number of scaffolds embracing such biological

elements normalised to the number of total assembled scaffolds.

Furthermore, SourceTracker2 (Knights et al., 2011) was adopted with default parameters
to explore the contributions of different putative sources to the airborne bacteria and
ARGs. The data used in source tracking were downloaded from NCBI and MG-RAST
databases and listed in Appendix 1. All the downloaded data were subjected to the same
pipeline of quality control (fastp), taxonomy annotation (Kraken 2 and Bracken 2.5), and
ARG identification (DeepARG) as the SCISTW samples. The taxonomy profile at the
genus level and ARG profile at the subtype level were used as the input for
SourceTracker2, with the PMzs and other non-air samples as sink and source samples,

respectively.

3.4.6 Statistical analysis
NMDS analysis was performed in R (version 3.2.2) using the “vegan” package to capture

the regional differentiation in PM2s-associated bacterial and ARG profiles, as well as
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their differences across sample types; one-way analysis of similarities (ANOSIM),
permutational multivariate analysis of variance (PERMANOVA), and permutational
analysis of multivariate dispersions (PERMDISP) were conducted with 999 random
permutations using the “vegan” package to test the statistical significance; the “ggplot2”
package was used for the visualisation. RDA was performed using CANOCO (version
4.5) and R (version 3.2.2) (“vegan” package) to explore the correlations between
chemical compositions and bacterial communities and between bacterial genera and the

analysed ARGs. Other statistical analyses were conducted in R and GraphPad Prism 7.
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Chapter 4 Chemical Characterisation and Metal-based Health
Risk-oriented Source Apportionment of PM; s across Geographical

Locations in the YRD and PRD

The spatiotemporal variations in PM2s concentrations and chemical compositions were
investigated in the YRD and PRD during a one-year period from March 2016 to February
2017. There were inter-regional differences in PM.s pollution characteristics and intra-
regional disparities with change in land-use impacts from a chemical perspective.
Furthermore, based on the analysis of metal(loid) and bioaccessible metal(loid) contents,
health risk-oriented source apportionment was conducted to pinpoint the major source
contributors of inhalational health risks derived from PM2s-associated metals using a
modified risk assessment model, which considered the speciation and bioaccessibility of

metals.

4.1 Inter-regional and intra-regional comparisons of the concentrations and
chemical composition profiles of PM2s

As a whole, residents in both the PRD and YRD were exposed to polluted air during
almost the entire evaluated year (March 2016 to February 2017) with excessive PM2s
concentrations relative to the WHO guideline value (25 png m for 24-h samples) (Figure
4-1). Most of the highly polluted days in which PM2s concentrations were above the
Grade Il value of the Chinese National Ambient Air Quality Standard (NAAQS) (75 ng
m3 for 24-h samples) fell in spring and winter, indicating seasonal characteristics in PM
pollution. In general, the PM.s concentrations seemed to share similar patterns of
fluctuation within the same region, with the exception of occasional site-specific episodes

of pollution, such as the relatively high PM2s concentrations in the semirural-industrial
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site (HS) in the PRD in winter (Figure 4-1). In terms of the annual average PMas
concentration (Figure 4-2), the HS site (69.0 ng m) in the PRD and the PK site (68.6 ug
m3) in the YRD presented the heaviest air pollution in their respective region. These two
sites under industrial influences showed a significantly higher PM2s concentration
compared with the suburban (CH, 46.7 ug m) and rural (LS, 47.9 ng m) areas, while
the PM_s concentration in the urban sites ranked in the middle (TH, 50.0 pg m=3; XW,
61.1 ug m3). Such discrepancies among different land-use zones likely reveal the
exacerbation of air pollution as a result of anthropogenic activities. When focusing on the
urban sites of these two regions, PM2 s concentrations were 20% higher in the YRD than
in the PRD in terms of annual average values (t-test, p < 0.05), suggesting that urban

residents in the YRD are vulnerable to air pollution exposure.

Echoing the variations in PM2 s concentrations, the inter-regional differences in chemical
composition profiles were more pronounced than the intra-regional ones (Figure 4-3).
There was a higher proportion of WSI relevant to secondary inorganic aerosols (NOs",
S0O.%, and NHs") and a lower proportion of carbonaceous materials (OC and EC)
presumably from combustion activities to the total identified components in the YRD
compared with the PRD. Such regional differentiation had been observed in these two
regions regardless of the land-use type of the sampling locations (Table 4-1) (Du et al.,
2017; Ming et al., 2017; Tao et al., 2017). The inter-regional heterogeneity in the
dominant mass contributors of PM2s (OC/EC and WSI) underscored the regional PM2s
pollution characteristics and the discrepancies in the major source contributors to PM2s

between the two regions.
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Figure 4-1 Spatiotemporal variations in PM2s concentrations at the studied sites in the
PRD (TH, CH, and HS) and YRD (XW, PK, and LS). The red dashed line represents the
WHO guideline value for PM.s concentrations (25 pug m™®) based on short-time

monitoring (24 h), while the grey dashed line is the Grade Il level (75 ug m) for 24-h

sampling according to China’s Air Quality Standard.
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Figure 4-2 Annual average PM2 s concentrations at the studied sites in the PRD (TH, CH,

and HS) and YRD (XW, PK, and LS). Line and error bars represent the mean with the
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95% CI. Non-parametric Kruskal-Wallis tests were conducted in GraphPad Prism 7 (* p
< 0.05; ** p <0.01). The red dashed line represents the WHO guideline value for PM2 s
concentrations (10 pg m™) on an annual average basis, while the grey dashed line

indicates the Grade I level (35 pg m) for annual mean according to the Chinese NAAQS.
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Figure 4-3 Seasonal variations in major chemical components analysed in PM25 in the
PRD and YRD. The pie charts are divided according to the proportion of each analysed
component over the total analysed components regarding their concentrations in PMzs

samples.
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Table 4-1 Comparisons of chemical compositions of PM2 s in the PRD and YRD in different studies (ug m).

Carbonaceous
Region  Location (land-use type) Sampling period . ¥ SO4* WSI (%) Reference
material (%)
Guangzhou (urban) Jan 2014-Dec 2014 48 8.2 4 0.4 3.8 0.7 0.2 2.2 9.3 25.4% 34.6% (Tao et al., 2017)
PRD
Zhuhai (suburban) Apr 2014-Jan 2015 45 9.4 2.6 0.3 3.6 0.4 0.3 2.7 8.1 26.7% 34.2% (Taoetal., 2017)
Shanghai Oct 2013-Jul 2014  94.6 9.89 1.63 -8 8.13 1.28 2.64 18 145 12.2% 47.1% (Ming et al., 2017)
Shanghai 2015 spring 74.38 11.31 2.83 1.87 5.69 0.19 1.27 11.18 8.69 19.0% 38.8%
Nanjing 2015 spring 82.52 11.48 2.65 2.65 7.91 1.52 1.62 16.11  21.39 17.1% 62.0%
Ningbo 2015 spring 68.3 9.86 2.27 2.58 4.17 0.75 1.59 7.41 8.72 17.8% 36.9%
YRD Lin’an (background) 2015 spring 55.18 9.63 2.4 3.19 4.73 0.44 0.63 7.96 2226  21.8% 71.1%
(Du et al., 2017)
Shanghai 2014 winter 102.55 17.93 4.04 1.77 1442 1.48 6.94 25.44 1826 21.4% 66.6%
Nanjing 2014 winter 99.78 14.73 3.85 1.33 12.3 1.35 4,04 16.39 11.72 18.6% 47.2%
Ningbo 2014 winter 97.98 14.38 3.69 2.63 1056  1.03 4.26 16.34 17.03 18.4% 52.9%
Lin’an (background) 2014 winter 83.85 12.17 3.16 2.78 8.55 1.24 2.08 1448  19.29 18.3% 57.7%
2unmeasured
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4.2 Regional comparisons of the characteristics of PM2s-associated metal(loid)s

As a follow-up to the inter-regional and intra-regional comparisons of PM.s chemical
components in the previous section, trace metal(loid)s that might pose significant health
impacts — even though accounting for a relatively low mass percentage of PM2s — were
picked out for further analysis. Considering that trace metals may not all be available for
biochemical reactions after moving into the human body via inhalation, their
bioaccessible fractions extracted by Gamble’s Solution were analysed in the meanwhile
so as to conduct downstream assessments of inhalational health risks. Hence, this section
presents regional comparisons of both the total and bioaccessible concentrations of

targeted metal(loid)s.

4.2.1 Total metal(loid) concentrations

In the PRD, the annual average concentrations of the highly enriched (EF > 100) and
some of the moderately enriched (10 < EF < 100) elements, such as Zn, Pb, As, and Cd,
were significantly higher in the semirural HS site compared with the suburban and urban
sites (p < 0.05) (Figure 4-4A, Table 4-2). Nevertheless, the remaining trace metals, such
as Cu, Cr, Ni, V, Mn, and Co, exhibited the lowest concentrations in the suburban CH
site (p < 0.01) but showed elevated concentrations in the semirural (HS) and urban (TH)
areas. The highest concentrations of Zn, Pb, As, and Cd (regarded as industrial tracers),
which were found in HS, could be explained by the spread of industries containing
electroplating factories and hardware and battery manufacturers in this sampling district.
When comparing the situation in the YRD with that in the PRD, there were noticeable
differences. As an important tracer of anthropogenic sources, such as metal
manufacturing and wear abrasions in transport activities, the Cu concentration was

highest in the PK site, while the concentrations of other highly or moderately enriched
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elements (Cd, As, Pb, Zn, Cr, and Ni) as well as V were either comparable or slightly
higher in the suburban-industrial PK site compared with the urban XW site, but
significantly lower in the rural LS area (p < 0.01). The intra-regional differences in
anthropogenic metal profiles in both the PRD and YRD indicate the spatial heterogeneity
of potential sources of emissions and their contributions to local pollution. In contrast to
some studies conducted in other countries where the decreased metal concentration
faithfully followed the urban—suburban-rural gradient (Hueglin et al., 2005), the highest
concentration of many highly and moderately enriched elements as industrial and urban
signals was found in the semirural site in the PRD and the suburban site in the YRD in
this study. Chan et al. (2006) reported similar trends when targeting other pollutants in
the PRD. This finding can be explained by mixed land use and/or the expansion of
urbanisation and industrialisation to the outskirts of cities, including suburban and even
rural areas in certain regions of China. Furthermore, as mentioned above, the featured
elements were different in the PRD and YRD. On the basis of inter-regional comparisons,
in the PRD there was a high abundance of Ni, which is an indicator of heavy oil usage
(ship emissions in the PRD), and Co in the polluted areas, especially As at the semirural-
industrial site (Figure 4-4A), corresponding to their higher enrichment in this region
(Figure 4-5). By contrast, there was a significant accumulation of Cr, Pb, Cd, and Cu in
terms of absolute concentrations in non-rural sites in the YRD. Such differences are likely
to reflect regionally distinctive patterns of pollution determined by disparities in sources
of emissions and their underlying structure, affecting the risks of exposure to airborne
metals by residents in different regions. In addition, Table 4-2 also provides the previous
metal concentrations in the sampling cities collected from the literature. It was observed
that the concentrations of most targeted metals generally decreased over the years (from

2013 to 2017) in the selected cities in both regions, particularly for the urban sites. Such
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findings are not surprising because of the implementation of the Air Pollution Prevention
and Control Action Plan (State Council of the People's Republic of China, 2013) in China
since 2013. According to the action plan, the PRD and YRD, two of the critical regions
of concern, had undergone a series of pollution source control policies. Major strategies
include progressive changes in energy consumption structure (e.g., substituting part of
coal with natural gas in electricity generation), optimisation of industrial layout (e.g.,
relocating polluting industries, like metallurgical and petrochemical plants, out of town),
reinforcement of vehicular emission control (e.g., implementing the Fifth Stage National
Vehicle Emission Standard), and so on. Although metal is not the target pollutant in the
action plan, the air pollution control policies implemented were also conducive to

reducing PM2s-associated metal concentrations.
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Figure 4-4 Comparisons of the (A) total and (B) bioaccessible metal/metalloid
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concentrations in PM2s in the PRD and YRD region based on annual average figures.
The concentration value of each element was normalised independently prior to plotting
figures in R using the pheatmap package. The original data can be found in Table 4-2 and
Table 4-3. Metals presented here were grouped based on the mean value of the EFs in all

the sampling sites.
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Table 4-2 The average concentrations of trace elements in PM_s in the PRD and YRD in different studies (ng m™).

Sampling Sampling Reference
sites period
Tianhe Urban 2013/9-2014/8 819 74154 1237 256 251 1309 4362 3069 587 7827 966 22855 (Ming, 2017)
Tianhe 2016/3-2017/2 550 49395 439 074 053 1012° 1637 1302 572 2552 479 12731 Thisstudy
Yuexiu 2015/1-2015/12 78 443 10 2 13 28 27 3 59 306  (Lietal., 2016b)
Conghua Suburban 2012-2013 26.2¢ 28.6° 77.2° 224.8*  (Laietal., 2016)

PRD | conghua 2016/3-2017/2  46.7 20629 534 083 027 368 1020 7.34 262 2695 320 9554  Thisstudy
Panyu 2015/1-2015/12 57 285 11 2 3 26 30 3 51 233 (Lietal., 2016b)
Heshan Semirural 2013/9-2014/8 86.1 674.49 7.91 28.74 11741 459 75.66 6.02 29741 (Ming, 2017)
Heshan (industrial) 50163 20172 69.0 30993 1341 144 049 973 2038 1508 542 4261 585 19792 Thisstudy
Gulou Urban 2010/4—2010/9 888 285 608 2003 10402 7173 1340  157.77 362.70 (Huetal, 2012)
Gulou 2013/4-2013/5  100.8 8725 1061  4.36 2614 618 6644 1465 2052 4626 (Lietal., 2015b)
Xuanwu 2013/9-2014/8  97.8 942 604 471 551 1321 247 4716 925  90.87 971 24732 (Ming, 2017)
Xuanwu 2016/3-2016/7  61.1 41179 644 188 029 7746 2099 2179 373 5472 444 21276  Thisstudy

vRD | Pukou Suburban _ 2010/62010/9 1008 333 665 1930 8588 9463 1505 21258 861.25 (Huetal, 2012)
Pukou (industrial) 01217 201356 125 6.3 2.09 2476 2044 5897 81 6737 395 2548  (Qietal, 2016)
Pukou 2016/3-2017/2  68.6 62544 807 234 035 6074 5576 2296 514 7454 756 28356  This study
Xianlin SUburban  2013/42013/5 1231 10481086 494 2662 689 763 1550 2158 5102 (Qi etal, 2016)
Lishui Rural 2016/4 201772 479 39756 511 103 031 4269 1522 1559 279 3332 294 14292 Thisstudy

re-calculated based on the data provided in the article

b conversion based on Cr recovery
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Figure 4-5 EFs of the analysed trace elements (Fe concentration as reference), shown as

their annual average.

4.2.2 Bioaccessibility and bioaccessible concentrations of targeted metal(loid)s

Bioaccessibility varied considerably among the targeted elements (Figure 4-6); this
property refers to the modulation of the fraction of their bulk concentrations that can be
readily available to lung cells in the human body. In general, the targeted elements
exhibited spatially consistent bioaccessibility, with the highest for As (>60%),
intermediate for Cu, Ni, Cd, and Co (20%-60%), and low for Zn, Fe, Cr, and Pb (<20%).
In turn, the spatial trend of the bioaccessible concentrations of these elements followed
that of their total concentrations (Figure 4-4B and Figure 4-6, Table 4-3). In contrast, the
bioaccessibility of Mn and V differed regionally, which was higher (>60%) in the PRD
and lower (20%—-60%) in the YRD. The impact from the regional difference in their total
concentrations (higher in the YRD than in the PRD) was thus offset. Our results are in
agreement with those of previous studies, where As and V had high accessibility and Pb
had the lowest accessibility in variably sized airborne particles in Gamble’s solution
(Wiseman et al., 2014). It is possible that a large portion of the As, V, and Mn in PM25

in this study existed as soluble ions, while the other studied metals were probably in
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refractory or non-dissolved forms. As mentioned earlier, the bioaccessibility of a metal
depends largely on its chemical form only if the properties of the metal are considered.
For example, Pb and Zn tending to be enriched in submicron particles are primarily in the
form of oxides (Labrada-Delgado et al., 2012) and difficult to leach out. This factor may
partially explain the lower bioaccessibility of these two metal elements. Spatially, the
bioaccessibility of most of the metals was consistent between sites within the YRD or
within the PRD, a result that is in agreement with the intra-regional PMas pollution

patterns reflected by the consistent chemical profile across regional scales (Figure 4-3).
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Figure 4-6 Bioaccessible metal concentrations extracted by Gamble’s solution and their
corresponding bioaccessibility (%) in PM2s in the PRD and YRD. The orange box plots
represent the bioaccessible concentrations (left Y-axis), while the blue dots indicate the
bioaccessibility (right Y-axis). The box plots with whiskers cover data from the 10" to
90" percentile. The error bars for dot plots represent the 95% Cl. Non-parametric
Kruskal-Wallis tests were conducted in GraphPad Prism 7 (* p < 0.05; ** p < 0.01; ***

p < 0.001; **** p < 0.0001).
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Table 4-3 Annual average bioaccessible concentrations of metal(loid)s in PM2 in the PRD and YRD.

Bioaccessible concentration (ng m) (mean * standard deviation)

Region  Sites Land-use type
Cr Cu Mn Ni Pb
TH Urban 14.14 +10.70 2.90 +1.96 0.25+0.21 1.30 +£0.39 2.28+254 10.81+4.44  1.83+248 157+1.08 3.41+3.02 21.13+15.35 0.27+0.18
PRD CH Suburban 13.92 +11.62 353+281 0.38+0.40 0.72+0.43 4.85+3.77 5.92 +3.59 1.06+1.1 279+162 1.95+1.97 14.23 +11.86 0.16 +0.14
HS Semirural-industrial ~ 9.57 £7.07 1002+8.14  053+0.76 1.20 +£0.41 7.82+7.07 1027 +4.14  159+0.99 1.79+1.23  4.45%3.80 27.68 +18.33 0.21+0.12
XW Urban 238+294 4.40+292 0.65+0.88 2.65+2.25 11.87+£12.17 9.40+5.87 0.92+0.63 1.28+098 2.61+2.18 9.10+8.94 0.12 £0.09
YRD LS Rural 242 +1.89 3.29+1.37 0.25+0.18 2.35+0.89 5.82+4.28 6.83 £5.29 0.77 £0.35 0.63+0.65 1.45%0.92 556 +7.11 0.10 £0.09
PK Suburban-industrial 4.44 + 3.69 5.38 £6.22 0.86 £ 1.10 3.36 £3.17 20.18 +14.54 12.25+6.93 1.55+1.80 213+196 3.13+2.63 14.05 + 15.16 0.13+0.11
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4.3 Speciation-adjusted risk assessment of metal(loid)s

The inhalational health risks posed by PM2s-associated metal(loid)s were calculated in
all of the sampling sites based on the annual average bioaccessible concentrations for
each targeted element, with a focus on both the CR and NCR for adults. Regarding the
effect potency of different metals, the benchmark from the USEPA, coupled with other
standards, generally correlated with our previous cell-based toxicity assays, with the
exception of Cr and Cu (Figure 4-7A). Of note, the USEPA guidelines for some metals
were based on their most toxic form or on a bulk application in which the disregard of
metal speciation could result in a bias in the risk assessment. The LCF of the XANES
spectra (Figure 4-7B) revealed that the predominant form of arsenic was the less toxic
pentavalent arsenic, which on average accounted for 90% of the total arsenic (As(ll1) +
As(V)) content in the PRD and almost 100% in the YRD. This finding is comparable to
previous observations made in the PRD (Huang et al., 2014a). After modifying the
arsenic-induced CR and NCR based on the above-mentioned speciation information, at
all sites the accumulated CR exceeded the safety limit of 10, ranging from 2.1 x 10®
(suburban CH) to 4.6 x 10 (semirural-industrial HS) in the PRD, and from 3.2 x 10
(rural LS) to 4.8 x 10 (suburban-industrial PK) in the YRD. These data imply the
comparable level of exposure risk for residents in these two regions. If the current
exposure scenarios are sustained, around two to five adults out of every one million in
the population of the PRD and YRD (represented by the selected sites) are at risk of
developing cancer due to lifetime exposures to airborne metals (Figure 4-8A). Without
modifications of the assessment model based on As and Cr speciation, the exposure risk
could be highly overestimated, especially for the carcinogenic risk with an approximate
10-fold overestimation (Figure 4-8A). Among the potentially carcinogenic elements

under consideration, chromium alone posed a cancer risk exceeding the acceptable level
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(10 in all the sampling locations (Figure 4-9), accounting for over 76%-80% of the
total CR in the YRD and 55% in urban PRD. In contrast, arsenic was responsible for more
than half of the total CR (51%—-65%) in the other two sites in the PRD. (Figure 4-8B).
For NCR that was lower than unity at all sites, manganese took the place of chromium as
the predominant contributor, with a risk contribution ranging from 40% at the CH site to
55% at the LS site. The only exception was the HS site, where arsenic became the top
contributor to the NCR (39%). In addition, the lower toxic potencies of Fe and Zn, while
at high concentrations, resulted in negligible cancer risks compared with other elements

(Figure 4-10).
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Figure 4-7 Toxicity potency of metals with regard to their speciation. Panel (A) presents
the correlation (spearman r and p values are shown) between the effect concentration for
reactive oxygen species (ROS) induction (ECirws; units: M) of different metals (Jin et al.,
2019) and the IUR (ug m3)?, as well as the inhalation-relevant RfC (mg m) of various
metals specified in the documents of the USEPA (2018a) and other national standards
(Oosthuizen et al., 2015) that are given in Table 3-8. The ECiry5 data of different metals
used here are based on certain kinds of speciation, i.e., Pb(ll), V(V), Ni(ll), As(V), Mn(ll),

Cr(111), Cd(I1), Fe(111), Cu(ll), and Zn(I1). Panel (B) presents the dominant speciation of
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arsenic in three PM2s samples with high concentrations of arsenic in the semirural-
industrial site (HS) in the PRD and one in the suburban-industrial site (PK) in the YRD,
illustrated by XANES spectra (black solid line). The red dotted lines represent the LCF
results. The spectra of two standards (As(I11) and As(V)) were obtained from a previous

study (Cui et al., 2013).
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Figure 4-8 The CR and NCR posed by PM2s-associated metals in the PRD and YRD.
Panel (A) presents the CR and NCR posed by metals across geographical locations under
different land-use impacts in the two studied regions, based on annual bioaccessible metal
concentrations with modifications according to As and Cr speciation. The box plots with
whiskers cover data from the 10" to 90™ percentiles, with outliers marked by crosses. The
red dashed lines stand for the acceptable risk level for a carcinogen (10°) and the

reference HQ level (1.0) for non-cancer effects recommended by the USEPA. The grey
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box plots show the original assessment results without speciation adjustment. Panel (B)
indicates the relative contributions of various metals to the total CR and NCR in the six

sampling sites.
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Figure 4-9 CR and NCR (presented as the HQ) values from different metals in PMas
based on their bioaccessible concentrations. The red dotted lines represent the acceptable
risk levels for a carcinogen (10) and the reference HQ level (1.0) for non-cancer effects

recommended by the USEPA.
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4.4 Contribution of emission sources to metal-induced health risks

To link the emission sources to the consequent health risks, two urban sites (TH in the
PRD and XW in the YRD) and the two sites with strong industrial impacts (HS in the
PRD and PK in the YRD) were selected in this section for further study. Source
apportionment of PM2s based on the chemical components, especially for trace metals,
was deployed using the PMF model. Afterwards, the health risk posed by each metal
calculated in Section 4.3 was individually assigned to different source categories
according to the source-resolved metal profiles identified by PMF to obtain the source-
resolved risk profiles. Detailed interpretations of the PMF results (e.g., identification of
emission sources on the basis of their chemical fingerprints), as well as the regional
comparisons and urban—industrial contrast of the major source contributors of metal-

derived risks via PM_ s inhalation, are entirely given as follows.

4.4.1 ldentification of emission sources of major chemical components in PM2, with
a particular focus on trace metals
In the PRD, six source factors were identified in both urban TH and semirural-industrial

HS, as shown in Figure 4-11A and Figure 4-11B. The first factor with high amounts of
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crustal elements, including Al, Fe, Ca, Mg, Mn, and Co, and the presence of some other
trace elements, was identified as fugitive dust from soil, construction, and possibly
industry. This factor accounted for 25.0% and 20.3% of the total PM2s mass
concentration in TH and HS, respectively. The second factor could be secondary nitrate
formation — given the dominance of nitrate and ammonium — which contributed 18.6%
of the particle concentration in TH and 17.8% in HS. The third factor appeared to
represent the use of heavy oil by trucks and ships, considering the relatively high
abundance of V and Ni and the existence of OC and EC. In view of the relatively high
loads of Cu and Zn that are usually from friction braking of vehicles, Cr from decorations,
and a certain amount of carbonaceous materials, the fourth factor in TH was distinguished
as vehicular emissions. The former two factors in TH and the third factor in HS
representing the emissions from traffic and transportation resulted in 26.4% and 14.5%
of the PM2s mass in TH and HS, respectively. The fifth factor in TH and the fourth factor
in HS — denoted by high loads of Na*, CI', and a certain amount of other WSI, could be
sea salt (12.2% in TH and 9.3% in HS of PM25 mass concentration). The sixth factor in
TH and the fifth factor in HS were dominated by trace metals like As, Cr, Pb, Zn, and Cd,
OC/EC, which were attributed to coal combustion and waste incineration, K* as a marker
of biomass burning, and a high abundance of SO.%. This factor was thus identified as a
mix of non-traffic combustion (coal, waste, and biomass) and secondary sulphate, which
accounted for 17.8% and 22.8% of PM2s mass in TH and HS, respectively. The last factor
in the HS site — with various kinds of heavy metals, but with low abundance of carbon —
could be industrial emissions (15.4% of PM. ), because of the locally rapid developments
of hardware and electroplating industries and manufacture of transport equipment and

home appliances.
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There were also six source factors classified in the urban XW and industrial PK sites in
the YRD (Figure 4-11C and Figure 4-11D). Analogous to the analysis in features of
source profiles in the PRD, the first to fifth factors in the urban XW site were identified
as fugitive dust (17.1% of the PM2s mass concentration; Al, Ca, and Mg enriched),
secondary aerosol formation (31.5%; high abundance of NH4*, SO4%, and NO3"), fuel oil
usage (11.6%; denoted by Ni and V), vehicular emission (7.8%; high load of Cu, coupled
with Pb, Zn, and carbonaceous materials), and combustion and incineration activities
(22.1%; coal, waste, and biomass burning; denoted by carbonaceous materials, K*, CI,
and a series of heavy metals). By contrast, the last factor distinguished as industrial
emission (10.0%) was characterised by high Mn, Fe, and Cr loads, which is reasonable
due to the existence of certain steel plants in Nanjing in the YRD. In general, the resolved
source profile in the industrial PK site is similar to that in the urban XW site, despite the
inconsistency in PM2s contributions from different sources. The contributions to PMas
of the aforementioned six major sources in PK in sequence were 23.2%, 30.9%, 8.2%,

12.5%, 18.1%, and 7.1%, respectively.
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Figure 4-11 Resolved source profiles of major chemical components in PM_s for: (A)
the urban TH site in the PRD, (B) the semirural-industrial HS site in the PRD, (C) the
urban XW site in the YRD, and (D) the suburban-industrial PK site in the YRD. The
coloured bar represents the percentage of certain species contributed by different sources
(left Y-axis), while the circle indicates the corresponding concentration of species that

originated from these sources (right Y-axis). Error bars represent the 95% CI estimated
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4.4.2 Source-resolved metal-induced risk profiles based on PMF results

First, for better spatial comparisons, sources identified in Section 4.4.1 with analogous
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attributes were combined and finally condensed into a total of five sources: fugitive dust

and sea salts, industrial emissions, traffic emissions (vehicular emissions and fuel oil

combustion by trucks and ships), non-traffic combustion (coal combustion, biomass
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burning, and waste incineration), and the formation of secondary aerosol (secondary
sulphate, nitrate, and OC). The three typical anthropogenic sources, namely traffic
emissions, non-traffic combustion, and industrial emissions, contributed a similar share
(~50%) of the PM2s mass concentration in both the YRD and PRD. However, the
contribution of these sources to the mass concentration of risk-inducing metals differed
between the two regions (<50% for the YRD and >75% for the PRD) (Figure 4-12B and
Figure 4-13). The non-traffic combustion identified in the TH and HS sites was partially
mixed with secondary sulphate, thus leading to an overestimated contribution to PMas
mass from non-traffic combustion and an underestimation from secondary aerosols to
some extent in these two sites. Nevertheless, there was a negligible influence on the
source-resolved profile of trace metal mass and metal-induced risks, because the metal
contribution from secondary sulphate could be relatively low. For both the CR and NCR,
the source-resolved contribution was regionally distinct between the YRD and PRD, and
relatively consistent between sites of different land use within each region (Figure 4-12A
and Figure 4-13), reiterating the regional patterns of pollution. In the PRD, the first three
largest source contributors to the CR were traffic emissions (44%-47%), non-traffic
combustion (37%-39%), and industrial emissions (0%—12%). By contrast, there was an
elevated contribution from industrial activities to the CR in the YRD (28% in XW and
40% in PK); this factor ranked first among the source contributors in suburban-industrial
PK and contributed comparably with traffic emissions (35%) and non-traffic combustion
(34%) in urban areas. With regard to the NCR, the risk-based source profile appeared to
be similar to the mass-based source profile of risk-posing metals (Figure 4-12). Traffic
emissions (39% in TH and 31% in HS) and non-traffic combustion (22% in TH and 26%
in HS) remained the predominant contributors to the NCR of metals at most of the sites

in the PRD, the only exception being urban TH, where fugitive dust and sea salts (35%)
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outranked non-traffic combustion. In the YRD, the major source contributor to the NCR
was non-traffic combustion activities (43% in XW and 52% in PK), followed by
comparable contributions from traffic and industrial emissions. The regional differences
in source-resolved metal mass/risk profile reflected the different industrial and energy
structures. For example, coal consumption was greater in the YRD than in the PRD
(National Bureau of Statistics of China, 2014), resulting in a greater share of non-traffic
combustion activities in the mass concentration and the NCR of metals in the YRD.
Previous studies had demonstrated that industrial coal combustion accounted for the
considerable metal-induced health risks in another industrial city (Foshan) of the PRD
(Zhou et al., 2018c) and identified coal combustion and traffic emission as the most
dominant sources of health risks posed by metals during wintertime PM2s episodes in
Beijing (Huang et al., 2018). More importantly, these studies highlight the significant
discrepancies between mass concentration-oriented and health risk-oriented source
apportionment of PM_s-associated metals. Such discrepancies were also observed for
other toxic components, such as polycyclic aromatic hydrocarbons (PAHSs) in urban
Nanjing (Zhuo et al., 2017), with the disproportionate contribution to mass profile and
risk profile by each source category. These findings prompted us to rethink the current
framework of mass concentration-oriented source apportionment and emission reduction
for PM2s pollution. Given that dominant mass fractions (e.g., NOs and SO4%) are not
necessarily toxicologically relevant, there is an imminent need for identification of key
toxic components and associated sources to support health risk-oriented source

apportionment and mitigation strategies (Li et al., 2019b).
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4.5 Summary

This chapter presented the results from investigating the PM2 s pollution between the PRD
(south China) and YRD (east China), represented by selected typical cities in each region,
from a chemical perspective. An overall comparative picture of regional patterns of PM2s
chemical compositions — particularly for the associated metals, as well as their variations
affected by land-use types in the selected cities in these two studied regions — was
provided. By incorporating bioaccessibility and speciation information of metal elements
into health risk assessments, this study tried to assign the metal-induced risks, which were
based on the bioaccessible metal concentrations, to various emission sources according
to the source apportionment result resolved by the PMF model. The major findings of the

current chapter are listed as follows.

1. Both the PRD and YRD were subject to PM2s pollution (>25 pug m standardised by
the WHO) during almost the entire sampling period, with a clear seasonal characteristic
that most of the highly polluted days fell in spring and winter. Within each region, there
was an increasing trend in PMazs concentration from suburban (PRD)/rural (YRD) to

urban and industrial areas.

2. There were different regional patterns of PM.s chemical composition profiles in the
two studied regions, in contrast to the less pronounced intra-regional variations. Briefly,
there was a higher proportion of WSI relevant to secondary inorganic aerosols (NOs",
S0O.%, and NH4*) and a lower proportion of carbonaceous materials (OC and EC),
presumably from combustion activities to the total identified components, in the YRD

compared with the PRD.
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3. The particulate trace metal profiles reflected the land-use impacts within each region,
with the highest concentrations of anthropogenically enriched metals (e.g., Zn, Pb, As,
and Cd in the PRD and Cu in the YRD) at the industrial sites, a comparable or slightly
lower concentration in urban sites, and a decreased concentration in the rural areas. Such
intra-regional differences in anthropogenic metal profiles indicate the spatial

heterogeneity of potential sources of emissions and their contributions to local pollution.

4. Except that Mn and V presented a higher bioaccessibility (>60%) in the PRD and lower
bioaccessibility (20%-60%) in the YRD region, the bioaccessibility of most of the other
targeted elements generally exhibited a spatial consistency, with the highest for As
(>60%); intermediate for Cu, Ni, Cd, and Co (20%—-60%); and low for Zn, Fe, Cr, and Pb
(<20%) in both regions. In other words, the spatial trend of the bioaccessible
concentrations of these elements followed that of their total concentrations. In addition,

As(V) was the predominant arsenic species in both regions according to XANES analysis.

5. The metal-induced CR was generally comparable between the YRD and PRD. By
applying model modification, the overestimation from the traditional model could be
better controlled. In general, chromium was the dominant contributor to the total
excessive cancer risks posed by metals except for the non-urban sites in the PRD affected
more by arsenic, whereas manganese accounted for a large proportion of the NCR in the
selected cities in both regions (within safety value). There was an elevated contribution
from industrial emissions in the YRD sites, while traffic emissions and non-traffic
combustion (coal/waste/biomass burning) were the common dominant sources of the CR

and NCR posed by metals in both regions. It indicated the primary sources to be
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controlled for the mitigation of metal-induced risks in the two regions. Meanwhile, the

metal risk-based source profile shifted from the metal mass-based source profile.

In summary, this chapter presented the regional differentiation of PM.s pollution in the
PRD and YRD based on the observations in selected cities in these two regions, from the
characterisation of chemical compositions, to the identification of their potential emission
sources, and then the determination of source-resolved contributions to metal-induced
health risks via PM2 s inhalation. The incorporation of metal speciation information in this
chapter further highlighted the importance of model modification based on speciation
distribution in risk assessment studies to control bias better. However, the ratio of Cr(l1l)
to Cr(V1) used in this study was based on the assumption from the USEPA,; it prompts us
to look for robust methods for metal speciation identification in air samples to further
reduce errors. Nevertheless, the current quantitative connection between the major source
categories and the resultant health risks of the key metal content in PM_ s still somehow
provides practical implications for the precise mitigation of targeted sources and metal
components to alleviate the consequent health risks adaptive to site-specific scenarios.
The differentiation in source contribution profiles between metal mass concentration and
metal-induced risk further urges us to think about the situation extrapolated to the whole
PM2s. The risk-based source profile of the whole PM2 s is very likely to significantly shift
from its mass concentration-based source profile. This inference indicates the need for a
paradigm shift on PM2s pollution mitigation from mass concentration-based source
control (e.g., sources of SO4*, NOs, and NH4") to risk-oriented source control. However,
only the chemical proportion of PM2s was discussed in this chapter. For an integrated
risk assessment, it is still required to investigate the biological counterpart, which may

also pose considerable health impacts but lacks extensive exploration. Therefore,
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biological analysis of PM.s samples from the same sampling sites in the PRD and YRD,
including the bacterial community and the associated genetic pollutants like ARGs, will
be conducted in the next chapter (Chapter 5) to provide a relatively comprehensive
portrait of PM2s pollution in these two regions with an integrated characterisation from
both chemical and biological perspectives. Meanwhile, a temperate site will be added as
a supplement to explore the climate impact on the geographical distributions of biological
components in PMzs. Further in Chapter 6, there will be a focus on the contribution of

potential sources to the PM2s-associated bacteria and ARGs.
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Chapter 5 Biological Components of PM;s, from Associated

Airborne Bacteria to ARGs in the YRD and PRD

Following up on the chemical investigations in Chapter 4, the same batch of PMa2s
samples (March 2016—February 2017) and an additional batch extending to the next
quarter (March—May 2017) in the YRD and PRD were subject to biological analysis in
this chapter, including bacteria and ARGs, some of which can be potential environmental
and biological hazards. In brief, to shed light on the geographical fingerprints of airborne
bacteria and antibiotic resistance relevant to fine particulates, spatial and seasonal
variations in the total loads of PM2s-associated bacteria — and certain kinds of the
common ARG subtypes (e.g., ermB, tetW, gnrS, InuA, blatem-1, and sull) and MGEs (e.g.,
intl1, tnpA-02, and tnpA-04) — were explored based on gPCR, as well as the bacterial
community structure using 16S rRNA amplicon sequencing approach. Meanwhile, an
urban site (Beijing) in the temperate zone in China was used as a comparison for
discussion of climate impacts. Furthermore, the daily intake of ARGs and bacteria via
inhalation was compared to other exposure pathways (e.g., drinking water and food

ingestion) in different locations, thus addressing site-specific exposure risks.

5.1 Regional differences in PMzs-associated bacterial loads and community
structure

5.1.1 Intra-regional urban-rural contrast of PM_s-associated bacterial loads
Intra-regional comparisons of total bacterial loads associated with PM s were conducted
across land-use transects in the YRD and PRD (Figure 5-1). In the YRD, seasonal
variations in the absolute concentrations of the 16S rRNA gene (a well-verified indicator

of bacteria) were most pronounced at the rural LS site, with an evident decrease in the
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winter season and a rapid recovery in the following spring. This pattern contrasts with the
less distinct seasonal fluctuations in the urban XW and industrial PK sites. Similarly to
the situation in the YRD, the most significant variations in airborne bacterial loads were
in the semirural HS site of the PRD, but the differences decreased from semirural to
suburban and urban sites. With intense anthropogenic activities in urban areas,
contributions of natural sources (e.g., vegetation) to the airborne microbes were likely
replaced by those from anthropogenic sources (e.g., WWTPs, composting facilities, and
livestock farms) that are more stable across seasons, thus flattening the seasonal rhythms
of bacterial loads observed in (sub)urban and industrial areas. The intra-regional patterns
of airborne bacterial loads seemed not to correspond to the spatial variations in chemical
pollutions across sites under different land-use impacts illustrated in Chapter 4. PMazs
concentrations may not be a critical factor regulating the spatiotemporal dynamics of the
airborne bacteria therein, as the abundance of the 16S rRNA gene did not correlate with
the concentration of PM2 5 across the studied regions (Figure 5-2A). Given that a bacterial
genome has on average 4.2 copies of the 16S rRNA genes (Vétrovsky et al., 2013) and a
bacterial cell is around 1072 g in weight (Elert, 2009), the bacterial content accounted for
less than 0.05% of the PM2.s concentrations (Figure 5-2B). It might be worth mentioning
that some single-copy marker genes in bacteria (e.g., rpoB) are promising to be used in
the future for a better estimation of bacterial cell concentrations in case the accuracy is
verified (Ogier et al., 2019). Returning to the previous point, the differentiation of the
regional pattern between the chemical and biological constituents in PM2s implies that
these two kinds of compositions might originate from distinct emission sources.
Therefore, it was not surprising that although the HS site in the PRD suffered from certain
industrial influence, as noticed in Chapter 4, the bacterial changes seemed to be affected

more by the semirural characteristics, such as a high level of vegetation coverage. Hence,
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in the following discussions of the biologically relevant contents, HS is mentioned as a

semirural site.
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Figure 5-1 Intra-regional rural-urban contrasts of PM.s-associated 16S rRNA gene
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5.1.2 Inter-regional comparisons of PMs-associated bacteria in urban areas

When focusing on the urban sites, the absolute abundance of the 16S rRNA gene seemed
to be relatively consistent over the sampling period, with narrow fluctuations constrained
to one order of magnitude (10° to 10* copy m™) in both the YRD and PRD. By contrast,
the seasonality of the total bacterial load was more apparent in an urban Beijing site
located in the North Temperate Zone, where the absolute concentration of the 16S rRNA
gene declined from spring to winter by nearly three orders of magnitude and recovered in
the following spring (Figure 5-3). Zhen et al. (2017) reported a similar seasonal trend of
the bacterial concentrations in TSP in urban Beijing, and other authors have noted a larger
span of airborne bacterial loads in different sampling time under a broader geographical
comparison within the North Temperate Zone (Gao et al., 2017; Wei et al., 2019; Xu et
al., 2019) (Figure 5-4). It was thus speculated that the relative consistency of airborne
bacterial loads over seasons in the urban YRD and PRD in contrast to the dramatic
changes in urban Beijing — which also corresponded to fewer seasonal variations of the
bacterial community structure (at the phylum level) in the PRD and YRD (Figure 5-5) —
could be partly due to the climate impact regarding their geographical locations. More
specifically, local sources such as soil and vegetation might be more critical influential
factors that drove the abundance of ambient airborne bacteria (Bowers et al., 2013;
Bowers et al., 2011b). For example, the phylum Cyanobacteria, which is partially derived
from plants and soil/dust, dropped from 24% of total bacteria in the spring (8.5 x 10*
copies m3) to less than 1% in the winter (3 copies m) and recovered to 47% in the next
spring (6.3 x 10* copies m?) in urban Beijing (Figure 5-5). Du et al. (2018) reported
similar trends in Beijing: the relative abundance of Cyanobacteria/Chloroplast dropped
from the spring (32%) to the winter (2%) in the identified PM2s-associated bacteria. By

contrast, the relative abundance of the phylum Cyanobacteria varied less among seasons
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in the subtropical YRD and PRD (Figure 5-5). In addition, contributions from terrestrial
origins (here referring to soil and dust) predicted by SourceTracker2 exhibited a
corresponding seasonal change in the Beijing site, with a high input from soil/dust in the
spring — when dust storms frequently occurred — but significantly decreasing input in the
winter when the surface soil was likely to be covered by snow. On the contrary, the
contribution from this source in the YRD and PRD was relatively consistent across
seasons (Figure 5-6). All the above-mentioned observations provide evidence of the
seasonal dependence of vegetative and other terrestrial contributions to airborne bacteria,
typically in the temperate regions due to the distinct climate features, whose impact is

likely to conceal the effect arisen from human activities in urban areas.
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Figure 5-5 Spatiotemporal patterns of PM2s-associated bacterial communities at the
phylum level in the YRD and PRD in the subtropical zone, compared with bacterial

communities in Beijing (the temperate zone).
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Figure 5-6 Seasonal variations in the contribution from terrestrial sources (soil/dust) in

different sampling sites predicted by SourceTracker2.

5.1.3 Relationship between chemical components and bacterial community
structures in PMzs

Previous studies indicate that chemical pollutants in the atmosphere could also pose
effects on airborne bacterial loads and community structures, although the influence of
this factor might not be as significant as that of emission sources and
climate/meteorological conditions. To explore the possible linkage between the chemical
and biological compositions of PM2s, RDA was conducted in the YRD and PRD (Figure
5-7). Based on the analysis, OC in the YRD and CI" and NOs" in the PRD could be the
relatively important factors among the carbonaceous and ion components to influence the
airborne bacterial communities in these two regions. Such components were found as
nutrients to promote bacterial growth in the atmosphere (Zhang et al., 2019c). Apart from
the effect of possible nutrients, the changes in airborne bacterial communities in both

regions could also be relevant to crustal elements. For example, a high proportion of the
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most abundant bacterial genera seemed to be correlated to crustal elements, including Al,
Fe, and Ca; this finding indicates that these genera might originate from the same source
of crustal elements, such as soil and dust. This result reiterates the source contribution
from soil/dust predicted by SourceTracker2. However, only around 19% of the variance
in bacterial community structures in the YRD and 27% in the PRD can be explained by
the analysed chemical components, as revealed by the adjusted R? in the RDA results.
There is still a large proportion of variance that fails to be well explained by the current
known factors. Furthermore, there is no denying that the biological effects (e.g., bacterial
interactions), which was not considered in RDA, could also influence the model results.
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Figure 5-7 RDA reveals the relationship between the bacterial community and chemical
compositions in PM2s (999 permutations, *p < 0.05). Here only the top 20 bacterial
genera were used for analysis. The “adjusted R?” on the figures represents the proportion
of variance explained by the explanatory variables (chemical components) in the total
variance of response variables (bacterial taxa). The percentage marked in the axis means
the proportion of variance explained by the certain RDA component in the total explained

variance.
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5.2 Regional fingerprints of ARG profiles with relevance to potential hosts

5.2.1 Regional comparisons of the concentration and composition of PMzs-
associated ARGs

The annual average concentrations of the total analysed PM:s-associated ARGs were
generally highest in the (semi)rural areas and gradually decreased in the other two sites
under different land-use impacts in the selected cities within each region. This trend was
incredibly pronounced in the PRD across the semirural-urban—suburban transect (Figure
5-8A). However, similar levels of PM2s-borne ARG content were found among the urban
sites in the PRD, the YRD and Beijing, indicating that the annual levels of airborne ARGs

were relatively consistent across different regions in human-impacted areas.

Echoing the disparities in airborne bacterial communities at the genus level (Figure 5-9A),
the corresponding ARG profiles exhibited different regional patterns among the PRD, the
YRD, and the urban Beijing site (Figure 5-10). Unlike InuA dominating in the detected
PM2s-associated ARGs in Beijing, InuA and sull collectively played a leading role in the
PRD. By contrast, ermB had the dominant position in the YRD, except in the urban area,
where blarem-1 was as dominant as ermB. Regional differentiation in airborne ARG
profiles related to airborne fine particulate matter was also demonstrated by the NMDS
and PERMANOVA test based on the Bray—Curtis dissimilarity (Figure 5-9B, Table 5-1)
with tests of dispersion effects by PERMDISP (Table 5-2). It was found that the ARG
profiles, as well as the bacterial community structures, were significantly different among
regions with no obvious dispersion effects. Recently, the terrestrial resistome in natural
environments has been found to differ between temperate and subtropical regions and to
be regulated by plants and soil bacterial communities (Hu et al., 2018a). As an important

source of atmospheric bacteria and ARGs, soil with different resistomes among the
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regions might play a prominent role in the formation of regionally different airborne ARG
profiles. However, the differentiation of the detected ARG profiles between the PRD and
YRD sampling sites within the subtropical zone likely hints at a significant influence
from other more anthropogenically relevant emission sources with regional
characteristics independent from climate impact to some extent. In contrast to the regional
disparities, the annual average ARG profile within a region, based on limited detected
subtypes, was generally less diverse; this finding suggests that the regional impacts could

overwrite local influences.

The seasonality of the relative abundance of the detected airborne ARGs is presented in
Figure 5-11. In short, the relative abundance of ARGs normalised to the 16S rRNA gene
indicates the proportion of ARB in the total bacterial community, if it is given that one
ARB only carries one ARG. Overall, except for the rural LS in the YRD — where the
relative abundance of ARGs evolved from spring to winter along a seasonal cycle — the
seasonal contrast of most of the predominant airborne ARGs was not distinct (variations
within one half to one order of magnitude) in all the remaining sampling sites. In turn,
variations in concentrations of most ARGs were likely to follow the general changes in
total bacterial loads. These findings suggest either that the dominant emission sources of
airborne bacteria were also the major contributors of airborne ARB or that both the major
emission sources of total airborne bacteria and ARB were subject to similar regulations
by certain factors. However, to determine the specific reasons, further studies are
warranted regarding the potential sources of airborne bacteria and ARGs as well as the

regulatory processes they undergo in the atmosphere after escapes from emission sources.
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Table 5-1 PERMANOVA (Bray—Curtis dissimilarity) test results of the regional

differentiation in bacterial and ARG profiles (*Pr < 0.05; **Pr < 0.01; ***Pr < 0.001).

Bacteria ARGs
Group R? Pr(>F) Group R? Pr(>F)
PRD/YRD 0.0598 0.098 PRD/YRD 0.1735 0.001™"
PRD/BJ 0.1369 0.022" PRD/BJ 0.1775 0.001™"
YRD/BJ 0.1080 0.040" YRD/BJ 0.0483 0.030"
All 0.4280 0.001™ All 0.1945 0.001™"

Table 5-2 PERMDISP test (“betadisper” and “PERMUTEST” function in the “vegan”
package) on the dispersion effects in NMDS analysis of regional differentiation in
bacterial and ARG profiles. For the pairwise comparisons, observed and permuted p-

value are presented below and above diagonal, respectively.
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Bacteria ARGs

Permutation Pr(>F) Permutation
Pairwise comparisons Pairwise comparisons
Group BJ PRD YRD Group BJ PRD YRD
BJ 0.8790 0.1270 BJ 0.2590 0.3460
PRD 0.8707 0.0390 PRD 0.2471 0.4960
YRD 0.1338 0.0408 YRD 0.3469 0.5034
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Figure 5-11 Seasonal variability of relative abundance of airborne ARGs normalised to

the 16S rRNA gene.

5.2.2 Relationship between airborne bacteria and the detected ARGs
RDA was conducted to explore the relationships between airborne bacterial genera and
ARGs. Despite the regionally divergent bacterial communities, there may be a limited

number of core taxa members that could be potential ARG hosts, as suggested by the
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association between the currently analysed ARGs and specific bacterial genera
independent of seasons and land-use types (Figure 5-12). The relative compositions of
these potential hosts within the airborne bacterial community of each region may explain
the regionally specific signature of ARG profiles (as discussed above). In addition, there
were significant positive correlations between most of the analysed ARGs and between
most of the bacterial genera (Figure 5-13), suggesting the co-abundance relationship
between the ARGs and between the bacterial genera. Therefore, the RDA should be
interpreted with caution due to potential co-correlation between ARGs and bacterial
genera. Nevertheless, it is still worth noting that some of the identified bacterial genera
significantly associated with the analysed ARGs, such as Acinetobacter, Burkholderia,
Clostridium, Sphingomonas, and Staphylococcus, include certain clinically important
pathogenic species. However, some environmental bacteria harbour intrinsic resistance
to endogenous or naturally occurring antibiotics (Allen et al., 2010). For example,
Pseudomonas aeruginosa has high intrinsic resistance in the presence of a -lactamase-
encoding gene on chromosomes, in addition to its outer-membrane barrier and the efflux
pumps (Hancock et al., 2000; Okamoto et al., 2001). These natural resistance mechanisms
have also been discovered in other species like Burkholderia pseudomallei, Burkholderia
cepacia, and Stenotrophomonas maltophilia (Poole, 2001). It is therefore imperative in
future studies to distinguish intrinsic and acquired resistance and ascertain the mobility
of ARGs as well as the identities of ARG-carrying bacteria (pathogen or non-pathogen)
in PM2s. Moreover, a recent study, which reanalysed some rare PM3 s metagenomic data
from Beijing, pointed out that the 24-h fine particles could harbour a high diversity of
ARGs from around 40 subtypes in non-polluted days to over 90 subtypes in hazy days
(Hu et al., 2018b). This result suggested that the targeted ARGs in this study, though

involving six ARG types, could cover less than 7% of the ARG subtypes in PM2s at a
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conservative estimate. All the issues mentioned above prompt us to try metagenomic
sequencing in future research for a better understanding of airborne antibiotic resistome

and its health relevance.
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5.3 Enrichment of ARGs and MGEs in PM25 in the studied regions

Integrons and transposons are important MGEs responsible for the dissemination of
ARGs in the environment. In this study, intl1 and tnpA belonging to the 1S4 or IS6 group
were widely detected in all the sampling sites. The absolute abundance of the total
analysed MGEs generally varied against land-use types and spanned two orders of
magnitude considering all sites in the YRD and PRD (Figure 5-8B). When turning to the
urban areas, the YRD exhibited a significantly lower annual mean compared with urban
PRD and Beijing (p < 0.05). The differences in MGEs concentrations possibly imply
spatially and temporally different prospects for the potential of HGT in the atmospheric
environment. In addition, there were significant correlations between the relative
abundance of the total analysed ARGs and MGEs normalised to the 16S rRNA gene
across most of the land-use types, with the exception of insignificance at the industrial
and urban site of the YRD (Figure 5-14). These findings point to a co-occurrence pattern
of ARGs and MGEs prevalent in the atmosphere. It should, however, be noted that the
co-abundance of MGEs and ARGs does not necessarily mean the occurrence of HGT.
Future studies are warranted to verify the mobility and transferability of these ARGs and,
if so, to elucidate the genetic context (e.g., types of MGEs) underlying the transfer

mechanism (e.g., plasmid-mediated conjugative transfer).

The relative abundance of ARGs normalised to the 16S rRNA gene and intl1 normalised
to cell numbers based on metagenomic sequencing was previously found to increase from
natural environments to engineered systems and human and animal excreta samples
(Figure 5-15 and Figure 5-16). This trend coincides with an increase in the level of
anthropogenic impacts to exert selective pressure for the development of antibiotic

resistance (Li et al., 2015a; Ma et al., 2017). However, the relative abundance of ARGs
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and MGEs in outdoor PM2 s seemed to break this trend. The median relative abundance
of ARGs detected in PM2s samples is comparable to that in wastewater systems, with
variability covering the entire span of all other sample types (Figure 5-15). This was also
the case for the PM2s-associated intl1 (Figure 5-16). The qPCR analysis used in this study
only targeted a limited set of ARGs, whereas all of the identifiable ARG or ARG-like
sequences in the other three groups of matrices based on metagenomics were included in
this comparison. Therefore, the relative abundance of total airborne ARGs could be even
higher. In addition, considering soil, wastewater, and faeces to be potential sources of
airborne bacteria and ARGs (Bowers et al., 2011a; Bowers et al., 2011b; Joung et al.,
2017; Li et al., 2016a), the large variability in the relative abundance of ARGs in the
PM2s samples is an indication of the mixing effects of these surface sources. The current
findings reaffirm the importance of the atmosphere as a potential gateway for surface
sources of ARGs and as a key transmission route for human exposure. Future
investigations of airborne ARGs in the vicinity of typical surface sources coupled with
atmospheric dispersion modelling are warranted to identify their contribution to the

ambient airborne ARGs.
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Figure 5-14 Relationships between ARGs and MGEs in PM2 s across the studied sites.
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adapted from Ma et al. (2017) (Copyright 2017 American Chemical Society). In (A), intl1
was identified based on metagenomic sequencing, while in (B) the gene was quantified

by gPCR in the current study.

5.4 Human exposure to environmental ARGs from inhalation and other pathways
in the YRD and PRD

The contribution of PMa2s exposure to the total daily intake of ARGs from various
pathways varied between the YRD and PRD (Figure 5-17) because of regional
differentiation in airborne ARG profiles as well as the possible differences of ARG
contamination in water and food between regions. Furthermore, the daily intake of ARGs
via ingestion (drinking water and the intestines of aquaculture products) exceeded that of
inhalation in most circumstances, with the exception of a comparable level for ermB and
blatem between drinking water and PM2s occurring in the YRD indicating the unequal
roles of these pathways for human exposure. This is similar to the situation in the United
States — PM2 s exposure plays a non-negligible role compared with other pathways, based
on the limited data for the 16S rRNA gene and ARGs in urban airborne particles and
other intake-relevant matrices. It is stressed, however, that the intestines of aquaculture
species are rarely consumed directly. Including this ingestion pathway represents a worst-
case exposure scenario that is subject to the availability of data. The processing of
drinking water (often boiled in China) and food (normally well-cooked around the world)
might further modify the magnitude of exposure to bacteria and ARGs through ingestion,
in contrast to the direct inhalation of PM2s-associated bacteria and ARGs without any
prior treatment. Therefore, it is imperative to perform a daily basket survey of waterborne
and foodborne bacteria and ARGs, considering the effects of cooking/boiling, to conduct

a more comprehensive analysis of exposure pathways. On the other hand, bacteria and
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the associated ARGs inhaled through the respiratory tract may have different fates from
their ingested counterparts that must travel through the gastrointestinal tract. The ultimate
effects of these external uptakes, which may complicate medication-induced ARGs,
warrant more systematic research in the future. Despite these uncertainties, comparisons
of daily intake in the YRD and PRD in the current study provide a first-tier screening of
the relevance of the respective pathways to human aggregate exposure to environmental
ARGs in region-specific scenarios. The inclusion of inhalable and ingestible ARGs in the
full range of exposure sources would make the environmental framework of ARGs more
relevant to human health and eventually make possible communication to the clinical

framework of ARGs.
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Figure 5-17 Regional comparisons of the human daily intake of ARGs and the 16S rRNA
genes between inhalation and ingestion, coupled with a contrast with the U.S. situation.
The calculations are based on Equation 3-13, Equation 3-14, and Equation 3-15. Annual
average concentrations of targeted genes in the PRD, the YRD, and Beijing generated in
this study were used to estimate the daily intake via inhalation. The raw data on the

concentrations of the targeted genes in tap water in the YRD and PRD were from Shi et
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al. (2013) and Su et al. (2018Db), respectively. The raw data for samples of shrimp
intestines and washed vegetable leaves in the PRD were from Su et al. (2018a) and He et
al. (2016), respectively. The U.S. data were obtained from Hospodsky et al. (2012), Xi et

al. (2009), Huang (2014), and Echeverria-Palencia et al. (2017).

5.5 Summary

The results in this chapter reaffirmed the ubiquity of ARGs in the atmosphere across
spatiotemporal scales, including the inhalation-relevant fine particle fraction (PM.). The
Earth’s atmosphere serves as a habitat for bacteria where ARGs can be highly enriched,
and fine aerosols act as a transmission vector for human exposure to bacteria and
environmentally disseminated ARGs. These findings contribute to our awareness of the
link between bioaerosols and human health and supplement the previous understanding
of health impacts posed by airborne particulates, which used to be considered mainly

from chemical perspectives. Some major findings of this chapter are listed below.

1. Seasonal variations in airborne bacterial loads were most pronounced at the (semi)rural
site compared with other land-use types in both the YRD and PRD. Anthropogenic
activities that were more seasonally independent were likely to flatten the seasonal
rhythms of bacterial loads and explain the less distinct seasonal fluctuations observed in

(sub)urban and industrial areas.

2. When focusing on the urban site, seasonal variations in airborne bacterial loads were
comparable in the YRD and PRD in the subtropical zone (10° to 10* copies m?3), in
contrast to the significant fluctuation in another city in the temperate region (10% to >10°

copies m®), which was similar to the observations in bacterial communities. Climate
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condition could be a critical influential factor by regulating the seasonal changes of the
dominant sources themselves — like vegetation — or influencing the seasonal input of the
rather stable emission sources — like soil/dust — to modulate their seasonal contributions

to airborne bacteria.

3. While the airborne ARG profiles exhibited different regional patterns between the
YRD (dominated by ermB) and the PRD (rich in InuA and sull), they seemed relatively
consistent within each region independent of seasonal cycles and land-use impacts.
Meanwhile, the targeted ARGs were correlated to limited bacterial genera, a finding that
might hint at the possible ARG hosts. However, the current results were based on limited
ARGs analysed. A comprehensive scan of antibiotic resistome by metagenomic

sequencing is required in the future to get a full picture of ARG hosts.

4. There were common correlations between ARGs and MGEs across regions. PMa2 s was
at the higher end of ARG and MGE enrichment across various environmental media, with
the variability covering the entire span of all of the other types of samples, including those
from natural environments or engineering systems, as well as human/animal faeces. This

finding indicates the mixing effects of these surface sources on airborne ARGs and MGEs.

5. The spatiotemporally differentiated bacterial communities and ARG abundance and
the composition, mobility, and potential hosts of ARGs in the atmosphere have
substantial implications for human inhalational exposure over spatiotemporal scales.
Compared with other contributing pathways for ARG intake (e.g., drinking water and
food ingestion), inhalation could be another non-negligible pathway with region-specific

importance.
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In short, this chapter extensively explored the spatiotemporal features of PM2 s-associated
bacteria and certain kinds of ARGs in the YRD and PRD, which might not be necessarily
consistent with the spatiotemporal variations of the chemical components of PM2s. The
ubiquitous presence of bacteria and ARGs, as well as their enrichment in airborne
particles, triggers concerns about the consequent exposure risks. Based on current
observations, it is speculated that emission sources could play an important role in
affecting the abundance and structure of airborne bacteria and ARGs. However, limited
by the detection technique (qPCR), only six ARG subtypes were analysed in this chapter.
What the major emission sources are and how much these potential sources could
contribute to the ambient airborne microbiome and antibiotic resistome remain unclear
based on the current results, which require further investigations. Therefore, the next
chapter presents an additional study implemented in a typical WWTP in Hong Kong in
the PRD, which is considered as a representative anthropogenic ARG source. Coupled
with the literature data on other potential sources downloaded from the NCBI database,
the next chapter aims to explore the contribution of different potential sources, especially
for WWTPs, to the atmospheric bacteria and ARGs. Meanwhile, in contrast to limited
kinds of ARGs quantified in this chapter as constrained by DNA amount, PM3 s samples
collected in the WWTP will be fully used in DNA extraction for metagenomic sequencing
to obtain a comprehensive profile of airborne ARGs and to elucidate the dissemination
potentials of ARGs in the atmosphere based on the co-occurrence pattern of ARGs and

MGEs.
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Chapter 6 Typical Urban Anthropogenic Sources of PMgs-
associated Bacteria and ARGs — A Case Study ina WWTP in Hong

Kong

To further explore the contributions of potential emission sources to PM2s-associated
bacteria and ARGs in urban areas — which were less explored in Chapter 5 — a case study
was conducted in a WWTP, which is considered as an urban ARG hotspot. With a high
level of urbanisation, Hong Kong is a suitable city in the PRD to deploy such an
investigation. In this study, the largest WWTP, the SCISTW, which serves half of the
population in Hong Kong, was selected as a representative. PM..s samples collected near
various treatment facilities within the SCISTW in late October 2016, as well as the
sewage, sludge, and effluent samples along the wastewater treatment process, were
subjected to multiple molecular biological analyses, including quantification of the 16S
rRNA gene abundance and metagenomic sequencing. For comparisons, PM2s samples
were also acquired simultaneously in an urban (PU) and a coastal mountain (HT) site.
Based on the metagenomic sequencing data, the contrast in bacterial community structure
and ARG profile among different sample types and that among various sampling
locations are discussed. In addition, the co-occurrence pattern of PM2s-associated
bacteria, ARGs, and MGEs was analysed to speculate on the potential hosts of PM2s-
associated ARGs and to estimate the dissemination potential of ARGs through HGT by
comparing the conceptualised risk scores. Finally, contributions of different emission
sources to PM2s-borne bacteria and the associated ARGs, especially for WWTPs, were

quantified using SourceTracker2.
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6.1 Distinctive features of the microbial community structure among PM s, sewage,
sludge, and effluent

As shown in Figure 6-1, although there was a higher relative abundance of eukaryotes in
the whole microbial community in PM.s samples, especially in the coastal site, bacteria
were still the predominant organisms regardless of sample types, which made up 85%—
95% of reads in PM2s samples and over 99% in sewage/effluent and sludge samples.
When focusing on the bacterial community, there was an extremely high degree of
overlap in bacterial diversity at the genus level between sewage/sludge/treated effluent
and PM2s samples regardless of the sampling locations in Hong Kong (Figure 6-2A),
suggesting that PM2s could be an important bacterial habitat and possibly a vector of
frequent bacteria exchange between the atmosphere and other environments. When
further shedding light on the bacterial community structure, it was clear that samples from
the same environmental media shared a more similar structure than that of the same
sampling location (Figure 6-3A). NMDS analysis revealed that samples were clustered
more by sample type at the phylum and genus level (Figure 6-3B). Based on the
categorisation by sample type, LEfSe analysis identified Actinobacteria at both the
phylum and class level as discriminative features of PM2s — with higher abundance than
in other samples (p < 0.05) (Figure 6-3C). It is also worth noting that coastal PM2s
samples distinctively separated from urban/SCISTW PM2s samples at the genus level
might imply different dominant sources of airborne microbes between the coastal areas
and the other two sites impacted by intense human activities. The significant increase in
PM2s-associated bacterial loads (represented by the 16S rRNA gene abundance) in
urban/SCISTW compared with coastal areas (Figure 6-2B) also highlights the

contributions of anthropogenic sources to airborne microbes.
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Figure 6-3 Shift in bacterial community structure among sample types: (A) the relative
abundance of the profiled bacteria at the phylum level; (B) the NMDS results of the
bacterial community at the phylum and genus levels; (C) the taxonomic differentiation
among different sample types at the statistically significant level of 0.05 using LEfSe

analysis (LDA score > 4.6).

6.2 Discrimination of ARG profiles across environmental matrices and sampling
locations

ARGs encoding resistance to different antibiotics were widely found with high diversity
in all the samples irrespective of environmental matrices and sampling locations.
However, there were more unique ARG subtypes in PM s compared with sewage/sludge
(Figure 6-4A), as well as in SCISTW PM_s compared with coastal/urban PM.s (Figure

6-4B). It seems that all the samples shared a generally similar pattern of the most abundant
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antibiotic resistance types, of which the relative abundance was in descending order of
multidrug resistance (1.81-4.36 copies/16S rRNA gene) > MLS (macrolide-lincosamide-
streptogramin)/peptide  resistance  (0.36-1.18 copies/16S rRNA gene) >
rifamycin/tetracycline resistance in PM2s (0.30-0.95 copy/16S rRNA gene)/sludge
(0.64-0.71 copy/16S rRNA gene) and beta-lactam/tetracycline resistance in
sewage/effluent (0.30-0.55 copy/16S rRNA gene) (Figure 6-5A and Figure 6-5C).
Compared with other studies on airborne particles in urban areas/poultry farms/hospitals
(He et al., 2020; Hu et al., 2018b; Yang et al., 2018), there was a significantly higher
relative abundance of ARGs (orders of magnitude) and more ARG subtypes in PMazs
samples in this study. These differences could be due to the more comprehensively
curated ARG database and the novel machine learning-based algorithm (DeepARG) for
ARG annotation adopted in this study to capture as many potential ARGs as possible

(Arango-Argoty et al., 2018).

These findings echo the disparities in bacterial community structure among various
sample types. As disclosed by cluster analysis, PM2s samples were segregated from
sewage/sludge/effluent samples from the SCISTW based on drug resistance type or ARG
subtype (Figure 6-5A and Figure 6-6). Considering that there was an elevated amount of
unique ARGs and distinct bacterial community structures in PMas, perhaps airborne
particles are a unique environmental reservoir for ARGs with associations to their
potential hosts. The atmosphere could also simultaneously provide selective pressures to
reshape the profiles of airborne ARGs and the bacterial community after the emissions of
microbes, including ARB and non-ARB, to the atmosphere from their source
environments like WWTPs. Illustrated by LEfSe results (Figure 6-7), a series of ARGs

as featured biomarkers were likely to be internally responsible (to a certain extent) for the
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discrimination of the ARG profile between airborne particles and other samples, such as
rpoB2 conferring resistance to rifamycin; tetA(48) conferring resistance to tetracycline;
bcrA conferring resistance to peptide antibiotics; oleC conferring resistance to MLS; and
mtrA, arlR, mexF, and abcA conferring resistance to multiple antibiotics. Yang et al.
(2018) reported comparable phenomena: multidrug resistance genes, bacitracin (a kind of
polypeptide) resistance genes, and MLS resistance genes were dominant in airborne
antibiotic resistance profiles in WWTPs and urban areas. Remarkably, some multidrug
resistance genes like mexF were prevalent and enriched in airborne particles in poultry
farms and WWTPs compared with those in animal faeces and activated sludge,
respectively (Yang et al., 2018). Coupled with the similar observations in this study, there
might be a potential commonality for the airborne antibiotic resistome, especially in such
potential source environments. Furthermore, the increasing trend in the relative
abundance of total detected PM2s-associated ARGs (normalised to the 16S rRNA gene)
across the coastal-urban—SCISTW gradient (Figure 6-5B) indicates the impacts of human
activities on ARG accumulation in the atmosphere. This finding is also consistent with
former investigations that airborne ARGs were enriched in animal farms and hospitals
compared with downtown areas and suburban communities (He et al., 2020; Yang et al.,
2018). Collectively, the findings demonstrate that WWTPs could be a notable ARG

hotspot with contributions to the nearby airborne antibiotic resistome.
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Figure 6-4 The number of shared ARG subtypes of samples (A) from different
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Figure 6-5 Antibiotic resistance profiles of samples across environmental matrices and

sampling locations according to the drug class. In (A), ARGs at the type level with the

relative abundance no less than 0.5 (normalised to the 16S rRNA gene) are marked with

asterisks in the corresponding cells. The correlation-based distance was considered in

average-linkage clustering. Panel (B) presents the relative abundance of total identified

ARGs normalised to the 16S rRNA gene among sample types and sampling locations.

The brown line represents the mean value. Panel (C) shows the contributions

ARG types to the total ARG abundance in different samples.
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Figure 6-6 Profiles of the top 100 ARGs with the highest relative abundance (normalised
to the 16S rRNA gene) in samples across environmental matrices and sampling locations
at the ARG subtype level. ARGs with a relative abundance no less than 0.1 (normalised
to the 16S rRNA gene) are marked with asterisks. The correlation-based distance was

considered in average-linkage clustering.
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Figure 6-7 Major significantly discriminative ARGs and resistance types between

different sample types revealed by LEfSe analysis (LDA score > 3.3).

6.3 Co-occurrence patterns of ARGs, MGEs, and potential hosts to indicate the
environmental resistome risks

To evaluate the horizontal dissemination potential of ARGs and their latent risks as health
hazards, the mobility and the potential host(s) of ARGs were investigated according to
the co-occurrence relationship of ARGs, MGEs, and bacteria on the assembled scaffolds
using NanoARG. Here “co-occurrence” means these elements were detected on the same
scaffold. First, with regard to the ARG profile, the results predicted from the assembled
scaffolds were generally comparable to those from direct annotations of short sequencing
reads (Figure 6-5C and Figure 6-8A), which indicates the output consistency of these two
processing pipelines in the identification of ARGs. In this section, the co-occurrence
relationship of the targeted objects and the evaluation of the ARG resistome risk are

discussed based on the assembled results.
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6.3.1 Overview of the co-occurrence relationship of ARGs, MGEs and bacteria

According to the co-occurrence pattern shown in Figure 6-8C, only a small minority of
the identified ARGs, around <2% in urban/SCISTW samples and none in coastal PM2s,
were potentially mobile. This finding suggests a relatively low probability of HGT of
ARGs happening between bacteria whether in air, sewage, or sludge. Similar phenomena
have been previously observed: there was only a small portion of ARGs on MGEs (e.g.,
integrons and plasmids), although ARGs and MGEs were widely detected and frequently

found correlated in environmental samples (Ma et al., 2017; Zhang et al., 2020a).

Moreover — not analogous to the total ARG profile, which was comparable in all the
studied samples with the predominant position taken by multidrug resistance genes — over
50% of the potentially mobile ARGs (PM-ARGs) seemed to confer resistance to
rifamycin in urban and SCISTW PM.s. By contrast, behind the multidrug resistance
genes, there was an elevated proportion of PM-ARGs belonging to glycopeptide,
tetracycline, and beta-lactam resistance categories in non-air samples (Figure 6-8A). The
differences between the total ARG and PM-ARG profile hint at the inequivalent
dissemination risks of different ARGs regarding their linkage with MGEs apart from the
influence of environmental media. In addition, there were apparent disparities in the host
structures between ARGs and PM-ARGs in PM.s samples (Figure 6-8B). Echoing the
pattern of rifamycin resistance genes, Actinobacteria, which was responsible for 25% of
the total ARGs in PM2 s, outpaced Proteobacteria to be the most abundant host taxa (38%—
50%) in the corresponding PM-ARG profile. This discernible synchronicity could be
explained by Actinobacteria possibly being the predominant host of mobile rifamycin

resistance genes (Figure 6-8D) in the studied samples, which was not surprising because
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some Actinobacteria naturally produce rifamycin (Kim et al., 2006). Although the co-
occurrence pattern of ARGs, MGEs, and their potential hosts was uncovered to some
extent here, the interactive mechanisms of these complicated connections and the driving
factors differentiating PM2s and other samples are still hidden in the mist. Hence, this

issue warrants intensive study in the future.
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Figure 6-8 Co-occurrence patterns of ARGs, MGEs, and potential bacterial hosts at the
phylum level based on assembled scaffolds (analysed by NanoARG). Panel (A) shows
the differences between the ARG profile and the mobile ARG profile, while (B) presents
the differences in their host profiles. Panel (C) and (D) demonstrate the detailed co-

occurrence patterns of ARGs and mobile ARGs with their potential hosts in Sankey
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diagrams, respectively. In (C), the left column shows whether the identified ARGs are
co-localised with MGEs on the assembled scaffolds, whereas the middle and right
columns are the profiles of ARGs and their potential hosts, respectively, the same as the
left panel of (A) and (B). Analogously, the first and second column of each subfigure in
(D) exhibit the mobile ARG profile and their potential hosts, the same as shown in the

right side of (A) and (B), respectively.

6.3.2 Evaluation of resistome risks across sample types and sampling locations

To evaluate and compare the HGT potential and health hazards of ARGs among different
sample types, MetaCompare was employed to rank their resistome risk based on the
association of ARGs, MGEs, and putative pathogens. The results were visualised on a 3D
hazard space and turned into a conceptual risk score. Compared with sewage, sludge, and
effluent samples, PM2s samples generally exhibited a lower relative abundance of
scaffolds with targeted elements in three aspects, regardless of whether the scaffolds
contain ARGs, both ARGs and MGEs, or pathogen-like sequences with co-localised
ARGs and MGEs (Figure 6-9A). Correspondingly, the integrated risk score reflects that
the antibiotic resistome hazard was relatively lower in the PM2 s samples, whereas there
were no significant changes among PM2s samples collected in different sites. Such
observations, from a metagenomic perspective, might imply a relatively common
phenomenon that HGT events of ARGs, including their propagations to putative human
pathogens, could be less likely to occur in the atmosphere — in coastal areas or human-
impacted sites — compared with other more compact media in potential ARG emission
sources, such as sewage and sludge in WWTPs. However, as mentioned in Chapter 5,
ARG-associated bacteria dwelling in the atmosphere could enter the human body directly

via inhalation without any pretreatment, which is different from other exposure pathways.
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Therefore, when considering ARGs as a kind of biological hazard with regard to human
health, ARG dissemination via HGT in the atmosphere may still be worthy of attention,

even though there is a low probability that it will occur.
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Figure 6-9 Estimated dissemination risks of ARGs proposed by MetaCompare. The X-,
Y- and Z-axes in (A) represent the co-occurrence probability of the targeted components
— ARGs, ARGs-MGEs, ARGs—-MGEs—putative pathogens, respectively — identified in
the samples. This information is expressed as the scaffold number with critical
components divided by the total assembled scaffold number. The normalised risk scores
evaluating the dissemination potential of ARGs and their latent association with putative
pathogens are shown in (B). Detailed information of the relevant algorithms could be

found in a previous study (Oh et al., 2018).

6.3.3 Exploration of ARG-associated priority pathogens in urban and WWTP PM2s
In recent years, ESKAPE and other priority pathogens emphasised by the WHO (listed in
Table 6-1) have attracted more and more attention of researchers and medical personnel,
because of their rapid acquisition of resistance to commonly used antibiotics that make

medical therapy ineffective against pathogenic infection. This phenomenon had increased
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the need to explore new antibiotics. In view of this, scaffolds containing both ARG-like
and priority-pathogen-like sequences were sorted out from the NanoARG results to
further analyse the spread of antibiotic resistance in these pathogens. As shown in Figure
6-10, in all samples except PM2s in coastal areas, ARGs co-occurred with at least four
kinds of pathogens from the list of concerns. In general, the relative abundance of the
total identified antibiotic-resistant pathogens (normalised to the total scaffold number)
was significantly higher in non-PM2s samples, across which the profiles of the critical
pathogens with antibiotic resistance, as well as that of resistance types identified in these
pathogens, seemed to be comparably consistent (Figure 6-10). In contrast to Klebsiella
pneumoniae as the predominant species in sewage/sludge/effluent, Acinetobacter
baumannii was the main antibiotic-resistant pathogenic species in SCISTW PM2s, which
was also present in sewage/sludge/effluent but undetectable in urban PM2s. Although the
sludge storage tanks and flocculation/sedimentation tanks are covered for odour control,
it seemed that such measures could not simultaneously control the emission of bacteria
of concern from sewage/sludge to the surrounding air in an effective manner. In urban
PM2 s, staphylococcus aureus was witnessed as the featured antibiotic-resistant pathogen.
It was worth noting that there has been a remarkable growth in hospital-associated cases
of methicillin-resistant Staphylococcus aureus in Hong Kong over the past few years, as
well as the noticeable detection rate of carbapenem-resistant Acinetobacter and extended-
spectrum B-lactamase (ESBL)-producing Escherichia coli (Centre for Health Protection,
2017). Fortunately, the types of ARGs co-occurring with the priority pathogens in PM2s
samples in this study were distinguishable from the clinical cases, indicating that the
pathogens with acquired resistance of clinical concern have not yet been disseminated to
the atmospheric environment on a wide scale. Moreover, the ARG profile of pathogens

exhibited distinct divergence among samples with a stepwise increase in multidrug
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resistance and a sharp decrease in aminoglycoside resistance from urban PMas, to
SCISTW PM2 s, and then other samples in the SCISTW. Such a gradient might also imply
the contribution of sewage/sludge in WWTPs to antibiotic-resistant pathogens in the
ambient air. This eventuality would correspond with the result noted in the previous
section that SCISTW could be an important contributor to airborne bacteria and the

associated antibiotic resistome.

Table 6-1 List of priority pathogens with increasing concern of antimicrobial resistance

proposed by the WHO, categorised by the urgency of the need for novel antibiotics.

Pathogen Antimicrobial resistance type

Critical Acinetobacter baumannii carbapenem-resistant (beta-lactam)
Pseudomonas aeruginosa carbapenem-resistant (beta-lactam)
Enterobacteriaceae carbapenem-resistant (beta-lactam), ESBL-producing

(Extended spectrum beta-lactamases)

High Enterococcus faecium vancomycin-resistant (glycopeptide)

Staphylococcus aureus methicillin-resistant (beta-lactam), vancomycin-

intermediate and resistant (glycopeptide)

Helicobacter pylori clarithromycin-resistant (MLS)
Campylobacter spp. fluoroquinolone-resistant
Salmonellae fluoroquinolone-resistant

Neisseria gonorrhoeae cephalosporin-resistant (beta-lactam),

fluoroquinolone-resistant

Medium | Streptococcus pneumoniae penicillin-non-susceptible (beta-lactam)
Haemophilus influenzae ampicillin-resistant (beta-lactam)
Shigella spp. fluoroquinolone-resistant

147



150 — 100 I —
# PMzs - . - ARG type

. aminoglycoside

IS
% Antibiotic-resistant pathogen 75 beta-lactam
B’ 10 . Acinetobacter baumannii —_ fluoroquinolone
8 100 Enterococcus faecium 2\-0/ glycopeptide
(] ~ Haemophilus influenzae c MLS
e} . . o multidrug
c Klebsiella pneumoniae = 50 .
= L s peptide
e} Neisseria gonorrhoeae (o}
© 0 ) Q phenicol
& Q& Pseudomonas aeruginosa e ) .
O 50 & & o . rifamycin
= @ Staphylococcus aureus .
= . 25 . sulfonamide
(_5 Streptococcus pneumoniae .
o) tetracycline
o B unclassified
B othert
other types
o A — . = =
© © @ X (o
Q% 4% Q o s Q A
A QS S o B & & &
f}'b ‘0(00 %«$ 52 ) ) ‘o(b(\ %«$ 3 B &
o N N\ X
o N S N
S Y X

Figure 6-10 (A) Antibiotic-resistant pathogens and (B) the corresponding resistance
profile at the ARG type level identified based on the co-occurrence pattern of critical
pathogens (ESKAPE and WHO priority pathogens) and ARGs in different samples via
NanoARG. The Y-axis of (A) represents the relative abundance of antibiotic-resistant
pathogens described in the unit of “ppm”, which means the hit number of these antibiotic-
resistant pathogens found in one million assembled scaffolds. Panel (B) shows the

distribution of ARGs identified in critical pathogens.

6.4 Contributions of WWTP and other potential sources to airborne bacteria and
ARGs

To quantify the contributions of potential sources to the PM2s-associated bacteria and
ARGs in the studied sites, 104 metagenomes of samples collected from different
environments were regarded as representatives of various source categories. Besides
sewage, sludge, and effluent samples from the WWTP, other sequencing data
downloaded from MG-RAST and NCBI databases covered a wide range of
environmental samples, including that from anthropogenic sources like landfill leachate
and others from more natural environments such as freshwater, seawater, sediment, and

soil (detailed project ID listed in Appendix 1). To focus on the local situation, most of the
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samples were from Hong Kong and South China, except the seawater samples that were
selected from the Pacific Ocean and the Indian Ocean because of a lack of suitable
metagenomic data of marine samples from Hong Kong. These samples collectively
formed a database of the potential sources of airborne bacteria and ARGs, which was
used as an input in the subsequent source tracking procedure. As revealed by NMDS
analysis, samples tended to be clustered by their environmental types whether based on
the bacterial community structure or the ARG profile (Figure 6-11), indicating that
samples from different environmental sources generally had distinct features in bacterial

and ARG structures.

According to the results of SourceTracker2, approximately 60% of the PM2s-associated
bacteria in the SCISTW and half in the urban site could be traced back to the currently
selected sources, while only 25% in the coastal site could be explained (Figure 6-12A).
Corresponding to the comparable bacterial community structure in PM.s samples
between the urban and the SCISTW sites (Figure 6-3), the source profiles of PM2s-
associated bacteria were also relatively consistent in these two sites, where soils were the
dominant contributor accounting for 22%-29%. However, this proportion was
compressed to only 5% in coastal areas. In addition, there was an elevated contribution
of WWTP to the ambient airborne bacteria, presented as the combination of sewage,
sludge, and effluent, ranging from 14% in the coastal site to 18% in the urban and the
SCISTW sites. Specifically, sludge was the biggest contributor (13%) to bacteria in urban
and SCISTW PM2s among WWTP matrices, followed by sewage (3%-4%) and effluent
(<2%). It was not unexpected that a large portion of the PM2s-associated bacteria was
apportioned to unknown sources because other important potential sources, like nearby

vegetation and skin/exhaled air from Hong Kong residents, were not included into the
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model due to their lack of metagenomic analysis. In contrast to the differentiation of
bacterial source profile between the coastal site and the other two sites under intense
human impacts, the ARG source profile was more comparable among the three sampling
sites with <12% of the PMa2s-associated ARGs from undetermined sources (Figure
6-12B). It was generally discerned that more than 36% of the PM2s-associated ARGs
could be ascribed to WWTP (comparable shares from sewage, sludge, and effluent),
followed by freshwater and landfill leachate. The disparities between the source profiles
of PM2s-associated bacteria and ARGs might reveal different enrichment levels of ARGs
in various source environments. Specifically, WWTPs, represented by the SCISTW in
this study, were responsible for up to 18% of the PM_s-associated bacteria but a much
higher proportion of ARGs in the three sites as mentioned above. This finding might
confirm that WWTPs are an important urban ARG hotspot and could be a major
anthropogenic source of ARGs to the atmospheric environment. There were similar
phenomena of ARG enrichment at different levels in other sources except for soil (Figure
6-12). Based on the current resolved sources, the PM2 s-associated bacteria in urban Hong
Kong were more likely to have a terrestrial origin, while the ARGs relevant to ARB might

be more attributed to aquatic systems.
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Figure 6-11 NMDS analysis of (A) the bacterial community structure at the genus level

and (B) the ARG profile at the subtype level of different sample types used in source

tracking.
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Figure 6-12 Contributions of various potential sources to (A) PM2s-associated bacteria

and (B) ARGs in coastal, urban, and SCISTW sites analysed by SourceTracker2.

6.5 Summary

The SCISTW in Hong Kong, a highly developed city in the PRD, was selected as a

representative to conduct further investigations on the contributions of potential

anthropogenic sources to airborne bacteria and associated ARGs in urban areas. PM2s,
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sewage, sludge, and effluent samples from the SCISTW, as well as PM2s samples in an
urban site and a coastal site as background reference, were collected simultaneously for
molecular biological experiments and bioinformatic analysis. This study highlights the
dissemination of ARGs and the hosted bacteria from typical urban sources like WWTPs
to the ambient atmosphere and provides a quantitative source profile of airborne bacteria

and ARGs in PM2 in Hong Kong. The major results of this chapter are provided below.

1. There was a high degree of overlap in bacterial taxa at the genus level between PM.5
and non-PM2 s (sewage/sludge/effluent) samples, which indicates that PM2s could be an
important bacterial habitat with a high level of bacterial richness. According to the
bacterial community structure, PM.s with a higher abundance of Actinobacteria were
generally distinguished from other non-air samples. When making comparisons among
PM2s from different sampling sites, urban and SCISTW PM2s, with heavier bacterial
loads, showed incompletely similar bacterial profiles from the coastal reference PMas.
This phenomenon could be due to the stronger anthropogenic influence on the airborne

microbes in these two sites.

2. In general, the most enriched ARG types presented a similar pattern across different
sample types with the relative abundance in descending order of multidrug resistance >
MLS/peptide resistance > rifamycin/tetracycline resistance in PMas/sludge and beta-
lactam/tetracycline resistance in sewage/effluent. However, the total resistome profile on
the basis of drug resistance type or ARG subtype segregated PM2s from other non-air
samples. More unique ARGs and different bacterial community structures in PM2s
indicate that airborne particles are a unique environmental reservoir for ARGs with

associations to their potential hosts. There was an increasing trend for the relative
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abundance of total detected PM2s-associated ARGs across the coastal-urban-SCISTW
gradient; this finding illustrates the impacts of human activities on ARG accumulation in

the atmosphere.

3. Only a small minority of ARGs were co-localised with MGEs on assembled scaffolds
—whether in PM2s or non-PM2 s samples — except the coastal PM2.s with no mobile ARGs
detected. Among the potentially mobile ARGs, >50% encoded resistance to rifamycin in
PM2s, in contrast to an elevated proportion of glycopeptide and tetracycline resistance
genes following multidrug resistance genes in sewage/effluent and sludge, respectively.
The disparities between the total ARG and mobile ARG profiles suggest the inequivalent

dissemination risks of different ARGs through HGT.

4. Considering the occurrence frequencies of ARGs, ARGs—MGEs, and ARGs—MGEs—
putative pathogens, there was a lower estimated resistome risk score of PM2 s compared
with non-PM2s samples, while it was comparable within PM2s samples from different
locations. From a metagenomic perspective, this outcome might indicate a lower
probability of HGT events of ARGs, including their propagation to putative human

pathogens that occurs in the atmosphere.

5. Some ESKAPE and WHO priority pathogens with antibiotic resistance were detected
in urban and SCISTW PM2s. Fortunately, none of them harboured antibiotic resistance
with clinical concerns; this finding illustrates that pathogens with clinically acquired
resistance had not yet been transmitted to the atmospheric environment according to the

current study.
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6. According to the results of source tracking, liquid/solid matrices in WWTP (sewage,
sludge, and effluent) contributed ~18% to the PMgs-associated bacteria (dominant
contribution from sludge) and >36% to the relevant airborne ARGs (comparable
contribution from the three matrices in WWTPS) in urban areas and within the WWTP.
This finding confirms that WWTP as an important urban ARG hotspot could be a major

anthropogenic source of ARGs in the atmospheric environment.

In conclusion, following up with the discussions of inter-regional and intra-regional
disparities in bacterial load and ARG burden limited to certain common subtypes in PM2s
in Chapter 5, the investigations in the current chapter narrowed down the scope and
focused on one of the typical urban ARG hotspots (WWTPs), with literature data on other
potential sources as supplements, to provide a quantitative view on the contributions of
different emission sources to the ambient PM2s-associated bacteria and ARGs. Both the
resolved source profiles of PM2s-associated bacteria and ARGs were found different
from sources of chemical components in PM2s; such a disparity highlights different
source control strategies adaptive to these two kinds of PM2s components. This chapter
pointed out that WWTPs could be an important source of biological contents in PM2s,
especially the bacterially associated ARGs. Sludge was the key matrix responsible for the
PM2s-associated bacteria emitted from WWTPs. In contrast, the higher contribution to
airborne ARG from WWTPs (36%) was comparably shared by sludge, sewage, and
effluent. Therefore, additional measures are required in the future to control the
aerosolisation of sludge-borne and sewage-borne biological contaminants and their

emission to the atmosphere.
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Chapter 7 Conclusions and Recommendations

7.1 Overall summary and major conclusions

The current one-year study on PM.s pollution in the YRD and PRD — two of the most
densely populated regions in China — aimed to characterise the geographical disparities
in PM2s from both chemical and biological perspectives and further link the potential
health risks to their sources. First, based on the selected cities, the spatiotemporal
variations in PM_s chemical compositions were compared between the two regions and
across geographical locations under different land-use impacts within each region. By
incorporating metal speciation and bioaccessibility information, health risk-oriented
source apportionment was conducted to identify the source contributors of inhalational
risks derived from PM2s-associated metals (Chapter 4). Then, the biological components
of PM2s, including bacteria and several kinds of associated ARGs and MGEs that were
less explored but had critical health implications, were measured for their geographical
distributions and region-specific exposure risks (Chapter 5). Third, to estimate the
contributions of putative sources to PMazs-associated bacteria and ARGs, a typical
WWTP in Hong Kong in the PRD as an urban ARG hotspot was selected for extensive
studies using metagenomic approaches (Chapter 6). Collectively, this thesis provided a
panorama of PMgzs pollution in the YRD and PRD by chemical and biological
characterisations and connected the potential emission sources and the consequent health
implications. This integrated approach could be expanded to pinpoint the key health-
relevant sources of PM. s, which has important implications for the formulation of source
control strategies to reduce human health risks. The major findings and conclusions of

this thesis are listed below.
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1. PM25 pollution in the YRD and PRD regions exhibited clear seasonal and spatial
characteristics regarding concentration and chemical compositions. PMa s concentrations
were found to peak in the spring and winter and to vary across geographical locations,
the highest of which was in sites under industrial influence. The regional patterns of PMa5
chemical composition (including OC, EC, WSI, and metals) were differentiated, with a
higher contribution from secondary inorganic aerosols and a lower contribution from

carbonaceous matters in the YRD compared with the PRD.

2. Metals could be a key chemical component of PM2 s that pose adverse health effects
on humans. Disparities in PM2s-associated metal profiles between selected sites within
each region reflected the influence of land use, with anthropogenically enriched metals
(e.g., Zn, Pb, As, and Cd in the PRD and Cu in the YRD) accumulating superlatively at
the industrial sites. By contrast, the bioaccessibility of most analysed metals was
generally spatially consistent both within and between regions. When the metal
bioaccessibility and speciation information was incorporated into the risk assessment
model, the estimated CR over the safety level could be attributable to chromium and
arsenic. Traffic emission and non-traffic combustion (coal/waste/biomass burning) were
the common dominant sources of metal-induced CR across selected cities in the two
regions, besides an elevated contribution from industrial emissions in the YRD sites. The
differentiation between the source-resolved risk profile and source-resolved mass profile
of PM2s-associated metals further implied that regulatory control of PM2s should shift
from mass concentration-based framework to risk-based paradigm for real public health

benefit.
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3. Motivated by the importance of an integrated understanding of PM2s pollution to
mitigate health impact, attention was then turned to the less explored biological fractions.
Bacteria and associated-ARGs were found to be ubiquitous in PMgzs across
spatiotemporal scales. The more pronounced seasonal variations in airborne bacterial load
at the (semi)rural sites in both regions, revealing the natural rhythm, could be flattened
by anthropogenic activities in urban areas. Emission sources and climate conditions
played an important role in regulating the bacterial abundance and structure, while the
chemical composition of PM2 s had limited effects. In contrast, the ARG profile based on
limited target genes was independent of seasonal cycles and land-use types within each
region. Despite inter-regional differences in the fingerprints of antibiotic resistance, the
studied ARGs were commonly correlated with MGEs across regions and speculatively
associated with limited bacterial genera. PM2s was at the higher end of ARG and MGE
enrichment across various environmental media and human excreta. Based on
comparisons with ingestion of drinking water and food, inhalation of PM2s could be an
important exposure pathway for ARG intake. Therefore, the spatiotemporal difference in
bacterial and ARG abundance could imply region-specific importance of inhalation in

bacterial and ARG exposure.

4. Finally, the WWTP study using metagenomic sequencing revealed the disparate
bacterial and ARG profiles between PM2 s and non-air samples (sewage/sludge/effluent),
though multidrug-resistance genes were commonly dominant in the antibiotic resistome.
The increasing relative abundance of identified ARGs in PM_ s across the coastal-urban—
WWTP gradient indicates the impacts of human activities on ARG accumulation in the
atmosphere. Fortunately, the co-occurrence analysis of ARGs, MGEs and putative

pathogens suggests a low probability of HGT events of ARGs in the atmosphere,
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especially for the transfer to pathogens. Lastly, the significant contribution of sewage,
sludge, and effluent in WWTP to PMas-associated bacteria and ARGs confirm that
WWTPs could be a major anthropogenic source of ARGs in the atmospheric environment.
The great differences in source profiles of chemical and microbial hazards in PM2s

motivate us to adopt different source control strategies in the future.

7.2 Limitations of the current study and future perspectives

Although the PM2s pollution in selected cities in the YRD and PRD was collectively
investigated from both the chemical and the biological perspective and extended to
emission sources and health implications, which could be more comprehensive than the
previous studies that mainly explored the chemical compartment of PM2s, the current
results are restricted by certain aspects like the models and experimental techniques
applied, the experimental settings, and so on. Some limitations and the relevant

recommendations are briefly discussed below.

The assessment of metal-induced exposure risks in this thesis was based on the USEPA
standard guidelines and quantitatively adjusted according to arsenic speciation detected
via the XANES technique. The low concentration of Cr did not support the XANES
analysis of its speciation. Therefore, the quantitative share of Cr(V1) in total Cr (1/7)
assumed by the USEPA (2018b) was adopted. Although the refined method can
significantly reduce the overestimation of metal-induced risks, certain biases still exist in
the result since the Cr species was not determined from our real samples. This uncertainty
highlights the need for more robust characterisations of toxic metal forms in PM2s or
adjustments of the future sampling strategy to acquire airborne particles with enough Cr

content for XANES analysis. In addition, other heavy metals like Fe and Cu had been
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identified as dominant drivers of metal-derived oxidative stress in human lung cells
exposed to urban PMas (Jin et al., 2019). This finding contrasts with the current
observation in the present study that these elements contributed little to the health risks
posed by PM2s-associated metals. This is understandable because of the inconsistencies
in the relative toxic potencies of metals between the two assessment systems and because
of the incorporation of bioaccessibility in lieu of total concentrations in this study. It is
therefore imperative to develop robust predictive models to reconcile the data on in vitro
toxicity and the safety limits derived from human epidemiological studies on inhalable
metals. Moreover, our adjusted model for health-oriented source apportionment still
relied on a number of default exposure and population parameters and the assumption of
the equal bioaccessibility of a certain metal for various source categories. Thus, it is
necessary to refine the relevant parameters to reflect local scenarios, investigate the
speciation profile of metals in different sources, and apportion the health risks to emission

sources according to a more realistic basis — source-specific metal bioavailability.

Compared with the relatively well-studied chemical part, the (micro)biological fraction
has been far less investigated and remains a lot for exploration and standardisation. First,
the comparisons of absolute abundance of bacterial and ARG loads in PM2 s in the current
study were based on the assumption of equal DNA extraction efficiency across samples,
while the de facto extraction performances were unknown. To improve the current
assessment method, internal standards like a model bacterium containing an artificial
gene fragment can be added into samples in future applications. By quantifying the copy
number of artificial genes in DNA extracts, the extraction efficiency can be used as an
adjustment factor to correct the absolute abundance of the target gene context.

Analogously, the mock bacterial community can be used to estimate the sequencing
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performance. Limited by traditional qPCR, the current investigations of the ARG profile
in PM2s between the two studied regions only targeted certain kinds of ARGs. To obtain
a comprehensive ARG profile across geographical locations, either metagenomic
sequencing or high-throughput gPCR is desired to conduct a broader-spectrum scan of
ARGs in PM2 s with extension to a national, continental, and even global scale. Moreover,
the pretreatment method before DNA extraction in the current study captured the
microbial cells retained on 0.2-um PES membrane disc filters; other biological contents
were discarded along with the filtrate. This process means that this study only presented
the spatiotemporal dynamics of intracellular ARGs. However, the extracellular fraction
(e.g., free ARGs and those ARGs carried by viruses that have not infected any potential
hosts) could serve as another important portion in the whole PM2s-associated antibiotic
resistome (He et al., 2021). With a much smaller size (PMo.1 level), the extracellular
ARGs could penetrate deeper into the human respiratory tract and become an additional
source for pulmonary microbial communities to acquire antibiotic resistance via HGT

(e.q., transformation and transduction).

In the third part of this project, SourceTracker2 was applied to estimate quantitatively the
contributions of various sources to PM2s-associated bacteria and ARGs based on the
taxonomy and ARG profile of sink and source samples. However, the complex
interactions between bacterial taxa and how environmental stress alters the bacterial
communities after their aerosolisation from putative sources seemed not to be considered
extensively in the algorithm. A combination of aerodynamic transport models and
monitoring of the dynamic process of aerosolisation in different heights above sources
may help to further resolve the flux and dissemination of bacteria and ARGs from urban

spots to the ambient atmosphere. In addition, some of the sequencing data of source
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samples were obtained from studies conducted in nearby provinces or even in a farther
region due to the limited available metagenomic data. As mentioned in Chapter 5, the
microbial and ARG profile of environmental samples could be subject to local and
regional influences and exhibited geographically dependent features. Thus, the
application of these data in the source tracking model may result in certain biases. In
consideration of this eventuality, it is important to conduct a metagenomic-based survey
in various local putative sources, including those not involved in the current study, like
vegetation, hospitals, and humans (exhaled air and skin), to further fill the unknown
fractions with more sources. Benefit from the development of sequencing technologies,
metagenomic next-generation sequencing of the genomic content in PM25s (with low
DNA input for library construction) became feasible in this case study. Based on the co-
occurrence pattern of the targeted genetic context on assembled scaffolds, various ARG-
carrying bacteria, especially for pathogenic hosts with prior clinical relevance, were
identified in the PM2s samples in the urban and WWTP sites. However, culture-
dependent techniques are still required to confirm the viability of these hosts and the
expression of antibiotic resistance. The integration of genotypic and phenotypic analysis
by metagenomic sequencing and culture-dependent methods in the future can thus help
to better understand the environmental fate and health effect of antibiotic resistance and
other critical airborne microbial hazards, especially for human pathogens, including
pathogenic fungi and viruses that are not yet explored from the metagenomic data in the

current study.

Finally, regarding the PM2s compositions with health implications, this thesis only

selected certain types of chemical (e.g., heavy metals) and microbial components (e.g.,

bacteria and associated ARGSs) for intensive study. To achieve a comprehensive health
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risk-oriented air quality management, a thorough dissection of both chemical and
microbial toxicity-driving components in PM:s is necessarily required. After that, it is of
significance to develop robust models for integrated risk assessment of chemical and
microbial hazards, with consideration of their joint toxicity, in order for the better health

impact-oriented source control of PM. s pollution.
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Appendix 1

Detailed information of the source data used in SourceTracker2 besides the samples

collected from the SCISTW in this study.

Source category

SRA study

Run/Sample name

Description

Database

Freshwater

SRP033730

SRR1047946

SRR1047948

SRR1047951

SRR1047952

SRR1047954

Influent for drinking
water treatment in
Hong Kong

NCBI

Sediment

SRP061803

SRR2134631

SRR2134632

SRR2134633

SRR2134637

SRR2134639

SRR2134640

SRR2134642

SRR2134644

SRR2134634

SRR2134636

SRR2134641

SRR2134643

Marine sediment in
Hong Kong

NCBI

Seawater

ERP001736

ERR598943

ERR598954

ERR598966

ERR598967

ERR598970

ERR598978

ERR598979

ERR598989

ERR598992

ERR598997

ERR599011

ERR599012

ERR599019

ERR599024

ERR599029

ERR599030

Surface seawater (<5
m) collected in the
Pacific and Indian

Ocean

NCBI
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Source category

SRA study

Run/Sample name

Description

Database

Seawater

ERP001736

ERR599036

ERR599038

ERR599039

ERR599045

ERR599050

ERR599052

ERR599054

ERR599057

ERR599058

ERR599063

ERR599064

ERR599066

ERR599069

ERR599074

ERR599075

ERR599077

ERR599080

ERR599088

ERR599091

ERR599093

ERR599098

ERR599102

ERR599114

ERR599118

ERR599119

ERR599120

ERR599138

ERR599139

ERR599141

ERR599142

ERR599143

ERR599146

ERR599150

ERR599151

ERR599158

ERR599160

ERR599162

ERR599163

ERR599169

Surface seawater (<5
m) collected in the
Pacific and Indian

Ocean

NCBI

Soil

SRP039858

SRR1190308

Paddy soil collected in
south China

NCBI
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Source category

SRA study

Run/Sample name

Description

Database

Soil

SRP039858

SRR1190311

SRR1190316

SRR1190334

SRR1190336

SRR1190349

SRR1190350

SRR1190383

SRR1190384

SRR1190306

Paddy soil collected in
south China

NCBI

Landfill leachate

mgp21084

SWL_1

SWL_3

SWL_4

SWL_5

SWL_6

SWL_7

SWL_8

SWL_10

SWL_11

SWL_14

SWL_15

SWL_16

SWL_17

SWL_18

SWL_19

Leachate collected in
landfills in China

MG-RAST
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Appendix 2

This section provides a database of the experimental results of the thesis.

1. Concentrations of carbonaceous materials and WSI (g m3; mean * standard deviation)

Site Season oC EC Na* NH,* K* Cl SO NOj3
spring 4.96 +2.24 3.57+2.01 0.36 + 0.20 4.04 +3.27 0.47 +0.27 0.90 + 0.65 7.14 + 3.50 6.90 + 8.16
summer 410 +1.58 2.57 +0.99 0.50 +0.28 0.94+1.01 0.25 +0.12 0.30 +0.17 3.96+2.21 2.06 +1.75
TH autumn 473+2.13 3.11+1.57 0.39+0.17 2.11+1.06 0.41+0.23 0.47 +0.37 5.83+2.75 2.41+181
winter 5.22 +2.19 3.17+1.35 0.29 +0.17 2.50 +1.03 0.41+0.18 0.37 +0.23 5.26 + 2.00 3.92+2.20
annual 4.74 +2.02 3.08 + 1.50 0.39 + 0.22 2.34 +2.09 0.38 + 0.22 0.50 + 0.45 5.48 + 2.82 3.76 + 4.58
spring 4.07 +2.43 2.46 +1.32 0.29 + 0.14 3.27+1.59 0.41+0.22 0.16 + 0.08 8.35+2.72 3.06 + 3.00
summer 3.38+1.54 1.82+1.20 0.21+0.15 2.03+1.60 0.20 + 0.14 0.13+0.15 5.20 + 3.62 1.06 + 1.50
CH autumn 3.18+1.60 1.73+1.07 0.10 + 0.06 2.19+1.22 0.25+0.18 0.07 +0.12 6.19 + 3.23 0.63 +0.96
winter 5.04 + 2.67 2.80 + 1.46 0.18 +0.08 2.38+1.09 0.46 + 0.23 0.14 +0.10 5.80 + 3.03 1.53+1.13
annual 3.93+2.16 2.21+1.31 0.20 +0.13 2.43+1.42 0.32 +0.22 0.13+0.12 6.27 + 3.29 1.53+1.92
spring 5.11 +3.01 3.02+ 1.60 0.58 +0.43 3.53+2.23 0.62 +0.39 1.03+0.86 7.36 +3.10 5.05 +5.18
summer 3.17+1.17 1.94 +1.07 0.29+0.11 1.66 + 1.24 0.32+0.15 0.33+0.27 4.24 +2.44 1.69 +1.76
HS autumn 5.83 +2.21 4.02+1.81 0.46 +0.19 4.18 +2.48 0.78 + 0.37 0.68 + 0.50 9.71+5.21 3.43+2.66
winter 8.23+2.73 5.96 + 3.20 0.37 +0.17 5.95 + 2.93 0.98 + 0.46 0.92 +0.52 9.38 +3.77 10.64 + 8.8
annual 5.39 + 2.89 3.59 + 2.43 0.42 +0.27 3.67 + 2.67 0.65 + 0.42 0.71+0.61 7.48 + 4.29 4.85 + 5.90
spring 5.42 +1.37 3.43+1.02 0.81+0.15 8.56 + 2.82 0.78 + 0.37 148+1.12  1322+4.44 12.63+6.11
PK summer 4.24 +1.66 2.38+0.90 0.82+0.20 4.83+1.99 0.35+0.15 0.46 + 0.47 9.82 +4.12 4.69 +2.77
autumn 5.73 +1.52 3.07+1.18 1.51+0.97 5.94 + 2.62 0.74 + 0.34 153+1.18  10.83+4.06  9.78 +3.62
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Site Season oC EC Na* NH4* K* Cl SO4* NO3
PK winter 6.89 +2.42 434+241 1.26+0.31  11.84+456  0.74+0.31 205+0.86  1594+498 20.76 +12.13
annual 5.56 + 1.90 3.31+ 155 1.09 +0.59 7.81+3.95 0.67 £ 0.34 1.39+1.09  1247+479  11.96+8.70
spring 6.03 + 1.37 3.35+0.91 0.79+0.19 8.25 + 3.27 0.52+0.22 1.08 +£0.57 1221+44  13.62 +6.50
summer 467 +1.64 2.27+0.75 0.82+0.20 4.99 +2.68 0.35+0.15 1.71+1.19 9.80 + 4.04 7.21+3.41
XKW autumn 5.31+1.46 2.80 + 1.45 1.39 +0.44 4.47 +2.29 0.43+0.14 2.77+1.30 7.35+2.61 8.42+4.11
winter 6.48 + 2.61 4.02 +2.38 1.31+026  11.05+531  0.60+0.26 245+065  13.73+597  20.67 +11.97
annual 5.65 + 1.80 3.13+ 1.54 1.05+0.39 7.28 +4.27 0.48 +0.22 1.93+1.14 109+4.85 1258 +8.63
spring 3.64+1.30 244 +1.19 0.80 +0.01 6.52+1.18 0.50 + 0.03 1.26+0.09  1091+229  891+120
summer 3.81+0.89 1.97 +0.67 0.69 +0.18 4.29 +3.02 0.37 +0.06 0.99 +0.82 8.72 + 4.70 4.25 + 3.66
LS autumn 3.34+0.64 1.59+0.38 1.16 £0.30 2.61+0.08 0.28 + 0.06 1.11+041 5.35+ 1.24 3.63+2.15
winter 5.99 + 6.01 3.56 + 3.10 1.02+0.11 6.92 + 3.74 0.38+0.12 1.70+£0.73 8.85+3.65  10.76 +4.98
annual 4.42 +3.48 248 +1.92 0.91+0.25 5.13+3.12 0.37£0.10 1.29 +0.68 8.38 £ 3.70 6.92 +4.73
2. Total metal(loid) concentrations (ng m3; mean = standard deviation)
Site Season .\ Fe As Cd Cr’ Cu
spring 552.18 +350.30  376.75 + 262.83 474+ 255 0.72 £ 0.54 424 +2.09 18.38 +11.89
summer 833.41+439.37  601.69 +339.75 2.54 +1.24 0.44 +0.23 12.29+10.10 13.52 + 6.86
TH autumn 778.77 £ 41055  503.78 + 248.98 5.18 +2.99 0.89 +0.40 6.61 + 3.29 18.32 +11.01
winter 892.96 +460.21  477.04 +281.65 5.33 +3.04 0.95 +0.49 16.44 +12.95 15.8 +8.33
annual 769.56 +426.10  493.95 + 290.74 439+2.72 0.74 + 0.46 10.12 + 9.65 16.37 + 9.53
spring 593.84 +357.93  332.64 +247.07 5.49 + 2.83 0.68 + 0.50 3.07+1.59 10.9+7.73
cH summer 566.00 + 547.86  326.11+378.21 2.93+2.74 0.47 +£0.35 2.70 +1.95 7.82 + 4.67
autumn 429.41+205.04  281.79 +204.31 6.44 +7.99 0.97 +1.05 4.76 + 4.56 10.85 + 9.03
winter 902.37 £460.21  245.87 +281.65 6.97 + 3.04 1.22+0.49 436 +12.95 11.68 + 8.33
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Site Season Al Fe As Cd Cr' Cu
CH annual 632.37 £ 414.72 296.29 + 261.17 5.34 + 4.66 0.83+0.71 3.68+2.72 10.2+7.73
spring 879.51 +£1114.58 337.49 £ 401.24 15.39 + 15.51 1.05+0.66 9.39+741 14.71 £9.08
summer 626.57 £ 616.94 272.74 £ 149.88 8.95+5.93 0.83+1.09 8.57 +11.08 7.29 +2.62
HS autumn 665.01 + 321.37 459.27 + 242.59 18.69 + 15.38 1.79+1.48 13.63+9.70 21.06 +15.34
winter 1076.01 £ 435.90 571.35 £ 271.05 11.1+5.39 2.28+1.16 7.07 +1.97 43.63+31.12
annual 792.82 + 688.95 399.93 + 289.3 13.41 +11.86 1.44 £1.25 9.73+8.71 20.38 + 21.17
spring 294.33 +233.79 652.34 + 459.12 7.82+3.74 2.17 £0.89 13.85+9.03 38.36 + 18.95
summer 173.39 £ 85.19 376.79 £ 255.19 5.58 + 3.75 154 +£1.15 22.96 + 20.82 35.42 +16.78
PK autumn 229.94 £ 95.01 531.95 + 206.82 10.16 + 12.06 3.55+2.88 92.62 £ 52.50 59.69 + 36.08
winter 222.88 £ 99.32 942.30 £ 1099.20 8.53+5.30 2.01 +£1.07 127.11 +87.23 95.63 + 52.32
annual 235.48 + 152.04 625.44 + 603.51 8.07 +6.95 2.34+1.78 60.74 + 67.44 55.76 + 39.51
spring 246.3 + 105.41 432.20 + 146.20 7.5+3.27 1.84 £0.96 10.06 + 6.47 20.78 +9.77
summer 157.34 £ 45.05 295.33 £98.91 6.33+3.16 1.62+£1.07 9.00 +3.73 16.64 + 16.28
XW autumn 195.50 + 62.23 440.48 + 181.44 5.00+4.12 1.65+0.96 117.83 + 109.80 17.15+7.90
winter 232.42 £ 156.52 47151 +217.87 6.53 + 3.64 2.41+1.88 198.21 +91.38 29.47 + 29.68
annual 211.18 +103.79 411.79 £ 170.91 6.44 + 3.50 1.88+1.23 77.46 £ 102.97 20.99 £ 17.37
spring 255.82 £ 159.7 304.67 + 166.58 583+ 1.72 0.98 +0.26 6.26 +0.73 10.15+3.30
summer 329.53 £ 71.53 372.91 + 147.86 531+221 0.96 + 0.36 11.08+7.21 1529+ 17.10
LS autumn 190.37 £ 34.01 400.16 + 164.91 4.25+2.48 0.77 £0.03 60.88 + 1.59 18.95+9.75
winter 243.83 £193.76 457.80 £ 314.48 5.15+3.01 1.27+£0.95 77.96 + 33.93 14.94 + 8.52
annual 320.20 £ 130.48 591.21 + 207.65 6.94 +2.31 1.89 £ 0.58 79.42 + 37.49 26.17 +£11.20
“Conversion based on Cr recovery
Site Season Mn Ni Pb \Y% Zn Co
spring 18.01 + 10.38 7.84 +4.86 25.00 + 16.07 9.21+6.24 148.16 + 77.79 0.65 +0.57
TH summer 12.99 + 10.84 6.61+5.31 15.98 + 8.44 455+ 251 106.18 + 38.13 0.60 £ 0.32
autumn 1044 + 4.44 4.76 +3.14 31.05+17.00 2.39 +2.07 135.51 +49.43 0.49 +0.27



Site Season Mn Ni Pb \Y/ Zn Co
T™H winter 10.82 £ 5.56 3.69 £ 1.57 31.18 £14.79 3.18+3.19 123.25 £ 47.90 0.37+£0.23
annual 13.02 + 8.65 5.72 +4.23 25.52 + 15.25 479 +451 127.31 £ 55.20 0.53+0.37
spring 8.27 +4.97 3.92+2.49 21.74 + 16.76 6.01 +2.97 94.59 + 46.83 0.36 £0.36
summer 6.28 + 6.54 2.60+1.12 15.74 + 10.81 3.43+ 245 83.08 * 46.40 0.20+0.19
CH autumn 7.92+6.17 240+ 1.45 34.46 £ 39.14 2.04+2.19 99.47 + 69.53 0.18 +0.10
winter 7.27 £5.56 1.74 + 1.57 37.29 +14.79 1.61+3.19 106.70 + 47.90 0.35+0.23
annual 7.34+541 2.62 +1.68 26.95 + 24.23 3.20+2.73 95.54 + 55.60 0.27 +0.23
spring 18.49 + 14.05 7.16 £4.70 28.35 + 15.08 8.83+4.10 199.56 + 95.12 0.52£0.39
summer 10.58 £5.15 4.46 £+ 3.55 16.58 + 7.98 4.81+3.45 97.08 + 38.17 0.24 +0.13
HS autumn 14.38 £ 8.53 5.39+£4.73 61.31 £ 39.93 6.26 £5.92 242.31 +£129.42 0.46 £0.22
winter 18.33 £ 6.57 4.88 +2.29 71.53 +34.01 3.54+1.81 281.20 + 160.87 0.82+0.26
annual 15.08 £ 9.39 5.42 + 3.99 42.61 + 34.77 5.85 +4.44 197.92 + 129.16 0.49 £ 0.33
spring 14.88 +8.43 39+173 93.08 + 47.24 6.7 +3.97 338.21 +214.49 0.37+0.22
summer 10.71 +5.80 297 +1.65 44,13 +£20.82 4.23+2.88 207.57 £ 161.06 0.21+0.13
PK autumn 32.88 £12.40 7.41 £ 3.67 83.63 + 70.06 11.56 + 11.90 318.94 + 116.76 0.38+0.11
winter 35.15 £ 18.00 6.45+ 3.50 69.23 + 27.00 7.59 +4.42 244.61 £ 155.70 0.44 +0.25
annual 22.96 + 15.53 5.14 £ 3.20 74.54 + 48.37 7.56 £7.02 283.56 + 170.95 0.35+0.20
spring 14.11+5.42 3.32+1.78 59.29 + 24.30 4.41+297 226.66 + 80.44 0.32+0.28
summer 13.85 £ 8.97 2.79+£2.01 40.92 + 18.98 4.05+3.18 180.40 + 106.80 0.18+0.12
XwW autumn 30.88 + 14.26 4.77 £1.48 50.46 + 35.69 4.97 £ 257 234.47 £90.23 0.33+0.13
winter 31.18 +15.01 419+1.45 66.48 + 33.67 4.33 +3.58 204.31 £99.22 0.32+0.15
annual 21.79 + 13.69 3.73+1.79 54.72 + 28.84 4.44 + 2,96 212.76 + 91.60 0.29+£0.20
spring 9.90+1.43 1.92 +£0.49 38.43 +£10.22 1.61+£0.47 142.82 +21.24 0.22+0.12
summer 9.98+4.81 2.02+0.55 26.09 £9.20 229+1.22 136.91 +£40.74 0.31+0.26
LS autumn 18.88 £ 9.09 3.80+£1.15 34.58 + 20.00 414 +1.39 153.54 +51.28 0.31+0.17
winter 21.49 £ 13.47 3.23+0.98 37.75 £ 16.87 3.39+£1.69 142.60 £ 87.32 0.35+£0.15
annual 23.82 +10.05 4.10+1.10 57.99 + 14.14 474 +152 225.94 + 55.65 0.35+0.18
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3. Bioaccessible metal(loid) concentration (ng m; mean + standard deviation)

Site Season Fe As Cd Cr Cu Mn
spring 11.29+8.12 248 +1.73 0.29+£0.18 1.27 £ 0.47 4,87 +4.29 12.83 +£8.48
summer 11.24 +7.85 1.89+£0.95 0.15+0.12 1.32£0.50 1.35+1.05 12.56 +5.60
TH autumn 19.59 + 12.38 3.88 +2.63 0.37+0.30 1.23+0.48 1.72+1.54 10.38 +3.34
winter 1441 +12.44 3.34+1.88 0.27 £ 0.27 1.36 £0.58 1.77+£1.02 8.69 + 3.99
annual 14.14 + 10.70 2,90 +1.99 0.25+0.22 1.30+£0.48 2.28+2.54 10.81 £5.53
spring 19.33+14.18 3.55+2.34 0.32+£0.20 1.04+0.34 5.47 £3.99 8.70£5.18
summer 11.79 + 10.89 2.20+1.89 0.22+0.15 0.88 +0.58 3.96 + 3.49 5.84 + 4.96
CH autumn 10.46 £ 8.64 4.37+4.29 0.52+£0.70 0.61+0.17 4,82 +4.29 5.18 £ 3.98
winter 14.03 £ 12.44 4.04 +1.88 0.48 £ 0.27 0.39+0.58 5.35+1.02 5.32 +3.99
annual 13.92 £11.62 3.53+2.96 0.38+£0.41 0.72+0.43 4.85+3.77 5.92 +4.08
spring 8.72+8.72 8.92 +8.48 0.06 +0.12 1.22+£0.36 9.51+5.94 1091 +5.51
summer 6.05 +2.69 7.07 +4.82 0.71+1.08 1.10+£0.41 2.18+0.85 7.10+1.38
HS autumn 12.47 +5.08 18.66 + 8.29 0.90+0.75 1.43+0.53 8.33 +6.06 11.67 £3.32
winter 17.14 + 8.36 5.28 + 1.66 0.69+0.14 1.00+£0.24 18.63 +9.04 13.22 +3.40
annual 9.57 £7.07 10.02 £8.14 0.53+0.77 1.20+0.41 7.82+7.07 10.27 £ 4.39
spring 3.27+£1.40 3.97+£2.40 0.46 £0.19 2.13+1.33 18.69 + 10.60 11.01 £4.27
summer 3.72+3.31 4,18 +£3.15 0.44+£0.31 1.79+1.74 9.30+3.18 6.10 £ 4.38
PK autumn 3.95+3.36 7.73+12.45 1.66 £1.97 3.85+3.31 20.67 £ 14.53 15.28 + 8.83
winter 7.73£5.47 6.31+£3.09 0.95+0.40 7.07 £6.46 32.58 +18.18 15.62 + 6.98
annual 4.44 + 3.69 5.38 + 6.40 0.86 +1.10 3.36 + 3.67 20.18 £ 14.54 12.25+7.24
spring 1.18+1.03 4.66 + 2.61 0.34+0.23 1.49+131 23.17 £6.03 7.41 +2.97
summer 1.47+£1.05 3.87+£2.00 0.29+0.21 1.93+1.82 10.18 +11.71 5.42 +3.92
XW autumn 2.82+2.78 4,16 + 3.80 0.61 +0.46 3.46 +2.97 5.26 + 3.78 11.59 £ 6.30
winter 4,56 £ 4.76 495+4.19 145+1.54 7.24£1.03 12.89 + 16.54 13.92 £ 6.81
annual 2.38+£2.94 4,40 +3.01 0.65 +0.88 2.65 +2.53 11.87 +12.17 9.40 +5.87
LS spring 2.09+1.18 3.71+£1.22 0.14 £0.03 3.69 £0.00 3.33+0.70 4.38+0.18

170



Site Season Fe As Cd Cr Cu Mn
summer 1.87+1.90 347+151 0.21+0.17 1.84+£1.32 6.18 + 6.60 3.93+2.44
LS autumn 2.88+1.44 3.70 + 2.26 0.36 £ 0.08 2.51+0.00 7.18 +3.87 8.86 + 1.93
winter 2.81+£2.60 2.32+0.90 0.28 £0.25 3.38 £ 0.00 5.79 + 4.58 9.49+8.04
annual 2.71+1.89 459 +1.48 0.64 +0.18 3.03+1.26 12.4+4.28 9.99 +5.29
Site Season Ni Pb Vv Zn Co

spring 3.88+4.76 2.13+1.28 6.03 £ 4.47 13.90+8.12 0.45+0.31

summer 1.88+1.22 1.05+0.62 4.08 +2.23 15.09 +7.93 0.27 £0.13

TH autumn 1.08 £0.57 1.53+1.13 2.05+2.09 30.02 £ 15.26 0.27 £0.13

winter 0.84 +0.73 1.73+1.11 1.99+2.37 25.00 + 20.75 0.16 £ 0.09

annual 1.83+2.50 1.57+£1.08 341+3.15 21.13+15.35 0.27 £0.19

spring 2.07+181 2.62 +1.07 3.18+2.41 15.80 £ 9.46 0.38 £ 0.29

summer 1.14 £0.62 1.98£0.93 2.35+2.03 12.37 £ 8.78 0.17 £0.17

CH autumn 0.65 +0.60 2.52 +1.69 1.44 +1.93 13.33 +15.79 0.08 +0.05

winter 0.50+0.73 3.94+1.11 0.97 +2.37 15.54 + 20.75 0.11+£0.09

annual 1.06 £1.12 2.79+1.64 1.95+2.00 14.23 +11.86 0.16 +0.18

spring 1.54+0.70 0.76 £ 0.59 4.25+272 27.13 +15.37 0.18+0.10

summer 1.22+0.381 1.98+0.81 341+3.18 16.42 + 10.04 0.12 £ 0.09

HS autumn 2.36 £1.43 2.81+1.52 7.30 £5.84 32.63 + 16.68 0.27 £0.11

winter 1.28+0.78 2.56 + 1.04 1.05+0.00 53.37 £ 27.24 0.41+0.02

annual 1.59 +0.99 1.79+1.23 4.45 + 3.94 27.68 +18.33 0.21+0.13

spring 1.03£0.87 2.18 +1.66 3.13+3.28 12,16 +12.23 0.11+0.12

summer 0.81+£0.61 1.66+1.31 1.95+2.03 5.13 +4.55 0.07 £ 0.06

PK autumn 2.61 +3.18 2.78 + 3.67 3.79+2.02 21.8 £22.79 0.14+0.10

winter 1.80£0.80 1.92+1.28 3.56 + 2.87 18.33 + 13.04 0.23+0.08

annual 1.55+1.80 2.13+£2.05 3.13+2.63 14.05 £ 15.16 0.13+0.11

XW spring 0.82 +0.66 1.05+0.69 2.18+2.00 3.76 +2.33 0.11+0.12
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Site Season Ni Pb \Y/ Zn Co

summer 0.62 +0.55 0.90+0.71 1.95+2.62 5.87 +8.93 0.06 +0.07
W autumn 1.23+0.51 1.42 £1.45 3.38+1.70 13.87 £ 8.95 0.17+£0.10
winter 1.06 + 0.69 1.79+£0.97 3.09+242 16.42 £9.41 0.14 £0.04
annual 0.92 +0.63 1.28+1.00 2.61+2.18 9.10+8.94 0.12+0.10
spring 0.72+0.29 0.35+0.11 0.82+0.15 1.47 £0.15 0.06 +0.01
summer 0.55+0.33 0.59 +0.68 0.78 +£0.48 2.94 +2.87 0.10+0.14
LS autumn 1.14+0.21 0.44 +0.43 2.57 +0.87 7.20+7.60 0.12 £ 0.07
winter 0.79+£0.34 1.08+1.17 1.69+0.75 9.66 + 11.06 0.10 £ 0.05
annual 0.95+0.35 1.32+£0.70 2.55+0.92 943711 0.13+£0.09

4. Bioaccessibility of metal(loid)s (mean £ standard deviation; expressed as bioaccessible metal(loid) concentration divided by total metal(loid)

concentration)

Site SEEN Fe As Cd Cr Cu Mn
spring 0.04 £0.02 0.54 £0.13 0.54+£0.11 0.37+£0.16 0.29 £ 0.07 0.8+0.16
summer 0.03 £0.03 0.73+0.14 0.37+£0.22 0.20+0.15 0.10 £ 0.06 0.79+0.24
TH autumn 0.04 +0.01 0.72 £ 0.09 0.30+£0.18 0.24+£0.11 0.08 £ 0.03 0.89 £0.09
winter 0.03 £0.03 0.64 +£0.16 0.21+£0.16 0.26 £0.25 0.11+£0.04 0.79+0.20
annual 0.03 £0.02 0.66 £0.15 0.36 +0.21 0.27 +0.17 0.14 £ 0.09 0.81+0.18
spring 0.06 £0.02 0.63 £0.29 0.51+£0.11 0.40 £0.17 0.49 £0.13 0.89 £0.09
summer 0.06 £ 0.07 0.70 £0.29 0.46 +0.13 0.35+0.18 0.44 +0.16 0.79+0.14
CH autumn 0.03+£0.01 0.76 £0.10 0.46 £0.16 0.20+£0.11 0.41+£0.13 0.70£0.16
winter 0.05+0.03 0.53+0.16 0.38+0.16 0.12+0.25 0.45 + 0.04 0.77+£0.20
annual 0.05 £ 0.04 0.65+0.25 0.45+0.14 0.26 £0.18 0.45+0.14 0.77 £0.16
HS spring 0.03 £0.03 0.55+0.13 0.07 £0.16 0.21+£0.17 0.57 £0.29 0.63+0.22
summer 0.03£0.02 0.75+£0.11 0.60£0.19 0.31+£0.25 0.33+£0.15 0.78 +£0.20
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Site Season Fe As Cd Cr Cu Mn
autumn 0.03+0.01 0.62 +0.15 0.41+0.18 0.12+0.14 0.40+0.10 0.59+0.18
HS winter 0.03+0.02 0.52 +0.05 0.37+£0.16 0.13+0.05 0.37+0.10 0.74+0.23
annual 0.03+£0.02 0.62+0.15 0.35+0.28 0.22+0.19 0.43+£0.22 0.68 £0.21
spring 0.01+0.01 0.49+0.12 0.22 +0.06 0.18+0.12 0.48 £ 0.15 0.67 +0.17
summer 0.01+0.01 0.72+0.19 0.29+£0.20 0.17+£0.25 0.29+0.10 0.53+0.14
PK autumn 0.01+0.01 0.68 +0.31 0.41+0.19 0.07 £ 0.06 0.33 £ 0.07 0.44 +£0.12
winter 0.02 +0.02 0.76 £ 0.16 0.51+0.13 0.07 £ 0.06 0.34 +0.08 0.48 +0.13
annual 0.01+0.01 0.65+0.23 0.35+0.18 0.14+0.14 0.37+£0.13 0.53+£0.16
spring 0.00+£0.00 0.59+0.13 0.18 £ 0.07 0.18 +0.17 0.83+0.10 0.54 +0.17
summer 0.01+£0.00 0.61+0.20 0.20+0.16 0.25+0.20 0.52+0.25 0.38+£0.14
XW autumn 0.01+0.01 0.81+0.12 0.42+0.19 0.04 +0.06 0.29+0.11 0.42+0.18
winter 0.01+0.01 0.79+£0.22 0.51+£0.20 0.04 £0.03 0.37+£0.11 0.49+0.19
annual 0.01+0.01 0.68 +0.19 0.32+0.21 0.15+0.17 0.47+0.24 0.46 +0.18
spring 0.01+£0.00 0.63 +0.02 0.14 +0.01 0.54 +0.00 0.33+0.04 0.45+0.08
summer 0.00+£0.00 0.66 +0.12 0.23+£0.22 0.23+0.17 0.27£0.10 0.37£0.13
LS autumn 0.01+0.01 0.85+0.10 0.47 £0.12 0.04 £ 0.00 0.37 £ 0.05 0.51+0.13
winter 0.01+£0.00 0.78 £ 0.20 0.31+0.24 0.05+0.00 0.37 £ 0.09 0.40+0.24
annual 0.01+£0.00 0.67+0.14 0.32+0.21 0.15+0.20 0.42 +0.08 0.46 +0.17
Site Season Ni Pb \Y/ Zn Co
spring 0.42+£0.19 0.12 £0.05 0.73+0.15 0.11£0.05 0.62+0.19
summer 0.35+0.24 0.07 £0.05 0.84+0.11 0.15+0.09 0.44 +£0.19
TH autumn 0.24 £0.09 0.04 £0.02 0.76 £0.18 0.21£0.06 0.57+0.18
winter 0.21+0.12 0.05+0.02 0.58 +0.25 0.18 +£0.10 0.52 +0.23
annual 0.30+0.19 0.07 £ 0.04 0.73+0.20 0.16 +0.09 0.53+0.20
cH spring 0.51+0.12 0.17+£0.10 0.53+0.28 0.17 £ 0.07 0.73+0.14
summer 0.41+0.13 0.17 £0.09 0.60 +0.39 0.16 + 0.09 0.48 +0.33
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Site REEN Ni Pb \Y/ Zn Co
autumn 0.27 £0.15 0.12+0.10 0.54 +0.29 0.11 +0.08 0.49+0.28
CH winter 0.28 +0.12 0.12+0.02 0.55+0.25 0.13+0.10 0.33+0.23
annual 0.36 £ 0.16 0.15+0.09 0.56 +0.30 0.14 +0.08 0.47 £0.29
spring 0.26 +0.13 0.02+0.01 0.51+0.19 0.13+0.04 0.34+0.11
summer 0.29+0.10 0.15+0.08 0.75+£0.19 0.17 £0.07 0.49£0.32
HS autumn 0.30 £ 0.06 0.04 £ 0.02 0.66 +0.16 0.14 £ 0.07 0.55+0.10
winter 0.22+0.01 0.05+0.04 0.43+0.01 0.18 +0.13 0.46 +0.01
annual 0.28 £0.10 0.07 £0.07 0.61+0.21 0.15 £ 0.07 0.45+0.20
spring 0.24 +0.10 0.02+0.01 0.39+0.21 0.03 £0.02 0.26 +0.12
summer 0.26 +0.08 0.03+0.04 0.51+0.29 0.03+£0.05 0.26 £0.17
PK autumn 0.29+0.14 0.02 £ 0.02 0.53+0.30 0.06 +0.06 0.35+0.19
winter 0.31+0.09 0.03+0.03 0.55+0.29 0.07 £ 0.06 0.53+0.17
annual 0.27 £0.11 0.03+0.03 0.49 +£0.27 0.05+0.05 0.34+0.19
spring 0.23 +0.07 0.02+0.01 0.48 +0.15 0.02+0.01 0.32 £ 0.07
summer 0.22 +0.07 0.02+0.01 0.43+0.21 0.03+0.02 0.32+0.08
XW autumn 0.26 + 0.06 0.03+0.03 0.70+0.14 0.07 £ 0.05 0.51+0.15
winter 0.24 £0.09 0.03+0.02 0.71£0.07 0.08 £ 0.03 0.47 £0.23
annual 0.24 +0.07 0.02 +0.02 0.57 £ 0.19 0.04 £0.04 0.40+0.15
spring 0.41+£0.26 0.01£0.00 0.52 + 0.06 0.01 £ 0.00 0.32+0.13
summer 0.26 £ 0.08 0.03+0.03 0.33+£0.09 0.02 £ 0.03 0.24+£0.16
LS autumn 0.30+£0.03 0.01+0.01 0.62 + 0.07 0.05 +0.05 0.34 +0.00
winter 0.24 +0.08 0.03+£0.02 0.53+0.12 0.06 +0.05 0.27+0.14
annual 0.23+0.11 0.02 +0.02 0.55+0.15 0.04 £0.04 0.39+0.13

5. CR and NCR induced by metal(loid)s
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CR TH CH HS PK XW LS
As” 8.66E-07 1.05E-06 2.99E-06 8.46E-07 6.91E-07 5.17E-07
Cd 4.19E-08 6.26E-08 8.76E-08 1.42E-07 1.06E-07 4.14E-08
Ni 4.35E-08 2.52E-08 3.77E-08 3.67E-08 2.19E-08 1.83E-08
Pb 1.72E-09 3.05E-09 1.96E-09 2.34E-09 1.40E-09 6.95E-10
Co 2.22E-07 1.34E-07 1.71E-07 1.09E-07 9.81E-08 8.00E-08
cr 1.42E-06 7.89E-07 1.32E-06 3.69E-06 2.91E-06 2.57E-06
sum 2.59E-06 2.07E-06 4.61E-06 4.82E-06 3.83E-06 3.23E-06
* Adjusted based on speciation information
HQ TH CH HS PK XW LS
As” 2.14E-02 2.60E-02 7.38E-02 2.09E-02 1.71E-02 1.28E-02
Cd 8.14E-03 1.22E-02 1.70E-02 2.76E-02 2.06E-02 8.05E-03
Mn 6.91E-02 3.79E-02 6.57E-02 7.83E-02 6.01E-02 4.37E-02
Ni 6.50E-03 3.77E-03 5.63E-03 5.49E-03 3.27E-03 2.73E-03
Vv 1.09E-02 6.24E-03 1.42E-02 1.00E-02 8.34E-03 4.62E-03
Co 1.44E-02 8.65E-03 1.11E-02 7.07E-03 6.36E-03 5.18E-03
cr 5.92E-04 3.29E-04 5.49E-04 1.54E-03 1.21E-03 1.07E-03
Fe 9.04E-07 8.90E-07 6.12E-07 2.84E-07 1.52E-07 1.54E-07
Cu 7.29E-07 1.55E-06 2.50E-06 6.45E-06 3.79E-06 1.86E-06
Pb 1.00E-03 1.78E-03 1.14E-03 1.36E-03 8.17E-04 4.05E-04
Zn 1.35E-05 9.10E-06 1.77E-05 8.98E-06 5.82E-06 3.56E-06
sum 1.32E-01 9.68E-02 1.89E-01 1.52E-01 1.18E-01 7.85E-02

: Adjusted based on speciation information

6. PMF result (source contribution profiles for each chemical component; unit: %)
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Combustion
(coal/waste/biomass)

Fugitive dust Secondary nitrate Ship emission Vehicular emission Sea salt mixed with secondary
sulphate
PM2s 24.98 18.59 16.53 9.89 12.24 17.77
Na* 44.07 0.00 10.23 11.28 22.32 12.10
NH,* 0.00 31.69 26.94 0.00 1.14 40.24
K* 0.00 12.45 13.72 23.42 14.84 35.58
CI 6.98 16.06 2.05 0.00 74.91 0.00
SO4* 18.94 0.00 33.59 0.00 0.73 46.73
NOz 3.92 57.59 1.31 11.25 23.42 2.51
oC 11.42 13.98 8.49 32.93 7.03 26.16
EC 1.66 9.65 12.38 37.83 6.55 31.93
Al 67.38 22.38 0.00 4.31 0.00 5.94
Fe 54.70 10.28 0.44 23.69 4.32 6.57
Ca 65.70 0.00 3.55 9.52 19.73 1.50
Mg 74.84 1.98 6.20 0.00 16.98 0.00
As 0.00 0.00 20.66 16.51 0.26 62.57
Cd 5.66 4.77 5.66 19.49 7.55 56.88
Cr 6.32 0.00 0.00 60.04 3.48 30.16
Cu 7.71 0.82 0.00 35.59 17.76 38.12
Mn 23.33 6.66 17.43 20.23 17.27 15.08
Ni 27.97 3.09 22.45 14.87 30.75 0.87
Pb 12.30 5.41 6.57 15.75 6.02 53.96
\% 8.51 0.00 68.04 23.46 0.00 0.00
Zn 7.24 0.00 9.17 29.70 17.38 36.52
Co 59.94 4.18 3.98 8.54 19.97 3.39
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Combustion
(coal/waste/biomass)

Fugitive dust Secondary nitrate Traffic emission REEREL : . Industrial emission
mixed with secondary
sulphate
PM2s 20.26 17.76 14.55 9.26 22.79 15.39
Na* 29.31 0.00 22.06 29.37 18.40 0.86
NH,* 0.00 29.93 24.25 4.28 32.08 9.45
K* 10.20 15.02 10.06 22.30 35.99 6.42
CI 0.00 16.94 14.06 52.75 1.08 15.18
SO4* 11.48 6.77 30.36 0.00 44.88 6.52
NOs" 11.53 58.88 7.42 9.10 0.00 13.07
oC 26.63 13.47 10.54 11.72 26.06 11.57
EC 15.50 17.04 9.92 12.37 34.18 11.00
Al 66.80 11.13 6.85 0.00 10.06 5.17
Fe 62.74 2.59 10.05 4.91 10.70 9.01
Ca 71.93 0.00 0.00 5.52 11.70 10.85
Mg 73.17 2.19 5.40 7.19 12.05 0.00
As 0.69 0.00 41.34 5.27 39.79 12.91
Cd 18.25 6.35 1.68 7.62 35.84 30.26
Cr 0.00 0.00 56.19 0.00 35.38 8.43
Cu 23.56 0.00 1.67 0.00 11.41 63.35
Mn 38.15 9.88 18.08 4.67 15.31 13.90
Ni 25.03 1.33 54.13 10.05 4.93 4.54
Pb 16.03 5.35 1.06 6.60 41.13 29.83
\% 0.01 0.00 82.85 0.00 14.40 2.74
Zn 23.07 0.00 14.99 16.35 19.55 26.04
Co 43.97 12.65 9.57 7.01 11.72 15.09
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Combustion

Fugitive dust Secondary aerosol Fuel oil usage Vehicular emission . Industrial emission
(coal/waste/biomass)

PM2s 17.09 31.50 11.59 7.78 22.07 9.96
Na* 50.22 7.17 3.74 7.86 26.57 4.43
NH,4* 0.00 53.83 13.41 4.06 13.46 15.25
K* 17.58 6.75 8.88 25.76 28.08 12.95
CI 40.24 0.00 0.00 0.00 59.76 0.00
S04* 13.82 36.95 16.34 9.87 23.02 0.00
NO3z 3.15 55.75 0.00 0.00 19.09 22.02
oC 28.41 7.77 8.45 20.87 27.70 6.81
EC 10.95 13.87 12.72 16.41 27.64 18.42
Al 47.76 3.59 8.23 17.08 23.35 0.00
Fe 20.73 1.57 9.07 14.38 31.60 22.66
Ca 58.82 4.64 0.00 9.34 27.20 0.00
Mg 54.85 4.15 5.95 9.78 24.68 0.60
As 9.01 0.00 8.62 21.56 50.70 10.10
Cd 0.00 0.00 5.03 0.00 94.97 0.00
Cr 0.00 0.00 21.08 14.53 30.06 34.33
Cu 0.00 0.00 0.00 79.56 20.44 0.00
Mn 0.00 0.00 15.11 9.53 27.69 47.67
Ni 12.97 1.70 39.56 7.14 29.10 9.54
Pb 13.34 1.10 0.00 24.38 52.32 8.86
\Y 0.00 231 67.77 2.45 27.47 0.00
Zn 26.31 0.00 6.25 29.89 31.33 6.22
Co 21.17 0.00 27.19 9.86 25.74 16.05
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Combustion

Fugitive dust Secondary aerosol Fuel oil usage Vehicular emission . Industrial emission
(coal/waste/biomass)

PM2s 23.15 30.90 8.22 12.49 18.11 7.12
Na* 20.08 12.85 29.44 18.52 19.11 0.00
NH4* 20.47 50.58 0.64 10.16 11.22 6.94
K* 19.59 12.36 3.85 4.23 53.01 6.95
CI 0.00 3.03 21.00 16.71 59.26 0.00
S04* 32.77 41.39 6.15 13.15 6.54 0.00
NOs 0.00 49.25 2.35 0.00 21.13 27.27
oC 23.70 15.78 9.24 13.12 26.62 11.53
EC 21.03 26.09 2.20 10.80 29.64 10.24
Al 34.57 6.72 11.95 14.64 21.96 10.17
Fe 11.24 0.00 0.00 0.00 31.51 57.26
Ca 31.88 1.04 19.67 19.27 14.94 13.20
Mg 27.48 0.00 15.06 16.78 28.74 11.93
As 0.00 0.00 15.34 2.11 60.01 22.54
Cd 0.00 0.00 4.06 0.00 95.94 0.00
Cr 0.00 0.00 36.62 0.00 16.20 47.18
Cu 0.00 0.00 4.20 45.25 37.58 12.97
Mn 14.18 0.00 7.70 12.77 39.27 26.07
Ni 17.21 0.93 28.13 14.48 32.14 7.10
Pb 15.53 0.53 0.00 6.70 72.35 4.89
\% 14.56 0.00 49.94 0.00 35.15 0.35
Zn 18.81 7.08 8.29 6.90 46.89 12.03
Co 21.36 0.00 7.95 1.43 53.82 15.44

7. Monthly average concentrations of target genes (copy m) analysed by qPCR
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16S rRNA

Month gene InuA blarem-1 intll tnpA-02 tnpA-04
Mar 2016 1.37E+03 2.60E+01 1.30E+01 8.62E-01 1.35E+02 8.62E-01 3.41E+01 5.40E+00 4.41E+01 3.21E+02
Apr 2016 1.67E+03 5.06E+01 2.76E+01 7.65E-01 1.55E+02 8.52E-01 1.12E+02 1.74E+01 5.09E+01 7.39E+02
May 2016 1.74E+03 1.49E+01 1.76E+00 1.63E+00 1.28E+02 1.63E+00 5.18E+01 8.72E+00 2.25E+01 6.90E+02
Jun 2016 9.33E+03 6.92E+01 3.79E+01 1.01E+00 5.30E+02 1.21E+00 5.87E+02 8.40E+01 2.34E+02 3.17E+03
Jul 2016 1.07E+04 1.09E+01 3.07E+01 5.34E-01 7.87E+02 5.78E-01 6.45E+02 5.21E+01 3.40E+02 3.74E+03
Aug 2016 3.84E+03 1.40E+01 1.22E+01 6.80E-01 1.41E+02 5.26E-01 1.55E+02 2.52E+01 9.37E+01 1.11E+03
Sept 2016 1.65E+04 8.42E+01 9.51E+01 6.66E-01 3.58E+02 1.12E+00 5.08E+02 6.16E+01 1.27E+02 2.24E+03

TH Oct 2016 1.57E+04 8.69E+01 1.01E+02 1.12E+00 5.14E+02 1.45E+00 8.22E+02 8.09E+01 3.59E+02 4.05E+03
Nov 2016 6.60E+03 8.66E+01 1.27E+02 2.34E+00 4.33E+02 1.74E+00 7.82E+02 8.25E+01 3.43E+02 4.35E+03
Dec 2016 6.50E+03 3.03E+01 7.48E+01 5.58E-01 1.80E+03 4.04E+00 1.19E+03 5.73E+01 3.85E+02 7.18E+03
Jan 2017 4.70E+03 7.07E+01 7.30E+01 1.18E+00 5.02E+02 1.18E+00 3.52E+02 4.92E+01 1.73E+02 2.14E+03
Feb 2017 8.37E+03 1.54E+02 1.02E+02 1.69E+00 8.89E+02 2.55E+00 6.49E+02 7.99E+01 2.27E+02 3.02E+03
Mar 2017 7.99E+03 1.26E+02 1.01E+02 1.49E+00 6.72E+02 1.35E+00 1.11E+03 9.69E+01 2.84E+02 4.99E+03
Apr 2017 1.07E+04 8.95E+01 8.59E+01 1.59E+00 4.91E+02 2.56E+00 6.80E+02 7.23E+01 2.50E+02 4.16E+03
May 2017 2.99E+03 4.20E+01 5.06E+01 1.82E+00 2.39E+02 8.27E-01 3.27E+02 3.77E+01 1.50E+02 1.74E+03
Mar 2016 1.81E+03 2.08E+00 1.71E+00 1.17E+00 2.01E+01 1.17E+00 2.74E+00 2.06E+00 7.61E+00 2.93E+02
Apr 2016 2.07E+03 2.01E+01 7.05E+00 1.56E+00 9.25E+01 5.74E+00 7.59E+01 1.02E+01 1.59E+01 7.17E+02
May 2016 1.27E+04 7.23E+01 4.74E+01 2.37E+00 2.12E+02 2.50E+00 2.18E+02 4.73E+01 1.99E+02 2.90E+03
Jun 2016 2.41E+04 5.95E+00 1.67E+01 1.32E+00 9.25E+01 9.69E-01 3.41E+02 2.60E+01 1.27E+02 2.67E+03
CH Jul 2016 7.74E+03 5.71E+01 1.97E+01 2.59E+00 2.30E+02 3.25E+00 1.53E+02 2.56E+01 7.28E+01 1.40E+03
Aug 2016 8.06E+03 8.89E+00 7.38E+00 9.05E-01 4.91E+01 9.05E-01 7.63E+01 7.71E+00 3.97E+01 7.81E+02
Sept 2016 1.74E+04 6.01E+01 4.92E+01 9.56E+00 1.70E+02 2.04E+00 2.04E+02 2.80E+01 6.00E+01 1.75E+03
Oct 2016 6.43E+03 6.77E+00 2.36E+00 2.26E+00 1.85E+02 2.26E+00 1.63E+01 6.23E+00 5.92E+01 3.61E+02
Nov 2016 5.22E+03 2.37E+01 9.25E+00 1.13E+00 1.69E+02 1.13E+00 9.08E+01 1.10E+01 1.93E+01 7.70E+02
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16S rRNA

Month gene ermB InuA blarem-1 intll tnpA-02 tnpA-04
Dec 2016 3.41E+03 1.13E+01 7.81E+00 1.13E+00 4.59E+01 1.13E+00 1.09E+02 1.61E+01 1.61E+01 8.36E+02
Jan 2017 3.02E+03 4.23E+00 2.23E+00 1.51E+00 1.39E+01 1.51E+00 5.22E+00 3.09E+00 1.34E+01 1.96E+02
Feb 2017 2.70E+03 3.45E+01 6.27E+00 1.13E+00 9.23E+01 1.13E+00 5.21E+01 7.31E+00 1.57E+01 7.69E+02
cH Mar 2017 3.82E+03 6.03E+01 2.08E+01 1.17E+00 1.83E+02 1.44E+00 1.93E+02 2.01E+01 5.60E+01 1.65E+03
Apr 2017 2.19E+03 7.30E+00 5.25E+00 4.53E+00 1.24E+02 4.53E+00 1.77E+01 7.62E+00 4.82E+01 9.85E+02
May 2017 5.37E+03 3.85E+00 2.51E+00 1.13E+00 2.32E+01 1.13E+00 1.36E+01 3.45E+00 1.64E+01 4.48E+02
Mar 2016 2.67E+03 6.44E+01 6.53E+00 2.90E+00 2.73E+02 2.90E+00 1.59E+02 3.61E+01 1.84E+02 1.63E+03
Apr 2016 6.29E+03 5.40E+02 1.33E+02 6.85E+00 1.06E+03 4.45E+00 1.04E+03 2.83E+02 5.90E+02 6.48E+03
May 2016 1.15E+04 2.71E+02 1.16E+02 2.97E+00 4.48E+02 1.52E+00 6.28E+02 1.72E+02 3.74E+02 4.74E+03
Jun 2016 3.13E+04 5.51E+02 1.88E+02 3.97E+00 9.88E+02 2.41E+00 2.44E+03 4.80E+02 8.38E+02 1.18E+04
Jul 2016 2.61E+04 5.71E+02 2.04E+02 3.12E+00 1.01E+03 3.15E+00 2.15E+03 5.13E+02 8.81E+02 1.10E+04
Aug 2016 1.13E+04 8.00E+01 3.86E+01 2.64E+00 2.04E+02 1.04E+00 2.56E+02 6.70E+01 1.12E+02 1.47E+03
Sept 2016 3.99E+04 3.99E+02 1.98E+02 3.01E+00 1.69E+03 3.58E+00 1.88E+03 4.01E+02 7.80E+02 1.00E+04
HS Oct 2016 1.83E+04 2.27E+02 5.90E+01 1.31E+01 6.79E+02 1.39E+00 4.18E+02 1.38E+02 2.08E+02 2.89E+03
Nov 2016 4.24E+04 1.04E+03 4.36E+02 1.76E+01 2.64E+03 1.18E+01 3.97E+03 8.45E+02 1.12E+03 1.80E+04
Dec 2016 3.04E+04 3.28E+02 2.38E+02 5.61E+00 2.86E+03 5.48E+00 3.25E+03 5.26E+02 9.74E+02 1.76E+04
Jan 2017 3.07E+03 4.39E+01 6.83E+00 1.94E+00 6.13E+02 9.94E-01 1.01E+02 4.14E+01 1.04E+02 1.39E+03
Feb 2017 3.87E+03 5.30E+01 9.79E+00 1.63E+00 4.85E+02 1.32E+00 9.78E+01 1.77E+01 3.78E+01 9.98E+02
Mar 2017 4.48E+03 2.35E+01 7.98E+00 7.95E-01 3.14E+02 7.95E-01 1.70E+02 3.79E+01 8.88E+01 1.95E+03
Apr 2017 4.99E+03 7.30E+01 1.92E+01 4.44E+00 4.81E+02 9.94E-01 4.00E+02 8.85E+01 1.35E+02 3.38E+03
May 2017 3.36E+03 1.33E+02 2.93E+01 1.72E+00 4.52E+02 7.95E-01 4.16E+02 1.34E+02 2.43E+02 3.12E+03
Mar 2016 1.37E+03 1.20E+02 5.60E+01 1.06E+01 6.10E+01 4.38E+01 1.39E+01 7.89E+01 1.57E+01 2.01E+02
XwW Apr 2016 2.51E+03 2.88E+01 1.55E+01 2.77E+00 1.89E+01 2.24E+02 2.77E+00 7.55E+01 2.77E+00 9.27E+01
May 2016 7.40E+03 7.18E+01 2.18E+01 2.77E+00 3.45E+01 6.13E+02 9.94E+01 1.27E+02 3.17E+00 7.12E+01
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16S rRNA

Month gene ermB InuA blarem-1 intll tnpA-02 tnpA-04
Jun 2016 1.19E+03 4.96E+01 1.39E+01 1.15E+01 3.72E+01 8.29E+01 9.23E+00 6.92E+01 2.77E+00 1.79E+02
Jul 2016 2.66E+03 5.06E+01 2.01E+01 1.76E+01 2.39E+01 3.19E+02 4.02E+00 7.88E+01 4.02E+00 1.33E+02
Aug 2016 1.40E+03 2.60E+01 2.43E+01 6.88E+00 5.74E+01 4.28E+00 2.55E+01 5.96E+01 9.09E+00 2.22E+02
Sept 2016 2.14E+03 1.95E+02 8.55E+01 7.31E+00 8.06E+00 6.00E+01 7.31E+00 6.26E+01 7.31E+00 1.60E+02
Oct 2016 3.16E+03 5.95E+01 2.43E+01 2.89E+01 1.27E+01 2.73E+02 1.75E+01 1.37E+02 4.86E+00 2.35E+02
Nov 2016 6.28E+03 6.71E+02 7.15E+01 2.44E+02 7.14E+01 2.27E+02 1.28E+01 1.84E+02 4.86E+00 1.27E+02
*W Dec 2016 1.59E+04 1.10E+03 8.40E+01 4.99E+00 7.44E+01 2.89E+01 2.73E+01 3.06E+02 1.78E+01 3.21E+02
Jan 2017 1.99E+03 3.72E+02 1.37E+02 2.70E+01 5.11E+01 1.89E+01 1.71E+01 3.36E+02 4.86E+00 2.04E+02
Feb 2017 4.00E+03 3.77E+02 7.42E+01 3.02E+01 3.02E+01 1.85E+01 1.61E+01 1.92E+02 7.30E+00 4.47E+02
Mar 2017 3.50E+03 6.15E+01 1.82E+01 3.64E+00 1.35E+02 3.06E+00 3.86E+01 3.95E+01 3.72E+01 4.55E+02
Apr 2017 3.21E+03 4,23E+01 1.82E+01 3.65E+00 7.97E+01 1.39E+00 1.55E+01 2.45E+01 2.68E+01 2.02E+02
May 2017 2.72E+03 1.56E+01 2.43E+01 4.86E+00 3.49E+01 1.15E+00 1.43E+01 9.44E+00 2.62E+01 2.66E+02
Mar 2016 2.69E+03 2.81E+02 7.00E+01 3.71E+00 3.11E+02 2.79E+00 1.45E+02 1.66E+02 4.50E+01 1.29E+03
Apr 2016 2.18E+03 8.86E+01 1.91E+01 6.21E+00 2.93E+01 7.04E+00 2.61E+01 8.62E+01 6.75E+00 1.84E+02
May 2016 6.56E+03 4.97E+01 1.39E+01 2.22E+00 3.08E+01 1.53E+00 9.42E+01 1.82E+02 4.16E+00 2.68E+02
Jun 2016 1.27E+03 3.11E+01 1.39E+01 2.78E+00 2.73E+01 1.73E+00 5.71E+00 1.68E+01 3.83E+00 9.36E+01
Jul 2016 1.50E+03 3.45E+01 3.15E+01 6.31E+00 2.47E+01 7.65E+01 3.66E+01 6.89E+01 6.31E+00 7.51E+01
Aug 2016 2.68E+03 7.16E+01 3.64E+01 7.29E+00 3.16E+01 1.46E+00 2.14E+01 7.56E+00 8.52E+00 5.01E+01
PK Sept 2016 1.58E+03 3.15E+01 2.43E+01 4.86E+00 1.78E+01 9.73E-01 6.13E+00 2.25E+01 8.47E+00 7.49E+01
Oct 2016 1.97E+03 6.83E+00 3.41E+01 6.83E+00 2.34E+01 1.37E+00 9.31E+00 5.44E+01 7.98E+00 1.72E+02
Nov 2016 3.32E+03 3.60E+02 9.90E+01 4.86E+00 3.86E+01 1.14E+00 2.56E+01 1.84E+01 6.23E+00 1.39E+02
Dec 2016 1.33E+03 1.52E+02 2.43E+01 4.86E+00 3.31E+01 9.72E-01 1.51E+01 2.06E+01 4.86E+00 1.65E+02
Jan 2017 4.62E+03 4.99E+02 3.67E+01 4.86E+00 1.94E+02 9.72E-01 9.96E+01 7.59E+01 1.62E+01 2.89E+02
Feb 2017 3.53E+03 3.47E+02 4.53E+01 1.41E+01 6.51E+01 1.76E+00 8.81E+00 8.41E+01 9.41E+00 2.44E+02
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16S rRNA

Month gene InuA blarem-1 intll tnpA-02 tnpA-04

Mar 2017 4.28E+03 1.27E+02 3.56E+01 4.85E+00 9.92E+01 7.03E+00 4.79E+01 1.04E+02 1.29E+01 2.10E+02
PK Apr 2017 4.42E+03 7.04E+01 2.98E+01 3.64E+00 5.41E+01 2.88E+00 3.02E+01 6.05E+01 1.55E+01 2.26E+02
May 2017 4.51E+03 5.84E+01 2.67E+01 4.86E+00 8.80E+01 9.72E-01 3.47E+01 3.58E+01 7.37E+00 1.92E+02
Apr 2016 2.47E+03 5.53E+00 2.76E+01 5.53E+00 1.24E+01 1.36E+00 5.53E+00 5.53E+00 5.53E+00 9.57E+01
May 2016 3.52E+03 1.12E+01 2.75E+01 5.51E+00 1.20E+01 1.10E+00 5.51E+00 2.93E+01 5.51E+00 8.07E+01
Jun 2016 3.01E+03 2.30E+01 2.76E+01 5.52E+00 2.14E+01 1.10E+00 5.86E+00 3.03E+01 6.54E+00 1.09E+02
Jul 2016 8.12E+03 1.49E+02 2.31E+01 1.99E+00 7.57E+01 4.57E+01 8.02E+01 6.87E+01 9.38E+00 7.07E+02
Sept 2016 9.91E+03 1.06E+03 1.00E+02 5.74E+00 1.60E+02 1.52E+00 1.41E+02 1.42E+02 4.06E+01 1.58E+03
Oct 2016 3.20E+03 3.80E+02 6.17E+01 5.72E+00 1.54E+02 1.14E+00 3.43E+01 1.29E+02 1.84E+01 7.97E+02
LS Nov 2016 1.02E+04 8.01E+02 1.62E+02 5.65E+00 2.75E+02 1.16E+00 1.10E+02 1.84E+02 3.70E+01 1.42E+03
Dec 2016 1.43E+03 5.37E+02 6.18E+01 5.65E+00 1.85E+02 1.20E+00 6.02E+01 1.38E+02 1.75E+01 1.04E+03
Jan 2017 1.13E+03 6.34E+02 1.92E+02 2.03E+00 3.09E+02 1.53E+00 2.59E+02 2.32E+02 8.60E+01 3.65E+03
Feb 2017 1.16E+03 1.23E+03 1.92E+02 5.72E+00 4.61E+02 4.25E+00 3.06E+02 2.61E+02 8.17E+01 3.94E+03
Mar 2017 2.25E+03 1.04E+01 2.76E+01 5.52E+00 3.85E+01 1.10E+00 6.83E+00 1.76E+01 1.28E+01 2.92E+02
Apr 2017 2.91E+03 3.09E+02 2.03E+02 6.52E+00 8.67E+02 2.20E+00 6.67E+02 5.26E+02 1.63E+02 8.93E+03
May 2017 4.11E+03 7.02E+01 5.98E+01 5.52E+00 2.40E+02 1.10E+00 4.50E+01 8.70E+01 3.71E+01 1.91E+03

8. Concentrations of certain kinds of genes in PM2.s/sewage/sludge samples in the SCISTW study (by gPCR).

Target gene concentration (copy m%)
Sample  Sample  PM:s (ug 16S ermB sull InuA tetW gnrs blarewm-1 tnpA-02 tnpA-04

type ID m3) rRNA
gene
PMa2s FT-P2 25.98 6.99E+03 | 8.64E+01 | 4.35E+02 | 3.13E+02 | 3.34E+01 | 6.30E+00 2.78E-01 754E+01 | 1.42E+03 | 1.26E+02
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ermB

sull

Target gene concentration (copy m)

InuA

tetW

gnrS

blarem-1

tnpA-02

tnpA-04

intll

ST-P1 23.38 1.30E+04 | 2.09E+01 | 1.78E+02 | 1.23E+02 | 5.00E+00 | 9.04E+00 | 4.72E-01 7.92E+01 | 1.41E+03 | 1.11E+02
ST-P2 23.95 5.86E+03 | 9.90E+01 | 7.03E+02 | 3.09E+02 | 1.53E+01 | 5.51E+00 | 6.40E-01 1.34E+02 | 2.12E+03 | 3.77E+02
BFN-P1 26.24 7.19E+04 | 5.20E+01 | 1.07E+03 | 2.16E+02 | 6.92E+00 | 1.40E+01 | 5.26E-01 5.29E+02 | 4.64E+03 | 8.75E+02
BFF-P1 26.69 4.64E+04 | 4.38E+01 | 6.95E+02 | 3.08E+02 | 7.47E+00 | 6.68E+00 | 7.94E-01 4.83E+02 | 3.95E+03 | 4.66E+02
BFF-P2 29.03 9.52E+04 | 1.34E+02 | 1.83E+03 | 4.34E+02 | 1.79E+01 | 4.95E+00 | 1.96E-01 7.92E+02 | 9.47E+03 | 1.21E+03
SST-P1 24.06 4.75E+04 | 9.60E+00 | 3.23E+02 | 3.01E+02 | 7.96E+00 | 3.87E+00 | 3.35E-01 1.64E+02 | 3.07E+03 | 2.22E+02
PMzs SST-P2 25.44 3.14E+04 | 1.83E+02 | 1.07E+03 | 1.12E+03 | 3.13E+01 | 3.33E+00 | 3.10E-01 2.51E+02 | 4.82E+03 | 8.19E+02
HT-P1 31.79 2.74E+03 | 2.12E+01 | 1.69E+01 | 7.37E+01 | 1.43E+00 | 6.64E+00 | 2.33E-01 3.49E+01 | 3.69E+02 | 3.36E+01
HT-P2 28.75 2.23E+03 | 1.23E+01 | 3.76E+01 | 2.28E+01 | 3.11E+00 | 2.81E+00 | 1.85E-01 3.01E+01 | 1.70E+02 | 6.31E+01
PU-P2 62.31 5.51E+04 | 1.00E+03 | 5.09E+03 | 3.85E+03 | 1.22E+02 | 3.74E+01 | 5.47E+00 | 2.08E+03 | 2.44E+04 | 1.87E+03
PU-P3 90.83 2.80E+05 | 6.85E+03 | 4.23E+04 | 1.18E+04 | 1.03E+03 | 1.25E+01 | 1.59E+01 | 7.41E+03 | 1.54E+05 | 1.56E+04
PU-P4 60.26 6.72E+04 | 6.75E+02 | 3.08E+03 | 1.68E+03 | 1.32E+02 | 9.18E+00 | 2.79E+00 | 5.03E+02 | 1.37E+04 | 1.33E+03

Sample 1D

Unit

SERaw-P1
Sewage
SEFlo-P2

SEFlo-P1

EFSed-P1
Effluent

EFDechl-P1

Sludge  SluSed-P1

copy mL?
sewage or
sludge

ermB sull InuA
6.53E+08 | 2.92E+07 | 1.14E+08 | 6.56E+05 | 4.24E+06 | 3.43E+07 | 1.01E+06 | 5.21E+08 | 8.50E+07 | 1.06E+08
1.15E+09 | 9.98E+07 | 1.27E+08 | 9.44E+05 | 1.22E+07 | 2.96E+07 | 2.11E+06 | 5.45E+08 | 1.61E+08 | 1.05E+08
5.01E+08 | 4.98E+07 | 7.42E+07 | 4.74E+05 | 6.12E+06 | 2.87E+07 | 1.01E+06 | 2.83E+08 | 7.36E+07 | 6.56E+07
9.08E+08 | 1.19E+07 | 1.24E+08 | 1.18E+05 | 1.79E+06 | 2.47E+07 | 9.71E+05 | 8.13E+08 | 1.59E+07 | 1.15E+08
9.97E+08 | 2.13E+07 | 1.70E+08 | 1.76E+05 | 3.00E+06 | 5.99E+07 | 8.23E+05 | 6.89E+08 | 1.48E+07 | 1.71E+08
1.10E+10 | 6.08E+08 | 8.81E+08 | 1.18E+07 | 8.25E+07 | 2.38E+07 | 5.28E+06 | 1.06E+10 | 2.88E+09 | 8.86E+08
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Sample
type

Sample 1D Unit ermB sull InuA gnrS blarem-1 tnpA-02 tnpA-04 intll

-1
Sludge  SluDew-P1 CZﬁ’Zdrgg 157E+08 | 6.19E+06 | 8.71E+06 | 4.14E+05 | 5.37E+05 | 2.62E+05 | 9.39E+04 | 5.29E+07 | 3.76E+07 | 6.89E+06
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