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Abstract

Apis mellifera Linnaeus (1758) order Hymenoptera family Apidae, is a eusocial insect
widely known for its role in pollination, a fundamental ecosystem service for plant
biodiversity and ultimately for the planet. During flight and foraging activity, the honey bee
can collect airborne particulate matter (PM) on their own body, especially on the
forewings, and can also contaminate bee products as pollen and honey. Particulate matter
can originate from natural or anthropic sources, and is characterised by size (e.g., PMuy,

PM25, PMo.1), chemical composition, and morphology.

In this thesis, honey bee, pollen and honey were used as bioindicator of PM — from coarse
to ultrafine — in industrial areas of the Po Valley, Italy (Chapter 2 and Chapter 3). The (sub-
lethal) effects of Titanium dioxide — a widespread airborne PM; pollutant — on the honey

bee through oral exposure was then investigated (Chapter 4).

The technique used to analyse the PM contaminating bees and bee products is the scanning
electron microscopy (SEM) coupled with X-ray spectrometer (EDX). EDX spectra allowed
us to obtain chemical information from specimens, while backscattered-electron (BSE)
imaging and elemental mapping provided both compositional and topographic information

of PM.



Chapter 1 General introduction

1.1 Bees in the world

Apis mellifera Linnaeus (1758) is a eusocial insect that belongs to the family Apidae. This
family is composed of subfamily Apinae with only one tribe Apini, with seven species of
the genus Apis (Table 1), three of which are extinct species (Engel, 1999; Michener, 2007).
The honey bees are a tropical group and arose in the Indo-Malayan region during the early
Oligocene (Engel, 1999); the species that is distributed worldwide by human activity is A.

mellifera Linnaeus (Michener, 2007).

Table 1. Distribution of genus Apis. *A. mellifera Linnaeus has been distributed worldwide by human

activity.
Species of the genus Apis
Species Author |Year | Distribution
Apis mellifera Linneus 1758 | Worldwide*
Apis florea Fabricius | 1787 South Asia
Apis dorsata Fabricius | 1793 | Indo-Malayan
Apis cerana Fabricius | 1793 North Asia_ and
East Asia

Apis henshawi Cockerell | 1907 Europe
Apis armbrusteri Zeuner 1931 Europe
Apis vetusta 1 Engel 1998 Europe

Most “varieties” of A. mellifera that can be easily identified by their general aspect, have
been recognized as subspecies for a long time (Ruttner, 1988). However, a clear
classification of the whole species was achieved only by a morphometric survey of
specimens from all the accessible regions of the mellifera area, using a set of carefully
selected characters, leading numerous taxa to be suppressed (Ruttner, 1988). In
Biogeography and Taxonomy of Honeybees (Ruttner, 1988), Ruttner gathered the distinct
taxonomic groups of A. mellifera in three groups for convenience: Near East, Tropical

Africa and Mediterranean.



The Mediterranean group is divided in two subgroups (Table 2; Figure 1.1): West
Mediterranean (North Africa, and West Mediterranean and North Europe), and Central
Mediterranean and Southeast European. Within the latter, the taxonomic group including
the subspecies of the peninsular Italian bee Apis mellifera ligustica Spinola, 1806, is
present. The peninsular Italian honey bee is one of the most commercialized subspecies in
the world, although it is mostly hybridized with Apis mellifera mellifera and Apis mellifera
carnica typical of Northern Europe, and the Alps, Ex-Yugoslavia and Romania,
respectively (Table 2; Figure 1.1) (Engel, 1999).

Table 2. Species within of the Mediterranean group by Ruttner. N.A.= North Africa; W.M. and N.E.= West

Mediterranean and North Europe.

Mediterranean group of the Apis mellifera

Species Groups Sub-groups Author Year
A. m. sahariensis N.A. Baldensperger | 1924
A. m. intermissa . N. A. Buttel-Reepen| 1906
A. m. iberica West Mediterranean W.M.and N.E. Goetze " 1964
A. m. mellifera W.M.and N.E. Linnaeus 1758
A. m. sicula Montagano 1911
A.m. Ilgustlga Central Mediterranean and Southeast S[_)lnola 1806
A.m. cecropia Europe Kiesenwetter 1860
A. m. macedonica Ruttner 1987
A. m. carnica Pollmann 1879
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Figure 1.1 Bio-geographical distribution of Apis mellifera by Ruttner 1988. Light blue shows the West
Mediterranean and North Europe subgroup, green shows the North Africa subgroup, and orange shows the

Central Mediterranean and Southeast Europe subgroup.

1.2 A brief introduction on the honey bees world

1.2.1 Sex determination and castes

The honey bee lives in colonies, and the social organisation within a colony consists of
three castes: the queen, workers, and drones (Figure 1.2). The queen is the only prolific
female and can lay two types of eggs: unfertilized and fertilized, hence leading to
haplodiploidy (Mackensen, 1951; Tautz, 2008; Contessi, 2009). Eggs are white and rod-
shaped, with diameter 0.3 mm and length 1.5 mm (Contessi, 2009). Unfertilized haploid
eggs will generate males or drones, whereas fertilized diploid eggs will generate female
workers (sterile) or queens (fertile). The queen larva is fed exclusively with royal jelly
throughout her life, whereas the worker larva is fed with royal jelly only the first three days
after hatching, and then with bee bread (Contessi, 2009). Drones are fed with same diet of

workers.



Figure 1.2 A colony of honey bees. The yellow, blue, and red arrows indicate the worker, the drone and the

queen respectively (Photo by Alessandro Tinozzi).

1.2.2 Hive

The colony includes one queen, ~11-60 thousand workers, and ~1-2 thousand drones
(Contessi, 2009). The whole colony lives into the hive. The hive is made of wax
honeycombs built by the workers; cells in the honeycomb are used to either lay eggs or
store food. The cells used to lay eggs differ depending on the caste of the bee which will be
raised in it. With the exclusion of a ‘queen’ cell, all cells are hexagonal in shape (Figure 1.3
a; Figure 1.4) and sloped upward of 9-14° (Figure 1.3 b), the bottom walls are not flat and
they are angled at 120° with the lateral walls (Figure 1.3 a). Cells having different purpose
tend to be found in specific areas of the honeycomb. Specifically, ‘food cells’ are found in
the upper part, ‘worker cells’ in the central part, and drone cells — that are slightly larger
than worker cells — in the lateral and bottom parts. When new queens are needed, worker
bees will build special elongated cells, resembling a peanut shell, at the bottom of the

honeycomb in which queens are reared.



Figure 1.3 Geometry of the cells. a) Front view of the cells. b) Sagittal section of the honeycomb (figure

based on Contessi, 2009).

Figure 1.4 Cells of a honeycomb (Photo by Giulia Papa).

1.2.3 Life cycle of workers
Workers originate from fertilized eggs. The queen lays an egg at the bottom of the cell,
which gets covered by a drop of royal jelly secreted by nurse bees. The egg hatches after

three days and will be nursed and fed by nurse bees until pupation. A worker larva is fed



with royal jelly through the first three days after hatching and with bee bread (honey and
pollen) afterwards. The larva goes through four moults, at 12, 36, 60, and 84 hours after
hatching, respectively; a last moult occurs 11 days after hatching when the larva is covered.
The covering starts seven days from laying when the larva body completely occupies the
cell, then the workers close the cell with an air-permeant wax cover called operculum.
After the last moult, the larva transforms into a pupa starting the metamorphosis. After ~21
days from laying, the young worker nibbles the operculum and comes out the cell as an
adult. The values reported here on the life cycle of the workers are average values which
can be affected by several factors, e.g., temperature. See Figure 1.5 for a schematic of bees’

life cycle.

The Honey Bee Life Cycle
WORKER QUEEN

capped

2
24 days

Figure 1.5 Life cycle of the drone, worker and queen bee (figure from Yadav, Kumar & Jat, 2017).

1.2.4 Tasks of the worker bee

When the worker bee becomes an adult, it conducts several tasks within and outside the
hive (Figure 1.6) (Contessi, 2009). The first task is to clean and cover with propolis — that
has antibacterial and antifungal properties (Ghisalberti, 1979) — the cells that will host the

new eggs; the task will last about three days. Then, during the next ~10 days the worker
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becomes able to produce royal jelly through the hypopharynx and mandibles glands which
develops and become functional during this period exclusively. The worker bee uses the
royal jelly to feed and nurse the new-born larvae and the queen. Hence, during this time,
the worker bee is commonly called ‘nurse bee’. The nurse bees also take care of the old
larvae (older than three days) feeding them with water, honey, and pollen. From day 10 to
day 16 of adulthood the worker bee starts producing the wax from wax glands located in
the ventral part of the abdomen (Figure 1.7). During this time, the worker bee builds and
repairs the hive. For a few days, the worker bee becomes the nectar-receiving bee, i.e., it
takes the nectar from the foragers and deposits it in the cells. At day 20 from adulthood the
worker bee commits to defend the colony. Finally, as last task in life the worker bee

becomes a forager.

Days
63
Forager:
Water
Pollen
Nectar
Propolis
42
< Defence}3 days
Wax secretions,
——honeycomb building, 5 days
nectar ripening,
pollen and nectar stoking
Feeding of
young larvae | 7 davs
and queen
eeding of elderly larvae|¢3 days
21 ells cleaning and and resting|¢3 days
upa | 3 Capped
12 days
Prepupa
9 4
oney and pollen
feeding U d
Royal jelly feedin ncappe
3 / ya ey g 9 days
Egg
C I 1
21 42 63

Brood Hive bee

Field bee
M 21 days) — 1 (21 days)

— >l (21days) — >

Figure 1.6 Sequence of duties of worker bees (figure modified from Contessi, 2009).

11



Figure 1.7 Worker Bee activating the wax glands in the ventral part of the abdomen (photo from Tautz,

2008).

1.2.5 Forager bees

The forager bees (Figure 1.8) are ~21 days old workers that collect water, nectar, pollen
and plant resins. Forager bees can be classified into two categories: the scout bees and the
reticent bees. The scout bees search for the best food resource and the reticent bees wait in
the beehive until the scout bees return and give them information about the food source by
dancing (von Frisch, 1967). The foraging activity of honey bees starts early in morning and
finishes in the evening. Usually, the foraging activity fluctuates during the day with high
pollen collection in the early morning and low amounts of pollen collected in the afternoon
(Abou-Shaara, 2014). Foraging tends to happen within 2 km from the beehive, especially if
there are attractive floral resources in the vicinity. However, scout bees can travel more

than 10 km in search of desirable floral sources (Hagler et al., 2011).
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Figure 1.8 Forager bee. Forager bee in the field while collecting the nectar (Photo by Giulia Papa).

1.2.6 The products of the honeybees: honey and pollen

Honey is the principal and best-known product of bees and is their principal source of
sugar. Honey derives from the nectar of the flowers that forager bees collect during the
foraging activity. Nectar is a sugary solution that derives from the phloem sap and is
collected from flowers nectaries, i.e., specialized tissues that secrete a sugary solution
involved in interactions with animals (Nicolson, Nepi & Pacini, 2007). Various types of
nectary exist, e.g., floral and extrafloral, located anywhere in the flower or in different parts
of the plants. The constituents of nectar are water, carbohydrates (primarily of sugars which
fructose, glucose and saccharose with total concentration ranges from 5% to 80%), amino
acids, ions, organic acids, vitamin, enzyme and aromatic substances (Nicolson, Nepi &
Pacini, 2007; Bortolotti & Marcazzan, 2017). The nectar composition varies from plant to
plant and this variability is reflected by differences in colours, flavours and smell of the

corresponding honey type.
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When a bee reaches the flower, it extends the ligula, which is ~7 mm long, to reach the
nectaries and suck the nectar (Bortolotti & Marcazzan, 2017). It is in this phase that the
nectar is enriched with enzymes and other substances produced by the hypopharyngeal
glands while it moves from the nectaries to the bee mouth before being stocked in the crop.
When the bee returns to the hive, it regurgitates drops of the nectar solution stored in the
crop to another bee. Such a phenomenon is called trophallaxis, it lasts 15-20 minutes and
has the effect of reducing the water present in the droplet while adding enzymes such as
invertase, diastase, glucose oxidase, catalase and phosphatase (Persano Oddo, Piazza &
Pulcini, 1999; Bortolotti & Marcazzan, 2017). In particular, invertase is responsible for
converting sucrose to fructose and glucose, which are the main sugars in honey (Persano
Oddo, Piazza & Pulcini, 1999). Following trophallaxis, the nectar drop is deposited into a
cell of the hive for the second phase of maturation (Figure 1.9). By moving their wings
bees within the hive create air currents that favours the evaporation of the water. This
activity allows the honey maturation, which is completed when the water percentage falls

below 18%. At this point, the bees cover the honey with a wax lid as a protection and to

prevent unwanted fermentation and spoilage (Bortolotti & Marcazzan, 2017).

Figure 1.9 Details of the honeycomb with immature honey (Photo by Giulia Papa).
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Pollen represents the principal source of protein for bees and larvae. The collection of
pollen is carried out by specialised forager bees (Contessi, 2009; Bortolotti & Marcazzan,
2017). While visiting a flower’s blossom or inflorescence a forager bee covers its body
with pollen dust. Once the bee takes off from the last flower visited, it uses the antenna
cleaner present in its foreleg to collect any pollen dust from head and neck. The collected
pollen is then kneaded with the available content from the crop to make a conglomerated
pollen. The conglomerated pollen is then moved to the second pair of legs. In the
meantime, the bee uses the second pair of legs to collect the pollen dust from the thorax.
Then, using the hind legs the bee collects the pollen dust from its abdomen, the
conglomerated pollen is then kneaded with the one coming midleg. Finally, the bee rubs its
pollen brushes to aid the transfer of the conglomerated pollen to the pollen baskets using
the auricle (Figure 1.10) (Contessi, 2009; Bortolotti & Marcazzan, 2017). Once the forager
bee arrives in the hive it detaches the pollen using the spur present in the midleg. Other
bees collect the pollen and store it in the cells of the hive (Figure 1.11) (Contessi, 2009;
Bortolotti & Marcazzan, 2017).

COXA

TROCHANTER ~ ~—.

FEMUR ——=3

N
NSy —— AURICLE

— POLLEN BRUSH

TARSUS

Figure 1.10 Anatomy of the bee leg (figure modified from Bortolotti & Marcazzan, 2017).
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Figure 1.11 Pollen within the comb (Photo by Giulia Papa).

1.3 Honey bee and the ecosystem services

Ecosystem services are all the components of an ecosystem and the processes occurring in
the ecosystem itself that sustain and fulfil human life (Daily, 1997). Ecosystem services
include provisioning, regulating, cultural, and supporting services (Figure 1.12)

(Millennium Ecosystem Assessment, 2005). Specifically:

e The provisioning services are the products obtained from the ecosystem (e.g., food,
genetic resources, fuel, etc.).

e The regulating services are the benefits obtained from the regulation of ecosystem
processes (e.g., pollination, climate regulation, water regulation, pest regulation,
etc.).

e The cultural services are the nonmaterial benefits people obtain from ecosystem
through spiritual enrichment, cognitive development, reflection, recreation, and

aesthetic.
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e The supporting services are necessary to produce all ecosystem services (e.g.,

photosynthesis).

ECOSYSTEM SERVICES

PROVISIONING SERVICES REGULATING SERVICES

FOOD.

FIBER.

FUEL.

GENETIC RESOURCES.

BIOCHEMICALS, NATURAL MEDICINES, AND
PHARMACEUTICALS.

ORNAMENTAL ROSOURCES.

FRESH WATER.

AIR QUALITY REGULATION.
CLIMATE REGULATION.

‘WATER REGULATION.

EROSION REGULATION.

WATER PURIFICATION.

DISEASE REGULATION.

PEST REGULATION.
POLLINATION

NATURAL HAZARD REGULATION

CULTURAL SERVICES

SUPPORTING SERVICES

CULTURAL DIVERSITY.
SPIRITUAL AND RELIGIOUS VALUES.

KNOWLEDGE SYSTEMS. SOIL FORMATION.
PHOTOSYNTHESIS.

PRIMARY PRODUCTION.

EDUCATIONAL VALUES.

INSPIRATION.

AESTHETIC VALUES.
SOCIAL RELATIONS.

NUTRIENT CYCLING.
WATER CYCLING.

SENSE OF PLACE.
CULTURAL HERITAGE VALUES.

RECREATION AND ECOTOURISM.

Figure 1.12 The four groups of ecosystem services.

Pollination is one of the regulating services, with animal pollination playing a key role in
the sexual reproduction of many crops — 35% of global crop production — and wild plants
(Klein et al., 2007). Pollination services are provided both by wild, free-living organisms
(e.g., bee, moths, butterflies, wasps, bird, and mammals) and by commercially managed
bee species. Honey bee is the most economically valuable pollinator of several crop
monocultures worldwide and promotes the yields of fruit, seed, and nut crops. It is a

common farming practice to ask beekeepers to relocate their beehives in the fields to ensure
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crop pollination due to the scarcity or absence of wild pollinators (Klein et al., 2007,
Kremen et al., 2007).

Albeit honey bee is commonly identified with pollination, this ecosystem service is
performed also by other taxa as Diptera, Lepidoptera, Coleoptera, Formicidae and
Vespoidea, often providing pollination services at times of the day and weather conditions
when bees are unable to forage. Moreover, some non-bee taxa may be specific pollinators
for some crops under certain conditions and/or carry pollen further distances than bees
(Rader et al., 2016).

Loss of pollinators has directly affected the reproductive ability of some rare plants,
ultimately leading to their extinction (Millennium Ecosystem Assessment, 2005;
Christmann, 2020). Importantly, the abundance, distribution and success of pollinators are

affected by ecosystem changes (Millennium Ecosystem Assessment, 2005).

1.4 Honey bee as bioindicator

Living organisms can be used to define the characteristics of the biosphere. These are
referred to as biomonitors or bioindicators when the organism (or part of it) provides
information on the quantitative or qualitative aspects of the quality of the environment,
respectively. (Markert, Breure, & Zechmeister, 2003). Importantly, a biomonitor is always
a bioindicator, whereas a bioindicator does not necessarily meet the requirements of a
biomonitor (Markert, Breure & Zechmeister, 2003).

Bioindicators are used to assess both the health and changes in the environment they
inhabit (Parmar, Rawtani & Agrawal, 2016). Three types of bioindicators can be
distinguished: plants (e.g., diatoms, lichens), animals (e.g., aquatic invertebrates), and
microbial (e.g., Vogesella indigofera). Bioindicators can be further distinguished in four

categories depending on different application, namely: ecological bioindicator,
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environmental bioindicator, biodiversity bioindicator, and pollution bioindicator (Figure

1.13) (Parmar, Rawtani & Agrawal, 2016).

BIOINDICATORS

Figure 1.13 Different categories of bioindicators (figure based on Parmar, Rawtani, & Agrawal, 2016).

Honey bees and bee products (honey, pollen and wax) are frequently used as biomonitors
of pollutant: e.g., pesticides, low-level radioactivity and heavy metals (Bromenshenk et al.,
1985; Chemistry et al., 1990; Leita et al., 1996; Satta et al., 2012; Saunier et al., 2013;
Bommuraj et al., 2019). Many studies were made to detect heavy metals in trace elements
(TE) in bees and honey, as in Smith et al. (2019) where the honey bee and honey were also
used to monitor isotopic lead (2°®Pb/Pb%7 and 29’Pb/Pb?®) (Zhou, Taylor & Davies, 2018;

Smith et al., 2019).
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Since 2015 the honey bee has been used as bioindicator of airborne particulate matter (PM)
(Negri et al., 2015; Pellecchia & Negri, 2018). In these studies, the PM deposited on honey
bees during their wide-ranging foraging activity was studied through scanning electron
microscope coupled with X-ray spectroscopy (SEM-EDX) to investigate the morphology
and the chemical composition of the PM deposit, and identify the different sources of

emission.

1.5 Particulate matter

Particulate matter (PM) is an air pollutant, consisting of a heterogeneous mixture of soil
and liquid particles suspended in the air (World Health Organization, 2013). Particulate
pollution includes both natural and anthropogenic sources. Natural sources contain: sea
salt, volcanic ash, wind-blown dust, soil particles, fungal spores, pollen, the products of
forest fires and the oxidation of biogenic reactive gases (Kelly & Fussell, 2012; Kim, Kabir
& Kabir, 2015). Anthropogenic sources include fossil fuel combustion (e.g., vehicles and
power plants), erosion of the pavement by road traffic, and abrasion of brakes and tires,
industrial process (e.g., cement factory, producing metals, ceramic and bricks), building,
smelting, quarrying and mining activities, agricultural activities, cigarette smoking and
wood stove burning (Kelly & Fussell, 2012; World Health Organization, 2013; Kim, Kabir

& Kabir, 2015).

Primary PM is directly emitted into the atmosphere and may derive from both
anthropogenic and natural sources. The main sources of anthropogenic primary PM are
road transport and fossil fuel combustion processes from power and heat generation
industries and residential sector. The main sources of natural primary PM are marine
aerosol particles and soil dusts carried by the wind (Harrison et al., 2000; Juda-Rezler,
Reizer & Oudinet, 2011; Kelly & Fussell, 2012; World Health Organization, 2013; Kim,

Kabir & Kabir, 2015).
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Secondary PM is generated in the atmosphere by photochemical gas-to-particle reactions,
such as sulphur dioxide, oxide if nitrogen, ammonia, and non-methane volatile organic
compounds, that produce low-volatility substances which condense into solid or liquid
phase, thereby becoming submicron PM (da < 1.0 um) (Harrison et al., 2000; Juda-Rezler,
Reizer & Oudinet, 2011; Kelly & Fussell, 2012; World Health Organization, 2013; Kim,

Kabir & Kabir, 2015).

PM is classified according to its aerodynamic diameter as: coarse PMio (da > 2.5 um and da
< 10 pm), fine PM25 (da < 2.5 pm), and ultrafine PMo.1 (da < 100 nm) (Brook et al., 2010;
Juda-Rezler, Reizer & Oudinet, 2011; Kelly & Fussell, 2012). The coarse particles (PMzo)
include black smoke, soil, large salt particles from sea spray, dust from roads/tyres and
building sites, but also pollen, mould, spores and other biological fragments (Juda-Rezler,
Reizer & Oudinet, 2011; Kelly & Fussell, 2012). Fine particles (PM25) may be generated
by primary combustion processes (of fossil fuels), brake abrasion (Juda-Rezler, Reizer &
Oudinet, 2011; Liati et al., 2019), and as product of the gas-to-particle conversion that
generates secondary particles. Ultrafine particles (UFP; PMo.1) arise largely from primary
combustion emissions and secondary particles produced by gas-to-particle conversion
processes. These particles are predominantly sulphates, nitrates, elemental carbon (EC) and
organic carbon (OC) (Kelly & Fussell, 2012). A recent study showed that particles from
brake wear occur in a wide-size spectrum including PMio, PM25s and PMo1 (Liati et al.,
2019). PM between 0.1 and 1 pum in diameter may remain in the atmosphere for days or
weeks and thus be subject to long-range transboundary transport in the air (Juda-Rezler,

Reizer & Oudinet, 2011; World Health Organization, 2013).

Major chemical constituents in PM include sulphates, nitrates, ammonium, soil/minerals,
and other inorganic ions, such as ions of sodium potassium, calcium, magnesium and

chloride, organic and elemental carbon, particle-bound water, metals and polycyclic
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aromatic hydrocarbons (PAH) (Kelly & Fussell, 2012; World Health Organization, 2013;
Kim, Kabir & Kabir, 2015; Harrison, 2020). Moreover, biological components such as
bacteria, viruses, fungi, mould, bacterial spores, and pollen may also be found (World

Health Organization, 2013; Manisalidis et al., 2020).

Airborne particles may have a significant impact on human health, as they can penetrate
within the respiratory system depending on their size (Figure 1.14) (Kim, Kabir & Kabir,
2015; Manisalidis et al., 2020). Epidemiological studies suggest that airborne PM is
responsible of several respiratory and cardiovascular diseases, which might develop into
lethal consequences (Wu et al., 2019). Furthermore, neurological effects (e.g., Alzheimer’s
disease, Parkinson’s disease, and neurodevelopmental disorders) have been observed in
adults and children after long-term exposure to air pollutants (Maher et al., 2016;

Manisalidis et al., 2020).

Nasal passages

PM (11-7)

Pharynx
PM (7-4.7)

Bronchioli
PM (1.1-0.65)
Primary brochi

PM (4.7-3-3)

Bronchi branches

PM (2.1-1.1) Alveoli

—-—
PM (0.65-0.43

Figure 1.14 Penetrability according to particle size (figure based on Kim, 2015).
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1.5.1 Honey bee and PM

The abundant pubescence on the body of the honey bee renders bees more likely to
accumulate and retain small airborne particles during the flight, along with creating
electrostatic-friction which enhances the attraction of such small particles to the bee body
(Vaknin et al., 2000; Bonmatin et al., 2015). The airborne particulate matter deposits
preferably on the head, wings, and hind legs of a bee (Figure 1.15) (Negri et al., 2015). It
has been hypothesised that the presence of PM on the wings is due to the leading-edge
vortex (LEV) (Figure 1.16) (Negri et al., 2015). The LEV is an aerodynamic mechanism
generated by the insect wings motion which promotes the formation of a coherent vortical
structure over the suction surface of the wings (Bomphrey, Taylor & Thomas, 2009). This
vortex is typically generated through separation at the leading edge and generates high lift
forces (Bomphrey et al., 2006; Bomphrey, Taylor & Thomas, 2009). Consequently, it is
possible that the airborne dusts are continuously entrapped and canalized by the air flow,
eventually becoming in contact with the wing edge where they adhere to the epicuticular

wax and the hairs (Negri et al., 2015).

Figure 1.15 Higher concentration areas of Airborne PM deposition on a honey bee body are highlighted in red

(figure from Negri et al. 2015).
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Figure 1.16 Schematics of Leading Edge Vortexes on a honey bee wings during flight (figure from Negri et

al. 2015).

1.6 Scanning electron microscope (SEM) with X-ray (EDX)

1.6.1 Introduction

The scanning electron microscope (SEM) is a versatile instrument for the examination and
analysis of the microstructural morphology and chemical composition of samples (Zhou et
al., 2006). The primary function of the SEM is to visualise small objects — otherwise
invisible to human sight — by scanning high-energy electron beams on the surface of the

object to form an image (Ul-Hamid, 2018).

The major sections of the SEM are the electron column, the specimen chamber, and the
computer/electronic controls (Figure 1.17). On the top of the electron column is the
electron gun that generates the electron beam. The beam penetrates a few microns into the
surface of the sample. Into the column electromagnetic lenses are used to focus and reduce
the electron beam into a small diameter probe. The specimen is kept under vacuum
environment to allow electrons to travel without scattering (Zhou et al., 2006; Ul-Hamid,

2018).
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Figure 1.17 Three major sections of the SEM.

The interaction between the electron beam and the surface atoms of a sample generates a
diversity of signals such as secondary and backscattered electrons, and characteristic X-
rays are collected and processed to obtain images and the chemistry composition of the

specimen surface (Zhou et al., 2006; Ul-Hamid, 2018).

Image creation in the SEM depends on the acquisition of signals produced from the
electron beam, and specimen interactions (Figure 1.18) can be divided in elastic

interactions and inelastic interactions (Zhou et al., 2006; Ul-Hamid, 2018).

Elastic scattering results from the deflection of the incident electron by the specimen
atomic nucleus or by outer shell electrons of similar energy. This type of interaction is
characterized by unimportant energy loss during the collision and by a wide-angle
directional change of the scattered electron. Incident electrons that are elastically scattered
through an angle of more than 90° are called backscattered electrons (BSE) and vyield a

useful signal for imaging the sample (Zhou et al., 2006).

Inelastic scattering occurs through interactions between the incident electrons and the
electrons and atoms of the sample, resulting in the primary beam electron transferring a

considerable amount of energy to that atom (Zhou et al., 2006). The quantity of energy loss
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is dependent on whether the specimen electrons are excited singly or collectively and on
the binding energy of the electron to the atom. Consequently, the excitation of the
specimen electrons during the ionization of atoms leads to the generation of secondary
electrons (SE). SE are commonly defined as electrons possessing energies of less than 50
eV and can be used to image or analyse the sample (Zhou et al., 2006). The best image
resolution in the SEM corresponds to the diameter of the electron probe; in the new SEM

generation the image resolution can be of the order of <1 nm (Ul-Hamid, 2018).

1° Beam

Auger electrons

Backscatterred electrons Secondary electrons

\J

Characteristic x-rays X-ray continuum

Figure 1.18 Signals that are utilized to form an image by electron beam-specimen interaction in SEM (figure

based on Zhou et al., 2006).

1.6.2 Sample preparation

If the sample is either inorganic (conductive) or organic (nonconductive), it is necessary to
prepare the sample accordingly. If the sample is inorganic (e.g., nanomaterials or
geological samples) it can be observed by SEM directly by loading them on carbon tape.

Biological samples need to be dried before receiving the metal coating (e.g., gold, silver
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etc.) to render the specimen conductive (Zhou et al., 2006). Sputter coating (Figure 1.19) is
used to cover the specimen with a uniform distribution of metal coating. This method
works under lower vacuum in an argon atmosphere to reduce specimen surface damage
(Zhou et al. 2006; Ul-Hamid 2018). Gold coating is preferred for topography, while carbon
coating is preferred for elemental analysis because carbon does not interfere with the
detection of other elements in energy dispersive X-ray spectrometer/spectrometry
EDX/EDS analysis (Ul-Hamid, 2018). Evaporated carbon is used to cover the specimen
with a fine grain size carbon layer, which makes it suitable for use at high magnifications.
The optimal thickness of the carbon layer is around 20 nm and in this case the method is
appropriate for flat surfaces (Ul-Hamid, 2018). In addition, granular morphology of the

coating does not appear as an artifact during high-resolution imaging.

Figure 1.19 Quorum Q150T ES Plus combined sputtering and carbon coating system (photo from

www.quorumtech.com).

1.6.3 BSE imaging

Incident electrons that are elastically scattered at an angle >90° are called backscattered
electrons (BSE) (Zhou et al., 2006; Ul-Hamid, 2018). Detection by BSE provides both
compositional and topographic information in SEM. Briefly, significant amount of beam

energy is removed from the sample due to the leakage of backscattered electrons from the
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specimen (Figure 1.20) (Ul-Hamid, 2018). Once out in the vacuum, these electrons can be
captured by a detector and used to form an image called backscattered electron image. The
contrast exhibited by the image is called compositional or atomic number (Z) contrast (Ul-
Hamid, 2018). The result of the BSE image is a contrast picture where the phase with a
high atomic number will appear relatively brighter, while phase with a low atomic number
will appear relatively dark (Figure 1.21) (Ul-Hamid, 2018). Conversely, SE images are
used for topographic contrast suitable for surface morphology examination i.e., for the
visualization of surface texture and roughness (Zhou et al., 2006; Ul-Hamid, 2018). That is
due to secondary electrons that are prevented from reaching the detector and will generate
shadows or be darker in contrast than those regions that have an unobstructed electron path

to the detector (Zhou et al., 2006).

BSE detector_\://{%f <+— Objective lens
BSE —§\er f
¥

A

Particle <4— Sample matrix

Figure 1.20 Schematics of BSE analyses (figure based on Ul -Hamid, 2018).
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|
Figure 1.21 BSE and SE images. A) The black and white contrasts of the BSE image are based on the

composition; B) the SE image allows surface morphology examination (Photos courtesy of I. Negri).

1.6.4 EDX/EDS analysis

The energy dispersive X-ray spectrometer/spectrometry (EDX or EDS) technique (Figure
1.22) can be applied to obtain chemical information from specimens examined using the
SEM (Zhou et al., 2006; Ul-Hamid, 2018). The integration of an EDX detector in the SEM
column enables to determine the localized chemistry of a region (Ul-Hamid, 2018). The
EDX identifies the quantum characteristic X-ray energy and wavelength, respectively for
elemental analysis (Ul-Hamid, 2018). In addition, the EDX detector is incorporated so that

does not disturb or affect the imaging capability of the instrument.

Figure 1.22 Bruker XFlash 6|30 EDX detector mounted on the SEM (Photo by Giulia Papa).
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The X-ray detector is used to obtain an X-ray signal, which is the combination of X-rays
and white radiation (background X-rays). The X-ray signal is produced by interaction of
the primary electron beam with the specimen material. Moreover, by measuring energy and
intensity distribution, the X-ray detector can identify elements and determine their

respective concentrations in the focal region of the specimen (Figure 1.23) (Ul-Hamid,

2018).

Element At.No. Netto Mass Mass Norm. Atom Comp. Sto. Sto. Norm. abs. error [%] rel. error [%]

[%] [%] [%] [%] [%] (1sigma)  (1sigma)
Carbon 6 322042 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Oxygen 8 0 0.61 20.58 47.79 0.00 0.00 0.09 14.09
Chromium 24 2949 0.45 15.14 10.82 Cr203 0.66 22.13 0.04 8.96
Iron 26 6068 141 47.45 3156 FeO 1.81 61.04 0.07 4.79
Copper 29 1156 0.50 16.83 9.84 0.50 16.83 0.05 9.23
Sum 2.97 100.00 100.00 2.97 100.00

Figure 1.23 Example of a quantitative microchemical analysis.

The EDX analyses provides micro-chemical information in the shape of an EDX spectrum
(Figure 1.24). In the EDX spectrum the x-axis displays X-ray energy in keV (usually up to
20 keV), and the y-axis shows intensity in counts or counts per second (Zhou et al., 2006;
Ul-Hamid, 2018). Elements are identified based on X-ray energies that will show specific
peak positions according to each element identified. The computer compares peak energies
against a database where the energy profiles of several elements are stored, enabling the
labelling of the query peak (Ul-Hamid, 2018). An element can be characterised by several

specific peaks, e.g., heavy elements often generate many X-ray peaks (Figure 1.24).
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Figure 1.24 An EDX spectrum obtained from PM with heavy elements.

High-intensity peaks are identified as Ka, Lo or Mo depending on the atomic numbers of
the elements present in the specimen (Ul-Hamid, 2018). This is followed by the
identification of the corresponding K, LB, or MB whose intensity is significantly lower
(Ul-Hamid, 2018). The advantages of the EDX technique are: the non-destructive analysis
of samples, small analysis time, sensitivity to light elements as well as heavy elements, and
the ability to identify heterogeneity or segregation in specimens and determine the

chemistry of small objects or areas of interest (Ul-Hamid, 2018).

1.6.5 X-ray maps

X-ray mapping allows the visual distribution of elements in a focal area of the specimen by
means of X-ray spectra (Figure 1.25).

To obtain an X-ray map the sample is scanned by the electron beam from each discrete
location (pixel), and an EDX spectrum is obtained and stored (Ul-Hamid, 2018). Data for
all elements are captured in each pixel allowing different elements to be mapped

simultaneously (Ul-Hamid, 2018). Several frames (hundreds) are taken from the same area

31



to improve map resolution. High probe currents are employed for X-ray mapping to attain

good contrast (Ul-Hamid, 2018).

Figure 1.25 X-ray or EDX maps. EDX maps showing elemental distribution in plagioclase-diopside
symplectites (solid state reaction microstructure) in eclogites from Alpe Arami (Locarno, Switzerland), one of
the few localities in the Alps where ultra-high pressure rocks related to the Alpine orogenesis occur (figure

courtesy of G. Capitani).
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1.7 Aim of the thesis

The general aim of this work is to assess the contamination of A. mellifera and its products

by airborne PM in highly-anthropized areas.

Within such a context, this thesis aims at achieving three specific goals:

1. Characterize the fine and ultrafine airborne PM in highly-anthropized area
(Chapter 2 and Chapter 3). The honey bee was used as an alternative sampling
system of PM in an area of the Po Valley (Northern Italy), which is subject to
intense traffic. The characterization of PM was carried out by SEM-EDX.

2. Assess the presence of fine and ultrafine airborne PM pollutants in honey and
pollen (Chapter 3). Pollen collected by forager bees and honey produced by the
bee colony displayed contamination by nanosized Fe-oxides/hydroxides and
baryte. Such a contamination exposes pollinators and humans to UFP ingestion,
endangering the safety of food produced at traffic-influenced sites.

3. Verify microbiota alterations caused by fine and ultrafine PM on A. mellifera

specimens using ecotoxicology essay (Chapter 4).
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2.1 Abstract

Particulate matter (PM) is a complex mixture of airborne chemical compounds commonly
classified by their aerodynamic diameter. Although PM toxicity strongly depends on the
morphology, chemical composition, and dimensions of particles, exposure limits set by
environmental organisations only refer to the mean mass concentration of PM sampled

daily or annually by monitoring stations.

In this study, we used honey bees as sensors of airborne PMio and PM2s in a highly
polluted area of the Po Valley, northern Italy. Honey bees are an efficient sampler of
airborne PM because, during flight and foraging activities, their pubescence promotes the
accumulation of electrical charge on the body surface owing to air resistance, thus
enhancing airborne PM attraction. Particles attached to the body of bees are readily
accessible for physico-chemical characterisation using a scanning electron microscope
coupled with X-ray spectroscopy (SEM/EDX). Our results demonstrate that residents in the
study area are intermittently but chronically exposed to a well-defined spectrum of metal-

bearing particles and mineral phases known to induce specific health outcomes.

The morphology, size, and chemical composition of PM1g and PM2s detected on bees in
the monitoring area were indicative of traffic, agricultural operations, and high-temperature
combustion processes. The contribution of the A1 Milano-Bologna highway, local wheat
and alfalfa cultivation, and the Parma incineration plant were clearly distinguishable. Our
data also demonstrated that PM exposure levels may vary sharply throughout the year

based on recurrent local activities.
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2.2 Introduction

Particulate matter (PM) is an air pollutant consisting of a mixture of suspended solid and
liquid particles that originate directly from natural sources (e.g., volcanic eruptions, forest
fires, and sea spray) and anthropogenic sources (e.g., motor vehicles, factories, and
agriculture) and indirectly from chemical reactions that convert atmospheric precursors into
secondary PM. Airborne PM is commonly classified according to particle size; inhalable
PM includes particulates with an aerodynamic diameter < 10 um (PMio), which can
penetrate the respiratory tract below the larynx, while respirable PM < 2.5 ym (PM2:5) may

penetrate the gas-exchange region of the lungs (Brown et al., 2013).

The human health hazards associated with PM exposure are universally acknowledged both
in terms of the effects of their components and the enhanced transmissibility of pathogens
(Wang, Eliot & Wellenius, 2014; van Doremalen et al., 2020; Setti et al., 2020). Although
the toxicity of PM strongly depends on its morphology, chemical composition, and
dimensions (Wang, Eliot & Wellenius, 2014; Maher et al., 2016; Bencsik, Lestaevel &
Guseva Canu, 2018), exposure limits set by environmental organisations only refer to the
mean mass concentrations of PM sampled daily or annually at monitoring stations, with no
specific indicators regarding the chemical nature of the particles (see, for example,
Directive 2008/50/EC of the European Parliament and of the Council of 21 May 2008 on

ambient air quality and cleaner air for Europe).

In the present study, honey bees (Apis mellifera L.) were used as an alternative sampling
system for airborne PM1g and PM2s in a highly polluted area of the Po Valley, northern
Italy, near the city of Parma. Besides being a key provider of ecosystem services through
the provision of many products, such as honey, pollen, wax, and propolis, and the
pollination of many wild and cultivated plants, honey bees are important bioindicators of

environmental contamination (Devillers & Pham-Delegue, 2002; Barganska, Slebioda &
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Namiesnik, 2016). Bees and their products are commonly used for the detection of
environmental pollutants including pesticides, heavy metals, radionuclides, volatile organic
compounds, polynuclear aromatic hydrocarbons, and dioxins (Devillers & Pham-Delegue,

2002; Perugini et al., 2011; Giglio et al., 2017; Goretti et al., 2020).

Recent studies have demonstrated that forager bees act as efficient mobile samplers for
airborne PM (Negri et al., 2015; Pellecchia & Negri, 2018; Papa et al., 2020 (Chapter 3)).
During flight and foraging activity, bee pubescence promotes the accumulation of electrical
charge at the body surface owing to air resistance. This charging enhances the attraction of
airborne particles, which include not only pollen but also pollutants (Vaknin et al., 2000;
Bonmatin et al., 2015). Airborne PM attached to bee bodies can be analysed based on size,
morphology, and chemical composition using a scanning electron microscope (SEM)
coupled with X-ray spectroscopy (EDX) (Negri et al., 2015; Pellecchia & Negri, 2018).
SEM/EDX is a powerful, fast, and non-destructive analysis technique, and determining
both the chemical and morphological characteristics of particles typically allows their
accurate identification and classification. Single particles can also be counted and their size
measured for detailed quantitative assessment. In the present study, we applied this
methodology to investigate PM1o and PM2.s accumulated on honey bees in an urban area of
the Po Valley, which is one of the most important industrial and agricultural areas in Italy
and Europe, characterised by a high population density and low air quality (Marcazzan et

al., 2001; Pirovano et al., 2015).

The study area includ