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ABSTRACT

ANDRADE, Guilherme Carvalho, MSc., Universidade Federal de Vigosa, Naremb
2015. Native legumes from the Atlantic Rainforest and their potential for
biomonitoring urban air pollution . Advisor: Luzimar Campos da Silva.

In Southeastern Brazil, the city of Ipatinga is inserted in the Steel Valley Metropolitan
Region, which is characterized by the predominance of steel industry, and also by the
presence of one of the largest vehicle fleets in the country. Developing standardized
biomonitoring methods with native plant species may be an economically viable option
for assessing air quality across extensive urban areas, which usually cannot be achieved
by instrumental monitoring due to cost issues. In this sense, the potential for
biomonitoring airborne particles was evaluatedCaesalpinia echinata and C. ferrea

aiming to test whether metal accumulation by the plants is retatdelaf surface
features. Plants were exposed in four urban sites for 90 days. A reference station was
installed at Rio Doce State Park, 30 km away from the municipality. After the
experimental period, plants were evaluated for trace-metal accumulation. Leaf surface
roughness was evaluated in two hierarchical levels, through profilometry and atomic
force microsocopy. Epicuticular waxes were characterized chemically th@QdWS

and FTIR, and micromorphologically through scanning electron microstepytissue
thickness was assessed through optical microscopy. Particle accumulation was higher in
C. echinata, and was related to a lower roughness given by the epidermal tissue (macro-
roughness), lower roughness given by the epicuticular wax deposition pattern (micro-
roughness), the micromorphology of waxes in the form of a layer, and the wax chemical
composition. The waxes of this species have lower amounts of hydrocarbons and ethers,
conferring thema polar nature. These characteristics presumably render the leaf higher
wettability, which is usually associated with decreased self-cleaning effect and a
consequent increased particle accumulation. In cont@sterrea showed reduced
accumulation of particulate matter (PM), but a more well-defined response gradient
across the exposure sites. Sites were a discriminant factor for cell height on the
epidermal tissue, especially on the leaf adaxial surface, such tissue showing reduced
thickness in plants exposed at the urban stations. The results suggest theCuse of

echinata as a bioaccumulator of PM afidferrea as biosensor of urban pollution.
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RESUMO

ANDRADE, Guilherme Carvalho, MSc., Universidade Federal de Vigosa, novembro de
2015.Leguminosas nativas da Mata Atlantica e seu potencial como biomonitoras
de poluicdo aérea urbanaOrientadora: Luzimar Campos da Silva.

Localizada no Sudeste brasileiro, a cidade de Ipatinga encontra-se inserida na Regiéao
Metropolitana do Vale do Aco, a qual é caracterizada pela predominancia da atividade
industrial siderurgica, além da presenca de uma das maiores frotas veiculares do pais.
Desenvolver métodos padronizados de biomonitoramento com espécies vegetais nativas
pode ser uma opcdo economicamente viavel para avaliar a qualidade do ar ao longo de
grandes extensfes de area urbana, o que geralmente ndo ha como ser feito através do
monitoramento instrumental devido ao seu alto custo. Neste sentido, o potencial para o
monitoramento de particulas foi avaliado €aesalpinia echinata e C. ferrea visando

testar se 0 acumulo de metais pelas plantas esta relacionado a feicbes da superficie
foliar. As plantas foram expostas em quatro locais urbanos por 90 dias. Unda estac
referéncia foi instalada no Parque Estadual do Rio Doce, a 30 km do municipio. Apos o
periodo experimental, avalimeo acumulo de metais-traco pelas plantas. A rugosidade

da superficie foliar foi investigada em dois niveis hierarquicos, através de andlises de
perfilometria e microscopia de forca atdmica. As ceras foram caracterizadas
guimicamente através de CG-EM e por espectroscopia no infravermelho,
micromorfologicamente através de microscopia eletrbnica de varredura. A espessura
dos tecidos foliares foi avaliadam microscopia Optica. O acumulo de particulas foi
maior emC. echinata e se relacionou com uma menor rugosidade dada pelo tecido
epidérmico (macrorrugosidade), menor rugosidade dada pela micromorfologia das ceras
na forma de um filme fino (microrrugosidade) e com caracteristicas quimicas das ceras.
As ceras dessa espécie possuem menores teores de hidrocarbonetos e éteres, o que lhe
da natueza polar. Essas caracteristicas presumivelmente |hes conferem maior
molhabilidade, o que geralmente esta associado a um menor efeito auto-limpante e a um
consequente aumento no acumulo de particulas. Em cont@asfterrea acumulou

menos material particulad®P) mas apresentou um gradiente de respostas mais bem
definido ao longo dos diferentes locais de exposi¢do. Os locais foram um fator
discriminante para a altura das células do tecido epidérmico, principalmente da face
adaxial da folha, tendo este tecido este apresentado valores de espessura reduzidos nas
estacoes urbanas. Os resultados sugerem o USoceddnata como bioacumuladora de

MP e deC. ferrea como biosensora de poluigao urbana.
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1. Introduction

Steel production is currently responsible for ca. 13% of the Brazilian trade
balance (Neves and Camisasca 2013). Despite the economic relevance of the sector,
according to the Brazilian National Policy for the Environment, metallurgical industrial
activity has a highly polluting potential (Brasil 2001). Steel-making may generate
environmental impacts due to the intense use of natural resources such as iron ore, coal
and water (Neves and Camisasca 2013).

Whenever a thriving industrial development is not conducted with a sustainable
background, extensive damage may be caused to the natural resources of a country. In
Brazil, the most famous case of environmental disaster due to such reason is the one of
Cubatao city, Sdo Paulo state, which gained internati@patcussion in the 1980’s.

The vegetation of the Serra do Mar mountain range was highly impacted by airborne
pollutants emitted by the industrial complex of the city, which drastically altered the
landscape of the Atlantic Rainforest cover in the place (Klumpp et al).1994

Among the several compounds emitted by industrial activity, particulate matter
(PM) has received attention in the last years due to its high disease-causing potential
(Leiva-Guzman. et al. 2013) and to the high mortality rates associated with its
inhalation (Roberts 2013). PM is categorized according to the size of its particles.
Thereby, PMss is the fraction of particles with aerodynamic diameter lower than 2.5
pm; PMy is the one whose particles are smaller than 10-pwiich are also called
inhalable particles; and TSP represents “total suspended particles”, i.e., when one
considers patrticles of all sizes (Ravindra et al. 2001, Yin et al. 2013). PM usually
originates from anthropogenic sources, like burning of fossil fuels, mainly from
industrial and vehicular emissions (Taiwo et al. 2014), but it may also have in its
composition pollen grains, spores and suspended soil particles, among others (Ravindra
etal. 200L

A significant portion of PM is formed by heavy metals (Devi et al. 2014, Li et al.
2014). When in high doses, these elements are toxic to living beings, and may even lead
to the development of cancer and respiratory and cardiovascular diseases, among other
infirmities, in humans (Kampa and Castanas 2008, Chen and Lippman 2009, Cakmak et
al. 2014). Plants can absorb metals and accumulate them within their tissues. This
capacity, if on one hand represents and advantage, due to the possibility of using plant
organisms in the remediation of soils contaminated with some metallic elements, like

iron (Santana et al. 2014), on the other has a negative side. Research has identified
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cultures of some crop species that were contaminated with these elements (Hu et al.
2014, Rotting et al. 2014, Zhao et al. 2014), which has ultimately resulted in the
contamination of humans (Ma et al. 2014

Structural characteristics are directly related with the sensitivity of plant species
to certain pollutants (Silva et al. 2006). The degree of accumulation of PM by a certain
plant species, for instance, may depend on features such as its degree of pilosity and the
type and amount of epicuticular waxes in its leaves (Seebg et al. 2012, Barima et al.
2014). Therefore, it is important to use tools that investigate features relating to leaf
surface, as well as anatomical onigspiomonitoring studies. By doing so, one can
obtain more precise information on the species responses to the stressing agent and on
the characteristics that give them differential susceptibility to urban airborne pollution.

In Minas Gerais state, Southeastern Brazil, the city of Ipatinga, with ca. 200.000
inhabitants, is inserted in the Steel Valley Metropolotian Region, which is characterized
by the predominance of the steel industry, forming a base industry pole in theycountr
The city hosts in its central urban region the facilities of the largest rolled-steel factory
in Latin America (Neves and Camisasca 2013). The presence of intense steel-making
industrial activity notwithstanding, Ipatinga city has also the eighth largest vehicle fleet
in the state and the 102n the country (Denatran 2015). Since heavy metals are not
emitted solely by industrial activity, yet also by vehicular one (Kassomenos et al. 2014;
May et al. 2014), the presence of these elements in the urban atmosphere may be due to
a mixture of compounds from these two sources. However, it is possible to determine
the predominant emission source in a given site by evaluating the ration between
different elements, which are called technogenic tracers (Calvo et al. 2013, Titos et al.
2014). The proportion between trace-metals such as Cu, Zn, Pb and Cr in a certain
environment, for instance, configures a strong chemical marker of the origin of
imissions, so that it allows for the discrimination of the origin of these elements
between natural sources or anthropogenic ones (Weiping et al. 2014) as well as among
several types of anthropogenic sources (Migliavacca et al. 2012, Khillare et al. 2014,
Mohiuddin et al. 2014

The company monitors the air quality fiour neighborhoods in the city on a
constant basis. However, although physical-chemical methods like the ones used by the
company have been employed systematically in the evaluation of air quality in several
cities worldwide (Tsai et al. 2015), their use has been questioned due to the fact that
they do not allow the evaluation of the effects on living beings (Divan Junior et al.
2009. Furthermore, the traditional methods of instrumental monitoring are considerably



expensive, and due to cost limitations the monitoring stations may occasionally have to
be implemented in only a few prioritized sites. The biomonitoring approach, on the
other hand, has the advantage of being comparatively much less expensive, besides
being independent from a power source (Wittig 1993).

In that sense, plant species have been successfully used as biosensors of different
environmental conditions (Volkov and Ranatunga 2006). Aiming at detecting the
presence of PM in the atmosphere in order to adopt mitigation measures, several
countries in the North hemisphere already monitor such particles using plants, e.g.
Belgium (Hofman et al. 2013), Spain (Rodriguez-Germade et al. 2014), Finland (Setala
et al. 2013) and Germany (Rodriguez et al. 2010). In Brazil, however, biomonitoring of
these compounds in the atmosphere with plant organisms remains an incipient
approach. This is in part due to the knowledge of only a few tropical species which have
the potential for such finality (Silva et al. 2006, 2015, Kuki et al. 2008a, 2008b, 2009,
Pereira et al. 2009, Neves et al. 2009, Zampieri et al. 2013, Domingos et al. 2015).
Thus, the standardization of efficient methods with species from the native local flora,
aiming at their further use in biomonitoring programs, configures a particularly relevant
approach.

Andrade (2013) has worked witbaesalpinia echinata (Lam.) Spreng. an€.
ferrea Mart. ex Tul. (Leguminosae— Caesalpinioideae) investigating their
morphoanatomical responses to simulated acid mist. The two species have different
anatomical conformations, particularly regarding the deposition pattern of their
epicuticular waxes. His results suggest the susceptibility of both species, but a higher
one to C. ferrea. Such differential susceptibility may be related to their wax
characteristics, among other anatomical features. Thus, deepening the scope of analyses
with these species may provide subsidies to indicate their use in the biomonitoring of air
quality in the tropical region.

The accumulation of particulate matter and heavy metals by plants is related to
characteristics such as leaf shape and size (Rasanen et al. 2013; Huang et al. 2015),
pilosity (Mitchell et al. 2010) and wax attributes (Wang et al. 2015). Therefore, two
native species from the Atlantic Rainforest with similar leaf morphologies yet with
previously known distinct epicuticular wax micromorphologies (Andrade 2013) were
chosen to perform a preliminary monitoring of air quality in Ipatinga city, during the
wet season of 2014-2015. The aim of this study was to test whether the accumulation of
metals by the plants is related specifically to leaf surface features, and alsoriigathe
and micromorphological characteristics of the waxes. A novel approach is presented



consisting on the investigation of leaf surface roughness conferred by two different
hierarchical levels, i.e., by the epidermal tissue and by the epicuticular wax deposition
pattern. To my knowledge, such an approach has not been so far used. The use of the
thickness of leaf tissues as an anatomical biomarker of the exposure was also tested. By
doing sq, the following hypotheses were addressed: 1) differences in wax morphology
and chemical composition between the species would provide them with differential
deposition of PM on their respective leaves; 2) the studied species can basused

environmental biomonitors of PM emission.

2. Material and methods

2.1. Plant species and cultivation conditions

The studied species we@aesalpinia echinata (Lam.) Spreng. an@aesalpinia
ferrea Mart. ex Tul. (Leguminosae Caesalpinioideae), both of which have already
demonstrated biosensorial potential to acid mist damage in a previous study (Andrade
2013). Saplings were obtained in the nursery of the Instituto Estadual de Florestas de
Minas Gerais (IEF/MG) in Vigosa city, Minas Gerais state, Brazil, and transplanted to
0.8 L plastic pots, which were filled with a mixture of commercial substrate and
vermiculite (3:1). Then, all plants stayed in greenhouse for acclimation before
proceeding to the field experiment. Plants were considered acclimatized after emitting

one new leaf.

2.2. Sudy site

After the acclimation period, saplings were transported to Ipatinga city (217 km
away from Vicosa) and to the Rio Doce State Park (RDSP) (ca. 115 km away from
Vigcosa and ca. 30 km away from Ipatinga), which is located on the border between
three municipalities adjacent to Ipatinga: Dionisio, Marliéria and Timéteo. In Ipatinga,
plants were exposed in four sites of the urban region: Bom Retiro (19°30'42.2"S,
42°33'25.5"W), Cariru (19°29'28.8"S, 42°31'43.5"W), Veneza (19°2820.1"S,
42°31'35.9"W and Cidade Nobre (19°27'41.0"S, 42°33'37.2"Wéighborhoods (Fig.
1). These four sites were selected for being those whose atmosphere is already under
constant monitoring, through analytical methods, by means of automatic monitoring
stations.

As a reference station, an exposure rack was installed in the RDSP nursery
(19°45'45.5"S 42°37'50.6"W). With an area of 360%kiihe RDSP is the largest



continuous fragment of tropical forest in Minas Gerais state. Since 1944 it is an
environmental conservation unit under legal protection. The park was chosen as a
reference station for being a well-preserved natural fragment of Atlantic Rainforest that

wasclosest to the studied city.

2.3. Field exposure

In each site, plants were placed in racks according to international standards for
air quality control using bioindicators (Arndt and Schluter 1985), at 1.5 m above
ground. Plants were put under an automatic irrigation system, in which the pots were
connected through a polypropylene wick to a water reservoir, according to the model
presented by Arndt et al. (1985Along the experiment, plants were irrigated with
deionized water in order to avoid interference of trace metals. Field exposure took place
in the wet season, between 10.09.14 and 01.06.15, totalizing 90 days of exposure, the
minimum period considered by some authors for carrying out an analytical monitoring
in the context of environmental impact studies (Frondizi 2008). A collection was
performed in the field at the end of this 90-day exposure period. Additionally, a
collection was also performed with a plant lot that remained under greenhouse
conditions in Vigosa city (20°45'28.5"S, 42°52'15.3"W), in 11.07.14.

2.4. Atmosphere chemical characterization and meteorological data

Data on chemical characteristics of the atmosphere in Ipatinga during the
exposure period were obtained from the analytical monitoring already performed in the
city by its Air Quality Continuous Monitoring Automatic Network. The automatic
monitoring stations assess the amounts tl# Ttotal suspended particles), M
(inhalable particles with aerodynamic diameter < 10 um)RMgls (inhalable particles
with aerodynamic diameter < 10 um), by beta particle atteny&ion(sulfur dioxide)
by ultraviolet fluorescenceOx (nitrogen oxides), NO (nitrogen monoxide) aN@d.
(nitrogen dioxide), by dual cross-flow modulation chemiluminescence; CO (carbon
monoxide), by non-dispersive infrared absorption through cross-flow modulation; O
(ozone),by ultraviolet radiation absorptipnTHC (total hydrocarbonsNMHC (non-
methane hydrocarbons) ai@Hs (methane), by hydrogen flame ionization detection
with cross-flow modulated selective combustion; and BTX (benzene, toluene and
xylene), by gas cromatography. Besides, the meteorological parameters wind direction,
wind speed, air temperature, rainfall, atmospheric pressure, relative air humidity and

global solar radiation are also evaluated. All the above-mentioned variables (pollutants



and meteorological parameters) are assessed on amokoaur basis by the stations.
The biomonitoring racks were placed in 2 to 3 m from each of the four monitoring
stations.

2.5. Metal quantification in plant matter

Inorganic chemical elements that are usually associated with several emission
sources were evaluated. The amounts of Cu, Fe, Zn, Mn, Ni, Pb, Cr, Ba, Al, Co and V
were assessed since they are regarded as technogenic tracers for steel industry and
several types of vehicular emission, among others (Calvo et al. 2013), and the amounts
of Ca and Mg were assessed since they are important components of slag (Shen et al.
2009) and could therefore be also used as tracers. Three out of the five repetitions were
sampled, being chosen through simple random sampling.

In order to determine the concentrations of Cu, Fe, Zn, Mn, Ni, Pb, Cr, Ca and
Mg in the plant biomasst ¢he end of the exposure period all leaves except those at the
youngest and at the two oldest nodes (in the latter case, aiming at preventing soil
contamination) were collected, oven-dried at 75 °C until constant weight and ground in
a stainless steel willye-type knife mill (model Star FT 50, American Lab, Charqueada,
Brazil). Then, 0.5 g of each sample was digested in 10 mL nitroperchloric solution
(nitric acid + perchloric acid, 4)1Sarruge and Haag, 1974), heated until 200 °C and the
volume was then adjusted to 25 mL with deionized watee elements were quantified
by atomic absorption spectrometry (spectrometer model 240FS, Agilent Technologies,
Santa Clara, USA).

For Ba, Al, Co and V quantification, the dry matter was filtered and then
procee@d analysis by inductively coupled plasma optical emission spectrometry

(spectrometer model Optima 8300, PerkinElmer, Waltham, USA).

2.6. Assessment of |eaf surface roughness

In order to assess any relationship between particle accumulation and leaf relief
features, | analyzed the roughness of the leaf surface that is given by the relief of the
epidermal tissue (due to characteristics such as sinuosity of anticlinal cell walls and
convexity of the outer periclinal wall), whichchll here “leaf macro-relief”, as well as
the roughness determined by the micromorphology of the epicuticular waxes (which
determine the deposition pattern of waxes), evaluating the relief of outer periclinal wall
of epidermal cells, whichdall here “leaf micro-relief”. Leaf macro-relief was evaluated

with an optical profilometer (model Contour GT, Bruker, Billerica, USA), in ca. 2x10



un? fields. Leaf micro-relief was evaluated with an atomic force microscope (model
NTEGRA PrimaNT-MDT, Moscow, Russia), in 2an? fields, using the semi-contact

mode, in which the needle tip stays in intermittent contact with the surface. The
measurements taken from the leaf surface allowed for the determination of the mean
roughness value (Sa), which represents the average deviation between the height
measurements obtained, and the root mean square roughness (Sq), which represents the
square root of the average squared deviation between the height measurements obtained.

For both analyses, leaf samples were collected from three randomly chosen
individuals of the two species in the sapling stage. These individuals had not been
exposed to any environmental condition outside the plant nursery. As several leaf
surface characteristics such as wettability (which is given by wax chemical (Barnes et
al. 1996) and morphological (Neinhuis and Barthlott 1997) features) vary according to
leaf age (Fernandez et al. 2014), one leaf from each individual was sampled and
sampling procedures were standardized accordingly. The third-node leaf was sampled
since it was the one collected in the experiment for the scanning electron microscopy,
particulate matter accumulation and wax chemical composition analyses.

For the pofilometry analysis, fresh leaf samples were collected and placed in
plastic pots with wet cotton in other to create a wet chamber and thus preserve cell
turgidity. Leaf fragments 16 mhwere cut with a razor blade from the mid portion of
pinnules, which were taken from the mid-portion of the pinnae, which in turn were from
the mid portion of the leaf. Samples were then carefully placed on histological glass
slides over double-sided tape and immediately analyzed within the period of three hours
(for each species).

For the atomic force microscopy (AFM) analysis, fresh leaf samples were
collected and sectioned following the same procedure above, but prior to analysis the
glass slides containing leaf fragments were placed in a sealed container with silica gel
for 48 hours in order to dehydrate samples.

Three pinnules were sampled per leaf for the macro-relief analysis, and two
pinnules for the micro-relief one, one leaf fragment being extracted out of each pinnule.
The analyses were performed on both leaf surfaces. In each fragment, measurements
were taken in three fields, totalizing nine measurements per species, per individual, per
leaf surface, in filometry, and six measurements in each of these same levels, in the

atomic force microscopy.

2.7.Extraction, quantification and identification of wax compounds



2.7.1. Sample preparation

For wax analysis, the Hamilton (1995) method was employed, with
modifications. It should be noted that, for this analysis, the whole morphological unit
interpreted as leaf, i.e. leaf blade + rachis + pulvinus, was used. The sampling method
for this analysis was the compound sample, due to the low amount of waxes present in
single leaves of these two species. Thus, one third-node leaf from each individual was
collected and gathered in one compound sample per species, per monitored site.

Samples were oven-dried at 75 °C until constant weight and introduced in Petri
dishes with 75 mL dichloromethane for 45 seconds under agitation in ultrasonic bath.
This procedure was carried out with extreme care in order to prevent leaf rupture and
the consequent release of cellular contents (Ferreira et al. @00Baraes et al. 2009).
The obtained extracts were filtered with filter-paper and transferred to 150-mL
Erlenmeyers. In order to ensure maximum extraction, the already-processed leaf
samples were once again placed in Petri dishes with 75 mL dichloromethane, agitated
for 45 s more in ultrasonic bath and filtered again to the same respective Erlenmeyer,
resulting a total solution of 150 mL. The solution was transferred to round-bottom
flasks and evaporated under water-bath in order to obtain the solid residue (waxes). The
evaporation was made in a rotary evaporator (model Rotavapor R-3, Bichi
Labortechnik AG, Flawil, Switzerland), at low pressure and at a temperature not higher
than 40 °C. This solid residue was solubilized with small aliquots of dichloromethane
(less than 4 mL) and transferred to 4-mL tubes of previously known weight.
Dichloromethane was then evaporated in a fume hood with compressed air at room

temperature.

2.7.2. Wax mass
The flasks containing solid wax (no solvent) were weighed in an analytical
balance, the same used for obtained their sample-free weigh, to obtain wax mass. The

amount of waxes was expressed by their mass per unit of leaf dry weight)(u

2.7.3. Infrared spectroscopy
All compound samples of epicuticular waxes were subjected to Fourier-
transform infrared spectroscopy (spectrometer model 66IRFVarian Inc., Palo Alto,
USA) through attenuated total reflection (ATR attachment: Pike Technologies,
Fitchburg, USA), registered between 4000 and 400 wavenumber range.



2.7.4. Transesterification and gaseous phase chromatography

Samples were subjected to the transesterification process in order to obtain their
respective methyl esters of fatty acids. For that, 2 to 5 mg of waxes were transferred to
test-tubes and dissolved in 1 mL of a solution of 2%® in methanol, boiled in
water-bath at 55 °C for two hours, and then cooled at room temperature. Then, 10 mL
hexane was added to the tube and the mixture was agitated in ultrasonic bath. The
organic phase was then transferred to another test-tube and washed twice with 10 mL
saturated NaCl solution, and concentrated in a fume hood with compressed air at room
temperature.

The obtained residue from each compound sample, containing methyl esters and
alcohols along with the organic fraction, was dissolved in 100 pL hexane, 1 pL of
which was injected in a gas chromatographer coupled to a mass spectrometer
Chromatographic analyses were carried out in a mass spectrometer (model GE-MS
2010 Ultra, Shimadzu, Kyoto, Japan) using a Rtx-5MS capillary column (30 m;length
0.25 mm internal diameter; 0.25 pum film thickness) and helium as carrier gas at a 1.60
mL.min? flow. Temperature in the injector was 290 °C, with initial temperature of 80
°C, for five minutes, increasing from 80 to 285 °C at a 4mi@! ratio. Final
temperature was kept at 285 °C for 24 minutes. The ion sourc€@hS interface
temperatures were both 290 °C. The mass detector operated by electron impact
ionization (70 eV) in scan mode at the 30 to 600 Da mass range. ldentification of wax
compounds was made by means of comparison of the mass spectra with those existing
in databases NIST 11 and Wiley 7.

2.8.Micromorphological characterization in scanning electron microscopy

Third-node leaves were sampled for the SEM analysis. Samples were taken from
three repetitions, which were chosen through simple random sampling. Leaf blade
fragments ca. Bnm? were cut with a razor blade from the mid portion of pinnules,
which were taken from the mid-portion of the pinnae, which in turn were from the mid
portion of the leaf. Rachis fragments ca. 4 mm long were taken from the rachis mid-
region. Fragments were then directly affixed in the field onto stubs previously covered
with carbon tape, kept in sealed acetate boxes with silica gel and stored at 9 °C until
observation. Leaves were sectioned so that three leaf blade fragments were sampled for
visualization of each leaf surface, from each individual of each species.

Samples were observad a scanning electron microscope (model JSM-6010
LA, Jeol, Tokyo, Japan) through the detection of secondary electrons to analyze the



epicuticular wax micromorphology of each species as well as the morphology of
deposited particles. Backscattered electrons were used to highlight particles on the leaf
surface (Wang et al. 2015). The deposition patterns of the epicuticular waxes were

classified according to Barthlott et al. (1998).

2.9.Micromorphometrical analysis

Quantitative anatomical analyses were performed in order to trace possible
effects of the atmosphere composition on the thickness of leaf tissues. Leaf fragments
ca. 25 mn were fixed in a solution of glutaraldehyde (2.5%) and paraformaldehyde
(10%) in a 0.1 M sodium cacodylate buffer (pH 7.2) (Karnovsky 1965) for a minimum
period of 24 hours. This procedure was made in the field.

After the fixation period, samples were dehydrated in an ethyl series and stored
in 70% alcohol. For the anatomical processing in light microscopy, samples were then
dehydrated in a higher-grade ethyl series, embedded in glycol methacrylate historesin
(Historesin, Leica Instruments, Heidelberg, Germany) (Gerrits 1991) and cross-
sectioned at 5 pm thickness in a fully automated rotary microtome (model RM2265,
Leica Microsystems Inc., Deerfield, USA). Sections were then stained in%.05
toluidine blueO in a 0.1 M sodium acetate buffer pH 4.700’Brien et al. 1964,
modified) and the histological glass slides were mounted in Permount (Fisher Scientific,
Waltham, USA). Photographic documentatiomswperformed in a photomicroscope
(model AX70 TRF, Olympus Optical, Tokyo, Japan) equipped with a U-photo system,
coupled to a digital camera (AxioCam, Carl Zeiss, Jena, Germany).

Samples were collected in second-node leaves of all five repetitions in each
exposure site. Sampling followed the procedure adopted by Andrade (2013), with
adaptations. From each leaf (one leaf per individual), three leaf blade fragments were
anatomically processed, out of which one histological glass slide was confectioned, five
sections being selected out of each slide. One micrograph was obtained in each section,
and in each micrograph three measurements were taken for each parameter, totalizing
225 measurements per exposure site, per parameter, per species.

The parameters evaluated in cross section were height of epidermal cells from
both adaxial and abaxial leaf blade surfaces, of palisade and spongy parenchymas,
mesophyll and leaf blade. Measurements were taken in transects passing through the
central region of epidermal cells and out of fields with vascular bundles. Mesophyill
thickness was obtained by the sum of the height of the two parenchymas, ad leaf blade
one by the sum of the mesophyll and epidermal height at both leaf surfaces.
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Measurements were taken with image analysis software Anati Quanti version 2.0
(Aguiar et al. 2007).

2.10. Experimental design and statistical analysis

Experimental design was randomized block, with five repetitions per exposure
site (n = five sites) and two species. Data on micromorphometrical analysis and leaf
surface roughness was subjected to two-way ANO¥Iswed by Tukey’s test at 5%
probability. Micromorphometrical data, as well as data on metal accumulation, was also
subjected to multivariate analyses of variance (MANOVAS)arden’s correlation
analysis was used to evaluate the relationship between the adaxial leaf surface
roughness and trace-metal accumulation. Coefficients were considered whenever they
were significant in both Pearson’s analysis and the two-way ANOVA for metal
accumulation. All statistical analyses were performed using softiaregsion 3.2.2

and Statgraphics Plus version 5.1.

3. Results

3.1. Meteorological data and atmosphere chemical characterization

During the experimental period, the heaviest weekly rainfall was registered at
Bom Retiro (96.0mm). High maximum temperatures characterized the entire period
ranging between 30 and 40 °C. Average values of mean temperature were 24.74 °C at
Bom Retiro, 27.11 °C at Caritu, 26.67 °C at Veneza, and 26.44 °C at Cidade Nobre (Fig.
2, left column).

Considering all monitoring stations in Ipatinga city, the predominant wind was
the Northeast one. Much occasionally were there discordant patterns. E.g., there were
weak, infrequent Southeast winds at Bom Retiro and analogously low, infrequent
Northwest ones at Cidade Nobre (Fig. 2, right column).

The dynamics of particulate matter emission in the study sites along the
experimental period can be seen in Figs. 3 and 4. The average total suspended particle
load for the entire period was the highest at Cariru (40.98 [imfollowed by Veneza
(37.83 um.i¥), Bom Retiro (35.36 pm.1¥) and Cidade Nobre (32.17 punm3m(Fig.
3A). Inhalable particles, however, showed a different pattern. The highest average load
was detected at Cariru (25.52 prif)mfollowed by Cidade Nobre (22.74 um3mnBom
Retiro (22.21 um.m) and Veneza (17.46 pm:in(Fig. 4A).
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3.2. Metal quantification in plant dry matter

Among the investigated tracers, vanadium was not detected in any samples and,
therefore, is not shown in the data summarized in Table 1.

There were significant interactions in the accumulation of Ca, Cu, Fe, Mn, Ni,
Pb and CoCaesalpinia ferrea showed higher Ca contents in plants at the reference
station in comparison with plants exposed at Cariru. This species accumulated higher
Cu contents tharC. echinata. Increased Cu amounts were detected at Bom Retiro,
Cariru and Cidade Nobre. The opposite was observed with Fe, Ni and Pb accumulation.
Caesalpinia echinata accumulated higher contents of these three metalsGhgenrea
at Bom Retiro, and higher contents at this neighborhood than at the other sites (with the
exception of Pb at VenezaJaesalpinia ferrea showed higher Mn in plants at RDSP
than in those exposed at Cariru station, and higher contentsCtheahinata at the
former site. The Ni contents followed the inverse pattern, being higher in plants at
Cariru than in those at RDSP. As for @ ferrea accumulated higher amounts than
echinata at Cariru and Cidade Nobre. These two sites and Veneza propitiated higher
accumulation of the element than Bom Retiro and RDSP ferrea (Table 1).

Overall, besides Fe, increasing concentrations along the wind direction were
verified with elements Zn, Mn, Ni, Pb and Cr, and particularly higher amounts. of Al
Bom Retiro showed the highest contents of these elements on the plant matter of both
species (Table 1).

Aiming to explore variation between species and among exposure sites, principal
component analysis was also performed with data on elemental quantification, in order
to obtain a small number of linear combinations of the 12 metals which account for
most of the variability in the data. Three components were extracted, with eigenvalues
higher than one. Together they account for 80.24% of the variability in the data.

Considering the two principal components plotted, component 1 was composed
by Cr, Ca, Al, Ni, Pb, Fe and Ba, and component 2 by Zn, Mg, Mn, Cu and Co.
Calcium, however, was more closely associated with the cluster formed by component 2
than to the one formed by the other metals in component 1 (Fig. 5A

The two species could be clearly separated by the PCA, forming two well-
defined clusters. Associations between the variation of certain metals could also be
noticed. Iron and Pb varied together, and so did Al and Ni; Co, Cu and Mg; and Ca, Mn
and Zn. Barium varied singly towaf@l echinata data, and Cr varied singly in the verge

between species (Fig. 5B).
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The exposure sites could also be clearly separated. The reference station, for
instance, formed a well defined cluster that could be well-segregated by component 1,
showing the lowest component weights (Fig).5C

Most elements varied toward the urban exposure stations. The element that
varied more closely toward the reference station was Mg (Fig. 5C

Both components demonstrated influence on the final result. Component 1,
however, separated species among sites, according to pollution level, while component
2 did such separation to a lesser degree. Component 1 seems, therefore, to be a revealer

of pollution, whereas component 2 seems to discriminate species (Fig).5B, C

3.3. Leaf surface roughness

Leaf macro-roughness was significant in the interaction between the species and
leaf surfaces (abaxial and adaxidlaesalpinia ferrea showed higher values thah
echinata, and in each species the abaxial surface was the roughest one. The results given
by Sa and Sq differed only in the comparison between species regarding the abaxial leaf
surface, showing significant difference in the former and a non-significant one in the
latter (Table 2; Fig. 6).

As for leaf micro-roughness, a significant difference was detected only between
species, witlC. ferrea showing higher values (Table 2; Fig. 7).

In order to track back relationships within metal accumulation and leaf surface
roughness, correlation analyses were made between trace-metal and the two estimators
(i.,e., mean (Sa) and squared (Sq)) of the types of roughness (i.e., macro and micro).
Leaf macro-roughness was positively correlated with Ca (at Cariru), Fe (at Bom Retiro)
and Ni accumulation (at the reference site) Myferrea and negatively so with Cr
accumulation (at Bom Retiro) b§. echinata. Leaf micro-roughness was positively
correlated with Cu accumulation (at Cariru)Gnferrea and Ni (at the reference site)
and Pb accumulation (at Cidade Nobre)dnechinata, and negatively so with Mn
accumulation (at the reference site)dnferrea and Fe and Mn (at the reference site,
both) inC. echinata (Tables 1 and)3

3.4. Waxes
3.4.1. Quantification
As wax quantification was performed in compound samples, no statistical test
could be applied to this data. Analyzing this data in terms of absolute values, however,
C. ferrea leaves seem to be covered by higher wax amounts (Fig. 8). The results also
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suggest an increase in the amount of waxes in plants exposed at Bom Retiro, Cariru and
Veneza, in comparison with the reference station, the least polluted urban station
(Cidade Nobre) and non-exposed plants. This response was more notice@ble in
ferrea. AlthoughC. echinata plants did show higher values at Bom Retiro, Cariru and
Veneza than plants at the reference-station, plants at Cariru showed lower values than

the ones at Cidade Nobre and than the non-exposed ones)(Fig. 8

3.4.2. Infrared spectroscopy

Infrared spectrum analysis allowed for the determination of the main functional
groups of the studied species in the studied sites. The analysis showed that the
epicuticular waxes o€. echinata andC. ferrea are characterized by a typically-shaped
band of stretching of @4 bonds in the 3.60@3.200 cm' region; bands in the ~1375
cmt region indicating symmetric deformation of €groups, in the ~1468m* region
indicating scissor-type deformation of €groups, and very intense bands in the 3000
2840cm! region, due to strong stretch ofl& bands, thus pointing to the presence of
alkanes in both specie€=0 stretch bands in the 177AG30cm region, indicating the
presence of ketones—O stretch bands in the ~10%0! region, indicating primary
alcohols, and in the ~1150n™ region, indicating the presence of tertiary alcohols; and
weak stretch bands of C=C at ~2158cm? indicating the presence of alkynes (FigB. 9
and 10F). This constitution suggests that the wax of both species is primarily a mixture
of ketones, long-chain n-alkanes and short-chain alcohols. The infrared spectra
ascertained the need to proceed transesterification with the samples prior to the gas-
chromatography/mass-spectrometry analysis, due to the presence of functional groups
with an active hydrogen (alcohols and carboxylic acids) (Jetter et al).2006

Comparing samples from different sit€s,echinata showed reduced O-H bands
in Cariru, RDSP and in non-exposed plants. The infrared spectrum that most resembled
that of wax of non-exposed plants was the one from Cariru samples. An accentuation
was seen in the fingerprint region in samples from Bom Retiro, Veneza and Cidade
Nobre, such accentuation being less intense in Cariru samples (Kigfé)ea showed
reduced O-H bands in plants exposed at Cidade Nobre and RDSP, and in non-exposed
plants. The spectrum that most resembled the one of non-exposed plants was the one
from RDSP samples; a noticeable resemblance could also be seen with the spectrum of
plants exposed Cidade Nobre. An accentuation was seen in the fingerprint region in
samples from Bom Retiro, Cariru and Veneza, such accentuation being less intense in

Cidade Nobre samples (Fig. 10).
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3.4.3. Gaseous phase chromatography

The GC-MS analysis allowed the identification of 37 different compounds in the
waxes ofC. echinata (Fig. 11A, Table #and 41 compounds in the waxesQfferrea
(Fig. 11B, Table b Contaminants such as phthalate and some benzenic compounds
were disregarded. The components in highest proportion in the wax chemical
constitution are the ketone 2-nonanone (16.5 %) in the former and the hydrocarbon 2-
methyloctacosane (7.6 %) in the latter. Following a corresponding pattern, the waxes of
the former are predominantly constituted by ketones, hydrocarbons being the second
major component; while the opposite proportion is observed in the latter. The other
components in decreasing order of proportion in the wax constitution are: carboxylic
acids, alcohols, ethers and estersCirechinata, and carboxylic acids, alcohols, esters
and aldehydes, i@. ferrea (Fig. 12.

Such chemical constitution renders the waxe€.achinata more polar tharC.
ferrea ones. In the former, ca. one-third of the total wax composition is made up by
little polar compounds (hydrocarbons + ethers), while over half the wax constitution has
such polarity feature in the latter (Fig. 13).0nferrea, hydrocarbons alone determine

the wax little polar nature, due to the absence of ethers in the wax compositidr2)Fig.

3.4.4. Micromor phology (scanning electron microscopy)

Caesalpinia echinata has the layer type of deposition pattern of the epicuticular
waxes (Fig. 14A, B). InC. ferrea, the deposition pattern is in vertical non-ordered
scales (Fig. 15A, B The two species are hypostomatic (i.e., have stomata on the leaf
abaxial surface only). The wax deposition pattern is the same on both leaf surfaces, in
both species (Fig. 14C, D; 15C, D).

Caesalpinia ferrea epidermal cells are characterized by sharply convex outer
periclinal cell walls. This feature determines a somewhat grooved epidermal relief (Fig.
15A, C), characterized by recesses among the cells, in which, on the abaxial surface, the
stomata are inserted (Fig. 15D). Besides, the anticlinal wall of the epidermal cells of this
species are more undulated that thoseCirechinata (Fig. 15A, D, and Fig. 14A,
respectively).

The rachis of the two species have an irregular relief, showing protuberances and
furrows along their surface (Fig. 14E, 15E). However, analogously to the leaf blade,
they are different as well at a micromorphological levelClrchinata, it has plenty of
hairs distributed evenly across its surface (Fig. 14E, F), and the wax is also deposited as
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alayer. InC. ferrea, it is glabrous (Fig. 15E) and the wax deposition pattern is also in
vertical scales. However, the wax scales in the rachis differ from those on the leaf blade.
The former are larger and have round-edges (Fig. 15F), while the latter have serrated
edges (Fig. 15B).

3.5. Deposited particles

For means of absolute comparison, the scanning electron microscopy study was
performed on leaf samples from non-exposed plants and on samples from individuals
exposed at Bom Retiro, the site initially presumed as the most-polluted one, based on
wind direction. Particles could be seen adhered to leaf surfaces of both species (Figs.
16, 17, 18. More particles were retained onto the leaf blad€.oéchinata (Fig. 16),
but less frequently on the abaxial surface (Fig. B3 z+Fewer particles were seen @Gn
ferrea leaves, and, analogously, more frequently on the adaxial surface (Fig. €7). In
echinata, the presence of fungal hyphae was noticeable, on both leaf blade surfaces
(Fig. 16A, C, E, G, H) and also on the rachis (Fig. 18A, C, E). The occurrence of
hyphae ontcC. echinata leaf surface was frequently associated with the presence of
particles (Fig. 16G, H). Hyphae were not see@.iferrea leaves, in neither leaf region.

In the rachis, particles were also seen in both species (Fig. 18).etihinata,
particle occurrence was associated not only with hyphae occurrence, but also with the
presence of hairs along the entire leaf region (Fig. 18A, B).(Rdtticle occurrence in

the rachis ofC. ferrea was much less frequent (Fig. 18G, H).

3.6. Leaf micromor phometry

The interaction between species and exposure sites was significant for no tissue
or leaf region. In the comparison between species, cell height differs in all ti€sues,
echinata having thicker ones thad. ferrea, except for the epidermis of the leaf abaxial
surface. As for comparison among sites, which is of particular interest for the present
approach, higher thickness on the epidermis of both leaf surfaces was obsetved in
ferrea individuals exposed at the reference station. The epidermis of the adaxial surface
was lower in all urban sites, whereas the epidermis of the abaxial surface was lower in
Bom Retiro and Cidade Nobre (Tablg Blso, Tukey’s range test showed that the
exposure site was a discriminant factor for thickness of the epidermis of the leaf adaxial
surface, such tissue being thicker in plants exposed at the reference station. Plants at
Cidade Nobre showed the lowest values, while individuals at Cariru showed the highest
ones (Fig. 19
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4. Discussion

The predominance of Northeast winds in the region initially suggests that Cidade
Nobre would be the least impacted urban site and that Bom Retiro would be the most
impacted one, particularly by gaseous pollutants and, among particulate matter, by the
ones with the lowest aerodynamic diameter {(fNMarris et al. 2012; Almeida et al.
2015). As PMo are particles with lower deposition rates, they tend to remain in the
atmosphere for a longer period of time, and be transported to further distant regions
(Riffault et al. 201%. These predictions, however, were only partially met. The site with
the highest amounts of TSP was Cariru. This would not be totally unexpectesl, as it
location is at Southeast, also along the windstream. But the second highest amounts
were detect at Veneza, only then followed by Bom Retiro and Cidade Nobre. Other
possible sources of contamination at Veneza must be investigated. In addition, Cidade
Nobre was the most affected site by inhalable particles, after Cariru, followed by Bom
Retiro and Veneza. Wind direction renders it little probability of it being affected by
steel industry activity. Instead, vehicular emissions may be the predominant factor in
this neighborhood.

Caesalpinia echinata showed higher accumulation of Al, Ni, Pb, Fe and Ba,
while C. ferrea accumulated higher amounts of Mg, Cu, Co, Zn, Mn and Ca. Only Cr
could not be segregated by neither principal component. Both PCA and Tukey results
seem to suggest some sort of particle selection by the species. It would se@€n like
ferrea selects Cu and Co particles, while echinata selects Fe, NiPb, Al and Ba
particles. Since the plants were all exposed to the environment under the same
experimental conditions, differences in the amount of accumulated elements, at least
trace-metals, were not to be expected between the two species. These differences could
have presumably arisen either from soil or some mechanism of superficial adhesion of
specific types of particles. Siqueira-Silva (2015) investigated the effects of cement dust
on native Brazilian plant species. The author performed a controlled experiment varying
deposition among leaf, soil, and both leaf and soil. According to him, the harmful
effects observed at the cellular and subcellular levels of leaf tissues occurred prior to
possible alterations on soil pH and chemical composition, being therefore caused
majorly be the contact of these particles with the leaf surface. This led me to discard the
first possibility of soil interference. The second one, then, seems most likely. l.e., the

nature of the leaf surface of the two species may have favored such particle segregation.
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Bom Retiro was the most impacted neighborhood by iron-containing particles.
The analysis of heavy metals in particles is a safe method for assessing source-related
emissions (Calvo et al. 2013; Almeida et al. 2015; Riffault et al. 2015). Iron particles
are usually a product of basic oxygen steel-making and sintering (Almeida et al. 2009;
Canha et al. 2012). Although the steelworks and sintering plants are nearer Cariru, the
highest iron accumulation in plants exposed on this site was an expected result, as it is
in accordance with the predominant wind direction in the region.

The leaf surface of. ferrea is rougher than the one 6f echinata, both at the
epidermal tissue level and at the outer periclinal epidermal cell wall level. The
convexity in the outer periclinal cell wall and the platelet-type of wax ceyatal the
respective determining factors of these two features. To my knowledge, this is the first
study guantitatively assessing leaf blade roughness at more than one hierarchical scale
in an integrated approach. A possible reason for the lack of studies with this nature is
the limitation of atomic force microscopy analysis with leaf samples. Prum et ala(2012
and b) performed an assessment resembling the one proposadihdrthe evaluations
addressed qualitative descriptions and were carried out in the context of insect adhesion
to leaf surfaces. Koch et al. (2004) assessed leaf micro-roughness of different plant
species with AFM, but not along with macro-roughness, as the aims of the authors in
both studies were to investigate the dynamics of wax regeneration. | suggest that future
studies assessing the potential of plant species for biomonitoring airborne particulate
matter investigate not only leaf surface macro-roughness (which itself is still scarce
among published research) but also leaf surface micro-roughness, as they may be both
related to the degree of particle retention.

Rougher leaf surfaces, if on one hand propitiate the superficial features that
allow higher particle accumulation (Belot and Gauthier 1975), on the other usually
confers such surface with higher hydrophobicity (Barthlott and Neinhuis 1997). This
usually gives the plant a higher self-cleaning effect, i.e., the capacity of removing
adhered particles by rain droplets that fall on leaves (Neinhuis and Barthlott 1997).
Leaves with such features, like the oneLoferrea, are known to be related to lower
particle accumulation, since the water droplets remove particles by adhering them to the
droplet surface. In contrast, droplets that fall on hydrophilic surfaces, such as@hat of
echinata, do not remove patrticles, yet tend to merely rearrange them (Barthlott and
Neinhuis 1997).

Notwithstanding,C. echinata showed a lower amount of waxes thHanferrea,

and its wax constitution is also more polar, due mainly to the presence of comparatively
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less amounts of hydrocarbons. As a result, the leaf surface of this species has more
water-affinity. That, along with its less rough leaf surface, suggests its higher wettability
(Barnes et al. 1996Neinhus and Barthlott 1998; Wang et al. 2013; Wang et al. 2014).
High hydrophilicity represents, among other outcomes, the higher tendency for the
development of a water film over the leaf surface (Cape 1996). This frequently
predisposes the leaf to be colonized by microorganisms (Junipey. T9@loccurrence

of fungal colonization was observed@nechinata samples from plants exposed at Bom
Retiro, and quite noticeably deposited particles could be seen associated with them. The
development of fungal hyphae on the leaf surface has been recently shown to be another
erhancing factor to particle accumulation. Sanchez-Lopez et al. \2ikerved, in
several plant species, that the fungal mycelium on leaf surfaces formed an extensive
web over the phyllosphere, which then retained more particles.

Although the occurrence of hyphae is usually a natural outcome of high leaf
wettability, it is possible that fungal colonization has been increased or even triggered
by an effect of urban pollution. In view of the known capability of PM to erode
epicuticular waxes (Burkhardt and Pariyar 2014), particles could have promoted
abrasion on leaf wax cover, thus enhancing its wettability. According to Rasanen et al.
(2014), wax erosion by PM iRicea abies led to enhanced hydrophily and, along with
decreased stomatal conductance, resulted in increased particle capture efficiency. This
could also have ultimately led to higher particle accumulatio€.bgchinata at Bom
Retiro, as a result of both decreased leaf self-cleaning capacity and higher leaf
colonization by fungi. Yet, the higher amounts of waxes found in plants exposed at the
most polluted sites may somewhat contradict this and, at a first glimpse, be pakadox
Nonetheless, higher particle retention by hyphae due to abiotic stress suggests the
generation of a positive feedback effect. I.e., higher effects by particulate pollutants lead
to wax abrasion, which enhances leaf wettability and consequently propitiates the
establishment of fungal hyphae. The hyphae, in turn, retain more particles over the leaf
surface, thus leading to enhanced effects of the abiotic stress, which is then summed to
the biotic one (Juniper 1991; Carver and Gurr 2006; Sanchez-Ldpez et al. 2015).

The increased wax production i€. ferrea may be a stress-avoidance
mechanism. The wax layer has been regarded as the first barrier against environmental
stressing conditions (Pal et al. 2002; Shepherd and Griffiths 2006). Popek et al. (2013)
observed that after three years of exposure up to 40% of the total particles adsorbed to
the leaf surface was immobilized within the wax layer, instead of onto it. The largest
amount of waxes observed @ ferrea individuals exposed at Bom Retiro, Cariru and
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Veneza could have been triggered by the exposure to the more polluted atmosphere of
these sites.

Accordingly, C. echinata was the species that had more particles adhered to the
leaf surface. The results of the analyses performed indicate that differences in the wax
chemical nature between the two species may have detstsunh differential particle
adsorption, to the extent that hydrocarbon contents determined hydrophobicity, which is
associated with the degree of particle retention (Jetter et al. 2006; Wang et al. 2013).
Besides wax composition, its microsculpture is another factor that might have interfered
with particle accumulation, as it determined a specifically rough microrrelief. (Neinhuis
and Barthlott 1998; Wang et al. 2013; Wang et al. 2015). Macrosculpture of the
epidermal tissue should be another influencing factor, as it determined leaf roughness at
a larger scale.

A particular behavior inherent to the species biology may also have interfered
with the degree of particle deposition. Under high insolation and temperature, both of
which characterized several days of the exposure petioterrea plants close their
pinnules, regardless of the time of the day. Such phenomenon also odCueshimata
individuals, yet much more discretely. Therefore, not only the leaf blade was collected,
but also the rachis. Despite having a lower superficial area, this leaf region remained
constantly exposed to atmospheric deposition.

Surface features that may have determined the degree of particle retention on the
rachis of the studied species were high pilosit¢.iechinata, presence of a dense cover
of wax crystals irC. ferrea, and a macrosculpture relief characterized by protuberances
and furrows, in both species. The presence of trichomes is a well-reported feature in the
literature known to enhance particle accumulation (Seebg et al. 2012; Zampieri et al.
2013; Mo et al. 2015). Conversely, a cover of wax crystals confers high hydrophobicity
to leaves, which thus ultimately reflects on decreased particle accumulation (Neinhuis
and Barthlott 1997; Koch and Ensikat 200B)irface sculptures such as the grooves on
the rachis macro-relief may also be correlated with higher particle capture. In fact, the
results on scanning electron microcopy point to a higher particle accumulation on this
region than on leaf blade. This interesting result can somewhat sound improbable, but a
similar effect has long been reported to the adhesion of spores, by Carter (1965). The
author observed that the ascospor&ughyta armeniacae had more efficient impaction
on petioles than on stems or flat leaves of apricot. Analogously, despite their
morphology, the needle-shaped leaves of conifers are known to hawer tatgs of
particle retention than broadleaf species (Beckett et al. 2000; Free-Smith et al. 2004). In
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view of that, several pine species are rather commonly used as biomonitors of airborne
particles in the North hemisphere (Lehndorff and Schwark 2008; Mori et al. 2014;
Przybysz et al. 2014; Song et al. 2015), even having an already established standardized
protocol (VDI 2007).

| recommend the quantitative assessment of leaf surface roughness in future
studies that investigate the interaction between plant species and particle deposition.
Recent initiatives have been found in the literature (Wang et al. 2015), but reports are
still scarce. Such a parameter may allow for researchers to better tap into an important
leaf surface features that may determine the degree of at least some plant responses to
the surrounding atmosphere impacted by urban-industrial activities. | point out,
however, that a more interesting approach is to investigate the roughness given in more
than one hierarchical level. Not only macro-relief of the epidermal tissue determine leaf
roughness, but also the deposition pattern of epicuticular waxes. The former can be
easily assessed through profilometry analysis and should be no trouble for researchers
who can dispose of an optical profilometer. The latter, however, has to be performed in
an atomic force microscope, which has limitations concerning biological samples. The
first one is the detection limit, since the height differences must not exceed 6 pm.
Therefore, is may not be applicable for extremely rough surfaces (Koch et al. 2008).
The second one is the fragility of the epicuticular wax crystals (Koch et al. 2004). The
third concerns sample wetness and/or humidity. Drying leaf samples prior to AFM
analysis is recommended to obtain quality results.

The epidermis was the leaf tissue that better responded to the environmental
conditions in the experiment. The epidermis of both leaf surfaessffected, but the
environmental effects were particularly noticeable on the epidermis of the leaf adaxial
surface ofC. ferrea. Thickness of leaf tissues has been tested and successfully used as
an anatomical biomarker of abiotic stresan{’Anna-Santos and Azevedo 2010;
Pedroso and Alves 2015). Howevignnust be analyzed with carasclimate variations
affect leaf development, and may therefore interfere with leaf responses in terms of
tissue thickness to air pollutants, like ozone (Moura and Alves 2014). Since the result
exhibited a clear statistical distinction between plants from the control site and those
exposed at the urban environment, the micromorphometrical analysis represented a
consistent approach to the present study. Epidermal tissue thickness could be seen as a
biomarker of urban emissions @ ferrea.

The epidermis is the outermost tissue of the primary plant body and it has

evolved in such a way that it allows, among other features, restriction of entry of toxic
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substances into plant organs (Beck 2010). It seems reasonable to propose that the higher
response of this tissue could be related to its direct contact with pollutants, yet this
cannot be taken as a rule. The Restinga speCiasa hilariana, for example,
responded to foliar deposition of solid particulate matter of iron with lower thickness of

all leaf tissues, except for the epidermis (Rocha et al.)2014

Besides being harmful to plant formations, air pollution can also cause serious
damage to human health. Since Ipatinga city developed in function of the
implementation of its steel-industry park (Neves and Camisasca 2013), monitoring its
atmospheric conditions is important to evaluate the air quality in the city, and ultimately
promote preventive actions concerning public health and environmental impacts. Recent
data from 2011 through 2014 showed that daily annual mean of inhalable particles
(PM1o) in Ipatinga city has surpassed the limit established by the World Health
Organization, of 20 pg.rh(Programa Cidades Sustentaveis 2015). Thus, developing
new strategies and approaches to constantly and more broadly assess air quality in the
city should be encouraged. In that sense, the biomonitoring technique has some
remarkable advantages, like its technological simplicity with which it allows the
determination of places with higher levels of heavy metal pollution (Arndt and
Schweizer 1991). Thus, studying the possibility of use of species from the local flora
aiming at standardizing trustable methods remain an important issue to be explored.
Assessing leaf surface features that determine higher particle accumulation seems to
lead the way of this type of research.

Both C. echinata andC. ferrea are widely used as ornamental in Ipatinga city.

The former was the one that retained more particles, due to characteristics such as low
leaf roughness. Its use as ornamental should be encouraged, as the species may have to
potential to form phytobarriers (Sanchez-Lopez et al. 2015), thus helping to clean the
urban air from airborne particulate matter (Freer-Smith et al. 2004; Janhal 2015;
Sgrigna et al. 2015). However, landscape design must be thoroughly planned, otherwise
the random position of trees could have the opposite effect, actually increasing the
accumulation of fine particles in the urban environment (Tong et al. 2015).

Regardless, an important following step to the present research would be to
perform a passive biomonitoring using the adult individuals already planted throughout
the city. ParticularlyC. echinata showed to be promising for this end and, thereby,
evaluating the trees already in the city which are constantly exposed to local pollution
would raise complementing information to those herein. Therewi@agchinata is

extensively used as ornamental in several other Brazilian cities (Rocha and Barbedo
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2008; Moro and Castro 2015), due mainly to its historical significance, as it is the
symbol-tree to the country (von Muralt 2006). Standardization remains one of the main
issues with comparability of passive biomonitoring studies (Tarricone et al. 2015).
Thus, elaborating standardized approaches with this species, in alignment with
international studies, and investigating its potential for passive biomonitoring might
allow for future establishment of a monitoring network that could sample several cities
across the country and give comparable results, not only with local or national, but also

with international standards.

5. Conclusions

Caesalpinia ferrea Mart. ex Tul. showed a more well-defined response gradient
in relation to the parameters analyzed herein, like the amount and chemical composition
of waxes and epidermis thickness. For that reason, this species could be better explored
as a biosensor of urban pollution. Its biosensorial potential deserves further
investigation, due to the responses observed in its leaf tissues at the anatomical level.
The species, however, retained lower amounts of particles and metals associated with
vehicular and industrial emission, due to surface features of its leaves that confer them
higher self-cleaning effect, like the higher roughness given both by the convex outer
periclinal wall of epidermal cells and for its wax-layer microsculpturing. The opposite
effects were observed i€. echinata and, for that reason, this species is better
recommended for biomonitoring of air pollution as a bioaccumulator. Further studies
that might investigate the responses of this species to particulate pollutants under
controlled experimental conditions are suggested.

The first hypothesis of the study was not rejected. There was a difference in
particle accumulation between the species, and such difference was given by
epicuticular wax micromorphologyin the form of platedts in C. ferrea and layerm C.
echinata -, to leaf macro-and micro-roughness and to wax chemical composition. The
second hypothesis was partially rejected, since based on the afore-mentioned features
only C. echinata can be recommended for biomonitoring airborne PM.

These results reported herein demonstrate the importance of aggregating
amtomical and micromorphological analyses to studies on the use of plants in
biomonitoring airborne pollutants. Light microscopy studies allowed the assessment of
micromorphometrical responses and showed consistent results, distinguishing the

control site from impacted ones. Scanning electron and atomic force microscopies
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allowed for a better characterization of leaf surface features that determined particle
retention. Such an integrated approach, when taken into consideration, can help to better
elucidate the extension of air pollution effects and aid in the secure establishment of

parameters for biomonitoring.

6. References

AGUIAR, T.V.; SANT’ANNA-SANTOS, B.F.; AZEVEDO, A A.; FERREIRA, R.S.
2007.Anati Quanti: quantitative analysis software for plant anatomy studies
Planta Daninha 25, 64659. (In Portuguese)

ALMEIDA, S.M.; FREITAS, M.C.; REPOLHO, C.; DIONISIO, I.; DUNG, H.M;
CASEIRO, A.; ALVES, C.; PIO, C.A; PACHECO, AM.G. 2009.
Characterizing air particulate matter composition and sources in Lisbon,
Portugal. Journal of Radioanalytical and Nuclear Chemistry 281;-218.

ALMEIDA, S.M.; LAGE, J.; FERNANDEZ, B.; GARCIA, S.; REIS, M.A.; CHAVES,
P.C. 2015.Chemical characterization of atmospheric particles and source
apportionment in the vicinity of a steelmaking industry. Science of the Total
Environment 521522, 411420.

ANDRADE, G.C. 2013Effects of simulated acid rain on the morphoanatomy of
the vegetative body of two tree species from the Atlantic Rainfores#il pp.
Monography (Undergraduation in Biological Sciences). Federal University of
Vigosa, Vigosa/MG, Brazil. (In Portuguese)

ARNDT, U.; SCHLUTER, C. 1985Effect-based determination of the immission
load in specific forest decline areas in Baden-Wurttemberg through the use
of bioindicators (active monitoring by indicator plants). Staruskoll. z-Arbeit
des PEF, Karlsruhe 5. bis 7.3, 1741. (In German)

ARNDT, U.; ERHARDT, W.; MICHENFELDER, K.; NOBEL, W.; SCHLUTER, C.
1985. Standardized exposure of plant reactive indicatorsStaub-Reinh. d. Luft
45, 481-483. (In German)

ARNDT, U.; SCHWEIZER, B. 1991The use of bioindicators for environmental
monitoring in tropical and subtropical countries. In: ELLENBERG, H. et al.
(eds) Biological monitoring. Signals from the environment. Braunschweig
Vieweg, pp. 199260.

BARIMA, Y.S.S.; ANGAMAN, D.M.; NGOURAN, K.P.; KOFFI, N.A.; KARDEL,
F.; DE CANNIERE, C.; SAMSON, R. 2014ssessing atmospheric particulate

24



matter distribution based on Saturation Isothermal Remanent Magnetization
of herbaceous and tree leaves in a tropical urban environmen$cience of the
Total Environment 47471, 975982.

BARNES, J.D.; PERCY, K.E.; PAUL, N.D.; JONES, P.; MCLAUGHLIN, C.K;
MULLINEAUX, P.M.; CREISSEN, G.; WELLBURN, A.R. 1996lhe influence
of UV-B radiation on the physicochemical nature of tobacco Nicotiana
tabacum L.) leaf surfaces Journal of Experimental Botany 47,-999.

BARTHLOTT, W.; NEINHUIS, C. 1997Purity of the sacred lotus, or escape from
contamination in biological surfaces Planta 202, -18.

BARTHLOTT, W.; NEINHUIS, C.; CUTLER, D.; DITSCH, F.; MEUSEL, [;
THEISEN, 1.; WILHELMI, H. 1998. Classification and terminology of plant
epicuticular waxes. Botanical Journal of the Linnean Society 126, 237-260.

BECK, C.B. 2010. An introduction to plant structure and development - plant
anatomy for the twenty-first century. 2nd edition. Cambridge: Cambridge
University Press, p. 141.

BECKETT, PK.; FREER-SMITH, P.H.; TAYLOR, G. 2000. Particulate pollution
capture by urban trees: effects of species and windspeed. Global Change
Biology 6, 995-1003.

BELOT, Y.; GAUTHIER, D. 1975. Transport of micronic particles from atmosphere
to foliar surfaces. /n: VRIES, D.A.D.; AFGAN, N.H. (eds) Heat and mass
transfer in the biosphere. New York: Wiley, pp. 583-591.

BRASIL. Ministry of the Environment. 200Law N° 10,165, of December 27, 2000.
Modifies Law n° 6,938, of August 31, 1981, on the Brazilian National
Environmental Policy, its purposes and mechanisms of formulation and
application, and other matters Brasilia: Brazilian Federal Senate. Available in:
<http://www.planalto.gov.br/ccivil_03/Leis/L10165.htm>. Access in: May 5,
2014. (In Portuguese)

BURKHARDT, J.; PARIYAR, S. 2014.Particulate pollutants are capable to
‘degrade’ epicuticular waxes and to decrease the drought tolerance of Scots
pine (Pinus sylvestris L.). Environmental Pollution 184, 65667.

CAKMAK, S.; DALES, R.; KAURI, L.M.; MAHMUD, M.; VAN RYSWYK, K,
VANOS, J.; LIU, L.; KUMARATHASAN, P.; THOMSON, E.; VINCENT, R;;
WEICHENTHAL, S. 2014 Metal composition of fine particulate air pollution
and acute changes in cardiorespiratory physiologyEnvironmental Pollution
189, 208214.

25



CALVO, A.l; ALVES, C.; CASTRO, A.; PONT, V.; VICENTE, A.M.; FRAILE, R.
2013. Research on aerosol sources and chemical composition: Past, current
and emerging issuesAtmospheric Research 121P1, 1-28.

CANHA, N.; FREITAS, M.C.; ALMEIDA-SILVA, M.; ALMEIDA, S.M.; DUNG,
H.M.; DIONISIO, I.; CARDOSO, J.; PIO, C.A.; CASEIRO, A.; VERBURG,
T.G.; WOLTERBEEK, H.TH. 2012Burn wood influence on outdoor air
quality in a small village: Foros de Arréo, Portugal Journal of Radioanalytical
and Nuclear Chemistry 291, -838.

CAPE, J.N. 1996Surface wetness and pollutant depositianin: KERSTIENS, G.
(ed) Plant cuticles an integrated functional approach. Oxford: BIOS Scientific
Publishers, pp. 28300.

CARTER, M.V. 1965.Ascospore deposition inEuphyta armeniacae. Australian
Journal of Agricultural Research 65, 8336.

CARVER, T.LW.; GURR, S.J. 2006Filamentous fungi on plant surfaces.In:
RIEDERER, M.; MULLER, C. (eds) Biology of the Plant Cuticle. Oxford:
Blackwell, pp. 368397.

CHEN, L.C.; LIPPMANN, M. 2009Effects of metals within ambient air particulate
matter (PM) on human health Inhalation Toxicology 21,-131.

CONAMA. Ministry of the Environment. National Environmental Council
(CONAMA). 1990. CONAMA Resolution n° 3, of June 28, 1990. Establishes
air quality standards, provided for in PRONAR. Brasilia: Diario Oficial da
Unido, August 22, 1990, section 1, pp. 1593939. (In Portuguese)

DENATRAN 2015. Ministry of Cities. National Department of Traffic (DENATRAN).
National Registry of Motor Vehicles (RENAVAMNehicle fleet, by type and
having license plate, according to the Federation Municipalities September
2015 Available in: <http://www.denatran.gov.br/frota2015.htm>. Access in:
October 25, 2015. (In Portuguese)

DEVI, G.; BHATTACHARYYA, K.G.; MAHANTA, L.B.; DEVI, A. 2014. Trace
metal composition of PM2.5, soil, andMachilus bombycina leaves and the
effects on Antheraea assama silk worm rearing in the oil field area of
Northeastern India. Water, Air, & Soil Pollution 225, 1884.

DIVAN JUNIOR, AM.; OLIVEIRA, P.L.; PERRY, C.T.; ATZ, V.L.; AZZARINI-
ROSTIROLA, L.N.; RAYA-RODRIGUEZ, M.T. 2009Using wild plant species
as indicators for the accumulation of emissions from a thermal power plant,
Candiota, South Brazil. Ecological Indicators 9, 1156162.

26



DOMINGOS, M.; BULBOVAS, P.; CAMARGO, C.Z.S. et al. 201Searching for
native tree species and respective potential biomarkers for future assessment
of pollution effects on the highly diverse Atlantic Forest in SE-Brazil
Environmental Pollution 202, 895.

FERREIRA, E.A.; DEMUNER, A.J.; SILVA, A.A.; SANTOS, J.B.; VENTRELLA,
M.C.; MARQUES, A.E.; PROCOPIO, S.0. 2008hemical composition of
epicuticular wax and characterization of leaf surface in sugarcane genotypes
Planta Daninha 23, 62619. (In Portuguese)

FERNANDEZ, V.; SANCHO-KNAPIK, D.; GUZMAN, P.; PEGUERO-PINA, J.J;;
GIL, L.; KARABOURNIOTIS, G.; KHAYET, M.; FASSEAS, C.; HEREDIA-
GUERRERO, J.A.; HEREDIA, A.; GIL-PELEGRIN, E. 2014Vettability,
polarity, and water absorption of holm oak leaves: effect of leaf side and age
Plant Physiology 166, 16880.

FREER-SMITH, P.H.; EL-KHATIB, A.A.; TAYLOR, G. 2004.Capture of
particulate pollution by trees: a comparison of species typical of semi-arid
areas ficus nitida and Eucalyptus globulus) with European and North
American speciesWater, Air, & Soil Pollution 155, 17387.

FRONDIZI, C.A. 2008 Air quality monitoring: theory and practice . Rio de Janeiro:
E-papers, p. 42. (In Portuguese)

GERRITS, P.O. 1991The application of glycol methacrylate in histotechnology:
some fundamental principles Groningen: Department of Anatomy and
Embriology, State University of Groningen. 80 p.

GUIMARAES, A.A.;: FERREIRA, E.A.; VARGAS, L.; SILVA, AA.; VIANA, R.G.;
DEMUNER, A.J.; CONCENCO, G.; ASPIAZU, I.; GALON, L.; REIS, M.R;;
SILVA, A.F. 2009.Chemical composition of the epicuticular wax of italian
ryegrass biotypes resistant and susceptible to glyphosatelanta Daninha 27,
149-154. (In Portuguese)

HAMILTON, R.J. 1995. Waxes: chemistry, molecular biology and functions
Edinburgh: Orly Press. 149 p.

HOFMAN, J.; STOKKAER, I.; SNAUWAERT, L.; SAMSON, R. 2013patial
distribution assessment of particulate matter in an urban street canyon using
biomagnetic leaf monitoring of tree crown deposited particlesEnvironmental
Pollution 183, 123132.

HU, W.; CHEN, Y.; HUANG, B.; NIEDERMANN, S. 2014&ealth risk assessment

of heavy metals in soils and vegetables from a typical greenhouse vegetable

27



production system in China Human and Ecological Risk Assessment 20, 1264
1280.

HUANG, C.W.; LIN, M.Y.; KHLYSTOV, A.; KATUL, G.G. 2015.The effects of leaf
size and microroughness on the branch-scale collection efficiency of ultrafine
particles. Journal of Geophysical Research: Atmospheres 120,-3386.

JANHALL, S. 2015.Review on urban vegetation and particle air pollution -
Deposition and dispersion Atmospheric Environment 105, 1-:3087.

JETTER, R.; KUNST, L.; SAMUELS, A.L. 20068Composition of plant cuticular
waxes. In: RIEDERER, M.; MULLER, C. (eds) Biology of the Plant Cuticle.
Oxford: Blackwell, pp. 368397.

JUNIPER, B.E. 1991The leaf from the inside and the outside: a microbe’s
perspective In: ANDREWS, J.H.; HIRANO, S.S. (eds) Microbial ecology of
leaves. New York: Springer, pp.-242.

KAMPA, M.; CASTANAS, E. 2008.Human health effects of air pollution
Environmental Pollution 151, 36367.

KARNOVSKY, M.J. 1965. A formaldehyde — glutaraldehyde fixative of high
osmolarity for use in electron microscopy Journal of Cellular Biology 27, 27
137.

KASSOMENQOS, P.A.; VARDOULAKIS, S, CHALOULAKOU, A,
PASCHALIDOU, A.K.; GRIVAS, G.; BORGE, R.; LUMBRERAS, J. 2014.
Study of PMio and PMzs levels in three European cities: analysis of intra and
inter urban variations. Atmospheric Environment 87, 15863.

KHILLARE, P.S.; HASAN, A.; SARKAR, S. 2014Accumulation and risks of
polycyclic aromatic hydrocarbons and trace metals in tropical urban soils
Environmental Monitoring and Assessment 186, 22923.

KLUMPP, A.; KLUMPP, G.; DOMINGOS, M. 1994Plants as bioindicators of air
pollution at the Serra do Mar near the industrial complex of Cubaté&o, Brazil
Environmental Pollution 85, 16916.

KOCH, K.; NEINHUIS, C.; ENSIKAT, H.J.; BARTHLOTT, W. 200&elf assembly
of epicuticular waxes on living plant surfaces imaged by atomic force
microscopy (AFM). Journal of Experimental Botany 55, 7¥18.

KOCH, K.; ENSIKAT, H.J. 2008.The hydrophobic coatings of plant surfaces:
Epicuticular wax crystals and their morphologies, crystallinity and molecular
self-assembly Micron 39, 759772.

28



KOCH, K.; BHUSHAN, B.; BARTHLOTT, W. 2008.Diversity of structure,
morphology and wetting of plant surfaces Soft Matter 4, 19431963.

KUKI, K.N.; OLIVA, M.A.; PEREIRA, E.G. 2008alron ore industry emissions as a
potential ecological risk factor for tropical coastal vegetation Environmental
Management 42, 11121.

KUKI, K.N.; OLIVA, M.O.; PEREIRA, E.G.; COSTA, A.C.; CAMBRAIA, J. 2008b.
Effects of simulated deposition of acid mist and iron ore particulate matter
on photosynthesis and the generation of oxidative stress ischinus
terebinthifolius Radii and Sophora tomentosa L. Science of The Total
Environment 403, 202214.

KUKI, K.N.; OLIVA, M.A.; COSTA, A.C. 2009.The simulated effects of iron dust
and acidity during the early stages of establishment of two coastal plant
species Water, Air, & Soil Pollution 196, 28295.

LEHNDORFF, E.; SCHWARK, L. 2008Accumulation histories of major and trace
elements on pine needles in the Cologne Conurbation as function of air
quality . Atmospheric Environment 42, 83345.

LEIVA-GUZMAN, M.A.; SANTIBANEZ, D.A.; IBARRA, S.; MATUS, P.; SEGUEL,
R. 2013.A five-year study of particulate matter (PM2.5) and cerebrovascular
diseasesEnvironmental Pollution 181-6.

LI, X.; FENG, L.; HUANG, C.; YAN, X.; ZHANG, X. 2014 Potential hazardous
elements (PHES) in atmospheric particulate matter (APM) in the south of
Xi’an during the dust episodes of 2001-2012 (NW China): chemical
fractionation, ecological and health risk assessmentEnvironmental Earth
Sciences 71, 4118126.

MA, L.; QIN, X.; SUN, N.; YANG, G. 2014.Human health risk of metals in
drinking-water source areas from a forest zone after long-term excessive
deforestation Human and Ecological Risk Assessment 20, 12202.

MARRIS, H.; DEBOUDT, K.; AUGUSTIN, P.; FLAMENT, P.; BLOND, F.; FIANI,
E.; FOURMENTIN, M.; DELBARRE, H. 2012Fast changes in chemical
composition and size distribution of fine particles during the near-field
transport of industrial plumes. Science of the Total Environment 15, 1288.

MAY, A.A.; NGUYEN, N.T.; PRESTO, A.A. et al. 20145as- and particle-phase
primary emissions from in-use, on-road gasoline and diesel vehicles

Atmospheric Environment 88, 24260.

29



MIGLIAVACCA, D.M.; TEIXEIRA, E.C.; GERVASONI, F.; CONCEICAO, R.V.;
RAYA-RODRIGUEZ, M.T. 2012.Metallic elements and isotope of Pb in wet
precipitation in urban area, South America Atmospheric Research 107, 106
114.

MITCHELL, R.; MAHER, B.A.; KINNERSLEY, R. 2010.Rates of particulate
pollution deposition onto leaf surfaces: temporal and inter-species magnetic
analyses Environmental Pollution 158, 1472478.

MO, L.; MA, Z.; XU, Y.; SUN, F.; LUN, X.; LIU, X.; CHEN, J.; YU, X. 2015.
Assessing the Capacity of Plant Species to Accumulate Particulate Matter in
Beijing, China. PLoS ONE 10(10): e0140664

MOHIUDDIN, K.; STREZOV, V., NELSON, P.F.; STELCER, E. 2014.
Characterisation of trace metals in atmospheric particles in the vicinity of
iron and steelmaking industries in Australia Atmospheric Environment 83,
72-79.

MORI, J.; HANSLIN, H.M.; BURCHI, G.; SAEBY, A. 2014articulate matter and
element accumulation on coniferous trees at different distances from a
highway. Urban Forestry & Urban Greening 14, 1107.

MORO, M.F.; CASTRO, A.S.F. 201%A check list of plant species in the urban
forestry of Fortaleza, Brazil: where are the native species in the country of
megadiversity?Urban Ecosystems 18, 471.

MOURA, B.B.; ALVES, E.S. 2014Climatic factors influence leaf structure and
thereby affect the ozone sensitivity oflpomoea nil ‘Scarlet O'Hara’.
Environmental Pollution 194, 116.

NEINHUIS, C.; BARTHLOTT, W. 1997.Characterization and distribution of
water-repellent, self-cleaning plant surfacesAnnals of Botany 79, 66B677.
NEINHUIS, C.; BARTHLOTT, W. 1998. Seasonal changes of leaf surface
contamination in beech, oak, and ginkgo in relation to leaf micromorphology

and wettability. New Phytologyst 138, 998.

NEVES, N.R; OLIVA, M.A.; CENTENO, D.C.; COSTA, A.C.; RIBAS, R.F;
PEREIRA, E.G. 2009hotosynthesis and oxidative stress in the restinga plant
speciesEugenia uniflora L. exposed to simulated acid rain and iron ore dust
deposition: potential use in environmental risk assessmentScience of the
Total Environment 407, 3743745.

NEVES, O.R.; CAMISASCA, M.M. 2013Aco Brasil: a trip through the steel
industry. Belo Horizonte: Escritorio de Historias, 192 pp. (In Portuguese)

30



O’BRIEN, T.P.; FEDER, N.; McCULLY, M.E. 1964.Polychromatic staining of plant
cell walls by toluidine blue Q Protoplasma 59, 36873.

PAL, A.; KULSHRESHTHA, K.; AHMAD, K.J.; BEHL, H.M. 2002Do leaf surface
characters play a role in plant resistance to auto-exhaust pollutionRlora 197,
47-55.

PEDROSO, A.N.V.; ALVES, E.S. 2015emporal dynamics of the cellular events in
tobacco leaves exposed in Sdo Paulo, Brazil, indicate oxidative stress by
ozone Environmental Science and Pollution Research 22,-6835.

PEREIRA, E.G.; OLIVA, M.A.; KUKI, K.N.; CAMBRAIA, J. 2009 Photosynthetic
changes and oxidative stress caused by iron ore dust deposition in the
tropical CAM tree Clusia hilariana. Trees 23, 277285.

POPEK, R.; GAWRONSKA, H.; WROCHNA, M.; GAWRONSKI, S.W.; SABgJ, A.
2013. Particulate matter on foliage of 13 woody species: deposition on
surfaces and phytostabilisation in waxes a 3-year study International Journal
of Phytoremediation 15, 24356.

PROGRAMA CIDADES SUSTENTAVEIS. 2015.Concentrations of PM10*
(particulate matter - PM) - Ipatinga, MG. Available in:
<http://indicadores.cidadessustentaveis.org.br/br/MG/ipatinga/indicadores>.
Access inOctober 23, 2015. (In Portuguese)

PRZYBYSZ, A.; SZB®, A., HANSLIN, HM.; GAWRONSKI, S.W. 2014.
Accumulation of particulate matter and trace elements on vegetation as
affected by pollution level, rainfall and the passage of timeScience of The
Total Environment 481C, 36869.

PRUM, B.; SEIDEL, R.; BOHN, H.F.; SPECK, T. 2012Rlant surfaces with
cuticular folds are slippery for beetles Journal of the Royal Society - Interface
9, 127135.

PRUM, B; SEIDEL, R.; BOHN, H.F.; SPECK, T. 2012mpact of cell shape in
hierarchically structured plant surfaces on the attachment of male Colorado
potato beetles I eptinotarsa decemlineata). Beilstein Journal of Nanotechnology
3, 57-64.

RASANEN, J.V.; HOLOPAINEN, T.; JOUTSENSAARI, J.; NDAM, C.; PASANEN,
P.: RINNAN, A.: KIVIMAENPAA, M. 2013. Effects of species-specific leaf
characteristics and reduced water availability on fine particle capture

efficiency of trees Environmental Pollution 183, 640.

31



RASANEN, J.V.; HOLOPAINEN, T.; JOUTSENSAARI, J.; PASANEN, P.;
KIVIMAENPAA, M. 2014. Particle capture efficiency of different-aged
needles of Norway spruce under moderate and severe droughCanadian
Journal of Forest Research 44, 8335.

RAVINDRA, K.; MITTAL, A.K.; VANGRIEKEN, R. 2001. Health risk assessment
of urban suspended particulte matter with special reference to polyclic
aromatic hydrocarbons: a review Reviews on Environmental Health 16, 369
189.

RIFFAULT, V.; ARNDT, J.; MARRIS, H. et al. 201%.ine and ultrafine particles in
the vicinity of industrial activities: a review. Critical Reviews in Environmental
Science and Technology 45, 23@35.

ROBERTS, S. 2013ave the short-term mortality effects of particulate matter air
pollution changed in Australia over the period 1993-2007Environmental
Pollution 182, 914.

ROCHA, Y.T.; BARBEDO, A.S.C. 2008Brazilwood (Caesalpinia echinata Lam. —
Leguminosae) in urban arborization in Sdo Paulo (SP), Rio de Janeiro (RJ)
and Recife (PE) Revista da Sociedade Brasileira de Arborizacdo Urbana-3, 58
77. (In Portuguese)

ROCHA, D.l.; SILVA, L.C.; PEREIRA, E.G.; SANT'ANNA-SANTOS, B.F,
GONTHNO, E.R.; OLIVA, M.A. 2014Early detection of injuries in leaves of
Clusia hilariana Schitdl. (Clusiaceae) caused by particulate deposition of
iron. Revista Arvore 38, 42332.

RODRIGUEZ, J.H.; PIGNATA, M.L.; FANGMEIER, A.; KLUMPP, A. 2010.
Accumulation of polycyclic aromatic hydrocarbons and trace elements in the
bioindicator plants Tillandsia capillaris and Lolium multiflorum exposed at
PM1o monitoring stations in Stuttgart (Germany). Chemosphere 80, 20315.

RODRIGUEZ-GERMADE, |.; MOHAMED, K.J.; REY, D.; RUBIO, B.; GARCIA, A.
2014. The influence of weather and climate on the reliability of magnetic
properties of tree leaves as proxies for air pollution monitoringScience of the
Total Environment 468169, 892902.

ROTTING, T.S.; MERCADO, M.; GARCIA, M.E.; QUINTANILLA, J. 2014.
Environmental distribution and health impacts of As and Pb in crops and
soils near Vinto smelter, Oruro, Bolivia International Journal of Environmental

Science and Technology 11, 9348.

32



SANCHEZ-LOPEZ, A.S.; CARRILLO-GONZALEZ, R.; GONZALEZ-CHAVEZ,
M.C.A.; ROSAS-SAITO, G.H.; VANGRONSVELD, J. 201%hytobarriers:
plants capture particles containing potentially toxic elements originating
from mine tailings in semiarid regions Environmental Pollution 205, 332.

SANT’ANNA-SANTOS, B.F.; AZEVEDO, A.A. 2010.Toxicity and fluoride
accumulation in herbs grown in the vicinity of an aluminum plant Acta
Botanica Brasilica 24, 95863.

SANTANA, B. V. N.; ARAUJO, T. O.; ANDRADE, G. C.; FREITAS-SILVA, L.;
KUKI, K. N.; PEREIRA, E. G.; AZEVEDO, A. A.; SILVA, L. C. 2014 eaf
morphoanatomy of species tolerant to excess iron and evaluation of their
phytoextraction potential. Environmental Science and Pollution Research 21,
2550-2562.

SARRUGE, J.R.; HAAG, H.P. 197#lant chemical analysis Piracicaba: Escola
Superior de Agricultura Luiz de Queiroz. 56 pp. (In Portuguese)

SABY, A.; POPEK, R.; NAWROT, B.; HANSLIN, H.M.; GAWRONSKA, H.;
GAWRONSKI, S.W. 2012 Plant species differences in particulate matter
accumulation on leaf surfacesScience of the Total Environment 4228, 347
354.

SETALA, H.; VIIPPOLA, V.; RANTALAINEN, A.; PENNANEN, A.; YLI-
PELKONEN, V. 2013.Does urban vegetation mitigate air pollution in
northern conditions? Environmental Pollution 183, 16412.

SGRIGNA, G.; SAEBJ, A.; GAWRONSKI, S.; POPEK, R.; CALFAPIETRA, C. 2015.
Particulate Matter deposition on Quercus ilex leaves in an industrial city of
central Italy. Environmental Pollution 197, 18794.

SHEN, D.H.; WU, C.M.; DU, J.C. 2009.aboratory investigation of basic oxygen
furnace slag for substitution of aggregate in porous asphalt mixture
Construction and Building Materials 23, 4381.

SHEPHERD, T.; GRIFFITHS, D.W. 200@he effects of stress on plant cuticular
waxes New Phytologist 171, 46999.

SILVA, L.C.; OLIVA, M.A.; AZEVEDO, A.A.; ARAUJO, J.M. 2006 Responses of
Restinga plant species to pollution from an iron pelletization factoryWater,
Air, & Soll Pollution 175, 241256.

SILVA, L.C.; ARAUJO, T.0.; MARTINEZ, C.A.; LOBO, F.A.; AZEVEDO, AA;;
OLIVA, M.A. 2015. Differential responses of G and CAM native Brazilian

33



plant species to a S® and SPMee-contaminated Restinga Environmental
Science and Pollution Research 22, 140@D17.

SIQUEIRA-SILVA, A.l. 2014.Effect of cement dust deposition on leaf structure,
cell ultrastructure and in physiological and biochemical variables in native
woody species85 pp. PhD Thesis (Plant Biology). Federal University of Minas
Gerais, Belo Horizonte/MG, Brazil. (In Portuguese)

SONG, Y.; MAHER, B.A.; LI, F.; WANG, X.; SUN, X.; ZHANG, H. 2015.
Particulate matter deposited on leaf of five evergreen species in Beijing,
China: Source identification and size distribution Atmospheric Environment
105, 53-60.

TAIWO, A.M.; BEDDOWS, D.C.S.; SHI, Z.; HARRISON, R.M. 201Mass and
number size distributions of particulate matter components: comparison of
an industrial site and an urban background site Science of the Total
Environment 475, 2388.

TARRICONE, K.; WAGNER, G.; KLEIN, R. 2015Toward standardization of
sample collection and preservation for the quality of results in biomonitoring
with trees — A critical review. Ecological Indicators 57, 34359.

TITOS, G.; LYAMANI, H.; PANDOLFI, M.; ALASTUEY, A.; ALADOS-
ARBOLEDAS, L. 2014.ldentification of fine (PM1) and coarse (PMo1)
sources of particulate matter in an urban environment Atmospheric
Environment 89, 59302.

TONG, Z,; WHITLOW, T.H.; MACRAE, P.F.; LANDERS, A.J.; HARADA, Y. 2015.
Quantifying the effect of vegetation on near-road air quality using brief
campaigns Environmental Pollution 201, 14149.

TSAI, M.Y.; HOEK, G.; EEFTENS, M. et al. 201Spatial variation of PM elemental
composition between and within 20 European study areas- Results of the
ESCAPE project. Environment International 84, 18192.

VDI (Verein Deutscher Ingenieure). 200Biological measuring techniques for the
determination and evaluation of effects of air pollution on plants
(bioindication) - Sampling of leaves and needles for a biomonitoring of the
accumulation of air pollutants (passive biomonitoring) VDI-Guideline 3957
Part 11. Berlin: Beuth.

VOLKOV, A.G.; RANATUNGA, D.R.A. 2006.Plants as environmental biosensors
Plant Signaling & Behavior 1, 16515.

34



VON MURALT, M. 2006. The tree that became a country Revista USP 71, 171
198. (In Portuguese)

WANG, H.; SHI, H.; LI, Y.; YU, Y.; ZHANG, J. 2013Seasonal variations in leaf
capturing of particulate matter, surface wettability and micromorphology in
urban tree species Frontiers of Environmental Science & Engineering 7,-579
588.

WANG, H.; SHI, H.; LI, Y.; WANG, Y. 2014 The effects of leaf roughness, surface
free energy and work of adhesion on leaf water drop adhesiofLoS One 9,
e107062.

WANG, L.; GONG, H.; LIAO, W.; WANG, Z. 2015Accumulation of particles on
the surface of leaves during leaf expansiorScience of the Total Environment
532, 4206434.

WEIPING, S.; JIANJUN, Y.; XIAOQUN, X.; WEIYAN, Z.; RUIJUAN, L.
JIANMING, P. 2014 Distribution and sources of heavy metals in the sediment
of Xiangshan Bay Acta Oceanologica Sinica 33, 11D7.

WITTIG, R. 1993.General aspects of biomonitoring heavy metals by plantsn:
MARKERT, B. (ed). Plants as biomonitors: indicators of heavy metals in the
terrestrial environment. Weinheim: VCH, pp23.

YIN, H.; MU, S.; ZHAO, L.; QI, X.; PAN, X. 2013Microscopic morphology and
elemental composition of size distributed atmospheric particulate matter in
Urumgqi, China. Environmental Earth Sciences 69, 213850.

ZAMPIERI, M.C.T.; SARKIS, J.E.S.; PESTANA, R.C.B.; TAVARES, A.R.; MELO-
DE-PINNA, G.F.A. 2013.Characterization of Tibouchina granulosa (Desr.)
Cong. (Melastomataceae) as a biomonitor of air pollution and quantification
of particulate matter adsorbed by leavesEcological Engineering 61, 31827.

ZHAO, Y.; FANG, X.; MU, Y.; CHENG, Y.; MA, Q.; NIAN, H.; YANG, C. 2014.
Metal pollution (Cd, Pb, Zn, and As) in agricultural soils and soybean,
Glycine max, in Southern China Bulletin of Environmental Contamination and
Toxicology 92, 427432.

35



42W36.00 42W30.00
; : .19830.00
......... 19836.00
Minas Gerais

............................ 19542.00

N

\

\

.......... 19548.00

42W34.00 42W33.00 42W32.00 42W31.00 42W30.00
T e 19527.50 Rio Doce
P : Skm_  state Park

L 595.2.8,5.0 / Legend \

1 Ipatinga : Rolling
Municipality —: Steelworks
i [ Steel Factory : Blast Furnace
9520750 1 Monitored : Sintering
Urban Sites : Ore and Feed-
I Hydrography : stock Yard
«==e Neighborhood : Coke-making

Central region of urban Ipatinga city

/ r : : : Limits : Carbochemicals
....... 1953050 === Highway : Coal Yard
: | f : == RDSP f
: o upper limit
Northern Rio:Doce : :
E " State Park \0 Stations /
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shown correspond to readings not registered by the automatic stations. A: Bom Retiro.
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Table 1. Analysis of variance of trace-metal accumulatid@agsal pinia echinata andCaesalpinia ferrea leaves after three months of exposure to
urban pollution from a steel pole in Southeastern Brazil.

Species Site Metals4
(Sp) Ca Mg Cu Fe Zn Mn Ni Pb Cr Ba Al Co

Bom Retiro 1.820 + 0.178 + 5.767 + 1474.500 + 47.133+ 545800+ 3.667+ 13.000+ 3.033+ 3.816+ 109.834 % 0.092 +

o 0.1732 0.024 0.15%2 597.99%2 4.801 25.982a 0.7372 0.7212 0.289 1.233 51.816 0.026%

g Cariru 1.640 + 0.156 5.367 + 703.900 + 34.067+ 458433+ 1990+ 11.100+ 1967+ 4601+ 57.245% 0.116 +

% 0.4312 0.009" 1.365% 297.616° 8.264 148.6471 0.264% 0.458% 0.305® 2.116 16.742° 0.0372

© Veneza 1477 0.159 £ 5.600 £ 721.267 28.800+ 422533+ 2.000 * 11.300+ 1.833 % 4765+ 79514 + 0.116

g_ 0.216% 0.024 0.5292 21.37%® 1.819 17.2642 0.1%° 0.360M 0.252% 1.343 13.392° 0.0142

g Cidade 1.988 + 0.179 6.400 * 465.900 * 38.200+ 413.033+ 1.800+ 10.900+ 2.367 % 2904+ 71.437% 0.086 +

& Nobre 0.213a 0.003 1.0822 62.088" 1.778 25.0222 0.436% 1.212% 0.586"® 0.028 3.68F° 0.02¢&%3

o Rio Doce 1.647 £ 0.142 + 4.833 255.767 + 32517+ 328.800 % 1.400 = 10.267 + 1.467 + 2306+ 39.044 + 0.096 +

State Park 0.233% 0.027 0.5868 20.476" 5.858 39.3922 0.1%° 0.153"% 0.416 1.418 8.887 0.02002

Bom Retiro 1.623 £ 0.303 £ 15.167 + 633.533 + 60.150 + 596.600 + 1.933 % 10.733+ 2433+ 0.398+ 67.648 0.133 £

0.978%b 0.067 1.10% 73.55%4 15368  310.418%  Q.11%%a° 0.4728 0.51% 0.382 3.148 0.027®

§ Cariru 0.640 0.186 * 12.033 + 364.833 + 40.700+ 298.833+ 2.667+ 10.833+ 1933+ 0.389+ 60.933% 0.201 +

R 0.076% 0.019* 0.1532 38.317 3.315 79.4420 0.252 0.3782 0.11% 0.099 4.902 0.0274

g Veneza 1.780 0.232 8.167 335.867 44433+ 601.367 2.067 10.833+ 2.500 0.793+ 67.490 0.172

k=3 0.80g\ 0.084 1.686% 74.4232 5.529 187.273% 0.153\ 0.5034 0.693 0.454 17.66G 0.0388%

g Cidade 1.463 £ 0.329 11.233+ 298.900+ 44117+ 657.167+ 2.133% 11.033+ 2.433% 0.987+ 76.332+ 0.233+

8 Nobre 0.353w 0.08% 2.8924 9.853% 7.447 148.806% 0.32pa 0.814% 0.11% 0.622 19.414 0.0144

Rio Doce 2.642 0.302+ 6.700% 239.267+ 52.667+ 805.300+ 1.533+ 10.167+ 1.967+ 0.702+ 39.145+ 0.094+

State Park 0.8244 0.06% 2.107" 40.4572 11.481 274.6142 0.153% 0.303% 0.45% 0.287 5.82C 0.018"

Analysis of Variance
SV DF Mean Square

Sp 1 0.05393%  0.086941** 192.533*** 917630*** 1129.15%*  187546* 0.05633s  2.6403* 0.10800° 287463 621.775 0.031948**
Site 4 0.77018~ 0.006838%  20.094*** 561481*** 279.74* 37278s  1.41967** 2.0550* 0.93217* 113996° 2105.30** 0.004966***
Spx Site 4 0.88444* 0.004508% 14.206** 145174* 54.79 83121*  1.38300*** 1.3853* 0.37050s 113928s 580.24s  0.004688**

Means * standard deviatiohCa and Mg in dag.kY other elements in mg.Kg*** Significant by F test (P < 0.001). ** Significant by F test (P <
0.01). * Significant by F test (P < 0.05). n.s. = nignificant by F test (P > 0.05). Means followed by different letters differ by Tukey’s test at 5%
probability. Upper case letters compare species in a same site. Lower case letters compare sites in a same species.
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Table 2. Leaf surface roughness given by the leaf micro- and macrorelief, due to the
epicuticular waxes and epidermal tissue, respectively.

. Leaf Macro-roughness (um) Micro-roughness (nm)
Species surface Sa Sq Sa Sq
Adaxial 0.6577+ 0.8288+ 68.1480+ 86.3852+
Caesalpinia echinata 0.2109* 02679 43017 6.22382
P Abaxial 2.5001+ 3.7743+ 50.0364 + 64.4714
033072 0.4818% 9.1086* 11.143%F2
Adaxial 2.6039+ 3.4059+ 220.2571+  275.9901+
Caesalpinia ferrea 0317p¥a 0.39974 282448% 343954%
P Abaxial 3.2359+ 4.2033+ 267.5347  335.2444+
0.1256% 0.11953% 5534874 743694
Analysis of Variance
SV DF Mean Square
Species 1 5.3949™ 6.7777** 102457+  158961***
Leaf surface 1 4.5922**  10.5070%*** 638" 1046
Species x Leaf surface 1 1.0989** 3.4607*** 3207 4941

Means + standard deviation. Sa: mean roughness. Sq: root mean square roughness. ***
Significant by F test (P < 0.001). ** Significant by F test (P < 0.01). * Significant by F
test (P < 0.05). n.s. = non-significant by F test (P > 0.05). Means followed by the same
letter do not differ by Tukey’s test at 5% probability. Upper case letters compare species

in a same leaf surface. Lower case letters compare leaf surfaces in a same species.
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Fig. 6. Epidermal surface mapping of the adaxial (A and C) and abaxial (B and D) leaf
blade surfaces dfaesalpinia echinata (A and B) andCaesalpinia ferrea (C and D). 3D

maps (left), 2D maps (top right) and 2D profiles (bottom right). Images were obtained
using an optical profilometer and represent the leaf macro-relief, i.e., the one
determined by the cell arrangement in the epidermal tissue.
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Table 3. Correlation coefficients between macro- and micro-rougnhess (mean and
squered ones, both) of the leaf adaxial surface and trace-metal accumulation in leaf dry
mass ofCaesalpinia echinata and Caesalpinia ferrea after three months of exposure to
urban pollution from a steel pole in Southeastern Brazil.

Average macro-roughness
Ca Mg Cu Fe Zn Mn Ni Pb Cr Ba Al Co

BR 0,96 0,42 -0,93 -0,93 0,99* -0,99* -0,32 -0,95 -0,99 * -0,86 -0,75 0,03

-g s CA 0,24 -0,64 0,13 0,53 -0,07 0,52 -0,97 0,17 -0,20 -0,08 0,45 0,97

%g vz 0,09 -0,82 0,97 -0,73 0,53 0,50 0,85 -0,96 -0,81 0,98 0,98 -0,89

8 8 CN -0,99 * -0,09 0,73 -0,39 -0,30 -0,97 0,99 0,15 0,35 0,99 * 0,41 0,59

RDSP 0,57 -0,93 -0,62 -0,17 -0,81 -0,28 0,01 0,17 -0,97 0,99 * 0,81 -0,48

g BR 0,65 0,06 0,69 0,99 0,49 0,71 0,75 0,87 0,99 * 0,75 -0,41 0,28

o) CA 0,98 0,05 0,78 0,91 0,07 0,85 0,43 0,83 0,75 -0,81 0,99 0,96

é vz -0,80 0,97 0,89 -0,29 0,83 -0,82 0,93 0,43 -0,18 -0,27 -0,38 -0,32

2 CN 0,42 -0,92 -0,87 0,82 0,73 0,55 0,88 0,83 0,75 0,99 * -0,90 -0,96
O

RDSP -0,96 -0,58 0,40 -0,98 -0,86 -0,84 0,99 * 0,14 -0,99 0,98 -0,59 0,12

Squared macro-roughness
Ca Mg Cu Fe Zn Mn Ni Pb Cr Ba Al Co

BR 0,96 0,40 -0,94 -0,94 0,99 -0,99 * -0,31 -0,95 -0,99 * -0,86 -0,74 -0,05
CA 0,25 -0,63 0,14 0,54 -0,06 0,53 -0,98 0,18 -0,19 -0,07 0,46 0,97
vz -0,08 -0,83 0,98 -0,72 0,52 0,49 0,86 -0,96 -0,80 0,98 0,99 -0,90

Caesalpinia
echinata

CN -0,99 * -0,08 0,72 -0,38 -0,29 -0,97 0,99 0,14 0,34 0,99 0,40 0,60
RDSP 0,58 -0,92 -0,63 -0,16 -0,80 -0,27 0,002 0,18 -0,97 0,99 * 0,80 -0,49

BR 0,56 -0,04 0,60 0,99* 0,39 0,62 0,82 0,92 0,98 0,67 -0,51 0,38
:g CA 0,99 * 0,16 0,70 0,92 0,18 0,90 0,53 0,89 0,82 -0,75 0,99 * 0,93
§-§ \74 -0,73 0,94 0,84 -0,19 0,89 -0,75 0,96 0,53 -0,07 -0,16 -0,28 -0,21
8 CN 0,31 -0,87 -0,92 0,88 0,65 0,46 0,82 0,88 0,82 0,99 -0,94 -0,98

RDSP -0,93 -0,49 0,50 -0,95 -0,80 -0,78 0,99 0,25 -099* 0,99 * -0,49 0,01

Average micro-roguhness
Ca Mg Cu Fe Zn Mn Ni Pb Cr Ba Al Co

BR 0,33 0,93 0,27 0,15 0,15 -0,04 -0,96 0,22 -0,05 0,44 -0,70 -0,99

E s CA -0,95 -0,80 -0,97 -0,80 -0,99 -0,80 0,13 -0,97 -0,99 -0,99 * -0,85 -0,16
%g vz 0,99 * 0,54 -0,13 -0,72 0,87 0,89 -0,45 -0,32 -0,63 0,25 -0,08 0,37
8 8 CN -0,01 -0,99 * 0,73 -0,94 -0,97 -0,28 -0,06 0,99 * 0,95 0,15 0,93 -0,76
RDSP -0,77 -0,42 0,73 -0,99 -0,63 -0,97 0,99 * -0,97 -0,29 0,12 0,63 0,83

BR 0,98 0,66 0,98 0,69 0,92 0,99 0,19 0,39 0,81 0,99 * 0,23 -0,37

'g CA 0,67 -0,57 0,99 * 0,46 -0,55 0,34 -0,21 0,32 0,19 -0,99 * 0,69 0,92
%g vz 0,99 * 0,89 0,97 -0,82 0,31 -0,99 * 0,50 -0,21 -0,75 -0,80 -0,87 -0,83
8 CN 0,89 -0,96 -0,39 0,30 0,99 * 0,95 0,98 0,31 0,19 0,80 -0,45 -0,59

RDSP -0,91 -0,96 -0,24 -0,89 -0,99 -0,99 * 0,78 -0,49 -0,70 0,67 -0,96 0,71

Squared micro-roughness
Ca Mg Cu Fe Zn Mn Ni Pb Cr Ba Al Co

BR 0,44 0,96 0,16 0,16 0,26 -0,16 -0,98 0,10 -0,17 0,33 -0,78 -0,97

:g g CA -0,96 -0,86 -0,94 -0,72 -0,99 -0,73 0,01 -0,93 -0,99 * -0,99 -0,79 -0,04
%g \4 0,99 * 0,39 -0,01 -0,80 0,92 0,94 -0,34 -0,43 -0,72 0,36 0,03 0,26
8 8 CN -0,13 -0,99 * 0,80 -0,97 -0,99 -0,39 0,05 0,99 * 0,98 0,27 0,97 -0,67
RDSP -0,69 -0,52 0,64 -0,99 * -0,71 -0,99 * 0,98 -0,93 -0,40 0,23 0,72 0,76

BR 0,97 0,64 0,98 0,71 0,91 0,98 0,22 0,42 0,82 0,99 * 0,21 -0,34

:g CA 0,69 -0,54 0,99 * 0,48 -0,53 0,37 -0,18 0,34 0,22 -0,99 * 0,71 0,93
%g vz -0,99 * 0,91 0,98 -0,80 0,34 -0,99 * 0,52 -0,18 -0,73 -0,79 -0,85 -0,82
8 CN 0,87 -0,96 -0,41 0,33 0,99 0,94 0,98 0,34 0,22 0,81 -0,48 -0,61
RDSP -0,92 -0,95 -0,21 -0,90 -0,99 -0,99 * 0,80 -0,46 -0,72 0,69 -0,95 0,68

BR: Bom Retiro. CA: Cariru. VZ: Veneza. CN: Cidade Nobre. RDSP: Rio Doce State
Park. * Significant correlation (P < 0.05).
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Fig. 8. Amounts of waxes (uglyin third-node leaves o€aesalpinia echinata and
Caesalpinia ferrea after three months exposure to urban pollution from a steel pole in
Southeastern Brazil.
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Fig. 9. Infrared spectrometry of the waxes of third-node leav€aesalpinia echinata after three months of exposure to urban pollution from a steel
pole in Southeastern Brazil. A: Bom Retiro. B: Cariru. C: Veneza. D: Cidade Nobre. E: Rio Doce State Park. F: Non-exposed plants.
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Fig. 10. Infrared spectrometry of the waxes of third-node leav€aeshlpinia ferrea after three months of exposure to urban pollution from a steel
pole in Southeastern Brazil. A: Bom Retiro. B: Cariru. C: Veneza. D: Cidade Nobre. E: Rio Doce State Park. F: Non-exposed plants.
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Table 4. Chemical composition (%) of the waxes of third-node leav€aeshlpinia
echinata (non-exposed plants).

Retention Percentage

Compound time in wax
(min) composition

3,3-dimethyl-pentane 5.484 472
3,7-dimethyl-1-octene 5.560 2.62
7-0x0-octanoic acid 5.992 2.24
4,4 5-trimethyl-1,3-dioxan-5-ol 6.460 1.87
2,5-dihydro-3,5-dimethyl-2-furanone 6.864 0.84
3-Z-hepten-2-ol 7.152 0.64
3-methyl-1,2-cyclopentanedione 7.252 6.00
1,3,9-Trioxaspiro[5.5]undecane 7.734 1.01
2-ethyl-hexanoic acid 8.225 3.48
5,6-dimethyl-decane 8.503 0.85
3-methyl-1,2-cyclopentanedione 8.988 8.51
1-nitro-2-octanone 9.516 6.60
2-tetradecanone 10.521 1.16
2-nonanone 10.838 16.55
1,2-epoxyundecane 11.107 0.20
4-decanone 12.489 1.27
2,6-dimethyl-4-hepten-3-one 13.689 0.92
5,5-dimethyl-3-oxo-hexanoic acid ethyl ester 18.097 2.82
2-methoxy-3-methyl-2-butenoic acid methyl ester 18.508 0.99
2-(2-vinyloxy-ethoxy)-cyclohexanol 18.618 0.80
Cyclobutanecarboxylic acid, 2-octyl ester 19.186 2.61
3-(2-methyl-propenyl)-1H-indene 20.907 4.56
Citronellolepoxid (R oder S) 22.826 0.40
5-Undecanone 22.933 0.43
Eicosane 29.193 1.57
2,6,10-trimethyl-dodecane 29.436 0.80
Homosalate 31.454 0.31
Hexadecanoic acid methyl ester 32.401 3.74
Hexadecane 34.113 1.03
Methyl stearate 37.067 0.73
Heneicosane 42.732 2.10
1,2-benzenedicarboxylic acid, bis(2-ethylhexyl) ester 45.697 4.79
Nonacosane 48.359 1.15
Tritriacontane 50.102 0.84
2,6,10,14-tetramethyl-hexadecane 53.419 0.18
Tetracontane 54.999 3.28
Dotriacontane 58.232 7.39
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Table 5. Chemical composition (%) of the waxes of third-node leav€aeshlpinia

ferrea (non-exposed plants).

Retention Percentage
Compound time in wax
(min) composition
2,3,4-trimethyl-pentane 5.495 4.83
2,5-dihydro-3,5-dimethyl-2-furanone 6.881 0.70
Undec-3en-2-ol 7.161 0.67
2-hydroxy-3-methyl-2-cyclopenten-1-one 7.268 3.98
Nonanal 7.586 0.40
1-acetyl-1-cyclopropancarbonic acid ethyl ester 7.726 0.67
2-ethyl-hexanoic acid 8.214 3.69
3-methyl-1,2-cyclopentanedione 9.000 6.84
5-hydroxy-4,5-dimethyl-2,5-dihydrofuran-2-one 9.571 2.32
Decanal 11.113 0.58
6-cyclohexyl-dodecane 17.663 2.23
Tetraneurin-a-diol 19.494 0.60
Pentadecane 20.804 2.99
11-isopropylidenetricyclo[6.2.1.0(2,7)Jundeca-2,4,6,9-tetraene  21.074 3.32
7-tridecanone 22.535 0.90
8-hexyl-pentadecane 25.544 0.29
2,6,10,14-tetramethyl-hexadecane 26.686 3.83
3,8-dimethyl-decane 28.445 0.62
Heptadecane 29.195 6.43
Homosalate 31.453 3.08
2-methyloctacosane 31.716 7.63
Hexadecanoic acid methyl ester 32.403 3.52
Octadecane 34.113 5.92
4,6-dipropyl-nonan-5-one 35.841 6.18
1-octadecanol 36.100 1.50
Heneicosane 36.408 4.31
Methyl stearate 37.073 1.18
2-methylhexacosane 37.989 0.82
Dotriacontane 39.394 1.14
2-methylhexacosane 40.146 0.60
Eicosanoic acid, 2,3-bis(acetyloxy)propyl ester 40.539 1.18
3-(4-methoxyphenyl)-2-propenoic acid, 2-ethylhexyl ester 41.246 1.54
Eicosanoic acid methyl ester 41.354 1.02
Pentacosane 42.739 2.53
Nonacosane 44.682 1.25
Tetratriacontane 45.336 1.65
Octocrylene 48.077 2.58
Tetracosanoic acid methyl ester 48.976 1.72
Tetracontane 51.800 2.65
4,6-dipropyl-nonan-5-one 58.030 0.71
1-heptacosanol 58.455 1.40
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Fig. 12. Groups of compounds (%) in the waxes of third-node leav€sesélpinia
echinata andCaesalpinia ferrea (non-exposed plants).
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Fig. 13. Percentage of polar and little polar compounds in the waxes of third-node
leaves ofCaesal pinia echinata andCaesalpinia ferrea (non-exposed plants).
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Fig. 14. Leaf surface dfaesalpinia echinata (non-exposed plantsn scanning electron

microscopy (secondary electron signals). A-B: leaf blade adaxial surface. C-D: leaf
blade abaxial surface. E-F: rachis. The epicuticular wax deposition pattern is the film-
type (A). This feature can be better noticed in leaf regions where the epicuticular wax
layer is ruptured (B). Notice the dense hair cover in the rachis region (E, F). EW:
epicuticular wax (fragment). S: stomata. SL: stomatal ledge. SP: stomatal pore. H: hair.
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Fig. 15. Leaf surface dfaesalpinia ferrea (non-exposed plantsn scanning electron
microscopy (secondary electron signals). A-B: leaf blade adaxial surface. C-D: leaf
blade abaxial surface. E-F: rachis. The epicuticular wax deposition pattern is the
platelet-type (B, F). The rachis of this species is glabrous, but densely covered by
epicuticular wax platelets (EWP). S: stomata. SC: subsidiary cells. ECC: epidermal
common cells.
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Fig. 16. Particles adhered to the adaxial (A-D, H) and abaxial (E-G) leaf blade surfaces
of Caesalpinia echinata after three months of exposition in Bom Retiro neighborhood,
Ipatinga city, Southeastern Brazil. Micrographs were obtained with scanning electron
microscopy, using secondary electron signals (SEI) (A, C, E, G) and back-scattered
signals (BSE) (B, D, F, H). A and B, C and D, and E and F are pairwise mignsgra
from the exact same leaf region. SEI images allow surface and particle microstructural
characterization. BSE images allow to highlight particles and assess their cover on the
leaf surface. Arrows: fungal hyphae.
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Fig. 17. Particles adhered to the adaxial leaf blade surfaCaesélpinia ferrea after

three months of exposition in Bom Retiro neighborhood, Ipatinga city, Southeastern

Brazil. Micrographs were obtained with scanning electron microscopy, using secondary

electron signals (SEI) (A, C, E, G) and back-scattered signals (BSE) (B, D, F, H). A and

B, C and D, E and F, and G and H are pairwise micrographs from the exact same leaf
region. SEI images allow surface and particle microstructural characterization. BSE

images allow to highlight particles and assess their cover on the leaf surface.
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Fig. 18. Particles adhered to the rachigaésalpinia echinata (A-F) andCaesalpinia

ferrea (G-H) after three months of exposition in Bom Retiro neighborhood, Ipatinga
city, Southeastern Brazil. Micrographs were obtained with scanning electron
microscopy, using secondary electron signals (SEI) (A-C, E, G) and back-scattered
signals (BSE) (D, F, H). Cand D, E and F, and G and H are pairwise micrographs from
the exact same leaf region. SEI images allow surface and particle microstructural
characterization. BSE images allow to highlight particles and assess their cover on the
leaf surface. H: hair. HB: hair base. Arrows: fungal hyphae.
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Table 6. Micromorphometry (um) of second-n@iesal pinia echinata andCaesalpinia ferrea leaves after three months of exposure to urban

pollution from a steel pole in Southeastern Brazil.

Epidermis of
Adaxial Surface

Palisade
Parenchyma

Spongy
Parenchyma

Mesophyll

Epidermis of
Abaxial Surface

Leaf Blade

53.459 +1.74%
58.045 + 5.667
55.969 +1.879
53.674 +3.180
57.082 +1.161

273.049 + 41.525
231.646 + 37.414
310.832 + 62.422
263.193 + 49.222
284.368 + 71.539

174.849 + 24.859
195.938 +9.398
192.802 + 25.290
176.369 + 13.116
189.372 +£15.284

447.899 + 56.702
427.584 + 28.176
503.634 + 71.758
439.562 + 59.890
473.741 + 84.989

36.241 +1.3021
38.720 £ 3.30%
37.920+1.271
36.527 £ 0.995
37.566 +1.771

537.599 + 58.062
524.350 + 19.302
597.522 + 72.010
529.762 + 56.967
568.389 + 83.404

Species Site
Bom Retiro
Cariru
Caesalpinia
echinata Veneza
Cidade Nobre
Rio Doce State Park
Bom Retiro
Cariru
Caesalpinia
Veneza
ferrea

Cidade Nobre
Rio Doce State Park

35.637 £ 2.997
35.437 £ 1.058
36.732 £ 2.727
33.871 + 2.602
41.736 + 1.668

88.420 + 6.362
88.140 +5.371
112.284 + 12.363
105.638 £ 4.870
126.525 +41.272

109.230 = 5.625
115.372 £ 17.431
131.164 +15.198
119.676 + 13.919
135.034 + 14.240

197.650 + 8.108
203.513 + 21.547
243.448 + 25.066
225.314 +12.746
261.560 + 53.788

36.601 + 4.317
40.049 + 1.23%
41.172 + 2.99%
39.103 + 3.955
44142 +£2.270

269.888 + 12.367
278.999 + 21.947
321.352 + 28.018
298.289 + 13.367
347.438 +52.734

Analysis of Variance

SV DF Mean Square
Species 1 3798,560*** 299620,133*** 42957,949** 569479,527*** 83,931** 651426,119***
Site 4 39,393** 3442,078% 705,407 5883,363* 25,873* 7056,963%
Species X Site 4 13,606 1070,8858* 206,315+ 1031,582s 11,521= 1172,846%

*** Significant by F test (P < 0.001). ** Significant by F test (P < 0.01). * Significant bgsE (P < 0.05). n.s. = non-significant by F test (P > 0.05).
Means followed by the same letter do not differ by Tukey’s test at 5% probability. Letters compare sites in a same species.
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Fig. 19.Means and 95 percent Tukey’s honest significant difference intervals of the
epidermis thickness of the adaxial leaf surfac€arsalpinia echinata andCaesalpinia
ferrea after three months of exposure to urban pollution from a steel pole in
Southeastern Brazil.
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