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RESUMO

A poluicdo atmosférica acarreta inUmeros danos aos ecossistemas e a satde publica, sendo uns
dos grandes desafios para gestdo de monitoramento da qualidade do ar. O uso do bioindicador
vegetal Tradescantia pallida (Rose) D. R. Hunt tem demonstrado excelentes resultados sobre
o efeito dos contaminantes aéreos em ambientes urbanos, complementando métodos
convencionais. O objetivo desse trabalho consistiu em avaliar a qualidade do ar na regido do
Vale do Ivinhema Sudeste do Estado do Mato Grosso do Sul por meio de andlises citogenéticas
e foliares. Os testes de biomonitoramento foram realizados mensalmente durante o verdo,
outono, inverno e primavera de 2021 em trés municipios: Angélica, lvinhema e Nova
Andradina. Em cada cidade foi coletado e realizado testes amostrais de bioensaio (TRAD-
MCN), analise estomaética foliar, avaliacdo da influéncia do fluxo veicular e das varidveis
ambientais como altitude, temperatura (°C), umidade relativa do ar (UR) e dados
pluviométricos (mm) em &reas com diferentes intensidades veiculares. Os resultados mostraram
interacdo entre fluxo veicular e danos genotdxicos principalmente em periodos de menor
temperatura e umidade relativa do ar em cidades com fluxo motorizado elevado. Em
comparacdo a andlise foliar apresentou relacdo inversamente proporcional entre indice
estomatico (IE) e trafego. Foram registrados diminuicdo do nimero de estomatos e de células
epidérmicas em areas com elevada densidade automobilistica. Os resultados sugerem que
caracteristicas genéticas e anatbmicas de vegetais expostos em ambientes degradados séo
atributos mensuraveis para o biomonitoramento da qualidade atmosférica em regides
urbanizadas, inferindo relagdo com o bem-estar humano. O desenvolvimento deste estudo visa
contribuir para analise da poluicdo atmosférica na regido do Vale do Ivinhema, fornecendo
dados das regifes mais afetadas e de risco para populacdo, por meio do mapeamento das areas
mais poluidas de modo a promover e colaborar com divulgagdo dos dados relativos ao
monitoramento da condicdo atmosférica a comunidade.

Palavras-chave: Trapoeraba- roxa; Epiderme foliar; Microndcleo; Sazonalidade climatica.



ABSTRACT

Atmospheric pollution causes numerous damages to ecosystems and public health, being one
of the great challenges for air quality monitoring management. The use of the plant bioindicator
Tradescantia pallida (Rose) D. R. Hunt has shown excellent results on the effect of airborne
contaminants in urban environments, complementing conventional methods. The objective of
this work was to evaluate the air quality in the region of Vale do Ivinhema Southeast of the
State of Mato Grosso do Sul through cytogenetic and foliar analysis. Biomonitoring tests were
carried out monthly during the summer, autumn, winter and spring of 2021 in three
municipalities: Angélica, [vinhema and Nova Andradina. In each municipality, sample bioassay
tests (TRAD-MCN), leaf stomatal analysis, evaluation of the influence of vehicular flow and
environmental variables such as altitude, temperature (°C), relative humidity (RH) and rainfall
data were collected and performed. (mm) in areas with different vehicular intensities. The
results showed interaction between vehicular flow and genotoxic damage mainly in periods of
lower temperature and relative humidity in cities with high motorized flow. In comparison, leaf
analysis showed an inversely proportional relationship between stomatal index (IE) and traffic.
Decreased numbers of stomata and epidermal cells were recorded in areas with high automobile
density. The results suggest that genetic and anatomical characteristics of plants exposed to
degraded environments are measurable attributes for the biomonitoring of atmospheric quality
in urbanized regions, inferring a relationship with human well-being. The development of this
study aims to contribute to the analysis of atmospheric pollution in the region of Vale do
Ivinhema, providing data from the most affected and at risk regions for the population, through
the mapping of the most polluted areas in order to collaborate and promote in the dissemination
of data related to the monitoring the atmospheric condition of the community.

Keywords: Purple trapoeraba; Leaf epidermis; Micronucleus; Seasonality climate.
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INTRODUCAO

O crescente numero de automdveis em circulagdo e a exposi¢do prolongada a misturas
complexas de contaminantes atmosféricos, interligados com fatores ambientais, como
temperaturas amenas e menor umidade relativa do ar sdo riscos potenciais ao bem- estar humano
(LIU etal., 2020), além de, influenciarem diretamente e indiretamente na fauna e flora, podendo
potencializar alteragdes climaticas (KNIPPERTZ et al., 2015).

As principais ameagas relacionadas a salde publica compreendem ao aumento de
doencas respiratorias, pulmonar obstrutiva cronica (DPOC), (BURNETT et al., 2014; CHEN et
al., 2019), cardiovasculares (CHUANG et al., 2011), neurol6gicas (BABADJOUNI et al., 2017;
GUXENS et al., 2019) e cancerigenas (SAKHVIDI et al., 2020) em muitos paises e regides do
mundo.

Diante desse cenario, evidéncias apontam a monocotiledénea Tradescantia pallida var
purpdrea D.R. Hunt, familia Commelinaceae, tipicamente encontrada em paises tropicais,
como excelente bioindicadora atmosférica (CASSANEGO et al., 2015; COSTA et al., 2018),
apresentando respostas a substancias toxicas, as quais variam de acordo com as condi¢Bes
sazonais ambientais (PLACENCIA et al., 2019; KHOSROVYAN et al., 2022). Exposicoes
passivas com essa espécie, utilizando técnicas mutagénicas e anatdmicas foliares propiciam
resultados concisos e confiaveis para afericdo da poluicdo do ar, através de uma abordagem
pratica in situ no controle da emiss&o de poluentes veiculares em areas urbanizadas (SPOSITO
etal., 2017; ROCHA, et al., 2018).

O territorio de Mato Grosso do Sul é uma importante regido agricola brasileira com altos
picos de poluentes. O estado possui fronteira com paises como Bolivia e o Paraguai, além de
possuir divisas territoriais com diversos estados, como Goias, Minas Gerais, Mato Grosso,
Parana e Sao Paulo. Uma das principais causas que favorecem o aumento de contaminantes
atmosféricos em seu perimetro é o crescente indice de frota veicular ao longo das rodovias e
vias urbanas, sendo categorizados mais de 1,5 milhGes de veiculos, tanto de passeios (carros e
motos) assim como de cargas (caminhdes e 6nibus) (IBGE, 2018).

Estudos realizados em algumas cidades do Estado Sul-mato-grossense, na mesorregiao
Sudoeste do estado (ROCHA et al., 2018), microrregido de Dourados (CRISPIM et al., 2012 e
2014; ROMAN et al., 2015), regifo da grande Dourados (SPOSITO et al., 2017), e regido de
Bodoquena (ROCHA; MUSSURY, 2020; SALGUEIRO et al., 2021), mostraram a influéncia
de substancias toxicas associadas com alto tra&fego motorizado e condigdes meteoroldgicas na

indugdo de danos genéticos e anatdmicos foliares em T. pallida, apontando a aplicabilidade


https://www.sciencedirect.com/science/article/pii/S1470160X21003721#b0150
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dessa metodologia na avaliacdo da qualidade do ar e suas implica¢Bes contrarias no ser humano.

Visando ampliar o mapeamento de areas com altos picos de poluentes, destaca-se o Vale
do lvinhema, localizado no Sudeste do Estado de Mato Grosso do Sul. Essa regido € uma
importante rota de expansdo agroindustrial e pecuaria do Centro-Oeste brasileiro, voltado na
producdo e cultivo de cana-de-agUcar, grdos, criacdo bovina, frigorificos, laticinios, curtumes e
fecularia, com grande influéncia na economia do Brasil (CGMA, 2015; IBGE, 2018).
Entretanto, o grande desenvolvimento econémico da regido estd gradativamente afetando a
qualidade atmosférica, em decorrénciado aumento de gases provenientes da queima de
combustivel fossil, relacionados com intensa frota logistica para escoamento da produgdo ao
longo de suas vias urbanas e rodoviarias, que conectam diversos municipios a grandes centros
consumidores do pais possuindo importante aporte de capital nacional e internacional.

Nesse contexto, considerando que o transporte rodovidrio é a principal via de
escoamento da producéo brasileira e que 0 Mato Grosso do Sul é majoritariamente um estado
em expansao agricola, o presente estudo fundamenta-se no biomonitoramento da qualidade do
ar por meio do bioensaio (TRAD-MCN) e aspectos estomaticos foliares em T. pallida em trés
cidades pertencentes a regido do Vale do lvinhema, MS (Brasil), avaliando os possiveis riscos

a satde humana e biodiversidade local, e assim fornecendo dados de satde publica.

REVISAO DE LITERATURA

Poluicdo atmosfeérica

A emissdo de gases poluentes na atmosfera é ampla podendo ocorrer tanto por acdo
natural como antropica. As fontes emissoras antropicas se classificam em moveis
(caracterizada por fontes veiculares) e estacionarias (provenientes de atividades industriais)
(CETESB, 2018). Contudo, o principal agente responsavel pelo aumento e incidéncia de
substancias toxicas em &reas urbanas é o volume de automdveis, como carros, Onibus,
caminhfes e motos circundantes,0s quais liberam altas concentracbes de particulas em
suspensdo aéreas (ZHOU et al., 2019).

De acordo com o Conselho Nacional do Meio Ambiente — CONAMA (2018),
resolucédo n° 491 de 2018, considera- se poluente atmosférico:

“Qualquer forma de matéria em quantidade, concentra¢do, tempo ou
outras caracteristicas, que tornem ou possam tornar o ar impréprio ou nocivo a
salide, inconvenienteao bem-estar publico, danoso aos materiais, a fauna e floraou



prejudicial a seguranca,ao uso e gozo da propriedade ou as atividades normais da
comunidade” (CONAMA,2018).

Esses poluentes podem ser classificados como primarios que sdo emitidos
diretamente pela fonte de emisséo ou secundarios, provenientes de reacfes quimicas entre
poluentes primarios e componentes naturais da atmosfera (CETESB, 2018).

Substéancias toxicas como didoxido de enxofre (SO2), 6xidos de nitrogénio (NO),
0z0nio (0s), monoxido de carbono (CO), materiais particulados (MP) ¢ compostos

organicos como benzeno (C6H6 ) ou hidrocarbonetos aromaticos policiclicos (HPAS) séo

alvo de preocupagéo devido sua concentracdo no ar (KLUMPP et al., 2001; 2006). Dentre
esses poluentes, o material particulado (MP) possui maior potencial danoso relacionado ao
aumento de quadros patoldgicos, causando efeitos deletérios em organismos expostos
(ANEJA et al., 2012; KURTH et al., 2014; RODRIGUES et al., 2015; COSTABILE et al.,
2020).

A Organizacdo Mundial de Saude (OMS), considera a concentracdo de poluentes
atmosféricos como uma das principais ameagas ambientais a salde que afeta a vida de
milhGes de pessoas. Nesse contexto, a biodiversidade possui papel importante para
manutencdo da homeostase ambiental e na sustentacdo dos servicos ecossistémicos que
sdo primordiais para qualidade de vida e 0 bem-estar humano (BROCKERHOFF et al.,
2017; SINTAYEHU, 2018).

Os impactos da devastacdo dos recursos naturais e alteracdo na qualidade do ar
associadas com mudancas climaticas de forma sistémica, critica e complexa, potencializam
desastres ambientais, como inundacGes, estiagem severa, aumento de temperatura extremas
com ondas de calor letais que ameacam a humanidade (NOLAN et al., 2018; RABELO;
OLIVEIRA, 2020; ZANDALINAS et al., 2021). Esses eventos afetam a dinamica das
cadeias e teias alimentares dos ecossistemas, ampliando o efeito em cascata trofica na
propagacdo de vetores de doengas emergentes contribuindo para ocorréncia de zoonoses,
novas enfermidades infecciosas, respiratorias, epidemias e pandemias (ZANELLA, 2016;
MORAIS et al., 2020).

Diversos estudos correlacionam a poluicdo atmosférica como precedente do
aumento do risco de mortalidade e morbilidade no mundo, desencadeando doencas
respiratorias como asma, bronquite, rinite alérgica, irritacdo e desconforto nos olhos e na
pele (SHEN et al., 2017; SLAMA et al., 2019; JAAFARI et al., 2020; KUIPER et al., 2021),
além de, influenciar danos neuroldgicos (LUCCHINI et al., 2012), cardiacos (GOLD;
SAMET, 2013; YANG et al.,, 2019; KLOMPMAKER et al., 2021) e o aumento de
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alteracbes cancerigenas na populacdo (AHERN; HENDYX, 2012; GUO et al., 2019;
WHITE et al., 2019; HVIDTFELDT et al., 2021).

Outras patologias, como neoplasias malignas da traqueia, brénquios, pulméo (ZHOU et
al., 2022), acidente vascular cerebral isquémico, hemorragico (VERHOEVEN et al., 2021), doencas
do sistema respiratorio, como asma e pneumonia sdo tambem descritas como implicacGes
ocasionadas pelos elementos toxicos presentes no ar (JASINSKI et al., 2011; DE OLIVEIRA
et al., 2020), tendo como grupos mais vulneraveis a internacdes hospitalares idosos, gestantes
e criangas (SOLEIMANI et al., 2019).

Pesquisas apontam que aexposi¢do ao material particulado (MP) é um problema continuo
e crescente frente a salde humana estando entre os principais contaminantes do ar em criangas
menores de 10 anos, proporcionando aumento de internaces de casos de pneumonia e asma
(YAP et al., 2013; GONET; MAHER, 2019), prevaléncia de rinite alérgica e problemas
respiratérios com potenciais efeitos sinérgicos associados com a reducdo da expectativa de vida
(CHEN et al., 2019; MARTINEZ-RIVERA et al., 2019).

Em gestantes e bebés os danos estdo acompanhados de partos prematuros, baixo peso
(BALLESTER et al., 2010; GHOSH et al., 2012), aumento da mortalidade neonatal
(VADILLO-ORTEGA et al., 2014; GOUVEIA et al. 2018; GOYAL et al., 2019) e aumento de
casos clinicos relacionados com anemia falciforme (BLUMBERG et al., 2020). Indicios
assinalam que durante o periodo gestacional a absorcdo de contaminantes pode afetar
significativamente o desenvolvimento neuroldgico do feto, sendo a qualidade do ar um risco
eminente para o diagnostico e incidéncia do Transtorno do Espectro Autista (RITZ et al., 2018;
CHUN et al., 2020).

Disturbios na cognicdo, ligados a neurodegeneracdo, neurodisfuncao, deficiéncias
de déficit de atencdo/hipersensibilidade sdo alguns danos correlacionados com a toxicidade
atmosférica (ANNAVARAPU; KATHI 2016; KHAN; DUTHEIL et al., 2021). Estudo no
leste da China, aponta conexdo de poluentes toxicos na atmosfera com o aumento de casos
de epilepsia devido a exposicdo de dioxido de Nitrogénio (NO2), monodxido de carbono
(CO) e material particulado (MP) (BAO et al., 2019).

Além desses fatores, a poluicdo pode gerar impactos financeiros e econdémicos
interligados a saude publica, pois eleva 0 nimero de atendimentos e internagdes clinicas e
reparos com medicamentos, assim como afeta a durabilidade dos materiais (corroséo),
propriedades do solo e das aguas (chuvas &cidas), causando prejuizos monetarios
(MIRAGLIA; GOUVEIA, 2014; ABE; MIRAGLIA, 2018). Um estudo recente mostrou

que um total de 54.000 e 27.500 mortes prematuras podem ser evitadas tendo uma reducéo



de 20% das emissOesantropogénicas globais na Europa e nos EUA. Esses resultados
sugerem que as emissdes toxicas advém em percas financeiras associadas aos custos com
salde e bem-estar populacional (IM et al., 2018).

Assim, a valoracdo dessas consequéncias e extensdo dos danos econémicos devem
ser categorizadas por meio de alternativas de monitoramento para controle de emissao de
contaminantes aéreos com politicas puablicas que minimizem danos ambientais,
socioecondémicos e epidemiologicos atmosfericos, visando a manutencdo da qualidade
urbana (MIRAGLIA; GOUVEIA, 2014).

Biomonitoramento

Biomonitoramento é o uso de parametros bioldgicos para determinar as respostas dos
organismos em relacdo a uma perturbacdo externa, geralmente causadas por a¢Ges antropicas
(MATTHEWS et al., 1982; BUSS et al., 2003). Considerando que 0 meio ambiente esta
sujeito a inumeras perturbac@es, a biota reage a esses estimulos, fornecendo uma resposta
para o estresse sofrido (CARDOSO, 2017).

A utilizagdo dos seres vivos para aferir dados de impacto e interferéncia aos
ecossistemas é uma técnica antiga que permeia desde a antiguidade, sendo utilizada até os
dias atuais. Desde o periodo de Aristoteles (384-322 a.C.), 0 seu emprego ja aferia respostas
do ambiente, em monitoramento de peixes presentes em corpos d’agua doce esalinos
(BUIKEMA; VOSHELL, 1993). Durante a revolucéo industrial foram utilizados passaros
canarios e liquens para determinar a qualidade atmosférica e seus efeitos na salde popu-
lacional (CAIRNS; PRATT, 1993).

Ao longo do tempo o uso de biomonitoramento como ferramenta de avaliagio
ambiental foi se intensificando e tornando-se um procedimento amplamente empregado
para mensurar a qualidade das areas amostradas (SOUZA; MORASSUTI, 2018;
TURKYLMAZ et al., 2019), aferindo uma resposta bioldgica a curto e longo prazo
(HABERMANN et al., 2011; MERLO et al., 2011). Assim, por meio de padrdes
toxicoldgicos é possivel identificar a origem e danos ambientais mensurando o0s seus efeitos
nos ecossistemas por meio do uso de bioindicadores (NAVEED etal., 2010; BAYOULI et
al., 2021).

Desse modo, é possivel obter dados para avaliagdes de modificacGes tanto

funcionais qualitativas como estruturais quantitativas no funcionamento do meio ambiente,
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permitindo a estimativa da qualidade ambiental e suas consequéncias nos organismos,
atmosfera, agua e/ou solo (KLUMPP et al., 2006; TEIXEIRA et al., 2012; PEREIRA et al.,
2013).

Considerando que o processo de perturbacdo ambiental é variavel e tende afetar os
seresvivos de maneiras distintas, provocando mudangas nos processos bioquimicos e
fisiolégicos e ainda podendo interferir em niveis elevados de um ecossistema afetando a
estrutura e dinamica das comunidades. O uso de biomonitoramento permite identificar
distdrbios e impactos, além de corroborar as condi¢cBes e recursos disponiveis no
ecossistema avaliado, estabelecendo padrbes de qualidade ecoldgica em pontos de estudos
(CARRERAS et al., 2013; PRESTES; VINCENCI, 2019).

Nessa perspectiva, 0 monitoramento biolégico pode ser empregado de modo
passivo, quando os organismos ja vivem no local analisado, ou ativo, quando sdo expostos e
introduzidos no ambiente (ELLENBERG, 1991; FALLA et al., 2000). Nesse processo pode
ser empregado diferentes organismos tanto vegetais como animais (RIBEIRO et al., 2017;
PASSOS, 2017), sendo os representantes vegetais 0s mais utilizados devido as suas
caracteristicas peculiares que permitem uma acelerada avaliacdo com custo inferior a outras
categorias de monitoramento, fornecendo uma anélise ampla e de facil manuseio e rapidez
(ALVES et al., 2001; SAVOIA et al., 2009; ZHENG et al., 2018).

Bioindicadores Vegetais

Bioindicadores sdo organismos e/ou populacées que refletem a condicdo ambiental
cuja presenca ou auséncia, distribuicdo, reproducdo e mecanismos bidticos sdo alterados
devido ao estresse ambiental em um ecossistema (BRAZ; LONGO, 2019). Por serem
organismos sensiveis e/ou tolerantes e reagirem rapidamente as mudancas induzidas pelo
ser humano, algumas espécies vegetais podem ser bioindicadores, indicando relacdo causa
e efeito da poluicdo por meio da distribuigéo espacial e temporal dos poluentes e seus danos
para 0 meio ambiente (NANDY et al., 2014; HERREIRO-LATORRE et al., 2017).

No processo de monitoramento o potencial de reacdo e de acumulagéo séo critérios
que devem ser analisados no comportamento de espécies vegetais. As plantas
bioindicadoras de reagdo sdo aquelas que apresentam uma resposta direta e visivel em suas
estruturas, anatémica, fisiologica ou metabdlica em decorréncia dos poluentes (JOSHI,
SWAMI, 2007; JYOTHI; JAYA, 2010). Ja as bioindicadoras de acumulagéo séo resistentes



a poluicdo, ou seja,possuem capacidade de tolerancia aos elementos toxicos, por meio de
acumulacéo nos tecidos foliares (KUDDUS et al., 2011).

Estudos indicam que liquens sdo extremamente sensiveis, sendo considerados
bioindicadores de poluicao aérea, apresentando alteracdes populacionais, tanto em riqueza,
abundéancia e densidade ou ainda diminuicéo e auséncia de individuos na &rea monitorada
(PARVIAINEN et al., 2019; FACKOVCOVA et al., 2020; ABAS, 2021). Anélises em
ambientes poluidos destacam que plantas ndo vasculares, criptdgamas, como 0S musgos,
apresentam alteracdes populacionais vinculadas com o grau de impacto dos contaminantes,
fornecendo dados ambientais ligados principalmente a presenca de compostos toxicos como
metais pesados (WU et al., 2020; SVOZILIK et al., 2021).

Em plantas vasculares como as bromélias hd acumulo de nutrientes e poluentes
dispersos no ar (PIGNATA et al., 2002; RODRIGUEZ et al., 2010). Dentre as espécies mais
utilizadas estéo Tillandsia recurvata (ZAMBRANO et al., 2009) e Tillandsia usneoides, as
quais absorvem grandes quantidades de metais pesados associados com intenso trafego
veicular (FIGUEIREDO et al. 2007). Essa correlacdo também foi verificada em distintos
grupos como nas folhas de tabaco de Nicotiana tabacum (Solanaceae) expostas a alta
concentragdo de 0zonio apresentando alteragfes morfoanatomicas foliares influenciadas
pelo trénsito de veiculos e emissdo de poluentes industriais (KLUMPP et al., 2001;
PEDROSO; ALVEZ, 2008).

Em Salvinia auriculata espécie livre e flutuante, encontrada em ecossistemas
aquaticos de agua doce, o seu potencial bioindicador esta associado a sua capacidade de
acumular metais pesados e ao seu rapido crescimento e sensibilidade toxicoldgica (DOS
SANTOS et al., 2020).

Além desses fatores, a alta taxa de poluentes dispersos no ar pode ocasionar danos
adversos nos vegetais podendo apresentar aumento da toxicidade, clorose e lesdes
necroticas. Esse fator é evidenciado por Paula et al.(2005), sobre os efeitos causados pelo
fldor em plantas de Byrsonima crassifolia. Outras espécies como Brachiaria brizantha,
Brachiaria decumbens (PITA-BARBOSA et al., 2009); Magnolia ovata (SANT'ANNA-
SANTOS et al., 2007), também apresentaram injarias devido a acumulagéo desse elemento
toxico em seus tecidos, exibindo sintomas visiveis de estresse.

Investigagdes esbocam que T. pallida absorve substancias toxicas presentes na
atmosfera e pode ser utilizada como bioindicadora de poluentes, sendo instrumento de
estudos para avaliagao da qualidade do ar. A avaliacdo da mutagenicidade dos botdes florais
por meio do teste dos micronucleos (TRAD-MCN) é um parametro categoérico para aferir
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os efeitos das emissdes de contaminantes atmosféricos (MA, 1981; MISIK et al., 2007;
PEREIRA et al., 2013). Tanto as alteragdes na estrutura foliar como danos genéticos sao
atributos que indicam os efeitos da polui¢cdo em T. pallida que podem ser usadas como
ferramentas na estimativa de qualidade e controle de emissdes atmosféricas urbanas de

modo a identificar os danos gradativos de compostos toxicos (ROCHA et al., 2018).

Teste de Micronucleo

A utilizac&o de seres vivos em técnicas de mutagénese ambiental tem sido aplicada
desde a década de 70, sendo o primeiro ensaio de micronucleos realizado em eritrocitos de
medula 6ssea de roedores (SCHIMID, 1976). Ao longo dos anos, os testes foram se
aprimorando abrangendo bioensaios toxicoldgicos aquaticos, atmosféricos e terrestres
(GRISOLIA; STARLING, 2001; SILVA; FONTANETT]I, 2006).

O teste de micronucleos (MCN) permite a quantificacdo da frequéncia de mutacoes
presentes em células de organismos expostos a diferentes fontes de poluicdo, permitindo
avaliar alteragdes cromossdmicas anormais do ciclo celular (MA, 1981 e 1994; SPOSITO
et al., 2017; SANTOS et al., 2019). Sdo biomarcadores de danos genéticos constituidos de
fragmentos de DNA ou de pedagos cromossémicos originados por clastogénese ou
aneugénese oriundos da profase | da meiose que se conservam no citoplasma interfasico,
podendo ocorrer naturalmente devido a mutaces genéticas ou induzidos por efeitos
antropogénicos (MA, 1984; RUSSO; DEGRASSI, 2018).

Em vegetais, bioensaios realizados em T. pallida (TRAD-MCN), tem indicado alta
eficiéncia e confiabilidade na avaliagdo genotoxica e mutagénica de areas poluidas. Essa
espécie possui cariétipo formado por seis pares de cromossomos grandes, 0s quais
favorecem sua utilizacdo em andlises genéticas, facil manuseio e analise em laboratério
(CARVALHO, 2005). O teste baseia-se na frequéncia de MCN em tétrades de células mae
de grdo de pdlen, sendo instrumento de fundamental importancia para a avaliacdo,
acompanhamento e biomonitoramento ambiental (CAMPOS et al., 2020; RODRIGUES et
al., 2020; CEGLINSKI et al., 2021).

Estudos utilizando o método (TRAD-MCN) tem sido mundialmente difundido. Em
monitoramento in situ do ar urbano Carreras et al. (2006), ao comparar trés locais de
diferente fluxo veicular em uma cidade na Argentina, constatou que os gradientes de
poluicdo estdo associados a mutagdes em tétrades de T. pallida. Para Sasamori et al. (2012),

0 biomonitoramentoin situ de genotoxinas aerotransportadas usando plantas superiores
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combinadas com anélise de genotoxicidade do ar possuem maior sensibilidade em células
mée de pdlen meidticas. Em contrapartida, Prajapati e Tripathi (2008), em uma cidade da
india encontraram vinculo entre alteracdes genéticas e areas industriais, enfocando a relagéo
entre inducdo de mutacfes em habitats poluidos.

Em algumas regibes brasileiras, investigacdes dos efeitos tdxicos de poluentes
atmosfericos urbanos foram desenvolvidos adotando métodos passivos (COSTA; DROSTE
2012, SANTOS et al. 2015) e ativo de exposicdo (MEIRELES et al., 2009; TEIXEIRA et
al., 2012). Evidéncias sugerem alteracOes na instabilidade cromossémicas influenciadas por
compostos quimicos atmosféricos. Em seu estudo Teixeira e Barbério (2012), identificaram
variacOes na frequéncia de MCN em areas com diferentes intensidades veiculares. Similar
com esse achado, na cidade de Rio Grande, localizado no Sul do Brasil, 0 ensaio de aborto
de pélen assinalou que regides com maiores indices de 0zonio e elevada circulagdo veicular
afetam e estimulam danos genéticos (CEGLINSKI et al., 2021).

No Mato Grosso do Sul, observagdes indicam que muitos compostos presentes no
ar causam alteracdes génicas. Os autores Crispim et al. (2012 e 2014) e Roman et al. (2015)
realizaram estudos na cidade e microrregido de Dourados comprovando a alta sensibilidade
de T.pallida e poluentes atmosféricos presentes em ambientes com alta emissao veicular.
Em doze cidades da regido da grande Dourados, Sposito et al. (2017) verificaram que 0s
maiores danos genéticos estdo ligados com a demanda de frota veicular em periodos de
baixa umidade atmosférica e temperatura.

Corroborando com esse achado, ao compararem as cidades potencialmente expostas
a poluentes Rocha et al. (2018), evidenciaram que as cidades com maiores danos genéticos
apresentam interacdes no aumento quantitativo de MCN nas estacGes de inverno e
primavera associadas com o aumento de fluxo veicular, baixa umidade relativa e elevada
altitude. Em um estudo mais recente, Rocha e Mussury (2020), verificaram que areas verdes
minimizam os impactos de poluentes presentes no ar. Esse resultado também foi observado
na regido de Bodoquena e em centros urbanos movimentados, como na cidade de Bonito,
ponto turistico e com grande frota veicular que ndo apresentou correlagdo entre fluxo
veicular e frequéncia de MCN no estado de Mato Grosso do Sul, expondo desse modo, a
importancia de areas preservadas na propagacdo e disseminacdo de contaminantes
atmosféricos (SALGUEIRO et al., 2021).
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Influéncia dos poluentes nas plantas

As folhas sdo os 6rgdos mais sensiveis a concentracdo de poluentes atmosféricos,
sendo os estomatos o principal meio de entrada dos gases para o interior das plantas
(DICKISON, 2000). Quando os estdbmatos se abrem para obter (CO2) para a fotossintese,
0s gases poluentes presentes na atmosfera se difundem para interior dos vegetais podendo
afetar negativamente o crescimento e o desenvolvimento vegetal (SCATENA et al., 2003).

Devido ao grande acumulo de metais e substancias poluidoras as plantas podem
sofrer inibicdo no crescimento e desenvolvimento devidos a intensidade da toxicidade
exposta. Algumas espécies, sofrem alteracdo em seus ciclos reprodutivos, podendo
antecipar o periodo de floracdo (NEIL; WU, 2006). Alteracdes fisioldgicas, bioquimicas,
morfoldgicas também sdo predisposi¢cBes encontradas em plantas expostas a particulas
atmosféricos com danos na disposi¢do de carga elétricas pela perda de cations, como
potassio (K+), célcio (Ca2+) e magnésio (Mg2+), causados pela solubilizacdo dos
constituintes quimicos das superficies foliares (KLUMP et al., 2001).

A assimilacdo de metais pesados pode induzir a formagdo espécies reativas de
oxigénio (EROs), inibi¢do da fotossintese e reagdes enzimaticas afetando drasticamente as
rotas bioquimicas e de sinalizacdo das vias metabolicas dos vegetais (VISKARI et al., 2000;
TAIZ et al., 2017). A bioacumulacdo do material particulado (MP) nas folhas influéncia a
atividade fotossintética, afetando a producdo energética, o equilibrio iénico e os nutrientes
necessarios para o desenvolvimento e crescimento vegetal, aumentando a incidéncia de
agentes patogénicos e parasitas prejudicais (RAI, 2016).

Variagdes na espessura dos tecidos e numero de células epidérmicas, nimero de
estdmatos, indice estomatico e densidades estomaéticas foliares de organismos expostos em
centros urbanos sdo atributos que também podem sofrer alteracGes (ALVES et al., 2001).

Como a posicdo dos estdmatos nas folhas, geralmente, esta relacionada as condi¢oes
ambientais, em folhas de ambientes poluidos os estbmatos podem aumentar ou diminuir sua
concentragdo, em uma tentativa de reduzir a absorcdo de gases toxicos na forma de vapor,
quando estes se abrem (ROCHA et al., 2018) ou otimizar a capacidade estomatica para
ampliar o processo fotossintético e trocas gasosas. (CRISPIM et al., 2014; ROMAN et al.,
2015).

Outro parametro descrito sdo alteragdes no tamanho e espessura de tecidos e 6rgaos

vegetais. Uma reducdo da espessura dos tecidos foliares na epiderme, hipoderme e mesofilo
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sdo caracteristicas dimensiveis encontrados em folhas de T. pallida, apontando ser uma
resposta adaptativa na diminuicéo de &rea-contato para evitar maiores impactos no aparato
anatdmico de plantas expostas em centros urbanos (ROMAN et al., 2015; ROCHA et al.,
2018).

Tradescantia pallida

Tradescantia pallida (Rose) D.R. Hunt var. purplrea, monocotileddnea do grupo
das angiospermas pertencente a familia Commelinaceae, originaria da America do Norte e
Central, muito utilizada em monitoramento da qualidade atmosférica em areas urbanas e
industriais (SAVOIA et al., 2009; CEGLINSKI et al., 2021). Essa espécie possui longa
distribuicdo e adaptacdo a habitats distintos de intensidade luminosa tanto sombreados ou
expostos a luz solar (LEITAO-FILHO et al., 1982). Devido sua alta resisténcia a patégenos,
colonizacao, dispersdoe adaptacdo é considerada como invasora, pois consegue se proliferar
rapidamente dominandoareas extensas e diversificadas (SUYAMA et al., 2002).

Apresenta porte herbaceo, ciclo perene, folhas suculentas, carnosas e lanceoladas de
coloracdo roxa na tonalidade escura na face adaxial e clara na abaxial com grande
concentracdo de antocianina (LORENZI; SOUZA, 2001). Possui pequeno porte e folhas
alternas disticas e espiraladas, com flores pediceladas, trimeras e diclamidea e pétalas rosas
(KIRSTEN et al., 2020). As suas inflorescéncias possuem duas estruturas foliares
modificadas para revestimentoe protecdo denominadas bracteas (JOLY, 1977).

Por possuirem flores vistosas e rapido desenvolvimento T. pallida é amplamente
utilizada como ornamental, estando constantemente presente em paisagismos urbanos em
diferentes condicdes ambientais facilitando o monitoramento da qualidade do ar e
levantamento dos poluentes (SPOSITO et al., 2015). Assim, quase todas estruturas vegetais
podem ser utilizadas para ensaios ecotoxicol6gicos como flores, pétalas, pelos, estames,
raiz, microsporos, tubo polinico e DNA (GRANT, 1998).

Em biomonitoramento sdo aplicadas analises anatdmicas foliares (ROCHA et al.,
2020; SALGUEIRO et al., 2021) e genotodxicas que consistem na estimativa da frequéncia
de micronucleos que ocorrem em células mae de gréos de pélen de inflorescéncias jovens
expostas aos contaminantes (MA, 1981; DA COSTA et al., 2015, CAMPOS et al., 2020)
expondo a qualidade do ar urbano. Apesar, de T. pallida crescer e florescer durante todas as

estacOes, os botdes florais nem sempre sdo encontrados a campo ao contrario das folhas,



fator que favorece analise de caracteristicas anatdbmicas em relacdo as anélises genéticas,
devido a sua simplicidade botanica e custo inferior em programas de controle de

biomonitoramento atmosférico (ROCHA et al., 2018).
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OBJETIVOS

Objetivo Geral

Avaliar a qualidade do ar com base nas caracteristicas mutagénicas e estomaticas
foliares em Tradescantia pallida (Rose) D. R. Hunt var purplrea em algumas cidades da

regido Sudeste do Estado de Mato Grosso do Sul.

Objetivos Especificos

- Avaliar a qualidade do ar dos centros urbanos na regido de Angélica, Ivinhema e
Nova Andradina localizadas no Vale do lvinhema, Sudeste do Estado de Mato Grosso do
Sul.

- Identificar a influéncia do fluxo veicular e das variaveis ambientais como altitude,
temperatura (°C), umidade relativa do ar (UR) e dados pluviométricos (mm) na frequéncia
de micronucleos (MCN) e variacdo do indice estomatico (IE) em T. pallida.

- Mapear areas de risco a populacdo com maiores indices de poluicdo atmosférica

fornecendo dados sobre qualidade do ar e satde publica.
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Abstract: Air pollution substantially damages ecosystems and public health and is one of the major
challenges for air quality monitoring management. The use of the plant bioindicator Tradescantia pallida
(Rose) D. R. Hunt has shown excellent results in terms of determining the effect of airborne contami-
nants in urban environments, complementing conventional methods. The present study seeks to de-
termine the air quality in the Ivinhema Valley, MS, using the variation in MCN frequency and stomatal
indices of T. pallida as air pollution biomarkers. The biomonitoring tests were performed monthly by
collecting floral and leaf buds during the summer, autumn, winter, and spring of 2021 in Angglica, Iv-
inhema, and Nova Andradina. The stomatal leaf density, influence of vehicle flow, and environmental

variables such as altitude, temperature (°C), relative humidity (RH), and rainfall in the three cities un-
der study with different urban vehicle intensities were analyzed. A significant increase in MCN was
observed for the cities of Nova Andradina and Ivinhema in summer and spring. On the other hand,
the city of Angélica had a low frequency of MCN throughout the experimental period. A seasonal
and spatial pattern was also observed for the stomatal index, with significantly higher values for the
city of Angélica in autumn and winter. Our data allowed observing that the MCN showed the great-
est association with vehicular flow. The mutagenic effects observed in T. pallida, through the MCN
frequency, constituted an important biomarker of air pollution, explained mainly by the relationship
with the flow of vehicles.

Keywords: woodpecker; air pollution; stomatal index; seasonality

1. INTRODUCTION

Increasing industrialization and urbanization have contributed to the increased rate
of atmospheric pollution, causing numerous impacts on human health and the environ-
ment [1]. In urban centers, the increase in the vehicle fleet and decrease in green areas have
increased the concentration of toxic, mutagenic, genotoxic, and carcinogenic [2,3]
compounds that are formed in the combustion process, contributing to the formation of
heat islands that hinder the dissipation of pollutants [4].

The One Health approach encompasses and interrelates human health, animal health,
and their interaction with the environment as a single and inseparable factor for the preser-
vation and maintenance of the global balance [5], focusing on the importance of ecosystem
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stability and biodiversity conservation in relation to epidemiological health [6,7]. By asso-
ciating the concept of individual health and the triad of human, animal, and environment,
the propagation and dispersion of toxic compounds and chronic exposure to them becomes a
worrisome factor at the biological scale with direct and indirect impacts on organisms,
plants, and humans [8]. In short, collaborative efforts of various disciplines working lo-
cally, nationally, and globally are required to achieve optimal health for humans, animals,
and our environment.

The impacts of natural resource destruction and changes in air quality associated with
systemic, critical, and complex climate changes can result in environmental disasterssuch
as floods, severe drought, and extreme temperature increases with lethal heat waves that
threaten humans [9]. These events affect the dynamics of ecosystem food chains and webs,
amplifying the trophic cascade effect in terms of propagating vectors of emerging diseases
[10] and contributing to the occurrence of zoonoses [11], new infectious and res- piratory
diseases, epidemics, and pandemics [12]. In this same context, urban expansion driven by
population growth has also generated deleterious effects on air quality, mainlydue to toxic
gases resulting from increased vehicular flow.

Several studies highlight air pollution as one of the main risk factors for mortality and
morbidity worldwide, triggering respiratory [13,14] diseases such as asthma, bronchitis,
and allergic rhinitis and causing irritation and discomfort of the eyes and skin [15]. Air pol-
lution has also been correlated with pathological conditions associated with severe acute
respiratory syndrome, one of the complications of COVID-19 [16], in addition to influenc-
ing neurological [17] and cardiac damage [18-20] and increased carcinogenic changes in
populations [21,22]. Thus, the adoption of biological markers or biomonitoring of atmo-
spheric pollution as a factor to control related comorbidities is emerging.

The use of higher plants integrated with environmental biomonitoring is an effective
tool for measuring the air quality in urban areas, as addressed in several scientific arti- cles
[23-29]. The main reservoir of gaseous pollutants in plants is the leaf surface, with gases
commonly entering through the stomata, an important structure in the gas exchange
between plants and the atmosphere [26,27]. Stomata can be used more efficiently than
physicochemical methods to provide data [28], allowing assessments of toxicological risks
to public health, as stomata present cellular characteristics with genetic complexity similar
to that of humans [29]. Therefore, they complement the mathematical evaluations that are
based only on estimates of the rate of pollutants dissolved in the air and do not express the
effects caused in the biotic environment [30,31].

Among the plant species with wide application in atmospheric biomonitoring, Trades-
cantia pallida var purple (Rose) DR Hunt stands out [32,33]. Known popularly as the purple
heart, purple-throated pearl, or “trapoerabao”, it is an exotic plant in Brazil [34] that is
herbaceous and succulent, easily colonizes and adapts to diverse environments, and is
widely used as a tropical ornamental plant [34-36].

Studies have shown the efficiency and sensitivity of mutagenic bioassays of T. pallida
pollen grain tetrads by estimating the micronucleus (MCN) frequency (TRAD-MCN (TRAD-
MCN)) and its relationship with pollutant compounds in inducing damage in meiotic cell
division [35-37]. The TRAD-MCN test is a mutagenicity parameter widely used in envi-
ronmental biomonitoring studies that allow the quantification of chromosomal aberrations
during meiosis resulting from whole or fragmented chromosomes not incorporated into
the nucleus after cell division with a tendency to have greater amplitudes under conditions
of environmental disturbance [38-40].

Research also suggests that anatomical leaf analyses, such as stomatal density
(SD), the stomatal index (SI) [26,29], and changes in epidermal, cuticle, and mesophilic
thickness, are parameters related to the environmental conditions of urban centers that
measure theair pollution impacts and can be associated with different variables, such as
vehicle flow and environmental conditions. That is, according to environmental toxicity,
plants can in-crease or decrease their photosynthetic area [41] and may exhibit variations in
SD, stomatal distribution, and stomatal morphology [42,43]. To mitigate the damage caused
by contam inants, changes in stomatal thickness, tissue size, and parameters are strategies
found in some species exposed to stressors [44,45].



40

The territory of Mato Grosso do Sul is an important Brazilian agricultural region with
high levels of pollutants. The state borders countries such as Bolivia and Paraguay and
several states such as Goias, Minas Gerais, Mato Grosso, Parand, and Sao Paulo. One of
the main causes of the increase in atmospheric contaminants in this territory is the growing
number of vehicles along highways and urban roads, with more than 1.5 million vehicles,
both for passengers (cars and motorcycles) and cargo (trucks and buses) [46]. However,
the commonly adopted physical and chemical atmospheric indicators do not reflect the
cumulative effects of certain pollutants on the tissues of plants and animals, which may
lead to the aggravation of chronic diseases with deleterious effects on human health.

Studies conducted in cities in the state of Mato Grosso do Sul in its the southwest- ern
mesoregion [26], Dourados microregion [23,29,47,48], some municipalities of greater
Dourados [27], and Bodoquena region [24,25] have shown that toxic substances released
by motor vehicles and weather conditions can lead to genetic and anatomical leaf damage
to T. pallida in urban environments, indicating the applicability of this methodology for
evaluating air quality and its negative implications for humans.

The region of the Ivinhema Valley, southeastern part of Mato Grosso do Sul state, has
focused its regional economic growth on the sugarcane, agricultural, and beef processing
sectors, which are strongly linked to the agribusiness sector. In addition to the productive
economic sector, there is intense vehicle traffic in the region along the highways that con-
nect Sdo Paulo state and Parana to Mato Grosso do Sul with a high number of vehicles grain
transport, thus emitting large amounts of atmospheric contaminants that degrade the en-
vironment and affect human life in these locations. Given these impacts, the present study
seeks to determine the air quality in this region using the variation in MCN frequency and
Sl of T. pallida as a bioindicator.

2. MATERIALS AND METHODS
2.1. Study Area

Air quality biomonitoring was performed in three municipalities in the Ivinhema Val-
ley: Anggélica, Ivinhema, and Nova Andradina (Figure 1). The Ivinhema Valley Territory is
located in the southeastern part of Mato Grosso do Sul state, Brazil. It contains ten munic-
ipalities, namely, Anaurilandia, Angélica, Bataguassu, Bataypora, Brasilandia, Ivinhema,
Nova Andradina, Novo Horizonte do Sul, Santa Rita do Pardo, and Taquarussu. It com-
prises an area of 29,627.90 km? which corresponds to almost 8% of the state’s area. The
area of the municipalities within the territory varies between 6141.62 km? (Santa Rita do
Pardo) and 849.12 km? (Novo Horizonte do Sul) [49].

The sampling area was random considering strategic points such as easy access, plants
in good condition, existing in the place for some time (more than 2 months), in two areas
with different urban vehicle densities. Sampling was performed monthly between January and
September during the summer, fall, winter, and spring seasons in 2021.

2.2. Test Procedures (TRAD-MCN)

For each city and biomonitoring point, high-flow and low-flow sites were adopted
using T. pallida biomonitors already existing at the evaluation sites (passive method). The
test (TRAD-MCN) was developed according to the appropriate protocol [39]. Seven young
T. pallida flower buds were collected monthly in the summer, fall, winter, and spring sea-
sons of 2021 in the regions of high and low flow, totaling fourteen samples, for each city.
The inflorescences were fixed in Carnoy’s solution (3 ethyl alcohol:1 acetic acid), andafter
24 h, they were transferred to an alcohol solution at a concentration of 70%. From the
sampled flower buds, 6 slides were prepared for each site according to the methodology
proposed by Ma (1981) [40]. In each slide, 300 young tetrads of pollen grain mother cells
were calculated, and the MCN number was recorded using an optical microscope at a
400x magnification (Nikon YS2; Tokyo, Japan). The results were expressed as percentages
(MCN frequency in 100 tetrodes).
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Figure 1. Map of the altitudes of the cities evaluated in the Ilvinhema Valley in the southeastern region of
Mato Grosso do Sul, highlighting the sampling points.

2.3 Stomatal Anatomical Analysis

Stomatal analyses were performed with fresh plant material fixed in FAA (formol,
alcohol, glacial acetic acid) 50 solution and preserved in 70% ethanol (v/v). The samples
were formed into paraffin sections in the laboratory by hand, and semipermanent slides
were prepared with the bleached sections in 2% sodium hypochlorite solution, washed
in distilled water, and stained with 1% safranin and Astra blue 1% solution at a 9:1 ra-
tio [50]; then, the slides were mounted between the slide and the coverslip with glyceri-
nated gelatin.

For each point (high and low flow) and sampling period (month), five leaves from
each sampling, totaling 10 leaves, were cut into paradermal sections by hand with a razor
blade. For each slide, 10 fields were analyzed, totaling 100 fields. The stomatal index (SI)
was calculated and estimated using the formula SI = NS/(EC + NS) x 100 where NS is the
number of stomata and EC is the number of epidermal cells [51].

2.4 Analysis of Vehicle Flow in Cities with Low and High Flow and Environmental Variables

The influence of vehicle flow was evaluated monthly concomitant with the collection
period, adopting the quantitative method of determining traffic by counting the vehicles
that circulated through the sampling points and monitoring during the hours of high flow,
from 8:00-9:00 in the morning and from 11:00-12:00 and 17:00-18:00 in the afternoon. Sub-
sequently, the results were expressed as the mean of the regions where traffic was mea-
sured (high flow and low flow). Roads with intense flow of vehicles, commercial areas
(high flow), and roads with low flow of vehicles, residential were considered.

Data from environmental variables of the three cities, such as temperature (*C), rela-
tive humidity (RH), and rainfall data were obtained from weather stations in Nova Andrad-
ina from January to September (https://www.cemtec.ms.gov.br/boletim-mensal/ accessed
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on 4 January 2021).

2.5. Mapping of the Evaluated Areas

From the analysis of the MCN frequency in T. pallida, the mapping of the most af-
fected regions in terms of air quality was performed using a hypsometric map and spatial
interpolation. The hypsometric map consisted of digital elevation model data provided by
the TOPODATA (Geomorphometric Database of Brazil; accessed on 05 October 2021)
project of the National Institute of Space Research (INPE) and processed in the Quantum
Geographic Information System (GIS) application, version 2.6. The spatial interpolation
map of the sampled cities was obtained based on the MCN frequency using the kernel
interpolation technique, allowing an image of the air quality conditions in the analyzed
cities. The pollution indicator triad consists of a three-axis graphical interface where each
axis represents an analyzed index; its interpretation is provided by checking the position
of each end of the polygon formed on the axis in question; the closer to the outer edge, the
more representative the indicator is at the studied point. In this study, four pollution indi-
cators (population estimate, cardiorespiratory diseases, MCN frequency, and vehicle flow)
were used. The indicators were standardized to the same scale (new index (NI)), from the
sum of the RTM (ratio to maximum value), according to the equation:

(RTM ) V_yi=V_yi/V_my NI= [(RTM ) _i/ (RTM ) _0

where V_yi is the value of the evaluated parameter (SI, MCN frequency, and vehicle flow)
at Station i; V_my is the maximum average value of the parameter among all sampling
stations; NI is the new index calculated for each component of the analysis (population
estimate, cardiorespiratory diseases, MCN frequency, and vehicle flow), which at the ref-
erence station is equal to 1 for each variable; RTMi corresponds to the RTM of the station
under analysis; and RTMO is the corresponding RTM of the reference station. As a refer-
ence area, we used a fragment of Atlantic forest (Mata Azulao) far from the vehicles and
other stressors.

2.6. Statistical Analysis

The experiment was conducted in a completely randomized design with a factorial
scheme of 3 cities x 9 months with 10 repetitions for the stomatal analysis and 6 repeti-
tions for MCN frequency. The data were evaluated by the F test at 5% probability. When
statistically significant differences were detected, the means were compared by Tukey’s
test at 5% probability.

The vehicular flow in the cities was determined by means (high and low flow). It was
considered 3 cities and 2 collection points in each city for the three different times analyzed.
The data were analyzed in a completely randomized design and the means were compared
by Tukey’s test at 5% probability. For the SI, the evaluation of the significant interaction
between cities and seasons was compared by Tukey’s test at 5% probability.

The environmental data, vehicle flow, MCN frequency, and SI were transformed (data
observed-mean)/standard deviation and compared by principal component analysis (PCA)
through the “rda” function in the “vegan” package in the R program (R Development Core
Team. R: a language and environment for statistical computing. R Foundation for Statis-
tical Computing; Vienna, Austria. ISBN3-900051-07-0, Available in: http://www.r-project.
org/ accessed on 4 September 2021).

3. RESULTS
3.1. Mutagenicity and Micronuclei (MCN)

In Figure 2, it is possible to identify significant seasonal and spatial patterns in the
frequency of MCN: values three to nine times higher between June and September (winter
and early spring) for the cities of Ivinhema and Nova Andradina and low values through-
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out the year in the city of Angélica. There was also a significant increase in MCN for the
cities of Nova Andradina and Ivinhema from the beginning of the experimental period
(January —summer) to its end (September—spring); the city of Angélica had low MCN
throughout the experimental period.

B bBC

aBC
aBC aBC

abE

bA

| 1 [ | |
Summer Autumn Winter Spring
Time
B Angélica O Ivinhema B Nova Andradina

Figure 2. Micronucleus frequency in tetrads of Tradescantia pallida (Trad-MCN) in the cities and in the
months evaluated. Lowercase letters compare cities within a month, and uppercase letters compare
a city within the different months. Columns indicated with different letters differ statistically from
each other by Tukey’s test at 1% probability.

Nova Andradina and Ivinhema cities had high vehicular traffic (average of 20.55 and
16.44, respectively), differing significantly from Angélica (average 5.00).

In cities, in general, it was found that the highest vehicle flow occurred between 5:00
pm and 6:00 pm in the cities analyzed. In between 11:00 am and 12:00 pm, a signifi- cant
difference in vehicle flow was observed for the cities of Angélica when compared to
Ivinhema and Nova Andradina. Statistical differences were identified between the traffic
schedules for the city of Angélica (p = 0.001), with the morning (08:00-09:00 h) and the after-
noon (17:00-18:00 h) being the hours of higher traffic peaks with higher mean flow in the
month of August, differing statistically from the period of 11:00-12:00 (Figure 3A,B). No dif-
ferences were identified between the times for the city of Ivinhema (p =0.11) (Figure 3C,D).
However, in July, higher values of vehicular flow were recorded. In Nova Andradina,
there was a significant difference between the times (p = 0.007), showing intense vehicle
flow between 17:00 and 18:00, with higher averages in February (Figure 3E,F).
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Figure 3. Average vehicle flow for the cities evaluated (A,C,E) and average vehicle flow throughout
the sampling periods (B,D,F). Lowercase letters (a, b) in (A,E), differ statistically, from each other by
Tukey’s test at 1% probability.

3.2. Leaf Epidermal Characteristics

It was possible to observe a significant seasonal and spatial pattern for the SI: when
comparing the cities within each month, significantly higher Sis were observed for T. pallida in
the city of Angélica in the months of April, June, July, and August, which was autumnand
winter; when comparing the months for each city, only Ivinhema and Nova Andradina
showed a significant drop in the SI in the months of June to August, which was exclusively
during the winter (Figure 4).

3.3. Environmental Variables, Micronuclei, and Stomata

Figure 5 shows the interactions between the indicators shown in Figures 2—-4; Axis 1
accounts for 57.01% of the interactions between the MCN frequency and vehicle flow vari-
ables. Axis 2 accounts for 23.63% of the factors, with the SI variable in the inverse posi-
tion to the MCN frequency. The environmental variables of temperature, RH, and rain-
fall showed low associations with the frequency of micronucleus and vehicular flow, this
reinforces our findings considering that the vehicular flow is indicative of the emission
of polluting gases and was what most correlated with the frequency of micronuclei. In
summary, the MCN frequency and the flow of vehicles were associated, inferring for air
pollution. On the other hand, the SI was not considered an adequate biomarker to infer air
pollution due to the low association with the aforementioned factors.
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relative humidity (Rh) and precipitation (Pre), in addition to vehicle traffic (Vt), frequency of mi-
cronuclei (*MCN) and stomatal index.
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3.4. Mapping the Risk Areas

The kernel map showed a spatial geographic pattern of the MCN frequencies (Figure 6
above). The areas in red represent the regions of Nova Andradina and Ivinhema, with
Nova Andradina being the region with the highest MCN frequency. The area in blue rep-
resents city of Angélica, where we identified a smaller area characterizing the lowest MCN
frequency observed. The triad of pollution indicators (Figure 6 below), which took into ac-
count the SI, MCN, and vehicle traffic (FV) variables, showed the strength of each indicator
compared to a reference environment. In the city of Angglica, all three indicators were very
close to the reference value, while in the cities of Ivinhema and Nova Andradina, only the
SI was close to the reference values (outside line of graphical representation). These results
indicate that the SI was not a good indicator of pollutants at the sampled sites.
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4. Discussion

The data obtained in the study show the influence of high vehicular flow, when com-
paring the cities among themselves, on the induction of genetic damage in T. pallida. Ac-
cording to literature data [38,52-54], it is possible to infer that this damage was attributed
to the large amount of toxic particles released by vehicles’ engines during the burning of
fossil fuels, and these particles stimulated the occurrence of mutations in urban centers.
On the other hand, the data obtained with the SI did not show a robust relationship with
vehicle flow and, indirectly, with aspects related to air pollution.

Of the cities, Nova Andradina and Ivinhema had the highest means of vehicles (536.11;
425.97 in the three hours, respectively) when compared to Anggélica (101.48 vehicles at three
times) (Figure 3), i.e., indicators that infer atmospheric pollution. It is the eighth largest city in
the state of Mato Grosso do Sul and known as the “Capital of the Ivinhema Valley”, with

55.224 inhabitants and a large economic and livestock sector for Brazil. It is located
308 min altitude, at 22°14'6" S, 53-1954” W [55]. This city has state and federal highways
that connect the states of Sdo Paulo and Parana and are an important route for the flow
and export of agribusiness. In addition to these implications, among the cities evaluated,
this city is the only one that has several traffic lights at its central point to control and orga-
nize transportation flow and urban movement, promoting the expansion of contaminants
emitted by vehicle exhaust and exhaust gases at the monitored points.

At intersections with traffic lights and signals, drivers tend to decrease their speed,
stopping, and then continuing with sudden acceleration, and it is possible to infer that the
gradual emission of exhaust gases, from the engine and combustion with a high concentra-
tion of toxic elements, especially carbon monoxide (CO), particulate matter (PM), hydro-
carbons (PAHs), nitrogen oxide (NO), and sulfur (SO.), lead to mutations in the somatic
and germ cells of T. pallida and favor the incidence of MCN [29,33,35,56,57].

The city of Ivinhema also had high MNF and vehicle traffic values, suggesting high
levels of atmospheric pollutants. These observed mutagenic effects may have been related
to the state highway (BR-276), which connects several cities, facilitating access to the urban
perimeter. In addition to this factor, the city contains sugar and ethanol plants in the region
that require a large fleet of trucks and heavy vehicles for transportation of the products.

The city of Angélica had relatively low values of vehicle traffic, which conferred a
low MCN frequency. According to Brazilian Institute of Geography and Statistics (IBGE)
data from 2021 [46], Angélica also has the lowest estimated population (11,081 humans)
compared to that in Ivinhema (23,277 humans) and Nova Andradina (56,057 humans). The
results for vehicle flow and MCN frequency associated with population data indicated low
or moderate air pollution. Angélica has a single-access road to the municipality, which
results in reduced vehicle circulation and consequently minimal emissions of exhaust gases
from the combustion engine with a high concentration of toxic elements. Godoy et al. [23]
also showed that the high MCN frequencies in T. pallida were mainly related to the high
vehicle flow and high population density.

Other studies in the literature on different regions of Brazil corroborate our results and
the patterns found between vehicle flow and its mutagenic effect in T. pallida. In a study on the
influence of pollutants on T. pallida, the authors [27,29] identified a positive association
between genetic effects in pollen grains of inflorescences exposed to a high volume of cars
in urban intersections. Similar results were found in regions with different fleet volumes
in the municipalities of Ribeirdo Preto in southeastern Brazil [36] and Sao Leopoldo in
southern Brazil [58] and in the Dourados microregion in central-western Brazil [23], where
areas with high vehicle emissions were correlated to higher frequencies of MCN. These
regions have minimum and maximum distances from each other of approximately 900 and
1400 km, respectively; however, they showed consistent patterns when inferring vehicle
flow at the MCN frequency.

Our results indicated that the ST had an imprecise relationship between pollution (ve-hicle
flow) and climatic stressors. The months corresponding to the winter period, charac-terized
by significant drops in temperature and RH, also showed decreases in the SI values for cities
with high vehicle traffic. Similar studies suggest that these two factors may aggra- vate their
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substantial risks to human health and urban biodiversity [26,48]. These climaticconditions
are likely related to the process of thermal inversion and the formation of heatislands that
provide less wind circulation and dispersion of gaseous particles [59], thus intensifying
the oxidative action of pollutants in terms of genetic changes. We observed that during the
winter and spring seasons, in periods with lower temperatures and RH, the MCN frequency
increased for cities with higher vehicle traffic. These results are similar to those found in
other studies [26,27], which found an inversely proportional relationship between the
increase in the frequency of MCN in T. pallida specimens and environmental variables,
such as RH and temperature.

In our study, the altitude variable was not related to the increase in the frequency
of chromosomal damage in the samples, possibly due to the low variability between the
municipalities in the Ivinhema Valley (380 to 358 m). This trend was also shown by Spdsito
et al. [27] in cities of the Mato Grosso do Sul microregion, with similar vertical distances
to sea level (318 to 470.2 m). However, studies conducted in other regions of the state with
substantial variations in altitude (206 and 658 m) found that cities with higher altitudes had
a positive correlation with the MCN frequency in T. pallida plants, indicating an influence
on air quality and clastogenic effects [26].

The increase in the MCN frequency in different seasons was probably an adaptive re-
sponse of the T. pallida plants to atmospheric mutagenic and genotoxic agents dispersed by
vehicle sources, demonstrating their possible effects and damage to exposed living organ-
isms, including humans. In a recent study, ref. [23], the authors related the frequency of
micronuclei of environmental conditions, cardiorespiratory diseases, number of hospital-
izations, and pathologies to vehicle flow in some cities of Mato Grosso do Sul. This same
study also identified that municipalities with high MCN frequencies exhibited the highest
number of cardiorespiratory diseases. In birds present in forest fragments, the effect of
urbanization and vehicle traffic influenced the increase in the frequency of mutations due
to the absorption of polluted air as a causative agent of genetic toxicity (MCN) in erythro-
cytes of birds close to urban habitats [60]. Both studies highlighted the impacts of toxic
compounds from the air and the drastic damage in the short- and long-term as a result of
exposure in organisms previously exposed to the action of toxicological agents, emphasiz-
ing their risks and effects through mutagenic analyses.

In contrast, the observations found for the leaf epidermal parameters were not as ro-
bust as the MCN data in terms of indicating air pollution. The SIs indicated that stomatal
and epidermal cell reduction may be adaptive strategies in T. pallida that allow it to tolerate
toxic stress while also being adaptive responses to climate change. This adaptive mecha-
nism mitigates the physiological deterioration and losses from gas exchange in response
to stressors, and T. pallida may limit its metabolism and trigger protective mechanisms.
Studies conducted in the state of Mato Grosso do Sul corroborate these observations and
indicate a correlation between low Sls and high-altitude regions [26]. The authors associ-
ated these data as biological responses to prevent the diffusion of atmospheric pollutants
from intense vehicle use to leaves in the cities evaluated. This adaptation mechanism was
also described by Alves et al. [61] when observing stomatal reduction in the hybrid clone
4430 of T. pallida exposed in polluted areas in the city of Sdo Paulo.

The mean annual monitored risks in the areas on the kernel interpolation map show
the deleterious mutagenic effects in the cities of Nova Andradina and Ivinhema, places
with high vehicle flow. The city of Angélica, with low vehicle flow, has a low intensity of
pollutants. To corroborate these results, the triad of environmental quality shows how
close the city of Angélica is to the reference values for an area with good and/or excellent
environmental quality in relation to atmospheric pollution. The results presented in the
triad of environmental quality for vehicle flow and MCN frequency were consistent for
the three regions sampled. On the other hand, the results of the Sis were not visually asso-
ciated with the other indicators. The high SI values in all regions with markedly different
vehicle flow amounts and mutagenicity effects in T. pallida suggest the need for further
studies to understand the adaptive mechanisms of this species. Variations in SI are one of
the main necessary anatomical adaptations of plants needed to survive in habitats with
toxic atmospheric particles [45,62,63] and intrinsic climatic characteristics [26]. However,
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our results were inconclusive in terms of supporting such patterns related to atmospheric
pollution stress.

In summary, the mutagenic effects observed in T. pallida through the MCN frequency
constituted an important biomarker of air pollution, mainly explained by the relationship
with the vehicle flow. Such mutagenic effects were also highlighted by the chronic envi-
ronmental effects on T. pallida resulting from atmospheric pollutants.

In short, the findings of this study provide information on the impact of pollution as a
tool for assessing atmospheric quality and preventing and controlling urban vehicle emis-
sions. Vehicular flow is the main inducing activity of oxidative stress in T. pallida, signaling
how the growing vehicle fleet deteriorates atmospheric quality, causing biological injuries
in plants and consequently in humans.

5. Conclusions

The MCN frequency was positively associated with vehicular flow, which was con-
sidered in this study as the main activity responsible for air pollution. However, the com-
parative analysis between vehicular flow, MCN frequency and SI showed that MCN is a
more sensitive biomarker to indicate the deleterious effects of air pollution. The SI requires
further study since climatic oscillations had an adaptive effect on the test plant masking
the possible effects of atmospheric pollutants. The cities of Nova Andradina and Ivinhema were
the regions with the highest MCN frequency and lowest S, distinguishing them from Angg¢lica,
which showed low variation throughout the evaluations.
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