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RESUMO
Os objetivos deste estudo foram avaliar a capacidade de microalgas na remediacdo de
efluentes provenientes do processo de limpeza de bitucas de cigarro (CB) e avaliar o uso da
radiacdo ultravioleta B (UV-B) como possivel indutor da atividade de antioxidantes em
microalgas para aliviar os efeitos negativos de poluentes nesses efluentes. No Capitulo 2, seis
isolados de microalgas naturais foram analisados para a remediacdo de contaminantes
organicos em aguas residuais derivadas do processo de limpeza de CB. As cepas foram uma
da familia Scenedesmaceae, duas Chlamydomonas debaryana e trés Chlorella sorokiniana.
As culturas de microalgas foram expostas a diferentes diluicGes de aguas residuais de CB
para identificar os niveis de toxicidade refletidos na alteracdo do estado fisiolégico das
microalgas e determinar as condicdes ideais para uma remocdo eficaz de contaminantes. Os
resultados demonstraram que as aguas residuais de CB afetaram a producéo de clorofila e
carotendides de microalgas de maneira dependente da concentragdo. Além disso, a
resisténcia e a capacidade remediadora dependiam n&o apenas da cepa da microalga, mas
também das caracteristicas quimicas dos contaminantes organicos. Em detalhe, a nicotina foi
0 contaminante mais resistente a remocdo pelas microalgas testadas e sua baixa remoc¢éo
correlacionou-se com a inibicao de pigmentos fotossintéticos que afetaram o crescimento das
microalgas. Em relacdo as condi¢des ideais para uma biorremediacéo eficaz, este estudo
mostrou que a cepa de Chlamydomonas denominada F2 apresentou a melhor capacidade de
remover contaminantes organicos em efluentes a 5% CB, mantendo seu crescimento e
pigmentos fotossintéticos em niveis de controle. No Capitulo 3, foram selecionadas as
melhores cepas com maior producéo de biomassa sob a condi¢cdo de CB mais forte (ou seja,
25%), de acordo com o Capitulo 2: cepas de Chlorella sorokiniana denominadas F4, R1 e
LGL1. Essas cepas foram tratadas com UV-B por 3 dias antes de receber o efluente de CB e
entdo incubadas por 4 dias na auséncia ou manutencdo de UV-B. Microalgas ndo tratadas
com UV-B foram usadas como controle. A comparagéo das respostas fisiologicas, incluindo
pigmentos fotossintéticos e antioxidantes ndo enzimaticos, bem como a depuragdo de
nicotina e nicotirina, foram avaliadas aos 7 dias de cultura. O UV-B causou eustress, pois
ndo teve um impacto negativo na producdo de clorofila e carotendides das algas. A
aclimatacdo UV-B foi dependente da cepa, correlacionando-se com as adaptacdes ao
ambiente nativo e constituicfes genéticas. O UV-B como pré-tratamento teve efeitos



positivos a longo prazo na capacidade antioxidante ndo enzimatica. No entanto, a cepa LG1
necessitou de mais tempo para reajustar o equilibrio pro-oxidante/antioxidante, sendo a mais
sensivel aos raios UV-B. Os compostos fendlicos desempenharam um papel importante no
sistema antioxidante contra UV-B, enquanto os flavonoides ndo contribuiram para a
capacidade antioxidante total. R1 foi a Gnica em que o UV-B pareceu ter um efeito sinérgico
na resisténcia cruzada aos contaminantes mais persistentes e toxicos nas aguas residuais (ou
seja, nicotina e nicotirina), onde as células expostas ao UV-B ndo conseguiram s6 ganhar
capacidade protetora contra poluentes, mas também podem melhorar as vias catabolicas

envolvidas na eliminacao desses alcaldides.



ABSTRACT
The aims of this study were to evaluate the capacity of native microalgae in the remediation
of wastewater derived from cleaning process of smoked cigarette butts (CB), and to assess
the use of artificial ultraviolet B (UV-B) radiation as a possible inducer of antioxidant
activities in microalgae to alleviate the negative effects of CB wastewater pollutants. To this
end, different experiments were performed at laboratory scale and the obtained results were
discussed in two chapters. In Chapter 2, six natural isolates of microalgae were screened for
the remediation of organic pollutants in wastewater derived from smoked CB cleaning
process. The strains were one from the family Scenedesmaceae, two Chlamydomonas
debaryana and three Chlorella sorokiniana. Microalgal cultures were exposed to different
CB wastewater dilutions to identify the toxicity levels reflected in the alteration of microalgal
physiological status and to determine the optimal conditions for an effective removal of
contaminants. The results demonstrated that CB wastewater could impact on microalgal
chlorophyll and carotenoid production in a concentration-dependent manner. Moreover, the
resistance and remediation capacity did not only depend on the microalgal strain, but also on
the chemical characteristic of organic pollutants. In detail, nicotine was the most resistant
pollutant to removal by the microalgae tested and its low removal correlated with the
inhibition of photosynthetic pigments affecting microalgal growth. Concerning the optimal
conditions for an effective bioremediation, this study demonstrated that the Chlamydomonas
strain named F2 showed the best removal capacity to organic pollutants at 5% CB wastewater
maintaining its growth and photosynthetic pigments at control levels. In Chapter 3, it was
selected the best strains with the highest biomass production under the strongest CB condition
(i.e., 25%) according to the Chapter 2. It included three Chlorella sorokiniana strains named
F4, R1 and LG1. These strains were treated with UV-B for 3-days prior to receiving CB
wastewater and then incubated for 4-days in absence or maintaining UV-B. UV-B-untreated
microalgae were used as control. Comparative physiological responses, including
photosynthetic pigments and non-enzymatic antioxidants, as well as nicotine and nicotyrine
removal were evaluated at 7-days culture. UV-B caused eustress as it did not negatively
impact on algal chlorophyll and carotenoids production. UV-B acclimation was strain-
dependent, correlating with native environment adaptions and genetic constitutions. UV-B
as pretreatment had long-term positive effects on non-enzymatic antioxidant capacity.



However, LG1 needed more time to readjust pro-oxidants/antioxidants balance as it was the
most UV-B sensitive. Phenolic compounds played an important role in the antioxidant
system to UV-B, while flavonoids did not contribute to total antioxidant capacity. Among
strains, R1 was the only one in that UV-B seemed to have a synergistic effect on cross-
resistance to the most persistent and toxic CB pollutants (i.e., nicotine and nicotyrine), where
their UV-B exposed cells may not only gain protection against pollutants but also may

improve the catabolic pathways involved in the removal of these alkaloids.



SUMARIO

ABREVIATURAS E SIGLAS ...t i
LISTADE TABELAS ... I
LISTADE FIGURAS ...t iii
RESUMO .ttt b et et e se e e nb e e nr e e reeanneen iv
AB ST R A CT ettt b e b e %
CAPITULO 1 INTRODUGAO GERAL ..cvutiirieeeiieerrieereneerenerreeereeenne 4
CAPITULO 2 REMEDIATION CAPACITY OF DIFFERENT MICROALGAE
IN EFFLUENTS DERIVED FROM THE CIGARETTE BUTT CLEANING
PROCESS . ttiiitiiiitiiieiiiettitetesatessstossmiiiiiosssssstossssssssssssossssssssssssssiasomasons 6
2.1, INTRODUCTION .itiiiiiiuiiiiiiniiiiiiiiiiiiiiietiiiietiatiictsssssosssssssnssssnss 7
2.2.  MATERIALS AND METHODS ... 8
2.2.1. CB collection and Cleaning ProCeESS wieeeeeereeteesereesarrensessessnssnssssssonssnssssanes 8
2.2.2. Microalgal strains and growth cONditions .....ceeeeiiiieiieeerenrenreeceremmesaseases 8

2.2.3. Characterization of LG1 strain and phylogenetic analysis .....c.ceeeeeeeeeinnne. 10

2.2.4. Evaluation of microalgal strains in remediation ......ccceeeeiieiieeeeceeenrencennns 11
2.2.5. Analytical determinations .c.ieeeeeeieeierniieieiieeraririesasersesaseseesasesemnasosnn 11
2.2.6. Photosynthetic pigments of microalgal Strains .......cceeeeveeeieiniieriecnecnnnnns 12



2.2.7. StatistiCal aNalYSES ceuiveiieiiiiiieiieieriniintiereeeiiatsessscnssnsssssssnssnsosssssnses 12

2.3, RESULTS et e st e e st e e s e e e sare e e nneeeans 12
2.3.1. Identification of the LGL Strain ....cceveveieieiuiuiuiiininininiiininiieieieienenennnen 12
2.3.2. Photosynthetic pigments of microalgal Strains .....ccceeeveiieiieenierieceecncennn 13
2.3.3. CB wastewater subjected to microalgal-based remediation .........ccccceeuenen.. 16
2.3.4. Multiple factor @nalySiS .......ccccoveiiiiiiieseee e 18
2.4, DISCUSSION ...ttt e e nneas 19
2.5, CONCLUSIONS .iiiiiiitiiniintiietentonesssssssssssssssssssssssssssssssssssssssssssssssss 23
2.6. SUPPLEMENTARY MATERIALS ....cciiitiiiiiiiiiniiieiiniiniinecsnisnccnssnnse 25
2.7. REFERENCES ...ttt e e nnee e 29
CAPITULO 3 UV-B IRRADIATION EFFECT ON MICROALGAE
PERFORMANCE IN THE REMEDIATION OF EFFLUENT DERIVED FROM THE
CIGARETTE BUTT CLEANING PROCESS ....cciiiiiiiiiiiiiiiieicitiiiieneninnennn. 34
3.1, INTRODUCTION ..uuiiiiiiiinicnencsnncsssnsssnssssssssssssssssssssssssssssssseesneesneessesaseesnesnns 35
3.2, RESULTS o et e e et e e e nna e e e 37
3.2.1. Photosynthetic pigments in microalgal Strains ........ccceeeveieveiiiieiaininennneess 37
3.2.2. Non-enzymatic antioxidants in microalgal Strains ........cc.ccceeeevieievniienannnes 39
3.2.3. CB wastewater subjected to microalgal-based remediation .........cccceevenennns 41
3.2.4. Multiple factor aNalYSIS ...ceieeeeeieiieiieeieeerinteaseecessnronsessscnsansssosssnsonss 43
3.3, DISCUSSION ..cuiuiiuiiniuiiniuiiniiiiiisatretasetasensasensaiinsnsessasensassnssns 44



3.4. MATERIALS AND METHODS ...t 47

3.4.1. CB collection and Cleaning ProCeSS ceeeeeereareereenrsesessescnssnssssessnssnssssnses 47
3.4.2. Microalgal strains and growth conditions ....c.ceeeeieeieeeiecniiereeceeceensencenn 47
3.4.3. UV-B radiation treatment ...cueeeeieiiniiiiniiiiiniiiiiiiiiiiiiiieeeensennaes 47
3.4.4. Evaluation of microalgal remediation ...ccceceeieeieeneiiiniieeeerienrenceecamnensens 49

3.4.5. Extraction and determination of photosynthetic pigments .......cceeeeeeenene.49

3.4.6. Extraction and determination of total antioxidant capacity, phenolic compounds

F2 10 I P2 1Yo 3 o] [0 SN 49

3.4.7. Analytical determinations ...c.ceeeeereeeieeniiiieeeeenreneeeceeeneensencescnsonneecnsane 49
3.4.8. StatistiCal ANAlYSES .cceeeniierieieeeneitieremienrenteeeeeensensessescnssnsessessnsensensases 50
3.5, REFERENGCES ... .o e 51
CAPITULO 4 CONCLUSAO GERAL E CONSIDERACOES FINAIS ....... 56
4.1, CONCLUSAO GERAL ..ettttiiiiiiiiinteeiirrtteeeeeeeeiinreeeeeeesesesnnnnees 56
4.2. CONSIDERAGCOES FINAIS «.cvvuiirteeriiieertieeereeerrneiieersnneersneeesenenn o7



CAPITULO 1

INTRODUCAO GERAL

Este estudo pertence a um grande projeto denominado FOCUS (Filter Of Cigarettes
re-Used Safely) que consistiu na recuperacao e reciclagem de um dos principais residuos
antropogénicos do mundo: bitucas de cigarro (CB). Em detalhe, os CB foram limpos em &gua
fervente e os filtros de CB foram reciclados em um substrato sem solo para o cultivo de
plantas ornamentais em espacos urbanos. Além desta nova solucdo para reciclar CB, foi
gerado um efluente contaminado durante o processo de limpeza; assim, era necessaria uma

remediacdo urgente do efluente, que foi o principal objetivo deste estudo.

Para desenvolver esta pesquisa, o estudo foi dividido em quatro capitulos da seguinte
forma: 1) uma introducéo geral deste estudo, 2) a primeira parte deste estudo que consistiu
em testar a remediacdo de efluentes de CB usando diferentes microalgas fotossintéticas, 3) a
segunda parte deste estudo que consistiu em alterar um parametro das condicdes de
crescimento (ou seja, inclusdo de radiacdo ultravioleta na fonte de luz) para melhorar a
biorremediagéo de poluentes, e 4) as conclusdes gerais deste estudo e consideracdes finais

para futuras investigagoes .

Tem sido demonstrado que a biorremediacdo utilizando microalgas € um sistema
ecologicamente correto e de baixo custo para o tratamento de efluentes. No entanto, cepas de
microalgas nativas apresentam melhor tolerancia a diversos poluentes do que espécies
comerciais; assim, a primeira parte deste estudo (Capitulo 2) consistiu em avaliar a
capacidade de remediacdo de diferentes cepas de microalgas resilientes a determinados
fatores de estresse ambiental. Além disso, visto que o efluente de CB contém varios poluentes
toxicos que podem ser prejudiciais ao meio ambiente e a vida, nesta primeira parte do estudo
também foi necessario identificar os niveis de toxicidade usando diferentes dilui¢cGes de
efluente de CB para o tratamento a base de microalgas e monitorar o estado fisioldgico das
cepas. Em conjunto, os resultados foram importantes para encontrar as condi¢des ideais para

uma remocao eficaz dos contaminantes.



Mudangas nos parametros operacionais de sistemas baseados em microalgas, como a
luz, podem afetar o metabolismo e o desenvolvimento das microalgas, que por sua vez podem
alterar a capacidade das microalgas de remediar 4guas residuais. Na natureza, as microalgas
sdo geralmente expostas a radiacdo solar ultravioleta B (UV-B), a qual foi demonstrado que
pode alterar a fisiologia e as atividades bioquimicas das microalgas em diferentes graus,
dependendo da espécie e/ou cepa, intensidade de UV e tempo de exposi¢do. Portanto, na
segunda parte deste estudo (Capitulo 3) avaliou-se o uso da radiacdo UV-B artificial como
indutora de atividades antioxidantes em microalgas para amenizar os efeitos negativos dos

poluentes nos efluentes de CB e melhorar a capacidade de remediacéo.



CAPITULO 2

REMEDIATION CAPACITY OF DIFFERENT MICROALGAE IN EFFLUENTS
DERIVED FROM THE CIGARETTE BUTT CLEANING PROCESS

ABSTRACT: Microalgal-based remediation is an ecofriendly and cost-effective system for
wastewater treatment. This study evaluated the capacity of microalgae in the remediation of
wastewater from cleaning process of smoked cigarette butts (CB). At laboratory scale, six
strains (one from the family Scenedesmaceae, two Chlamydomonas debaryana and three
Chlorella sorokiniana) were exposed to different CB wastewater dilutions to identify toxicity
levels reflected in the alteration of microalgal physiological status and to determine the
optimal conditions for an effective removal of contaminants. CB wastewater could impact
on microalgal chlorophyll and carotenoid production in a concentration-dependent manner.
Moreover, the resistance and remediation capacity did not only depend on the microalgal
strain, but also on the chemical characteristics of the organic pollutants. In detail, nicotine
was the most resistant pollutant to removal by the microalgae tested and its low removal
correlated with the inhibition of photosynthetic pigments affecting microalgal growth.
Concerning the optimal conditions for an effective bioremediation, this study demonstrated
that the Chlamydomonas strain named F2 showed the best removal capacity to organic
pollutants at 5% CB wastewater (corresponding to 25 butts L™ or 5 g CB L) maintaining its

growth and photosynthetic pigments at control levels.

Keywords: anthropogenic litter; wastewater; bioremediation; microalgal strains;
photosynthetic pigments.



2.1. INTRODUCTION

Cigarette butts (CB) are the most littered item in the world, which are usually found
spread everywhere from urban areas to even protected areas [1]. CB contain a variety of toxic
compounds accumulated during smoking such as benzene, polycyclic aromatic hydrocarbons,
pyridine and heavy metals, which can leach into the environment and affect all ecosystems
[2]. Moreover, practical operational aspects are lacking at the regulatory level as the current
disposal systems for CB are landfilling and incineration, which are unsustainable and release
hazardous contaminants to the environment [3,4]. Therefore, alternative solutions to tackle
this waste are urgently needed. Recently, Mariotti et al. [5] proposed a novel solution to
recycle filters of CB into a soilless substrate for growing ornamental plants in urban spaces.
However, the CB cleaning process used in Mariotti et al. [5] resulted in a contaminated

wastewater, which must be treated before its reuse or release to the environment.

Algae comprise a large and heterogeneous group of mostly photosynthetic organisms,
which are the primary producers of food chains in the ecosystems and contribute about 40%
of global photosynthesis [6]. Microalgae are single-celled microorganisms that occupy a
dominant position in global ecosystems due to their nutritional simplicity, efficient
dispersivity, and broad ecological amplitude [6]. Moreover, the capacity to use sunlight to
fix carbon via photosynthesis is usually more efficient in microalgae than terrestrial crops,
resulting in a high biomass generation [7]. Consequently, the accumulation of carbohydrates,
oil, sugar, proteins, cellulose, polymers and bioactive compounds in microalgae can be used
as biofuel, feed and to produce bioplastic materials [8]. Moreover, many microalgae species
have the capacity to remove inorganic contaminants including phosphates, nitrates, ammonia,
sulphates, calcium, sodium and heavy metals, as well as to degrade organic pollutants such
as hydrocarbons, pharmaceuticals and even herbicides [9]. Accordingly, microalgae are
considered important tools to improve the environmental impacts of the currently used
wastewater treatment methods, resulting in multiple benefits such as nutrient recovery,
biomass production, and water reutilization or discharge to the environment without adverse

ecological impacts [10].



Therefore, the objective of this study was to assess the removal of pollutants in CB
wastewater by microalgal-based remediation techniques. Since the isolation and selection of
suitable microalgae are essential for efficient wastewater treatment, in the present study six
natural isolates were screened. All microalgal strains were cultivated in different dilutions of
CB wastewater, and their tolerance towards pollutants and the capacity of wastewater
remediation were evaluated. This included the measurement of the production of
photosynthetic pigments to evaluate the effect of pollutants on the physiological activity of
microalgae, and the evaluation of the profile of wastewater pollutants at the end of the
microalgal remediation process. This study will therefore provide the scientific evidence to
treat the wastewater from CB cleaning process by microalgal remediation and reveal the

potential value of some microalgal strains for further studies on a larger scale.

2.2. MATERIALS AND METHODS
2.2.1. CB collection and cleaning process

The CB collection, cleaning process and chemical characterization were as previously
described [5]. Briefly, CB were collected (5 kg approximately) from public collectors in 10
different coffee bars located in the surroundings of the municipality of Capannori (Lucca,
Italy). The cleaning process was performed in quadruplicate by an exhaust boiling of CB
(100 g) in distilled water (1 L) for 10 min. The individual wastewaters were collected for

their further treatment with different microalgae.
2.2.2. Microalgal strains and growth conditions

Six microalgal strains were used in this work (Table 1). Five of these strains were
previously isolated and characterized [11], namely F1 (from the family Scenedesmaceae), F2
and F3 (both related to Chlamydomonas debaryana Goroschankin species), F4 and R1 (both
related to Chlorella sorokiniana Shihira and R.W. Krauss species), and are currently part of
the collection of the Institute of Agricultural Biology and Biotechnology of the Italian
National Research Council located in Pisa. The sixth microalga, strain “LG1”, was isolated

from recycled CB substrate and then characterized as described below.



Table 1. List of microalgal strains.

Strain Isolation Geogra_lphlc Taxonomic affiliation Accession Reference
Source location Number

F1 “Le 43°48'31"N Scenedesmaceae OM311002 [11]
Morette”, 10°48'18"E and
Fucecchio OM310999
Marshland

F2 “Le 43°48'31"N  Chlamydomonadaceae =~ OM311003 [11]
Morette”, 10°48'18"E
Fucecchio
Marshland

F3 “Le 43°48'31"N  Chlamydomonadaceae =~ OM311004 [11]
Morette”, 10°48'18"E
Fucecchio
Marshland

F4 “Le 43°48'31"N Chlorellaceae OM311005 [11]
Morette”, 10°48'18"E and
Fucecchio OM311000
Marshland

R1 Private  43°43'06.6"N Chlorellaceae OM311006 [11]
terrace in  10°25'21.8"E
Pisa,
water
sample

LG1 Recycle  43°42'17.9"N Chlorellaceae ONO065975  This work
cigarette  10°25'34.4"E
butts
substrate

The microalgal strain LG1 was isolated from the surface of a recycled CB filter

substrate used in the preliminary experiments of a previous study [5]. This substrate was

collected in a petri dish and used to make an enrichment with the TAP medium, as described

by Chiellini et al. [9]. Briefly, 1 cm3 of the substrate was cut with a sterile scalpel under

biological flow, and put in a sterile flask with 50 mL sterile TAP medium [12]. After two

weeks’ enrichment, the solution was greenish. The solution was diluted in sterile TAP

medium (1:20 v/v), and a second enrichment was performed for two more weeks. Light

microscope observation (Carl Zeiss Axioskop 20 EL-Einsatz 451487) allowed a dominant

microalgal coccoid morphology to be recognized. Three 100 uL aliquots of the enrichment
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were streaked on TAP agar plates. This process was further repeated until a single
morphology indicating the presence of a single strain was isolated. A single colony was
picked up from the monoclonal microalgal culture in the petri dish, and pre-inoculated in a
liquid TAP medium (50 mL) until a dense pre-culture (200 mL) was obtained. The strain was

named “LG1”. All the microalgal strains were grown and maintained in growth chamber

under controlled temperature (24/22 ° C), and under a 16/08 h day-night cycle with PPFD

of 70 umol photons m? s2.
2.2.3. Characterization of LG1 strain and phylogenetic analysis

One mL of the monoclonal culture of strain LG1 was used for DNA extraction as
described by Chiellini et al. [9]. The 18S rRNA gene was amplified as previously described
[9] using a MultiGene OptiMax Thermal Cycler (Labnet, NJ, USA), and visualized by
electrophoresis on 1% agarose gel; amplicons were purified by ethanol/EDTA/Na-acetate
precipitation and sent to the sequencing service (BMR Genomics, Padova, Italy). The
obtained sequences (forward and reverse) were analyzed and used to obtain a complete 18S
rRNA gene sequence using the free software Chromas
(http://technelysium.com.au/wp/chromas/; accessed on 17 November 2021). The NCBI Blast
tool [13] allowed the determination of the preliminary affiliation of the newly isolated
microalgal strain by comparing the sequence with all the sequences present in the
international databases. A total of 41 sequences were selected for the phylogenetic analysis,
comprehending the sequence of our new strain, and 40 high quality sequences selected in
NCBI database, following the similarity criterion. Among the 40 selected sequences, ten
were chosen as the outgroup, and were taxonomically related to Chlamydomonas spp. and
Dunaliella spp. The 41 sequences were aligned with the BioEdit Software [14]; a Maximum
Likelihood phylogenetic tree was constructed with the MEGAS Software [15]; the robustness
of the inferred trees was evaluated by 500 bootstrap resampling; the parameters chosen for
the phylogeny were: Model/Method = General Time Reversible model; Rates among sites =
Gamma distributed with invariant sites (G + 1); Gaps = Use all sites; ML heuristic method =

Nearest Neighbor Interchange (NNI); Branch swap filter = Strong.
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2.2.4. Evaluation of microalgal strains in remediation

The wastewater was filter-sterilized by a 0.45 um cellulose acetate filter (Sartorius,
Gottingen, Germany), and different wastewater dilutions in TAP medium were tested in
quadruplicates as follows: 0 (herein after Control), 1, 2, 5, 10 and 25% (v/v). In 24-well plates
(1.5 cm diameter, Greiner Bio-one, Kremsmiinster, Austria) 200 uL of microalgae culture
was added to 1800 pL of fresh TAP medium containing a series of wastewater dilutions. The
remediation capacity of each microalgal strain was performed under the same growth

conditions: 24/22 ° C, 16/08 h day-night cycle and 70 umol photons m* s* PPFD. An

additional 24-well plate containing only wastewater dilutions in TAP medium (2000 pL) was
included to evaluate the effect of growth conditions on the wastewater chemical composition,
herein termed untreated wastewater (UWW). After 7 days, the cultures in each well were
centrifuged at 3000x g for 10 min, and the supernatant and the microalgae pellet were

collected separately for further analysis.
2.2.5. Analytical determinations

Supernatants were dried under vacuum and diluted with acetone and heptane 50%
(v/v). Analytes in the wastewater samples were determined by high-resolution GC-MS
analysis, using a Saturn 2200 quadrupole ion trap mass spectrometer coupled to a CP-3800
gas chromatograph (Varian Analytical Instruments, Walnut Creek, CA, USA) equipped with
a MEGA-SE54 HT capillary column (10 m; 0.15 mm i.d., 0.10 um film thickness, MEGA
s.n.c., Milan, Italy), as reported by Mariotti et al. [5]. Briefly, the carrier gas was dried and
air free helium with a linear speed of 60 cm s, the oven temperature was maintained at 60 °C
for 2 min and increased to 350 °C at a rate of 10 °C min, and the full-scan mass spectra was
obtained in EI" mode with an emission current of 10 pA and an axial modulation of 4 V. Data
acquisition was from 10 to 550 Da at a speed of 1.4 scan s. The identification of
chromatogram peaks was conducted by comparing their mass spectra with the NIST library
database. Quantification was performed using the relative abundance of the chromatogram

peaks (instrument detection limit < 400 counts).
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2.2.6. Photosynthetic pigments of microalgal strains

In order to assess the health status of microalgal strains, photosynthetic pigments
were determined in four biological replicates. Photosynthetic pigments, including
chlorophyll a (Chla), chlorophyll b (Chlb) and total carotenoids (Car), were extracted from

microalgae pellets and analyzed as previously reported [16].
2.2.7. Statistical analyses

Values presented are the means of four replicates. The Tukey’s test was used to
determine the significant differences among means (p < 0.05), in which the statistical analysis
was performed by STATISTICA for Windows version 14.0 (Stat-Soft, Inc., Tulsa, OK, USA)

using a one-way analysis of variance.

To identify the relationships among the remediation capacity of microalgal strains at
different concentrations of CB wastewater, based on physiological and analytical data,
multiple factor analysis (MFA) was carried out [17]. The MFA was performed with the R
software [18], using the packages “FactoMineR” and “factoextra” for the analysis and data
visualization, respectively. The final plot in the picture was obtained in R software with the
packages “ggpubr”, “ggsci” and “patchwork”. Data were normalized with Z-score

calculation.

2.3. RESULTS
2.3.1. Identification of the LG1 strain

According to the phylogenetic analysis, the LG1 strain was taxonomically related to

the Chlorella sorokiniana species (Figure 1).
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ABO080307.1 Chlorella sorokiniana
X62441.2 Chlorella sorokiniana strain SAG 211-8k
GQ122327.1 Chlorella sorokiniana isolate BE1
MT827191.1 Chlorella sorokiniana strain ACSSI 333
MT827200.1 Chlorella sorokiniana strain ACSSI 288
MT827201.1 Chlorella sorokiniana strain ACSSI 289
AB731601.1 Chlorella sorokiniana, culture_collection: NIES:2173
AB731602.1 Chlorella sorokiniana, culture_collection: NIES:2173
MZ374011.1 Chlorella sorokiniana isolate YSD-2
MZ736631.1 Chlorella sorokiniana strain ACSSI 364
MZ736632.1 Chlorella sorokiniana strain ACSSI 367
MZ736633.1 Chlorella sorokiniana strain ACSSI 366
. ‘ MZ736634.1 Chlorella sorokiniana strain ACSSI 365
® 30 |KF773743.1 Chlorella sp. GC
KU948990.1 Chlorella sorokiniana isolate 19-4
LC505550.1 Chlorella sorokiniana NKH18
FM205834.1 Chlorella sorokiniana strain SAG 211-8k
KP726221.1 Chlorella sorokiniana strain KLL-G018
@ - 18S_LGI
: — MK235183.1 Micractinium sp. ACSSI 198
63  MT780113.1 Micractinium sp. ACSSI 287
99 [|[MH683919.1 Chlorella sp. YACCYB497
MF101221.1 Chlorella sorokiniana strain NON001
KF444207.1 Chlorella sorokiniana strain KU-1019
60 | 1.K021940.1 Chlorella sorokiniana, strain UTEX 2714
JX097056.1 Chlorella sp. ZJU0204
EU402596.1 Chlorella sorokiniana strain GXNN 01
" KP726220.1 Chlorella sorokiniana strain KLL-G018 clone ¢
KP771817.1 Chlorella sorokiniana
KJ149805.1 Chlorella sorokiniana
MW?774338.1 Chlorella sorokiniana strain KNUAO071
DQO009772.1 Dunaliella tertiolecta strain CCMP 364
99 DQO009771.1 Dunaliella tertiolecta strain CCMP 1302
DQO009773.1 Dunaliella tertiolecta strain UTEX LB 999
KP717761.1 Dunaliella tertiolecta strain ABT171
L KT860851.1 Dunaliella tertiolecta strain RCC6
MF678003.1 Chlamydomonas debaryana strain SAG 6.79
MF678002.1 Chlamydomonas debaryana strain CCAP 11/130
99 |MF678000.1 Chlamydomonas debaryana strain SAG 11-55b
MF677998.1 Chlamydomonas debaryana strain SAG 22.79
MF677997.1 Chlamydomonas debaryana strain SAG 26.72

—
0.01

Figure 1. Phylogenetic tree reconstruction obtained with the Maximum Likelihood method
on a total of 41 high quality sequences selected from the most similar to the sequences

obtained for the LG1 strain. Inset: optical microscope image of LG1 cells (scale bar: 5 pm).

2.3.2. Photosynthetic pigments of microalgal strains

All microalgal strains showed a steep increase of chlorophyll a (Chla), chlorophyll b
(Chlb), total chlorophyll (Chltar) and carotenoids (Car) from the beginning of the experiment
(TO) to 7 d under control conditions (TAP medium without CB wastewater) (Figures 2A-D).
Chla in F1 gradually increased with the wastewater concentration reaching the highest level

with 5% wastewater; however, a significant and subsequent sharp decline was observed when
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the wastewater increased to 10 and 25%, respectively (Figure 2A). F3, F4 and R1 showed a
gradual decrease of Chla when the wastewater concentration increased to 10%, followed by
an abrupt drop with 25% wastewater (Figure 2A). Differently, F2 and LG1 generally
maintained Chla at control levels when the wastewater concentration increased to 5%,
followed by a decrease with 10 and 25% wastewater similar to the pattern of Chla in F1
(Figure 2A). In general, Chlb and Chlwtar in F1, F3 and R1 showed similar patterns to that of
Chla (Figures 2A-C). F2 and F4 showed a steep decline in Chlb with the increase of
wastewater concentration, whereas the negative effect of wastewater on Chlb in LG1 was
observed when exposed to more than 2% wastewater (Figure 2B). Chliota in F2 generally
exhibited similar dynamics to Chla when contamination increased in the medium (Figures
2A,C), while Chlita in F4 and LG1 showed similar trend to Chlb with the increase of
wastewater concentration (Figures 2B,C). F1, F2 and LG1 maintained their stable levels of
Car when the wastewater concentration increased to 5%, followed by a significant and
subsequent sharp decline when contamination increased in the medium with the exception of
LG1, which showed significant differences only at 25% wastewater with respect to the
control (Figure 2D). Car in F3 showed similar patterns to that of Chlita (Figures 2C,D). F4
showed a transient increase in Car when the wastewater increased to 2%, followed by a
gradual and significant decrease with a higher wastewater concentration (Figure 2D).
Differently, Car in R1 started to show a progressive decline when CB wastewater was

increased beyond 5% (Figure 2D).
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Figure 2. Effect of wastewater from cigarette butts (CB) cleaning process on photosynthetic
pigments of six microalgal strains. (A) Chlorophyll a (Chla), (B) chlorophyll b (Chlb), (C)
total chlorophyll (Chlwtal), and (D) carotenoids (Car) were determined in each microalgal
strain (F1, F2, F3, F4, R1 and LG1) at the beginning of the experiment (TO) and 7 days after
treatment. Microalgal treatment included exposure to growth medium without CB
wastewater (Control) or containing different CB wastewater dilutions (1, 2, 5, 10 and 25%).
Different letters represent significant differences (p < 0.05) between treatments within the

same strain. Data are expressed as means of 4 different replicates + standard error (SE).
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2.3.3. CB wastewater subjected to microalgal-based remediation

In general, all microalgal strains showed good ability to remediate CB wastewater
and nicotine [pyridine, 3-(1-methyl-2-pyrrolidinyl)] was the most difficult compound to
remediate among pollutants (Figure 3). In 5% wastewater, F2 showed the best capacity for
removing pollutants compared with other strains (-69% with respect to UWW) followed by
F3, F4, LG1 and F1 (-52%), and R1 (-42%) (Figure 3A). In contrast, no significant
differences between the strains were observed when the wastewater concentration increased
to 10 and 25% (Figure 3B,C). Thus, strains in 10% wastewater could remove on average 47%
of pollutants with respect to UWW (Figure 3B), while those in 25% wastewater removed

44% of pollutants (Figure 3C).
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Figure 3. Chemical composition of the wastewater from the cigarette butts (CB) cleaning
process subjected to microalgal-based remediation. Six microalgal strains (F1, F2, F3, F4,
R1and LG1) were exposed to different CB wastewater dilutions: (A) 5, (B) 10, and (C) 25%.
The remediation capacity of each strain was evaluated after 7 days. UWW represents the
respective CB wastewater dilution without microalgae under the same growth conditions for
7 days, for more details see Material and Methods. The total abundance of chemical
compounds in UWW was expressed as 100%. The abundance of remaining compounds in
wastewater after microalgal-based remediation was obtained by its comparison with UWW.
Different letters represent significant differences (p < 0.05) between the total abundance of
chemical compounds in UWW and microalgal treated wastewater. Data are means of 4

different replicates.
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2.3.4. Multiple factor analysis

The multiple factor analysis (MFA,; Figure 4) revealed for each microalgal strain a
distinct separation in three groups in relation to the CB wastewater concentration.
Accordingly, the four replicates exposed to the same CB concentration group together
(Figure 4A). According to the quantitative variables (Figure 4B), strains F1, F3, F4 and LG1
exposed to 25% CB concentration, as well as F1 at 10% CB, were those showing the
highest % of nicotine and the lowest amount of photosynthetic pigments. On the other side,
strains F2 (5 and 10% CB), F1 (5% CB) and R1 (10% CB) were the strains showing the
lowest nicotine concentration in the wastewater, as well as the highest amount of
photosynthetic pigment content. An opposite behavior could be observed concerning other
contaminants that were not nicotine (Figure 4B). In this case, the MFA highlighted that the
highest values (i.e., the lowest removal ability) were characterizing strains R1 and F2 (5%
and 10% CB), and F1 (5% CB). On the contrary, strains F3 (all CB concentrations), F1 (10%
CB) and LG1 (25% CB) seemed to remove the highest amount of other contaminants from
the wastewater. According to the qualitative variables categories (Figure 4C), the six strains
were separated in two groups along the y axis; one group was comprised of strains F1, F2
and R1, and the other group strains F3, F4 and LG1. These two groups were related,
respectively, to the content of “other” contaminants and to the content of nicotine in the

wastewater.
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Figure 4. Multiple factor analysis (MFA) of physiological and analytical data in microalgal-
based remediation of wastewater from cigarette butts (CB) cleaning process. (A) Score plot
describing the strains and groups of variables in relation to the CB wastewater concentration
including each replicate. Representation of (B) groups of quantitative variables, and (C)
categories of qualitative variables. T005: 5% CB wastewater dilution; T010: 10% CB
wastewater dilution; T025: 25% CB wastewater dilution; a, b, ¢ and d: indicate the replicates;

Other: pollutants in CB wastewater different than nicotine.

2.4. DISCUSSION

Previous studies found a direct relationship between algal growth and Chla content
[19-21]. In fact, the cell size was not affected (Figure S1) and the biomass showed similar
trend to Chla (Figure S2,2A) at the end of the experiment, confirming the aforementioned
relationship. Therefore, the results of Chla indicate that microalgae growth was generally

affected with a CB concentration of more than 2%. In detail, the cell growth of F3, F4 and
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R1 were inhibited at CB concentration > 5%, while that of F1, F2 and LG1 at CB > 10%,
suggesting that the latter had a better ability to resist or tolerate the toxicity of CB wastewater
pollutants. Among pollutants, benzonitrile (UWW abundance: 5.2%); 1,2,3-propanetriol,
diacetate (UWW abundance: 4.0%); and the silicon (Si)-based compounds such as silane,
methoxytripropyl (UWW abundance: 6.8%) and silane, trimethyl [(1-propylpentyl)oxy]
(UWW abundance: 26.7%) were completely or almost completely removed after microalgal-
based treatment. Benzonitrile is an ingredient used in photosynthesis-inhibiting herbicides,
which have differential effects depending on the species [22,23]. Recently, a study on the
biodegradation of organonitriles reported that benzonitrile can be degraded in benzoic acid
and ammonia by nitrilase in microbial systems [24]. Nitrilases were considered absent in
algae; however, Lauritano et al. [25] identified for the first time a putative nitrilase in the
green microalgae Tetraselmis suecica under nutrient-starvation conditions. Moreover, a
recent study identified benzoic acid as a new phytohormone improving the growth of
Chlorella regularis [26]. Thus, a possible enzymatic degradation of benzonitrile was not
excluded in our study and the produced ammonia may be assimilated by microalgae [27].
1,2,3-propanetriol, diacetate is a diglyceride commonly known as diacetin used as a food
additive and as a valuable additive to diesel fuel when mixed with other acetins [28]. It is
known that soil microorganisms induce lipase-esterase activity for the biodegradation of
carboxyl esters [29]. Moreover, some microalgal lipases have been isolated for industrial
applications [30] and the transcription of many lipases was induced under abiotic stress (e.g.,
nutrient starvation) in Chlamydomonas [31]. Thus, the complete removal of 1,2,3-
propanetriol, diacetate in our system may be through the action of induced microalgal lipases
producing glycerol, which in turn may stimulate microalgal growth [32] and assist the
degradation of other organic pollutants in CB wastewater such as hydrocarbons [33].
Similarly, Si-based compounds can contribute to the alleviation of numerous environmental
constraints in plants by inducing or reinforcing the regulation of secondary metabolites
[34,35] and their effective activities are dependent on their chemical and physical
characteristics [36,37]. Interestingly, Jeffryes et al. [38] developed a system in which the
controlled delivery of Si to the culture of diatom Cyclotella spp. enhanced lipid and biomass
production. Similar to diatoms, the growth of Cladophora glomerata was induced by Si as a

required component of the cell walls as in other algae such as Pediastrum and Scenedesmus
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spp. [39]. Recently, Van Hoecke et al. [40] demonstrated that Si-based nanoparticles were
adhered to the outer cell surface of microalga Pseudokirchneriella subcapitata without
evidence of particle uptake, concluding that the Si toxicity at high concentration might occur
through surface interaction. Hence, it is possible that organosilane compounds in CB
wastewater were adsorbed to the microalgal cell wall with some limitations depending on the

concentration, chemical group and microalgal strain.

The removal efficiency of CB pollutants named as “others” (UWW abundance: 5.2%)
varied among microalgal strains and these compounds included hydrocarbons and additives
such as plasticizers. It has been demonstrated that the microalgae Scenedesmus obliquus,
Chlorella vulgaris and Chlamydomonas reinhardtii could degrade hydrocarbons and the
removal capacity varied with the concentration and chemical characteristic of hydrocarbons
[41-43]. Another study found that photosynthetic pigments in the terrestrial alga Prasiola
crispa decreased with increasing fuel concentration due to the hydrocarbon lipophilic affinity
to the cellular membrane causing chloroplast and/or thylakoid membrane disruption [44].
Concerning plasticizers (e.g., phthalate esters) and their effect on microalgae, Duan et al. [45]
demonstrated that environmentally relevant concentrations of dibutyl phthalate stimulated
the growth and lipid accumulation in Chlorella vulgaris, while higher concentrations
damaged cell membranes. Interestingly, another strain of the same species showed a decrease
in Chla, growth inhibition and changes in the biosynthesis of relevant proteins at low
concentrations [46]. Similarly, the photosynthetic pigments of Scenedesmus spp. were
reduced under the exposure of dibutyl phthalate at environmentally relevant concentrations
affecting microalgal growth and photosynthetic process, while at higher concentrations
extracellular soluble proteins were induced acting as osmoregulatory substances [47].
Moreover, the toxicity of plasticizers also depends on their chemical characteristics. For
instance, dibutyl phthalate was more toxic than diethyl phthalate in three marine microalgae
based on algal growth and Chla content, and the biodegradation was inhibited when these
pollutants were mixed [48]. Intriguingly, in our study, all microalgal strains could better
remove hydrocarbons and additives at the highest concentration of CB wastewater,
highlighting their potential application to remediate oil disaster and toxic plastic-bonded

polluted sites. However, more studies are needed to understand how these microalgae
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degrade or exclude these pollutants from their cells after the uptake, and what kind of defense

mechanisms are induced at high CB wastewater concentration.

Nicotine [pyridine, 3-(1-methyl-2-pyrrolidinyl)] is the main tobacco alkaloid and, as
expected, it was the most abundant (49.4%) pollutant in CB wastewater. Nicotyrine [pyridine,
3-(1-methyl-1H-pyrrol-2-yl)] is one of the minor alkaloids in tobacco, it can be produced
when tobacco is pyrolized [49] and some bacteria can metabolize nicotine into nicotyrine
[50]. Both alkaloids represented 52.1% of the total pollutants in CB wastewater and they
were generally difficult to remove by microalgae. A recent review highlighted that since 2006,
a total of 36 investigations have been performed studying the impacts of CB on aquatic and
terrestrial life and lethal impacts seem to be most pronounced in aquatic systems [2]. For
instance, leachates from smoked CB over 5 years decomposition inhibited the growth of the
freshwater microalga Raphidocelis subcapitata in a bimodal mode, where this inhibition was
related to high nicotine concentration at early CB decomposition stage (~30 days
postsmoking) and to microplastic release at late stage (5 years) as nicotine concentration
declined [51]. Another study using the same species showed that microalgal growth was
induced with smoked CB leachates in a concentration-dependent manner from 10% to 75%
CB, while at 100% CB (corresponding to 20 butts L) the growth was inhibited but still
higher than control conditions [52]. Studies with marine microorganims showed that CB
leachates inhibited the growth of microalga Dunaliella tertiolecta in a concentration-
dependent manner [52], as well as the Chl concentration of microphytobenthos even at
marginal CB concentration (1 butt L) due to the toxic compounds accumulated in the butt
after smoking and the release of microplastics [53]. In our study, CB wastewater
concentrations ranged from 1 to 25% (corresponding to 5 to 125 butts L) and MFA showed
that the reduction in Chla, Chlb and Chlota in the microalgal strains increased with the low
ability to remove nicotine, suggesting that this alkaloid may have the most detrimental effects
on these pigments. In fact, chlorophyll biosynthesis in microalgae was inhibited depending
on the concentration of nicotine [54-56]. In photosynthetic organisms, such as the studied
microalgal strains, the light-harvesting pigments (Chla and Chlb) effectively capture and
transport light energy to the photosynthetic reaction center, while Car absorb the excess of

energy protecting the chloroplast from Chl-sensitized photooxidation [57]. Thus, any
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changes in these pigments can result in energy deficiency to support the growth of microalgae.
Similar to Chl, the results of MFA also showed that Car were inhibited in microalgal strains
with low ability to remove nicotine. Concordantly, previous studies demonstrated the
inhibitory effects of nicotine on Car content, particularly affecting the cyclization of lycopene
depending on the nicotine concentration [54,55,58]. Besides nicotine, nicotyrine was also
detected in the CB leachates causing the deactivation of nicotine catabolic enzymes in soil
microbes [59]. Thus, itis likely that nicotyrine may prevent nicotine catabolism in microalgae

and this effect may be pronounced with increasing CB concentration.

Overall, this study highlighted the importance of microalgal strain selection for
wastewater remediation, and showed that the strains isolated from similar polluted conditions
may necessarily have the best performance, as occurred with LG1, which could not remove
efficiently CB-contained alkaloids, and its physiological traits were affected at > 5% CB
similar to the nicotine-resistant mutant of Chlorella emersonii [56]. Moreover, microalgal
resistance and remediation capacity also depended on the chemical characteristics of
pollutants. Here, nicotine was the most resistant pollutant to removal by the microalgae tested
and its low removal correlated with the inhibition of photosynthetic pigments affecting
microalgal growth. Concerning the optimal conditions for an effective removal of
contaminants, our results supported the high performance of Chlamydomonas strain F2 to
remove organic pollutants at 5% CB wastewater (corresponding to 25 butts L™ or 5g CB L
1Y removing 69% of pollutants and maintaining its growth (based on Chla) and pigments at
control levels (Table S1). Further studies are needed to understand the mechanism pathways

involved in the removal of pollutants, especially alkaloids.

2.5. CONCLUSIONS

A novel solution to recycle filters of cigarette butts (CB) into soilless substrate has
previously been proposed, where the CB cleaning process resulted in a contaminated
wastewater [7]. In this study, the removal of organic pollutants in CB wastewater by
microalgal-based remediation techniques was assessed for the first time, and the data
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provided a promising approach for wastewater bioremediation, revealing the potential value
of the tested microalgal strains for further studies on a larger scale.
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2.6. SUPPLEMENTARY MATERIALS

7 days culture

Control 5% CB 25% CB

Fl1

F2

F3

F4

R1

LGI

Figure S1. Optical microscope images of microalgal cells. Strains F1, F2, F3, F4, R1, and

LG1 were exposed to different cigarette butt (CB) wastewater dilutions: 0 (Control), 5, and
25%. The remediation capacity of each strain was evaluated after 7 days, when images were
collected. Scale bar: 5 um.
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Figure S2. Effect of wastewater from cigarette butts (CB) cleaning process on the biomass

Dry weight (mg)

of six microalgal strains. The dry weight (mg) was determined in each microalgal strain (F1,
F2, F3, F4, R1 and LG1) at 7 days after treatment. Microalgal treatment included exposure
to growth medium without CB wastewater (Control) or containing different CB wastewater
dilutions (5 and 25%). Different letters represent significant differences (p < 0.05) between
treatments within the same strain. Data are expressed as means of 4 different replicates +

standard error (SE).
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Table S1. Summary of the capacity of each microalgal strain in the removal of contaminants

from cigarette butt (CB) wastewater.

123 Silane, | Pyridine, | Pyridine,
o Silane, | trimethy 3-(1- 3-(1-
propan
Benzo _ methox | [|[(1- methyl- | methyl-
o etriol, ) Others | Total
nitrile | ytriprop | propylp 2- 1H-
diacetat -
yl entyl)ox | pyrrolidi | pyrrol-2-
e
yl nyl) yh]
Abundance (%)
in untreated CB 5.2 4.0 6.8 26.7 49.4 2.7 5.2 100
wastewater
Abundance (%) of remaining compounds in 5% CB wastewater
(corresponding to 25 butts L or 5 g CB L) after microalgal-based remediation
Silane, | Pyridine, | Pyridine,
1,2,3- ] _ Y Y
Silane, | trimethy 3-(1- 3-(1-
propan
Benzo ) methox | I [(1- methyl- | methyl-
o etriol, ) Others | Total
nitrile | ytriprop | propylp 2- 1H-
diacetat o
yl entyl)ox | pyrrolidi | pyrrol-2-
e
y] nyl) yh]
F1 0 0 0 0 43.2 3.2 4.4 50.8
F2 0 0 0 0 25.5 1.7 3.3 30.5
F3 0 0 0 0 42.4 2.8 1.3 46.5
F4 0 0 0 0 43.1 2.8 1.3 47.2
R1 0 0 0 0 47.9 3.1 6.7 57.7
LG1 0 0 0 0 43.4 3.3 0.9 47.6

Abundance (%) of remaining compounds in 10% CB wastewater

(corresponding to 50 butts L or 10 g CB L) subjected to microalgal-based remediation

Benzo

nitrile

1,2,3-

propan

Silane,

methox

Silane,

trimethy

Pyridine,
3-(1-

Pyridine,
3-(1-

Others

Total
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etriol, | ytriprop | | [(1- methyl- | methyl-
diacetat yl propylp 2- 1H-
e entyl)ox | pyrrolidi | pyrrol-2-
yl nyl) yh]
F1 0 0 0 0 53.3 2.5 0.2 56.0
F2 0 0 0 0.8 37.6 1.2 4.9 44.5
F3 0 0 0 0 53.3 2.6 0.3 56.2
F4 0 0 0 0 46.4 1.9 3.8 52.1
R1 0 0 0 0 475 2.0 4.7 54.2
LG1 0 0 0 0 54.1 2.4 0 56.5

Abundance (%) of remaining compounds in 25% CB wastewater

(corresponding to 125 butts L or 25 g CB L) subjected to microalgal-based remediation

123 Silane, | Pyridine, | Pyridine,
o Silane, | trimethy 3-(1- 3-(1-
propan
Benzo ) methox | I[(1- methyl- | methyl-
o etriol, ) Others | Total
nitrile | ytriprop | propylp 2- 1H-
diacetat o
yl entyl)ox | pyrrolidi | pyrrol-2-
e
y] nyl) yh]
F1 0 0 0 0 52.2 2.2 0.8 55.2
F2 0 0 0 0 52.5 2.2 2.1 56.8
F3 0 0 0 0 51.8 2.2 1.0 55.0
F4 0 0 0 0 52.1 2.2 0.8 55.1
R1 0 0 0 2.3 52.2 2.2 0 56.7
LG1 0 0 0 2.7 52.0 2.2 1.3 58.2
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CAPITULO 3

UV-B IRRADIATION EFFECT ON MICROALGAE PERFORMANCE IN THE
REMEDIATION OF EFFLUENT DERIVED FROM THE CIGARETTE BUTT
CLEANING PROCESS

ABSTRACT: In this study, the potentials of ultraviolet B (UV-B) radiation to alleviate
effects of pollutants in cigarette butt wastewater (CBW) were investigated using different
Chlorella sorokiniana strains (F4, R1 and LG1). Microalgae were treated with UV-B (1.7
Wm2) for 3-days prior to receiving CBW and then incubated for 4-days in absence or
maintaining UV-B. UV-B-untreated microalgae were used as control. Comparative
physiological responses, including photosynthetic pigments and non-enzymatic antioxidants,
as well as nicotine and nicotyrine removal were evaluated at 7-days culture. UV-B treatments
did not negatively impact on algal chlorophyll and carotenoids production. UV-B acclimation
was strain-dependent, correlating with native environment adaptions and genetic
constitutions. UV-B as pretreatment had long-term positive effects on non-enzymatic
antioxidant capacity. However, LG1 needed more time to readjust pro-oxidants/antioxidants
balance as it was the most UV-B sensitive. Phenolic compounds played an important role in
the antioxidant system to UV-B, while flavonoids did not contribute to the total antioxidant
capacity. Although a cross-resistance between UV-B and CBW was observed in F4 and R1,
only R1 showed nicotine/nicotyrine catabolism induction due to UV-B. Overall, the results
suggest that UV-B activates defense pathways associated with the resistance or tolerance to

nicotine and nicotyrine.

Keywords: Chlorella sorokiniana; flavonoids; phenolic compounds; photosynthetic

pigments; non-enzymatic antioxidants; nicotine; nicotyrine; ultraviolet light.
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3.1. INTRODUCTION

Cigarette butts (CB) are the main type of massive waste, which can be found in urban
zones, oceans, forests and even protected areas due to their improper littering [1]. When it
occurs, several toxic compounds (e.g., heavy metals, polycyclic aromatic hydrocarbons, N-
nitrosamines, aromatic amines, benzene and nicotine) are leached into the environment,
affecting terrestrial and aquatic organisms in different degrees ranging from alterations in
behaviour to physiological/developmental abnormalities and death [2-6]. Surprisingly,
although their toxicity, CB are considered as “Municipal waste including separately collected
fraction/Separately collected fraction/Other fractions not otherwise specified” at regulatory
level [7]. Moreover, conventional disposal systems for CB (e.g., landfilling and incineration)
are unsustainable and release hazardous contaminants to the environment; thus, an effective
management solution for this waste is essential to significantly reduce environmental

repercussion [8].

On the basis of the circular economy and sustainable development, previous studies
proposed a novel solution to recycle filters of smoked cigarettes into soilless substrate, where
CB were firstly cleaned-up and then the wastewater treated with microalgae [9,10]. In fact,
the remediation of wastewater using microalgae has been employed to remove a variety of
pollutants including organic and inorganic compounds, which can be effectively converted
into valuable products such as biomass, following the principle of “waste-to-wealth” [11].
However, there are several challenges to overcome in order to maximize the advantages of
this technology. For instance, changes in cultivation parameters, such as light, can affect
microalgal growth, which in turn influences the capacity of removal contaminants in
wastewater. In fact, light is the primary source of energy for the growth and the development

of photosynthetic organisms, including microalgae.

Ultraviolet (UV) radiation represents a small fraction of the sunlight spectrum and
only wavelengths greater than 290 nm (UV-B and UV-A) reach the Earth surface due to the
stratospheric ozone layer [12]. UV-B effects on living organisms have received increasing
scientific attention over the past three decades because of the detection of ozone layer

depletion and the concomitant increment of harmful UV-B [13,14]. In plants, UV-B drives a
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mix of damaging and acclimation responses by inducing UV-B specific and/or -nonspecific
signaling pathways [15-17]. Besides terrestrial impacts, UV-B can also penetrate the water
column to a considerable depth reaching freshwater and marine organisms [18]. In algae,
UV-B can alter their physiological and biochemical activities in different extents depending
on algal species, UV-B intensity and exposition time [19]. Recently, the UV-B photoreceptor
UVRS8 (UV RESISTANCE LOCUS 8), which has been firstly characterized in Arabidopsis
thaliana, was identified in green algae, bryophytes, lycophytes, and angiosperms [20-22].
Moreover, Zhang et al. [23] identified orthologous genes of the core UVR8 signalling module
in green algae, indicating that the mechanism of action is well-conserved with a chlorophytic
origin. At biotechnological level, the use of UV-B, as well as other abiotic stresses, has been
strategically applied as a tool in the microalgal machinery of biorefinery in order to enhance
the biosynthesis of high value products, such as antioxidants, pigments (carotenoids) and
lipids (omega-3 polyunsaturated fatty acids) [24]. However, exploring the use of UV-B as a
possible stimulator of antioxidant activities in microalgae to counter-act wastewater

pollutants has not yet been investigated.

It was found in a previous study that nicotine and nicotyrine were difficult to remove
by microalgae during CB wastewater treatment, especially at high concentrations (25% CB)
[10], implying that more efficient approaches are needed to totally remove these pollutants.
Therefore, in this study, it was evaluated the antioxidant responses of Chlorella sorokiniana
(as this species showed the highest biomass production under 25% CB condition [10]) to
short acute UV-B irradiation and remediation capacity to nicotine and nicotyrine contained
in CB wastewater. It was tested the hypothesis that UV-B should induce the antioxidant
activity in some microalgal strains that in turn should contribute to counteract the oxidative
stress triggered by toxic agents in the wastewater during the bioremediation. To this end,
cultures of three C. sorokiniana strains isolated from native conditions named F4, R1 and
LG1 [10,25] were exposed to UV-B before CB wastewater treatment, as a sequential
experiment, or before and during CB wastewater, as a parallel experiment. Thus, the aim of
this work was to compare the physiological responses, including photosynthetic pigments
and non-enzymatic antioxidant activities, as well as removal of nicotine and nicotyrine by

the C. sorokiniana strains in both sequential and parallel experiments in order to evaluate the
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hypothesis. Here, it was presented the first study that reports the use of UV-B as a tool to
strength antioxidant responses in microalgae in order to remediate nicotine and nicotyrine

contained in CB wastewater.

3.2.  RESULTS
3.2.1. Photosynthetic pigments in microalgal strains

UV-B radiation generally increased the content of photosynthetic pigments in
microalgae subjected to CB wastewater treatment with some differences between UV-B
exposition periods depending on the strain (Figures 1A-C). In detail, chlorophyll a (Chla)
and chlorophyll b (Chlb) in F4 did not show significant differences between 3 and 7 d UV-
B exposed cells, while in R1 were significantly higher when cells were exposed to 7 d UV-
B (Figures 1A-B). Concerning carotenoids (Car), F4 and R1 showed significantly higher
content in cells exposed to 7 d UV-B than in those exposed to 3 d UV-B (Figure 1C).
Differently, in LG1 the induction of photosynthetic pigments due to UV-B radiation was only
observed when cells were exposed to 7 d UV-B, while no significant differences were
detected between No UV-B and 3 d UV-B treated cells (Figures 1A-C). Concerning the ratio
between Chla and Chlb (Chla/b), LG1 subjected to CB wastewater treatment did not show
significant differences between No UV-B and UV-B treated cells (Figure 1D). Differently,
Chla/b in F4 and R1 did not show significant differences between No UV-B and 7 d UV-B
treated cells, while a significant increase was observed when cells were exposed to 3 d UV-
B (Figure 1D).
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Figure 1. Effect of UV-B on the photosynthetic pigments in microalgae subjected to cigarette
butts (CB) derived wastewater treatment. (A) Chlorophyll a (Chla), (B) chlorophyll b (Chlb),
(C) carotenoids (Car), and (D) the ratio Chla to Chlb (Chla/b) were determined in each
microalgal strain (F4, R1 and LG1) at 7-days culture. Microalgae were exposed to wastewater
and sequential (3 d UV-B) or parallel (7 d UV-B) UV-B treatments. UV-B exposure level
was set at 1.7 W m™2 supplemented with 70 umol m™* s photosynthetically active radiation
(PAR) for 20 min each day. Control microalgal group only received PAR (No UV-B). For
more details see Section Materials and Methods. Different letters represent significant
differences (P<0.05) between UV-B treatments within the same strain. Data are expressed as

means of 4 different replicates + standard error (SE).
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3.2.2. Non-enzymatic antioxidants in microalgal strains

In general, the total antioxidant capacity (TAC) in all strains subjected to CB
wastewater treatment was induced by UV-B radiation with some differences between UV-B
exposition periods depending on the strain (Figure 2A). TAC in F4 did not show significant
differences between 3 and 7 d UV-B treatments, while in R1 was significantly increased with
the UV-B exposition and in LG1 was significantly reduced (Figure 2A). The phenolic
compounds in F4 and R1 were induced by UV-B without differences between exposure
periods (Figure 2B). However, LG1 only showed a significant increase of phenolic
compounds when cells were exposed to 7 d UV-B, while no significant differences were
detected between No UV-B and 3 d UV-B treated cells (Figure 2B). Concerning flavonoids,
F4 showed an increase with UV-B without significant differences between exposition period,
while R1 did not show significant differences between No UV-B and UV-B treated cells
(Figure 2C). Differently, flavonoids in LG1 did not show significant differences between No
UV-B and 7 d UV-B treated cells, while a significant decrease was observed when cells were
exposed to 3 d UV-B (Figure 2C).
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Figure 2. Effect of UV-B on the non-enzymatic antioxidants in microalgae subjected to
cigarette butts (CB) derived wastewater treatment. (A) Total antioxidant capacity (TAC), (B)
phenolic compounds, and (C) flavonoids were determined in each microalgal strain (F4, R1
and LG1) at 7-days culture. Microalgae were exposed to wastewater and sequential (3 d UV-
B) or parallel (7 d UV-B) UV-B treatments. UV-B exposure level was set at 1.7 W m™
supplemented with 70 pmol m™ s photosynthetically active radiation (PAR) for 20 min each
day. Control microalgal group only received PAR (No UV-B). For more details see Section
Materials and Methods. Different letters represent significant differences (P<0.05) between
UV-B treatments within the same strain. Data are expressed as means of 4 different replicates
+ standard error (SE).
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3.2.3. CB wastewater subjected to microalgal-based remediation

This study confirmed that nicotine and nicotyrine were the most difficult organic
compounds to remove by microalgae when exposed to 25% CB wastewater, as previously
reported [10]. Nicotine abundance in the wastewater after microalgal-based remediation was
in average approximately 65% when strains grown in the absence of UV-B (No UV-B).
However, the remediation capacity was significantly affected by UV-B in the strains R1 and
LG1 with no effects in F4 (Figure 3A). In R1, UV-B increased the remediation capacity and
approximately 47% of nicotine was detected in the wastewater without significant
differences between 3 and 7 d UV-B (Figure 3A). On the other hand, the removal capacity
of nicotine in LG1 was compromised with increasing UV-B exposition (Figure 3A).
Concerning nicotyrine, no UV-B effect was observed in the remediation capacity of LG1 as
nicotyrine levels in the wastewater did not show significant differences between No UV-B
and UV-B treated cells (Figure 3B). In F4, UV-B decreased the remediation capacity without
significant differences between 3 and 7 d UV-B, while the removal capacity of nicotyrine in

R1 was significantly increased only when cells were exposed to 7 d UV-B (Figure 3B).
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Figure 3. Effect of UV-B on the microalgal removal capacity of main toxic pollutants in
cigarette butts (CB) wastewater. The relative abundance of (A) nicotine and (B) nicotyrine
was determined in the wastewater after microalgal-based remediation at 7-days culture. The
abundance was expressed in % (kcounts/kcounts) and obtained by its comparison with the
abundance in their respective untreated wastewater (without microalgal cells), which
represented 100%. Microalgal strains (F4, R1 and LG1) were exposed to wastewater and
sequential (3 d UV-B) or parallel (7 d UV-B) UV-B treatments. UV-B exposure level was
setat 1.7 W m2 supplemented with 70 pmol m™ s photosynthetically active radiation (PAR)
for 20 min each day. Control microalgal group only received PAR (No UV-B). For more
details see Section Materials and Methods. Different letters represent significant differences
(P<0.05) between UV-B treatments within the same strain. Data are expressed as means of

4 different replicates + standard error (SE).
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3.2.4. Multiple factor analysis

The multiple factor analysis (MFA) shown in Figure 4, revealed not only a distinct
separation of the three microalgal strains, but also a separation of each treatment within each
microalgal strain dataset (No UV-B, 3d UV-B and 7 d UV-B). To this purpose, and according
to the qualitative variables, the treatments (i.e., exposition time to UV-B) had a strong effect
shaping the plot along the y axis. Observing the quantitative variables, strains R1 and F4
were strongly related to the vector of the Chla and Chlb content, especially in the 7 d UV-B
treatment, and slightly in the 3 d UV-B and No UV-B treatments. At the same time, they also
seemed to be not related to a high content of nicotine and nicotyrine, as the vector has an
opposite direction. On the other side, strain LG1 seemed to be negatively affected by the
treatments, and related to the highest contents of nicotine and nicotyrine (No UV-B and 3 d
UV-B treatments) and to the highest values of TAC and flavonoids (7 d UV-B treatment).

Individuals - MFA Quantitative variables - MFA
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i/ 35 | '
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[ v/ -~ Qualitative variable categories - MFA
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Figure 4. Multiple factor analysis (MFA) of physiological and analytical data in microalgal-
based remediation of wastewater from cigarette butts (CB) cleaning process, coupled with
UV-B treatment. B: No UV-B irradiation; 3d: 3 days UV-B treatment; 7d: 7 days UV-B
treatment; Chla.b: ratio Chla to Chlb; a, b, ¢ and d: indicate the replicates.
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3.3. DISCUSSION

At biotechnological level, abiotic stresses such as UV-B have been strategically
applied as a tool in the microalgal machinery of biorefinery in order to enhance the
biosynthesis of high value products such as pigments, lipids and polymers [24]. However,
exploring the use of UV-B in microalgal-based wastewater remediation has not yet been
studied. Here, we presented the first study that reports the use of UV-B as a tool to strength
antioxidant responses in microalgae to remediate nicotine and nicotyrine contained in CB

wastewater.

Previous study demonstrated that the production of photosynthetic pigments of
microalgae was strongly inhibited at 25% CB, highlighting the toxicity of CB wastewater
pollutants [10]. Conversely, in this study, the pigments of microalgae exposed to CB
wastewater were generally increased upon UV-B exposure, indicating that UV-B can
mitigate and/or prime C. sorokiniana cells against CB wastewater pollutants. Moreover,
Chla/b showed slight changes due to UV-B indicating a negligible effect on the light
harvesting complexes, different than a distress effect that usually causes strong changes in
Chla/b ratio [26—29]. The UV-B effect on microalgal growth was also strain dependent,
which may be related to the adaptation to their native environments. In fact, F4 and R1 were
isolated from an inland swamp (Fucecchio Marshland, Italy) and from a water sample in a
private terrace (Pisa, Italy), respectively, while LG1 was isolated from a plant substrate in a
growth chamber [10,25]. Thus, it is plausible that UV-B acted as a ‘positive stress’ in F4 and
R1 as they have naturally grown under ambient UV-B instead of in the absence of UV-B like
LG1.

There is a general consensus that UV-B exerts an overall deleterious effect on the
photosynthetic apparatus. For instance, enhanced UV-B exposition to microalgae resulted in
a decrease of photosynthetic pigments and yield, which was intensified with exposure time
[30]. However, it has been demonstrated that many photosynthetic organisms including
microalgae are also able to acclimate to UV-B adjusting their metabolism and preventing
damage [22,26]. In this study, when F4 and R1 received UV-B as pre-treatment followed by

CB wastewater exposition (i.e., 3d UV-B), UV-B had a long-term positive effect on
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photosynthetic pigments. Previous studies showed that pigment content in Dunaliella salina
was induced by short-term UV-B irradiation at different doses and this effect was probably
regulated by photomorphogenic photoreceptors [23,31,32]. Thus, it is possible that the UV-
B pretreatment in this study enhanced photoprotection pathways in F4 and R1, similar to
plants [33], that overlapped with the defense pathways against CB wastewater pollutants.
This cross-resistance effect due to UV-B was also observed in LG1 only when UV-B and CB
wastewater were applied in parallel treatment (i.e., 7d UV-B), suggesting that the applied
UV-B dose may stimulate acclimation responses in long periods, as this strain had never
received UV-B in its native environment. Another interesting aspect of the present study was
that R1 was the only strain that probably showed a synergistic effect on the cross-resistance
when UV-B and CB wastewater were applied in parallel treatment (i.e., 7d UV-B), as
photosynthetic pigments were significantly higher than No UV-B and 3d UV-B treatments.
Surprisingly, F4 showed also this possible synergistic effect only on Car under parallel UV-
B and CB wastewater treatment, highlighting the promising photoprotective function of
carotenoids probably more related to their high antioxidant activity [19,34], which overlaps
with the deactivation of reactive oxygen species (ROS) induced by the wastewater [35].
However, further studies are necessary to determine what type of carotenoids is involved in
this cross-resistance between UV-B and wastewater pollutants.

Many abiotic and biotic variables trigger the production of ROS that can pose a threat
to cells but also act as signals for the activation of antioxidants [36]. Hao et al. [35]
demonstrated that pollutants in wastewater derived from tobacco industry induce ROS
accumulation in C. pyrenoidosa resulting in cellular damage and impairing microalgal
growth. This growth impairment was also observed in C. sorokiniana exposed to CB
wastewater [10], indicating that CB wastewater pollutants may induce ROS production in
microalgal cells. Concerning UV-B, it can be a potential source of oxidative stress; however,
depending on the dose and energy, this abiotic variable can be less detrimental where induced
ROS may play an important role in UV-B acclimation and metabolism readjustment [37].
For instance, single high acute UV-B (4.6 Wm™) irradiation doses in C. vulgaris induced
ROS formation resulting in serious photooxidative damage when irradiation time was
increased (63 vs. 155 min) [38], while low UV-B (0.7 Wm™) irradiation for 4 days allowed
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UV-B acclimation and tolerance in Chlamydomonas reinhardtii [22]. The alteration between
pro-oxidants and scavenging activity in response to UV-B also depend on species or even
genotypes of the same species [26]. For instance, C. vulgaris and Chlorella sp. may develop
different antioxidant activity in response to high acute UV-B (4.6 Wm™) irradiation related
to the different native environment adaption and genetic constitutions to cope with UV-B
[39]. In this study, the total capacity of non-enzymatic antioxidants (TAC) in all strains had
a positive long-term effect in response to UV-B pre-treatment followed by CB wastewater
exposition (i.e., 3d UV-B), suggesting that UV-B might initiate a series of defense pathways
that provide increased protection against toxic pollutants in the CB wastewater. Interestingly,
TAC showed different patterns in parallel treatment (i.e., 7d UV-B) depending on the strain,
highlighting their different capacities of UV-B acclimation probable linked to their native
environments. Concordantly, the MFA showed that LG1 correlates to the highest values of
TAC, indicating that this strain was more sensitive to the applied UV-B dose than the other
strains and needs an acclimation period to readjust the balance between pro-oxidants and
antioxidants. Phenolic compounds in this study showed similar patterns to TAC, underlining
their important role in the antioxidant system in response to UV-B [40,41]. Although green
algae such as Chlorella contained plant-specific UV-B photoreceptor orthologous, no
conservation was found in a component downstream related to flavonoid biosynthesis (i.e.,
MYB13 transcription factor) [23,42]. In this study, a contribution of flavonoids to total
antioxidant capacities was not found, indicating that other photoprotectants were more
relevant during UV-B acclimation [14]. Moreover, the involvement of antioxidant enzymes
in the crosstalk between UV-B and CB pollutants is not excluded as enzymatic and non-
enzymatic antioxidants may have good complementary ability in antioxidation [41].

Overall, the results suggested that UV-B stimuli might activate defense pathways
associated with the resistance or tolerance to CB wastewater by the neutralization of ROS
production, highlighting the importance of the crosstalk between both abiotic variables with
promising biotechnological application especially under indoor conditions. Furthermore, it
is well known that the crosstalk is governed by a complex interaction between signaling
pathways resulting in outcomes such as cross-resistance, cross-tolerance or cross-sensitivity,

which may vary depending on species or even genotypes of the same species [43]. For
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instance, changes in two abiotic stresses such as nitrogen source and temperature resulted in
high lipid accumulation for biodiesel production depending on microalgal species [44]. In
this study, among the three C. sorokiniana strains, R1 was the only one in that UV-B seemed
to have a synergistic effect on cross-resistance to the most persistent and toxic CB pollutants
(i.e., nicotine and nicotyrine), where their UV-B exposed cells may not only gain protection
against pollutants (ROS-induced cellular damage) but also may improve the catabolic
pathways involved in the removal of these alkaloids. Further large-scale studies are needed

to validate the process at pre-industrial level.

3.4. MATERIALS AND METHODS
3.4.1. CB collection and cleaning process

The collection and treatment (100 g L) of cigarette butts (CB) were performed as
previously described in Chiellini et al. [10]. Briefly, the CB from public collectors in different
coffee bars near to the municipality of Capannori (Lucca, Italy) were cleaned by an exhaust
boiling in distilled water for 10 min. This cleaning process was performed in quadruplicate
and the individual wastewaters were treated with different microalgae.

3.4.2. Microalgal strains and growth conditions

Three Chlorella sorokiniana strains, namely F4, R1 and LG1, were previously
isolated and characterized [10,25]. All strains were grown in sterile tris-acetate-phosphate
(TAP) medium in growth chamber under controlled temperature (23 £ 1 °C), 16/08 h
light/dark cycle, and 70 pmol m? s photosynthetically active radiation (PAR). The
aforementioned culture conditions were also maintained all over the UV-B and wastewater

treatment.
3.4.3. UV-B radiation treatment

A volume of 200 pL of microalgal culture was added into 24-well plates (1.5 cm
diameter, Greiner Bio-one, Kremsminster, Austria) containing 1300 pL of fresh TAP

medium per well. UV-B radiation was applied from a Philips TL 20W/01RS UV-B
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Narrowband lamp (Koninklijke Philips Electronics, Eindhoven, The Netherlands) with a
peak emission at 311 nm. The intensity of UV-B was determined by adjusting the distance
between the UV-B lamp and multiwell plates and measured using an UV-B meter (Skye
Instruments Ltd., Powys, UK). The UV-B exposure level was set at 1.7 W m™2 supplemented
with 70 umol m™ s PAR for 20 min each day (at 12:00). UV-B treatment was performed in
two different experiments: (i) applied for 3 days before wastewater treatment as sequential
experiment (3d UV-B), or (ii) applied for 7 days including the 4 days wastewater treatment
as parallel experiment (7d UV-B). In addition, a parallel microalgal group was kept in the
absence of UV-B (No UV-B) and used as control (Figure 5). Similarly, another parallel
untreated wastewater group without microalgal cells (1500 pL TAP per well) was included
and it was exposed to each UV-B treatment (No-UVB, 3d UV-B and 7d UV-B) (Figure 5).

CB
wastewater
0 1 2 3 4 5 6 7 d culture

Microalgal _|

group
Untreated
wastewater —

group 7d UV-B

Figure 5. Experimental design of the study. All treatments were carried out under PAR. UV-
B irradiation was applied either before (3d UV-B) or in parallel (7d UV-B) to a 4 days
wastewater treatment. Control microalgal group only received PAR (No UV-B). Another
parallel untreated wastewater group (no microalgae) was included, and it was exposed to
each UV-B treatment (No-UVB, 3d UV-B, and 7d UV-B). Sampling was performed at 7-

days culture. See Sections 3.4.2 and 3.4.3 for details of treatment conditions.
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3.4.4. Evaluation of microalgal remediation

After 3-days culture with or without UV-B, 500 pL of filter-sterilized CB wastewater
(0.45 um cellulose acetate filter, Sartorius, Gottingen, Germany) was added to each well to
obtain a 25% (v/v) wastewater dilution (Figure 5). At the end of the experiment, cultures in
each well were centrifuged at 3000 g for 10 min, the supernatant and the microalgal pellet

were collected separately for further analysis.
3.4.5. Extraction and determination of photosynthetic pigments

Photosynthetic pigments, including chlorophyll a (Chla), chlorophyll b (Chlb), and
total carotenoids (Car) were extracted from microalgal pellets and analyzed as previously
reported [45]. Four biological replicates were considered for these analyses.

3.4.6. Extraction and determination of total antioxidant capacity, phenolic compounds
and flavonoids

Extraction was performed as described in Moles et al. [46] with some modifications.
Briefly, microalgal pellets were extracted in 80% ethanol. Samples were sonicated (Branson
1210 sonicator, Bransonic, Connecticut, USA) for 30 min at room temperature, incubated for
another 30 min under dark and then centrifuged at 10000 rpm for 10 min. The ethanolic
extracts were recovered and then used for determining the total antioxidant capacity (TAC),
phenolic compounds and flavonoids. TAC was spectrophotometrically determined at 515 nm
by the 2,2-diphenyl-1-picrylhydrazyl (DPPH) assay as reported in Huarancca Reyes et al.
[47]. Phenolic compounds were assayed with the method based on Folin-Ciocalteau reagent
and spectrophotometrically determined at 750 nm as described in Huarancca Reyes et al. [48].
Total flavonoids were spectrophotometrically determined at 510 nm referring to Mariotti et

al. [49]. Four biological replicates were considered for these analyses.
3.4.7. Analytical determinations

Supernatants were dried under vacuum and diluted with acetone and heptane 50%
(v/v). Nicotine [pyridine, 3-(1-methyl-2-pyrrolidinyl)] and nicotyrine [pyridine, 3-(1-methyl-
1H-pyrrol-2-yl)] in the wastewater samples were determined as described in Chiellini et al.
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[10] by using a Saturn 2200 quadrupole ion trap mass spectrometer coupled to a CP-3800
gas chromatograph (Varian Analytical Instruments, Walnut Creek, CA, USA) equipped with
a MEGA-SE54 HT capillary column (10 m; 0.15 mm i.d., 0.10 um film thickness, MEGA
s.n.c., Milan, Italy). Briefly, the carrier gas was dried and air free helium with a linear speed
of 60 cm s, the oven temperature was maintained at 60 °C for 2 min and increased to 350 °C
at a rate of 10 °C min’, and the full-scan mass spectra was obtained in EI* mode with an
emission current of 10 pA and an axial modulation of 4 V. Data acquisition was from 10 to
550 Da at a speed of 1.4 scan s. The quantification was performed using the relative
abundance of their chromatogram peaks (instrument detection limit < 400 counts). The
abundance of nicotine (retention time = 6.63 min) and nicotyrine (retention time = 8.577 min)
in the wastewater after microalgal-based remediation was expressed in % (kcounts/kcounts)
and obtained by its comparison with the abundance in their respective untreated wastewater,

which represented 100%. Four biological replicates were considered for these analyses.
3.4.8. Statistical analyses

Values presented are means of four replicates. Statistical analysis was performed
using one-way analysis of variance (ANOVA). The Tukey’s test was used to determine the
significant differences among means (P<0.05). All computations were performed with the
software STATISTICA for Windows version 14.0 (Stat-Soft, Inc., Tulsa, OK, USA).

To identify the effect of UV-B irradiation for the improvement of remediation
capacity of microalgae toward the nicotine- and nicotyrine-contained in CB wastewater,
based on physiological and analytical data, multiple factor analysis (MFA) was carried out
[50]. Data were normalized using Z-score calculation, and the R software [51] with the

packages “FactoMineR” (analysis) and “factoextra” (visualization) were applied.
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CAPITULO 4

CONCLUSAO GERAL E CONSIDERACOES FINAIS

4.1. CONCLUSAO GERAL

A primeira parte deste estudo, Capitulo 2, destacou a importancia da selecao de cepas
de microalgas para remediacdo de efluentes de bitucas de cigarro (CB), e ndo
necessariamente cepas isoladas de condi¢Ges semelhantes de polui¢cdo podem ter o melhor
desempenho como ocorreu com Chlorella sorokiniana LG1. Embora as aguas residuais de
CB possam ter impacto na producdo de clorofila e carotenoides de microalgas de maneira
dependente da concentracdo, todas as cepas de microalgas podem remover completamente
ou quase completamente o benzonitrila; 1,2,3-propanotriol, diacetato; silano,
metoxitripropilo; e silano, trimetil [(1-propilpentil)oxi] de maneira independente da
concentracdo de CB. Em relacdo aos poluentes de CB denominados como “outros”, estes
incluiram hidrocarbonetos e aditivos como plastificantes. Aqui, todas as cepas de microalgas
podem remover melhor os hidrocarbonetos e aditivos na maior concentracdo de aguas
residuais de CB, destacando sua aplicacdo potencial para remediar desastres petroliferos e
locais poluidos por plasticos toxicos. Além dos poluentes mencionados, a nicotina [piridina,
3-(1-metil-2-pirrolidinil)] e a nicotirina [piridina, 3-(1-metil-1H-pirrol-2-il)] foram
geralmente dificeis de remover pelas microalgas. Em detalhe, a nicotina foi o0 poluente mais
resistente e sua baixa remocdo se correlacionou com a inibicdo de pigmentos fotossintéticos
afetando o crescimento de microalgas. No que diz respeito as condi¢BGes 6timas para uma
remocdo eficaz de contaminantes, os resultados apoiaram a alta eficiéncia de
Chlamydomonas debaryana F2 para remover poluentes organicos a 5% de efluentes de CB
(correspondendo a 25 pontas L™ ou 5 g CB L) removendo 69% de poluentes e mantendo

seu crescimento (baseado em Chla) e pigmentos em niveis de controle.

A segunda parte, Capitulo 3, mostrou o primeiro estudo que relata o uso de
ultravioleta B (UV-B) como uma ferramenta para fortalecer as respostas antioxidantes em
microalgas para remediar a nicotina e a nicotirina contidas em 25% de aguas residuais de CB.

Os resultados sugeriram que os estimulos UV-B podem ativar vias de defesa associadas a
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resisténcia ou tolerancia as aguas residuais de CB, destacando a importancia do crosstalk
entre ambas as variaveis abidticas com aplicacdo biotecnoldgica promissora especialmente
em condicBes internas. De fato, o UV-B ndo impactou negativamente na producdo de
clorofila e carotenoides de microalgas, enquanto induziu os antioxidantes ndo enzimaticos,
especialmente compostos fendlicos, em vez de flavonoides. Além disso, esse crosstalk é
governado por uma interagdo complexa entre vias de sinalizagdo resultando em resultados
como resisténcia cruzada, tolerancia cruzada ou sensibilidade cruzada, que podem variar
dependendo da espécie ou mesmo gendtipos da mesma espécie. Aqui, entre as trés cepas de
Chlorella sorokiniana testadas, R1 foi a inica em que o UV-B pareceu ter um efeito sinérgico
na resisténcia cruzada aos poluentes mais persistentes e toxicos de CB (ou seja, nicotina e
nicotirina), onde suas células expostas ao UV-B podem ndo apenas ganhar protecdo contra
poluentes, mas também podem melhorar as vias catabolicas envolvidas na remocao desses

alcaldides.
4.2. CONSIDERACC)ES FINAIS

No Capitulo 2, mais estudos sdo necessarios para entender as vias de remocéao de
poluentes organicos em aguas residuais de CB, bem como para determinar se esses poluentes
séo degradados ou bioacumulados pelas cepas de microalgas testadas. Da mesma forma, seria
interessante identificar se a nicotirina poderia prevenir o catabolismo da nicotina em

microalgas e se esse efeito pode ser pronunciado com o aumento da concentracdo de CB.

No Capitulo 3, mais estudos sdo necessarios para determinar que tipo de carotenoides
estd envolvido nesta resisténcia cruzada entre a radiacdo UV-B e poluentes de aguas residuais
de CB. Da mesma forma, seria interessante determinar qual classe de compostos fenélicos
desempenha um papel importante neste estudo, bem como avaliar o envolvimento de enzimas
antioxidantes no crosstalk entre radiacdo UV-B e poluentes de &guas residuais CB.
Finalmente, um grande desafio sera fazer este estudo em larga escala e avaliar se esta técnica

bioldgica é estrategicamente econdmica.

Por fim, os Capitulos 2 e 3 foram submetidos a revista Plants, e as regras para

preparacdo do manuscrito estdo descritas em https://www.mdpi.com/journal/plants/instruct
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