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RESUMO

Maximizar a remoc¢do do nitrogénio presente em esgoto sanitario submetido
ao tratamento em wetlands construidos verticais descendentes (WCVD) e
verticais de fundo saturado (WCVD-FS) é um parametro chave para o
desenvolvimento desta ecotecnologia, sendo primordial o entendimento do
comportamento da comunidade microbiana nitrificante e desnitrificante,
vinculado aos pardmetros operacionais destas unidades. Nesse contexto, o
objetivo desse estudo foi avaliar a dinamica microbiana associada as
transformagdes do nitrogénio, e sua relacdo com pardmetros operacionais
em wetlands construidos verticais descendentes. Foram utilizados trés
procedimentos experimentais (PE) distintos, todos operados com esgoto
sanitario. No PE I, por meio da técnica FISH, foi avaliada a interferéncia de
periodos de alimentacdo e repouso de 30 dias, na comunidade bacteriana
nitrificante e desnitrificante, em microcosmos que simularam o perfil
vertical de WCVD (colunas DN 150 mm), e, também, em um WCVD-FS
em escala real (area superficial de 3.144 m?), ambos preenchidos com areia
como material filtrante. Os periodos de repouso de 30 dias promoveram um
decaimento na abundéncia de bactérias nitrificantes. Contudo, com a
retomada da alimentacdo, as mesmas restabeleceram-se no meio, e ndo
afetaram a nitrificacdo. Por outro lado, bactérias desnitrificantes ndo foram
influenciadas pelos periodos de repouso. No PE I, foi avaliado um WCVD
em escala piloto (3 m? de area superficial) preenchido com areia e brita
como material filtrante, operado sob uma taxa hidraulica (TH) de 375 mm
d! e duas cargas organicas distintas: periodo I: com 6 meses de operagéo e
aplicacdo de 130 g DQO m d e periodo Il: com 3 meses de operacio e
aplicacdo de 80 g DQO m2 d*. Ao final de cada periodo, foram coletadas
amostras do macico filtrante na camada da superficie e do fundo do WCVD,
e foi empregada a técnica de qPCR (em nivel de DNA e RNA) para
identificar a abundancia e atividade de genes expressos no processo de
transformacgdo do nitrogénio, tais como, amoA de bactérias oxidantes de
amdnia (AOB), amoA de arqueas oxidantes de aménia (AOA) e nosZ de
bactérias desnitrificantes. Além disso, com as amostras do periodo Il, foi
realizado o sequenciamento de nova geracdo do 16S rRNA para eubactérias
e arqueas (em nivel de RNA). Os resultados do PE Il demonstraram que a
nitrificacdlo ~ foi  realizada por AOB  (Nitrosospira), = AOA
(Nitrososphaeraceae) e NOB (Nitrobacter). AOB foram mais abundantes
gue as AOA nos dois periodos. Contudo, AOA em ambas as camadas e
periodos (10° transcritos amoA g*) apresentaram maior atividade que AOB
(variando entre 10° e 106 transcritos amoA g?). AOA mostraram ser mais
estdveis e menos afetadas pelas variacbes operacionais. Bactérias
desnitrificantes foram identificadas em maior atividade (10° transcritos nosZ
g) na camada da superficie, quando aplicada uma carga organica de 130 g



DQO m2 d*. Ja quando a carga orgénica baixou para 80 g DQO m=2 d*,
maior atividade desnitrificante (10° transcritos nosZ g*) passou a ser
identificada na camada do fundo. No PE llI, foi avaliado um WCVD e um
WCVD-FS (ambos com 1,5 m2 de area superficial, com areia e brita como
material filtrante), operados em paralelo, sob as mesmas condicdes
operacionais (40 g DQO m? d* e TH de 133 mm d). Apds 6 meses de
operacdo, foi coletada uma amostra do macico filtrante na camada da
superficie e do fundo nos dois wetlands, e foram realizadas as mesmas
analises microbioldgicas conduzidas no PE Il. No WCVD a atividade de
AOA (Nitrososphaeraceae e Nitrosopumilaceae) foi de 108 e 10° transcritos
amoA g na camada da superficie e do fundo, respectivamente, enquanto
que a atividade de AOB (Nitrosomonadaceae) diminuiu (102 e 103
transcritos amoA g* na camada da superficie e do fundo, respectivamente).
Ja no WCVD-FS, um comportamento oposto ao WCVD foi identificado. A
atividade de AOA (Nitrososphaeraceae) diminuiu na camada saturada trés
ordens de grandeza (de 107 para 10* transcritos amoA g!) e a de AOB
(Nitrosomonadaceae) nessa camada, apresentou maior estabilidade (de 10°
para 10* transcritos amoA g'). Apesar disso, AOA permaneceram sendo
mais ativas que AOB em ambos os wetlands. Nos dois wetlands, a oxidag¢do
do nitrito foi conduzida pelas bactérias oxidantes de nitrito (NOB)
Nitrobacter e Nitrospira. Além disso, identificou-se uma relacdo de
simbiose entre AOA e NOB na regido oxidativa dos wetlands. A atividade
de bactérias desnitrificantes (10° transcritos nosZ g*') foi claramente
enriquecida na camada saturada do WCVD-FS. De forma geral, nitrificacdo
e desnitrificacdo simultdneas foram identificadas em todos os PE. Alta
atividade de AOA, AOB, e bactérias desnitrificantes foram identificadas ao
longo do perfil vertical do WCVD operado sob uma carga orgénica de 80 g
DQO m? d*e TH de 375 mm d, com ciclos de alimentagéo e repouso de
3,5 dias. Estas condi¢cBes operacionais em conjunto com a saturacdo da
camada de fundo do macico filtrante, apresentam-se como alternativas
promissoras na maximizagdo da remoc¢do do nitrogénio em wetlands
construidos verticais.

Palavras-chave: esgoto sanitario, nitrogénio, wetland construido, carga
organica, taxa hidraulica, bactérias oxidantes de amdnia, arqueas oxidantes
de aménia, popula¢des metabolicamente ativas.



ABSTRACT

To enhance the nitrogen removal present in urban wastewater submitted to
treatment in unsaturated vertical flow constructed wetlands (UVF) and
partially saturated vertical flow constructed wetlands (SVF) is a key
parameter for the development of this ecotechnology. It is essential,
therefore, to understand the behavior of the nitrifying and denitrifying
microbial communities linked to the operational parameters of these
wetlands. In this context, the aim of this study was to evaluate the microbial
dynamics associated with nitrogen transformations and their relation with
operational parameters in vertical subsurface flow constructed wetland.
Three different experimental procedures (EP) were used and all of them
were conducted using urban wastewater. In the EP I, it was evaluated the
interference of feeding and rest periods of 30 days in the nitrifying and
denitrifying bacteria through the use of the FISH technique, in microcosms
that simulated the vertical profile of UVF (columns & 150 mm) and full
scale SVF wetland (surface area of 3,144 m?). Both units were filled with
sand as bed media. Rest periods of 30 days promoted decay in the nitrifying
bacteria abundance. However, with the resumption of feeding, nitrifying
bacteria reestablished in the bed media and did not affect nitrification. On
the other hand, denitrifying bacteria were not influenced by the rest periods.
In the EP 11, it was evaluated a UVF wetland in pilot scale (surface area of 3
m2) with sand and gravel as bed media, which was operated under hydraulic
loading rate (HLR) of 375 mm d* and two different organic loading rates
(OLRY): (i) period I: 6 months of operation with OLR of 130 g COD m2d*;
and (ii) period Il: 3 months of operation with OLR of 80 g COD m2d*. At
the end of each period, samples were collected from the bed media, in the
top and bottom layers of the UVF wetland. gPCR (at DNA and RNA level)
was performed to identify abundance and activity of expressed gens in
nitrogen transformation processes, such as amoA of ammonia oxidizing
bacteria (AOB), amoA of ammonia oxidizing archaea (AOA) and nosZ of
denitrifying bacteria. Moreover, with samples from period II, it was
conducted the high throughput sequencing of 16S rRNA for eubacteria and
archaeal (at RNA level). The results from EP 1l showed that nitrification
was performed by AOB (Nitrosospira), AOA (Nitrososphaeraceae) e NOB
(Nitrobacter). AOB were more abundant than AOA in both periods.
However, AOA in both layers and periods (10° amoA trancripts g?)
presented more activity than AOB (which ranged between 10° and 10°
amoA transcripts g*). AOA showed to be more stable and less affected by
the operational variations. Denitrifying bacteria were identified more active
in the top layer (10% nosZ transcripts g*) with OLR of 130 g COD m2 d.
When the OLR decreased for 80 g COD m2 d*, more denitrifying activity
became identified in the bottom layer (108 nosZ trancripts g). In the EP IlI,



it was evaluated a UVF and a SVF wetlands (surface area of 1.5 m2 for each
unit, with sand and gravel of bed media), operated in parallel, under de
same conditions (OLR of 40 g COD m= d* and HLR of 133 mm d?). After
6 months of operation, samples from the top and bottom layers of the bed
media were collected from both wetlands. The same microbiology analyses
performed in EP Il were conducted in these samples. In the UVF wetland
the AOA activity (Nitrososphaeraceae and Nitrosopumilaceae) was of 108
and 10° amoA transcripts g in the top and bottom layers, respectively.
While the activity of AOB (Nitrosomonadaceae) decreased (102 and 103
amoA g transcripts in the top and bottom layers, respectively), the SVF
wetland showed the opposite behavior. AOA (Nitrososphaeraceae) activity
decreased three orders of magnitude in the bottom layer (from 107 to 10*
amoA trancripts g'), and AOB (Nitrosomonadaceae) showed more stability
(from 10° to 10* amoA trasnscripts g'). Despite this, AOA remained more
active than AOB in both wetlands. Nitrite oxidation in UVF and SVF
wetlands was conducted by nitrite oxidizing bacteria (NOB) such as
Nitrobacter and Nitrospira. Furthermore, a symbiosis relationship between
AOA and NOB was identified in the oxidative layer from both wetlands.
Denitrifying bacteria activity (10° transcripts nosZ g*) was clearly enriched
at the saturated layer in the SVF wetland. In general, simultaneous
nitrification and denitrification were identified in all EP. High AOA, AOB
and denitrifying bacteria activity were identified along the vertical profile of
the UVF wetland operated under OLR of 80 g COD m? d* and HLR of 375
mm d*, with cycles of feeding and rest of 3.5 days. These operational
conditions together with bottom layer saturation in the bed media are
presented as promising alternatives in the maximization of the nitrogen
removal in vertical subsurface flow constructed wetlands.

Keywords: urban wastewater, nitrogen, constructed wetland, organic
loading rate, hydraulic load rate, ammonia-oxidizing bacteria, ammonia-
oxidizing archaea, metabolically active populations.
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1 INTRODUCAO

Os wetlands construidos na modalidade vertical descendente
(WCVD) sdo considerados uma ecotecnologia mundialmente
consolidada para o tratamento de efluentes, atuando tanto em nivel
primario, tais como os modulos de primeiro estagio do sistema francés,
guanto secundario e terciario. Assim, diferentes tipos de poluentes
presentes nas aguas residudrias, tais como matéria orgéanica, sélidos,
nutrientes, metais pesados, disruptores enddcrinos e organismos
patogénicos podem ser transformados e/ou removidos nesses sistemas.

Atualmente os WCVD vém sendo empregados para a remocao
de carbono em conjunto com a promocgdo da oxidacdo do nitrogénio
amoniacal, alcan¢ando desempenho na ordem de 70 a 80 % de remocao
de demanda quimica de oxigénio (DQO) e efetiva nitrificacdo
(COOPER et al., 1996; PLATZER, 1999; SEZERINO et al., 2012).
Contudo, a remocao do nitrogénio nessa modalidade de wetland ainda é
limitada. Um dos principais fatores associados com a baixa remocéo do
nitrogénio é o restrito potencial de desnitrificacdo, devido & auséncia de
condicbes anoxicas/anaerébias no meio (SAEED; SUN, 2012;
VYMAZAL, 2013).

A fim de promover a remocdo do nitrogénio total nessas
unidades, muitas inovacGes e adaptagdes vém sendo empregadas,
destacando-se: (i) a recirculacdo do efluente final (AYAZ et al., 2012);
(if) a aeracdo intermitente junto do material filtrante do wetland
(FOLADORI et al., 2013); (iii) o emprego de sistemas hibridos
(VYMAZAL, 2013) e sistemas em batelada tipo tidal flow (HU et al.,
2014a; AUSTIN et al., 2003); (iv) a utilizagdo de um material filtrante
gue promova maior adsor¢do desse nutriente (SAEED; SUN, 2011a) e
(v) a poda das macréfitas em curtos periodos de tempo, a fim de
estimular a capacidade extratora do nitrogénio pela planta
(SAWAITTAYOTHIN; POLPRASERT, 2007). No entanto, essas
estratégias demandam requerimento energético ou extensas areas
territoriais.

Além dessas estratégias, a utilizagdo de duas zonas distintas
(uma aerobia e a outra anaerdbia/andxica) em uma mesma unidade de
WCVD vem sendo empregada, principalmente no modelo francés
(DONG; SUN, 2007; PRIGENT et al., 2013; SILVEIRA et al., 2015).
Essa modificacdo € conhecida como wetland construido vertical
descendente de fundo saturado (WCVD-FS).
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O WCVD-FS consiste em um modulo de WCVD com uma
camada superior insaturada (aerobia) e uma camada inferior saturada
(anaerébia/andxica) com o préprio efluente submetido ao tratamento.
Estas condicdes permitem remoc0es satisfatorias de nitrogénio, devido a
potencialidade de nitrificacdo seguida de desnitrificacdo na mesma
unidade (SILVEIRA et al., 2015).

Com as evolucgdes propostas pela engenharia, no ambito das
modificacOes e estratégias de operacdo desses reatores, juntamente com
0s avancos obtidos pela microbiologia, no campo da biologia molecular,
foi demonstrado que a via classica de nitrificacdo e desnitrificagdo,
apesar de ser constante, ndo € a Unica rota bioquimica de transformacéo
do nitrogénio nesses wetlands (DONG; SUN, 2007; AUSTIN et al.,
2006a; HU et al., 2014b; ZHlI; JI, 2014; FU et al., 2016).

As diferentes transformagdes do nitrogénio, tanto em WCVD,
guanto em WCVD-FS, sdo resultados, sobretudo, das condicOes
operacionais de cada unidade, as quais refletem diretamente na
comunidade microbiana atuante no processo. Segundo Meng et al.
(2014), a estrutura da comunidade microbiana em wetlands construidos
(WC) esta relacionada com os fatores ambientais em que esses moédulos
de tratamento sdo submetidos, as propriedades do afluente, o tipo de
material filtrante e as condicfes operacionais.

A importéncia de elucidar a inter-relacdo dos ecossistemas
formados no interior dos WC, com o0s pardmetros chaves de
dimensionamento, como carga organica, taxa hidraulica e regime
hidraulico aplicado, é fundamental para a maximizagdo da remogdo do
nitrogénio, baseando-se, principalmente, na estrutura da comunidade
microbiana nitrificante e desnitrificante.

Nesse contexto, esse trabalho buscou melhor compreender a
dindmica microbiana associada as transformacgdes do nitrogénio, e sua
relacdo com pardmetros operacionais em WCVD e WCVD-FS. O estudo
foi realizado no Grupo de Estudos em Saneamento Descentralizado
(GESAD), do Departamento de Engenharia Sanitaria e Ambiental, na
Universidade Federal de Santa Catarina (UFSC), em cooperacdo com a
Universidade Politécnica da Catalunha (Universitat Politécnica da
Catalunya - Barcelona-Tech - UPC). Foram empregados trés
procedimentos experimentais distintos, onde o foco principal foi avaliar
a comunidade microbiana nitrificante e desnitrificante em WCVD e
WCVD-FS, operados sobre variadas condi¢Bes operacionais.

Apresenta-se essa tese em quatro partes. Na parte inicial é
apresentada a hipétese, onde esse estudo foi embasado, bem como, os
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objetivos propostos, e o referencial teérico. Posteriormente, é
apresentada a metodologia dos procedimentos experimentais adotados,
conduzidos no Brasil e também na Espanha. Consecutivamente, na
terceira parte, sdo apresentados os resultados, através de quatro artigos
vinculados aos objetivos especificos. E por fim, na Gltima parte
apresenta-se uma discussao integrando todos os resultados do estudo, as
conclusdes e recomendacdes futuras.

1.1 JUSTIFICATIVA

A carga organica e a taxa hidraulica (TH) aplicadas sobre a area
superficial sdo os principais parametros vinculados ao dimensionamento
dos WCVD e WCVD-FS (COOPER et al., 1996; PLATZER, 1999;
WINTER; GOETZ, 2003; SEZERINO et al., 2012). Mesmo existindo
uma ampla variagio de recomendagdes desses valores, ja se conhece um
comportamento de tratamento associando eficiéncias de remogdes de
poluentes com os carregamentos aplicados.

Em relacdo as transformacfes do nitrogénio, altas cargas
organicas podem influenciar na nitrificacdo, pois a taxa de crescimento
de organismos heterotréficos é superior dos autotréficos, promovendo
rapida deplecdo de oxigénio dissolvido no ambiente, podendo limitar ou
reduzir a atividade de organismos autotréficos (PAREDES et al., 2007a;
SAEED; SUN, 2011b). Enquanto que, altas TH podem promover maior
disponibilidade de oxigénio no macico filtrante (PLATZER, 1999). Por
outro lado, baixa carga organica pode limitar a desnitrificacdo
heterotrdfica, devido a insuficiéncia de carbono organico disponivel
(HEADLY et al., 2005), e menores TH podem restringir a
disponibilidade de oxigénio para o processo de nitrificacdo (PLATZER,
1999).

Atualmente, existem inUmeras recomendacGes de carregamentos
organicos e hidraulicos em WCVD e WCVD-FS, inclusive com o
intuito de promover transformacdes no nitrogénio amoniacal afluente.
Contudo, pouco sdo os estudos abrangendo técnicas de biologia
molecular voltados para a compreensdo do comportamento de micro-
organismos nitrificantes e desnitrificantes nesses médulos. Deste modo,
ndo se tem, ainda, uma clara relacdo entre 0s comportamentos
microbianos envolvidos nas transformagdes do nitrogénio, associando-
o0s com as condi¢des operacionais dos wetlands construidos.
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Além disso, recentemente, estudos mostraram que o processo de
oxidacdo da aménia ndo limita-se apenas ao dominio bactéria, as
arqueas também desempenham esse mecanismo (KONNEKE et al.,
2005; HANSEL et al., 2008; TOURNA et al., 2008).

De fato, as inter-relagBes entre micro-organismos oxidantes de
amonia, nitrito-oxidantes e desnitrificantes que ocorrem no interior de
um biofilme ou em células planctdnicas sdo altamente complexas, e
pouco se sabe sobre os agentes-chaves microbianos metabolicamente
ativos atuantes nas diferentes etapas da transformacdo do nitrogénio e
suas relagdes com o meio.

Entender como ocorre a dinamica entre as populacdes envolvidas
nas transformacdes do nitrogénio, e como os fatores operacionais podem
interferir nessa relagdo, favorecendo populagdes nitrificantes e
desnitrificantes, é fundamental para maximizar a remogao do nitrogénio
em WCVD e WCVD-FS.

Desta forma, a presente pesquisa justifica-se ao buscar contribuir
na elucidagdo da dindmica microbiana nitrificante e desnitrificante ativa
presente no macico filtrante de wetland construido vertical descendente,
e sua relacdo com parametros operacionais.

1.2 HIPOTESE

O delineamento da pesquisa foi baseado na seguinte hipotese: E
possivel obter nitrificacdo e desnitrificagdo sequenciais em wetlands
construidos verticais, devido & operacédo com condigfes que favorecam
a atividade da comunidade microbiana associada.

A partir da hipétese acima, foram formuladas as seguintes
questdes norteadoras:

(i) Elevada carga organica aplicada em wetland construido
vertical descendente (> 40 g DQO m?2 d?) interfere na
nitrificacdo do nitrogénio amoniacal afluente?

(ii) Carga organica e taxa hidraulica aplicadas acima de 40 g
DQO m? d?! e 100 mm d? respectivamente, podem
favorecer a desnitrificagdo em wetland construido vertical
descendente?
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(iii) Ciclos intercalados de periodos de alimentagdo do afluente
e repouso interferem na dindmica da comunidade
bacteriana nitrificante e desnitrificante presentes no macigo
filtrante de wetland construido vertical?

(iv) Como as condicGes operacionais de um wetland construido
vertical descendente podem ser adaptadas para maximizar a
remocdo do nitrogénio baseado na dindmica microbiana
nitrificante e desnitrificante?

1.3 OBJETIVOS
1.3.1  Objetivo geral

Avaliar a dindmica microbiana associada as transformacgdes do
nitrogénio e sua relagdo com parametros operacionais em wetland
construido vertical descendente empregado no tratamento de esgoto
sanitario.

1.3.2  Objetivos especificos

Para responder ao objetivo geral, foram definidos os seguintes
objetivos especificos:

(i) Identificar a interferéncia dos periodos de repouso (sem
alimentacdo de esgoto afluente) na comunidade bacteriana
nitrificante e desnitrificante presentes no macico filtrante de
wetland construido vertical descendente, operado sob distintas
condicdes operacionais;

(ii) Awvaliar a influéncia de elevada carga organica aplicada em
wetland  construido  vertical descendente na dinamica
microbiana envolvida nas transformacdes do nitrogénio;

(iii) Indicar pardmetros operacionais que maximizem a remocao do
nitrogénio, baseado na dindmica microbiana nitrificante e
desnitrificante em wetland construido vertical descendente.
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2  FUNDAMENTAGCAO TEORICA

Neste item descrevem-se 0s pressupostos tedricos em relacéo as
variaveis que influenciam as transformacdes e remogdes do nitrogénio
presentes em esgotos submetidos ao tratamento em unidades tipo
wetlands construidos verticais descendente, destacando-se as principais
estratégias operacionais empregadas, vias bioldgicas e a dinamica
microbioldgica associada.

2.1  WETLANDS CONSTRUIDOS (WC)

Os wetlands construidos (WC) sdo sistemas naturais de
tratamento de efluentes. Estes sistemas podem ser considerados como
uma ecotecnologia capaz de promover a conversao da matéria organica
e ciclagem de nutrientes, tais como ocorrem naturalmente nos banhados
e areas alagadas, onde agentes como o solo, a vegetacdo e a luz solar
interagem entre si, continuamente.

Diferentemente dos ambientes naturais, os WC possuem a
vantagem de serem projetados, podendo assim ter flexibilidade quanto a
selecdo de local de implantacdo, dimensionamento e, sobretudo, o
controle hidraulico, otimizando o desempenho do tratamento.

Essa tecnologia vem se desenvolvendo rapidamente nas Ultimas
trés décadas. Atualmente, com a difusdo da utilizacdo no Brasil e no
mundo, bem como, com os avangos das pesquisas cientificas, os WC
tém sido empregados no tratamento dos mais variados tipos de aguas
residudrias, tanto organicas quanto inorganicas, destacando-se a
aplicacdo no tratamento de efluentes domésticos, industriais e agricolas.
S&o capazes ainda, de se adequar aos mais variados cenarios e arranjos
tecnologicos, proporcionando um bom desempenho no controle da
polui¢do hidrica.

Os WC sdo classificados em dois grupos de acordo com seu
regime hidraulico, sendo: (i) sistema de lamina livre ou de escoamento
superficial; (ii) sistema de escoamento subsuperficial. Os WC de
escoamento subsuperficial sdo dimensionados a fim de proporcionar a
percolacdo do efluente no material filtrante, diferentemente dos médulos
de escoamento superficial, os quais ndo possuem um material filtrante,
permanecendo uma lamina de &gua na superficie.

Para os WC de escoamento subsuperficial a literatura aponta
uma subclassificacdo quanto ao sentido do seu escoamento hidraulico,
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como sendo horizontal, vertical com ciclos de enchimento e drenagem,
vertical ascendente e vertical descendente (Figura 1).

Figura 1 — Classificacdo dos wetlands construidos.
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2.1.1  Wetland construido vertical descendente (WCVD)

O wetland construido vertical descendente (WCVD) refere-se a
um modulo escavado ou construido no solo, impermeabilizado, com
material filtrante e macréfitas do tipo emergentes (Figura 2). A
alimentag8o nestes sistemas é realizada de forma intermitente através de
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bombeamento, por meio de pulsos sob toda a area superficial da unidade
de tratamento (KADLEC; WALLACE, 2009).

Figura 2 — Esquema representando o wetland construido vertical descendente.

a

As primeiras pesquisas com esses sistemas foram desenvolvidas
em 1960, na Alemanha, e inicialmente foram denominados como Max
Planck Institute Process, porém, a denominagdo mais aceita foi Vertical
Constructed Wetland (IWA, 2000).

Os WCVD sdo idealizados para promover a remogao de matéria
organica, retencdo de solidos e, sobretudo, para promover a conversao
do nitrogénio amoniacal a nitrato, ou seja, a nitrificacdo, devido
principalmente pela aeracdo do macico filtrante resultante da
alimentacdo intermitente, sendo esta uma particularidade desses
madulos.

A alimentacdo intermitente do esgoto afluente no WCVD
promove um grande arraste de oxigénio atmosférico para o material
filtrante, através da conveccdo atmosférica e difusdo. Quando uma nova
alimentacdo € realizada, nova quantidade de oxigénio se adiciona ao
oxigénio ja disposto na massa sélida (COOPER et al. 1996; PLATZER
1999) promovendo assim , maior disponibilidade de oxigénio no interior
da unidade.

As remogdes e transformagfes de poluentes (matéria organica,
nitrogénio, fosforo e patégenos) nos WCVD séo processos complexos e
dependem de uma variedade de mecanismos, incluindo sedimentacéo,
filtracdo, precipitacdo, volatilizacdo, assimilacdo pelas macrdfitas e,
principalmente, processos dependentes unicamente de micro-organismos
(KADLEC; WALLACE, 2009).

Os processos de remocdo de poluentes estdo diretamente
influenciados por taxas de carregamento, tanto hidraulico, quanto
organicos e inorganicos, estratégias operacionais, temperatura e o
potencial redox do meio (ALLEN et al., 2002; WU et al., 2014). Além

Fonte: Acervo GESAD.
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desses, elementos como o material filtrante, a comunidade microbiana, e
as macrofitas estdo diretamente vinculados ao processo de depuracao
das aguas residudrias a serem tratadas no WCVD.

0] Material filtrante

O material filtrante é um dos elementos primordiais, pois, além
de promover a retencéo fisica de particulas presentes no efluente a ser
tratado, serve de suporte para o desenvolvimento das macréfitas e do
biofilme, propiciando a ocorréncia de reacdes bioquimicas de depuragéo
do efluente.

Em geral, procura-se um material filtrante que mantenha boa
condutividade hidraulica e promova a adsorcdo de ions de fosforo e
amonio. Grande variedade de elementos vém sendo empregados como
material filtrante em WCVD, tais como brita (LANA et al., 2013),
serragem proveniente de madeira de eucalipto (SAEED; SUN, 2011a),
areia (PLATZER, 1999; SEZERINO et al., 2012), zedlitas (SAEED;
SUN, 2011c), agregado leve derivado de cinzas (BIALOWIEC et al.,
2011), escoria (CUI et al., 2010), turfa (GUNES, 2007), entre outros. No
caso da utilizacdo de areia, recomenda-se um diametro efetivo (dio)
superior ou igual a 0,20 mm; coeficiente de uniformidade (Cu) menor ou
igual a 5 unidades; coeficiente de permeabilidade, ou condutividade
hidraulica saturada (Ks), maior ou igual a 10* m s ou > 0,36 m h’!
(PLATZER, 1999; ARIAS et al., 2001; BRIX; ARIAS 2005).

A desvantagem da utilizacdo de materiais alternativos é o
emprego dos mesmos com caracteristicas desconhecidas, sendo dificil
afirmar se estes sdo adequados para 0 uso em sistemas de filtracdo.
Além disso, o material filtrante apresenta influéncia direta na
comunidade microbiana, tanto no estabelecimento do biofilme, quanto
na localizagdo especifica da atividade microbiana (TRUU et al., 2009:
WU et al.,, 2014). As propriedades fisicas e quimicas do material
filtrante, incluindo tamanho da particula, area superficial, porosidade,
condutividade hidraulica, pH e teor de matéria organica sao
determinantes para 0s processos mediados por micro-organismos
(BRIX; ARIAS, 2005).

(i) Macrofitas

As macrofitas emergentes utilizadas nos WC crescem
diretamente no material filtrante, sob condi¢des adversas como baixas
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concentracdes de oxigénio, pouca umidade disponivel no meio, e na
presenca de compostos poluentes. As espécies amplamente utilizadas
sdo Phragmites australis (espécie ndo nativa do Brasil), Typha spp. e
Juncus spp, todavia, principalmente no Brasil varios trabalhos vém
sendo desenvolvidos com as mais variadas espécies, destacando-se a
Pennisetum purpureum schum, Cynodon, Eleocharis spp, Brachiaria
spp., Mentha aquatica entre outras (MATOS et al., 2010; 2009: 2008).

De fato, o papel das macréfitas como um componente essencial
nos WC esta bem estabelecido, pois as mesmas estdo relacionadas com a
ocorréncia de mecanismos de remocdo dos poluentes (BRIX, 1997).
Apesar disso, na comunidade académica vinculam-se discussdes quanto
a magnitude da capacidade de transferéncia de oxigénio pelas macrofitas
para o material filtrante, que variam em uma grandeza na ordem de
0,005 a 12 g O, m? d* (NIVALA et al., 2013). Dan et al. (2011)
relataram que a taxa de transferéncia de oxigénio pelas macrofitas em
W(C subsuperficial ndo é suficiente para atender a demanda completa de
oxigénio dentro do material filtrante. No entanto, esse processo pode
afetar principalmente a comunidade microbiana presente no meio
(KANTAWANICHKUL et al., 2009; PENG et al., 2014). Por outro
lado, Tietz et. al. (2007a) ndo mostraram influéncia das plantas na
comunidade microbiana em WCVD.

Outra questdo recentemente abordada é a influéncia das
macréfitas no processo da desnitrificacdo, por meio da liberacdo de
carbono pelos exsudados radiculares. Zhai et al. (2013) quantificaram a
concentracdo de carbono orgéanico dissolvido (COD) liberados pelas
raizes de trés macrofitas, Phragmite, Iris e Juncus. As taxas de liberacdo
de COD foram diferentes entre as espécies. As taxas de liberacdo de
COD totalizaram 0,6 € 4,8 % do carbono fixado por fotossintese liquida,
sugerindo assim, que os exsudatos radiculares das macrofitas podem ter
um potencial para uma taxa de desnitrificacdo de 94 a 267 kg N ha'!
ano™.

(iii) Micro-organismos

O reconhecimento de que a remog¢do da maioria dos poluentes
nos WC ocorre via atividade microbiana vem sendo cada vez mais
difundido e discutido. Considerando a ecologia do solo, tal como ocorre
no macico filtrante dos WCVD, as atividades microbianas e enziméticas
sdo indicadoras do estado do solo, visto que as mesmas podem ser
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altamente varidveis, dependendo da disponibilidade de nutrientes, teor
de umidade e temperatura (TRUU et. al., 2008).

Os procariotos e os fungos sdo os pioneiros na colonizacdo dos
WC, sendo os principais transformadores da maioria dos poluentes.
Todavia, com o aumento do tempo de operacdo das unidades de
tratamento, forma-se um ecossistema complexo com multiplos grupos
em varios niveis da cadeia alimentar, incluindo protozoarios e
micrometazoarios que contribuem no processo de tratamento
(KADLEC; WALLACE, 2009).

Segundo Pace (1996), somente 1 % dos micro-organismos
presentes no meio ambiente podem ser cultivados por meio de técnicas-
padrdo de cultivo e de plaqueamento. Além disso, as contagens de
células por microscopia refletem apenas uma avaliacdo quantitativa da
populacdo microbiana, sendo pouco informativas sobre a diversidade
dos organismos de uma amostra (PICKUP, 1991). Dessa forma, como
uma alternativa aos métodos convencionais, a biologia molecular surge
para contornar as limitagBes intrinsecas as técnicas convencionais,
permitindo elucidar questdes sobre a diversidade e identidade dos
micro-organismos atuantes nos WCVD.

Com os avancos no campo da biologia molecular, muitas
descobertas em relagdo & comunidade microbiana foram elucidadas nos
WC, proporcionando melhor compreensdo das dindmicas populacionais
presentes nos macicos filtrantes dessas unidades de tratamento.

Liang et al. (2003) contabilizaram 10> UFC de fungos por g de
areiae 10° UFC de bactérias heterotrdficas aerdbias por gt de areia com
5 ¢cm de profundidade, em um WCVD tratando agua poluida de um lago
na China. A estratificacdo da biomassa microbiana poderia estar
relacionada com a distribuicdo do oxigénio no médulo, pois os fungos
do solo sdo conhecidos como organismos aerébios e ocupam os 10
primeiros cm da cobertura do solo. A partir do momento que os autores
aeraram o material filtrante, ndo foi constatada diferenca significativa na
estratificagdo microbiana.

Ragusa et al. (2004) desenvolveram experimentos em escala de
bancada, com colunas simulando um WCVD para avaliar a quantidade
de proteinas, polissacarideo, células viaveis do biofilme e a acdo das
enzimas desidrogenase. Os autores comprovaram um tempo superior a
100 dias para o estabelecimento da comunidade microbiana nesses
sistemas, ficando evidente a alta atividade microbiana no primeiro
centimetro do material filtrante, e a grande diminuicdo em uma
profundidade de 4,5 cm.
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Tietz et al. (2007a) através da determinacdo da abundancia da
biomassa bacteriana por contagem direta por microscopia e medicdo de
volume celular, em um WCVD utilizando areia como material filtrante,
verificaram que aproximadamente 50 % da atividade microbiana estava
concentrada no primeiro centimetro da areia e 95 % da microbiota
concentrava-se nos demais 10 cm da areia. Contudo, 0s autores
concluiram que a atividade bacteriana do mddulo nos 10 primeiros cm
foi responsavel por apenas 15 a 23 % da atividade microbiana total, o
gue demonstra a insuficiéncia de conhecimento e esclarecimentos
guanto se trata da ecologia microbiana nesses sistemas.

Salomo et al. (2009) avaliaram a influéncia das raizes das
macrofitas e da estrutura do material filtrante, na  diversidade
metabdlica microbiana. Nas primeiras camadas do filtro, onde
encontrava-se a rizosfera, fontes de carbono facilmente degradaveis
como carboidratos foram utilizados, enquanto que nas camadas mais
profundas do filtro, compostos inertes foram sintetizados.

Adrados et al. (2014) identificaram a comunidade microbiana
procariota (bactérias e arqueas) por meio de Reagcdo em Cadeia da
Polimerase (PCR) e Eletroforese em Gel com Gradiente Desnaturante
(DGGE) de trés diferentes sistemas, WCVD, WCH e um biofiltro,
operados no tratamento de esgoto doméstico na Dinamarca. Foi
identificado variacdo populacional em cada sistema, sendo que o grupo
y-proteobactérias e bacteroides estavam presentes em todos eles,
enquanto que o filo firmicutes foi observado no WCH e no biofiltro.
Ainda, os autores identificaram menor atividade de arqueas quando
comparadas a populacdo bacteriana nos sistemas. Com base nos
resultados do DGGE, verificaram que a estrutura da comunidade
bacteriana estava relacionada com a concepgdo do sistema e o
carregamento de matéria organica, enquanto que ndo observaram
relagdo entre a comunidade microbiana e as caracteristicas quimicas de
cada afluente estudado.

Foladori et al. (2015) quantificaram a abundancia de bactérias
viaveis e mortas no afluente, efluente e no material filtrante (areia) de
um WCVD, em diferentes profundidades do perfil vertical do WC. O
nimero de bactérias viaveis nos primeiros 10 cm foi 3,7 vezes maior
que nas camadas mais profundas (de 40 a 50 ¢cm). Enquanto que no
efluente, a relaco entre bactérias vidveis e mortas foi de 3,3 indicando o
enriquecimento de bactérias viaveis com a passagem do efluente no
macico filtrante.
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Jia et al. (2016) avaliaram o impacto da estratégia de
alimentacdo (continua ou intermitente) sobre o desempenho de remocao
de contaminantes e na estrutura da comunidade microbiana em WCVD.
Quanto ao desempenho de tratamento, a alimentagdo intermitente foi
benéfica para remocdo de nutriente e matéria organica carbonacea. A
diversidade bacteriana diminuiu com o aumento da profundidade do
filtro, e a alimentacdo intermitente favoreceu o crescimento microbiano,
devido a maior presenca de oxigénio no meio.

2.1.2  Wetland construido vertical descendente de fundo saturado
(WCVD -FS)

O wetland construido vertical descendente de fundo saturado
(WCVD-FS) possui 0s mesmos principios de tratamento que o WCVD.
A principal estratégia dos WCVD-FS é proporcionar maior remocao de
nitrogénio, buscando ndo somente a nitrificagdo, como é o caso dos
WCVD, mas a nitrificacdo seguida da desnitrificacdo em uma Unica
unidade (SILVEIRA et al., 2015). Para isso, proporciona-se uma
saturacdo de fundo por meio da elevacdo do controlador de nivel,
originando condicfes anaerdbias/anéxicas no fundo do filtro, e
condi¢des aerdbias na superficie, promovendo ambientes oxidativos e
redutores em um mesmo médulo (Figura 3)

Devido a auséncia de inducdo de energia adicional, como ocorre
nos WC intensificados, aliado & alimentacéo intermitente e aplicada na
direcdo vertical, entende-se que o WCVD-FS é uma modificacdo do
WCVD, sendo considerado desta forma neste trabalho.

Figura 3 — Esquema representando o wetland construido vertical descendente de
fundo saturado.

Fonte: Acervo GESAD.

Muitos dos estudos conduzidos em WCVD-FS, existentes até o
momento, remetem-se ao sistema francés. Dessa forma, o0s
carregamentos organicos e hidraulicos, bem como as condicGes
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operacionais desses sistemas, quando empregados em nivel de
tratamento secundario, ainda ndo estdo elucidados. Silveira et al. (2015)
avaliaram duas alturas de saturagdo de fundo (0,15 e 0,25 m) e
mostraram que a melhor remoc&o de nitrogénio (57 % de nitrificacdo e
85 % de desnitrificacio) esta vinculado com 0,25 m de saturagdo. Dong;
Sun (2007) proporcionaram uma saturacdo de fundo de 0,55 m em um
WCVD-FS, com 0,25 m ndo saturado, e reportaram remocdes médias de
37 % de NT e 33 % de N-NH4. Em outro estudo, Prigent et al. (2013)
ndo identificaram diferenca de remogéo de nitrogénio em dois WCVD-
FS com saturagdo de 0,20 e 0,40 m, ao tratar esgoto bruto com
recirculagdo. Os autores observaram um TRH de 0,7 dia sem
recirculagdo e 0,4 dia com 100 % de recirculacdo, sugerindo que o TRH
minimo necessario para a desnitrificacdo seja maior de que 0,4 dia.

No Brasil, poucos sdo os estudos conduzidos nesse tipo de
sistema. Trein et al. (2015), em um WCVD-FS com 0,25 m de saturacdo
de fundo (3,141 m? de area superficial), empregado no tratamento de
esgoto sanitario de um condominio residencial, relatam que sob um
carregamento de 1,9 g DQO m? d! e uma taxa hidraulica (TH) de
12 mm d*, obtiveram remocdes de 93 % de DQO, 88 % DBO e 83 %
para SST. Em outro estudo conduzido em escala de bancada, em colunas
de areia simulando o perfil vertical de WCVD-FS, Santos et al. (2016),
recomendam uma altura de saturacdo de fundo de 0,4 m e um
carregamento de 41 g DQO m2 d*. Sob essas condicdes, a eficiéncia de
remogdo foi de 90 % para DQO, 95 % para SST, 68 % para N-NH4 e
46 % para NT.

2.2 REMOCAO E TRANSFORMACAO DO NITROGENIO EM
WCVD E WCVD-FS

A nitrificacdo e desnitrificagdo clssica sdo as principais vias de
transformacdo e remog¢do do nitrogénio em WC (SAEED; SUN, 2012).
Contudo, levando em consideracdo a regido aerébia de um WCVD e a
anaerdébia/anéxica de um WCVD-FS, vaérias sdo as vias de
transformacédo do nitrogénio passiveis de se desenvolver nesses sistemas
(Figura 4). Atualmente, pode-se evidenciar além da classica nitrificacdo
e desnitrificacdo, a nitrificagdo e desnitrificacdo parcial, Anammox (do
inglés anaerobic ammonium oxidation), o processo Canon (do inglés
complete autotrophic nitrogen removal over nitrite), a nitrificacéo
heterotrdfica, a desnitrificacdo aerdbia, e nitrificacdo e desnitrificacdo
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simultaneas.

Figura 4 — Vias de transformac&o do nitrogénio destacadas na literatura,
passivas de ocorrer em wetland construido vertical descendente e vertical de
fundo saturado.
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> Nitrificagdo heterotrofica (Austin et al., 2006)

Desnitrificagao aerobia (Austin et al., 2006)

Canon (Sun; Austin, 2007)

_’Desnitriﬁcacﬁo (Dong; Sun, 2007; Langergraber et al., 2011)
Anammox (Dong; Sun, 2007)

Nesses sistemas, a magnitude das transformacGes e remogdes do
nitrogénio, incluindo a amonificagdo, nitrificacdo, desnitrificacdo,
volatilizagdo da aménia, assimilacdo pelas macrdfitas, assimilacdo pela
biomassa microbiana e adsorcdo pelo material filtrante, sdo variaveis,
dependente das condi¢bes internas e externas das unidades de
tratamento (VYMAZAL 2007; SAEED; SUN 2012).

2.2.1  Adsorcao no material filtrante

O nitrogénio amoniacal ndo ionizado pode ser removido nos
WC, através de reacdes de adsorcdo ao material filtrante, porém ndo de
forma permanente, pois a mesma pode novamente ser liberada quando
as condigdes quimicas do meio liquido variarem, ou seja, quando ocorre
a dessorcdo (IWA, 2000).

Nos WCVD alimentados intermitentemente, geralmente ocorre
a nitrificagdo do nitrogénio amoniacal adsorvido em fun¢do da deplecéo
da ambnia nos periodos de repouso. Cooper et al. (1996) relataram que
apenas sistemas de alimentacdo intermitente demonstram rapida
remocdo de aménia da massa liquida, devido & adsorcdo do material
filtrante. Contudo, a adsorcdo do nitrogénio amoniacal no material
filtrante ndo é um processo de remocdo por completo, é apenas um
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armazenamento temporario, principalmente quando se utiliza areia como
material filtrante, pois a mesma apresenta baixa capacidade adsortiva.
Estudo como o de Austin (2006b) demonstrou a importancia da
capacidade de troca catidnica dos elementos utilizados como material
filtrante, pois céations de amobnia sdo adsorvidos em compostos com
cargas negativas. Segundo o autor, a capacidade de troca catiénica deve
ser um parametro critico de projeto em sistemas, cujo objetivo é
maximizar a remocdo do nitrogénio amoniacal. Gorra et al. (2007), apds
estudarem diversos materiais filtrantes em sistemas tipo WC, relataram
gue as zellitas mostraram ser um material filtrante apropriado,
principalmente, pela sua porosidade e alta tolerancia as temperaturas
extremas, favorecendo a aderéncia de bactérias oxidantes de aménia.

2.2.2  Assimilacio pelas macrofitas

A assimilacdo do nitrogénio pelas macroéfitas consiste em uma
série de processos bioldgicos que convertem o nitrogénio inorganico a
nitrogénio organico, o qual é utilizado para a sintese de novas células,
sendo que posteriormente, ocorre a formacdo de tecidos, o qual esta
associado ao crescimento das macroéfitas (KADLEC; WALLACE, 2009)

As formas de nitrogénio assimilado pelas plantas sdo o
nitrogénio amoniacal e o nitrogénio nitrato. As espécies de plantas
diferem do composto a ser assimilado, dependendo da disponibilidade
do mesmo no solo. Contudo, a amonia por ser mais reduzida
energeticamente que o nitrato torna-se fonte preferencial, apesar disso,
em ambientes onde o nitrato prevalece, 0 mesmo torna-se a principal
fonte de nitrogénio assimilavel (VYMAZAL, 2005).

Em WC, a assimilagdo pela biomassa vegetal pode contribuir
ainda para a remocdo de nitrogénio. Varios estudos mostraram a
importancia da assimilagéo pelas macrdéfitas na remocéao do nitrogénio.

Na literatura brasileira hd vérios estudos e diversificados
valores quanto a assimilagdo de nitrogénio pelo tecido foliar das
macréfitas. Fia et al. (2011) mostraram uma assimilacdo de nitrogénio
pelas plantas na faixa de 44,3 a 54,0 g m? ano?, Matos et al. (2010)
observaram valores maximos de 35,6 g m ano, Pelissari et al. (2014)
relataram uma remocédo média de 9,36 g m2 ano™.

No entanto, cabe ressaltar que a decomposicdo do material
vegetal pode aumentar a concentragdo de nutrientes no meio, além disso,
as concentracGes de nitrogénio no tecido vegetal tendem a ser mais altas
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no inicio do crescimento, porém, com 0 comeco da senescéncia o valor
de assimilagdo tende a reduzir, ressaltando assim, a necessidade da poda
constante, para maximizar a remocdo deste elemento no sistema.
Pelissari et al. (2014) sugeriram que a poda das macrofitas seja realizada
em torno de 60 a 90 dias ap0s o plantio, para evitar assim, a liberagdo de
nutrientes novamente no meio.

Vymazal (2005) relatou um potencial de retirada de nitrogénio
via assimilacdo pelas macrofitas e a subsequente poda sob condicfes de
clima tropical e subtropical na ordem de até 10 % do total de nutrientes
removidos nos WC. Segundo Brix (1997), a quantidade de nitrogénio
que pode ser removida através da poda é de 200 a 2.500 kg N ha! ano
(0,05a20,68 g N m2d?).

2.2.3 Assimilagdo microbiana

O processo de imobilizacdo do nitrogénio nas células
microbianas, ou seja, a assimilacdo pela biomassa microbiana é pouco
discutida na literatura. Segundo Saeed; Sun (2012) grande quantidade de
matéria organica é consumida do meio pelo crescimento e respiracdo da
microbiota, dessa forma a assimilagcdo pela biomassa microbiana pode
ter um papel significativo na remogao do nitrogénio, considerando que o
nitrogénio constitui um fator importante da biomassa microbiana, com
12,4 % da composicdo CsH;02N (CANNON et al., 2000).

Tietz et al. (2008) quantificaram os teores de N composto na
biomassa microbiana pelo método de fumigacdo e extracdo em 8
unidades pilotos de WCVD, com areia como material filtrante. Segundo
0 autor, os teores de N na biomassa microbiana diminuem de 300 pg g
de solo seco na primeira camada do material filtrante (até 1 cm de
profundidade) para 18 pg g* de solo seco nos 20 cm de profundidade.
Abaixo dessa profundidade o N na biomassa microbiana foi inferior ao
limite de deteccéo.

Sun et al. (2005) estudaram um WCVD alimentado com dejeto
de suinos diluido, e relataram que a assimilacdo de nitrogénio via
biomassa poderia ter desempenhado um processo importante na
remoc¢do do nitrogénio, visto que a nitrificacdo correspondeu a valores
inferiores a 10 % da remocdo do nitrogénio amoniacal, enquanto que a
remocao total de amdnia variou entre 27 e 48 %.
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2.2.4  Volatilizac&o do nitrogénio amoniacal

A volatilizacdo do nitrogénio amoniacal € um processo fisico-
quimico e esté associado ao pH do meio. Em condicdes de pH inferiores
a 7,5 a volatilizacdo do nitrogénio amoniacal é insignificativa, sob valor
de pH igual ou superior a 9,3 a relagdo entre os ions de aménio e amonia
é de 1:1, sendo assim, as perdas por volatilizacdo sdo significativas
(METCALF; EDDY, 2003).

Em WC de escoamento superficial esse mecanismo é elevado
em funcdo da atividade fotossintética das algas, podendo ser responsavel
por uma remocgéo de até 2,2 g N m2d?! (VYMAZAL, 2007). Nos WC
de escoamento subsuperficial, como o caso dos WCVD, esse
mecanismo € quase desconsiderado. Nesses sistemas o ion aménia
(NHs) encontra-se em apenas em 0,6 % do total de aménia presente no
meio (KADLEC; WALLACE, 2009).

2.2.5 Amonificacio

A amonificacdo é o processo no qual o nitrogénio organico é
convertido a nitrogénio inorgénico (especialmente a nitrogénio
amoniacal). Uma grande fragdo do nitrogénio orgéanico (até 100 %) pode
ser convertido a nitrogénio amoniacal (USEPA, 1993). O nitrogénio
organico pode ser convertido a aménio (NHs) ou amoénia (NHsa),
dependendo da faixa de pH (préximo da neutralidade prevalece o
surgimento de amodnio e didxido de carbono). A faixa 6tima de pH para
0 processo de amonificacdo encontra-se entre 6,5 e 8,5 (USEPA,1993).

A cinética do processo de amonificacdo é mais rapida que a
cinética de nitrificacdo, portanto, esse mecanismo nos WCVD ao longo
do percurso do escoamento pode influenciar no aumento das
concentracdes do nitrogénio amoniacal (KADLEC; WALLACE, 2009).

2.2.6  Nitrificacdo

O processo convencional da nitrificacdo é conhecido como a
oxidacdo do nitrogénio amoniacal (N-NH4) a nitrato (N-NOs), tendo
como produto intermedidrio o nitrito (N-NOy), utilizando o oxigénio
molecular como aceptor final de elétrons.

A nitrificacdo por completo d4-se por meio de duas fases, a
nitritacdo e a nitratacdo, sendo que ambas as fases sdo geralmente
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realizadas por micro-organismos autotréficos, quimiolitotroficos e
aerobios obrigatdrios, que utilizam o carbono inorgéanico (CO2) para
sintese de novas células.

Os principais grupos pertencentes ao dominio bactéria envolvidos
nesses processos classificam-se dentro das classes o, B, e v-
Proteobactéria, sendo as Nitrosomonas, Nitrosococcus, Nitrosospira e
Nitrosolobus responsaveis pela nitritacdo e, Nitrobacter, Nitrococcus,
Nitrospira, Nitrospina responsaveis pela nitratacdo (SCHMIDELL et al.,
2007). Além disso, um estudo recente mostrou que linhagens de
Nitrospira geralmente conhecida como oxidantes de nitrito, pode
codificar as vias de oxidacdo, tanto da ambnia quanto de nitrito,
realizando a nitrificacdo completa (DAIMS et al., 2015).

Em uma primeira etapa no interior da membrana citoplasmatica
ocorre a oxidagdo da amonia a hidroxilamina (NH2OH), por meio da
acdo da enzima aménia mono-oxigenase, tendo como necessidade
oxigénio molecular e energia para promover a reacdo (USEPA, 1993).
Enquanto que na segunda etapa, a hidroxilamina € transportada para o
periplasma e convertida a nitrito, atraves da acdo da enzima
hidroxilamina-oxiredutase, liberando dois pares de elétrons (Equacédo
1). Um desses pares de elétrons é utilizado para a oxidacdo da amonia,
enquanto que o segundo par é utilizado para a producdo de energia € a
reducdo do oxigénio molecular em dgua (HAGOPIAN, RILEY, 1998).

NH, +150,—2%€ 5 NO, +2H"+H,0
AG° =-287 kJ-mol™
Equacéo 1

A nitratacdo é realizada pela enzima nitrito-oxidoredutase. Essa
reacdo libera um par de elétrons, o qual é utilizado na producdo de
energia e a reducdo do oxigénio molecular em &gua, conforme descrito
na Equacdo 2 (HAGOPIAN, RILEY, 1998).

NO, +0,50,—*2 5 NO,
AG® =-76kJ-mol*
Equacéo 2

Para 1 g de NH4 convertido, 4,6 g O2 sdo consumidos, 0,16 g de
novas células sdo formadas, 7,07 g de alcalinidade na forma de CaCOs
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sdo consumidos e 0,08 g de carbono inorganico ¢ utilizado na formacao
de novas células (USEPA, 1993). A expressao estequiométrica global da
nitrificacdo é obtida a partir da soma das Equagfes 1 e 2, resultando na
Equacéo 3.

NH, +20,—— NO,+2H" +H,0

Equacgéo 3

Vaérios fatores podem influenciar no processo de nitrificacao,
destacando-se: oxigénio dissolvido, temperatura e o pH.

-pH: Valores entre 7,5 e 8,6, sdo considerados como ideais para
a nitrificacdo (WPC, 1983). O desempenho da nitrificagdo diminui
drasticamente com a queda do valor do pH. Além disso, valores altos de
pH também podem inibir o processo, pois a alta concentracdo de amonia
livre é toxica para microbiota associada a esse processo. O ideal é
manter o valor do pH entre 7,2 e 8,2 (WPC, 1983). Cabe ressaltar que o
valor pH no processo é importante porque a nitrificagdo consome
alcalinidade (caso a alcalinidade seja um fator limitante, ocorre a
reducdo do pH, e a inibicdo da nitrificacdo).

-Temperatura: A faixa étima de nitrificacdo ocorre entre 28 e 36
°C (WPC, 1983). Segundo Cookson et al. (2002), comunidades
nitrificantes podem se adaptar as mudancas de temperatura e podem
manter suas atividades em temperaturas mais baixas, devido a adaptacdo
metabdlica. Com temperaturas menores de 15 °C tém-se uma
consideravel diminuicdo nas taxas de conversdo, sendo a faixa de 4 a 5
°C 0 minimo de temperatura para que ocorra a nitrificacdo (USEPA,
1983).

-Oxigénio dissolvido: baixas concentracbes de oxigénio
dissolvido (< 0,5 mg L) podem inibir a nitrificacdo, gerando
nitrificacdo incompleta e acarretando no aclimulo de nitrito
(USEPA,1983). Paredes et al. (2007a) relataram que a oxidagdo do
nitrito é inibida quando a concentracdo de oxigénio € menor que 2,5 mg
L em sistemas de tratamento de esgoto.

A dindmica das bactérias oxidantes de amodnia (do inglés
ammonia-oxidizing bacteria — AOB) e das bactérias oxidantes de nitrito
(do inglés nitrite-oxidizing bacteria — NOB) estd vinculada
principalmente com as condi¢des do meio. Nitrosospira e Nitrospira



44

utilizam baixas concentraces de substratos mais eficientemente que as
Nitrosomonas e Nitrobacter (SCHRAMM et al., 1996). Conforme o
modelo de Andrews; Harris (1986) Nitrosospira e Nitrospira séo
consideradas K-estrategistas (apresentam crescimento mais lento, porém
tém maior afinidade pelo substrato), engquanto que Nitrosomonas e
Nitrobacter sdo r-estrategistas (apresentam taxas de crescimento
especifico maiores, porém, com menor afinidade pelo substrato).

Durante mais de um século as AOB foram consideradas as
principais responsaveis pela nitrificacdo. Contudo, foi descoberto que a
oxidacdo da aménia, também, pode ser realizada por arqueas
autotroficas. As arqueas oxidantes de aménia (do inglés ammonia-
oxidizing archaea - AOA) podem desempenhar um papel relevante na
nitrificacdo (SPANG et al., 2010). Dentre elas, o filo Crenarchaeota e
Thaumarchaeota (abundante em diversos ambientes) expressam o gene
amoA, codificado pela enzima mono-oxigenase que catalisa o primeiro
passo da oxidagdo da amonia (KONNEKE et al., 2005). Baseado na
expressdo do gene amoA, os géneros Nitrosopumilis, Nitrososphaera,
Nitrosocaldus, Nitrosotalea e Nitrososphaera sdo conhecidos como o0s
principais AOA (PESTER et al., 2012; MUNZ et al., 2012).

Existem evidéncias que a afinidade por amdnia pode diferenciar o
crescimento entre AOA e AOB (VERHAMME et al., 2011).
Limpiyakorn et al. (2011) mostraram que AOA sdo mais abundantes que
AOB em estacfes de tratamento onde as concentragbes de amdnia
afluente sdo baixas (concentragdes de 0,2 a 11 mg L?). Além disso, a
influéncia das concentragdes de oxigénio na comunidade AOA estd
parcialmente esclarecida. Erguder et al. (2009) sugeriram que AOA
podem tolerar uma ampla gama de concentragBes de oxigénio, ate
mesmo, concentragfes muito baixas (<3,1 uM a 0,2 uM). Inclusive,
baixas concentracbes de oxigénio podem ser um dos fatores
determinantes para a atividade de AOA em relacdo a AOB. Estudos
realizados com culturas isoladas da AOA Candidatus Nitrosopumilus
maritimus, mostrou que a constante de saturacéo (Ks) de oxigénio foi de
3,9 UM (MARTENS-HABBENA et al., 2009), enquanto que, para a
AOB Nitrosomonas europea, 0s valores foram na ordem de 6,9 a 17,4
UM (LAANBROEK et al., 1994).

A interacdo entre AOA, AOB e NOB nos nichos ecologicos
ainda é pouco conhecida. Atualmente, Nitrospira (NOB) é conhecida
COmo um género que possui espécies que se adaptam & diferentes
condi¢des ambientais (GRUBER-DORNINGER et al., 2015). Em uma
descoberta recente, identificou-se que algumas linhagens de Nitrospira
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sdo capazes de realizar tanto a oxidacdo da aménia, quanto a oxidacao
do nitrito (SANTORO, 2016; DAIMS, et al., 2015). Essa descoberta foi
chamada de Commamox (do inglés complete ammonium oxidizer). Dada
a diversidade metabodlica de Nitrospira, esse processo pode ocorrer em
sistemas de tratamento de esgoto. Um estudo realizado em biorreatores
mostrou que Commamox poderia ser favorecido em baixa temperaturas,
baixas concentragcbes de nitrogénio e oxigénio dissolvido elevado
(GONZALEZ-MARTINEZ et al., 2016).

2.2.7  Desnitrificagéo

A desnitrificacdo propriamente dita é definida como a reducéo de
nitrato ef/ou nitrito ao nitrogénio gasoso, tendo como produtos
intermediarios nitrito (no caso da redugdo do nitrato), 6xido nitrico e
Oxido nitroso. Cada produto formado é catalisado por uma enzima
redutase especifica, a qual é sintetizada quando as condicGes ambientais
se tornam anodxicas. As enzimas envolvidas no processo de
desnitrificagdo sdo: nitrato redutase (reacdo de reducdo do nitrato a
nitrito - Equacdo 4), nitrito redutase (reacdo de reducdo do nitrito a
oxido nitrico - Equacdo 5), 6xido nitrico redutase (reacdo de reducéo do
Oxido nitrico a Oxido nitroso - Equagdo 6) e Oxido nitroso redutase
(reacdo de reducdo do 6xido nitroso a nitrogénio gasoso — Equacgdo 7)
(SCHMIDELL et al., 2007). Na equacdo 8 apresenta-se 0S genes
expressos por cada enzima associada com o processo de desnitrificagao.

N02 +2H + + 2e nitrataedutase N02 + HZO

Equacéo 4
NO, +2H* 4 g~ —nititwredutase , NO + H,0
Equacdo 5
2NO + 2H * + 2¢~ —donitricoredutase , N 9 + H,0
Equacéo 6

NZO+2H + + 2e— oxidonitrosaredutase N2 + HZO

Equacdo 7



46

narG nirS norB nosZcladel

napA nirK norz nosZcladel

NO, NO N,O N

NO )

Equacéo 8

Cada etapa envolvida na desnitrificacdo pode ser inibida
condicionalmente, fazendo com que produtos intermediarios possam ser
dissolvidos em &gua ou ainda escapar para a atmosfera (WIESMANN et
al., 2007).

Esse processo € realizado por um amplo grupo de micro-
organismos (distribuidos nos dominios Bactérias, Arqueas), de forma
geral, esses micro-organismos sdo capazes de utilizar o nitrato/nitrito
como aceptor final de elétrons, em condicGes de anaerobiose como
alternativa ao oxigénio dissolvido (SCHMIDELL et al., 2007).

A maioria das bactérias desnitrificantes pertence as subclasses vy,
a, ¢ B Proteobacteria, sendo que a maior parte delas sdo aerébias
facultativas heterotroficas, ou seja, necessitam de uma fonte de carbono
organico. Dentre as bactérias gram-negativas 0s géneros mais frequentes
sdo Paracoccus, Alcaligenes, Comamonas, Hyphomicrobium,
Pseudomonas, Acidovorax, Thauera e Brachymonas. Também, sdo
reportados géneros gram-positivos como Bacillus e Jonesia, contudo em
menor frequéncia (SCHMIDELL et al., 2007). Além de bactérias
heterotrdficas, a desnitrificacdo pode ser realizada por bactérias
autotroficas, como é o caso da AOB Nitrosomonas europaea
(SCHMIDT et al., 2004).

Comparadas com as bactérias nitrificantes, as bactérias
desnitrificantes s8o0 menos sensiveis as condi¢des ambientais. Desta
forma, quando a nitrificacdo se desenvolve, a desnitrificacdo também é
possivel (VAN HAANDEL et al., 2009). Entretanto, a presenca de
carbono biodegradavel é o fator ambiental mais importante para a
ocorréncia do processo de desnitrificacao.

A concentracdo de oxigénio dissolvido pode inibir
completamente a desnitrificacdo para concentragbes na ordem de 0,2 mg
L, sendo que as condi¢des mais favoraveis sdo pH no valor de 8 e a
temperatura de 35 °C. Nessas condicdes, as velocidades especificas de
crescimento atingem valores na ordem de 3 a 6 dias (SCHMIDELL et
al., 2007).
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2.2.8 Nitrificacdo e desnitrificacio simultaneas

Uma das alternativas para otimizar o processo de remocgédo
bioldgica de nitrogénio é a nitrificacdo e desnitrificacdo simultaneas (do
inglés simultaneous nitrification and denitrification — SND), a qual
elimina a necessidade de reatores separados com condicOes especificas,
simplificando o sistema de tratamento (ANTILEO et al., 2007).

Do ponto de vista fisico, esse processo é realizado dentro do
biofilme, em funcdo do gradiente de oxigénio. A atividade da
comunidade microbiana nitrificante concentra-se em areas que possuem
maior concentracdo de oxigénio, enquanto que, 0S 0rganismos
desnitrificantes estdo ativos onde as concentracGes de oxigénio sdo
limitantes ou quase nulas. No entanto, as condigbes nas quais ocorrem
uma eficiente SND ainda néo estdo totalmente esclarecidas (CHIU et al.,
2007).

Em WC nitrificacdo e desnitrificacdo simultdneas vem sendo
mostrada em WCV (wetland construido vertical) integrados, que
consiste em um leito de WCV com fluxo descendente (WCVD) seguido
de um WCV com fluxo ascendente operado em série. Um estudo
realizado com unidades em escala laboratorial de WCV integrados,
demonstrou a presenca do gene amoA expresso no processo de oxidacao
do nitrogénio amoniacal por AOB e por Anammox, € 0S genes nirS e
nosZ expressos no processo de desnitrificacdo (HU et al., 2016).

O mesmo comportamento foi identificado por Fu et al. (2016),
também em WCYV integrados. Por meio da técnica de Reag¢do em Cadeia
da Polimerase em Tempo Real (gPCR) foi identificado a existéncia de
nitrificacdo e desnitrificacdo simultaneas, pela presenca dos genes
expressos no processo da nitrificacdo e desnitrificacdo. Além desse
processo, 0Ss autores descrevem a presenca de nitrificacdo e
desnitrificagdo parcial.

2.2.9 Nitrificacdo - desnitrificacéo parcial

Esse processo estd associado com a conversdo do nitrogénio
amoniacal a nitrito (Equacdo 9) e, posteriormente, 0 processo de
desnitrificagdo a partir do nitrito formado (Equa¢do 10). A producdo do
nitrato nesse processo é inibida devido a limitagdo de oxigénio
(JIANLONG; NING, 2004).
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NH, +150, — NO, + H,0+2H
Equacdo 9

NO, +1/2CH,0H + H" —1/2N, +1/2CO, +15H,0
Equagdo 10

Com a nitrificacdo e desnitrificacdo parcial é possivel obter
vantagens em relacdo a nitrificacdo e desnitrificacdo convencional. Em
primeiro lugar, a demanda de oxigénio é menor (cerca 25 % menos
comparada com a nitrificacdo via nitrato) e, em segundo lugar, a taxa de
desnitrificagdo via nitrito é geralmente de 1,5 a 2 vezes mais rapido que
a desnitrificacdo via nitrato (JIANLONG; NING, 2004).

Nos WC, geralmente os casos de nitrificacdo e desnitrificacdo
parcial reportados remetem-se aos WCH (ZHANG et al., 2011; 2010).
Em WCVD, Fu et al. (2016) comprovaram a existéncia dessa via de
transformacdo do nitrogénio em um WCV integrado. Esse sistema era
composto por um WCVD com fluxo descendente e um WCV com fluxo
ascendente em série. A remocao de NT variou entre 55 a 90 %. Por meio
da técnica de qPCR empregando primers para identificar os genes
expressos durante o processo da nitrificacdo e desnitrificacdo foi
demonstrado maior abundancia dos genes amoA (expresso durante o
processo de oxidacdo do nitrogénio amoniacal) e NirS (expresso durante
0 processo de desnitrificacdo), indicando o processo de nitrificacdo e
desnitrificagdo parcial.

2.2.10 Nitrificacdo heterotrofica e desnitrificacio aerdbia

Uma questdo bastante promissora para o tratamento bioldgico
de efluentes reside no fato da nitrificagdo heterotréfica e a
desnitrificacdo aerdbia serem processos vinculados um ao outro
(RICHARDSON, 2000).

A primeira bactéria isolada com habilidade de realizar a
nitrificacdo heterotréfica e ainda a desnitrificacdo em condicBes aerdbias
foi a Thiosphaera pantotropha (ROBERSTON et al. 1988), apo6s a T.
Pantotropha outras bactérias foram isoladas, tais como, Pseudomonas
stutzeri, Alcaligenes faecalis, Acinetobacter calcoaceticus, Camamonas,
Thauera  mechernichensis, Paracoccus versutus, Paracoccus
denitrificans, Providencia rettgeri YL, Vibrio diabolicus (DUAN et al.,
2015, ZHANG et al., 2011;TAYLOR et al,.2009; JOO et al., 2005;
BOTHE et al., 2000; MOIR et al., 1996).
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As bactérias nitrificantes heterotroficas e desnitrificantes
aerdbias possuem o metabolismo mixotrofico, e sdo abundantes em
aguas residuarias, lodos de esgoto e no solo (JOO et al., 2005; MOIR et
al., 1996). A nitrificacdo heterotréfica e a desnitrificacdo aerdbia séo
fortemente influenciada pela relagdo C/N (Figura 5). Van Neil et al.
(1993) estudaram a competicdo entre a T. pantotropha e a Nitrosomonas
europae, e variaram a relacdo C/N entre 1,9 e 10,4. A maior relagdo C/N
favoreceu o crescimento da T. pantotropha .

Figura 5 — C/N e sua relagdo com nitrificacdo autotrdfica e heterotréfica.

@ Nitrificacdo heterotrofica

. Assimilagdo na biomassa

Nitrificagdo autotréfica

CN=87 CN=10
Fonte: Adaptado de Kuenen ; Robertson (1994).

Geraats et al. (1990) relataram que a atividade especifica das
bactérias que realizam a nitrificacdo heterotréfica e desnitrificacdo
aerdbia pode ser 10% a 10* vezes menor que a nitrificacdo autotréfica.
Contudo, a taxa de crescimento de organismos heterotroficos tende a ser
maior em relacdo aos autotroficos, como por exemplo, a T. pantotropha
gue possui uma taxa de crescimento (Lmax de 0,4 h), relativamente maior
a Nitrosomonas europea (Umax de 0,0 a 0,05 h) (ROBERTSON et al.,
1988).

A estequiometria da nitrificacdo heterotréfica (oxidacdo do
nitrogénio amoniacal - Equacdo 11, oxidacdo da hidroxilamina em
condi¢des anoxicas - Equacdo 12 e oxidacdo da hidroxilamina em
condicdes aerdbias - Equacdo 13), conforme demonstrado por Moir et
al. (1996), inicia-se pela oxidacdo do nitrogénio amoniacal a
hidroxilamina. Sob condigdes andxicas, o produto exclusivo dessa
reacdo € o Oxido nitroso. Por outro lado, sob condicfes aerdbias, o
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nitrito e o 6xido nitroso sdo os produtos finai. Contudo, essa propor¢do
ainda é desconhecida (WALLACE; AUSTIN , 2008).

NH, + 0,50, —> NH,OH + 3H"*

Equacéo 11
NH,OH ——> N,0+H,0+4H"
Equacédo 12
aN,O
2NH,0H +0, —
PNO,
Equacéo 13

Nas bactérias desnitrificantes da via classica, a desnitrificacdo
somente ocorre se for mobilizada a enzima nitrato redutase (naR), sob
condi¢des de andxia, sendo que a presenca de oxigénio inibe a a¢do da
mesma. Em contraste na desnitrificacdo aerdbia, as bactérias possuem
otima flexibilidade respiratoria, pois 0s mesmos possuem genes que
codificam trés enzimas oxidases bioquimicamente distintos, além de
utilizar oxigénio, nitrato e nitrito simultaneamente (RICHARDSON,
2000).

O organismo modelo da via metabodlica da desnitrificacdo aerdbia
gue, também, € nitrificante heterotréfico é o Paracoccus denitrificans.
Esta bactéria sobrevive e prolifera-se em regides oxidativas, micro-
oxidativas e andxicas e adaptam-se rapidamente as variagcbes do
ambiente (RICHARDSON, 2000; ROBERTSON; KUENEN 1990).
Segundo Nokhal; Schelegel (1983), a P. denitrificans ¢ uma bactéria
gram-negativa, heterotrofica, cocdidal, pertencente aos membros da o-
proteobactéria, tem capacidade de crescimento versatil em condigdes
aerobias e anaerobias, mas cresce preferencialmente em meios aerébios,
com taxas 6timas de crescimento sob valor de pH de 7,6 e temperatura
de 36 °C. Além do mais, essa bactéria pode utilizar nitrito, nitrato,
oxigénio e dxido nitroso, simultaneamente como aceptor de elétrons
(BAUMANN et al., 1996; STOUTHAMER 1991).

2.211 Anammox
O processo de oxidacdo anaerdbia de aménia (Anammox) é uma

das novas tecnologias para a remog¢do de nitrogénio. Nesse processo, 0
nitrogénio amoniacal é convertido a nitrogénio gasoso por bactérias
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oxidantes anaerdbias com o nitrito atuando como aceptor de elétrons,
sob condi¢bes anoxicas (GRAAF et al., 1997). Diferentes produtos
intermediarios, tais como hidroxilamina e hidrazina sdo formados
durante o processo, conforme demonstrado na Equacédo 14.

NH, +1,32NO, + 0,066 HCO; +013H* —
1,02N, +0,26NO, +0,066CH,0, ;N5 +2,03H,0
Equacdo 14

Os organismos Anammox estdo classificados no filo dos
Planctomicetos, sendo Candidatus Brocadia Anammoxidans,
Candidatus Kuenenia stuttgartiensis, Candidatus Scalindua wagneri,
Candidatus Anammoxoglobus propionicus, e Candidatus Jettenia
asiatica os identificados capazes de realizar essa via de transformacédo
do nitrogénio (KARTAL et al.,, 2007; QUAN et al., 2008). Em
comparagdo com o0s processos de nitrificacdo e desnitrificacdo
convencional, as vantagens do processo Anammox sdo: (i) nao
necessitam de fontes de carbono externas; (ii) menor demanda de
oxigénio; (iii) menor consumo de energia (JETTEN et al., 2000).

Em CW, o processo Anammox foi reportado em varias
modalidades de reatores. Estudos realizados por Paredes et al. (2007b)
em WCH mostraram que essa via pode maximizar a remocdo de
nitrogénio entre 5 a 10 vezes em rela¢do a via convencional. Em WCV
integrados (fluxo descendente e ascendente em série), essa via de
remocao de nitrogénio vem sendo fortemente evidenciada em associagdo
com nitrificacdo e desnitrificacdo convencional (FU et al., 2016; HU et
al., 2016). Em WCVD-FS, Anammox foi descrito por Dong; Sun
(2007). Segundo os autores, nitrificacdo parcial e Anammox podem ser
uma via passivel de se desenvolver nesses sistemas, promovendo uma
maior remogao de nitrogénio total.

2.2.12 Canon

O processo Canon (do inglés completely autotrophic nitrogen
removal over nitrite) é resultado da combinacdo dos processos de
nitrificago via nitrito e Anammox, sendo desenvolvido em um Unico
reator aerado e mediado por dois grupos de bactérias (AHN, 2006).
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Em um primeiro momento, AOB oxidam a aménia a nitrito
(Equacdo 1), consumindo oxigénio do meio e criando condigdes
anaerébias para que posteriormente, bactérias anaerobias da ordem
Planctomycetales possam remover efetivamente o nitrogénio. A reacdo
global do processo Canon é representada pela Equacéo 15.

NH, + 0,850, —> 0,435N, + 0,13NO, +1.3H,0 +1.4H"
Equacéo 15

O processo Canon, € uma opcdo econdmica e eficiente para
tratamento de Aaguas residuarias, especialmente para aquelas que
apresentam elevadas concentragdes de nitrogénio na forma de amonia e
baixas  concentracbes  de nitrogénio organico (KHIN;
ANNACHHATRE, 2004).

Em WC a remocdo de nitrogénio através desse processo foi
reportada por Sun; Austin (2007) em um WCVD. Os autores
observaram uma perda de aproximadamente 52 % de nitrogénio, a qual
ndo poderia estar associada com a classica nitrificacdo e desnitrificacao.
Por meio de um balango de massa, foi identificado que o processo
Canon foi a principal via de transformagdo do nitrogénio. Com esses
resultados, os autores reportam que 0 processo Canon pode ser uma
importante via de remocdo de nitrogénio em WC com altas
concentracBes de nitrogénio amoniacal e baixas concentraces de DBO.

23 AVANGCOS DA ENGENHARIA NA NITRIFICACAO E
DESNITRIFICACAO EM WCVD E WCVD-FS

Os WCVD sdo considerados uma tecnologia consolidada no
contexto da nitrificagdo. Muitos estudos foram conduzidos para elucidar
os limites e possibilidades de carregamentos organicos e hidraulicos
associados com a transformacéo do nitrogénio.

Platzer (1999) propds um modelo de dimensionamento para
WCVD utilizando areia como material filtrante, contendo um didmetro
efetivo (dio) superior ou igual a 0,20 mm e o Coeficiente de
uniformidade (Cu) < 5. Nesse modelo, a taxa hidraulica aplicada (TH)
foi considerada o pardmetro chave, a qual esta associada com a
transferéncia de oxigénio no macico filtrante. Para o modelo, foi
proposto que a entrada de oxigénio deve ser superior & demanda
(oxidac@o da matéria orgénica carbonécea e nitrificacdo). As entradas de
oxigénio foram consideradas por meio de convec¢do e difusdo do ar
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atmosférico no interior da massa filtrante. Com base nos resultados
obtidos, sob uma TH de até 250 mm d* e uma carga de até 6,5 g NTK
m2 d?, foi possivel remover até 85 % de DQO e obter efetiva
nitrificacéo.

Para complementar o modelo de transferéncia de oxigénio
proposto por Platzer (1999), em um WCVD operado sob uma TH de 80
mm d*, com 4 alimentacdes diarias e areia como material filtrante,
Kayser; Kunst (2005) mostraram que no intervalo de aplicacdo entre os
pulsos de alimentacdo, o macigo filtrante do WCVD permaneceu
aerobio, indicando uma boa difuséo de oxigénio nesse periodo.

Brix; Arias (2005) definiram critérios dinamarqueses de
dimensionamento com vistas a remog¢do de 95 % de DBO e 90 % de
nitrificacdo para WCVD, destacando-se uma demanda de area
superficial de 3,2 m*/PE, profundidade efetiva do wetland de 1,0 m, o
emprego da areia como material filtrante (dio entre 0,25 ¢ 1,2 mm e Cu
< 3,5), um tratamento primario a montante e a recirculacéo a unidade de
tratamento primario a montante do wetland para a promocdo da
desnitrificagao.

Considerando as condicBes para clima subtropical, Sezerino
(2006) indicou um carregamento de 41 g DQO m2d?, 15 g SST m2d?,
12 g NTK m2d?, 10,2 g N-NHs m2 d?, e uma TH de 230 mm d para
obter efetiva nitrificacdo (com transformagdes de cerca de 70 % do N-
NH, afluente em N-NO3).

O modelo francés, também, vem sendo apresentado como
sistemas com potencial de remog¢do de matéria orgénica e nitrificagao.
Em geral, essas unidades de tratamento sdo compostas por dois estagios
de WCVD, e apresentam desempenho de remocdes superiores de 90 %
para DQO, 90 % para SST e 85 % de nitrificacdo (MOLLE et al., 2005).

Apo6s identificar que os WCVD apresentam alto potencial de
nitrificacdo (VYMAZAL, 2005), muitos estudos voltaram-se para a
remogdo do nitrogénio nitrato formado nessas unidades. Dessa forma,
além das modificacBes realizadas nessa modalidade, novas formas de
operacdo vém sendo propostas, para elevar a potencialidade de
desnitrificagdo.

A aeracdo intermitente foi relatada como sendo uma forma
eficaz de melhorar a nitrificacdo e desnitrificacdo nos WCVD, devido a
alternancia de fases aerobias e anaerobias (FAN et al., 2013). Em um
WCVD operado com aeracdo intermitente alcangou-se remogdes de
96 % de DQO, 99 % de N-NHse 90 % de NT (FAN et al., 2013).
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Concomitantemente com a aeracéo intermitente, a recirculagio
do efluente final também vem sendo aplicada como uma estratégia para
maximizar a remogao de nitrogénio. Foladori et al. (2013) avaliaram trés
estratégias operacionais em WCVD, sendo: (i) recirculagdo do efluente
tratado; (ii) aeracdo intermitente; e (iii) juncdo das duas estratégias. A
remocao de DQO variou entre 85 e 90 % para todas as estratégias, com
uma taxa de remocédo variando entre 54 e 70 g DQO m2 d. O WCVD
com recirculacdo e aeracao apresentou uma remocao maior de NT (8,6 ¢
N m? d*?). Conforme os autores, o investimento para recirculacéo e
aeracdo nesses sistemas seria recompensado pela reducdo de area por
populacdo equivalente, atingindo valores de 1,5 m?/PE.

Os WC verticais com ciclos de drenagem e enchimento,
conhecidos na literatura internacional como Tidal Flow, sdo outra
alternativa que vem sendo aplicada para o contexto da remogdo de
nitrogénio. Hu et al. (2014a) relataram remocg&o de 85 % de NT em um
tidal flow operando com cargas médias aplicadas de 28 g N m2d.

Além dos avancos citados acima, 0 WCVD-FS como destacado
anteriormente, € uma modificacdo proposta com intuito de proporcionar
a nitrificacdo e desnitrificagdo na mesma unidade. Dong; Sun (2007) em
um WCVD-FS (modelo francés), com 0,25 m de camada insaturada e
0,55 m de camada saturada, identificaram 37 % de remocdo de NT,
diferentemente dos 25 % de remogdo de NT em um WCVD operado em
paralelo sob as mesmas condi¢bes do WCVD-FS. Silveira et al. (2015)
mostraram remocOes de 85 % de NT em um WCVD-FS (modelo
francés) com 0,25 m saturacéo de fundo. Langergraber et al. (2011) em
dois estagios de WCVD, composto por um WCVD-FS (10 m?2 de area
superficial) no primeiro estagio, seguido de um WCVD (10 m? de area
superficial) no segundo estagio, operados sob uma carga organica de 40
g DQO m2d*, reportaram remocdes de 57 % de NT (com uma remocéo
média de 3,8 g NT m?2d?).

Em um estudo em microcosmos de areia simulando o perfil
vertical de WCVD-FS, conduzido com intuito de identificar a melhor
profundidade de saturacdo de fundo, com vistas ao favorecimento da
desnitrificagdo, Santos et al.(2016) mostraram que um macico filtrante
com 0,40 m saturado e 0,15 m insaturado proporcionou maior remogao
de NT (46 %), enquanto 0s demais microcosmos que operaram com
menores alturas de saturacdo de fundo (0,20 e 0,30 m), a remogdo de NT
foi de apenas 15 e 36 %, respectivamente.

Recentemente, estudos vém sendo conduzidos em WC verticais
integrados. Essas unidades sdo formadas por um WCV com fluxo



55

descendente (WCVD), e outro WCV com fluxo ascendente, operados
em série. Fu et al. (2016), em um sistema integrado de WCVD de fluxo
descendente e um WCV de fluxo ascendente, mostraram uma remocao
de NT variando entre 55 a 94 %. As menores remogfes de NT foram
encontradas com uma relacdo C/N de 2, enquanto que, as maiores
remocgOes de NT foram obtidas com relagdo C/N de 4.

Apos a indicacdo de carregamentos organicos e hidraulicos e
novas modificacdes operacionais para melhorar a remocdo do
nitrogénio, alguns dos estudos conduzidos nos WCVD voltaram-se
diretamente para entender a dinamica da relacdo C/N. Fan et al. (2013),
em um WCVD com aeragdo, obtiveram boa remocdo de DQO (96 %),
N-NHa4 (99 %) e NT (90 %), sob uma relacdo COD/N de 10. Em outro
estudo, Zhi; Ji (2014) mostraram que em um sistema tidal flow a
nitrificacdo foi dominante quando a relacdo C/N foi < 6, ao passo em
que a relacdo C/N foi > 6 a desnitrificacdo foi dominante. Zhao et al.
(2011) observaram melhor remocdo de nitrogénio sob uma relagdo C/N
variando entre 5 e 10 em dois estagios de WCVD. Por outro lado, em
WCVD Zhao et al. (2010) mostraram melhores taxas de remocdo de
nitrogénio sob uma relagdo C/N de 2,5.

A relacdo C/N ideal para promover maior remocdo de nitrogénio
pode variar entre sistemas, dependendo do arranjo tecnolégico em que o
W(C esté inserido e o tipo de agua residual, sendo dificil estabelecer um
valor de referéncia desta relacdo para atingir maiores taxas de
desnitrificagdo (SAEED; SUN, 2012).

24 AVANCOS DA MICROBIOLOGIA NA NITRIFICACAO E
DESNITRIFICACAO EM WCVD E WCVD-FS

Apesar do extenso campo de pesquisa na area da engenharia para
maximizar a remocéo de nitrogénio nos WCVD e WCVD-FS, estudos
envolvendo técnicas de biologia molecular capazes de descrever
comportamentos da comunidade microbiana nitrificante e desnitrificante
sdo relativamente novos, iniciados principalmente nos anos 2000.

A influéncia das concentragBes de carbono orgéanico disponivel
na nitrificacdo devido a competicdo por oxigénio entre bactérias
autotrdficas e heterotréficas foi abordada por muitos estudos (TRUU et
al., 2005; PAREDES et al., 2007a; SAEED; SUN, 2012). Silyn-Roberts;
Lewis (2001) mostraram em um biofilme de um WCVD, por meio da
técnica de hibridizacdo em florescéncia in situ (FISH) e por PCR que
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AOB do género Nitrosomonas foi uma das colonizadoras iniciais da
unidade. Entretanto, apds o amadurecimento do biofilme, as bactérias
heterotréficas passaram a ser dominantes.

Tietz et al. (2007b) avaliaram a comunidade AOB apds 2,5 anos
de operacdo de trés unidades WCVD, cada qual com uma 4&rea
superficial de 18 m?, 0,50 m de profundidade, cargas médias aplicadas
de 27 g DQO m? d* e areia como material filtrante. Apesar da
nitrificacdo ser estavel, baixa abundancia de AOB (Nitrosomonas
europaea, Nitrosococcus mobilis e Nitrosospira) foi identificada,
indicando a necessidade de estudos voltados para outros organismos
nitrificantes.

Lana et al. (2013), atraves de metodologias convencionais como a
quantificacdo do nimero mais provavel (NMP), identificaram o ndmero
total de AOB, NOB e desnitrificantes em unidades de WCVD plantados,
e ndo plantados. A abundéancia bacteriana dos trés grupos foi mais
elevada nos 10 primeiros centimetros do material filtrante, e na unidade
plantada. Além disso, a abundancia de NOB foi sempre superior que
AOB.

Adrados et al. (2014), em dois WCVD (um com recirculagéo,
com 90 m? de area superficial e 1 ano de operacdo, € 0 outro sem
recirculagdo a 4 anos de operacdo com 15 m2 de area superficial),
identificaram remogdes de NT de 84 e 21 % , respectivamente. Apesar
da variacdo no desempenho de tratamento, demonstrou-se por meio da
aplicacdo das técnicas de PCR, DGGE e sequenciamento do 16S rRNA
gue a estruturada da comunidade bacteriana desnitrificante presente no
macico filtrante foi similar para as duas unidades, sendo Flavobacterium
e Thauera terpenica as principais bactérias associadas com a
desnitrificagdo. Por outro lado, apesar da evidéncia do processo de
nitrificacdo, ndo foram identificadas bactérias nitrificantes nessas
unidades.

Sun et al. (2012), em seis colunas de areia simulando o perfil
vertical de WCVD, alimentadas com esgoto sintético e com fonte
adicional de carbono (glicose), identificaram a comunidade nitrificante e
desnitrificante por meio da técnica FISH. Com o fornecimento de
carbono adicional, a remoc¢do do nitrogénio amoniacal ligeiramente
diminuiu, por outro lado, a remo¢do do nitrogénio total aumentou.
Bactérias desnitrificantes como Azoarcus e Thauera foram dominantes
(58 % de todas as células) quando a fonte de carbono estava disponivel,
enquanto que, a medida que a fonte de carbono se esgotou, AOB e NOB
passaram a ser dominantes.
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Em colunas simulando o perfil vertical de WCVD, Fan et al.
(2016) avaliaram e efeito da aeracdo intermitente na comunidade
bacteriana nitrificante por meio da técnica de FISH. O WCVD operou
com uma taxa de inducdo de ar de 1 L min durante 4 horas. AOB e
NOB foram significativamente mais abundantes no WCVD que
trabalhou com recirculacdo (45 e 35 % para AOB e NOB
respectivamente). Em contrapartida no WCVD que trabalhou sem
aeracdo, a abundancia foi de apenas 6 e 7 % para AOB e NOB,
respectivamente.

Estudos conduzidos em WCV integrados (WCVD com
alimentacdo descendente seguido de um WCV com alimentacédo
ascendente), por meio da técnica de Reagdo em Cadeia da Polimerase
em Tempo Real (qPCR) utilizando primers para identificar genes
expressos no processo de nitrificacdo, desnitrificacdo e Anammox, foi
identificado nitrificacdo e desnitrificagdo simultaneas. O numero de
copias de Anammox 16S rRNA foi de 107 copias g %, enquanto amoA
de AOB e bactérias desnitrificantes foram relativamente menores (10 a
10° copias g%, respectivamente). Com base na dindmica bacteriana,
Anammox foi a principal via de remogéo de nitrogénio nessas unidades
de tratamento (HU et al,. 2016).

Em outro estudo também conduzido em WCV integrados, por
meio da técnica de gPCR com genes expressos durante o processo de
nitrificacdo e desnitrificacdo, foi identificado maior abundancia do gene
nirS (gene expresso na reducdo de nitrito a oxido nitrico), variando de
107 a 108 copias g*, e do gene amoA variando de 10° a 107 copias g,
enquanto que nxrA (gene expresso durante a oxidagdo de nitrito a
nitrato) foi de apenas 10% a 10* copias g*. Esses resultados mostraram
nitrificacdo parcial, seguida de desnitrificacéo.

Um dos primeiros estudos de microbiologia conduzidos em
WCVD-FS, Dong; Sun (2007) em um WCVD-FS (modelo francés) com
uma camada saturada de 0,55 m e 0,25 m insaturados, por meio da
técnica FISH, mostraram distintas vias de transformacédo do nitrogénio.
Na regido aerébia do filtro foram identificadas bactérias nitrificantes,
enquanto que na regido anoxica/anaerdbia, bactérias Anammox e
desnitrificantes estavam presentes no meio.

Em um estudo recente conduzido em WCVD-FS (modelo
francés) em escala real e piloto, Silveira (2015) mostrou maior
abundancia de bactérias nitrificantes (Nitrosonomas, Nitrosospira e
Nitrospira) no inverno. Além disso, a maior quantidade de AOB foi
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observada nos primeiros 0,30 m de profundidade das unidades de
tratamento.

Um estudo realizado em microcosmos de areia simulando o perfil
vertical de WCVD-FS, Santos et al. (2016) realizaram 0 sequenciamento
do 16S rRNA em amostras coletadas na interface insaturada/saturada e
no fundo do microcosmo (regido saturada) e mostraram uma abundancia
relativa de 11,7 % de bactérias nitrificantes (na interface
saturada/insaturada). Bactérias desnitrificantes foram identificadas a
partir da interface saturada/insaturada, sendo os géneros desnitrificantes
Rhodanobacter (28,4 %) e Denitratisoma (15,8 %) os mais abundantes.

Atualmente, varios estudos microbioldgicos vém sendo
conduzido em sistemas tidal flow. Zhi; Ji (2014) em um tidal flow
mostraram que a remog¢do de nitrogénio variou entre 50 e 82 %. Por
meio da quantificacdo dos genes expressos no processo de nitrificacéo e
desnitrificagdo, foi possivel associar a remog¢do do nitrogénio com a
nitrificacdo e desnitrificacdo classica e o processo Anammox.

Em outro estudo, também conduzido em tidal flow (10 m2
dividido em 6 células, vazdo média de 1,5 a 2,3 m? d1, com ciclos de
drenagem e enchimento variando entre 3 a 12 por dia), Autin et al.
(2006) identificaram 95 % de nitrificacdo, seguido de uma remocéo de
95 % de NT, sob uma relacdo C/N de 3. Durante o estudo foram
realizados dois monitoramentos da microbiota presente no meio por
meio da técnica FISH (uma com 9 meses, e outra com 30 meses de
operacdo). Aos 9 meses de operacgdo, 9 % da comunidade bacteriana era
composta por Paracoccus denitrificans. Enquanto que, nos 30 meses de
operacdo a colonizagdo dessa bactéria aumentou para 15 %, indicando a
existéncia de nitrificacdo heterotrofica nessa unidade de tratamento.

Em relacdio & dindmica entre AOA e AOB, alguns
comportamentos desses organismos nitrificantes foram mostrados em
WC superficial e WC horizontal (WCH). Paranychianakis et al. (2016),
em WCH (plantados e ndo plantados), mostraram que AOA
contribuiram para a oxidacdo do nitrogénio amoniacal, porém, AOB foi
mais abundante que AOA. Wang et al. (2011a) em WC superficial
mostraram que AOA estava amplamente distribuida nos sedimentos e na
agua do WC. Nos WCVD e WCVD-FS, a diversidade e abundancia de
AOA, bem como, as inter-relacbes entre AOA e AOB ndo estdo
elucidadas atualmente na literatura.

A diversidade de micro-organismos envolvidos no ciclo do
nitrogénio é muito maior do que se tem sido estudada em WC (TRUU et
al., 2005). Em sistemas biol6gicos de tratamento de esgoto, uma ampla
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diversidade de organismos associados com o nitrogénio ja foi
demonstrada, tais como, a existéncia de arqueas nitrificantes e
desnitrificantes, fungos nitrificantes, bactérias  desnitrificantes
autotrdficas, bactérias desnitrificantes aerdbias, bactérias nitrificantes
heterotroficas, bactérias Anammox, além de organismos com
comportamento mixétrofico.

Com base nos trabalhos realizados em WCVD e WCVD-FS nos
Gltimos anos, percebe-se que a dindmica da comunidade microbiana
nitrificante e desnitrificante estd relacionada com as estratégias
operacionais, e com as particularidades de cada sistema. Esse
comportamento permite inferir que pardmetros de dimensionamento de
WCVD e WCVD-FS sdo fundamentais para obter um biofilme
composto por populacdes de interesse.
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3 MATERIAL E METODOS

O presente trabalho foi realizado na Universidade Federal de
Santa Catarina (UFSC), em cooperacao com a Universidade Politécnica
da Catalunha na Espanha (Universitat Politecnica da Catalunya -
Barcelona-Tech - UPC). Ao longo do periodo de estudo foram avaliados
trés procedimentos experimentais, para responder aos objetivos
especificos da pesquisa (Figura 6).

Figura 6 — Diagrama estrutural dos procedimentos experimentais.
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Em cada procedimento experimental foram estudados diferentes
sistemas de tratamento, baseados em condi¢des operacionais distintas
(Figura 7).

Figura 7 — Condicdes operacionais de cada procedimento experimental.
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3.1 PROCEDIMENTO EXPERIMENTAL I

Para avaliar a dindmica das bactérias nitrificantes e
desnitrificantes presentes no macico filtrante de WCVD e WCVD-FS,
em periodos de alimentacédo e repouso (sem alimentacdo com afluente),
o procedimento experimental |, foi conduzido entre o periodo de junho
de 2013 a fevereiro de 2015, simultaneamente em dois sistemas de
tratamento de esgoto sanitario, sendo um em escala laboratorial de
bancada (sistema 1), e o outro em escala real de campo (sistema II)
conforme indicado na Figura 7.

3.11 Sistema |

O sistema I, em escala de bancada, foi avaliado durante 12 meses,
entre 0s meses de junho de 2013 a junho de 2014, e foi instalado no
Laboratério Integrado do Meio Ambiente (LIMA), nas dependéncias da
UFSC. Esse estudo foi conduzido em dois microcosmos que simularam
o perfil vertical de um WCVD, denominados de microcosmo 1 (M1) e
microcosmo 2 (M2).

Os microcosmos possuiam um volume de 0,0053 m3 (DN 150
mm), area superficial de 0,0176 m? e profundidade de 30 cm, sendo
preenchidos com areia grossa (dio= 0,3 mm e Cu= 6,2) como material
filtrante.
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Os M1 e M2 foram alimentados com esgoto sanitario proveniente
de uma rede coletora de um bairro do municipio de Floriandpolis/SC. A
alimentacdo foi realizada baseada em duas estratégias. Durante 0s
primeiros 180 dias de operacdo (startup), os microcosmos foram
alimentados todas as semanas, com um regime hidraulico baseado em
ciclos de 3 dias de alimentacdo (ter¢as, quartas e quintas-feiras, com trés
pulsos ao longo do dia: 9:00, 13:00 e 17:00 horas) e 4 dias de repouso.
Essa estratégia foi adotada para proporcionar o estabelecimento da
microbiota no macico filtrante (RAGUZA et al., 2004).

Apo6s o periodo de startup, ao longo de mais 180 dias de
operacdo, foi conduzida uma estratégia baseada em um regime de
operacdo intercalando periodos de 30 dias de repouso e 30 dias de
alimentacdo, totalizando 4 periodos de operacdo e 3 periodos de
repouso. Nos periodos de operacdo dos microcosmos, a alimentacéo foi
realizada baseado, em ciclos de 3 dias de alimentagdo (com 3 pulsos de
alimentacdo ao longo do dia) e 4 dias de repouso, conforme realizado no
periodo de startup.

Nos periodos de operacdo, cada microcosmo operou de forma
distinta (Figura 8). O M1 operou com uma carga organica fixa em 41 g
DQO m d* conforme recomendacdes de Sezerino et al. (2012), e TH
varidvel. Enquanto que o M2 operou com uma carga organica variavel, e
TH fixa em 170,5 mm d*. Essa TH foi utilizada por se tratar da maxima
TH tedrica calculada, para obter um balanco positivo de oxigénio,
suficiente para remogdo de carbono e nitrificagdo, conforme o modelo
de transferéncia de oxigénio proposto por Platzer (1999).

Figura 8 — Microcosmos simulando o perfil vertical de wetland construido
vertical descendente. a) esquema representando as condi¢Ges operacionais de
cada microcosmo; b) unidades de tratamento utilizadas no estudo.
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O monitoramento da qualidade do efluente (referente aos
periodos de alimentacdo) tratado foi realizado semanalmente (sempre no
Gltimo dia de operacdo dos microcosmos), por meio de coletas de
amostras do afluente e efluente de cada unidade.

A influéncia dos periodos de alimentacdo e repouso de 30 dias
sob a comunidade bacteriana nitrificante e desnitrificante, foi avaliada
por meio da técnica FISH. Sendo assim, no final de cada periodo de
alimentacdo e repouso, foi coletada uma amostra do macico filtrante na
camada da superficie (0 a 5 cm de profundidade) de cada microcosmo.

Além disso, no término do experimento, 0s microcosmos foram
desativados, e foram coletadas amostras do macico filtrante na camada
da superficie (0 a 5 cm de profundidade) e na camada do fundo (15 a 30
cm de profundidade) de cada unidade de tratamento. Com essas
amostras foi extraido DNA, e realizado o sequenciamento do gene 16S
rRNA, para identificar a diversidade da comunidade bacteriana
presentes no meio.

3.1.2 Sistemall

O sistema Il foi monitorado durante 12 meses, nos meses de
fevereiro de 2014 a fevereiro de 2015, e foi composto por um WCVD-
FS em escala real, empregado no tratamento de esgoto sanitario de um
condominio residencial da cidade de Palhoga/SC (Figura 9).

A planta de tratamento possuiu um arranjo tecnoldgico composto
por um reator anaerobio compartimentado (RAC), o qual operou como
tratamento primario, seguido de um WCVD-FS. Ap6s o tratamento, o
efluente final foi disposto em um cérrego que desaguava no mar.

O WCVD-FS foi implantado em 2006, e foi dimensionado para
atender a demanda total do condominio residencial de 2.200 pessoas. No
entanto, no momento que esse estudo foi conduzido, o condominio
residencial ndo estava complemente habitado. Sendo assim, o0 WCVD-
FS recebeu uma contribuicdo de aproximadamente 100 pessoas.

O WCVD-FS possuia uma profundidade Util de 70 cm, sendo que
0s 20 cm no fundo permaneceram saturados com efluente (devido &
manutencdo do controlador de nivel elevado). O material filtrante era
composto por uma camada de 10 cm de brita na superficie (com
diametro entre 3-8 mm), seguido de 50 cm de areia (dio: 0,3 mm e Cu:
4,84), e por fim, 10 cm de brita no fundo (com didmetro 3-8 mm). A
macréfita plantada foi a Cyperus papyrus, popularmente conhecida
como Papirus.
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Figura 9 — Wetland construido vertical descendente de fundo saturado
empregado para tratamento de esgoto sanitario de um condominio residencial.
= “}\f-} e T =~
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CONDOMINIO PRAIA DE FORA

O WCVD-FS possuia uma é&rea superficial de 3.144 m2
dividida em 4 células interconectadas. Essas células operaram com
ciclos de periodos de alimentacdo e repouso de 30 dias. Dessa forma,
enquanto duas células estavam operando, as outras duas permaneciam
em repouso.

A alimentacdo do WCVD-FS foi realizada diariamente de
forma intermitente na superficie da unidade por meio de bombeamento
(a cada 6 horas), com uma vazdo diéria de 18.064 L d!, dividida em 4
pulsos por dia, de 4.516 L pulso™.

Devido a essa pesquisa ser conduzida em um sistema em escala
real, e por se tratar de uma grande é&rea territorial, esse estudo
concentrou-se em uma das células do WCVD-FS, denominada célula 3,
gue possuia uma area superficial de 764 m2.

Em virtude da baixa contribuicdo de esgoto do condominio
residencial e também devido ao tratamento prévio realizado pelo RAC, a
célula 3 do WCVD-FS operou com uma carga organica média de 4 g
DQO m?d?, umaTH de 24, 5 mmd=.

Nessa célula foram coletadas amostras do macico filtrante em
diferentes profundidades do perfil vertical, e pontos da secdo superficial
da unidade. As coletas foram sempre realizadas uma vez ao més, no
final de cada periodo de operacéo e repouso, totalizando 12 amostras (6



66

amostras referente ao periodo de operagdo, e as outras 6 referentes ao
periodo de repouso da célula 3).

Com auxilio de um amostrador de solo (Figura 10), foi
amostrado o perfil vertical em trés pontos da area superficial da célula 3.
Esses pontos (pontos, 1, 2 e 3) estavam localizados ao longo do
comprimento da area superficial da unidade, acompanhando a tubulacéo
de distribuicdo do afluente.

Em cada ponto foram coletadas amostras em diferentes camadas
do perfil vertical, sendo: (i) camada superficial (de 0 a 17 cm de
profundidade); (ii) camada intermediaria (de 17 a 34 cm de
profundidade); (iii) camada semi-saturada (de 34 a 51 cm de
profundidade); (iv) camada saturada (de 51 a 68 cm de profundidade).

Figura 10 — Coletas de amostras do macico filtrante do wetland em diferentes
_profundidades do (e‘[fil vertical. a am%strador de solo; b

R

Nas amostras coletadas do macico filtrante da célula 3 do
WCVD-FS, foi aplicada a técnica FISH, para avaliar a influéncia dos
periodos de operacdo e repouso sobre a comunidade bacteriana
nitrificante e desnitrificante.

Além disso, nos periodos de alimentacdo da célula 3 do WCVD-
FS, mensalmente foi coletada amostra do afluente e efluente para
realizar a caracterizagao fisico-quimica.

3.1.3  Monitoramento dos sistemas | e 11

O monitoramento dos sistemas | e Il foi realizado por meio de
andlises fisico-quimicas no afluente e efluente de cada unidade avaliada,
e, também, foi caracterizada a comunidade bacteriana nitrificante e
desnitrificante presente no macico filtrante das unidades de tratamento.
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3.1.3.1  Analises fisico-quimicas

O monitoramento do desempenho em termos da qualidade do
efluente tratado nos sistemas avaliados no procedimento experimental |
foi realizado por meio de andlises fisico-quimicas. Na Tabela 1
apresentam-se 0s parametros avaliados e a metodologia empregada para
cada anélise.

Tabela 1 — Pardmetros avaliados no afluente e efluente de cada unidade avaliada
no procedimento experimental I, e a respectiva metodologia empregada.

Parametros Metodologia empregada

H Potenciométrico, pHmetro Tekna T-1000,
P Standard Methods 4500-H+, (APHA, 2005)
Digestéo em refluxo fechado — método
DQO (mg L) colorimétrico, Leitura em espectrofotdmetro HACH®
Standard Methods 5220D, (APHA,2005).
Titulagdo potenciométrica com solugéo de H2SO4
Standard Methods 2320B, (APHA, 2005)
Método gravimétrico
Standard Methods 2130B (APHA, 2005)
Método colorimétrico — Digestdo de persulfato — KIT
HACH®, leitura em espectrofotdmetro HACH®
Método colorimétrico de Nessler, leitura em
espectrofotdmetro HACH® (VOGEL, 1981)

N-NO2 (mg L) Meétodo colorimétrico Alfanaftilamina (APHA,1998)

Meétodo colorimétrico- KIT HACH®, Redugéo de
Cadmio Standard Methods 4500 E — (APHA, 2005)

Alcalinidade (mg L)
SST (mg LY
*NT (mg L)

N-NH4 (mg L)

N-NOs (mg L)

*Conduzidos apenas no sistema Il
3.1.3.2  Analises microbiolégicas

As analises microbioldgicas conduzidas nos sistemas | e Il foram
realizadas com as amostras do macico filtrante coletadas no final de
cada periodo de operacdo e repouso, conforme descrito acima. Nessas
amostras foi aplicada a técnica FISH.

e Hibridizacdo fluorescente in situ (FISH)
A técnica FISH foi realizada seguindo as recomendacdes de

Amann (1995). As sondas oligonucletidicas empregadas nesse
procedimento encontram-se descritas na Tabela 2.
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Antes de iniciar o procedimento da analise de FISH, foi realizada
uma etapa de preparo das amostras, para extrair o biofilme aderido no
material filtrante. Para isso, foram coletados 20 g do material filtrante de
cada sistema experimental, e adicionado 50 mL de agua deionizada e
centrifugado a 3000 G por 5 minutos. Nessa mistura de dgua e material
filtrante foi realizado um processo de sonicagdo no ultrassom por 5 min
(para desprender o biofilme da areia). Posteriormente, o sobrenadante
foi centrifugado a 1500 G por 5 minutos. Para confirmar a integridade
das células extraidas, foram realizadas medidas de absorbancia e
turbidez, antes e depois dos procedimentos de centrifugacdo e
sonicacao.

A observacdo das laminas foi realizada por microscopia de
epifluorescéncia (microscopio Olympus BX-41, Tokio, Japao).

Para a estimativa da abundancia das células hibridizadas, 10
campos de cada lamina foram escolhidos e avaliados aleatoriamente.
Para determinar a abundancia das células hibridizadas com a sonda EUB
mix (eubactéria), as células coradas com DAPI (4,6-diamidino-2-
phenylindol) foram consideradas como 100 %. Enquanto que para
determinar a abundancia das células hibridizadas com as sondas de
bactérias nitrificantes e desnitrificantes, as células hibridizadas com
EUB mix foram consideradas como 100 %. A abundéancia das células
hibridizadas foi calculada usando o software daime (digital imagem
analysis in microbial ecology) (DAIME et al., 2006).

e Sequenciamento de nova geracdo

O sequenciamento de nova geracdo (do inglés Next Generation
Sequencing techniques — NGS) utilizando a plataforma MiSeq Illumina,
foi realizado apenas nas amostras coletadas na superficie (0 a 5 cm de
profundidade) e no fundo do macico filtrante (15 a 30 cm de
profundidade) dos dois microcosmos (M1 e M2) do sistema I, apds os
360 dias de operacéo.

A integridade do DNA extraido das amostras coletadas na
superficie e no fundo dos microcosmos foi verificada por meio de
eletroforese horizontal em gel de agarose (1 %), TAE 1X buffer, e Syber
Green (Life Technologies, Sdo Paulo, BR). A eletroforese foi realizada
por 60 minutos a 60 v. As imagens do gel foram obtidas usando
ChemiDoc MP (Bio-Rad, California, EUA). A quantificagdo da
concentracdo de DNA foi feita utilizando o espectrofotdmetro de acidos
nucleicos (Nanodrop, Thermocientific).



Tabela 2 — Descricdo de sondas de oligonucleotideos empregadas na técnica FISH.

Sondas Alvo Sequéncia (5°-3”) Referéncia
EUB mix I- CTGCCTCCCGTAGCA I -Amann et al., (1990)
(+11+111) Eubactéria II- CAG CCACCCTAGGTGTCTG Il e Il -Daims et al.,
I1I- CCACCCGTAGGTGT (1999)
THIO Thiobacillus sp GTCATGAAACCCCGCGTGGT Fm““&gﬁ?mmm
PAE 997 Pseudomonas spp. TCTGGAAAGTTCGCATCA Amann et al., (1996)
NTSPAG62 Maioria dos membros Nitrospirae CGCCTTCGCCACCGGCCTTCC Daims et al., (2001)
NTSPN693 Nitrospina gracilis TTCCCAATATCAACGCATTT Juretschko (2000)
NSO 190 - oxidantes de amonio Proteobacteria, CGATCCCCTGCTTTTCTCC Mobarry et al., (1996)
incluindo Nitrosomonas
. CCCCTCTGCTGCACTACTCTA
NEU 653 Nitrosomonas sp CCTGTGCTCCATGCTCCG Wagner et al., (1995)
NIT 3 Nitrobacter sp CCTGTGCTCCATGCTCCG Wagner et al., (1996)
AMX 820 Bacterias Anammox, Candidatus Brocadia ) \ ccocTCTACTTGCCAGTC  Schimid et al., (2001)
e Candidatus Kuenenia stuttgartiensis
PDV 163 Paracoccus denitrificans, CCTCTGTCCAGGTCACCG Neef et al., (1996)
Paracoccus versutus
TBD 1419 Thiobacillus denitrificans ACTTCTGCCAGATTCCAC Fernandez et al.

(2008)
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e sequenciadas pela empresa Neoprospecta Microbiome Technologies
(Floriandpolis, BR).

A regido V3-V4 do gene 16S rRNA de eubactéria, foi
amplificada usando os primers U341F 5’CCTACGGGRSGCAGCAG 3’
(ZAKRZEWSKI et al., 2012) e 806R
5’"GGACTACHVGGGTWTCTAAT 3’ (CAPORASO et al., 2011). A
amplificacdo foi realizada por meio de uma reacdo de PCR de 35 ciclos
a 50°C, sendo que cada amostra foi amplificada em triplicata.

Os resultados do sequenciamento foram analisados usando o
software QIIME versdo 1.8.0 (Quantitative Insights Into Microbial
Ecology; CAPORASO et al., 2010a) e as leituras foram compiladas em
um arquivo FAST(q para realizar andlise de bioinformética.

As andlises de bioinformatica foram realizadas pela
Neoprospecta Microbiome Technologies. Para a identificacdo das
unidades taxondmicas operacionais (Operational Taxonomic Units-
OTUs) foi utilizado o sistema BLASTn 2.2.28. considerando apenas
sequéncias com 99 % de similaridade.

3.1.4  Analises estatisticas
3.1.41 Sistemal

Primeiramente, a normalidade dos dados referente a
caracterizacdo fisico-quimica do afluente e efluente dos dois
microcosmos foi avaliada por meio do teste Kolmogorov—-Smirnov.
Posteriormente, para verificar se ocorreu diferenca estatistica no
tratamento realizado entre o microcosmo 1 e 2, foi aplicado o teste ndo
paramétrico Wilcoxon, com variaveis dependentes e com um nivel de
significancia de p< 0,05.

Para verificar a existéncia de correlagBes lineares entre a
abundéncia bacteriana identificadas no microcosmo 1 e 2, e os dados de
qualidade do efluente tratado, foram realizadas correlagfes de Pearson.
Além disso, para entender a dindmica bacteriana, foi realizada uma
correlagdo candnica entre a eficiéncia de remocéo de DQO, nitrogénio
amoniacal e a formacdo de N-NOy, juntamente com os dados de
abundancia bacteriana identificado por FISH.

Todas essas analises foram realizadas utilizando o software
Statistica 7.0 (STATSOFT INC, 2004), com excecdo da correlacdo
candnica que foi realizado no software Canoco 4.5 (TER BRAAK;
SMILAUER, 2002).
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3.1.4.2 Sistema ll

Em primeiro lugar, a normalidade dos dados da caracterizacéo
fisico-quimica foi avaliada por meio do teste Kolmogorov—-Smirnov.

Posteriormente, com rela¢do aos dados de abundancia bacteriana
obtidos nos periodos de repouso e operacdo, em diferentes
profundidades do perfil vertical, e nos trés pontos de coleta ao longo da
secdo superficial da célula 3 do WCVD-FS, foi realizada uma série de
analises estatisticas.

Um teste t de Student foi realizado para avaliar se ocorreu
diferenca significativa entre a abundancia bacteriana identificada nos
periodos de repouso e operacao.

Em seguida, uma andlise de variancia ANOVA foi realizada para
avaliar varidveis relacionadas com a abundéncia bacteriana identificada,
conforme segue: (i) avaliar se ocorreu diferenca significativa na
abundancia bacteriana identificada nas diferentes camadas da célula 3
do WCVD-FS; (ii) identificar se ocorreu diferenga na abundancia
bacteriana identificada entre os 3 pontos de coleta da &rea superficial da
unidade; (iii) avaliar se ocorreu influéncia das diferentes estacfes do ano
na comunidade bacteriana identificada nas distintas camadas da célula 3
do WCVD-FS.

Todas as andlises estatisticas forma realizadas utilizando o
software Statistica 7.0 (STATSOFT INC, 2004), e com um nivel de
significancia de p <0,05.

3.2 PROCEDIMENTO EXPERIMENTAL II

O procedimento experimental Il foi conduzido entre os meses de
junho de 2015 a janeiro de 2016, junto ao sistema Il (Figura 7),
localizado nas dependéncias do Grupo de Estudos em Engenharia
Ambiental e Microbiologia (Environmental Engineering and
Microbiology Research Group - GEMMA), da UPC em Barcelona/ES.

Esse estudo foi realizado em um WCVD empregado para o
tratamento de esgoto sanitrio, proveniente de uma rede coletora de
esgoto de um dos bairros da cidade de Barcelona.

O WCVD estudado fez parte de um sistema hibrido de WC
(Figura 11). O sistema hibrido foi implantado em 2010, e era composto
por um tanque Imhoff, com volume de 0,2 m3, que operou como
tratamento primario, seguido de um WCVD que possuia 3 m2 de area
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superficial, um WCH com 2 m2 de &rea superficial, e por fim, um WC
superficial de lamina livre, também com 2 m2 de area superficial. Apds
a passagem do efluente no WC superficial, 0 mesmo retornava para a
rede coletora.

O WCVD foi construido em polietileno e possuia uma area
superficial dividida em duas células interconectadas. Cada célula
possuia uma area superficial de 1,5 m?, que alternava ciclos de 3,5 dias
de alimentacdo e repouso (Figura 12). Essa unidade possuia uma
profundidade de 80 cm, preenchidos com areia (com diametro entre 1 -
2 mm) nos primeiros 10 cm, seguido de uma camada de 70 cm de brita
(com didmetro de 3 - 8 mm) como material filtrante. A macrdfita
empregada foi a Phragmites australis.

O sistema hibrido de WC, até o presente estudo, operou com
variacdo de carga organica entre 10 e 109 g DBO m2 d, dependente
das condicGes operacionais vinculada a cada estudo realizado nessa
planta de tratamento ao longo do tempo (AVILA et al., 2013; 2014;
2016).

Sendo assim, esta pesquisa foi realizada no momento em que o
sistema hibrido estava operando com uma estratégia de recirculacdo, a
fim de maximizar a remocdo de nitrogénio total. Dessa forma, uma
parcela do efluente final do wetland superficial retornava para o tanque
Imhoff. Portanto, a carga aplicada no WCVD variou em func¢éo da agua
residuaria afluente, e também, do efluente final do WC superficial que
foi recirculado na unidade a montante do WCVD.

Assim, esse estudo foi embasado em dois periodos distintos,
vinculados a duas cargas organicas médias consequentes principalmente,
do desempenho de tratamento do sistema hibrido. No periodo I, (junho a
outubro de 2015) totalizando 5 meses de operagdo, a carga organica
média aplicada foi de 130 g DQO m?2 d* (considerando a érea
superficial de 3 m?), e no periodo Il, (novembro de 2015 a janeiro de
2016) referente a 3 meses de operagdo, a carga media aplicada foi de 80
g DQO m2d.

Para ambos os periodos a vazdo aplicada foi de 1.125 L d*,
resultando em uma TH de 375 mm d. A vazéo total foi dividida em
aproximadamente 22 pulsos de 50 L pulso.

Para quantificacdo do afluente e efluente do WCVD foram
implantados medidores de vazdo eletromagnéticos (SITRANS FM
MAGFLO®), permitindo assim, o controle hidraulico da unidade.
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Figura 11 — Sistema hibrido de wetlands do procedimento experimental II.
a) esquema representando o sistema; b) foto do sistema experimental.

1. Tanque de armazenagem do efluente
2. Tanque de armazenagem de dgua

3. Tanque de mistura

4. ImhofT reator

5. Tanque de armazenagem de efluente

Figura 12 — Wetland construido vertical descendente estudado no procedimento
experimental 1.
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3.2.1 Monitoramento do sistema 111

Para monitorar 0 desempenho do sistema, foram realizadas
analises fisico-quimicas e bioldgicas no afluente e efluente do WCVD, e
analises microbioldgicas no macico filtrante e no afluente e efluente
dessa unidade de tratamento.

3.2.1.1 Analises fisico-quimicas e bioldgicas

O monitoramento da qualidade do efluente tratado foi realizado
por meio de analises fisico-quimicas no afluente e efluente da unidade,
com uma frequéncia de duas vezes na semana. Os pardmetros analisados
juntamente com as metodologias empregadas estdo descritos na Tabela 3.

Tabela 3 — Parametros avaliados no afluente e efluente dos wetland construido
vertical descendente e metodologia empregada no procedimento experimental 11

Parametros Metodologia empregada

*OD (mg L) Ecoscan DO6 oximetro, (APHA, 2012)

pH Potenciométrico, Crison pHmetro (APHA, 2012)
*Eh (mV) Thermo Orion 3 Star redox meter, (APHA, 2012)
SST (mg L) Gravimétrico, (APHA, 2012)

DQO (mg L) Digestdo em refluxo fechado, (APHA, 2012)
SST (mg LY) Método gravimétrico, (APHA, 2012)

NT (mg L?) Multi Carbon/Nitrogen (2100 S) analizador.
N-NH4 (mg L) Meétodo colorimétrico, (APHA, 2012)

N-NO2 (mg L) DIONEX-ICS-1000 ion cromatografia

N-NOs (mg L) DIONEX-ICS-1000 ion cromatografia

* realizadas in situ.
3.2.1.2  Analises microbiolégicas

Para realizar as analises microbioldgicas, em uma das células do
WCVD, foram coletadas amostras do macigo filtrante no final do
periodo I, que remete-se a um periodo de 5 meses de operacdo do
WCVD sob uma carga organica média de 130 g DQO m d-, e no final
do periodo I, referente a 3 meses de operagdo do WCVD, sob uma
carga organica média de 80 g DQO m2d=.
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As amostras foram coletadas com auxilio de um amostrador de
solo (Figura 13), na camada da superficie do WCVD (entre 0 a 15 cm de
profundidade) e na camada do fundo (entre 70 a 80 cm de
profundidade). Essas amostras foram coletadas em triplicatas para cada
camada avaliada. E também, no final do periodo Il, foi coletada uma
amostra do afluente e efluente da unidade de tratamento.

Figura 13 — Coleta de amostras no macico filtrante do wetland construido
vertical descendente.

v

Para avaliar a dinAmica microbiana envolvida nas transformag6es
do nitrogénio, nas amostras referentes ao final do periodo I (material
filtrante) e periodo Il (material filtrante e afluente/efluente do WCVD),
foi realizado uma reacdo de Transcricdo Reversa (do inglés Reverse
Transcription) seguida da técnica de Reacdo em Cadeia da Polimerase
em Tempo Real (RT)-qPCR.

Essas técnicas foram direcionadas para identificar a abundancia
de copias de genes (baseado no DNA), e a atividade (baseado no DNA
complementar (cDNA), de genes funcionais expressos durante o
processo da oxidacdo da amdnia (para arqueas e bactérias) e no processo
de desnitrificacdo (para bactérias).

Além disso, nas amostras referentes ao final do periodo Il, foi
realizado o sequenciamento de nova geracdo (em nivel de cDNA) do
16S rRNA de eubactéria e arqueas, para identificar a diversidade de
bactérias e arqueas ativas, presente no meio filtrante da camada da
superficie e do fundo, e no afluente do WCVD. Na Figura 14, apresenta-
se um esquema amostral das coletas e analises realizadas no WCVD do
procedimento experimental I1.

Apobs a coleta das amostras, as mesmas foram imediatamente
misturadas com 2 mL de LifeGuard reagente (MoBio Laboratories,
Carlsbad, Califérnia, EUA) para prevenir a degradacdo do RNA.
Posteriormente em laboratério, foi pesado 0,25 g do material filtrante de
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cada amostra e 1 mL da amostra do afluente/efluente do WCVD foi
centrifugado (2000 G por 5 minutos a 4°C) formando um pellet. Com os
0,25 g do material filtrante e o pellet formado pela centrifugacéo, foi
realizado a extracdo do RNA/DNA.

Figura 14 — Amostragens realizadas e analises microbioldgicas empregadas no
periodo I e Il do procedimento experimental 1.

Amostras Andlises
coletadas realizadas
Peri
eriodo | x Camada da
5 meses de operacao - superficiee fundo | PCR
1302 DQO m-2d! P o WouD q
TH de 375 mm d™* i A
Car}'@da da _gPCR
Periodo Il superficiee fundo |
~ -NGS
3 meses de operagao do WCVD
80g DQOmM-2d1
TH de 375 mm d! Afluente e R qNPgI; em ambos
efluente do WCVD “N@>apenas no
efluente

A extracdo de RNA e DNA foi realizada nas 3 réplicas de
amostras independentes coletadas nas camadas da superficie e do fundo,
no final de cada periodo avaliado. A extracdo de RNA e DNA foi
realizada simultaneamente utilizando o kit de extracdo de RNA
PowerMicrobiome™ RNA Isolation kit (26000-50), (Mobio
Laboratories Inc., Carlsbad, Califérnia, EUA).

Para extracdo simultinea do RNA e DNA foi realizada uma
adaptacdo no protocolo do fabricante, onde a etapa de digestdo do DNA
da amostra é ignorada em um primeiro momento (passo 14 e 15 do
protocolo fornecido pelo fabricante), obtendo o DNA e RNA como
produto final. Posteriormente, 0 DNA foi separado do RNA através de
um tratamento com solugdo de DNase | (fornecida pelo kit
PowerMicrobiome™ Isolation) com temperatura em torno de 25°
durante 10 minutos (passos 14 e 15 do protocolo do fabricante).

Para confirmar a pureza (auséncia de contaminagdo com DNA) e
a integridade do RNA extraido, foi realizado uma amplificacdo da
regido V3 do gene 16S rRNA por meio de uma reagdo de PCR (com
RNA como template). Para isso, 0 mix da PCR foi realizado com um
volume final de 25 pL, contendo, 1,25 U de Taq DNA polimerase, 12,5
mM de dNTPs, 0,25 uM de cada primer (F-341 e R-907) e 100 ng de
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RNA. A reacdo de PCR foi realizada no aparelho Master cycler
(Eppendorf, Hamburg, Alemanha). As condi¢des de amplificacdo foram
realizadas seguindo recomendacdes de Prenafeta-Boldu et al., (2012).

Depois de confirmada a integridade do RNA extraido, 0s mesmos
foram transcritos para cDNA por meio da enzima transcriptase reversa
através da reacdo de transcri¢do reversa. Ou seja, a partir do RNA, a
enzima transcriptase reversa sintetiza uma cadeia de cDNA. Esse
procedimento foi realizado com o kit PrimeScript™ RT (Perfect Real
Time, Takara, Japao), seguindo as recomendac@es do fabricante.

Os cDNA e DNA extraidos das amostras, foram armazenados a -
80°C para as futuras analises. Dessa forma, a partir desse momento, as
avaliagBes microbioldgicas foram manipuladas com o DNA, o qual
remete-se a abundancia total de genes ou micro-organismos alvos, e
com o cDNA (proveniente do RNA) que esta relacionado com o0s
transcritos, representando a atividade dos mesmos.

e Rea¢8o em Cadeia da Polimerase em Tempo Real (QPCR)

Essa andlise foi conduzida para quantificar a abundancia total
(baseado no DNA) e abundancia ativa (baseado no cDNA), de
eubactéria, populagdes oxidantes de aménia (arquea e bactéria) e
bactérias desnitrificantes, com as amostras coletadas no final do periodo
I e 11, e com o afluente/efluente coletados no final do periodo II.

A quantificacdo da abundancia de eubactéria foi conduzida
baseado na regido V3 do 16S rRNA. Essa regido delimita uma regido
conservada do dominio bactéria (WANG; QIAN, 2009). As condicOes
de amplificagdo para os primers utilizados nesse procedimento
encontram-se descritos na Tabela 4.

As comunidades de AOB e AOA foram quantificadas pela
expressao do gene amoA, o qual codifica a enzima a-am6nia mono-
oxigenase, essa enzima catalisa o processo de oxidagdo da aménia a
nitrito, ou seja, a nitritacdo (ROTTHAWE et al.,, 1997). Para a
guantificacdo de amoA de AOB os primers utilizados, bem como, as
condi¢des de amplificacdo dos mesmos, encontram-se descritos na
Tabela 4.



Tabela 4 — Primers empregados na analise de qPCR e suas respectivas condi¢Ges de amplificagao.

Alvo Primer Sequéncia (5°- 3”) Condicdo de amplificacéo das reagdes Referéncia
10 min a 95 °C; seguido de 40 ciclos de desnaturacéo a
16S rRNA de 95 °C por 30 s; 30 s de anelamento a 55 °C; e por fim, Prenafeta-
eubactéria 1232: ig%%ggggfgfgf A?C-:r 45 segundos de extensdo 72°C. A captura de imagem Boldu et
Regido V3 foi realizada a 80 °C durante 35 segundos para excluir a al.,(2012)
fluorescéncia da amplificacdo de dimeros de primers.
5 min a 94 °C; 42 ciclos de desnaturagédo a 60°C por 90
s; seguido de 60°C por 90 s de anelamento; e por fim,
amoA de amoAlF GGGGTTTCTACTGGTGGT 60°C por 90 s, seguidos de 10 min a 72 °C de extensé&o. Rotthauwe et
eubactéria amoA2r CCCCTCKGSAAAGCCTTCTTC A captura de imagem foi realizada a 75 °C durante 35 al., (1997)
segundos para excluir a fluorescéncia da amplificagéo
de dimeros de primers.
10 min a 95°C; seguido de 40 ciclos de desnaturagdo a
95°C por 30 s; 30 s de anelamento a 52°C, e por fim, 45 Pester et al.,
amoA de arch amoA 19Fw ATGGTCTGGYTWAGACG s de extensdo 72°C. A captura de imagem foi realizada (2012)
arquea arch amoA FRv GATGTCCARGCCCARTCAG a 75 °C durante 35 segundos para excluir a Wauchter et
fluorescéncia da amplificacdo de dimeros de primers. al., (2006)
10 min at 95 °C; seguido de 40 ciclos de desnaturacdo a
0, . or- H
oz ZE WCSYIGTICMICGACAGECAG S5 RS 3 rdamaioaSe Ciezcks - Caliern
eubactéria noszZR ATGTCGATCARCTGVKCRTTYTC P - cap 9 .

realizada a 80 °C durante 35 segundos para excluir a
fluorescéncia da amplificagdo de dimeros de primers.

8.
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Para identificar a abundancia do gene amoA de AOA, uma nova
configuracdo de primers foi utilizada, buscando quantificar 4 diferentes
linhagens de AOA. AOA representantes do grupo I1a: Nitrosopumilus e
Nitrosotalea; grupo I1b: Nitrososphaera; e do grupo Thaumarchaeota:
Nitrosocaldus foram utilizadas como alvo, seguindo recomendacdes de
Pester et al., (2012). Para a quantificagdo de amoA de AOA 0s primers
utilizados e as condigdes de amplificagdo encontram-se descritos na
Tabela 4.

Para a quantificacdo de bactérias desnitrificantes, dado que
existe uma variedade de enzimas envolvidas no processo completo da
desnitrificagdo, e que as bactérias desnitrificantes sdo amplamente
distribuidas em diferentes géneros, foi quantificado a Ultima etapa da
desnitrificagdo. Dessa forma, bactérias desnitrificantes foram
guantificadas através da expressdao do gene nosZ- clade I, responsavel
pela redugdo do N2O a N». Esse gene codifica a extremidade da enzima
oOxido nitrico redutase, clade I. Na Tabela 4 encontra-se a descricdo dos
primers utilizados nesse procedimento e as condigdes de amplificacdo
dos mesmos.

As reacdes foram realizadas em triplicada (considerando amostras
independentes de extratos de DNA/cDNA de cada amostra coletada),
para 0s controles-negativos e para cada diluicio de DNA/cDNA
(considerando a curva padrdo). As reacOes foram realizadas com um
volume final de 10 pL, contendo 1 pl de DNA/cDNA (com
concentragdes médias de 5 ng pLt), 400 nM de cada primer, 5 pL do
mix de gqPCR utilizado (Brilliant 11 Sybr Green gPCR Master Mix,
Stratagene) e 30 nM de ROX dye.

Todas as reagdes de qPCR foram realizadas no aparelho Real
Time PCR System MX3000P (Stratagene, La Jolla, Califérnia, EUA).
Ap6s o término da amplificacdo, as amostras foram armazenadas na
geladeira a 4°C.

A curva padrdo de cada gene alvo foi realizada por meio dos
fragmentos de genes sintéticos, construidos no banco de dados FunGene
(Functional gene pipeline Repository; http:/fungene.cme.msu.edu/),
gBlocks® (Integrated DNA Technologies). Os fragmentos foram
ressuspensos em 1mL de agua ultrapura e quantificados no
espectrofotdmetro de acidos nucleicos (Nanodrop, Thermocientific). A
partir disso, foi realizada uma diluicdo de 10 vezes dos genes sintéticos.
Posteriormente, as diluicdes foram submetidas & uma reagdo de gPCR,
que foi realizada em duplicata, sendo possivel identificar uma gama
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linear entre 10 a 108 nimero de copias de genes por reagdo para gerar a
curva padrao.

Todas as reacdes de gPCR mostraram um R2 acima de 0,985, com
eficiéncias dos ensaios variando entre 90 e 110 %. Todos os resultados
foram processados pelo software gPCR MXPRO ™ (Stratagene, La
Jolla, CA) e foram tratados estatisticamente.

e Sequenciamento de nova geracdo

A diversidade da comunidade microbiana (bactérias e arqueas)
ativa (baseado no cDNA), foi identificada através do sequenciamento de
nova geracdo na plataforma MiSeq Illumina da regido V1-V3 do gene
16S rRNA para eubactéria, e regido V3-V4 do gene 16S rRNA para
arqueas.

Para isso, os primers utilizados para 0 sequenciamento foram:
27F (5~ AGRGTTTGATCMTGGCTCAG-3) / 519r (5°-
GTNTTACNGCGGCKGCTG-3’) para ecubactéria e 349F (5’-
GYGCASCAGKCGMGAAW-3) / 806 (5’-
GGACTACVSGGGTATCTAAT-3’) para arqueas.

Uma reacdo de PCR foi realizada utilizando HotStarTaq Plus
Master Mix Kit (Quiagen, Califérnia, EUA). A corrida foi realizada sob
as seguintes condicdes: 94 °C durante 3 minutos, seguido por 28 ciclos
de 94 °C durante 30 segundos; 53 °C durante 40 segundos e 72°C
durante 1 minuto; e um passo de alongamento final a 72 °C durante 5
minutos. Todos os produtos de PCR das diferentes amostras foram
dosados em concentracdes iguais, utilizando Kit Quant-iT PicoGreen
dsDNA Kit (Invitrogen, Carlsbad, Califérnia, EUA).

Posteriormente, a purificacdo dos produtos de PCR foi realizada
usando Agencourt Ampure beads (Agencourt Bioscience Corporation,
MA, EUA). E por fim, os fragmentos de cDNA foram sequenciados
utilizando a plataforma MiSeq (lllumina) seguindo as orientages do
fabricante.

O sequenciamento e o preparo das amostras foram realizados pelo
laboratorio Molecular Research MR DNA Laboratory (Texas, EUA).

Os resultados do sequenciamento foram analisados usando o
software QIIME (Quantitative Insights Into Microbial Ecology;
CAPORASO et al., 2010a) versdo 1.8.0 e as leituras foram compiladas
em um arquivo FASTq para a analise de bioinformatica.

Os OTUs foram taxonomicamente classificados pelo método
UCLUST (EDGAR, 2010). As sequéncias representativas de cada OTU
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foram alinhadas usando-se o PyNast (CAPORASO et al.,, 2010b) e
ChimeraSlayer (Chimeric Sequence Detection Utility) (HAAS et al.,
2011).

Para a classificacdo taxonémica das OTUs representativos,
utilizou-se o RDP Classifier (Ribossomal Database Project;
http://rdp.cme.msu.edu/) e BLASTn Green Genes 5.6 (DESANTIS et
al., 2006).

Posteriormente, os dados finais de MISeq foram submetidos ao
Sequence Read Archive (SRA) banco de dados do Centro Nacional de
Informacg@es sobre Biotecnologia (NCBI).

3.2.2  Analises estatisticas

Apos confirmar a normalidade dos dados referente & qualidade do
efluente tratado por meio do teste Kolmogorov — Smirnov, um teste t de
Student foi realizado, para avaliar se ocorreu diferenca estatistica entre a
qualidade do efluente tratado entre os periodos I e Il.

Com os resultados da analise de gPCR foi aplicado um teste t de
Student para identificar se ocorreu diferenga significativa na abundancia
dos genes expressos na mesma camada do WCVD nos diferentes
periodos avaliados, e, também, para averiguar se ocorreu diferenca
significativa nos genes identificados em diferentes camadas do WCVD
no mesmo periodo avaliado.

Todas as analises foram realizadas com o software Statistica 7.0
(STATSOFT INC, 2004) e com um nivel de significancia de p<0,05.

3.3 PROCEDIMENTO EXPERIMENTAL I1I

O procedimento experimental 111 foi conduzido entre os meses de
fevereiro a julho de 2016, durante 6 meses, no sistema IV (Figura 7),
também, situado nas dependéncias do grupo GEMMA na UPC. Esse
procedimento experimental foi conduzido no mesmo sistema hibrido de
WC empregado para o tratamento de esgoto sanitario do sistema IlI
(Figura 11), em um periodo seguinte ao término do procedimento
experimental 1. No entanto, as duas células do WCVD, nesse momento,
passaram a operar de forma isolada e paralelamente. Sendo assim, uma
das células operou como um WCVD, e a outra célula como um WCVD-
FS, com uma area superficial de 1,5 m2 cada.
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Nesse procedimento experimental, o arranjo tecnoldgico foi
composto por um tanque Imhoff, que operou como tratamento primario,
seguido de um WCVD e um WCVD-FS que operaram em paralelo
(Figura 15). Apds a passagem do efluente no WCVD o0 mesmo seguiu
para 0 WCH, enquanto que o efluente do WCVD-FS retornou para a
rede de coleta, em um ponto posterior a captacao.

Figura 15 — Wetland construido vertical descendente de fundo saturado e
wetland construido vertical descendente do procedimento experimental I11.

O WCVD-FS operou com o0s primeiros 45 cm do material
filtrante instaurados, e os ultimos 35 cm saturados com efluente,
enquanto que, o WCVD operou sem saturagdo, sendo 80 cm de
drenagem livre. O material filtrante de ambos os wetlands era composto
por areia (com didmetro de 1 a 2 mm) nos primeiros 10 cm, e 0s outros
70 cm eram brita (com didametro 3 a 8 mm). A macroéfita plantada foi a
Phragmites australis.

Nesse procedimento experimental, cada wetland operou com
uma vazdo diaria de 200 L, resultando em uma TH de 133 mm d-, uma
carga organica média de 40 g DQO m?2 d*, conforme recomendacdes de
Sezerino et al. (2012). A alimentacdo foi realizada intermitentemente
todos os dias da semana, por meio de bombeamento, totalizando 8
pulsos por dia de 25 L pulso™.

Para o controle da quantidade de afluente e efluente dos
wetlands foram implantados medidores de vazéo eletromagnéticos
(SITRANS FM MAGFLO®).

3.3.1 Monitoramento do sistema IV

O monitoramento do sistema IV foi realizado por meio de coletas
de amostras do afluente e efluente de cada wetland, com frequéncias de
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duas vezes na semana. Os parametros analisados juntamente com as
metodologias empregadas encontram-se descritos na Tabela 3.

Para realizar as analises microbiolégicas, foram coletadas amostras
do macigo filtrante de cada wetland (em diferentes profundidades), e
também do afluente de ambas as unidades.

Referente a coleta de amostras do macigo filtrante, no WCVD
foram coletadas amostras ap6s um periodo de 6 meses de operacdo da
unidade, sob as condicBGes operacionais descritas no item 3.3 (periodo
final). No WCVD-FS foram coletadas amostras em duas campanhas, a
primeira, foi realizada 1 dia antes de ser implementada a saturagdo de
fundo na unidade (periodo inicial), e a segunda campanha, foi realizada
apés um periodo de 6 meses de operagcdo do wetland, com o fundo
saturado (periodo final). Para o afluente, foi coletada uma amostra no
periodo inicial e a outra no periodo final do estudo.

As amostras do macigo filtrante foram coletadas com auxilio de
um amostrador de solo (Figura 13), na camada da superficie dos
wetlands (entre 0 a 15 cm de profundidade) e na camada do fundo (entre
70 a 80 cm de profundidade). Essas amostras foram coletadas em
triplicatas para cada camada avaliada de cada wetland.

Com essas amostras foi empregada a técnica de (RT)-gPCR, e
sequenciamento de nova geracdo do 16S rRNA de bactérias e arqueas. A
andlise de (RT)-gqPCR foi realizada com todas as amostras coletadas no
material filtrante de ambos os wetlands, e também, com as amostras do
afluente de ambos os periodos. Enquanto que, o sequenciamento de
nova geracdo foi realizado, com as amostras do material filtrante
coletadas no periodo final de operacdo do WCVD, periodo inicial e final
de operagdo do WCVD-FS, e, também, com a amostra do afluente do
periodo final. Na Figura 16 apresenta-se um esquema amostral das
coletas e analises realizadas.

O procedimento de extracdo de RNA/DNA, as analises de (RT)-
gPCR e 0 sequenciamento de nova geragdo foram conduzidos conforme
descrito no item 3.2.1.2, referente ao sistema Ill, do procedimento
experimental 11.
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Figura 16 — Amostragens realizadas e analises microbiol6gicas empregadas no
WCVD e WCVD-FS do procedimento experimantal Ill.

Amostras

Periodo Analises realizadas
coletadas
Camada da
superficiee fundo | perfodo final > G:ICGRSE
do WCVD
WCVD
Periodo inicial - gPCR
Afluente <:
. s qPCR e
Periodo final -> NGS
Car:nada da Periodo iniciale gPCRe
superficie e fundo final > NGS
do WCVD
WCVD-FS -
Periodo final -> gPCR
Afluente <
Periodo inicial | » aPCR e

NGS

3.3.2  Analises estatisticas

A normalidade dos dados de qualidade do efluente tratado foi
verificada com o teste Kolmogorov - Smirnov. Posteriormente, com a
confirmacdo da normalidade, uma analise de variancia ANOVA
(p<0,05) foi empregada, para identificar se ocorreram diferencas entre a
gualidade do efluente tratado entre os dois wetlands avaliados.

Com os resultados da analise de gPCR das amostras coletadas no
final do periodo de operagdo do WCVD, foi aplicado um teste t de
Student (p<0,05), para identificar se ocorreu diferenca significativa entre
a abundancia dos genes identificados nas amostras coletadas na camada
da superficie e do fundo. No WCVD-FS, foi aplicado um teste t de
Student (p<0,05) para avaliar se ocorreu diferenca significativa na
abundancia dos genes identificados nas amostras da camada da
superficie e do fundo, coletadas no mesmo periodo operacional, e
também, para verificar se ocorreu diferenca significativa na abundancia
dos genes identificados na mesma camada entre as amostras coletadas
nos diferentes periodos avaliados (periodo inicial e final).

Correlacdes de Pearson foram conduzidas entre a abundancia de
transcritos de amoA de AOB e AOA (resultados de gPCR) e a
abundancia relativa de NOB (resultados de NGS). Para 0 WCVD, essa
andlise foi realizada considerando os resultados obtidos na camada da
superficie e do fundo. Enquanto que para 0 WCVD-FS, foi considerado
apenas os dados referente a camada da superficie. Todas as analises
foram realizadas com o software Statistica 7.0 (STATSOFT INC, 2004).
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4 RESULTADOS E DISCUSSAO

Esta secdo foi dividida e apresentada em forma de quatro artigos
cientificos, os quais foram publicados e ou submetidos aos periddicos
cientificos.

41 ARTIGO1

A carga organica e hidraulica sdo parametros chaves para o
dimensionamento de WCVD. A aplicacdo de uma alta carga organica
pode influenciar no processo de nitrificagdo. Ainda, a TH aplicada de
forma indireta, também, estd vinculada com a nitrificacdo. Além desses
parametros, a utilizacdo de um regime hidraulico baseado em periodos
de alimentacdo e repouso, vem sendo empregado nesses sistemas,
principalmente em unidades em escala real. Contudo, atualmente, ndo se
conhece a influéncia de longos periodos de repouso e alimentacdo, na
dindmica das comunidades bacterianas atuantes nas transformacdes do
nitrogénio, presentes no macico filtrante dessas unidades. Neste
contexto, 0 Artigo 1! teve como principal objetivo avaliar a influéncia
da carga organica e hidraulica aplicada, e do regime hidraulico operado
sobre a comunidade bacteriana nitrificante e desnitrificante presentes no
material filtrante de WCVD.

Para isso, foram utilizados dois microcosmos que simularam o
perfil vertical de um WCVD, denominados microcosmo 1 (M1) e
microcosmo 2 (M2), preenchidos com areia como material filtrante. O
M1 operou com uma carga organica fixa de 41 g DQO m2d? e uma TH

1 O Artigo 1 deu origem a seguinte publicacéo:

Ecological Engineering 95 (2016) 180-188

Contents lists available at ScienceDirect

Ecological Engineering

journal homepage: www.elsevier.com/locate/ecoleng

Organic load and hydraulic regime influence over the bacterial @Cm,m
community responsible for the nitrogen cycling in bed media of
vertical subsurface flow constructed wetland

Catiane Pelissari?, Mayara Oliveira dos Santos?, Benny Zuse Rousso?,
Alessandra Pellizzaro Bento”, Rafael Dutra de Armas*, Pablo Heleno Sezerino®
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média de 72 mm d*?, enguanto que, o M2 operou com uma carga
organica média de 104 g DQO m2 d* e uma TH fixa em 170,5 mm d.
Apo6s um periodo de 180 dias de alimentacdo semanal, um regime
hidraulico intercalado de periodos de 30 dias de alimentagdo e 30 dias
de repouso foi adotado. No total, 7 periodos foram monitorados (4
periodos de alimentacdo e 3 periodos de repouso). Ao término de cada
periodo, as comunidades bacterianas nitrificantes e desnitrificante foram
caracterizadas por meio da técnica FISH. Além disso, no final do
experimento (360 dias de operagdo) foi realizado o0 NGS do 16S rRNA
de eubactéria, com amostras coletadas na camada do fundo e da
superficie do macico filtrante de cada microcosmo. A abundancia de
bactérias nitrificantes em relacdo ao total de bactérias foi maior no M1,
gue operou com menor carga organica e TH (15 % e 3 % para AOB, 18
% e 10 % para NOB em periodos de alimentagdo e repouso,
respectivamente), comparativamente ao M2 (9 % e 1 % para AOB, 8 %
e 4 % para NOB, em periodos de alimentacdo e repouso,
respectivamente). Também, foi identificado no M1, maior abundancia
de familias bacterianas associadas com a desnitrificacdo (Rodocyclaceae
e Camamonadaceae). Por fim, foi identificada uma diminuicdo na
abundancia de bactérias nitrificantes no final de cada periodo de
repouso. Contudo, as mesmas restabeleceram-se no meio, com a
retomada da alimentagdo, demonstrando abundancia similar em todos os
periodos de operacdo. Bactérias desnitrificantes permaneceram estaveis
ao longo do periodo de estudo.

Transcricdo adaptada do Artigo 1:

4.1.1 Relevance and objective

Vertical subsurface flow constructed wetlands (VF) are an
ecotechnology widely employed as treatment solution to different
influent wastewater compositions. These units are designed to promote
advanced treatment performance, in terms of carbonaceous organic
matter and suspended solids removal as well in nitrogen
transformations, markedly the nitrification (KADLEC;WALLACE,
2009)

VF wetlands sizing is dependent on the hydraulic loading rates
(HLR) and the organic loading rates (OLR) applied on its superficial
area (SEZERINO et al., 2012; HOFFMANN et al., 2011; PLATZER,
1999). Besides HLR and OLR, the hydraulic regime is also a
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fundamental parameter to maximise treatment performance in
constructed wetlands (CW). Intermittence of feeding and rest periods
allows the control of biomass in the bed media (MOLLE et al., 2008).
These design and operational variables are directly related with the
nitrogen transformation processes that happen in CW (SAEED; SUN,
2012). Besides that, they also affect the microbial community inside the
bed media, since the microbial diversity, density and stability are
directly related with the treatment performance of such units
(FAULWETTER et al., 2009).

Nowadays, the microbial interactions and their role in treatment
performance are being increasingly main subjects of many studies
conducted on VF wetland. Hu et al. (2016) elucidated through the
identification of functional gene expressions, the microbial nitrogen
removal pathways in those systems. The relation of viable and dead
bacteria in different depths along the VF wetland profile was addressed
by Foladori et al. (2015). Guan et al. (2015) evaluated the influence of
substrate composition on the microbial community. The impact of
different macrophyte species on the bacteria community was evaluated
by Zhang et al. (2010). Salomo et al. (2009) evaluated the metabolic
diversity of the microbial community in different VF wetland layers.
Tietz et al. (2007b) assessed the ammonia oxidizing bacteria (AOB)
community in a VF wetland.

Even though there are a high number of studies that investigate
microbial dynamics in CW, there is not a clear understanding of how
intermittent feeding and alternating operational periods affect the
structure of the bacterial community engaged in nitrogen transformation
in VF wetland. In that way, a detailed knowledge about the structure and
physiology of the microbial community involved in nitrogen
transformations within this operational outline is essential. Firstly,
because this hydraulic regime is widely employed in full scale systems
in Brazil (TREIN et al., 2015) and, secondly, due to the possible
optimization of nitrogen removal pathways, and therefore, unit’s
performance, once these mechanisms are better understood.
Furthermore, the relations of this group of microorganisms with the total
microbial community and the design and operation variables can also
enhance nitrogen removal efficiencies.

Given that, the aim of this study was to evaluate the effect of the
OLR and the hydraulic regime over the nitrifying and denitrifying
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bacterial community present in the bed media of vertical flow
constructed wetland employed as wastewater treatment solution.

4,1.2 Materials and methods
4.1.2.1 Experimental units

This study was conducted in bench scale using two microcosms
(microcosm 1 and microcosm 2), which represent a vertical profile of
bed media from VVF wetland. The microcosms had superficial area equal
to 0.0176 m?, depth of 30 cm and coarse sand (dig = 0.3 mm and
uniformity coefficient = 6.2) as bed media. Both microcosms were
operated under an average temperature of 20 °C. The treatment units
were unplanted, Nevertheless, Tietz et al. (2007a) showed no
statistically significant difference in bacterial biomass in all the layers of
planted and unplanted VF systems.

Microcosm 1 was operated with a constant OLR of 41 g COD m-
d?, according to Sezerino et al. (2012) recommendations, while the
HLR was variable presenting an average value of 72 mm d=.
Microcosm 2 was operated with variable OLR around 104 g COD m2 d-
1 and constant HLR of 170.5 mm d. The latter HLR value refers to
calculations based on Platzer (1999) oxygen transfer model. The
calculations provide an oxygen positive balance considering air drag
through the superficial area and oxygen consumption for carbon and
nitrogen removal.

The two microcosms were fed with urban wastewater, from the
sewerage system of the municipality of the Floriandpolis, southern
Brazil. The feeding of the two microcosms was based on two strategies.
During the startup period (first 180 days), feeding was performed every
week, three days per week (Tuesdays, Wednesdays and Thursdays) and
three times per day (9:00 AM, 1:00 PM and 5:00 PM). This strategy was
adopted to assure the development of microbial community inside the
bed media. After 180 days of startup, feeding was done based on a
hydraulic regime that alternates periods of 30 days of feed and 30 days
of rest. This strategy of feeding and rest periods was implemented to
allow the evaluation of the effect of rest and operation periods on
bacterial communities in the filtering media. Thus, seven periods were
alternated, which 4 were operation periods (periods 1, 3, 5 and 7) and
three were rest periods (2, 4 and 6), totalling 360 days of operating and
monitoring (Figure 17).
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The physical-chemical characterization of the influent and treated
effluent during operational periods was done every week throughout the
360 days. The evaluated parameters were: pH, alkalinity, total
suspended solids (TSS), chemical oxygen demand (COD), ammonium
nitrogen (NHs-N), nitrite nitrogen (NO2-N) and nitrate nitrogen (NOs-
N). All parameters analyses followed APHA (2005) recommendations,
exception being made to the parameter NHs-N, which followed Vogel
(1981) recommendations.

Figure 17 — Microcosms used to simulate vertical profile of vertical flow
constructed wetland. a) Scheme of the microcosms. b) Hydraulic regime
adopted during monitoring.

A B
OLR:41gCODm2d!  OLR: Variable 360 days of operation and evaluation:
HLR: Variable HLR: 170.5mm d! )
Feeding periods Rest periods
* 30 cmsand *
* (d1o=0.3 mm; Cu=6.2) +
5 cm gravel
=T M1 M2 M1 M2
Period 1: 180 days Period 2: 30 days
Period 3: 30 days Period 4: 30 days
Period 5: 30 days Period 6: 30 days
Microcosm 1 (M1) Microcosm 2 (M2) Period 7: 30 days

4.1.2.2 Bacterial analysis
- Technique of fluorescence in situ hybridization

The total, nitrifying and denitrifying bacterial communities were
monitored in both microcosms using the technique of Fluorescence in
situ hybridization (FISH). It was used specific probes to each taxon
(Tabela 2), according to Amann (1995) recommendations.

For bacterial analysis of nitrifying and denitrifying communities,
aliquots of 20 g of bed media were collected, to which 50 mL of
deionized water was added. Samples were mixed and sonicated in an
ultrasound for 5 min in order to loosen the biofilm from the bed media.
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Then, samples were centrifuged at 1500 G for 5 min. Measurement of
absorbance of samples was conducted before and after centrifugation
and sonication to confirm the integrity of the extracted biofilms.

In order to quantify the bacterial population, at least 10 images
were recorded for each sample, and examined with a microscope
(Olympus BX41, Tokyo, Japan). For the estimation of the abundance of
hybridized cells using the probe EUB mix, the cells stained with 4°,6-
diamidino-2-phenylindole (DAPI) were considered as representatives of
100 % of all microorganisms determined by digital image. For the rest
of the probes, 10 fields were randomly singled, and cells stained with
the probe EUB mix were considered as being 100 % of all bacteria
determined by digital image.

- Next Generation Sequencing (NGS)

At the end of the 360 days of monitoring, the microcosms were
deactivated and samples from the bed media were collected. Altogether,
two different depths of the vertical profile were evaluated, at 0 to 0.05 m
(surface) and 0.15 to 0.30 m (bottom).

The DNA from the samples was extracted using the extraction kit
DNA MoBio Power Soil TM (Mobio Laboratories Inc., Carlsbad, CA,
USA), following the producer instructions. The integrity of the extracted
DNA was verified through horizontal electrophoresis using agarose gel
1 %, TAE 1X buffer and Sybr Green (Life Technologies, SP, Brazil) as
samples’ stain. The horizontal electrophoresis lasted 60 min, at 60 V.
The image visualization from the gels was done using ChemiDoc MP
(Bio-Rad, CA, USA).

Afterwards, NGS of the V3-V4 region of the 16S rRNA was
performed on the extracted DNA. It was utilized universal primers to
bacteria, as such as the U341F 5’CCTACGGGRSGCAGCAG3’
(ZAKRZEWSKI et al., 2012) and 806R
5’GGACTACHVGGGTWTCTAAT3’ (CAPORASO et al., 2011). The
last procedure was done using the new generation Miseq gene
sequencing platform.

4.1.2.3 Statistical analysis
Statistical analyses were applied on the physical-chemical

parameters aiming to compare microcosms’ 1 and 2 overall treatment
performances. The applied statistical test was the Wilcoxon matched-
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pairs test (p <0.05), a non-parametric analysis among dependent
variables. Also, Pearson’s linear correlations were determined between
the bacterial community identification, obtained through FISH, and the
treated effluent quality. All statistical analyses were done using the
software  Statistic 7.0™ (STATSOFT, 2004). A canonical
correspondence analysis of the NHs-N and COD removal efficiencies
and the NOx-N and NOs-N formation was done. This test was made to
explain the proportion of different bacterial groups identified in both
microcosms using the FISH technique. The canonical correspondence
analysis was done using the software CANOCO 4.5™ (TER BRAAK;
SMILAUER, 2002).

4.1.3 Results and discussion
4.1.3.1 Treatment performances of microcosms

The average influent and treated effluent characteristics achieved
during the 360 days of monitoring are exposed in Table 5. Microcosm 1
(operated with an average HLR of 72 mm d! and a constant ORL of 41
g COD m2 d1), presented an average COD removal rate equal to 89 %,
for the 4 periods of operation. Microcosm 2, which has been operated
with higher OLR (constant HLR of 170.5 mm d* and average OLR of
104 g COD m d), showed close COD removal efficiency (83 %) to
microcosm 1. The OLR increase is often concurrent with a higher rate of
organic compounds removal in constructed wetlands (CALHEIROS et
al., 2007).

In regards to the ammoniacal nitrogen, microcosm 1 presented, in
average, 78 % of removal for the 4 periods of operation, whereas
microcosm 2 was restricted to only 62 %. The removal of NH4-N in VF
wetland is directly associated with nitrification (VYMAZAL, 2013).
The nitrification was evident in both microcosms, being, however,
greater in microcosm 1. The HLR is linked with the oxygen drag to
inside of the bed media. The volume of influent that percolates in the
bed media is replaced by an equivalent volume of air (KAYSER;
KUNST, 2005).

According to Wilcoxon test results, microcosms 1 and 2
presented statistical differences on the removal efficiencies for the
parameters COD (p= 0.01424), NHs-N (p= 0.01853) and NOs-N (p=
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2.98x10®). These differences could be explained due to different
bacterial community structures for each microcosm.

Table 5 — Mean, (£SD) concentrations, mean organic and inorganic applied
loading rates, mean applied hydraulic rate and mean removal efficiencies of
influent and effluent for microcosm 1 (M1) and microcosm 2 (M2).

Period 1 Period 3 Period 5 Period 7
Parameters
M1 M2 M1 M2 M1 M2 M1 M2

n=23 n=23 n=5 n=5 n=4 n=4 n=4 n=4

Influent concentrations (mg L™

pH 70 70 70 71 70 70 70 70
Alkalinity 264 £92 264 £92 319+38 317+80 262+24 273+43 205+71 240+ 35
TSS 70£32 70£32 119 £52 90 £33 123+23 110+ 14 48 £29 53+28
Ccob 580+177 580+177 700+£226  612+197 745 £53 70489  414+126 545+136
NHs:-N 70+11 70£11 69+12 60 17 64+6 61+12 50+11 55+15
NO;-N 0+0 0+0 0+0 00 00 00 00 0£0
NOs-N 00 00 3x1 1x1 41 40 3x1 3x1

Effluent concentrations (mg L7)

pH 61 6+1 5+1 6+0 60 6+0 5+1 6+0
Alkalinity 9375 134+90 40 £36 156 £ 41 00 83+48 7+8 4127
TSS 19+14 35+26 12 +14 6+5 1+2 3+2 18+13 4+0
COoD 144 £ 93 166 + 36 3818 79+42 29+13 92 +51 417 74+13
NH,;-N 13+11 30+17 267 33+13 12+8 19+13 7+3 11+5
NO,-N 3+3 3+0 0+0 2+1 6+5 15+1 6+3 1+5
NO;-N 26+8 11+7 24+10 12+5 55+0 10+5 47+15 12+5

Mean removal efficiencies (%)

TSS 73 50 66 93 99 97 62 92
Ccob 75 71 95 87 96 87 90 86
N-NH," 81 57 63 45 85 68 85 80

Organic and inorganic applied loading rates and applied hydraulic loading rate

TSS(gm d?) 5:2 126 7:3 154 7:3 19t5 6+2 9%5
COoD (g m*d?) 4 99+8 41 104+5 41 120+8 1 93+10
NH,-N (g m”d*?) 5+2 12+1 4+3 104 4x1 10+3 542 9+3
HLR(mm.d™) 72+5 1705 605 1705 55+ 8 1705 100 + 10 1705

C/N Ratio 8 8 10 10 10 12 8 10
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41.3.2 FISH bacterial identification

The relative abundance of the total bacterial community was of
79.5 1% and 94 + 5 % for feeding periods, and 80 + 0.2 % and 90 £
0.2 % in rest periods for the microcosm 1 and 2 respectively (Figure 18).
The rest periods of 30 days did not influence the relative total bacterial
abundance, since the abundance remained constant throughout the 360
days of monitoring. The stability of the bacterial community in
constructed wetlands is achieved after long-term operation (more than
75 days) (WEBER; LEGGE, 2011; SAMSO; GARCIA, 2013). Also, for
the stabilization of the microbial biomass in constructed wetlands, more
than 100 days is usually required (RAGUSA et al., 2004).

The steadiness of the bacteria domain during rest periods and the
hydraulic regime rotation between rest and operation periods supported
COD removal. The removal increased after the first operation period (to
more than 90 % for microcosm 1, with 41 g COD m d* and to 85 %
for microcosm 2, with 104 g COD m d1). Alternating operation and
rest periods is fundamental to support attached biomass growth in bed
media. Also, it is an important factor to keep aerobic conditions inside
the bed media and to mineralize organic deposits (MOLLE et al., 2008).

Figure 18 — Proportion of EUB mix probe stained bacteria against stained cells
using DAPI.
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During feeding periods, the mean relative abundance for the
bacterial group involved in nitrogen transformations for microcosm 1
was 14 + 11 %. For the same microcosm during rest periods, the
abundance decreased to 7 £ 5 %. Concerning microcosm 2, the mean
relative abundance for the same bacterial group was considerably
smaller. During feeding periods, the percentage was equal to 7.5 £ 4 %,
while during rest periods it was 5 £ 6 % (Figure 19 a,b). The identified
nitrifying bacteria communities were affected by rest periods. They
presented a reduction on their relative abundance when compared to
operational periods. Nevertheless, it was observed the reestablishment of
these groups after every 30 days of operation. Also, nitrification process
was not compromised. AOB as Nitrosomonas europea, even if
cultivated for months without ammonia input, were capable to recover
its oxidizing activity shortly after a single pulse of ammonia into the bed
media (LAANBROEK; BAR-GILISSEN, 2002).

Microcosm 1 showed higher performance in nitrification (Table
5). The different performance of nitrification is related to the dynamics
of nitrifying bacteria. AOB were identified in greater abundance in the
microcosm 1, in feeding periods (15 £ 4 %) and rest periods (3 £ 2 %),
compared to the microcosm 2 (9 + 1 % and 1 + 2 %, for feeding and rest
periods, respectively). The same behaviour was identified for NOB
bacteria in feeding periods (18 = 7 % and 8 £ 5 %, for microcosm 1 and
2, respectively) and rest periods (10 = 6 % and 4 + 3 %, for microcosm 1
and 2, respectively). The high OLR can directly affect the nitrification
due to the nitrifying and heterotrophic bacteria competition for oxygen
and inorganic nitrogen. This competition tends to be more intense in
carbon-rich environments (TRUU et al., 2005; PAREDES et al., 20073;
FAULWETTER et al., 2009).

Nitrosomonas sp (NEU 653 probe) in feeding periods, was the
dominant identified AOB in microcosm 2 (operated with 10.2 g NH4-N
m2 d1), with relative abundance of 8 + 0 %. However, in microcosm 1,
with lower OLR and with an ammonia loading rate of 4.5 g NH4s-N m-
d, the relative abundance of Nitrosomonas sp was only 2 + 1 % for
feeding and rest periods (Figure 19 a,b). It is generally suggested that
different NHs-N concentrations select different types of AOB,
(WEBSTER et al., 2005). High NH4-N concentrations seem to create
systems dominated by single Nitrosomonas species (JURETSCHKO et
al., 1998). Verhamme et al. (2011) evaluated the influence of different
ammonia concentrations in AOB and ammonia oxidizing archaea
(AOA) growth using microcosm with soil during 28 days. The results
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showed that a growth of AOA happened with all ammonia
concentration, while AOB growth (Nitrosomonas oligotropha and
Nitrosospira cluster) occurred only with the higher concentration.

Figure 19 — Proportion of the nitrifying and denitrifying bacterial community in
relation to EUB probe at the end of each feeding and rest period.
a) Microcosm 1; b) Microcosm 2.
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In regards to the NOB (Figure 19 a,b), during feeding periods, the
Nitrobacter sp (NIT 3 probe) genus was the dominant for both
microcosms (27 + 4 % for microcosm 1, and 14 + 1 % for microcosm
2). During rest periods, it was identified the predominance of
Nitrospirae phylum (NTSPA 662 probe). This phylum showed an
average abundance of 16 + 3 % for microcosm 1 and 10 + 0 % for the
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microcosm 2. Nitrospira genus can proliferate with small substrate
concentrations, what could have occurred due to rest periods
(NOGUEIRA; MELO, 2006).

Denitrifying bacteria from the Pseudomonas spp. genus were
identified in both microcosms with higher abundance in rest periods (12
* 2 % for microcosm 1 and 18 = 0 % for microcosm 2) than in feeding
periods (2 + 0% for microcosm 1 and 10 + 0 % for microcosm 2)
(Figure 19 a, b). Rest periods were beneficial to the development of this
genus, probably due to the low oxygen diffusion, consequence of the
lack of feeding. The higher abundance of this genus in microcosm 2 can
be related to the higher availability of carbon due to higher OLR.

Presence of bacteria from the Paracoccus genus (PDV 1031
probe) was observed in both microcosms, with higher abundance in
microcosm 1, mainly in periods 5, 6, and 7 (Figure 19 a,b). On the other
hand, in microcosm 1, since the 4™ period, a decrease in AOB
abundance was registered (Figure 19a). After the 5" and 7™ period, an
increase in NO2-N e NOs-N production was noted (Table 5) Pearson’s
correlations undertaken during this study, between nitrite production and
the abundance of P. denitrificans and P. versutus, point to a strong
positive correlation (0.756) of the variables. The canonical analysis done
between NHs-N and COD removal, NO.-N and NOs3-N production
(Table 5), and relative abundance of identified bacteria showed the
relation between NO»-N occurrence and P. denitrificans and P. versutus
(Figure 20).

The results of these analyses could indicate the occurrence of
heterotrophic nitrification. Paracoccus denitrificans is a hetetrophic
bacterium, which survives and proliferates in oxidative, micro-oxidative
and anoxic regions (STOUTHAMER, 1991). During heterotrophic
nitrification under anaerobic conditions, the NHs-N is oxidized to
hydroxylamine, and then, to nitrous oxide. Yet, under aerobic
conditions, the hydroxylamine is oxidized to nitrite and to nitrous oxide
(RICHARDSON, 2000). Nitrification and denitrification occurred
concurrently with COD removal in early stages of a cascade mesocosm
wetland receiving relatively organic rich wastewater (TANNER et al.,
2002).
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Figure 20 — Canonical correlation between NH4-N and COD removal and the
NOs-N and NO,-N formation with identified bacteria using the FISH technique.
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4.1.3.3 Bacterial community structure

NGS results obtained at the end of the 360 days of the
microcosms monitoring indicate that microcosm 1 and 2 present
differences in terms of bacterial community structure (Figure 21).
Microbial community structure is directly related with the oxygen
availability, which is dependent on f the HLR and the OLR (ADRADOS
etal., 2014).

Q) Phylum rank

In total, 15 phyla for each microcosm were identified (Figure 21).
Most of them are naturally present and abundant in natural wetlands
(ANGELONI et al., 2006) and constructed wetlands (CHEN et al., 2015;
ANSOLA et al., 2014).

The Proteobacteria phylum was the dominant for both
microcosms. It presented a mean relative abundance of the surface and
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bottom zones, equal to 76 % of all identified sequences (Figure 21). The
Proteobacteria phylum included a very high level of bacterial metabolic
diversity related to global carbon, nitrogen and sulfur cycling (ANSOLA
et al., 2014). Similar behavior has been reported in constructed wetlands
by Chen et al. (2015), Calheiros et al. (2009) and Ahn et al. (2007),
using pyrosequencing, PCR technique, and FISH technique,
respectively. Following the Proteobacteria phylum, the phyla
Bacteroides,  Acidobacteria,  Actinobacteria,  Firmicutes  and
Gemmatimonadetes were the most abundant among the taken samples.

Figure 21 — Relative abundance in phylum rank identified in surface and bottom
layers of microcosms 1 and 2.
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Microcosm 1: Surface layer ; (2) Microcosm 1: Bottom layer; (3) Microcosm 2:
Surface layer ; (4) Microcosm 2 Bottom layer. The relative abundance is
defined as the number of identified sequences of the taxon divided by all
sequences of the sample.

A clear difference between both microcosms was the distribution of
the Actinobacteria phylum. For the surface and bottom samples from
microcosm 1, abundances of 2 % and 4 % of all sequences were found.
Meanwhile, for microcosm 2, the abundance for this phylum was higher
(12% in surface and 16 % for bottom). Different organisms are
encountered among Actinobacteria, and the phylum includes pathogens
(e.g., Mycobacterium spp., Nocardia spp., Tropheryma spp.,
Corynebacterium spp., and Propionibacterium spp.), soil inhabitants
(Streptomyces spp.), plant commensals (Leifsonia spp.), nitrogen-fixing
symbionts  (Frankia), and gastrointestinal tract inhabitants
(Bifidobacterium spp.) (VENTURA et al., 2007). This phylum
encompasses bacteria that are diverse with respect to their biochemistry,
and relationship to oxygen (STACH et al., 2003). Bifidobacteium spp.
are, for instance, anaerobic/microaerophilic and fermentative
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microorganisms (BOTTACINI et al., 2012). On the other hand,
Mycobacterium spp. are strict aerobic organisms (very abundant in
microcosm 2 — see Figure 22) (VAN KEULEN et al., 2007). Species of
Streptomyces, as S. coelicolor (abundant in soil) are also strict aerobic
microorganisms (FISCHER et al., 2010). Probably the higher abundance
of this phylum in microcosm 2 can point to better oxygen diffusion due
to the applied HLR of 170.5 mm d!, generating aerobic conditions even
on the microcosm’s bottom.

(i) Family rank

At the family taxonomic rank, 68 different families were
identified within microcosm 1, whereas in microcosm 2 only 33
different taxon were determined (Figure 22). The families
Rhodocyclaceae (36 + 20 %), Comamonadaceae (15 *+ 16 %) and
Xanthomonadaceae (12 + 6 %) were the dominant ones in microcosm 1.
Rodocyclaceae and Comamonadaceae are known denitrifying bacteria
(LU et al., 2015), which could indicate the lack of oxygen diffusion and
the occurrence of denitrification along the media. These processes result
in a smaller oxygen demand, since these bacteria families can use nitrate
or nitrite as final electrons acceptor. The high abundance of the families
Rhodocyclaceae, Comamonadaceae in microcosm 1, can indicate the
occurrence of nitrification (due to AOB and NOB metabolism) and
simultaneous  denitrification. ~ Simultaneous  nitrification  and
denitrification in VF wetland were already reported in other studies (HU
etal., 2016; TANNER et al., 2002).

In microcosm 2, it was observed a higher abundance of the
identified families. However, a smaller bacterial diversity was also
noticed (Figure 22). The dominant families were the Xanthomonadaceae
(42 £ 16 %), Comamonadaceae (16.4 + 4 %), Rhodocyclaceae (11.8 £
8%) and Mycobacteriaceae (10.4 + 6%). Members of the
Xanthomonadaceae family rank are strict aerobes and heterotrophs
(MARTINEZ-LAVANCHY et al., 2015), therefore acting as
bioindicators of aerobic environments. The great abundance of these
organisms can elucidate the small abundance of nitrifying bacteria
identified using FISH technique in microcosm 2. A driving force for this
equilibrium state can be the competition of these organisms for oxygen.

The high abundance of these microorganisms can explain the low
abundance of nitrifying bacteria identified using the FISH technique for
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microcosm 2. Furthermore, oxygen competition between those groups
supports the higher abundance of Xanthomonadaceae.

Figure 22 — Relative abundance of surface and bottom samples at the family

taxonomic rank.
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The relative abundance is defined as the number of identified sequences of the
taxon divided by all sequences of the sample.

41.4 Conclusions

Taking in consideration the microcosms 360 days of monitoring,
which simulated VF wetland with various applied loading rates of NHas-
N, OLR, and HLR (4.5 g NHs-N m2 d?, 41 g COD m2 d, and mean
HLR of 73.5 mm d* for microcosm 1; average of 10.2 NHs-N m2 d*,
104 g COD m? d, and HLR of 170.5 mm d* for microcosm 2), it can
be concluded that:

e Rest periods of 30 days did not interfere in relative abundance
of the Bacteria domain. However, it did affect relative abundance of
nitrifying bacterial community. During feeding periods, the mean
abundance of the bacteria involved in nitrogen transformation was 14 %,
whereas in rest periods it was 7 % for microcosm 1. For microcosm 2, in
feeding periods, it was displayed a mean abundance of these bacteria of
7.5 %, while rest periods exhibited 5 %;

e Differently from the nitrifying bacteria dynamics, rest periods
were beneficial for the abundance of denitrifying bacteria in both
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microcosms. In rest periods, the abundance of this genus significantly
increased (12 % for microcosm 1 and 18 % for microcosm 2). During
feeding periods, the abundance was equal to only 2 % for microcosm 1
and 10 % for microcosm 2.

¢ According to FISH analyses and NGS from the 16S rRNA of
bacteria, microcosm 1 operating conditions promoted greater abundance
of nitrifying and denitrifying bacteria when compared to the microcosm
2.

¢ Due to the presence of nitrifying and denitrifying bacteria in
both microcosms, the simultaneous nitrification and denitrification may
be associated with removal of nitrogen in these treatment units.
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42 ARTIGO 2

Os WCVD-FS apresentam uma nova proposta de transformacéo
do nitrogénio em relagdo aos WCVD. O Artigo 1 mostrou que periodos
de repouso de 30 dias promoveram uma diminuicdo na abundancia
bacteriana nitrificante, presentes no macico filtrante de microcosmos,
que simularam o perfil vertical de WCVD, operados sob alta carga
organica. Por outro lado, ndo influenciaram as bactérias desnitrificantes.

Nesse contexto, dado que os WCVD-FS apresentam uma
possibilidade de nitrificacdo e desnitrificacdo simultaneas, o Artigo 22
teve como objetivos: (i) identificar a dindmica bacteriana nitrificante e
desnitrificante em um WCVD-FS operado sob baixa carga organica; e
(ii) avaliar a influéncia dos periodos de repouso na comunidade
bacteriana nitrificante e desnitrificante em um WCVD-FS, operado com
baixa carga organica. Para isso, foi caracterizada a comunidade
bacteriana nitrificante e desnitrificante durante 1 ano, em um WCVD-
FS, preenchido com areia como material filtrante, empregado no
tratamento de esgoto sanitdrio de um condominio residencial. O
WCVD-FS possuia uma area superficial de 3.141 m?, dividida em 4
células que operavam com periodos de repouso e de alimentacdo de 30
dias. Em uma das células (com éarea superficial de 764 m?) foram
coletadas amostras do macico filtrante, em diferentes profundidades do
perfil vertical do wetland, no final de cada periodo de operacdo e
repouso. Com essas amostras, foi caracterizada a comunidade bacteriana
nitrificante e desnitrificante com a técnica FISH. A célula monitorada do
WCVD-FS operou com uma carga organica média de 4 g DQO m2d e
TH de 24,5 mm d. A abundancia de bactérias nitrificantes identificada
em relagdo ao total de bactérias foi de (8 % e 3% para AOB e 5% e

2 0 Artigo 2 deu origem a seguinte publicacio:

Contents lists available at ScienceDirect

Science of the Total Environment

journal homepage: www.elsevier.com/locate/scitotenv

Nitrogen transforming bacteria within a full-scale partially saturated \!)m“.,;
vertical subsurface flow constructed wetland treating urban wastewater

Catiane Pelissari *, Cristina Avila®, Camila Maria Trein *, Joan Garcia®,
Rafael Dultra de Armas ¢, Pablo Heleno Sezerino **



103

2% para NOB, em periodos de alimentacio e repouso,
respectivamente). Bactérias desnitrificantes foram identificadas com
uma abundéancia em torno de 10 % ao longo do perfil vertical. Periodos
de repouso continuaram promovendo uma diminuicdo na abundancia
bacteriana nitrificante. Por outro lado, as bactérias desnitrificantes ndo
foram influenciadas pelos periodos de repouso.

Transcricdo adaptada do Artigo 2

4.2.1 Relevance and objective

Various configurations and operational strategies have been
investigated in constructed wetlands (CW) technology in order to
provide complete removal of nitrogen, such as the use of tidal flow
systems (HU et al., 2014a; AUSTIN et al., 2006a), the intermittent
aeration (FOLADORI et al., 2013), the recirculation of the treated
effluent (FOLADORI et al., 2013; AYAZ et al. 2012), the use of hybrid
systems combining vertical subsurface flow CW (VF) and horizontal
subsurface flow CW (HF) (VYMAZAL, 2013), the use of filter media
that promotes greater adsorption of the different forms of nitrogen
(SAEED; SUN, 2011a), the bioaugmentation of microbial populations
(ZHAO et al., 2016), and the promotion of aerobic and anaerobic
environments within the same reactor (SILVEIRA et al., 2015;
PRIGENT et al., 2013; DONG; SUN, 2007).

Nonetheless, the knowledge, particularly concerning nitrogen
transforming bacteria in VF wetlands is still limited to a few studies
(ADRADOQOS et al.,, 2014; MAYO; BIGAMBO, 2005). Tietz et al.
(2007b) evaluated the community of ammonia-oxidizing bacteria (AOB)
in three VF beds (18 m2, 0.50 m depth) treating municipal sewage after
2.5 years of operation and despite nitrification was stable, little AOB
bacterial activity was identified. During the winter nitrification
decreased, however not affecting the spatial distribution of AOB, being
Nitrosomonas europaea, Nitrosococcus mobilis and Nitrosospira the
dominant AOB. Zhi; Ji (2014) identified functional genes involved in
nitrification and denitrification in a tidal flow CW showing nitrification
activity performed by AOB and Anammox bacteria, as well as
denitrification.

Thus, there is a clear need to gain further insight into the
dynamics of nitrogen transforming bacteria in VF wetlands, and even
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more particularly in partially-saturated VVF beds intended to promote TN
removal within a single wetland bed, The aim of this study was
therefore to characterize the nitrifying and denitrifying bacterial
communities within a mature partially saturated vertical subsurface flow
constructed wetland at full-scale used in the treatment of urban
wastewater and operated under low organic load.

4.2.2  Materials and methods
4.2.2.1 Description of the wastewater treatment plant

The research was conducted at a full-scale VF system located in a
residential condominium in the city of Palhoga, Santa Catarina state,
southern Brazil, under subtropical climate (latitude 27°45'4.82" and
longitude 48°37'39.35").This treatment plant started operation in 2006,
and was designed for an estimated maximum demand of 2,200 P.E.
However, during the time of the current study the system received a
contribution of approximately 100 people, due to the fact that the
residential condominium was not totally inhabited. This resulted in low
organic and hydraulic loading rates applied to the VF wetland.

Urban wastewater flowed into an anaerobic baffled reactor acting
as primary treatment before it was conveyed to the VF wetland (Figure
23) , which had a surface area of 3,141 m?, a depth of 0.7 m and a
saturated zone at the bottom of 0.20 m, kept constant by a level
controller. The bed media consisted of 0.1m gravel of granite (3 - 8 mm)
at the bottom of the drainage area, followed by 0.5 m of sand (Effective
diameter dio = 0.3 mm and Uniformity Coefficient of 4.84), and finally
0.1 m of gravel (3 - 8 mm) on the top. The planted macrophyte was
Cyperus papyrus, which was very well developed at the time of this
study.

The VF wetland had a surface area of the 3,144 m? divided into
four wetland cells interconnected, which alternated cycles of feed and
rest. In this way, while two of the wetland cells (crosswise) were being
fed the other two were at rest, and vice versa. Cycles were of 30 days
each, and were applied so as to control the growth of the attached
biomass, to maintain aerobic conditions within the filter bed and to
mineralize the organic deposits accumulated on the bed surface
(MOLLE et al., 2008). Distribution pipes were installed across the
surface of the wetland and feeding was done intermittently on the
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surface of the unit by pumping every 6 hours, giving a total number of 4
pulses per day (4,516 L per pulse) (Figure 23).

Figure 23 — Diagram of the partially saturated vertical subsurface flow wetland.
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4.2.2.2 Sampling procedure

From February 2014 to February 2015, collection of samples
from the bed media of the saturated VF wetland was performed
monthly, totaling 12 collections throughout the year. Sample collections
were always conducted in wetland cell 3 (763.6 m? surface area) at the
end of each period of feed and rest. In this way, 6 sampling campaigns
were carried out during the feed periods, and another six during the rest
periods (n=12). At each sampling campaign, a complete vertical profile
was collected from 3 points of the wetland cell 3 with the aid of a
manual auger. These points were located along the length of the wetland
coinciding with the holes of the distribution pipes of the unit (i.e. initial
— point 1, central — point 2, and final - points 3 of portion the wetland)
(Figure 24). The vertical profile was divided in layers along the depth,
namely ‘top’ (0 to 0.17m depth), ‘intermediate’ (0.17 to 0.34 m depth),
‘semi-saturated’ (0.34 to 0.51 m depth), and ‘saturated’ layers (0.51 to
0.68 m).

Moreover, monitoring of the performance of the system in
terms of conventional water quality parameters was performed taking
grab samples at the influent and effluent of the VF wetland. Samples
were collected just when the wetland cell 3 was being fed (n=10). The
parameters evaluated in final effluent of VF were: pH, alkalinity,
chemical oxygen demand (COD), total suspended solids (TSS), total
nitrogen (TN), ammonium nitrogen (NHas-N), nitrite nitrogen (NO2-N),
and nitrate nitrogen (NOs-N). Their analysis followed APHA (2005)
recommendations, with the exception of NH4-N, which was determined
following recommendations of Vogel (1981).



106

Figure 24 — Representation of the sampling cores points within the bed media of
the partially saturated vertical subsurface flow constructed wetland cell 3 at
different depths and at different locations along the length of the unit.
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4.2.2.3 Bacterial analysis

For bacterial analysis of nitrifying and denitrifying communities,
aliquots of 20 g of bed media were collected from every point and depth,
to which 50 mL of deionized water was added. Samples were mixed and
sonicated in an ultrasound for 5 min in order to loosen the biofilm from
the bed media. Then, samples were centrifuged at 1500 G for 5 min.
Measurement of absorbance of samples was conducted before and after
centrifugation and sonication to confirm the integrity of the extracted
biofilms.

The total, nitrifying and denitrifying bacterial communities were
monitored using the technique of Fluorescence in situ hybridization
(FISH). It was used specific probes to each taxon (Tabela 2), according
to Amann (1995) recommendations.

For the estimation of the abundance of cells hybridized with the
probe EUB mix, the cells stained with DAPI were considered as
representatives of 100 % of all microorganisms determined by digital
image. For the rest of the probes 10 fields were randomly singled and
cells stained with the probe EUB mix were considered as being 100 %
of all bacteria determined by digital image. The relative abundance of
total, nitrifying and denitrifying bacteria was calculated using the
software daime and split into individual color channels before image
segmentation (DAIMS et al., 2006).
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4.2.2.4 Statistical data analysis

Data normality was checked for water quality parameters through
the implementation of Kolmogorov—Smirnov test. This analysis was
performed by using the software Statistic 7.0™.

With regards to the identified bacterial abundance, statistical
analyses were performed considering the operational parameters of the
wetland, local climate conditions, and the different sampling points
collected. Firstly, t test was realized to identify whether there was
statistical significance in bacterial abundance between feed and rest
periods. Secondly, one way analysis of variance - ANOVA test was
used to (i) identify whether there was significant difference in bacterial
abundance between the different layers of the wetland; (ii) evaluate
whether statistical significance in bacterial abundance occurred between
the different samples cores along wetland cell 3 (Points 1, 2, and 3); (iii)
evaluate whether there were significant differences in bacterial
community in different seasons. These analyses were performed with a
level of significance of o= 0.05 by using the software Statistic 7.0™.

4.2.3 Results and discussion
4.2.3.1 Treatment performance of the constructed wetland

The wetland cell 3 operated with low organic (OLR) and
hydraulic loading rates (HLR), with average values of 4 g COD m2 d*,
and a HLR of 24.5 mm d. The nitrogen load was 1.5 g TN m? d?,
resulting. The literature recommends an OLR in the range of 60 to 70 g
COD m? d* and a HLR of 250 mm d* for unsaturated VF in warm
climates (HOFFMANN et. al., 2011), and of 41 g COD m2 d+, 10.2 g
NHs-N m? d?! and HLR of 230 mm d* in subtropical climates
(SEZERINO et al., 2012). Design parameters as OLR and HLR are
directly associated to the TN removal processes (SAEED; SUN, 2012).
Firstly, OLR is linked to the C/N ratio of the filter media. Low OLR can
result in low availability of organic carbon for denitrification. ZHAO et
al. (2011) reported better TN removal efficiencies in VF wetlands with a
C/N ratio ranging 5 to 10, compared to a C/N of 2.5. Secondly, the HLR
is related to the transfer of oxygen into the filter media in VF wetlands.
Lower HLR results in lower dragging of oxygen in the bed media in VF
wetlands having sand as filtering material (PLATZER, 1999).
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Table 6 shows the wastewater physico-chemical characterization
at the influent and effluent of wetland cell 3 during feed periods. In
general, the VF presented a good removal of solids and carbonaceous
organic matter, being of 86 + 4 % for TSS, and 89 + 10 % for COD.
With regards to nitrogen, the removal efficiency of TN and NH4-N was
of 58 £ 12% and 93 + 2 % respectively. The good performance of
nitrogen removal in this system may be associated with nitrification
followed by denitrification, provided the bottom saturation, and the
bacterial interactions in the medium. The large removal efficiency of TN
in the wetland can be attributed to the saturation of the bottom of the
unit, which may have enhanced the elimination of nitrogen by enabling
the process of denitrification (SILVEIRA et al., 2015).

Table 6 — Mean, median and standard deviation of wastewater quality
parameters at the influent and effluent wastewater of the partially saturated
vertical subsurface flow constructed wetland.

Parameter Influent VF wetland Effluent VF wetland I?_fe_m_oval
n=10 Mean Median SD Mean Median SD € |(((:)23)ncy
pH 6.9 7.0 0.4 6.5 6.5 0.3 -
Alkalinity 206 212 68 120 15 36 ;
(mg L)
TSS (mg LY) 21 14 1 3 3 3 86
COD (mg L) 154 174 65 17 15 14 89
TN (mg L) 52 50 18 22 18 10 58
NH,-N (mg L) 42 46 21 2 3 2 93
NO-N(mgL')  <LOD - - <LOD - - -
NOs-N (mg L) <LOD - - 10 10 7 -

LOD: below limit of detection

4.23.2 Influence of feed and rest periods on nitrifying and
denitrifying bacterial communities

In general, periods of feed and rest largely influenced the
structure of the bacterial communities identified in the wetland bed
(Figure 25). Based on the statistical analyses, rest periods influenced
mainly the abundance of eubacteria, AOB (f-Proteobacteria) and NOB
(Nitrospirae) (Figure 25). The composition, diversity, and abundance of
microbial communities in CW depend on environmental factors,
properties of wastewater, substrate type, biomass and activity of
macrophytes, and operational conditions of the treatment units (MENG
etal., 2014).
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Figure 25 — Mean (xSD) relative abundance of bacteria in partially saturated

vertical subsurface flow constructed wetland cell 3 in feed and rest periods.
80
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The overall average relative abundance of eubacteria (EUB mix)
identified in the four layers of the vertical profiles of the VF wetland
was of 59 + 13 % during feed periods, and of 30 + 21 % during rest
periods (Figure 25). The decay of this domain in rest periods is
attributed to the limited availability of organic matter and nutrients in
the bed media during these periods, which is magnified by the low
organic and hydraulic loads applied to the unit during feed periods. This
is accordance with Johnson et al. (2014), which wused the
metatranscriptome technique applied in different sewage treatment
plants, and observed that the functional richness and microbial
taxonomy is directly associated with the environmental nitrogen
variation and the availability of carbon. Via FISH technique, various
abundance values of Eubacteria are reported in CW. Krasnits et al.
(2009) in a HF (130 m? surface area) operated for 7 years in the
treatment of municipal sewage under a OLR larger (11 g BODs m d?)
identified an abundance of 85 %. In another study, Sawaittayothin;
Polprasert (2007) reported an abundance of 49% in CW treating



110

municipal landfill leachate, while according to the authors the remaining
51 % may be associated with archaea or inactivated bacteria.

In general, the diversity of bacteria involved in nitrogen
transformations was the same for periods of operation and rest.
However, the abundance of nitrifying bacteria was lower in rest periods
(Figure 25). The decay of the abundance of this group could be a
bioindication of environments with low concentration of substrate
and/or oxygen, since ammonia-oxidizing bacteria (AOB) have a lower
affinity for ammonium and oxygen than ammonia-assimilating
heterotrophic bacteria (HANAKI et al., 1990; VERHAGEN et al.,
1992). The average relative abundance of AOB p-proteobacteria
(NSO190) (Nitrosomonas and Nitrosospira) was 8 £ 1 % in feed periods
and 3 £ 1% in rest periods (Figure 25). Nitrosomonas sp. (NEU 653)
was however not identified in any of the samples. This could be
attributed to the fact that Nitrosomonas spp. have lower affinity for
substrate than Nitrosospira spp. (although higher activity) (Schramm et
al., 1996). In this study, Nitrosospira spp. was the dominant AOB,
showing to prevail in environments with low NH4-N concentrations, and
a good capacity of withstanding the physico-chemical variations in the
bed media (PURKHOLD et al., 2000).

In regards to nitrite-oxidizing bacteria (NOB), the Nitrospirae
phylum (NTSPA 662) was the most abundant of this group (51 % in
feed periods and 2 + 1 % in rest periods). The identification of this
phylum in CW has been shown by previous studies. Guan et al. (2015)
characterized the microbial community in three VF wetlands (1.2 m?
surface area each) applied to river water treatment, with influent
concentrations around 8 to 12 mg L* of dissolved organic carbon and 2
to 4 mg L' of NHs-N. The wetlands presented an NHs-N removal
efficiency of 95 %, and the main bacteria associated with nitrification,
which was present in greater abundance, was Nitrospira-like. Besides
the phylum Nitrospirae, the NOB species Nitrospina gracilis (NTSPN
693) was present and remained stable, although with low abundance (1
+ 0 %).

Despite the lower abundance of nitrifying bacteria during rest
periods these were able to remain active along the whole study period,
showing their ability to recover their enzymatic activities quickly after a
period of stress. This is in accordance with various studies, such as that
of Wilhelm et al. (1988), which observed how Nitrosomonas europaea
was able to recover its oxidant activity in a few minutes after about one
year under limited NH4-N concentrations. Moreover, Nitrosospira
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briensis after a period of 2 weeks with substrate limitation reached their
maximum potential for NH4-N oxidation within 30 to 60 minutes after a
pulse of ammonia (BOLLMANN et al., 2005). Autotrophic nitrifying
bacteria can adapt to survival strategies with low substrate based on
cellular components, and have a high capacity to generate power when
new substrate becomes available (GEETS et al., 2006). Another study
conducted in a mature aerated saturated VF wetland showed that after
two weeks of no aeration, nitrification recovered within two days when
aeration was applied, whereas nitrification establishment in a new
system was previously observed to require 20 to 45 days (MURPHY et
al., 2016).

On the other hand, the abundance and diversity of denitrifying
bacteria was the same in feed and rest periods. The identified average
relative abundance was of 3 + 2.4 % for the genus Pseudomonas spp.
(PAE 997), of 6 + 4 % for the species Thiobacillus denitrificans (TBD
1419) and of 3 + 0.8% for the species Paracoccus versutus and
denitrificans (PDV 163) (Figure 25). The fact that rest periods showed
no influence on this community can presumably be explained by the
stability provided by saturated layer at the bottom, which maintained the
necessary conditions for the stability of this group. Moreover, the low
availability of oxygen during rest periods seems to favor the growth of
denitrifying bacteria, as it was observed in a study conducted in two VF
wetland microcosms, where greater abundance of denitrifying bacteria
was identified in rest than in feed periods (PELISSARI et al., 2016). In
addition to the classic denitrification carried out mainly by
Pseudomonas spp. (AHN, 2006), other pathways of denitrification were
identified in this study. Thiobacillus denitrificans are organisms that use
inorganic compounds as a carbon source, and compounds such as
sulfates, nitrates or nitrites as electron donors. Therefore, this species is
associated to autotrophic denitrification. The presence of Thiobacillus in
CW has previously been reported by Zhong et al. (2015) in a HF bed
(HLR = 100 mm d?) treating urban wastewater. According to the
authors this genus was present in great abundance (680 sequences) due
to the anaerobic conditions of the HF. Furthermore, Paracoccus
denitrificans was also identified in the current study, a species that is
associated with aerobic denitrification and heterotrophic nitrification
(Richardson, 2000). AUSTIN et al. (2006a) in a tidal flow VF wetland
(10 m? divided into 6 cells, under flow of 1.5 to 2.3 m3), reported a
nitrification rate of 95 %, related to a load of 104 g TKN m d-*and C/N
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ratio of 3.3:1. During the study period, two characterizations of
microbiota through the FISH technique revealed that after 9 months of
operation 9 % of the bacterial community was composed of Paracoccus
denitrificans, while after 30 months of operation colonization of this
bacterium increased up to 15 %.

4.2.3.3 Nitrifying and denitrifying bacteria distribution along the
vertical profile of the filter media

According to the ANOVA test performed to the bacterial
abundance identified in each layer of VF wetland cell 3, significant
differences were identified between all the layers. This can be explained
by the different bacterial community structure found along the wetland
depth.

Q) Top layer (0 to 0.17 m)

The highest average relative abundance of Eubacteria in the
vertical profile of the wetland was identified in the top layer (76 £ 7 %
in feed periods, and 30 £ 1 % in rest periods) (Figure 26). This behavior
has already been observed by other studies. TIETZ et al. (2007a) in a
VF bed (1 m? surface area) with sand as bed media applied in the
treatment of municipal wastewater reported that more than 50 % of the
bacterial biomass and activity was concentrated in the top 0.10 m of the
unit. Moreover, FOLADORI et al. (2015) in a VF wetland (2.25 m?
surface area) detected that the highest amount of viable bacteria were
found in the top from 0 to 0.10 m depth, mainly owed to the vertical
feed which causes increased availability of organic matter and nutrients
in the upper layer of the bed, thus stimulating microbial growth.

AOB were identified both in feed and rest periods. AOB -
proteobacteria (Nitrosospira and Nitrosomonas) presented an
abundance of 8 + 1 % in feed periods, and of 3 + 1 % in rest periods.
Despite the decay of abundance of AOB [B-proteobacteria during rest
periods at the top layer this group remained active throughout the study
(Figure 26).
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Figure 26 — Mean (xSD) relative abundance of studied bacteria in different
layers of partially saturated vertical subsurface flow constructed wetland cell 3
during feed and rest periods. A) Relative abundance of eubacteria in feed and

rest periods at different layers. B) Nitrifying and denitrifying bacteria in

different layers during feed periods. C) Nitrifying and denitrifying bacteria in
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Conversely, NOB was identified only in feed periods, with a
relative abundance of 5 + 0.3 % for Nitrospirae phylum, and of 1 *
0.2 % for Nitrospina gracilis species. Nitrospira sp. have high affinity
for substrate, even in low concentrations (ANDREWS; HARIS 1986),
being well suited to low concentrations of oxygen and nitrite (KIM;
KIM, 2006). In this way, the absence of Nitrospirae in rest periods can
be a bioindicator of absence of substrate adsorbed in the bed media.

The occurrence of the genus Paracoccus of the species
denitrificans and versutus was identified throughout the whole study at
this layer with an average relative abundance of 3 + 0.8 % for feed and
rest periods. The presence of P. denitrificans can be associated both
with heterotrophic oxidation of NH4-N and aerobic denitrification, as
heterotrophic nitrification can occur in media with a C/N ratio as low as
2 (KUENEN; ROBERTSON, 1994).

Q) Intermediate layer (0.17 to 0.34 m)

The average relative abundance of Eubacteria decreased to 40 +
3 % in feed periods and to 10 + 12 % in rest periods at the intermediate
layer (Figure 26). As previously discussed, the depth has great influence
on bacterial distribution, due to the differing environmental conditions
of the bed media along the vertical profile (FOLADORI et al., 2015;
TIETZ et al., 2008).

AOB were not identified from the intermediate layer downwards
(Figure 26). Instead, this community in this study was concentrated in
the top layer. This can be explained by the higher availability of oxygen
in the upper layer, as well as by the fact that the low organic loadings
applied to the wetland may result in low oxygen competition between
heterotrophic and autotrophic bacteria. In this way, faster heterotrophic
organic degradation depletes dissolved oxygen availability (SAEED;
SUN 2011b). This finding agrees with other studies conducted in VF
wetlands operated with higher OLR, which show a stratification of AOB
along the vertical profile owing to the higher amount of organic matter
available in the upper part of the wetland, which results in highest
abundance of heterotrophic bacteria. Tietz et al. (2007b) studied the
AOB in three VF operated with 27 g COD m d*, C/N ratio of 8.4, and
HLR of 43 mm d, and identified AOB species up to 0.50 m depth from
bed surface.

Although AOB were not found in this layer, NOB were identified
just in rest periods, with average relative abundance for Nitrospirae
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phylum of 2 £ 0.8 % and 1 + 0.2 % for the species Nitrospina gracilis.
The NOB colonization may be associated with the presence of adsorbed
nitrite in the filter material. The colonization of denitrifying bacteria of
the genus Pseudomonas spp. was observed at the intermediate layer,
with an average relative abundance of 5 + 0.2 % in feed periods.
Although the intermediate layer presumably has aerobic conditions
during operation periods, the colonization of this genus may be
associated with the availability of carbon at this bed depth. According to
Salomo et al. (2009), this layer of VF beds are predominantly ideal for
bacterial use of organic substrates, due to the penetration of the roots of
macrophytes which provide an additional source of easily degradable
carbon. The average relative abundance of Pseudomonas spp. increased
to 10 + 1% in rest periods. The lower availability of oxygen due to
reduced oxygen transfer capacity during rest periods should explain the
increase in abundance of Pseudomonas spp., indicating the occurrence
of the denitrification process in these periods.

(i) Semi-saturated layer (0.34 to 0.51 m)

At this depth, during feed periods an increase in the abundance of
Eubacteria (60 £ 3 %) in relation to the intermediate layer (40 £ 3 %)
was observed. This could be associated with the moisture in the filter
media, since this layer is semi-saturated. During rest periods the relative
abundance of the bacterial community was of 20 + 2 % (Figure 26).
Despite the larger bacterial abundance in feed periods, AOB and NOB
were not identified at this layer, which may be explained by an
environment with low oxygen concentrations.

Furthermore, a greater diversity of denitrifying bacteria was
observed in comparison with the intermediate layer. Besides the genus
Pseudomonas spp., the species Thiobacillus denitrificans was also
observed at this depth (Figure 26).

The average relative abundance was the same for feed and rest
periods, being of 5 £ 1 % and 2 £ 0.2 % for Pseudomonas spp. and
Thiobacillus denitrificans, respectively. The presence of these two
denitrifying genus in the same layer may indicate distinct dynamics
regarding the use of carbon. The denitrifying bacteria are usually
heterotrophic, however, several bacteria, among them the genus
Pseudomonas are facultative chemolithoautotrophic, capable of growing
in the absence of organic matter, using molecular hydrogen as electron
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donor and CO. as inorganic carbon source. They can also switch
between chemolithotrophic or chemoorganotrophic metabolism,
depending on the nutritional status of their habitats (MADIGAN et al.,
2010). However, Thiobacillus denitrificans is an obligatory
chemolithotrophic example, since it uses only inorganic compounds as
electron donors for energy, and CO; as a carbon source. These findings
are in accordance with those reported by Salomo et al. (2009), which
evaluated the microbial metabolic diversity in a VF wetland (48 m?
surface area) that had been for 13 years in operation applied in the
treatment of domestic wastewater, and in the third layer in depth (where
anoxic conditions equivalent to the semi-saturated layer of this study
prevailed) none of the tested carbon sources were metabolized by the
microbial groups present in the medium. Since anoxic bacteria are
dependent on oxidized electron acceptors, such as NOy, SO4% or Fes*, it
is hypothesized that the denitrification process may be associated with
autotrophic bacteria, as indicated by the presence of the species
Thiobacillus denitrificans.

(iii) Saturated layer (0.51 to 0.68 m)

In the bottom of the wetland bed the abundance of Eubacteria
remained stable (60 £ 4 %) throughout the whole study (both in feed and
rest periods), which can be attributed to the saturation of the bed.
Bacteria growth seems rather favored in water films along the
preferential water flow directions. Foladori et al. (2015) evaluated the
relationship between viable and dead bacteria in the soil of a VF
wetland, and in the influent of the unit. According to the authors, dead
bacteria were prevalent in the soil of VF (viable/dead bacteria ratio of
0.52). In the same direction, Rajabzadeh et al. (2015) in VF mesocosms
reported that the flow of organic matter necessary for the growth of
heterotrophic bacteria may be limited in dead zones of the unit.

At this layer only denitrifying bacteria were identified. The
diversity of this group in the saturated layer was the same as in the semi-
saturated layer. However, the abundance was higher at this layer.
Average relative abundances were of 5 + 2 % for Pseudomonas spp. in
feed and rest periods, and of 10 + 3 % for Thiobacillus denitrificans in
feed and rest periods.
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4.2.3.4 Spatiotemporal variation of nitrifying and denitrifying
bacteria

Considering the results of the ANOVA test performed to the
average relative abundance of bacteria identified during feed and rest
periods, and in the different points and depth layers of the wetland cell
3, the total, nitrifying and denitrifying bacterial communities were not

influenced by seasonal variations (Figure 27).

Figure 27 — Average relative abundance of bacteria in the four layers of partially
saturated vertical subsurface flow constructed wetland cell 3 at the different
seasons.
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The bacterial stability identified throughout the 1 year span of
this study may be associated with the climatic conditions of the study
site, since temperatures in this part of the country are mild even during
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the winter season (14 + 2 °C air temperature). Conversely, other studies
have shown seasonality, such as that by Bouali et al. (2014) in a HF
wetland, which observed variation of the microbial community in
different seasons (24+3 °C in summer and 12+1 °C in winter). Microbial
activity is related to temperature, and growth rate and metabolic activity
of bacteria are greatly reduced with low temperatures (ATLAS;
BARTHA, 1998). In particular, nitrifying activity is inhibited in a
temperature range of 6 to 10 °C, whereas denitrifying activity was
detected at a temperature as low as 5 °C (BRODRIC et al., 1988;
WERKER et al., 2002).

Based on an ANOVA test, no variation in the spatial distribution
of the total, nitrifying and denitrifying bacterial communities was
observed for the three sampling points (1, 2 and 3) along the length of
wetland cell 3 (p = 0.05). This can be explained by the fact that
wastewater is uniformly distributed across the wetland surface, resulting
in the even availability of carbon and nutrients across the unit.
Conversely, in HF wetlands, where feeding is provided by a single
distribution pipe at one end of the wetland, a decrease in biomass and
microbial activity along the distance from the inlet zone has been
observed due to decreased availability of organic matter and nutrients
(SAMSO; GARCIA, 2014; NGUYEN, 2000; NURK et al., 2005).

424  Conclusions

In this study the nitrifying and denitrifying bacterial communities
were characterized at different depths of the vertical profile of a
partially-saturated vertical subsurface flow constructed wetland (0.20 m
of saturation) at full-scale treating urban wastewater from a residential
area in south Brazil. The wetland operated under low organic and
hydraulic loads and was divided into four wetland cells, two of which
were operated while the other two rested, alternating cycles of 30 days.
Samples were taken monthly from February 2014 to February 2015
from one wetland cell. The main conclusions are:

e The average abundance of Eubacteria was higher in feed (59 %)
than in rest periods (30 %). However, nitrifying and
denitrifying bacteria remained active even during rest periods.

e Ammonia-oxidizing bacteria (AOB pB-proteobacteria) were
identified in the top layer (0 to 0.17 m depth) of the wetland
cell, both during feed (8 %) and rest (3 %) periods.



119

The identified nitrite-oxidizing bacteria (Nistrospirae and
Nitrospina gracilis) were present in the top and intermediate
layers (0.17 to 0.34 m depth) of the wetland cell, although
showing different dynamics in feed and rest periods. When the
wetland cell was in operation these bacteria were present just in
the top layer, however when it was at rest they were also
present in the intermediate layer.

Denitrifying  bacteria  (Pseudomonas spp., Paracoccus
denitrificans and versutus, and Thiobacillus denitrificans) were
identified from the top layer downwards and were not affected
by rest periods.

No seasonal or spatial influences were observed on bacteria
abundance or diversity.

In addition to the classical nitrification and denitrification, the
occurrence of species such as Paracoccus denitrificans,
Paracoccus versutus and Thiobacillus denitrificans was
identified, which are associated with heterotrophic nitrification
and aerobic and autotrophic denitrification.

The saturated zone (0.51 to 0.68 m depth) of the filter was
beneficial for the abundance of the bacterial domain as well as
for the abundance of denitrifying bacteria.

Different wetland layers provided distinct transformations of
nitrogen. Nitrification was performed only in top (in feed and
rest periods) and intermediate (only in rest periods) layers. On
the other hand, denitrification occurred from top layer both in
feed and rest periods.

Based on the identification of nitrogen transforming bacteria as
well as on the high nitrogen removal efficiency (58 + 12 %
removal of TN) of the wetland, it has been shown that
implementing a partial saturation of the VF wetland bed can
enhance the total elimination of nitrogen by enabling
simultaneous nitrification and denitrification to occur in a single
treatment unit, thus decreasing the footprint of this
ecotechnology.
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43 ARTIGO3

Como apresentado no Artigo 1, em WCVD preenchidos com
areia como material filtrante, bactérias nitrificantes e desnitrificantes
foram mais abundantes sob uma carga organica de 41 g DQO m2 d' e
taxa hidraulica de 72 mm d?, quando comparado a maiores
carregamentos organicos e hidraulicos (104 g DQO m?2 d'e 170,5 mm
d1). A competicdo por oxigénio entre bactérias autotrdficas e
heterotrdficas é amplamente reportada pela literatura, principalmente em
ambientes com altas concentragdes de carbono. Diante disso, 0
procedimento experimental 11, que deu origem ao Artigo 3%, teve como
principal objetivo entender como se comporta a comunidade microbiana
nitrificante e desnitrificante ativa, presente no macico filtrante de um
WCVD, operado sobre alta carga organica e hidraulica. Para isso, foi
operado um WCVD com ciclos de 3,5 dias de repouso e 3,5 dias de
alimentacdo e com uma TH de 375 mm d-, sob duas cargas organicas
distintas, sendo 130 g DQO m2 d* (Periodo 1) e 80 g DQO m? d*
(Periodo I1). No final de cada periodo, foram coletadas amostras do
macico filtrante na camada da superficie e do fundo do WCVD. Com
essas amostras, foi extraido o RNA e DNA e, posteriormente, foi
empregada a técnica de gPCR , baseado nos genes funcionais
envolvidos nas transformagfes do nitrogénio (amoA de AOB, AOA e
nosZ de bactéria), para identificar a abundancia total (baseado no DNA)
e a abundéancia ativa (baseado no cDNA) dos mesmos. Além disso, com
as amostras do final do periodo Il, foi realizado NGS do 16S rRNA de
bactérias e arqueas (baseado no cDNA). A partir dos resultados
microbioldgicos, a nitrificacdo foi realizada por AOB (Nitrosospira),
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AOA (Nitrososphaeraceae) e NOB (Nitrobacter). AOB foram mais
abundantes que AOA na superficie e no fundo do WCVD nos dois
periodos. Contudo, AOA sempre foram mais ativas que AOB. Dessa
forma, AOA mostraram ser mais estaveis que AOB, sendo menos
afetadas pela variacdo da carga organica. AOB, AOA e bactérias
desnitrificantes (nosZ) foram identificadas mais ativas na camada da
superficie quando o WCVD operou com 130 g DQO m? d*.
Opostamente, quando a carga organica diminuiu para 80 g DQO m2 d,
AOB, AOA e bactérias desnitrificantes mostraram maior atividade na
camada do fundo.

Transcricdo adaptada do Artigo 3

4.3.1 Relevance and objective

It has been proven that the nitrification capacity of vertical
subsurface flow constructed wetlands (VF) is directly related to the
applied organic loading rate (OLR), since the excess of organic
compounds can affect the oxidation of ammonia due to the competition
of oxygen between heterotrophic and autotrophic organisms (SAEED;
SUN 2012; SUN et al., 1998). On the other hand, the presence of
biodegradable organic compounds seems to promote the growth of
denitrifying organisms (HEADLEY et al., 2005). In general, nitrogen
removal is associated with nitrification of ammonia nitrogen followed
by denitrification of nitrate. In this way, nitrogen transformation in VF
wetland is accomplished by ammonia-oxidizing bacteria (AOB),
ammonia-oxidizing archaea (AOA), nitrite oxidizing bacteria (NOB)
and to a lesser extent by denitrifying bacteria enriched in the biofilm of
bed media, which are metabolically active depending on the specific
environmental conditions.

Several studies have been conducted to elucidate the bacterial
dynamics involved in the nitrogen cycle in VF wetlands. It has been
well established in the literature that the autotrophic oxidation of
ammonia is not only limited to the bacteria domain, but it is also
performed by archaea (ANGNES et al., 2013; KONNEKE et al., 2005).
Studies conducted in CW have demonstrated that bacterial diversity is
greater than archaeal in VF and horizontal subsurface flow wetlands
(HF), however ammonia-oxidizing archaea (AOA) and taxonomic
assignment of archaea were not assessed (ADRADOS et al., 2014). The
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same behavior was observed in a free water surface (FWS) wetland,
where archaeal communities showed lower richness and diversity than
bacterial communities (FAN et al., 2016). ZHI and JI (2014) observed in
a tidal flow CW that archaea were not dominant in the microbial
community during the entire operation period. Oppositely, SIMS et al.
(2012) showed that AOA were found to be generally in higher
abundance than AOB in FWS soils and water in both summer and
winter over a period of two years. On the other hand, in planted and
unplanted HF wetlands PARANYCHIANAKIS et al. (2016) showed
that the abundance of amoA genes of AOA was lower than that of AOB,
and plant species showed to have a weak effect on the abundance of
AOA.

In spite of the knowledge gained in the abovementioned studies,
the contribution fraction of ammonia oxidizers (AOA vs. AOB) and
their amoA gene expression between kingdoms in VF wetlands is still
unknown (YOU et al., 2009). In addition, there are no studies evaluating
the effect of operational conditions (different OLR) on nitrifying and
denitrifying microbial populations. To our knowledge, the microbial
community structure of active microbial populations (eubacteria and
archaea) involved in the nitrogen cycle in CW wetlands is scarcely
known in the literature. The present study aims at gaining insight into
the dynamics of active microbial populations during a nitrification-based
process in a vertical flow constructed wetland treating urban wastewater
under high OLR.

4.3.2 Materials and methods
4.3.2.1 Description of the wastewater treatment plant

This study was conducted in a VF wetland, which was part of a
hybrid CW system treating urban wastewater from a nearby sewer. The
hybrid system was comprised of a primary treatment performed by an
Imhoff tank, followed by a VF wetland stage, a HF wetland, and a FWS
wetland in series. The experimental treatment plant is set outdoors at the
experimental facility of the GEMMA group (Department of Civil and
Environmental Engineering of the Universitat Politécnica da Catalunya -
Barcelona-Tech, Spain) in a Mediterranean climate. It was
commissioned in 2010, and up to the time of the current study the
treatment system operated in a continuous mode under different organic
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and hydraulic loads over the years of operation (AVILA et al., 2013;
2014; 2016).

The VF wetland stage had a surface area of 3 m?, divided into
two cells with 1.5 m? of surface area each (1.0 Wx 1.5 L x 0.8 D),
operating alternatively in cycles of 3.5 days, in order to control the
growth of attached biomass, maintain aerobic conditions within the bed
media and mineralize the organic deposits accumulated on the bed
surface (MOLLE et al., 2008). The bed media was composed by a 0.1 m
sand layer (¢ = 1-2 mm) in the top, and 0.7 m layer of fine gravel (g =
3-8 mm) underneath (Figure 28).

Figure 28 — Pilot treatment plant. a) Diagram of the treatment system indicating
sampling points of influent and effluent wastewater. b) Detail of the vertical
subsurface flow constructed wetland indicating bed media sampling points.
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The VF cells were constructed in polyethylene tanks, and a
polyethylene pipe distributed the pumped water 0.1 m above the top of
the bed. This pipe contained 5 perforations with diffusers that provided a
true 360° radial horizontal water pattern, thus ensuring an even
distribution of the wastewater over the whole surface of the filter. Water
was pumped from the effluent of the Imhoff tank to the VF bed in
operation in an intermittent mode, providing about 22 pulses per day
(about 50 L pulse™). Each VF container had a metal rack 0.1m above
floor level and a number of holes situated underneath it so as to allow
for passive aeration of the bed. The aquatic macrophyte planted in all
wetland units was Phragmites australis.

During the period of this study (Jun 2015 to Jan 2016), the hybrid
system operated with a recirculation strategy, with the purpose of
enhancing the removal of total nitrogen. A parcel of the final effluent of
FWS was recycled back to the Imhoff tank by means of a peristaltic
pump in a recirculation flow rate of 50% (RFR= daily recirculated
effluent volume / daily raw wastewater volume x 100). The performance
of the hybrid system varied substantially during the implementation of
the recirculation strategy owed to the poor performance of the FWS
during the fall season, which was attributed to the senescence stage of
macrophytes. The decay of plant biomass caused a steep increase in the
concentration of organic matter and other contaminants in the water
table, which due to the recirculation generated a high OLR applied in
the VF wetlands (considered as Period 1). As a remediation measure the
aboveground biomass was harvested in this unit. Therefore, the pollutant
loads recycled back to the Imhoff tank decreased. As a result, a lower
OLR was applied in the VF beds (considered as Period Il). The
determination of the microbial community structure and activity was
carried out in one of the two VF beds at the culmination of these two
periods. In Period | (Jun—-Oct) the VF wetland operated with an OLR of
130 g COD m2 d™%, whereas in Period Il (Nov—Jan) the OLR decreased
to 80 g COD m2 d*. In both periods the VF wetland operated under a
flow of 1.125 m® d?, resulting in a HLR of 375 mm d* (taking into
account the area of the two VF beds). Table 7 shows the operational
conditions of each period.

An electromagnetic flow meter (SITRANS FM MAGFLO®) was
installed at the inlet and outlet of the VF wetland, so as to assist on the
follow up of the flow values entering the treatment system, which
allowed expressing the results on a mass balance basis. Physicochemical
data from influent and effluent samples from the VF beds were
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determined twice a week throughout the whole study period. Some
water quality parameters (i.e. temperature, pH, dissolved oxygen —-DO-,
electrical conductivity —EC- and redox potential —Ex) were measured
onsite at the time of sample collection, and grab water samples were
taken to the adjacent laboratory for the immediate analysis of the
following parameters: total suspended solids (TSS), chemical oxygen
demand (COD), total organic carbon (TOC), total nitrogen (TN),
ammonium nitrogen (NH4-N), nitrate and nitrite nitrogen (NOx-N).

Onsite measurements of water temperature, DO, pH and EC were
taken by using a Checktemp-1 Hanna thermometer, a Eutech Ecoscan
DO6 oxymeter, a Crison pH-meter and an EH CLM 381 conductivity
meter, respectively. E4 was also measured onsite by using a Thermo
Orion 3 Star redox meter and values were corrected for the potential of
the hydrogen electrode. The determination of conventional wastewater
quality parameters, including TSS and NHs-N was done by following
the Standard Methods (APHA, 2012). TN and TOC were analyzed using
a Multi N/C (2100 S) analyzer. NOx-N- was measured using a DIONEX
ICS-1000 chromatography system.

Table 7 — Operational conditions of the vertical subsurface flow constructed
wetland in Periods | and Il.

Operational conditions Period | (Jun-Oct) Period 11 (Nov-Jan)
Duration (months) 5 3

Air temperature °C 25 14
Flow (m2 d) 1,125 1,125
HLR (mm d?) 375 375
OLR (g COD m2d?) 130 80
TN load rate (g m2d?) 17 19

4.3.2.2 Microbial community assessment

To elucidate the microbial community dynamics involved in
nitrogen transformation in the VF wetland, a DNA vs RNA-based
assessment of functional genes (Reverse Transcription (RT)-gPCR of
amoA of eubacteria and archaea, nosZ and 16S rRNA for eubacteria)
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was performed in order to quantify active microbial populations during
nitrification and denitrification processes. Moreover, active eubacterial
and archaeal communities were deeply assessed by means of 16S rRNA
based high-throughput sequencing (rRNA-based MiSeq), to identify the
most predominant microbial key players which were actively enriched at
different depths of the VF wetland and under different OLR (Period I vs.
Period II).

- Sample collection and RNA/DNA extraction

In order to determine the microbial community involved in
nitrogen utilization in the VF wetland and the effect of the OLR, water
influent, water effluent and bed media samples (gravel and sand), from
the top (0-15 cm depth) and bottom (70-80 cm depth) layers, were
collected at two sampling campaigns. The first campaign took place at
the end of Period | (Oct), after 5 months of VF wetland operation
(OLR = 130 g COD m2d), and the second one was performed at the
end of Period Il (Jan), after 3 months of operation under lower OLR (80
g COD m2d?). Samples were immediately submerged and mixed with
2 mL of Life Guard Reagent (MO BIO, Inc., Carlshad, CA) to prevent
RNA degradation according to manufacturer's instructions.

Simultaneous RNA + DNA extraction from approx. 0.25 g of bed
media and 1 mL pellet of water samples (20.000 g/5" at 4 °C) were
extracted in triplicate at each campaign by using an adapted protocol of
Power Microbiome™ RNA Isolation kit (MO BIO Laboratories, Inc.,
Carlsbad, CA). The RNA extracts were treated during 10 min at 25 °C
with 10 units of DNase | (a room temperature stable DNase enzyme
provided by the Power Microbiome Isolation kit) to remove any
contamination of genomic DNA. All of the DNase I-treated RNAs were
subjected to 16S rRNA-based PCR amplification as previously
described (Prenafeta-Bold( et al., 2012) to verify their purity. RNAs
were subsequently transcribed to cDNA by means of Prime Script™ RT
reagent Kit (Perfect Real Time, Takara) following the manufacturer's
instructions. cDNA and DNA extracts were kept frozen at —80 °C until
further analysis.
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Q) Quantitative assessment of total, nitrifying and denitrifying
microbial populations

- Quantitative Polymerase Chain Reaction (qPCR)

Quantitative analysis of total and active eubacterial population
was conducted on the V3 hypervariable region of 16S rRNA
(PRENAFETA-BOLDU et al., 2012). The denitrifying population was
quantified by nosZ (clade 1), the encoding gene of catalytic subunit of
nitrous oxide reductase, as previously reported in Calderer et al. (2014).
AOB and AOA populations were quantified by means of ammonia
monooxygenase a-subunit encoding genes (amoA_AOB (eubacteria)
and amoA_AOA (archaea) genes, respectively). amoA_AOB genes and
transcripts were performed as previously reported by Rotthauwe et al.
(1997), whereas a new combination of primers for amoA_AOA was
applied in the present study, in order to include the known amoA-related
AOA lineages (group l.1a: Nitrosopumilus cluster; Nitrosotalea cluster;
group l.1b: Nitrososphaera cluster; and ThAOA group: Nitrosocaldus
cluster): CamoA19Fw 5'-ATGGTCTGGYTWAGACG-3' (PESTER et
al.,, 2012) and Arch_amoAF Rv 5-GATGTCCARGCCCARTCAG-3'
(WUCHTER et al., 2006). The reaction was performed in 10 uL volume
containing 1 pL of DNA template, 400 nM of each primer, 5 pL of the
ready reaction mix (Brilliant 1l Sybr Green gPCR Master Mix,
Stratagene) and 30 nM of ROX reference dye. qPCR reaction was
operated with the following protocol: 10 min at 95 °C, followed by 40
cycles of denaturation at 95 °C for 30 s; annealing for 30 s at 52 °C,
extension at 72 °C for 45 s and the image capture was performed at 75
°C for 35 s to exclude background fluorescence from the amplification
of primer dimmers. All qPCR reactions were conducted in a Real Time
PCR System MX3000P (Stratagene, La Jolla, CA). All samples were
analyzed in triplicate by means of three independent cDNA and DNA
extracts.

For the standard curve of each target gene, it was designed by
using FunGene data base (http://fungene.cme.msu.edu/) five gBlocks®
Gene Fragments (IDT, Integrated DNA Technologies).Ten-fold serial
dilutions from synthetic genes were subjected to qPCR assaysin
duplicate showing a linear range between 10! and 10% gene copy
numbers per reaction to generate standard curves. qPCR reactions fitted
quality standards: efficiencies were between 90-110 % and R? above
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0.985. All results were processed by MxPro™ QPCR Software
(Stratagene, La Jolla, CA) and were treated statistically.

(i) Active microbial community abundance and diversity
- Next Generation Sequencing (NGS)

A 16S rRNA based metabarcoding assessment through MiSeq
platform was performed to study the diversity of active microbial
populations. Transcribed 16S rRNA libraries targeting V1-V3 and V3—
V4 regions from eubacterial and archaeal population, respectively, were
sequenced by utilizing MiSeq Illumina sequencing platformat Molecular
Research DNA following manufacturer's instructions. For the
eubacterial and archaeal libraries, the primer set 27F (5'-

AGRGTTTGATCMTGGCTCAG-3")/519R (5-
GTNTTACNGCGGCKGCTG-3") and 349F (5'-
GYGCASCAGKCGMGAAW-3") /806R (5-

GGACTACVSGGGTATCTAAT-3') were used, respectively.

Downstream MiSeq data analysis was carried out by using
QIIME software version 1.8.0. The obtained DNA reads were compiled
in FASTq files for further bioinformatic processing. Trimming of the
16S rRNA barcoded sequences into libraries was carried out using
QIIME software version 1.8.0 (CAPORASO et al., 2010a). Quality
filtering of the reads was performed at Q25, prior to the grouping into
Operational Taxonomic Units (OTUs) at a 97% sequence homology
cutoff. The following steps were performed using QIIME: Denoising
using Denoiser (Reeder; Knight, 2010), reference sequences for each
OTU (OTU picking up) were obtained via the first method of UCLUST
algorithm (Edgar, 2010), for sequence alignment and chimera detection
the algorithms PyNAST (Caporaso et al., 2010b) and ChimeraSlayer
(Haas et al., 2011) were used. OTUs were then taxonomically classified
using BLASTn against GreenGenes and RDP (Bayesian Classifier)
database and compiled into each taxonomic level (DESANTIS et al.,
2006).

Data from MiSeq NGS assessment were submitted to the
Sequence Read Archive (SRA) of the National Center for
Biotechnology Information (NCBI) under the accession number
SRP090290.



129
4.3.2.3 Statistical data analyses

Normality of the data of water quality parameters was tested by
Kolmogorov—Smirnov test. Furthermore, Student's t-test (p<0.05) was
used to test whether there were statistically significant differences on (i)
water quality of samples between Periods | and IlI; (ii) bacterial and
archaeal abundance between the top and bottom layer samples within
the same period; (iii) bacterial and archaeal abundance in the same layer
between Periods | and Il. For statistical analysis Statistic 7.0 software
was used (STATSOFT INC., 2004).

4.3.3 Results and discussion

4.3.3.1 Treatment performance of the vertical subsurface flow
constructed wetland

Recommendations regarding design OLR loads to be applied in
VF wetlands vary in relation to climatic conditions. For warm climates,
Hoffmann et al. (2011) recommend a range of 60 to 70 g COD m2d 1,
for subtropical climates the recommendation is 41 g COD m?2 d*
(SEZERINO et al. 2012), and under cold climate the indicated OLR
decreases to 20 g COD m2 d! (WINTER; GOETZ, 2003). The VF
wetland in the current study operated under high OLR (average of 130 g
COD m=d*and 80 g COD m2d7in Periods I and I, respectively) as
can be observed in Table 8. However, the TN load applied to the VF
unit was very similar in the two periods (Figure 29). However, the TN
load applied to the VF unit was very similar in both periods. Despite the
high organic and HLR, the performance of the VF wetland was generally
high and stable overtime, showing a great capacity of the VF wetland to
handle large loads, observing no signs of clogging of the bed media
throughout the whole study.
Average of removal efficiencies were very similar in Periods I and
11, exhibiting values of about 40 and 30 % COD, 60% NH4-N and 20% TN
(Figure 29). High organic load removal rates were achieved, with mean
values of 54 g COD m2d* in Period I, and 32 g COD m2d* in Period II.
These results are in accordance with other studies which report that the
higher the organic load, the greater the removal of organic carbon in CW
(CALHEIROS et al., 2007; SAEED; SUN, 2012).
The removal of the ammonium nitrogen load was also similar in
both periods (4 g NHs-N m™2 d1). Nitrification is the main mechanism
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associated with the elimination of NHs-N in VF wetlands (KADLEC,;
WALLACE, 2009). Effluent NOx-N values were similar in both periods
(10 £ 4 mg NOx L ! in Period | and 14 + 3 mg NOx L ! in Period II)
(Figure 29). The average TN removal rate was of 2 g TN m=2 d*in both
periods, which is in agreement with other studies conducted in VF
wetlands, owed to the low denitrification capacity of these systems due
to the prevailing aerobic conditions within the bed media, which hinder
the establishment of denitrifying microorganisms (SAEED; SUN, 2012;
VYMAZAL, 2013).

Table 8 — Average (£SD) concentration and loads of water quality parameters at
the influent and effluent of the vertical subsurface flow constructed wetland in
Periods | and I1.

Period | (Jun-Oct) Period 11 (Nov-Jan)

n=26 n=15

Parameter
Removal Removal
Influent Effluent . Influent Effluent N
Efficiency (%) Efficiency (%)
T(°C) 23+5 23+5 - 11+7 11+9
DO (mg L™ 05+0.2 25+1 - 0.6+0.2 31+11
EC (mS cm™) 2+05 2404 - 2402 2402
En (MV) -101 + 66 +181 + 67 - 71463 +112+72
pH 75%03 75%03 - 7812 7603
TSS (mg L'l) 72+31 55+45 23+42 112 +53 40+30 67 +24
COD (mg L% 347 +£104 207 + 88 43+14 213+21 129+17 28+10
TOC (mg L™) 90 +30 45+21 50+12 91+9 51+28 44 +18
TN (mg L'l) 46 + 10 36+9 2421 50 +12 40+10 20+ 22
NH4-N (mg L) 18+7 6.5+3 64+ 11 15+3 5+2 64+ 12
3NO,-N (mg L) <LOD 10+4 - <LOD 14+3
Applied load Load removal Applied load Load removal
Parameter - - 2 1 -
(gm™d7) (gm=d?) (gm™d7) (gm=d7)

COD (gm?d?) 130 + 39 54 +36 80+8 3249
TN (gm?2d™) 17+4 22 195 22
NH,-N (g m?d?) 7£2 4x2 61 4x1

<LOD: below limit of detection
a Statistical significance between the periods (p<0.05)
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Figure 29 — Nitrogen transformation in the vertical subsurface flow constructed
wetland in Period | (130 g COD m?2d?) and I (80 g COD m2d?).
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4.3.3.2  Microbial community assessment
Q) Quantification of nitrifying and denitrifying population

Eubacterial populations exhibited variability on the metabolic
activity and active diversity as a function of the filter depth and OLR
applied (Figure 30a). In Period | (130 g COD m™2 d™1) eubacteria were
more active in top than in the bottom layer of the wetland (10%*? and 10%°
16S rRNA transcripts g1, respectively). Greatest microbial abundance
has been reported to occur in the top layer of VF wetlands by previous
studies, being attributed to the higher availability of organic matter and
nutrients in the surface of the unit (FOLADORI et al., 2015; TIETZ et
al., 2008). However, in the current study, the activity of eubacteria
decreased in the top layer (10'° 16S rRNA transcripts g ) and increased
in bottom layer (102 16S rRNA transcripts g) when the OLR
decreased (Period Il). This stratification may be associated with greater
availability of oxygen along the vertical profile of the filter medium
promoted by the lower OLR applied in this period.



Figure 30 — Average of nitrogen functional genes identified in top (0—15 cm) and bottom (70-80 cm) layers of the bed media of
the vertical subsurface flow constructed wetland in the two microbiological sampling campaigns: Period | (ORL = 130 g COD

m2d™) and Period 11 (ORL =80 g COD m2d™), and in influent and effluent wastewater from Period I1. a) Abundance of 16S

rDNA and 16S rRNA; b) Abundance of bacterial amoA copy numbers and transcripts; ¢) Abundance of archaeal amoA copy
numbers and transcripts; d) Abundance of nosZ copy numbers and transcripts.
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Nitrification was identified as an active process in the top and
bottom layers of the VF wetland throughout the study, where AOB,
AOA and phylotypes related to NOB belonging to Nitrobacter genus,
were actively detected (Figure 30 a, b and Figure 32). Independently of
the applied OLR, total AOB were more abundant than AOA populations
in both periods and depths, being 10® amoA_AOB copies g quantified
in Period I, and 10" amoA_AOB copies g* in Period I, in both layers;
and 10° amoA_AOA copies g for Periods | and Il, in both layers.
Paranychianakis et al. (2016) showed higher abundance of amoA_AOB
gene copies in respect to amoA_AOA in 6 units of CW with conditions
of horizontal flow (planted and unplanted) fed with synthetic
wastewater. Lower abundance of AOA has been reported to be
presumably caused by a lack of ecological niche variables in CW
(CORREA-GALEOTE et al.,, 2013). However, the previous studies
conducted in CW were not performed at gene expression level of amoA,
and therefore no information regarding the effect of environmental
variables, such as the OLR on the metabolic activity of ammonia-
oxidizers, has been described so far.

Current results concerning the active biomass at gene expression
level (amoA transcripts) showed different dynamics of the ammonia
oxidizing populations than those previously observed. The active AOA
community was stable throughout the study, showing high resilience to
changes in OLR. Moreover, in Period I, when the VF wetland operated
under higher OLR, similar active archaeal and bacterial abundance was
recorded in top and bottom layers (10® and 10° amoA transcripts g% in top
and bottom respectively). However, in Period Il at lower OLR, AOB
activity decreased in the top layer (10° amoA transcripts g~*) and increased
in the bottom layer (10° amoA transcripts g™), while, AOA activity
remained stable (106 amoA transcripts g in both layers). Environmental
conditions seem to be fundamental in the growth and development of stable
and specialized ammonia-oxidizing communities (FAN et al., 2016). AOA
have been detected over a wide pH range, whereas AOB are neutrophilic
and their highest growth rate occurs at pH 7 to 7.5 (PROSSER; NICOL,
2012). gPCR results show how under higher oxygen availability across the
bed media (under lower ORL) and more availability of carbon in top layer,
AOB exhibited their highest activity at the bottom layer. Differently,
metabolically active AOA remained more stable. As previously described,
increasing oxygen concentrations enhanced enrichment of AOB, whereas
the archaeal population was almost oxygen-insensitive.
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In relation to the denitrification activity, nosZ gene abundance
(clade 1) was similar in both periods and along the depth of the bed
media (10" nosZ copies g!). Nevertheless, nosZ gene copies were
always higher in respect to nosZ gene transcripts (Figure 30 d). In
Period | greater activity of denitrifying bacteria was identified in the top
(106 nosZ transcripts g 1) than in the bottom (10% nosZ transcripts g 1) of
the wetland. When the OLR decreased (Period II), the activity of
denitrifying bacteria showed a similar behavior than AOB, decreasing in
the top layer (10° transcripts g~*) and increasing in the bottom layer (108
transcripts g1). These results suggest that under conditions of high
carbon concentrations the denitrification could occur in the surface
layers at low oxygen availability (Period 1). Under lower OLR (Period
I1), a higher oxygen transfer capacity would displace the denitrifying
community to the bottom of the wetland. This community may also be
linked to the activity of the nitrifying community in this part of the
wetland, which would help decreasing oxygen availability in the filter,
thus promoting the denitrification activity both inside the biofilms and in
planktonic cells.

Globally, ammonia oxidizers (eubacteria and archaea), as well as
denitrifying bacteria (nosZ) were detected to be more active in the bottom of
the wetland during Period Il at lower OLR (Figure 30 b, ¢ and d).
However, a higher activity of both groups was detected in the top layer
during Period I, which would confirm the occurrence of higher
simultaneous active nitrifying-denitrifying process in the VF wetland at a
specific range of organic load.

Figure 31 shows the ratio of gene transcripts vs. gene copies of
bacterial and archaeal amoA and nosZ in top and bottom layers of the
VF wetland at the two sampling campaigns. Regardless of OLR applied
in the VF wetland, AOA was the active nitrifying community more
abundant along the vertical profile of wetland, whereas AOB activity
showed highly dependent on the OLR. Interestingly, AOB could be also
be influenced by the availability of carbon. High carbon availability
resulted in higher specific growth rate of heterotrophic organisms
(compared to autotrophic) and promoting a rapid consumption of
available oxygen (SAEED; SUN, 2012). This would also end up
promoting the displacement of the nitrifying bacteria to the lower part of
the filter, where the availability of organic carbon compounds would be
lesser (SALOMO et al., 2009). Transcript levels of nosZ gene were
lower than amoA gene in both periods, which was in accordance with
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the low denitrification potential observed in VF wetlands (VYMAZAL,
2013).

Figure 31 — Ratio of gene transcripts and gene copies of bacterial and archaeal
amoA and nosZ in top (0-15 cm) and bottom layers (70-80 cm) of the vertical
flow wetland at the two microbiological sampling campaigns: Period | (ORL=
130 g COD m2 d'?) and Period 1l (ORL= 80 g COD m2d?) and in influent and
effluent wastewater from Period 1.
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(i) Active microbial community diversity

High-throughput bacterial 16S rRNA (cDNA) sequencing
detected 3263 and 112 OTUs with 48,525-92,518 and 62,921-55,563
reads, for eubacteria and archaea, respectively. Figure 32 and 33 shows
the relative abundance (RA) of the active eubacterial and archaeal
populations present in water influent and the biofilm established at bed
media samples in Period II.

Active microbial community from water influent was dominated
by Gammaproteobacteria (40% RA), Epsilonbacteria (19% RA) and
Flavobacteria (16% RA) classes, whereas the active biofilm from the
bed media of the VF wetland presented a different microbial
community, showing more diverse and similar between layers (Figure
34). In the top layer Deltaproteobacteria (21% RA) was the
predominant class followed by Alphaproteobacteria (18% RA),
Planctomycetia and Actinobacteria (both at 12% RA). The profile of



136

active bacteria in the bottom was slightly different being
Alphaproteobacteria the most active class (22% RA), followed by
Gammaproteobacteria, Plantomycetia, Acidobacteria_Gp4,
Betaproteobacteria (all classes at 9% RA). Interestingly,
Deltaproteobacteria was marginal at the bottom layer accounting for
6% of RA.

Figure 32 — Taxonomic assignment of sequencing reads (MiSeq) from the active
eubacterial community (16S rRNA based cDNA) of influent wastewater, and
bed media from top and bottom layers of Period Il at order level.
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with any given taxon, divided by the total number of reads per sample.
Phylogenetic groups with a relative abundance lower than 1 % were categorised
as ‘others’. Taxonomic assignment of individual datasets using the RDP
Bayesian Classifier with a bootstrap cut-off of 80 %.
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Figure 33 — Taxonomic assignment of sequencing reads from the active archaeal
community (16S rRNA based cDNA) of influent wastewater, and bed media
from top and bottom layers of Period Il at family level.
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Relative abundance was defined by the number of reads (sequences) affiliated
with any given taxon, divided by the total number of reads per sample.
Phylogenetic groups with a relative abundance lower than 0.5 % were
categorised as ‘others’. Taxonomic assignment of individual datasets using the
RDP Bayesian Classifier with a bootstrap cut-off of 80 %.

NGS results revealed that eubacterial populations of biofilms
attached to bed material (gravel-sand) were clearly represented by
metabolically active families linked to the nitrogen cycle (GRAF et al.,
2014). Regarding the active AOB population, Nitrosomonadaceae
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family (1% and 0.8% RA at top and bottom layers, respectively) were
represented by OTUs belonging to the genus Nitrosospira (Figure 34)
that could accumulate nitrite in the oxygenated layers of the biofilm.
Recently, it has been described that all known AOB are able to conduct
nitrifier-denitrification by means of nitrite reductases (nir genes) and
nitric oxide reductases (nor genes), favoring the transformation of NO-
to N2O under low O2 environments (KOZLOWSKI et al., 2016; ZHU et
al., 2013).

Active NOB were represented by OTUs belonging to the genus
Nitrobacter (4% RA at both layers) that belongs to the order Rhizobiales
(Bradyrhizobiaceae family) (Figure 32). The high revealed activity of
Nitrobacter could be related with the accumulation of nitrate observed in
the present study and enhanced at lower OLR (Period II). Nitrobacter have
a low-nitrite affinity, high growth rate and develop large populations when
nitrite is present at high concentrations (ANDREWS; HARRIS, 1986). In
this way, the active presence of AOB and AOA populations in the VF
wetland could favor the nitrite accumulation and the potential activity of
Nitrobacter genus even at the bottom layer.

Active archaeal community structure and diversity was
completely different between water influent and wetland bed media
(Figure 33). Active methanogenic archaea of water influent, accounted
for 99.4% of archaeal population, whereas, in bed media biofilm,
methanogens represented less than 3% in the top and 20% in the bottom
layer. Active archaeal biofilms in the bed media were clearly dominated
by AOA, with a relative abundance of Nitrososphaeraceae accounting
for 97.5% at the top and 78.4% at the bottom layer. It is obviously the
establishment and activity of AOA population, becoming an important
group of the bed media biofilm as previously observed by gqPCR
quantification (Figure 30b). The main representative OTU of the AOA
family was OTU2 that belongs to the genera Nitrososphaera (Figure
34). That sequence showed 100% of similarity (NCBI Blastn) with
Archaeon G61 (KR233006.1), related to the new genus Candidatus
Nitrosofontus exaquare (belonging to Nitrosophaeraceae family), found
in a municipal wastewater treatment plant. Despite the fact that AOA
could accumulate nitrite, Sauder et al. (2016) found the important role of
nitric oxide (NO) as a key player of Thaumarchaeotal ammonia
oxidizing pathway. So, the microbial community from the biofilm that
could generate NO, i.e. Planctomycetia, could enhance the ammonia-
oxidizing activity of AOA.



Figure 34 — Taxonomic assignment of sequencing reads from the active eubacterial community (16S rRNA-based cDNA) of
influent wastewater, and filter media from top and bottom layers of Period Il. A) Class level; B) Family level; C) Genus level.
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Jin et al. (2010) showed that AOB community was more sensitive
than of AOA to operational conditions, such as ammonia loading rate
and dissolved oxygen in a nitrogen-removing reactor. The lower active
abundance of AOB in relation to AOA observed in the current study
could be associated with the higher OLR applied in the wetland, which
favored the activity of heterotrophic bacteria, such as Myxococcales that
was identified as active biomass in higher abundance (20% in top and
5% in bottom layers) (Figure 32). Myxococcales live in environments
with lots of decomposed organic matter, and are gliding bacteria
commonly found in soils and activated sludge that are thought to
significantly impact biomass carbon (LUEDERS et al., 2006).

On the other hand, denitrifying bacteria were found in lower
abundance and activity in the bed media of the VF wetland (Figure 32),
concomitant with the NOx-N accumulation observed in the effluent. The
active abundance of Pseudomonadales (Pseudomonadaceae family;
Pseudomonas genus — Figure 34) was higher in the water influent (38%
RA). However, in the bed media of the wetland the active abundance of
Pseudomonadaceae was significantly lower (2% in top and 5% in
bottom layers). The same behavior was identified for other well-known
denitrifying bacteria in wastewater such as Opitutus (Opitutaceae
family; Opitutus genus - Figure 34) and Clostridiales
(Peptostreptococcaceae family; Clostridium Xl genus), that could
indicate a low stability of active denitrifying bacteria in the bed media,
probably due to the oxygen availability.

4.3.4  Conclusions

This study showed the microbial population dynamics involved in
nitrogen transformation along the depth of the bed media of a vertical
subsurface flow constructed wetland operated under high OLR (Period I:
130 g COD m=2 d%; Period Il: 80 g COD m2 d*). COD removal loading
rates were higher in Period | (54 g COD m™2 d?) than Period Il (32 g COD
m=2 d), demonstrating its great capacity to handle large organic loads.
NHs-N a TN removal rates were similar in both periods (4 g NHs-N m2d*
and2g TNm=2d?).

The combination of gPCR and NGS at RNA level revealed that the
nitrification process was associated with AOB (Nitrosospira), AOA
(Nitrososphaeraceae) and NOB (Nitrobacter). AOB populations were
observed more abundant (at DNA level) than AOA along the depth of the
wetland. However, considering the active abundance (based in amoA
transcripts) the ammonia oxidizers dynamics was inverted, being AOA
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population more stable in both periods and depths. Archaea from active bed
biofilms were clearly dominated by AOA, that became actively established.
Although denitrifying bacteria (nosZ copies and transcripts) were detected
in the bed media, it was not enough to decrease the NOx-N accumulation in
the water effluent.

Different strategies in vertical subsurface flow constructed
wetlands are necessary to improve nitrogen removal, promoting the stability
and activity of nitrifying and denitrifying populations. Our study showed
that high OLR associated with a high HLR did not limit the activity of
ammonia oxidizers and nitrite oxidizers, which showed a relatively high
predominance in the wetland biofilms promoted by the oxygen transfer rate
of this wetland configuration. In order to enhance total nitrogen removal in
this type of wetlands, a saturation of the bottom part of the filter bed
represents a promising strategy to favor suitable conditions for the growth
and activity of denitrifying bacteria.
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44 ARTIGO 4

A partir do Artigo 3, foi exposto que AOA apresentaram maior
atividade que AOB ao longo de todo o estudo. AOA, AOB e bactérias
desnitrificantes (nosZ) foram identificadas mais ativas na camada da
superficie sob uma carga organica de 130 g DQO m2 d*. Porém,
quando a carga organica diminuiu para 80 g DQO m?2 d*, maior
atividade dessas populacbes passou a ser identificada na camada do
fundo. Foi demonstrado também, que bactérias desnitrificantes estavam
ativas ao longo do perfil vertical do macigo filtrante, inclusive, na
camada da superficie do WCVD. Apesar disso, a remocdo de NT foi de
apenas 2 g NT m2d=™

Nesse contexto, no procedimento experimental 111, que resultou
no Artigo 44, buscou-se: (i) entender como é a dinamica microbiana
nitrificante e desnitrificante em um WCVD operado sob uma carga
organica recomendada para condi¢des climaticas subtropicais; (ii)
avaliar se uma menor TH pode promover maior atividade de bactérias
desnitrificantes no macico filtrante em um WCVD; e (iii) identificar as
variagOes entre a dindmica microbiana nitrificante e desnitrificante ativa
presentes no macico filtrante de um WCVD-FS e um WCVD, quando
submetidos as mesmas condicfes operacionais.

Para isso, foi avaliado um WCVD e WCVD-FS (1,5 m? de area
superficial cada), com areia e brita como material filtrante, operados em
paralelo, sob as mesmas condi¢fes operacionais (carga organica média
de 40 g DQO m2 d?, TH de 133 mm d* e um regime hidraulico com
alimentacdes diarias). Ap6s 6 meses de operacdo, foram coletadas
amostras do macico filtrante na camada da superficie e do fundo de
ambos os wetlands. Com estas amostras, foi extraido o RNA e DNA e
empregada a técnica de gPCR, baseado nos genes funcionais envolvidos
nas transformacbes do nitrogénio (amoA de AOB e AOA e nosZ de
bactéria) para identificar a abundancia total (baseado no DNA) e a
abundancia ativa (baseado no cDNA) dos mesmos. Além disso, foi
realizado o sequenciamento de nova geracdo do 16S rRNA de bactérias

4 O artigo 4 dara origem a seguinte publicacéo:

PELISSARI, C.; GUIVERNAU, M.; VINAS, M.; ROUSSO, Z.B.; GARCIA, J.;
AVILA, C.; ARMAS, D.R.; SEZERINO, P. H. Deciphering metabolically
active microbial populations involved in nitrifying-denitrifying processes in
partially  saturated vertical subsurface flow constructed wetlands.
Environmental Science & Technology. A ser submetido.
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e arqueas (baseado no cDNA). O WCVD-FS apresentou maior remogao
de nitrogénio (5 g NT m?2 d*) que 0 WCVD (2,5 g NT m2 d?). No
WCVD, a atividade de AOB decaiu significativamente, sendo
identificada uma relacdo simbidtica entre AOA e NOB. Enquanto que
no WCVD-FS, devido a presenca de condi¢des andxicas/anaerdbias no
meio, arqueas metandgenicas foram predominantemente ativas,
reduzindo a atividade de AOA. Porém, mesmo assim em ambos o0s
wetlands, AOA continuaram mostrando maior atividade que AOB.
Bactérias desnitrificantes permaneceram sendo identificadas em baixa
atividade no WCVD. No WCVD-FS a atividade de bactérias
desnitrificantes, sobretudo, na camada saturada da unidade, foi
beneficiada.

Transcricdo adaptada do Artigo 4

4.4.1 Relevance and objective

In general, it has been reported to be around 40 to 50 %,
exhibiting load removal rates ranging between 0.68 and 1.7 g TN m2 d-!
or 250 and 630 g TN m2 yr depending on CW type and inflow loading
(VYMAZAL, 2007). Thus, enhance removal efficiency of TN is
essential for further development of this ecotechnology (ADRADOS et
al., 2014).

The typically implemented vertical subsurface flow constructed
wetlands, which are unsaturated (UVF), are employed for nitrification,
due to the high oxygen transfer capacity of this wetland type provided
by the unsaturated condition of its bed media (which enables air
diffusion into the filter pores) and the intermittent feeding mode
(PLATZER, 1999; KAYSER; KUNST, 2005). Conversely, horizontal
subsurface flow CW (HF), which are permanently saturated beds fed
horizontally in a continuous mode, can favor denitrification processes,
due to the presence of anaerobic/anoxic conditions in the filter media. In
this way, when UVF or HF wetlands are operated in separate
technological arrangements they are not able to accomplish complete
TN removal.

So far, different operational strategies have been used to
maximize the removal of TN in CW, such as tidal flow systems (HU et
al., 2014 a, b), the recirculation of the final effluent (FOLADORI et al,
2013) or the use of hybrid CW system containing various CW
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configurations in series (VYMAZAL, 2013). However in many cases,
excessive energy input or large surface area are required in these
approaches, thus increasing the footprint of this ecotechnology.

Recently, a simple cost-effective alternative, known as partially
saturated vertical subsurface flow CW (SVF), has been successfully
employed. The saturation of the bottom part of the wetland bed
promotes favorable conditions to enable both nitrification and
denitrification processes to take place within a single wetland unit, due
to the occurrence of aerobic conditions in the top and anaerobic/anoxic
in the bottom (PELISSARI, et al., 2017a; SILVEIRA et al., 2015;
LANGERGRABER et al., 2011; DONG; SUN, 2007). Pelissari et al.
(2017a), in Brazil, observed 58 % of TN removal in a SVF at full scale
(45 cm unsaturated layer followed by 25 cm saturated layer at the
bottom), which was operated under low organic loading rates (OLR): 4
g COD m? d?! and 1.5 g TN m? d?). Langergraber et al. (2011),
reported 57 % of TN removal in two stages of VF wetlands of 10 m?
each (a SVF followed by a UVF) operated under an OLR of 40 g COD
m2 d. Moreover, two French systems SVF wetlands (surface area of
2m?) with a filter depth of 70 cm where operated in parallel over 16
months with different saturation depths (25 and 15 cm) and enhanced
denitrification was observed at the unit with 25 cm of saturation. Under
an OLR of 25 g COD m d* the removal efficiency was of 47 % and
56 % for NH4-N and TKN, respectively (SILVEIRA et al., 2015).

Although there are studies that discriminate the dynamics of the
microorganisms involved in nitrogen removal in different modalities of
CW, the interrelation between microorganisms involved in the nitrogen
cycle and environmental conditions presents in the bed media, mainly in
SVF wetland, is still not clear. Firstly, because there is a wide variation
of environmental conditions in the bed media, due to the presence of
two distinct layers (aerobic and anaerobic/anoxic layers). Secondly, little
is known regarding the dynamics of metabolically active nitrifying and
denitrifying populations presents in the biofilms from bed media of SVF
wetland.

Elucidating the behavior of nitrifying and denitrifying
populations and their interrelationships linked to operational conditions
is a key objective to understand and maximize nitrogen removal in CW.
In this way, the present study aims at gaining an insight into the
dynamics of metabolically active populations involved in the
transformation of different nitrogen fractions in an unsaturated and in a
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partially saturated vertical subsurface flow constructed wetland operated
in parallel under the same conditions.

442 Materials and methods
4.4.2.1 Description of the treatment system

The experimental treatment plant is set outdoors at the
experimental facility of the GEMMA group (Department of Hydraulic,
Maritime and Environmental Engineering of the Universitat Politécnica
da Catalunya - Barcelona-Tech, Spain) in a Mediterranean climate. The
treatment pilot plant was composed by a Imhoff tank (0.2 m3), which
was designed as primary treatment, followed by a UVF wetland and
SVF wetland, both operated in parallel (Figure 35).

Figure 35 — Diagram of the experimental CW treatment system. A) Sampling
collected from influent and effluent of constructed wetlands; B) Sampling
collects from bed media of unsaturated and partially saturated vertical
subsurface flow constructed wetlands.
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Each wetland had a surface area of 1.5 m?2 (1.0 W x 1.5L x 0.8
D), and a bed media depth of 0.8 m. This consisted of 0.1 m sand layer
(@ = 1-2 mm) in the top, and 0.7 m layer of fine gravel (@ = 3-8 mm)
underneath. The macrophyte planted in both wetlands was Phragmites
australis. Whereas the UVF wetland was operated typically unsatured
(i.e. 0.8 m free drainage) and the SVF wetland had the bottom part (0.35
m) saturated with effluent by setting the outlet pipe at that height.

The wetlands were constructed in polyethylene tanks, and a
polyethylene pipe distributed the pumped water 0.1 m above the top of
the bed. This pipe contained 5 perforations with diffusers that provided a
true 360° radial horizontal water pattern, thus ensuring an evenly
distribution of the wastewater over the whole surface of the filter.

During the period of this study (February to July 2016), each
wetland (partially saturated and unsaturated) were operated with flow of
200 L d*, OLR of 40 g COD m* d?, following recommendations of
Sezerino et al. (2012), and HLR of 133 mm d-*. Feeding was performed
in a continuous mode by intermittent pumping, totaling 8 pulses per day
(25 L pulse™).

Physicochemical data from influent and effluent samples from
both wetland beds were determined twice a week throughout the whole
study period. Some water quality parameters (i.e. temperature, pH and
dissolved oxygen - DO) were measured onsite at the time of sample
collection, and grab water samples were taken to the adjacent laboratory
for the immediate analysis of the following parameters: total suspended
solids (TSS), chemical oxygen demand (COD), total organic carbon
(TOC), total nitrogen (TN), ammonium nitrogen (NH.-N), nitrate and
nitrite nitrogen (NOx-N) and sulfate (SO.).

Onsite measurements of water temperature, DO and pH were
taken by using a Checktemp-1 Hanna thermometer, a Eutech Ecoscan
DO6 oxymeter and a Crison pH-meter, respectively. E4 was also
measured onsite by using a Thermo Orion 3 Star redox meter, and
values were corrected for the potential of the hydrogen electrode. The
determination of conventional wastewater quality parameters, including
TSS and NH4-N was done by following the Standard Methods (APHA,
2012). TN and TOC were analyzed using a Multi N/C (2100 S)
analyzer. NOx-N and SO4 were analyzed using a DIONEX ICS-1000
chromatography system.

An electromagnetic flow meter (SITRANS FM MAGFLO®) was
installed at the inlet and outlet of the wetlands to monitor the flow



147

values in the system. In this way, it was possible to assess the
evapotranspiration influence in the treatment of units.

4.42.2 Microbial community assessment

To elucidate the microbial community dynamics involved in
nitrogen transformation in the UVF and SVF wetlands, a DNA and
RNA based assessment of functional genes was performed in order to
guantify active microbial populations. In this way, Reverse
Transcription - Quantitative Polymerase Chain Reaction (RT)-gPCR of
ammonia oxidizers (amoA_AOB, amoA_AOA) and typical denitrifiers
(nosZ — clade 1) were performed. Moreover, active eubacterial and
archaeal microbial communities were deeply assessed by means of 16S
rRNA based high throughput sequencing (rRNA-based) by Next
Generation Sequencing (NGS). This analysis allows identifying the
metabolically active microbial diversity enriched in the biofilm’s bed
media of UVF and SVF wetlands throughout the bioprocess.

- Sample collection

Influent wastewater and bed media samples (gravel and sand)
from the top (0-15 cm depth) and bottom (70-80 cm depth) layers of
both wetlands were collected. Influent samples were collected in two
periods (initial and end periods). Concerning bed media samples, in the
UVF wetland, sampling was done after 6 months of operation (at end
period of study). In the SVF wetland, sampling was performed in two
campaigns: the first, 1 day before the bottom saturation be implemented
in the unit (initial period), and the second, after 6 months of operation
under this configuration (in the end period of study). Table 9 shows the
sampling collection design for each wetland and the specific analysis
conducted during the period.

- RNA and DNA extraction

Samples after collection were immediately mixed with 2 mL of
LifeGuard Reagent (MO BIO) to prevent RNA degradation. Total RNA
+ DNA extraction from approx. 0.25 g of bed media and 1 mL pellet of
influent samples (20.000 g/5° at 4°C) were extracted in triplicate for
each period by using an adapted protocol of Power Microbiome™ RNA
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Isolation kit, (MO BIO Laboratories, Inc., Carlsbad, CA). The RNA
extracts were treated for 10 minutes at 25 °C with 10 units of DNase |
(at room temperature stable DNase enzyme from the same Power
Microbiome Isolation kit) to remove any contaminating genomic DNA.
All of the DNase I-treated RNAs were tested using 16S rRNA-based
PCR amplification to detect DNA impurities. Purified RNAs were
transcribed to cDNA with PrimeScript™ RT reagent Kit (Perfect Real
Time, Takara) following the manufacturer's instructions. cDNA and
DNA extracts were kept frozen at -80 °C until further analysis.

Table 9 — Samples collected and analyses employed in unsaturated and partially
saturated vertical subsurface flow constructed wetlands.

Constructed Sampling .
Wetlands collections Period Analyses conducted
Initial period gPCR
Influent wastewater and
UVF wetland End period gPCR + NGS
Bed media -
(Top and bottom layers) End period qPCR + NGS
Initial period gPCR
Influent wastewater and
SVF wetland End period gPCR + NGS
Bed media Initial and
(Top and bottom layer) End period qPCR + NGS

- Quantifying total and metabolically active microbial
populations by gPCR

gPCR analysis were performed with samples from influent (initial
and end periods) and bed media (top and bottom layers) from UVF
wetland (end period of study) and SVF wetland (initial and end periods).
From these analyses it was possible to identify abundance (at DNA
level) and activity (at cDNA level) of amoA of ammonia oxidizers
(AOA and AOB) and denitrifying bacteria (nosZz).

Quantitative analyses of total eubacterial population were conducted
on the V3 hypervariable region of 16S rRNA as described in Prenafeta-
Boldl et al. (2012). AOB and AOA populations were quantified by
means of ammonia monooxygenase o-Subunit encoding genes
(amoA_AOB and amoA_AOA genes, respectively). amoA_AOB
abundance genes and activity were performed as previously reported by
Rotthauwe et al. (1997). For amoA_AOA a new combination of primers
were applied in order to include the known amoA related AOA lineages
(group l.1a: Nitrosopumilus cluster; group l.1a-associated: Nitrosotalea
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cluster; group I.1b: Nitrososphaera cluster; and Thaumarchaeota group:
Nitrosocaldus cluster): CamoA19Fw 5’-ATGGTCTGGYTWAGACG-
3> (PESTER et al, 2012) and Arch amoAF Rv 5’-
GATGTCCARGCCCARTCAG-3* (WUCHTER et al., 2006). The
gPCR reaction and amplifications conditions for these primers were
performed as described in PELISSARI et. al (2017b). Denitrifying
population was quantified by nosZ gene (clade 1), the encoding gene of
catalytic subunit of nitrous oxide reductase, as previously reported in
Calderer et al. (2014). All gPCR reactions were conducted in a Real
Time PCR System MX3000P (Stratagene, La Jolla, CA). All samples
were analyzed in triplicate by means of three independent cDNA and
DNA extracts.

For the standard curve of each target gene, it was designed by
using FunGene data base (http://fungene.cme.msu.edu/) five gBlocks®
Gene Fragments (IDT, Integrated DNA Technologies). Ten-fold serial
dilutions from synthetic genes were subjected to gPCR assay in
duplicate showing a linear range between 10! and 10® gene copy
numbers per reaction to generate standard curves. gPCR reactions fitted
quality standards: efficiencies were between 90-110 % and R? above
0.985. All results were processed by MxPro™ QPCR Software
(Stratagene, La Jolla, CA) and were treated statistically.

- Microbial diversity metabolically active by NGS

High throughput analyses were performed to find out the most
prevalent active eubacterial and archaeal populations. This analysis was
performed with influent samples (from end period of study) and bed
media from both wetlands at different depths (top and bottom layers).
For UVF wetland, samples from end period of study were utilized.
While for SVF wetlands, samples from initial and end periods were
employed in this analysis.

16S rRNA libraries targeting V1-V3 and V3-V4 regions from
eubacterial and archaeal populations, respectively, were sequenced by
utilizing MiSeq Illumina sequencing platform at Molecular Research
DNA Laboratory (Shallowater, TX, USA) ffollowing manufacturer’s
instructions. For the eubacterial 16S rRNA libraries, the primer set was
27F (5-AGRGTTTGATCMTGGCTCAG-3’) / 519R  (5’-
GTNTTACNGCGGCKGCTG-3") and for the archaeal was 349F (5°-
GYGCASCAGKCGMGAAW-37) / 806R (5-
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GGACTACVSGGGTATCTAAT-3"). The obtained reads were
compiled in FASTq files for further bioinformatic processing. Trimming
of the 16S rRNA barcoded sequences into libraries was carried out using
QIIME software version 1.8.0 (CAPORASO et al., 2010a). Sequences
were denoised and chimeras were removed (REEDER; KNIGHT, 2010;
CAPORASO et al., 2010b; HAAS et al., 2011). Quality filtering of the
reads was performed at Q25, prior to the grouping into Operational
Taxonomic Units (OTUs) at a 97 % sequence homology cut-off. OTUs
were then taxonomically classified using BLASTn against GreenGenes
and RDP (Bayesian Classifier) database and compiled into each
taxonomic level (DESANTIS et al., 2006).

Data from MiSeq NGS assessment were submitted to the
Sequence Read Archive (SRA) of the National Center for
Biotechnology  Information  (NCBI) under the  accession
number SRP095451, for active eubacterial and archaeal populations.

4.4.2.3 Statistical data analyses

Data normality, concerning treated effluent quality for both
wetlands, was verified using Kolmogonov - Smirnov test. Moreover,
ANOVA analysis of variance (p<0.05) was employed to identify
differences on water quality between the UVF and SVF wetlands.

A t-Student test was performed with qPCR results from bed
media of both wetlands. This analysis was done to check statistical
differences in the abundance (gene copies and transcripts) identified in
different layers and periods. For UVF wetlands this analysis was
performed considering samples from top and bottom layers of same
period (end period). In regards to the SVF wetland, the analysis was
performed to check statistical differences between top and bottom layer
samples collected at the same period and also between samples of the
same layer collected in different periods (initial and end periods).

Furthermore, Pearson correlations tests among transcripts
abundance of amoA of ammonia oxidizers (QPCR results) and the
relative abundance of NOB (NGS results) were conducted in both
wetlands. For the UVF wetland, this analysis was done considering the
results from top and bottom layers, whereas for the SFV wetland, only
the top layer from end period was included.
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443 Results and discussion

4.43.1 Performance of unsaturated and partially saturated vertical
subsurface flow constructed wetlands

The general characteristics of the influent and effluent quality of
the UVF and SVF wetlands, both under the same operational conditions
(OLR of 40 g COD m? d* and HLR of 133 mm d?), as well as the
applied loading rate, load removal and load removal efficiencies are
shown in Table 10. According to ANOVA test results, UVF and SVF
wetlands presented statistical differences on the removal efficiencies for
TSS (p= 0.03233), TN (p= 5.4x107), NOx-N (p=0.00349), En (p=
0.01234) and SO4 (p= 0.02345). These differences could be explained
by the different status of saturation of the bed media, which in turn
creates different microbial community structures in the UVF and the
SVF wetland.

The TSS load removal rate was 10 + 6 g TSS m? d? in UVF
wetland and 9 + 5 g TSS m?2 d* in SVF wetland. This performance
represents a load removal efficiency of 77 = 29 % for the UVF and 69 +
23 % for the SVF wetland. Despite both wetlands displayed similar
treatment efficiencies, still statistical differences were found on the
removal efficiency for TSS. This fact can be explained by the different
operational design of each unit. The removal of the easily removable
TSS fraction occurs in the first layer of the filter bed (DONG; SUN,
2007). Probably, lower TSS removal in SVF wetland is associated with
a desorption process of inorganic solids, affecting solids entrapment.
The COD load removal rates were very similar for both units (26 + 12 g
COD m? d?or 65 + 19 % for UVF wetland, and 27 + 11 g COD m=2 d*
or 675 + 16 % for SVF wetland). These load removal rates are
consistent with that of 25 g COD m d! observed in a UVF wetland that
was operated under OLR of 32 g COD m? d! (FOLADORI et al.,
2012). These results showed that the lower availability of oxygen in the
SVF unit compared to the UVF wetland did not minimize the ability for
organic matter removal. In fact, the removal of COD in the SVF wetland
could be also associated with the denitrification process. The redox
potential of the effluent of the SVF wetland revealed a more reductive
environment when compared to UVF wetland (Table 10), which could
be related with a higher denitrification activity in the SVF wetland,
promoting an equivalent COD depletion in both wetlands.
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Different nitrogen removal pathways occurred in the UVF and
SVF wetlands (Figure 36), being nitrogen transformations associated
with the environmental factors of the media (SAEED; SUN, 2012).
Redox potential and DO of the effluent of the UVF were more oxidative
(+92 + 34 mV and 2.2 £ 0.8 mg L) than the SVF wetland, which
presented higher variability throughout the study (-4 + 43 mV and 0.7 +
1 mg L?). In general, high redox potentials can offer oxidizing
conditions to promote aerobic nitrification, while lower redox potential
provides reducing environments favoring to promote nitrate, iron,
manganese and sulfate reduction processes, as well as methanogens
(FAULWETTER et al., 2009).

Table 10 — Average (£SD) concentration, loading rates and removal efficiencies
of water quality parameters at the influent and effluent of the unsaturated (UVF)
and partially saturated (SVF) vertical subsurface flow constructed wetland.

Mean removal Mean removal
Parameters Influent UVF wetland SVF wetland efficiency efficiency
n=38 Effluent Effluent UVF wetland SVF wetland
(%) (%)
T(°C) 176 %5 1694 18+5
DO (mg L?) 06+08 22408 07+1
2EH (mV) 27+49 +92+34 4+43
pH 7.3+0.2 74+02 6.9+0.2
2TSS (mg L™ 97+ 41 27+ 15 34+ 16 72430 65+ 28
COD (mg L'l) 302 + 88 101+£38 121+ 44 66.5 + 20 60 +19
TOC (mg L™ 104 +63 32410 50 +18 69 +36 52432
TN (mg L) 61+11 40+7 31+6 34+11 49+14
NH,-N (mg L™ 19+4 5+2 6+4 74+15 68 + 20
aNO,-N (mg L™ <LOD 27+5 1+0.9
350, (mg L) 101+ 25 120 £ 15 56 + 42 45+18
Load removal Load removal
Applied load Load removal Load removal efficiency efficiency
Parameters (gm? UVF wetland SVF wetland UVE wetland SV wetland
(@m?d?) (gm?d?) ) )
TSS (g m?Zd7) 1355 106 9+5 77+29 69+ 23
COD (gm?d?) 4011 26+12 2711 65+ 19 67.5+16
TN (gm?2d?) 842 25+1 5+1 31+11 62+12
NH,-N (g m?d*) 3+06 2408 2406 67+14 67+ 17
SO, (gm?d?) 143 2+3 8+6 57 +49

<LOD: below limit of detection
aStatistical difference between UVF and SVF wetland (p<0.05) in mg L*
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Although UVF and SVF wetlands have generally different
operational design purposes, being the UVF wetlands commonly
designed to promote nitrification (PLATZER, 1999), while
simultaneous nitrification and denitrification is expected to occur in the
SVF wetland (PELISSARI et al., 2017a; SILVEIRA et al., 2015), no
statistical differences were detected in regards to NHs-N removal
(Figure 36). NH4-N load removal rates were similar for both wetlands (2
g NH4-N m2 d* or 67 %), showing that nitrification was not presumably
affected by the more reductive environment described in the SVF unit.
However, differences were remarkable for nitrate production between
the two units, as well as statistically significant. While high NOx-N was
produced in the UVF wetland (3.5 g NOx-N m? d?; 27 + 5 mg L),
comparatively low NOx-N was identified in the SVF wetland (0.1 g
NOx-N m2 d?; 1+ 0.9 mg L1), showing an effective denitrification
capacity of this unit provided by the saturation of the bottom part of the
same.

Figure 36 — Nitrogen load rate removal and NOx-N production in an unsaturated

and partially saturated vertical subsurface flow constructed wetland.
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These variable behaviors observed between the two wetlands
resulted in different TN load removal rates (Figure 36). In the UVF
wetland, the TN load removal rate was of 25+ 1 g TN m? d*! (31 +
11 %), which is in agreement with previous studies conducted in the
same UVF wetland operating under an OLR of 80 and 130 g COD m2d-
tand HLR of 375 mm d! (PELISSARI et al., 2017b).
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Oppositely, the TN load removal rate was as high as 5 + 1 g
TN m2d? (62 + 12 %) in the SVF wetland. This removal was similar to
the performance identified in a UVF wetland with intermittent aeration
(5.6 g TN m? d?1) (FOLADORI et al., 2012), and resembled that
observed in hybrid systems with a free flow unit (4.2 £ 5.1 g TN m2 d?)
(VYMAZAL, 2013). Furthermore, the efficiency was higher than that
identified in two combined SVF and UVF wetlands operated in series
(3.8 g TN m? d ') (LANGERGRABER et al., 2011). In this way, it has
been proven that the saturation of the bottom layer of vertical flow
wetlands can effectively promote both nitrification and denitrification
processes within a single wetland unit, without the need for larger area
or induction of energy.

In addition, sulfate was removed in SVF wetland (8 £ 6 g SOs m"
2d1 or 57+ 49 %), while in the UVF wetland no removal was observed
(Table 10). In CW, chemical and microbial oxidation is the main sulfate
oxidation processes (WU et al., 2012). In a subsurface flow CW
microcosms, it was shown that mixotrophic denitrification could
effectively remove nitrate along with sulfide oxidation, which may lead
to the simultaneous removal of organics, nitrate and sulfate compounds
(CHEN et al., 2016). Thereby, the saturated bottom layer in the SVF
may promote environments with favorable conditions to remove sulfate.

Maintaining a water-saturated environment in the bottom layer in
a VF wetland can promote different redox environments. Besides that, in
SVF wetlands, higher evapotranspiration generates a lower effluent
discharge when compared to UVF wetlands. In the current study the
SVF unit had an evapotranspiration of 13 %, while the UVF
evapotranspiration was limited to only 2 %. Moreover, it is worth
noticing that macrophyte biomass was more abundant and adapted in the
SVF unit when compared to UVF. This could be explained by the higher
humidity within the SVF bed, provided by the saturated layer.

4.4.3.2 Microbial community structure in unsaturated and partially
saturated vertical flow constructed wetlands

The total microbial abundance and the expression of functional
genes linked to the nitrogen cycle were quantified by (RT)-gPCR in the
bed media of both wetlands as well as in the influent wastewater. (RT)-
gPCR analysis were performed with samples from influent (initial and
end periods) and bed media (top and bottom layers) from UVF wetland
(end period of study) as well as SVF wetland (initial and end periods).
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Moreover, high throughput sequencing (MiSeq) of 16S rRNA massive
libraries (cDNA level) was performed in the influent (end period) and in
the bed media (top and bottom layers) from both wetlands. In the UVF
wetland, this analysis was performed at the end period, while in SVF
wetland it was conducted in the initial and end periods. 16S rRNA
cDNA-based sequencing of all samples detected 7336 and 247 OTUs
with 57,189-72,242 and 25,978-122,818 reads, for eubacteria and
archaea kingdom, respectively.

Q) Unsaturated vertical subsurface flow constructed wetland

After 6 months of operation of the UVF wetland, the eubacterial
population in the biofilm of the bed media was actively detected (10
16S rRNA transcripts g) in top and bottom layers. Concerning amoA
transcripts (Figure 37), AOA were identified as the main metabolically
active ammonia oxidizer (AO) community in all depths, achieving 108
and 10° amoA transcripts g* in top and bottom layers, respectively.
Oppositely, only 102 and 10° amoA transcripts g* of AOB were detected
in top and bottom layers, respectively. Therefore, AOA proved to be
again predominantly active at the same range compared to a previous
study conducted within the same UVF wetland unit, but under higher
ORL (80 - 130 g COD m? d) and HLR (375 mm d) (PELISSARI et
al., 2017b).

AO populations differences between layers were clearly
identified (Figure 38). AOA had similar activity ratio (amoA transcripts/
amoA copies) in both layers (0.44 in top and 0.34 in bottom layers). In
contrast, in relation to total eubacteria population (amoA trancripts/16S
rDNA), AOA differed along the filter depth, holding the top layer the
highest active populations abundance of AOA. AOB displayed a minor
role, having poor activity when compared to AOA, also found in NGS
data. Therefore, AOA was the predominant AO population in this filter
bed, playing a key role in nitrogen transformation in the UVF wetland.

In fact, environmental parameters are critical for the development
of AO community. AOB are described to be more resistant to high
influent ammonium concentrations and pH changes (FAN et al., 2016;
WEBSTER et al.,, 2002) than AOA, and are commonly found in
industrial wastewater treatment plants (WWTP) with higher ammonium
concentrations (CYDZIK-KWIATKOWSKA et al., 2016).



Figure 37— Average of nitrogen functional genes identified in influent (at the initial and end periods), and in the top (0-15 cm) and

bottom (70-80 cm) layers of the bed media of the unsaturated vertical subsurface flow constructed wetland (at the end period). a)
Abundance of 16S rDNA and 16S rRNA; b) Abundance of bacterial amoA genes and transcripts; c) Abundance of archaeal amoA
genes and transcripts; d) Abundance of nosZ genes and transcripts.
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Limpiyakorn et al. (2011) showed a higher population of AOB than
AOA, when influent and effluent of the WWTP contained high levels of
NH4-N (36 - 422 and 5 - 29 mg L1). In contrast, significant abundance
of AOA occurred when lower NH4-N concentrations were measured in
the influent and effluent (6 - 11 and 0.2- 3 mg L™2). In the present study,
influent was urban wastewater with NH4-N concentration (19 £ 4 mg L
1. This fact probably favored the AOA at expenses of AOB, whom
displayed less activity (Figure 38).

Figure 38 — Ratio between transcripts/16S rDNA and transcripts/genes copies
identified in top and bottom layers of the unsaturated vertical subsurface flow
constructed wetlands at the end period (after 6 moths of operation).
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In relation to the denitrification (nosZ), it was observed that not
all denitrifiers from clade | had the optimal conditions to be active
(Figure 37). nosZ gene abundance (10 nosZ copies g* in both layers)
was always greater than activity (10* and 10° nosZ transcripts g, in top
and bottom layers, respectively).Taking into account the activity ratio
(nosZ trasncripts/nosZ copies) and nosZ normalization with total
eubacteria population (nosZ /16S rDNA), denitrifying bacteria exhibited
differences between the top and bottom layers of the UVF wetland
(Figure 38). Slightly higher of nosZ expression was identified in the
bottom layer in comparison with the top layer, which could be related to
a more reducing environment. Nevertheless, the low presence and
activity of denitrifiers were also concomitant with a NOx-N
accumulation in the UVF wetland effluent (Table 10), oppositely to SVF
wetland effluent, where no NOx-N accumulation was identified.
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Remarkable differences of metabolically active eubacteria and
archaea community were identified between the influent wastewater and
the biofilm of the bed media of the UVF wetland (Figure 39). At class
level (Figure 40), the eubacterial community profile of the influent was
dominated by Gammaproteobacteria (34 % Relative Abundance - RA)
and Betaproteobacteria (28 % RA), whereas Actinobacteria (20 % RA)
and Alfaproteobacteria (20 % RA) were selectively enriched on the bed
biofilm at all depths of the UVF wetland.

To gain a deeper insight into the active nitrifying population (AO
and NOB), different taxon levels were studied. At order level, in the
biofilm of the bed media Alphaproteobacteria was mostly represented
by Rhizobiales (10 % RA in both layers) where several OTUs belonging
to the genus Nitrobacter were found. In relation to previous studies
conducted in the same UVF wetland with higher OLR (80 g COD m2 d-
1) and HLR (375 mm d?) (PELISSARI et al., 2017b), this NOB
presented a prominent decrease from 3 % and 4 % to 1 % RA for both
layers. On the other hand, other well-known NOB, represented by
Nitrospira genus, showed an increased from 0.1 % and 0.5 % to 2 % and
2.5 % RA in top and bottom layers, respectively. This NOB population
shift could be explained by less nitrite availability favoring Nitrospira
population, due to lower activity of AO populations (10°to 10® and 102
to 10° amoA transcripts g for AOA and AOB, respectively), comparted
to previous studies of Pelissari et al., 2017 b (10° to 10° amoA
transcripts g* of AOA and AOB). Since Nitrospira-like bacteria are
classified as K-strategist with a higher affinity to nitrite and oxygen than
Nitrobacter, they can reach high densities under substrate-limited
conditions (SCHRAMM et. al., 1999).

It is noteworthy to mention that AOB families were found with a
relative abundance below 1 % (Table 11). These results agree with the
amoA_AOB gPCR approach (Figure 37) and with a recent study that
states that in microaerophilic conditions AOA have greater advantage
over AOB in anthropogenic wetland paddy fields (WANG et al., 2015)
due to physical-chemical properties such as pH and redox.

Based on the quantification of amoA transcripts of AOB (qPCR
results) and the relative abundance of Nitrospira (NGS results), a
population shift with respect to the previous evaluation at higher HLR
and OLR (PELISSARI et al., 2017b) was identified in both layers. AOB
decreased and Nitrospira clearly increased. Meanwhile, AOA remained
metabolically active, exhibiting great stability to varying physico-
chemical conditions.



Figure 39 — Taxonomic assignment of sequencing reads from the active bacterial and archaeal communities (16S rRNA based
cDNA) of the influent, and bed media from top and bottom layers of the unsaturated and the partially saturated vertical subsurface
flow constructed wetlands. A) Bacterial community at order level; B) Archaeal community at family level.
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Stempfhuber et al. (2015) found the same tendency in an unfertilized
grassland soil where oxygen played an important role in substrate
limited conditions (nitrite and oxygen concentrations). The authors
identified that nitrification was predominantly accomplished by AOA
and Nitrospira. In this way, based on the current observations it could be
possible that a mixotrophic metabolism of AOA and Nitrospira, which
could increment the competitiveness over their counterparts by
providing a growth advantage in condition of substrate limitation.

Although a great active abundance of denitrifying bacteria was
observed in the influent, represented by the Pseudomonadales (27 %
RA), in the bed media of UVF wetland only 1 % RA was identified in
top and bottom layers (Figure 39), showing the low potential of the UVF
wetland for denitrification. Other denitrifying bacteria were found with
relative abundance below 1 %.

Regarding the metabolically active archaeal community (Figure
39b), the influent wastewater was highly enriched with seven
methanogenic archaea families (99.7 % RA). Meanwhile, the bed media
from both layers of UVF wetland were greatly enriched only by AOA
community (98 % RA). Two AOA lineages were represented by OTUs
belonging to Nitrososphaeraceae family (90 and 77 % RA in the top and
bottom layer, respectively) and Nitrosopumilaceae family (8 and 21 %
RA in the top and bottom layers, respectively).

Table 11 — AOB abundance identified in the influent sample and in both layers
of the unsaturated and the partially saturated vertical flow constructed wetlands.

SVF wetland UVF wetland
AOB families oTUS Bootstrap |n!f_:\%§m Top layer Bottom layer Top layer  Bottom layer Top layer Bottom layer
>80% iod
perio

RDP Initial Period End Period End Period
OTU_65 100% 0.003% 0.477% 0.325% 0.126% 0.181% 0.024% 0.017%
OTU_1404 97% 0.000% 0.002% 0.007% 0.044% 0.003% 0.000% 0.000%
OTU_1695 85% 0.000% 0.002% 0.015% 0.023% 0.000% 0.000% 0.000%
OTU_2512 98% 0.000% 0.000% 0.030% 0.007% 0.000% 0.000% 0.000%

Nitrosomonadaceae
0TU_4243 98% 0.000% 0.013% 0.010% 0.003% 0.000% 0.000% 0.000%
OTU_5433 98% 0.000% 0.008% 0.002% 0.002% 0.000% 0.000% 0.000%
OTU_5531 91% 0.000% 0.003% 0.000% 0.000% 0.000% 0.000% 0.008%
OTU_6002 96% 0.000% 0.000% 0.000% 0.003% 0.002% 0.000% 0.000%
OTU_6518 89% 0.000% 0.003% 0.000% 0.000% 0.000% 0.000% 0.003%
Total Relative abundance (%) 0.003 0.508 0.389 0.208 0.186 0.024 0.028
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Figure 40 — Taxonomic assignment of sequencing reads from the active
bacterial communities (16S rRNA based cDNA) at class level of influent, and
bed media from top and bottom layers of the unsaturated and the partially
saturated vertical subsurface flow constructed wetlands.

100% -

Unclassified class
B Others < 2%
90% - N ) o
I l . I B Sphingobacteriia
80% - Planctomycetia
] W Nitrospira
Q 0 -
Qo 70% - Ktedonobacteria
« || [ | -
'g . - ® Holophagae
_g 60% - . . | = W Gammaproteobacteria
< . l Flavobacteriia
o 50% 4§ - Epsil teobacteri
'E || m . m Epsilonproteobacteria
© 0% || || W Deltaproteobacteria
& | | || Clostridia
30% - | u Caldilineae
Betaproteobacteria
20% - m Bacteroidetes_incertae_sedis
Alphaproteobacteria
10% - y .
N — Actinobacteria
% : i N . : . W Acidobacteria_Gp4
Influent Initial  End Initial  End Top Bottom
period Period period Period Layer  Layer
End period Top layer Bottom layer End Period
SVF wetland SVF wetland UVF wetland

Relative abundance was defined by the number of reads (sequences) affiliated
with any given taxon, divided by the total number of reads per sample.
Phylogenetic groups with a relative abundance lower that 0.5 % were
categorised as others. Taxonomic assignment of individual datasets using the
RDP Bayesian Classifier with a bootstrap cut-off of 80 %.

(i) Partially saturated vertical subsurface flow constructed
wetland

After 6 months of operation of the SVF wetland, eubacteria
population was more active in the top than in the bottom layer (10 and
10! 16S rRNA transcripts g, respectively). This could be explained by
the greater availability of carbon and nutrients in the surface layer,
which stimulate microbial growth (TIETZ et al., 2008). The saturated
condition of the bottom layer provides less oxygen availability (0.7 mg
Oz Lt in the SVF wetland effluent vs. 2.2 mg O, Lt in the UVF wetland
effluent), which resulted in a biomass decrease in respect to the initial
period (Figure 41).



Figure 41 — Average of nitrogen functional genes identified in influent (at the initial and end periods), and in the top (0-15 cm)
and bottom (70-80 cm) layers of the bed media of the partially saturated vertical subsurface flow constructed wetland (at the
initial and end periods). a) Abundance of 16S rDNA and 16S rRNA; b) Abundance of bacterial amoA genes and transcripts; c)

Abundance of archaeal amoA genes and transcripts; d) Abundance of nosZ genes and transcripts.
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b:Statistical significance observed between top and bottom layers within the same sampling period (p<0.05).
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The existence of a partial saturation of the bed of the SVF clearly
affected the AO community. The main affected group was the AOA,
majorly in the bottom layer (Figure 41). In the initial period, AOA
presented more activity than AOB, being two orders of magnitude
superior in both layers (10 amoA_AOA and 10° amoA_AOB transcripts
gl). However, after 6 months of operation SVF wetland with the
saturation of the bottom layer (end period), AOA decreased one and
three orders of magnitude in top and bottom layers, respectively (108
and 10* amoA transcripts g1). At the same time, AOB maintained a
similar activity in the top layer (10° amoA transcripts g) and decreased
one order of magnitude in the bottom layer (10* amoA transcripts g).
Moreover, specific activity ratio of AOA (transcript/genes) declined in
both layers, (from 2.9 to 0.44 in top and from 4 to 0.55, in bottom
layers). This behavior can be associated with the enrichment of
methanogenic archaea (Figure 39b). In contrast, metabolically active
AOB showed a clear population enrichment, getting closer to AOA
population ratios, mainly in the bottom layer (from 0.0044 to 0.022 and
from 0.006 to 0.41, in top and bottom layers, respectively). Despite this
fact, AOA continued to be the most active AO community in both layers
(Figure 42).

In regards to the denitrification (nosZ), oppositely to the UVF
wetland, the SVF wetland was able to promote a complete microbial
denitrification process. Thus, it prevented a transient accumulation of
NOx-N and achieved an average load removal rate of 5 g TN m?2 d.
nosZ gene abundance was always greater than nosZ transcripts (Figure
41). Moreover, nosZ gene expression in the biofilms was higher in the
top layer (10° transcripts g*) than in the bottom layer (10° transcripts g-
). However, the specific activity ratio (nosZ transcripts/nosZ copies), as
well as the nosZ expression in respect to the total eubacterial population
were clearly higher in the bottom layer, when compared to top and
bottom layers from initial period (Figure 42). This indicates optimized
condition one for an active denitrification.

Regarding the diversity of the active microbial community
(Figure 39 a, b), the biofilms of the SVF wetland harbored completely
different active microbial communities than those observed in the
influent, as well as in the bed media of the UVF wetland. In addition,
different metabolically active diversity profiles were observed in
biofilms through depth and periods of operation of the SVF wetland. In
the initial period (startup), Alfaproteobacteria (27 % and 28 % RA),
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Deltaproteobacteria (18 % and 5 % RA) and Planctomycetia (11 % and
16 % RA) were the predominant active populations in top and bottom
layers of the SVF wetland, respectively. After 6 months of operation
(end period), Alfaproteobacteria (20 % and 18 % RA) and
Deltaproteobacteria (7 % and 4 % RA) had decreased.

Figure 42 — Ratio between transcripts/16S rDNA and transcripts /genes copies
identified in top and bottom layers of the partially saturated vertical subsurface
flow constructed wetlands in the initial and end period of operation.
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AOB represented by the Nitrosomonadaceae family, decreased in
the top layer from 0.5 % in the initial period to 0.2 % RA in the end
period (Table 11). Regarding the NOB population depicted by
Nitrospira and Nitrobacter, OTUs were present at around 0.5 % and
2.5 %, respectively in the top layer.

In relation to denitrifying bacteria, NGS data revealed that active
families of potential denitrifiers could belong to nosZ clade I and clade
Il (SANDFORD et al., 2012; JONES et al., 2013; DOMEIGNOZ-
HORTA 2016; YOON et al., 2016; SAMAD et al., 2016).

Active archaeal populations (Figure 39 b) in the initial period
were dominated by AOA population leaded by the Nitrososphaeraceae
family (97 % and 80 % RA, in top and bottom layers, respectively).
Saturated conditions in the bottom layer (end period) showed prominent
changes of the archaeal community. The AOA population experimented
a steep decline, greater than 60 % of RA at both layers. Methanogenic
populations, mainly from influent, were also actively established



165

becoming the largest archaeal population in biofilms (64 % and 87 %
RA, in top and bottom layers), confirming the establishment of reductive
redox conditions in the SVF wetland biofilms without hampering
ammonium oxidizing process, occurring mainly in the non-saturated top
region of the bed media.

4.4.3.3 Potential interactions among active nitrifying populations in
the unsaturated and partially saturated vertical subsurface
flow constructed wetlands

Unravelling the interactions taking place between different
species in biofilms is a challenge, which gets harder when biofilms are
attached in a surface of a biotechnological process. As a result, microbe
interactions among nitrifiers in CW have not been completely
deciphered yet. A recent study has changed the perspective on NOB and
provides a new basis on these enigmatic organisms, which have been
called “nitrification aggregate” (DAIMS et al., 2016). The aggregate is
postulated as a complex network composed by AO and NOB
populations that have a tight interaction owing to the close spatial
congregation (DAIMS et al., 2016), where metabolites are exchanged
using short diffusion pathways, minimizing the loss and maximizing the
effectiveness of substrate use (FLEMMING et al., 2016).

Pearson’s correlation conducted considering amoA transcripts
from AOA and AOB (qPCR results), and the RA of Nitrospira and
Nitrobacter (NGS results), in the top and bottom layes of the UVF
wetland, and just in the top layer of the SVF wetland, showed that
interesting nitrifier dynamics happened when aerobic and/or
microaerophilic conditions prevailed in the CW biofilms.

Regarding NOB population, a negative correlation between
Nitrospira and Nitrobacter (-0.98556) was observed. As mentioned
above, K/r strategy linked with oxygen and nitrite concentrations could
affect directly the NOB dynamics.

Looking at amoA transcripts of the AO population, a positive
correlation (0.98556) between AOA and the RA of Nitrobacter was
observed. This possible symbiosis could be explained by the fact that
NOB can produce nitric oxide (NO), a key intermediate in the AOA
ammonia-oxidizing pathway (KOZLOWSKI et al., 2016 b).
Furthermore, they can act as an electron flux regulator in Nitrobacter
(STARKENBURG et al., 2008).
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On the other hand, a negative correlation between AOB activity
and Nitrospira (-0.69772) was identified inside the biofilm aggregates of
oxygenic/microaerophilic layers. This behavior elucidates a potential
comammox activity by some Nitrospira members, due to the discovery
of their capacity to catalyze the complete nitrification (Daims et al.,
2015). However, physical-chemical and microbial data is not enough to
confirm this hypothesis. Nevertheless, NGS and qPCR data revealed a
clear competition between Nitrospira and AOB in a microaerophilic
ambient. Contrarily, Nitrospira could not compete with the AOA
population (0.74962) probably due to the preference of smaller ammonia
concentrations by the AOA. Daims et al. (2016) stated that situations
when Nitrospira population is greater than AO communities could be an
indicator of commamox process. However, in this study, Nitrospira was
detected by NGS, but not assessed by qPCR. Therefore, exact amounts
of Nitrospira are not revealed. It is important to mention that AOB
population by NGS data was always lower than of Nitrospira.
Nevertheless, it was not possible to conclude that commamox process
prevails in aerobic bed media because amoA_AOA transcripts were
always one or two orders of magnitude greater than AOB.

444  Conclusions

This study showed the microbial population dynamics involved in
nitrogen transformation along the vertical profile of the filter media of
an unsaturated (UVF) and a partially saturated vertical (SVF) subsurface
flow constructed wetland, both operating in parallel under the same
operational conditions (OLR of 40 g COD m d* and HLR of 133 mm
d?). The occurrence of a partial saturation (0.35 m) of the bottom of the
wetland bed in the SVF provided a much greater removal of total
nitrogen (5 g TN m2 d') than the UVF wetland (2.5 g TN m2d?).

The combination of qPCR and NGS at RNA level revealed that
nitrification was the main process taking place in the filter media of the
UVF wetland. Meanwhile, in the SVF wetland simultaneous nitrification
and denitrification processes occurred. In the UVF wetland AOB
activity (Nitrosomonadaceae) was low (10% and 10° amoA transcripts g
in top and bottom layers), whereas AOA (Nitrososphaera and
Nitrosopumilus) was more active (10° and 10° amoA transcripts g in
top and bottom layers). Oppositely, in the SVF wetland methanogenic
archaea were dominant, mainly in bottom layer, resulting in a decrease
of AOA activity (Nitrososphaera) in this layer (from 107 to 10* amoA
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trancripts g1). Even so, AOA showed to be more active than AOB in
both wetlands. AOA showed an important role in the ammonia
oxidizing process in both wetlands. Activity of denitrifying bacteria (10°
nosZ transcripts g*) was clearly benefited in the saturated layer of the
SVF wetland.

Based on the metabolic active microbial community involved in
nitrogen transformation, it has been shown that the partial saturation of
the filter bed of vertical subsurface flow constructed wetlands can
significantly enhance the total elimination of nitrogen by enabling
simultaneous nitrification and denitrification processes in a single
treatment unit.



168
45 SINTESE DOS RESULTADOS OBTIDOS

Q) Em relacdo aos periodos de alimentacéo e repouso

Bactérias nitrificantes e desnitrificantes foram identificadas nos
periodos de 30 dias de operacdo e nos 30 dias de repouso, ao longo de
todo o estudo realizado nos sistemas | e Il do procedimento
experimental I. Entretanto, como demonstrado nos Artigos 1 e 2, a
abundancia bacteriana nitrificante identificada foi menor nos periodos
de repouso quando comparado aos periodos de operacdo, tanto nos
microcosmos, simulando o perfil vertical de WCVD, operados com
maior carga organica (de 41 a 104 g DQO m2 d), quanto no WCVD-
FS, em escala real, operado sob baixa carga organica (4 g DQO m?2d+)

Apesar disso, essas bactérias mostraram estratégias de
sobrevivéncia com baixa concentragdo de substrato (devido a auséncia
de alimentacdo), e permaneceram ativas nos periodos de repouso,
restabelecendo-se novamente no meio com a retomada da alimentagéo,
com abundancia similar em todos os periodos de alimentagdo. Dessa
forma, destaca-se que em ambas as unidades de tratamento, os periodos
de repouso de 30 dias ndo afetaram a nitrificag&o.

Em relagdo as bactérias desnitrificantes, nos microcosmos
simulando WCVD (Artigo 1) a abundancia dessa comunidade foi maior
nos periodos de repouso do que nos periodos de operagdo, enquanto que
0 WCVD-FS em escala real, (Artigo 2) propiciou condi¢Bes para manter
estabilidade bacteriana desnitrificante nos dois periodos, sendo
identificadas abundancias similares tanto nos periodos de alimentacéo
quanto de repouso.

Portanto, periodos de repouso seguidos de periodos de
alimentacdo de até 30 dias ndo afetaram a atividade bacteriana
nitrificante e desnitrificante, podendo-se, assim, indicar essa estratégia
operacional como uma possibilidade para maximizar a vida Util dos
wetlands construidos verticais empregados no tratamento de esgoto
sanitario.

(i) Em relacdo a carga organica e taxa hidraulica aplicadas

Apesar do desafio de entender as inter-relagbes de AOA, AOB,
NOB e bactérias desnitrificantes, em um complexo biofilme presente no
material filtrante de WCVD e WCVD-FS, por meio de técnicas de
biologia molecular em nivel de RNA empregadas nesse trabalho, foi
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possivel identificar comportamentos microbianos envolvidos nas
transformacges do nitrogénio (Figura 43).

Figura 43 — Abundéncia de genes funcionais envolvidos nas transformagfes do
nitrogénio identificados na camada da superficie e do fundo do WCVD e
WCVD-FS. A) nimero de copias de genes (abundancia total). B) nimero de
transcritos (atividade).
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Pardmetros  operacionais  podem  promover  mudancas
populacionais no interior de um biofilme. Populagdes oxidantes de
amoénia (do inglés ammonia oxidizers — AQ), principalmente as
populacdes de AOB, mostraram ser altamente sensiveis as alteracdes
promovidas no meio. Contudo, uma vez tendo o biofilme estabelecido,
as mesmas apresentaram estratégias de adaptacdo as variacOes
operacionais.

Quando o WCVD operou sob a maior carga organica do estudo
(130 g DQO m? d?), alta atividade de AOA e AOB (10° transcritos
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amoA g*°) foram identificadas na camada da superficie (mesmo com
alta disponibilidade de carbono). Ao passo que na camada do fundo, a
atividade de AOB e AOA diminuiu uma ordem de grandeza (10°
transcritos amoA g?), reflexo de um ambiente com menor
disponibilidade de oxigénio. Portanto, alta carga organica (até 130 g
DQO m? d?) associado de uma alta TH (375 mm d) ndo limitou a
atividade de populagdes AO.

A medida que a carga organica diminuiu para 80 g DQO m2de
a TH foi mantida constante em 375 mm d*, pdde-se observar uma
interessante dindmica da comunidade AO (Figura 43). A abundéancia de
AOB e AOA aumentou uma ordem de magnitude na camada da
superficie (de 10° para 107 copias amoA de AOB g e de 10° para 108
copias amoA de AOA g). Por outro lado, a atividade de AOB diminuiu
na camada superior (de 108 para 10° transcritos amoA g1) e aumentou na
camada do fundo (de 10° para 10° transcritos amoA g1). Enquanto isso,
a atividade de AOA permaneceu estavel (10° transcritos amoA g* em
ambas as camadas). Esses resultados mostraram que, com maior
disponibilidade de oxigénio (menor carga organica aplicada) e maior
disponibilidade de carbono na camada da superficie, em relacdo a
camada do fundo do WCVD, AOB exibiram sua maior atividade na
camada inferior. Diferentemente, AOA metabolicamente mais ativas
permaneceram mais estaveis ao longo de todo o perfil vertical do
macico filtrante. Portanto, sob uma carga organica de 80 g DQO m2 d*
e TH de 375 mm d!, AOB estavam mais ativas na camada do fundo do
gue na camada da superficie, enquanto que AOA mostraram maior
estabilidade em relacdo a mudanca de carga organica.

Quando o WCVD operou com a menor carga organica de 40 g
DQO m? d! e TH de 133 mm d?, a abundancia de AOB foi
efetivamente afetada, diminuindo duas ordens de magnitude em ambas
as camadas (de 107 para 10° c6pias amoA g*). Enquanto que, AOA
mostraram maior estabilidade (10® e 10° copias amoA g* na camada da
superficie e do fundo, respectivamente). Dessa forma, AOB nesse
momento, exibiram um menor papel no processo de oxidacdo da
amonia, apresentando menor atividade (102 e 103 transcritos amoA g na
camada da superficie e do fundo, respectivamente). O decaimento de
AOB sob essas condigdes operacionais pode estar associado
primeiramente, com a reducdo da TH, que resulta em menor

591 de material filtrante
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disponibilidade de oxigénio, e como mostrado anteriormente AOB é
mais sensivel a variacdo de oxigénio que AOA. Em segundo lugar, o
decaimento de AOB, pode estar associado com a dinamica simbidtica
que ocorreu entre AOA e NOB (Artigo 4). Portanto, sob 40 g DQO m
d! e TH de 133 mm d%, AOA (10 e 10° transcritos amoA g na camada
da superficie e do fundo, respectivamente) foi a principal comunidade
associada com processo de oxidacdo da amonia.

A saturacdo de fundo proporcionada no WCVD-FS mudou a
dindmica das populagcdes OA. Maior abundancia de AOA e AOB foi
identificada na camada da superficie (10% copias amoA de AOA e 107
copias amoA de AOB g?). Enquanto que na camada do fundo, a
abundancia de AOA e AOB diminuiram duas ordens de magnitude (10*
e 10° cépias amoA de AOA e de AOB g, respectivamente). O mesmo
comportamento foi observado para a abundancia ativa. AOA
apresentaram uma diminuigdo de duas ordens de grandeza na camada do
fundo (de 10° para 10* transcritos amoA g 1), enquanto que AOB
diminuiram uma ordem de magnitude nessa camada (de 10° para 10*
transcritos amoA g 1). A atividade de AOA reduziu em ambas as
camadas, provavelmente devido ao aumento de arqueas metanogénicas
(Artigo 4). Em contrate, AOB mantiveram-se mais estaveis, indicando
um ambiente competitivo entre AOA e AOB. Apesar disso, AOA
estavam mais ativas que AOB em ambas as camadas.

Em relacdo as bactérias desnitrificantes (nosZ clade 1), quando o
WCVD operou com alta carga organica (130 g DQO m=2 d%), maior
abundancia (107 copias nosZ g*) e atividade (10° transcritos nosZ g?) de
bactérias desnitrificantes foram identificadas na camada da superficie.
Ao passo que com a diminuicédo da carga organica para 80 g DQO m d-
! a atividade de bactérias desnitrificantes mostrou um comportamento
similar a AOB, aumentando a abundancia e atividade no fundo (107 e
106 copias e transcritos nosZ g?, respectivamente). Posteriormente,
quando a carga organica e TH foram ainda menores (40 g DQO m2dte
133 mm d?), a abundancia de bactérias desnitrificantes manteve-se na
mesma magnitude em ambas as camadas (107 cdpias nosZ g*). Contudo,
a atividade desnitrificante reduziu uma ordem de magnitude em ambas
as camadas (de 10° e 108 para 10* e 10° transcritos nosZ g na camada
da superficie e do fundo, respectivamente). Dessa forma, a atividade
desnitrificante apresentou um decaimento tanto na superficie quanto no
fundo, mostrando estarem mais ativas na camada do fundo que na
camada da superficie.
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No WCVD-FS, foi identificado um comportamento claro de
aumento da expressdo do gene nosZ em relacdo ao total de eubactéria.
Dessa forma, a camada de saturagdo de fundo mostrou claramente
beneficiar a atividade bacteriana desnitrificante (Figura 44).

Esses resultados mostraram que, sob altas concentracfes de
carbono, a desnitrificagdo pode ocorrer, principalmente, a partir da
camada superficial do WCVD, como observado com cargas organicas
de 130 g DQO m?2 dX. A medida que a carga organica diminuiu para 80
g DQO m? d?! e 40 g DQO m? d?, a disponibilidade de oxigénio
provavelmente aumentou na superficie, fazendo com que ocorresse um
deslocamento dessa comunidade desnitrificante para a camada do fundo
da unidade de tratamento, onde condi¢Bes andxicas/anaerdbias sdo mais
suscetiveis de ocorrerem. Enquanto que, no WCVD-FS as bactérias
desnitrificantes foram visivelmente beneficiadas.

Apesar da quantificacdo de N-NOx no efluente final de todas as
condicdes operacionais aplicadas no WCVD, bactérias desnitrificantes
pareceram ser favorecidas por ambientes com altas concentracGes de
carbono, enquanto que a diminui¢do da TH ndo favoreceu a atividade
das mesmas. Por outro lado, promover uma saturagdo de fundo em
WCVD, mostrou-se favoravel a atividade bacteriana desnitrificante,
sendo uma potencial estratégia para maximizar a remocéo do nitrogénio.

Considerando a relacdo entre transcritos e nimero de cépias de
genes (Figura 44), AOA sempre foi mais ativa que AOB, independente
das condigBes operacionais, e bactérias desnitrificantes mostraram maior
atividade sob alta carga orgéanica, bem como, no WCVD-FS.

Deste modo, maior atividade de AOB, AOA e bactérias
desnitrificantes foi identificada na superficie do WCVD com maior
carga organica (130 g DQO m= d%). Ao passo que a carga organica
diminuiu para 80 g DQO m2 d, maior atividade dessas populacdes,
passou a ser encontrada no fundo da unidade de tratamento. E por fim,
com a menor carga organica e TH do estudo (40 g DQO m?2 d* e 133
mm d?) a atividade de AOB e bactérias desnitrificantes diminuiram
significativamente, a medida que AOA mostraram maior estabilidade.

JA& no WCVD-FS, bactérias desnitrificantes ¢ AOB foram
favorecidas pelas condicGes operacionais, por outro lado, AOA
mostraram uma menor atividade nesta unidade comparativamente ao
WCVD, devido a predominancia de arqueas metanogénicas
metabolicamente ativas, conforme identificado pelo sequenciamento do
16S rRNA de arqueas (baseado no cDNA).
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Baseado na dindmica metabodlica ativa das populacdes
nitrificantes e desnitrificantes, relagdes simbidticas entre AOA e NOB,
competicdo entre populagfes de NOB e processos como Commamox
podem ter ocorridos no interior do biofilme de WCVD e WCVD-FS,
dependente do modo operacional.

Globalmente, AOA foi uma comunidade chave no processo de
oxidacdo da aménia em WCVD e WCVD-FS, apresentando maior
atividade e estabilidade que a comunidade de AOB. Enquanto que, AOB
mostraram ser sensiveis as mudangas operacionais das unidades de
tratamento. Bactérias desnitrificantes mostraram um comportamento
associado com a disponibilidade de carbono e, também, com a variacao
espacial das populagdes AO, sendo evidentemente beneficiadas na
camada saturada do WCVD-FS.

(iii) Em relacdo & indicacdo de parametros de projeto

Levando em consideragdo a dindmica  microbiana
metabolicamente  ativa identificada em diferentes condicfes
operacionais de WCVD e WCVD-FS, bem como a qualidade do
efluente tratado relacionados com as cargas organicas e hidraulicas
aplicadas (Figura 45), apresentam-se as seguintes sugestbes de
pardmetros de projeto:

- periodos de repouso de até 30 dias podem ser empregados em
WCVD e WCVD-FS, a fim de maximizar a vida Util da unidade de
tratamento, ou para flexibilizar alternativas de arranjos tecnoldgicos,
aplicaveis, por exemplo, para edificacbes com populacéo flutuante;

- para WCVD com brita e areia como material filtrante
recomenda-se uma carga organica de 80 g DQO m2 d? e TH de 375 mm
d?, as quais mostraram promover alta atividade de AOA, AOB e
bactérias desnitrificantes ao longo do perfil vertical do macico filtrante;

- a taxa hidraulica aplicada em WCVD mostrou estar vinculada
com a atividade de populacgBes oxidantes de aménia. Portanto, no caso
do emprego da brita e areia como material filtrante, taxa hidraulica de
375 mm d* favoreceu a atividade nitrificante nesses sistemas;

- independente dos carregamentos organicos e hidraulicos, a
remocdo de nitrogénio, bem como, a atividade de bactérias
desnitrificantes, foi maximizada em unidades de tratamento com uma
saturacdo de fundo. Portanto, quando o critério de projeto for remocgéo
de nitrogénio, indica-se a utilizacdo de um WCVD-FS.



Figura 44 — Relacdo entre transcritos/16S rDNA e relagdo entre transcritos/cGpias de genes identificados na camada da superficie
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Figura 45 — Desempenho de tratamento dos WCVD e WCVD-FS operados sob as condi¢des operacionais avaliadas no
procedimento experimental Il e 111, associado com a abundancia de transcritos (abundancia ativa) de amoA de AOB e AOA e
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5 CONCLUSOES

Os resultados obtidos mostraram, para as condi¢Ges operacionais
testadas na pesquisa, que a hipotese formulada para este estudo foi
confirmada. Com base nessa hipdtese e nas questdes norteadoras, tém-se
as seguintes conclusdes:

e obteve-se nitrificacdo e desnitrificaco simultdneas em wetland
construido vertical descendente submetidos a distintas
condicbes operacionais (com remocdes de carga de NT
variando entre 10 % a 31 %). Contudo, a desnitrificacdo néo foi
completa, sendo liberado nitrogénio na forma oxidada no
efluente final. Para maximizar o processo de desnitrificagéo,
destaca-se que a utilizagdo de um wetland construido vertical
descendente de fundo saturado favoreceu a atividade de
bactérias desnitrificantes (10° transcritos nosZ g* de material
filtrante), promovendo um desempenho de remocéo de carga de
NT (na ordem de 62 %) em proporc¢des similares as obtidas em
madulos intensificados de wetlands, porém, sem a necessidade
de inducdo de energia.

e aaplicacdo de alta carga organica até o valor de 130 g DQO m?
d, associada com alta taxa hidraulica de 375 mm d, nao
limitou a atividade de populagbes oxidantes de aménia. Ainda
sob estas condi¢Bes operacionais, foram identificadas alta
atividade de bactérias e arqueas oxidantes de aménia, tanto na
camada da superficie, quanto na camada do fundo do wetland
construido vertical descendente;

e cargas organicas superiores a 40 g DQO m= d favoreceram a
atividade de bactérias desnitrificantes. Entretanto, a aplicacao
de uma taxa hidraulica de 133 mm d* ndo propiciou um
aumento na abundéncia e atividade desta comunidade
bacteriana;

e periodos de operagdo e repouso de 30 dias ndo comprometeram
a dindmica bacteriana nitrificante e desnitrificante, tampouco, o
desempenho do wetland construido vertical descendente e
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vertical descendente de fundo saturado, podendo ser uma
estratégia aplicAvel para maximizar a vida util desses sistemas;

bactérias oxidantes de aménia mostraram ser mais sensiveis as
condicdes operacionais que as arqueas oxidantes de aménia.
Além disso, em todos os sistemas avaliados essas arqueas
mostraram maior abundéncia ativa que as bactérias, indicando
serem populacGes chave no processo de oxidacdo da aménia em
wetland construido vertical descendente;

bactérias desnitrificantes foram identificadas ativas ao longo de
todo o perfil do macico filtrante dos wetlands construidos
verticais descendentes avaliados. Inclusive, sobre alta carga
organica aplicada, a desnitrificacdo ocorreu a partir da camada
superficial do wetland. Destaca-se ainda, que a atividade de
bactérias desnitrificantes foi claramente beneficiada na camada
saturada do wetland construido vertical descendente de fundo
saturado.

no wetland construido vertical descendente submetido a 80 g
DQO m2d*, 375 mm d, operado com ciclos de alimentacéo e
repouso intercalados em 3,5 dias, foi identificada alta atividade
de AOA, AOB e bactérias desnitrificantes (10° e 108 transcritos
amoA de AOB, AOA e nosZ g* de material filtrante) ao longo
do perfil vertical do macico filtrante. Adicionalmente, para
maximizar a remocdo do NT, recomenda-se utilizar uma
saturacdo de fundo na ordem de 44 % da profundidade total do
macico filtrante.
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6 RECOMENDACOES

Tendo em vista os resultados obtidos com a presente pesquisa,
sugerem-se as seguintes recomendac@es para futuros trabalhos:

e aplicar o carregamento organico e hidraulico sugerido
com essa pesquisa em um wetland construido vertical
descendente de fundo saturado somente com areia como
material filtrante, e elucidar o comportamento
microbioldgico, bem como o desempenho de tratamento;

e elucidar a inter-relacdo entre arqueas e bactérias
oxidantes de amodnia e bactérias oxidantes de nitrito,
buscando alternativas operacionais para maximizar as
transformac@es do nitrogénio em wetlands construidos;

e Auvaliar a potencialidade do processo COMAMOX em
wetland construido vertical, bem como, seu desempenho
na oxidacao da amonia nesses sistemas;

e descrever por meio de um modelo matematico a inter-
relacdo entre bactérias e arqueas nitrificantes e
desnitrificantes vinculados as condi¢des operacionais de
unidades de tratamento.
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