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Assessing functional diversity of communities is an efficient method to link community
composition to ecosystem quality. Still, studies using functional traits of microeukaryote
ciliate communities in biological wastewater treatment plants are lacking. The present work
explores the functional diversity of the ciliate protist community in a wastewater treatment
plant (WWTP) operating with a combined UASB-activated sludge system, and specifically
to: 1) investigate the taxonomic and functional composition of the ciliate communities over
time; 2) compare taxonomic and functional diversity indices with regard to its applicability in
WWPS; 3) assess the relationship between the ciliate community’s functional composition
and the WWTPs temporal conditions; and 4) investigate the potential use of functional
diversity as an indicator of WWTP efficiency. Totally, we recorded 21 ciliate species
throughout 37 samplings. The number of species was low compared to other plants.
Bacterivorous and flake-forming species were the main functional strategies found in the
samples. The correlation between taxonomic and functional richness was significant,
indicating a functionally redundant community. There was a correlation between the
Simpson and Rao’s quadratic entropy indexes suggesting that loss of taxonomic diversity
leads to a loss of functional diversity. The homogeneity of the measured physical and
chemical data led to functional homogenization and redundancy (homogenous CWM) of
the ciliate community. The functional diversity is positively correlated with parameters of
removal efficiency, indicating a promising application in WWTPs. Future studies will
broaden knowledge on functional diversity in biological wastewater treatment systems,
this being a first step with the unprecedented application of this methodology in artificial
ecosystems.
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INTRODUCTION

Sanitation is essential for human life quality, preventing diseases
and assuring dignity of life to people. Among all scopes of
sanitation, sanitary wastewater is considered one of the most
critical for still presenting great scarcity of collection and
treatment (WHO WORLD HEALTH ORGANIZATION,
2018). Nowadays, the biological treatment is the most widely
used method worldwide with the activated sludge being one of the
most known (Metcalf and Eddy Inc, 2003). However, recent
studies indicate the benefits of sequential anaerobic-aerobic
systems, such as lower energy requirements (even generating
energy trough the anaerobic reactor using the methane
produced), as well as lower excess sludge production and
stabilization, and greater operational simplicity (Sikosana
et al., 2019; Vinardell et al., 2020).

Due to the wide application of the activated sludge system,
more studies are needed on its biological composition (e.g.,
microbial composition) and its spatial and temporal dynamics.
For instance, heterotrophic single-celled microeukaryotes
(Protozoa) have been recorded within biological systems since
the creation of the term “activated sludge” (Ardern and Lockett
1914), but the importance of these microorganisms to the
purification process was not initially understood (Curds,
1963). Currently, various functions of protozoans in these
systems are known, e.g., predation on disperse bacteria and
purification of final effluent. Besides evaluating effluent quality
and its correlation to decrease in density of Escherichia coli in the
system (Madoni, 2003, 2011; Dubber and Gray, 2011; Foissner,
2016).

Among the single-celled microeukaryotes, the ciliates stand
out (Alveolata, Ciliophora), as perhaps the most observed group
in activated sludges. They are commonly found in aquatic and
terrestrial environments, mostly as free-living organisms
(Fenchel, 1987; Lynn, 2008), being a diverse and relatively
well-characterized group in activated sludge. Ciliates, with over
8,000 described species, play an essential role in the functioning of
microbial food webs, being a mediator of matter and energy
transfer across trophic levels (Lynn, 2008; Xu et al., 2014). One of
the possible ways to use Ciliates to monitor the quality of the
activated sludge is through the Sludge Biotic Index (SBI)
(Madoni, 1994). This index is bounded to zero and 10, and
uses information about the ciliate density, species richness and
dominant groups to categorize the system’s performance in four
classes: I (8–10, very good performance), II (6–7, good
performance), III (4–5, bad performance) and IV (0–3, terrible
performance).

Historically, it is possible to separate the use of protists as
indicators in wastewater treatment systems in three Ages
(Foissner, 2016): During the Age of Discovery and
Exploitation (1914–1950), the importance of the presence of
these microorganisms to the wastewater purification process in
activated sludges was recognized; in the Age of Bloom
(1950–2000), there were advances in the understanding of the
role of protists in these systems, broadening practical applications
as bioindicators; and in the Age of Decline (2000–2016), there
was a decrease of papers and taxonomists dedicated to studying

these artificial ecosystems. Although there may be a saturation in
the field regarding the of description of species and the study of
species in these systems, we still lack ecological and molecular
data for these artificial ecosystems to better understand the role
and applied use of ciliates.

Recently, the Era of Integration (Clamp and Lynn, 2017)
emerged based on collaboration between hierarchical levels or
different disciplines, aiming at solving complex and large-scale
problems mostly. Within this Era, arises the need to include new
tools aiming the facilitation of data integration from different
systems, which enable studying spatial and temporal variations of
communities. Particularly, the integration of functional traits has
been highlighted as an excellent tool for knowledge integration
due to its ability to compare responses from communities with
different taxonomic compositions.

The integrative approach, including integrative ecology and,
more specifically, functional ecology, allows for a better
understanding of the multidimensional aspects of ecosystems
(Clamp and Lynn, 2017), including artificial systems. According
to Tilman (2001), functional diversity is “the value and variation
of species and their characteristics which influence the
functioning of communities”. Functional diversity is based on
morphological, physiological or behavioral characteristics
related to performance and the relationship of organisms
with the biotic and abiotic conditions of their environment
(Mcgill et al., 2006; Violle et al., 2007). Functional
diversity connects the species properties to the
ecosystem processes through functional traits (Weisse, 2017).
Studies on functional diversity using ciliates as model focus on
the following approaches: spatial/temporal changes in the
community structure (Xu et al., 2016; Bai and Xu, 2019; Liu
et al., 2019; Sikder et al., 2019; Xu and Soininen, 2019; Zhong
et al., 2019a,b; Xu et al., 2020), correlation between
functional traits of ciliates and environmental changes
(Zhong et al., 2017; Xu et al., 2018d; Bai and Xu, 2019;
Sikder et al., 2019; Gui et al., 2020; Guo et al., 2020; Xu
et al., 2020), vertical trophic-functional patterns in the
community (Al et al., 2018b), identification of indicators to
assess environmental quality (Xu et al., 2018a,b), and use of new
methodological approaches (Weisse, 2017; Zhong et al., 2017;
Bai et al., 2019).

Previous studies about functional diversity of ciliates in
aquatic ecosystems highlighted 1feeding type
(i.e., bacterivore, algivore, carnivore), 2body size classes
(e.g.,< 50 μm; 50–150 μm; > 150 μm), 3form of locomotion
(i.e., sessile, crawling and free-swimming), 4respiration type
(aerobic or anaerobic), 5body shape (flattened or cylindrical),
6body flexibility (flexible or non-flexible), 7cyst formation,
8defense mechanisms (i.e., toxicysts, cell projections), and
9sensibility to abiotic parameters (i.e., temperature, salinity,
pH) (Weisse, 2017; Xu et al., 2018b,c,d; Zhong et al., 2019a,b;
Xu and Soninen, 2019; Xu et al., 2020). To our knowledge,
there is no study about functional diversity of ciliates in
wastewater treatment plants.

Although there is a large number of papers in the literature
about checklist and ecology of ciliates in activated sludges, few of
them evaluate the microfauna of the activated sludge of combined
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anaerobic-aerobic systems (UASB-activated sludge) (Liu et al.,
2008; Siqueira-Castro et al., 2016b). Siqueira-Castro et al. (2016b)
recently evaluated in Brazil the ciliates in the activated sludge of a
combined anaerobic-aerobic system, as well as related that data to
the physical and chemical variables of the plant. In that study, 24
samples of the plant were analyzed, focusing on the composition/
abundance of ciliates and their correlation to environmental data.
In the current study, we have used the data from that previous one
(Siqueira-Castro et al., 2016b), as well as new data collected in the
same period, to perform an unprecedented study on functional
diversity of ciliates in a wastewater treatment plant. Thus, our
aims were to: 1investigate taxonomic and functional composition
and diversity of the ciliate community, as well as provide data on
its temporal dynamics; 2compare and correlate the indices used in
the taxonomic and functional diversities; 3assess the relationship
between composition and functional traits of the ciliate
community and the environmental conditions; and 4investigate
the potential application of a functional approach as an indicator
metric of efficiency in WWTPs.

MATERIAL AND METHODS

Study Area and Sampling
The data used in this study was collected in the Piçarrão
Wastewater Treatment Plant, in the city of Campinas (São
Paulo, Brazil) (22°53′58″S and 47°08′57″W), which is a
combined anaerobic-aerobic system comprised of two distinct
technologies, a high-rate reactor (UASB) and activated sludge.
The Piçarrão WWTP is capable of treating 0.56 m³/s of domestic
wastewater and has a mixed liquor volume of 9,385.2 m³ in tank,
with a 22-h time of hydraulic retention and 4-days sludge
retention (for greater details, see Siqueira-Castro et al., 2016b).

The sampling period lasted 24 months, between April 2010
and March 2012, and 37 samplings were made. To carry out the
physical and chemical analyses of the water, the samples were
collected at the entrance of the WWTP (raw sewage), before
passing through the bar screens, and at the exit of the plant
(treated sewage), after passing through the secondary clarifier.
The samples for the assessment of ciliate diversity were collected
in the aeration tank.

Environmental Parameters
The sanitation company of the city of Campinas (SANASA,
2012) was responsible for carrying out the physical and chemical
analyses of the entrance (raw sewage) and exit (treated sewage)
samples. The measured parameters were: biochemical oxygen
demand (BOD5), chemical oxygen demand (COD), dissolved
oxygen (DO), total kjeldahl nitrogen (TKN), nitrite (NO2),
nitrate (NO3), total phosphate (TP), total alkalinity (TA),
turbidity, pH, temperature, oils and greases, surfactants,
sulfate, sulfide, total solids (TS) total fixed solids (FS), total
volatile solids (VS.), total dissolved solids (TDS), dissolved fixed
solids (DFS), dissolved volatile solids (DVS), total suspended
solids (TSS), suspended fixed solids (SFS), suspense volatile
solids (SVS), and settleable solids (SS) (Siqueira-Castro et al.,
2016b).

Ciliates: Quantification, Identification, and
Taxonomic and Functional Traits
The estimation of the abundance values of ciliates in vivo was
carried out via optical microscopy (DIC), in a Sedgwick-Rafter
chamber (CETESB, 2009), and the observation of the
microorganisms was done in a 200x magnification under 3 h
following the sampling from the aeration tank. The samples were
diluted with mineral water in a 1:2–1:3 ratio (making sure the
flakes would not hinder visualization). The counting followed the
standard of 100 fields of a 1 mm2 area, randomly distributed, until
the entire chamber was viewed (CETESB, 1985). The results were
expressed in number of individuals per milliliter of mixed liquor
(CETESB, 2009).

The identification of the ciliates at species level was carried out
based on in vivo observations, silver impregnation, and images
from scanning electron microscopy (Foissner, 2014). The main
guides and papers used for the identification were Foissner et al.
(1991, 1992, 1994, 1995), Foissner and Berger (1996), Berger
(1999, 2006, 2011), Lynn and Small (2002), Berger and Foissner
(2004), and Serrano et al. (2008). The checklist complete data and
images of the ciliate species found are available in Siqueira-Castro
et al. (2016b).

Eight morphological, behavioral, and physiological
characteristics were selected as functional traits and subdivided
into 21 categories. All traits affect aptitude via effects on growth,
reproduction, survival and impacting or being impacted by
environmental factors. The traits received equal weighting,
being: feeding preference (bacterivore, carnivore, omnivore),
body size (<50 μ—small, 50 < e < 150 μ—intermediate, >
150 μ—big), form of locomotion (free-swimming, sessile,
crawling), body flexibility (flexible or non-flexible), body
geometry (cylindrical or dorsoventrally flattened), respiration
type (aerobic or anaerobic), flake formation (forming or non-
forming), body shape (elongated - length two times the width,
oval/rounded, pedunculated with tentacle, pedunculated without
tentacle) (Supplementary Figure S1).

We referred to specialized literature to choose the functional
traits (Madoni et al., 1993; Madoni, 1994; Madoni and Bassanini,
1999; Foissner, 2016; Weisse, 2017; Zhong et al., 2017; Xu et al.,
2018b,c,d; Zhong et al., 2019a,b; Xu and Soninen, 2019; Xu et al.,
2020). These characteristics were chosen for representing the
behavior (feeding preference, form of locomotion, flake
formation), morphology (body size, flexibility, geometry, and
shape) and metabolism (respiration type) of the ciliates. After
determining the traits, the classification of the ciliates according
to their respective traits was carried out based on an
identification/morphology atlas and specialized literature
(Foissner et al., 1991, 1992, 1994, 1995; Foissner and Berger,
1996; Lynn and Small, 2002; Lynn, 2008; Xu et al., 2018d).

SBI: Sludge Biotic Index
The SBI calculation was performed according to the proposed by
Madoni (1994). The samples collected from the aeration tank and
quantified via Sedgewick Rafter chamber resulted in the
abundance of the microfauna and small flagellates. To obtain
the dominant group, ciliates and testate amoebae were identified
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at the genus and/or species level, while flagellates, rotifers and
nematodes were classified in big groups.

Taxonomic and Functional Diversity Indices
The taxonomic diversity of ciliate protozoans was calculated
using species richness (Magurran, 2005), Shannon index
(Shannon, 1948; Magurran, 2005), Simpson index (Simpson,
1949; Magurran, 2005) and species evenness (Pielou, 1975;
Magurran, 2005).

For the characterization of functional diversity of the
communities, the following functional diversity indices were
used: functional richness (FRic), functional evenness (FEve)
and functional divergence (FDiv) (Petchey and Gaston, 2002;
Villéger et al., 2008; Laliberté and Legendre 2010), based on
Gower’s dissimilarity method modified by Pavoine et al. (2009).
These indices are based on the traits of the species in the
community and express the functional differences between the
species in the multidimensional space (Villéger et al., 2008;
Mouchet et al., 2010), the dispersion or trait divergence Index
being important as it contributes for the understanding of the
consequences of species loss with information on their abundance
and the distance between traits (Leps et al., 2006; Petchey and
Gaston, 2006; Ricotta andMoretti, 2011;Wong and Dowd, 2015).
Additionally, Rao’s quadratic entropy (1982) was also used.

The functional composition was assessed through the CWM
(Community Weighted Mean value) (Pla et al., 2011) for the
functional traits of the communities. CWM is calculated as a
mean of the trait values, weighted by the relative abundance of the
species (Ricotta and Moretti, 2011). The sum of CWM values
(total CWM) was used for each trait throughout the 37 sampling
instances, in order to assess the importance of these traits for the
community.

Data Analysis
The Pearson and Spearman correlations were used to test the
correlations between species richness and functional richness
(FRic), between CWM and Shannon index, between the
taxonomic and functional evenness (FEve), between RaoQ
index and Simpson index, and between SBI and functional
divergence (FDiv). Additionally, they were also used to
generate a correlation table between the environmental
parameters and the CWM of the traits.

A principal component analysis (PCA) was carried out to
extract indicators from the physical and chemical variables,
capable of synthesizing a great portion of the fluctuation of
the variables. Moreover, with the intention of quantifying what
proportion of the variation in species composition and traits
between samplings may be explained by environmental data, we
used a redundancy analysis (RDA) followed by a variance analysis
(ANOVA) of the RDA results to check if the model was
significant.

All the analyses were carried out in the R software version 3.2.2
(R Core Team R 2015) using the ade4, (Chessel et al., 2004), vegan
(Oksanen et al., 2012) and FD (Laliberté and Legendre, 2010;
Laliberté et al., 2014) packages, with the exception of the
taxonomic diversity indices, which were generated in PAST
(Hammer et al., 2001).

RESULTS

Taxonomic Composition
A total of 21 active ciliate species were found in the samples
throughout the analysis of the 37 collected samples in the
combined anaerobic-aerobic system of Piçarrão WWTP. The
abundance and diversity of the species fluctuated temporally
(Figure 1). Between the first and the eighth sample, the total
abundance values were slightly greater than in the forthcoming
samples, however, with a lower diversity of species (Figure 1).
Contrastingly, species richness had their lowest values in the
initial samples, suggesting a niche partition a higher degree of
niche complementarity (Figure 4A).

The most abundant and representative species in the ciliate
community were Vorticella spp. (40%) and Aspidisca cicada
(21%), which altogether comprised more than half of the
entire community. These are included in the sessile and
crawling groups, respectively, which were the most abundance
functional groups observed in the system throughout the
sampling period, with 54% and 32% of representativeness
(Table 1).

With high heterogeneity, only 29% of the ciliatofauna was
present in at least 50% of the samples, species such as Acineria
uncinata (84%), Aspidisca cicada (97%), Epistylis plicatilis (84%),
Gastronauta aloisi, Tokophrya sp. (51%) and Vorticella spp.
(95%) were the most frequent (Table 1). These species are
part of the sessile and crawling functional groups present in
all samples, and carnivore ciliates were observed in 97% of
samples (Table 1).

Functional Composition
The proportion and representativeness of the traits recorded for
the ciliate community presented a temporal homogeneity. Most
traits occurred throughout the sampling period (Figure 2).
Noteworthy, samples 10 and 34 were the ones with the
lowest CWM values, mainly due to presenting little
representativeness of individuals with flexible body type,
which may be connected to a greater susceptibility to
predation (Figure 3). Although there has been a change in
taxonomic and functional composition (Figures 1, 2A–H), the
greater homogeneity seen in the functional approach suggests
that several species may perform the same function and occupy
the same niche in this system, playing similar roles in this
artificial ecosystem (Figure 3).

Aerobic respiration type was the predominant trait among the
observed ones (Figure 2A), due to 95% of the community being
comprised of aerobic species. Nonetheless, their use was
important in the studied system because the treatment is
initially composed by an anaerobic phase, followed by the
aerobic one. The most consistent traits throughout the 37
sampling units were: aerobic respiration type, flake formation
and bacterivore feeding type (Supplementary Figure S1). The
latter two and others, such as body size between 50 and 150 μm,
sessile and crawling forms of locomotion, body flexibility,
cylindrical geometry, and the shapes oval and pedunculate
without tentacle, were the most frequent, being present in all
samples.
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The profile of the community in this system had a
predominance of sessile species without tentacle of
intermediate size and a preference to bacterivore feeding,
flexible, cylindrical and flake-forming (Figure 3). The

functional traits of the recorded species in this study are listed
in Supplementary Table S1 (in bold), as well as an ample list of
ciliate species (~190 species) which occur in distinct wastewater
treatment systems around the world, with the intention of

FIGURE 1 | Abundance of the different ciliate species recorded throughout 37 samplings in a wastewater treatment plant in Brazil.

TABLE 1 | Absolute and relative abundance and frequency of active ciliates found in the Piçarrão WWTP throughout the 37-sampling period.

Classification Absolute abundance (ind./mL) Relative abundance (%) Absolute frequency Relative frequency (%)

Taxa Acineria uncinata 20,570 10.4 31 83.8
Acineta sp. 80 0.0 1 2.7
Aspidisca cicada 42,317 21.5 36 97.3
Carchesium sp. 440 0.2 2 5.4
Chilodonella uncinata 200 0.1 3 8.1
Dileptus sp. 120 0.1 3 8.1
Discophrya sp. 330 0.2 5 13.5
Drepanomonas revoluta 320 0.2 2 5.4
Epistylis plicatilis 26,177 13.3 31 83.8
Euplotes aediculatus 280 0.1 5 13.5
Gastronauta aloisi 17,550 8.9 32 86.5
Litonotus sp. 2,480 1.3 13 35.1
Loxophylum sp. 1,640 0.8 6 16.2
Metopus sp. 120 0.1 2 5.4
Opercularia sp. 1,573 0.8 7 18.9
Paramecium aurelia 133 0.1 1 2.7
Podophrya fixa 1829 0.9 16 43.2
Sphaerophrya sp. 80 0.0 1 2.7
Tokophrya sp. 2,394 1.2 19 51.4
Trachelius sp. 160 0.1 1 2.7
Vorticella spp. 78,417 39.8 35 94.6

Groups
Bacterivore 167,647 85.0 37 100.0

Sessile 106,607 54.1 37 100.0
Crawling 60,667 30.8 37 100.0
Free-swimming 373 0.2 6 16.2

Carnivore 29,563 15.0 36 97.3
Sessile 4,713 2.4 26 70.3
Crawling 20,570 10.4 31 83.8
Free-swimming 4,280 2.2 17 45.9
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stimulating future applications of functional investigation in
biological treatment systems.

Taxonomic and Functional Diversity
Species richness varied between 3 and 12 species throughout the
sampling period. There was a positive correlation between the
taxonomic and functional richness values throughout the 37
samplings (0.66 correlation; p < 0.001; Figure 4A).

There was a negative correlation, although non-significant
(-0.07 correlation; p > 0.05), between the taxonomic and
functional evenness data throughout the 37 samplings
(Figure 4B). Regarding the Simpson, Shannon and Rao
indices data, there was a positive and significant correlation
(0.73 correlation; p < 0.001) (Figure 4C).

Functional divergence, with an average value of 0.87 ± 0.07,
fluctuated between 0.7 and 0.98 (Figure 5). There was no
significant correlation between SBI values and functional
divergence (0.01 correlation; p > 0.05) (Figure 5).

WWTP Environmental Factors
The first two components of the PCA carried out with the
abiotic data responded to 43.2% of total variance (PC1 = 24.4%
and PC2 = 18.8%, Figure 6). The variables which most
contributed to the first component were TKN, COD and
N-NO3. However, no pattern regarding the sampling units
was observed. In regard to the second component, the
variables which most contributed were TS, Surf and BOD5,

and there was a pattern in which a gradient of total solids was
observed (Figure 6).

Regarding the efficiency parameters, we highlight the average
removal efficiency of BOD5 being 88%, while COD was 86%,
remaining constant throughout the sampling units (Figure 7).
Nonetheless, the total solids value oscillated with a 47%
amplitude. In general, the removal data presented in Figure 7
reinforce the homogeneity of the system throughout the 37
samplings.

Taxonomic and Functional Composition x
WWTP Environmental Conditions
The relationship between the WWTP environmental
conditions with the ciliate taxonomic composition was
first presented by Siqueira-Castro et al. (2016b).
However, we have observed that the species presented a
greater value of correlation with environmental variables
when compared to the ciliate community functional data
(Table 2).

Bacterivorous ciliates, an important trait in the community,
were negatively correlated to the removal efficiency of settleable
solids, whereas the 50–150 μm size trait was positively correlated
to nitrate in the final effluent. Sessile and crawling traits had
correlation tomore than one environmental factor, namely: TKN,
nitrate and OD in the final effluent and TKN removal efficiency
(Table 2).

FIGURE 2 |CWM value for the different functional traits chosen for the ciliates recorded throughout 37 samplings in a wastewater treatment plant in Brazil, Piçarrão
WWTP.
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In the RDA of the taxonomic composition explained and
environmental conditions, there was no significant correlation
between distribution and abundance of species and
environmental variables (p > 0.05) (Figure 8A). In this case,
30% of the variation in species abundance in the samplings is
explained by environmental variables. The first RDA axis
explained 20% and was positively correlated to total
phosphorus removal efficiency (47%) and settleable solids
removal efficiency (38%). It was also negatively correlated to
nitrite (−31%) and TKN (−19%) removal efficiency. The second
axis, with a 10% explanation, was strongly correlated to nitrate
removal efficiency (41%).

In the RDA of functional composition (CWM values) and
environmental conditions, no significance was found
(Figure 8B), reflecting a functional redundancy the
community. The functional characteristics of the species were
very similar, and densities of traits were redundant. In this
analysis, 31% of the variation in the CWM value in the
samplings was explained by environmental variables. The first
RDA axis explained 27% and was correlated positively to
settleable solids removal efficiency (28%) and negatively to
nitrate removal efficiency (−48%). The second axis explained

4% and was correlated negatively to settleable solids removal
efficiency (−68%) and positively to nitrite removal
efficiency (68%).

In both the taxonomic and functional compositions, the
WWTP environmental conditions explained little of the
diversity variability, which reflects the homogeneity of the
physical-chemical conditions of the WWTP, once it is a
controlled experimental operational system.

DISCUSSION

Taxonomic Composition
The number of ciliate species (21 species) recorded in this study
was lower than those from other studies in continental waters. It
can be explained by the WWTP systems conditions which were
very homogenous along the whole sampling period. The restricted
and particular environment of activated sludges, especially in
WWTPs where there is a combined anaerobic (UASB) and
aerobic (activated sludge) system, may act as an environmental
filter, selecting species with similar traits, influencing the survival
and reproduction of species and a consequent change in their
presence or absence and in their abundance (Cadotte and Tucker,
2017). Literature shows that ciliates diversity varies depending on
the method used by wastewater treatment plants. There is usually a
smaller diversity in combined (anaerobic and aerobic) systems
compared to conventional activated sludge systems (Liu et al.,
2008).

In a previous study at the same system, Siqueira-Castro et al.
(2016b) recorded 36 species, as they included the species
cultivated in the lab days after sampling, since there was a
focus on the morphological characterization of the ciliates to
create a more detailed checklist. In the present study, we only took
into account the active specimen analyzed on the day of sampling,
as the formation of cysts could mask the function of these
organisms in the system.

Although species richness of ciliates in continental waters and
natural systems (rivers, streams, lakes) is high (>60 taxa)
(Madoni, 1993, 2005; Sola et al., 1996; Foissner, 1997; Madoni
and Zangrossi, 2005; Yang et al., 2012; Basuri et al., 2020), in
WWTPs, especially those which operate with activated sludges,
species richness is generally lower (<40 species) (Madoni et al.,
1993; Martín-Cereceda et al., 1996; Dubber and Gray, 2011).
Lately in Brazil there have been some studies about richness and
species description of ciliates inWWTPs operating with activated
sludges (Silva and Silva-Neto, 2001; Paiva and Silva-Neto, 2004;
Bento et al., 2005; Ginoris et al., 2007; Oliveira et al., 2009;
Siqueira-Castro et al., 2009; Fernandes and Silva-Neto, 2013). In
our study, a lower number of taxa was to be expected as it is a
combined anaerobic followed by aerobic system (UASB +
activated sludge) that also did not take into account species
that left cyst form while cultivated at the lab.

The 21 active ciliate species in this study, compared to the 36
species recorded by Siqueira-Castro et al. (2016b) for the same
WWTP, was due to the exclusion of taxa kept at the lab days after
sampling, likely in cyst form in the analyzed samples on the day of
collection. According to Priya et al. (2008), anaerobic ciliates have

FIGURE 3 | Mean values of CWM, showing and summarizing the
functional characteristics in the ciliate community.
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lower growth efficiency than aerobic organisms, and the
composition and availability of substrate constitute important
factors influencing ciliate species richness in WWTPs. For

instance, small alterations in pH range result in the formation
of cysts in ciliates from the Metopus genus (Narayanan et al.,
2007).

FIGURE 4 |Comparison between taxonomic and functional traits of the ciliate community in a wastewater treatment plant in Brazil. (A) Richness, (B) Evenness, (C)
Simpson, RaoQ indices and Shannon diversity.

FIGURE 5 | Comparison between functional divergence (FDVi) and sludge biotic index (IBL) values throughout 37 samplings in a wastewater treatment plant in
Brazil.
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The temporal dynamics of species diversity, abundance and
frequency found in the present study was relatively heterogenous,
similarly to previous studies. Although there have been studies

analyzing the ciliate community for months or even years
(Madoni et al., 1993; Salvadó et al., 1995; Martín-Cereceda
et al., 1996; Bento et al., 2005; Arévalo et al., 2009), very few

FIGURE 6 | Principal Component Analysis (PCA) about environmental variables recorded throughout 37 samplings in a wastewater treatment plant in Brazil.
Legend: TP, total phosphate; TS, total solids ; SS, settleable solids; TKN, total kjeldahl nitrogen; COD, chemical oxygen demand; BOD5, biochemical oxygen demand.

FIGURE 7 | BOD5, COD and TS removal efficiency recorded throughout 37 samplings in a wastewater treatment plant in Brazil. Legend: BOD5, biochemical
oxygen demand; COD, chemical oxygen demand; TS, total solids.
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TABLE 2 | Correlation between the functional traits attributed to the ciliate community in a WWTP in Brazil and environmental data. **p < 0.01 (significant correlation), *p < 0.05 (significant correlation).

Functional traits

Feeding preference Body size Form of locomotion Body flexibility Body geometry Respiration type Flake formation Body shape

Bacterivore Carnivore Omnivore Small Intermediate Large Sessile Crawling Free Flexible Non-

flexible

Cylindrical Dorsoventrally

flattened

Aerobic Anaerobic Forming Non-

forming

Elongated Oval Whit

Tentacle

Without

Tentacle

Final

effluent

pH - - - - - - - - - - - - - - - - - - - −0.336* -

Turbidity - - - - - - - - - - - - - - - - - - - - -

TP - - - - - - - - - - - - - - - - - - - - -

BOD5 - - 0.358* - - - - - - - - - - - - - - - - - -

COD - - - - - - - - - - - - - - - - - - - - -

TKN - - - - - - - 0.350* - - - - - - - - - - - - -

Nitrate - - - −0.376* 0.357* - 0.387* −0.432** - 0.367* −0.367* 0.361* −0.361* - - - - - −0.416* - 0.393*

Nitrite - - - - - - - - 0.564** - - - - - - −0.564** 0.564** - - - -

TS - - - - - - - - - - - - - - - - - - - - -

SS - - - - - - - - - - - - - - - - - - - - -

Sulfate - - - - - - - - - - - - - - - - - - - - -

Sulfide - - - - - - - - - - - - - - - - - −0.354* - - -

Surfactants - - −0.353* - - - - - - - - - - - - - - - - - -

DO - - - - - - −0.403* 0.369* - - - −0.376* 0.376* - - - - - - - −0.373*

UASB

effluent

pH - - - - - - - - - - - - - - - - - - - - -

TA - - - - - - - - - - - - - - - - - - - - -

TP - - - - - - - - - - - - - - - - - - - - -

BOD5 - - - - - - - - - - - - - - - - - - - - -

COD - - - - - - - - - - - - - - - - - - - - -

TKN - - - - - - - - - - - - - - - - - - - - -

TS - - - - - - - - - - - - - - - - - - - - -

SS - - - - - - - - - - - - - - - - - - - - -

Sulfide - - - - - - - - - - - - - - - - - - - - -

Removal

efficiency

TP - - - - - - - - - - - - - - - - - - - - -

BOD5 - - −0.332* - - - - - - - - - - - - - - - - - -

COD - - - - - - - - - - - - - - - - - - - - -

TKN - - - - - - - −0.334* - - - - - - - - - - - 0.334* -

Nitrate - - - - - - - - - −0.417* 0.417* - - - - - - - 0.384* - -

Nitrite - - - - - - - - −0.641** - - - - - - 0.641** −0.641** - - - -

TS - - - - - - - - - - - - - - - - - - - - -

SS −0.430** 0.413* - - - - - - - - - - - - - - - - - - -

Sulfate - - - - - - - - - - - - - - - - - - - - -

Sulfide - - - - - - - - - - - - - - - - - 0.361* - - -

Surfactants - - - - - - - - - - - - - - - - - - - - -
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studies have analyzed the temporal dynamics of the community
in detail. The temporal heterogeneity of the ciliate community in
WWTPs is mainly due to the fluctuation of environmental
conditions and ecological and trophic relationships in this
system. For instance, Vorticella spp. and Gastronauta aloisi
both presented high abundances when the BOD5 in the UASB
effluent was increased, such as occurred to the bacterivore
crawling ciliates.

The biotic data obtained via SBI varied between classes I and II
in this study, very good performance and good performance of
the system, respectively, and the removal efficiencies of the plant
remained high throughout the study for the parameters required
by Brazilian law, indicating, as mentioned by Siqueira-Castro
et al. (2016b), a well-functioning WWTP. Additionally, the
density of ciliates in this study, with an average greater than
106 ind./L, also indicates a well-functioning WWTP, according to
Madoni (1994).

Functional Composition
Knowledge about functional traits allows for the investigation and
understanding of different levels of biological organization, from
individual (morphology and physiology) to ecosystem dynamics
(Violle et al., 2007), such as we applied it in the UASB-activated
sludge artificial ecosystem. The composition observed through
the functional traits was more homogenous than the taxonomic
one, as the species found had the similar functional characteristic,
and play a similar role in the functioning of the ecosystem,
occupying similar niches. The most significant functional traits
found in this study was bacterivore feeding habit, indicating a
bacterial control performed by ciliates with a consequent clearer
final effluent; flake-forming indicating great frequency of ciliates
aiding flaking in the WWTP; and the aerobic respiration type,
indicating continuous and adequate aeration of the system
throughout the 37 samplings. Their relationship to the
dynamics of the combined UASB-activated sludge system
helped to explain the high efficiency of the WWTP. Among
the attributed traits in the present study, flake formation stands
out as an innovative trait specific to these artificial ecosystems and

may prove to be an important tool for the understanding of
system efficiency.

The choice of traits was an important phase of the study,
directly influencing applied interpretation and extrapolation
(Petchey and Gaston, 2006), making it important to determine
traits/characteristics which guide the response of species or the
community to environmental change and, also, the effect of the
species or the community on ecosystem functions (Suding et al.,
2008; Weisse, 2017). Many of the traits used in this study were
based on research involving limnic and marine ciliates, however,
since they are influenced by the ecosystem, there was an
adaptation for the WWTP using orientation provided by
Suding et al. (2008) and Weisse (2017).

The feeding habit trait (Curds and Cockburn, 1970a,b) is
related to feed resources, nutrient cycling, interactions in the
food web such as top-down and bottom-up control, and energy
flow (Pratt and Cairns, 1985; Litchman et al., 2013). This trait had
a correlation to BOD5 and settleable solids removal (Table 2).
Additional to the direct application of the feeding trait, due to the
importance of ciliates in the microbial loop, another important
application for this trait is its direct relation to the removal of
oocysts and cysts of parasitic organisms in the WWTP. Giardia
spp. cysts and Cryptosporidium spp. oocysts are parasitic
protozoans commonly found in WWTPs and, recently,
Siqueira-Castro et al. (2016b) recorded eight ciliate species
preying on these cysts and oocysts in the Piçarrão WWTP
(Campinas, Brazil). These pathogenic protozoans are a
significant concern for human health, as they are estimated to
be the main cause of the four billion diarrhea cases that happen
globally each year (Baldursson and Karanis 2011; Kotloff et al.,
2012; Swaffer et al., 2014). The removal and inactivation of these
resistant forms of pathogenic protozoans in residuary waters is
becoming more and more important due to the contamination of
bodies of water by sewage effluents (Monis et al., 2014), which
widens our understanding about the role of ciliates in the removal
efficiency of WWTPs operating with activated sludge.

Body size, a trait with implications regarding food chain
(Azam et al., 1983; Weisse, 2017), is proportionally correlated

FIGURE 8 | Redundancy analysis. (A) species and environmental variables; (B) traits and environmental variables.
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to the size of prey, growth rate, basal metabolism, mortality,
excretion, biomass, all affecting the ecosystem flows (Litchman
et al., 2013; Hébert et al., 2017). In Chinese coastal waters (Yellow
Sea), Zhao et al. (2016) used body size and feeding habit and
obtained as a result seasonal variation in ciliate body size in four
sampling seasons with a difference in temperature, pH, nutrients,
and other environmental variables. In the same environment, Xu
et al. (2016) claimed that the body-size spectrum may be used as
an important metric in the biomonitoring of water quality.

Form of locomotion is a trait that has been used in ciliate
studies in wastewater treatment plants (Curds, 1973; Madoni
et al., 1993) and reflects in distinct metabolic rates between ciliate
species (Jackson and Berger, 1984; Fenchel, 1987). In our study,
form of locomotion had a correlation with several environmental
variables (Table 2). Although feeding habit and form of
locomotion have already been used in studies on the efficiency
of wastewater treatment systems (Neville, 1946; Curds and
Vandyke, 1966; Curds and Cockburn, 1970a,b; Curds, 1973;
Pratt and Cairns, 1985; Madoni et al., 1993; Madoni, 1994;
Martín-Cereceda et al., 1996; Liu et al., 2008; Arévalo et al.,
2009; Dubber and Gray, 2011), we have not found data in the
literature with functional diversity using functional indices and
analyses.

Shape, geometry, and flexibility of the body were correlated to
environmental variables connected to nutrients, such as nitrite
and nitrate (Table 2). Most of the species (95%) found active in
this study are aerobic. In aerobic systems (activated sludges) this
might seem a redundant trait, however, in a combined anaerobic-
aerobic system its use was of interest.

Flake formation is an important characteristic in biological
systems of sewage treatment and acts as an indicator of the system
quality, as flake formation is an essential principle in this
treatment system (Arregui et al., 2010). That is the main
motivation to use this trait, which is new in studies on ciliate
functional diversity for presenting as an exclusive characteristic of
wastewater treatment systems that require flocculation, as is the
case of activated sludge. It is interesting to highlight its correlation
to nitrite in the final effluent (Table 2).

The search for adequate functional traits has been occurring
for different taxonomic groups, as more representative traits with
a clearer correlation to environmental variables are investigated.
Functional diversity has proven to be an important branch of
biodiversity research, being the most efficient in the detection of
effect and response of biodiversity in the functioning of the
ecosystem (Díaz et al., 2007; Suding et al., 2008; Laureto et al.,
2015; Hébert et al., 2017). Our study makes clear the greater
homogeneity of functional traits throughout the sampling units
when compared to taxonomic data, in line with the homogenous
efficiency environmental data reported for the WWTP. With the
intention of promoting future applications of this functional
approach in studies of biological wastewater treatment plants,
we have compiled a list of ciliate species in these ecosystems, as
well as their functional traits (Supplementary Table S1).

The functional approach allows for a better understanding of
the functioning of several environments, using distinct groups of
organisms, such as bacteria (Fuhrman, 2009), phytoplankton
(Cardoso et al., 2017), plants (Cohen et al., 2014) and

zooplankton (Setubal and Riccardi, 2020; Setubal et al., 2020),
while data with ciliates are scarce (Weisse, 2017). Studies with a
functional approach involving ciliates have been carried out in
different ecosystems, such as the soil (Coûteaux and Darbyshire,
1998), coastal waters (Xu et al., 2016; Zhao et al., 2016; Zhong
et al., 2017; Al et al., 2018a; Xu et al., 2018d; Bai and Xu, 2019; Bai
et al., 2019; Guo and Xu, 2019; Xu and Soininen, 2019; Zhong
et al., 2019a,b; Gui et al., 2020; Guo et al., 2020), and wetlands (Xu
et al., 2018c,d; Liu et al., 2019; Xu et al., 2020), while it is rare to
find one in a limnic environment.

Studies on the functional approach of ciliate communities in
wastewater treatment plants are old and used mainly form of
locomotion and feeding habit as important traits to understand
efficiency and functioning of WWTPs operating with activated
sludges (Neville, 1946; Curds and Vandyke, 1966; Curds and
Cockburn, 1970a,b; Curds, 1973; Pratt and Cairns, 1985; Madoni
et al., 1993; Madoni, 1994; Martín-Cereceda et al., 1996; Liu et al.,
2008; Arévalo et al., 2009; Dubber and Gray, 2011, Madoni, 2011;
Foissner, 2016). A clear comprehension of the functional traits
related to the functioning and efficiency of removal in sewage
treatment systems is a valuable tool for the optimization of the
treatment, reflecting directly on the field of sanitation.

Taxonomic vs. Functional Approach
The taxonomic and functional composition and structure
differed throughout the sampling period, the functional
approach remaining more homogenous. Among the indices
and parameters analyzed, species richness and functional
richness were correlated positive and significantly, as there was
a low number of ciliate species and a great number of attributed
traits. In studies inWWTPs operating with activated sludges with
a greater number of active ciliate species (Curds and Cockburn,
1970a,b; Madoni et al., 1993; Salvadó et al., 1995; Martín-
Cereceda et al., 1996; Zhou et al., 2006, 2008; Dubber and
Gray, 2011), there will potentially be new results, such as
demonstrated in studies on ciliate communities in aquatic
environments (Xu et al., 2016; Zhong et al., 2017; Al et al.,
2018a,b; Xu et al., 2018c,d; Bai and Xu, 2019; Liu et al., 2019;
Xu and Soninen, 2019; Zhong et al., 2019a,b; Gui et al., 2020; Xu
et al., 2020). The low and little variable values of functional
diversity presented in our study highlight a greater redundancy
and a stable community (Weisse, 2017), in line with the BOD5

and COD removal data, thus occupying a smaller volume in the
functional multidimensional space (Villéger et al., 2008).

The taxonomic and functional evenness and the diversity,
using Shannon and CWM indices, were negatively correlated,
demonstrating a new viewpoint and possible future interpretation
for the structure and composition of the ciliatofauna. Meanwhile,
the linear relationship between the Simpson and Rao indices
suggests that taxonomic diversity loss also resulted in a functional
diversity loss. The low values obtained for Rao’s index reinforce
the idea of species selection (Leps et al., 2006). The low richness of
active ciliate species recorded in this study indicates a potential
functional redundancy of this community, however, these species
play an essential role in the functioning of the ecosystem.

The functional divergence or functional complexity values did
not have a correlation to the SBI data. As the SBI uses other biotic
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components of the ecosystem, it is necessary to widen the
functional metrics for the entire biota of the activated sludge
to better compare these metrics. Biodiversity and the ecosystem
processes are related not only through number of species, but also
through their interactions. The classic diversity measures are
based on the assumption that all individuals have similar
ecological roles, however, this does not occur in a community.
The species richness, and Shannon and Simpson diversity indices
are based on suppositions that do not occur in practice: all species
are equal; all individuals are equal, independently of size
(Magurran, 2005). The indices based on taxonomy (taxa
identification) present unimodal or idiosyncratic relationships,
whereas the ones based on characteristics present monotonic
relationships under a perturbation regime (Smeti et al., 2019). For
these reasons, biodiversity must be studied in the context of
classic measures and also of structure and functioning of the
community (Frainer et al., 2014), and being the diversity
component which influences dynamics, productivity, stability
and energy and nutrient balance, functional diversity has great
ecological importance (Tilman, 2001). When we look at function,
we take into consideration morphological, behavioral and
ecological characteristics of individuals, providing good
parameters to evaluate processes and the influence of
disturbances (Villéger et al., 2008).

Studies on the functional approach of ciliate communities in
wastewater treatment plants are old and used mainly form of
locomotion and feeding habit as important traits to understand
efficiency and functioning of WWTPs operating with activated
sludges (Neville, 1946; Curds and Vandyke, 1966; Curds and
Cockburn, 1970a, Curds and Cockburn, 1970b; Curds, 1973; Pratt
and Cairns, 1985; Madoni et al., 1993; Madoni, 1994; Martín-
Cereceda, 1996; Liu et al., 2008; Arévalo, 2009; Dubber and Grey,
2011, Madoni, 2011; Foissner, 2016). A clear comprehension of
the functional traits related to the functioning and efficiency of
removal in sewage treatment systems is a valuable tool for the
optimization of the treatment, reflecting directly on the field of
sanitation.

According to Xu et al. (2018b), the relationship between
taxonomic and functional diversity should be analyzed in an
integrative manner. The combination of these approaches is more
informative and provides a greater understanding of the
relationships between the structure of the ciliate community
and the ecosystem functions. The present work corroborates
the idea that both approaches could be evaluated together and
supply a wider viewpoint on the functioning and efficiency of
WWTPs.

Abiotic and Biotic Factors x WWTP
Efficiency
The principal component analysis (PCA) demonstrated a high
contribution of nitrogen inthe growth and development of the
microorganisms. In our study, nitrogen removal efficiency was
correlated positively to the number of pedunculated ciliates with
tentacles (suctorian ciliates) and negatively to crawling ciliates
(Table 1), these two traits being important metrics for the future
monitoring of WWTPs.

The principal component (PCA) and redundancy (RDA)
analyses demonstrated that the physical and chemical
characteristics of the water in the Piçarrão WWTP presented
little variability throughout the 2 years of sampling, with high
removal efficiency during the whole study, as reported by other
studies on the use of anaerobic reactors with post-treatment
(Souza and Foresti, 1996; Coletti et al., 1997; Von Sperling
and Chernicharo, 1998). Most ciliate species from our samples
were bacterivorous (Figure 2B). Species from this functional
group are expected to thrive in rich ecosystems, because of the
high abundance of bacteria. Therefore, the high correlation
between ciliate abundance and nutrients highlights and
indirect effect organically rich environments in the abundance
of bacteria which will serve as resource for the extant ciliate
community (Figure 8).

The secondary treatment, beginning in UASB, continues into
the aerobic reactor with recirculation of activated sludge
(Siqueira-Castro et al., 2016a). In this process, the system acts
as an environmental filter, selecting species and functional traits
in this environment. Since the approach through functions is
more homogenous, due to several species being able to have the
same functional traits, the system is particularly redundant. The
few correlation reports between functional traits and abiotic
components (Table 2) show the need for new studies using a
greater number of plants being sampled, and also plants with
more heterogenous characteristics, as presented in the work of
Madoni (1994), who investigated 44 wastewater treatment plants
of the activated sludge type in Italy, heterogenous in efficiency
and removal profile. Due to the clear correlation between the
homogeneity of composition and structure in the functional
approach with the homogeneity of abiotic data throughout the
37 samplings, we highlight the great potential of this approach in
future studies in WWTPs and also its facilitated application by
professionals not specialized in ciliate taxonomy and
identification, as the identification of most functional traits do
not require ample knowledge about the biology, ecology and
morphology of ciliates.

CONCLUSION

The main conclusions of this study are: 1) the composition and
structure of the ciliate community in the Piçarrão WWTP
fluctuated throughout the sampling period, the taxonomic
composition being more heterogenous than the functional
composition; 2) the ciliate community in the Piçarrão WWTP
(UASB-activated sludge) is functionally redundant, which may
provide stability to the system and to the wastewater treatment; 3)
the taxonomic and functional indices and metrics showed
correlation, however, further research is necessary, as there
was a low number of active species and high number of
functional traits listed for this community; 4) the homogeneity
of the measured physical and chemical data was followed by
functional homogeneity and redundancy (homogenous CWM) of
the ciliate community; 5) the functional approach has proven
promising for future application in WWTPs operating with the
combined UASB-activated sludge system and even more with
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only activated sludges, as there was a correlation of functional
traits with clear removal efficiency parameters in theWWTP. The
profile of the community in this system had a predominance of
sessile species without tentacle of intermediate size and
preference for bacterivorous, flexible, cylindrical and flake-
forming food. In addition to presenting promising traits such
as flake formation and body size.

An important bottleneck of ciliate analysis in monitoring
wastewater plants in the need for taxonomic knowledge for
identifying species correctly. Here, we used several
morphological functional traits which can be estimated
independently of taxonomic identification and provide a cost-
effective measure of community variation in space and time. Our
results showed that both taxonomic and functional composition
varied similarly throughout the study, and therefore, using
functional traits as a surrogate for studying wastewater
treatment plants becomes a sound option. Finally, our study
paves the way for using integrative metrics of functional diversity
to investigate patterns of ciliate community composition and also
to tackle applied questions such as the water treatment in
wastewater treatment plants with combined UASB.

As future perspectives we suggest the investigation of new
WWTPs with a wider range of variation in abiotic data and
removal heterogeneity, as well as the functional composition and
structure of the community, to attest this hypothesis of great
synchrony between the microbiota function and the
environmental data. Another perspective is the development of a
future multimetric index involving the history of microbiota traits
related to environmental data, as well as including the functional
traits which were first described and presented in this study.
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Supplementary Figure S1 | Supplementary Figure S1: In vivo photomicrographs of
the microfauna present in activated sludge of combined UASB-activated sludge
system in the Piçarrão WWTP, Campinas. a—Acineria uncinata (1b; 2d; 3h; 4j; 5m;
6n; 7p; 8s); b—Acineta sp. (1b; 2e; 3g 4k; 5m; 6n; 7q; 8t); c—Aspidisca cicada (1a;
2d; 3h; 4k; 5m; 6n; 7q; 8t); d—Carchesium polypinum colony (1a; 2e; 3g; 4j; 5l; 6n;
7q; 8v); e—Discoprhya sp. (1b; 2e; 3g 4k; 5l; 6n; 7q; 8u); f—Drepanomonas revoluta
(1a; 2d; 3h; 4j; 5m; 6n; 7q; 8s); g—Epistylis plicatilis (1a; 2e; 3g; 4j; 5l; 6n; 7q; 8v);
h—Euplotes aediculatus (1c; 2e; 3h; 4j; 5m; 6n; 7q; 8s); i—Gastronauta aloisi (1a;
2e; 3h; 4j; 5m; 6n; 7q; 8t); j—Litonotus sp. (1b; 2e; 3i; 4j; 5m; 6n; 7r; 8s);
k—Metopus sp. (1c; 2e; 3i; 4k; 5m; 6p; 7r; 8s); l—Loxophyllum sp. (1b; 2e; 3i;
4j; 5m; 6n; 7r; 8s); m—Opercularia sp. (1a; 2e; 3g; 4j; 5l; 6n; 7q; 8v); n—Paramecium
aurelia (1a; 2f; 3i; 4k; 5m; 6n; 7r; 8s); o—Podophrya fixa (1b; 2d; 3g 4k; 5l; 6n; 7q;
8u); p—Vorticella sp. (1a; 2e; 3g; 4j; 5l; 6n; 7q; 8v). Traits: 1: feeding type
(a—bacterivorous, b—carnivorous, c—omnivorous); 2: body size (d - <50 μm,
e—50 < and <150 μm, f—>150 µm); 3: locomotion (g–sessile, h—crawling,
i—free-swimming); 4: flexibility (j–flexible, k—non-flexible); 5: body geometry
(l—cylindrical, m–dorsoventrally flattened); 6: respiration type (n–aerobic,
o–facultative, p–anaerobic); 7: flake formation (q–form flakes, r–do not form
flakes); 8: body shape (s–elongated, t–oval/rounded, u–pedunculate with
tentacle, v–pedunculate without tentacle).

Supplementary Table S1 | Composition of ciliated protist species present in
wastewater treatment systems and their respective functional traits. 1—feeding
type: a- bacterivorous, b- carnivorous, c- omnivorous; 2—body size: d- <50 µm, e-
50 µm < and < 150 µm, f- >150 µm; 3—locomotion: g- sessile, h- crawling, i- free-
swimming; 4—body flexibility: j- flexible, k- non-flexible; 5—body volume/geometry:
l- cylindrical, m- dorsoventrally flattened; 6—respiration type: n- aerobic, o-
facultative, p- anaerobic; 7—flake formation: q- forming, r- non forming; 8—body
shape: s- elongated, t- oval/rounded without tentacle, u- pedunculated with
tentacle, v- pedunculated without tentacle.
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