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Abstract: Bacterial diversity and community composition are of great importance in wastewater
treatment; however, little is known about the diversity and community structure of bacteria in tropical
municipal wastewater treatment plants (WWTPs). Therefore, in this study, activated sludge samples
were collected from the return sludge, anaerobic sludge, anoxic sludge, and aerobic sludge of an A20
WWTP in Haikou, China. Illumina MiSeq high-throughput sequencing was used to examine the 16S
ribosomal RNA (rRNA) of bacteria in the samples. The microbial community diversity in this tropical
WWTP was higher than in temperate, subtropical, and plateau WWTPs. Proteobacteria, Bacteroidota,
Patescibacteria, and Chloroflexi were the dominant phyla. Nitrification bacteria Nitrosomonas, and
Nitrospira were also detected. Tetrasphaera, instead of Candidatus Accumulibacter, were the dominant
polyphosphate accumulating organisms (PAOs), while, glycogen accumulating organisms (GAOs),
such as Candidatus Competibacter and Defluviicoccus were also detected. The bacterial community
functions predicted by PICRUSt2 were related to metabolism, genetic information processing, and
environmental information processing. This study provides a reference for the optimization of
tropical municipal WWTPs.

Keywords: tropical municipal wastewater treatment plant; bacterial community; functional genes

1. Introduction

Wastewater treatment plants (WWTPs) are widely used globally to remove pollutants
from wastewater, and provide a significant contribution to the environment and human
health [1,2]. Most municipal WWTPs depend on the activated sludge, which is based on
microbial metabolic actions to remove organic pollutants, nitrogen, phosphorus, and other
pollutants from municipal wastewater [3,4].

Nitrifying and denitrifying bacteria are needed for efficient nitrogen removal: they trans-
form ammonia into nitrate and then convert nitrate into nitrogen gas. Nitrifying bacteria in-
clude ammonia oxidizing bacteria (AOB) and nitrite oxidizing bacteria (NOB). AOB are rep-
resented by five recognized genera in two phylogenetically distinct groups, in the subclasses
of Betaproteobacteria and Gammaproteobacteria. Four genera of AOB, including Nitrosospira,
Nitrosomonas, Nitrosovibrio, and Nitrosolobus, are grouped in the Betaproteobacteria, while one
genera of Nitrosococcus is within the Gammaproteobacteria [5]. Nitrosomonas and Nitrosospira
are the most extensively studied AOB. Gram-negative NOB, are more phylogenetically
distinct and widespread than AOB, including Nitrospira, Nitrococcus, Nitrobacter, and
Nitrospina [5]. There are numerous denitrifying bacteria that are able to realize denitri-
fication and the removal of organic materials during anoxic or aerobic processes, such
as Bacillus, Pseudomonas, Thauera, Acinetobacter, Hyphomicrobium, Dokdonella, Azoarcus,
Rhizobium, Denitratisoma, Zoogloea, and Sulfuritalea [6].

Compared with chemical phosphorus removal, the enhanced biological phospho-
rus removal (EBPR) process is an effective, economical, and environmentally friendly
phosphorus (P) removal technology. During the EBPR process, polyphosphate (polyP)
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accumulating organisms (PAOs) anaerobically utilize the energy and reduce the power
gained from the hydrolysis of glycolysis, intracellular polyPs and the tricarboxylic acid
(TCA) cycle to absorb volatile fatty acids (VFAs) and store them as polyhydroxyalka-
noates (PHAs). In the successive anoxic/aerobic phase, PAOs use the reserved PHAs as
carbon sources and energy for polyP generation, depending on an excess of uptake inor-
ganic orthophosphate released in the anaerobic stage, for glycogen synthesis and biomass
growth [7]. Candidatus Accumulibacter is a crucial PAO in laboratory- and full-scale EBPR
systems [8-10], and main carbon sources are attributed to easily degradable small molecule
compounds, such as VFAs. Another vital PAO is Tetrasphaera, belonging to Actinobacteriota.
Tetrasphaera are more abundant than Candidatus Accumulibacter in WWTPs which have
lower wastewater temperatures, such as Portugal (8-25 °C) [11] and Denmark (9-18 °C) [3].

The microbial diversity and activity of activated sludge help the stability of WWTPs.
Microbial communities are correlated with the successful operation of WWTPs. Nevertheless, the
link between biological knowledge and treatment technologies is always deemed as “black
boxes” [12]; therefore, many problems are frequently encountered during the operation of
WWTPs, such as nitrification failure [12], activated sludge bulking, and foaming [13].

A thorough understanding of the microbial community in full-scale WWTPs is crucial
to provide intelligent management for operating and optimizing the processing effect to
meet the stricter discharge standards [14]. One hundred ten activated sludge samples from
21 cities in the north and south of China were investigated using high-throughput 16S
ribosomal DNA (rDNA) sequencing to explore the regional effects on microbial community
structure [15]. The Global Water Microbiome Consortium (GWMC) recently carried out
systematic investigations on microbial communities and identified core microbial taxa of
global WWTPs [2]. Reviewing the data from these studies showed that most activated
sludge samples were from mid-latitude WWTPs. Low-latitude tropical WWTPs are poorly
studied, and the microorganisms they contain are mostly unknown.

Therefore, to understand the microbial community structures and related metabolic po-
tential of activated sludge in tropical municipal WWTDPs, four sludge samples were obtained
from a tropical WWTP in Haikou China. Illumina MiSeq high-throughput sequencing was
used to evaluate the microbial community diversity and structure. The community struc-
ture associated with nitrogen and phosphorus removal was analyzed. The corresponding
metabolic activities of microorganisms were studied by identifying the functional pathways
and genes.

2. Materials and Methods
2.1. WWTP and Sample Collection

In the study WWTP, located in Haikou, the biggest city on the tropical island of China,
a conventional AZO process is employed for effectively removing nitrogen and phosphorus
(Table 1). The temperature of the mixed liquor in the studied wastewater treatment plant
is 23.2-32.3 °C throughout the year. These are higher than that in the temperate zones
(Beijing WWTP, 12.8-26.6 °C). The temperature of the samples collected in this study were
22.6-23.2 °C.

Table 1. The influent and effluent organic matter, nitrogen, and phosphorus concentrations of the
studied WWTP from January 2020 to June 2021.

BODg COD NH,*-N TN TP

(mg/L) (mg/L) (mg/L) (mg/L) (mg/L)
Influent 36-73 79-232 18.2-37.7 25.0-43.1 1.56-2.06
Effluent 45-9.2 6-25 0.18-1.76 7.37-9.67 0.06-0.36

The site survey and sample collection were conducted in January 2021. Suspended sludge
was collected from the anaerobic sludge (HN_YY), anoxic sludge (HN_QY), aerobic sludge
(HN_HY), and return sludge (HN_HL) (each sludge sample was collected in triplicate
and combined into a single sample). The samples were put in 500-mL sterile polyethylene
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bottles and kept on ice for bringing back to the laboratory. The dewatered sludge was
stored at —80 °C until DNA extraction, 165 rRNA gene PCR amplification, and Illumina
MiSeq sequencing.

2.2. DNA Extraction and PCR Amplification

DNA extraction was carried out using the FastDNA SPIN Kit for Soil (MP Biomedicals,
Santa Ana, CA, USA). A NanoDrop 2000 UV-vis spectrophotometer (Thermo Scientific,
Wilmington, USA) was used for quantitative and qualitative DNA analysis, and DNA qual-
ity was checked by 1% agarose gel electrophoresis. The V3-V4 region of the bacterial 16S
gene was amplified using the sequencing primers 338F (5'-ACTCCTACGGGAGGCAGCAG-
3') and 806R (5'-GGACTACHVGGGTWTCTAAT-3'). Polymerase chain reactions (PCR)
were performed in a 20-puL system with 4 uL of 5 x FastPfu buffer, 2 uL of dNTPs (2.5 mM),
0.8 puL forward primer(5 uM), 0.8 pL of reverse primer (5 uM), 0.4 uL of FastPfu poly-
merase, 2 uL of BSA, and 10 ng of template DNA. The PCR program comprised an initial
denaturation at 95 °C for 3 min, after 27 cycles of 95 °C for 30 s, 55 °C for 30 s, 72 °C for
30 s, with a final extension at 72 °C for 10 min [16].

2.3. Analytical Methods and Statistical Analysis

The Illumina platform was used for high-throughput sequencing. Samples were sent
to Majorbio Biopharm Biotechnology Co., Ltd. (Shanghai, China) for DNA sequencing.
Operational taxonomic units (OTUs) with 97% similarity were clustered, the data were ana-
lyzed via the online Majorbio Bioinformatic Cloud Platform (https:/ /cloud.majorbio.com/)
accessed on 3 April 2021, and the alpha diversity index of activated sludge (AS) samples
were calculated via Mothur (version 1.30.2, https://www.mothur.org/wiki/Download_
mothur, Patrick D. Schloss, USA, accessed on 3 April 2022); curves were generated
using the R tool (version 3.3.1). This taxonomic analysis can determine the commu-
nity structure composition at different classification levels. The potential functions and
metabolic pathways of bacteria were predicted by PICRUSt2 software (version 2.2.0,
https://github.com/picrust/picrust2/, Gavin M. Douglas, Canada accessed on 3 April
2021) and compared with the Kyoto Encyclopedia of Genes and Genomes (KEGG) database,
and the closed OTU table from QIIME (version 1.9.1, http://giime.org/install/index.html
accessed on 3 April 2021) was used to obtain different functional prediction information.
The raw data from this study has been added to the National Center for Biotechnology
Information (NCBI) database under the accession numbers SRR17717417, SRR17717418,
SRR17717419, and SRR17717420.

3. Results and Discussion
3.1. Bacterial Community Diversity

The microbial diversity of AS is propitious to the efficiency and stability of WWTP
performances; therefore, the microbial community diversity of the WWTP were analyzed.
After removing low-quality sequences and chimeras, at least 49,601 valid sequences were
obtained from each sample by high-throughput sequencing (Table 2), with an average
length of 435 bp. Rarefaction curves demonstrated that all the samples were sequenced
almost to saturation (Figure 1). These results were also confirmed by Good’s coverage
values, all of which were higher than 99% (Table 2). Alpha diversity is an indicator that
reflects the number of species and the relative abundance of species within the commu-
nity, mainly indicating the species composition and the distribution characteristics of the
number of individuals in the community. The higher the Chao or ACE index, the greater
the community richness. The community richness in the aerobic area was the highest
by Chao or ACE index (1461 or 1481), while that in the anaerobic area was the lowest
(1405 or 1415). The Heip index values were from 0.1667-0.1758, which characterizes the
evenness of microbes. The Shannon and Simpson indexes, which imply the species diver-
sity, accounted for 5.297-5.344 and 0.01072-0.01131, respectively. The lower the Simpson
index and the higher the Shannon index, the greater the diversity. These two indexes both
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indicate that the diversity of the anaerobic zone is highest. Additionally, the total number
of OTUs in the anaerobic, anoxic, aerobic, and return units were 1182, 1232, 1193, and 1256
respectively, which was slightly lower than in other municipal WWTPs (1361-2599) [17,18].
Compared with the Chao and Shannon indexes of 870-1207 and 4.57-5.17 in a temper-
ate [19], subtropical [20] and plateau [21] WWTPs, the Haikou sewage treatment plant has
a higher diversity because some temperature-sensitive microorganisms cannot survive in
cold environments. Samples from industrial petrochemical-activated sludge also showed
lower diversity than samples from the Haikou domestic activated sludge, which might be
due to the toxic material from industrial petrochemical wastewater [4].

Table 2. Sequence, OTUs, coverage, and Alpha diversity of microbial communities in the anaerobic
sludge (HN_YY), anoxic sludge (HN_QY), aerobic sludge (HN_HY), and return sludge (HN_HL).

Sample\ Estimators Sequence OTU Shannon Simpson Ace Chao Heip Coverage
HN_YY 49601 1182 5.340 0.01072 1415 1406 0.1758 0.9919
HN_QY 52793 1232 5.323 0.01124 1442 1434 0.1657 0.9936
HN_HY 51282 1193 5.297 0.01131 1481 1461 0.1667 0.9904
HN_HL 52960 1256 5.344 0.01076 1448 1430 0.1660 0.9941

500 HN_YY
HN_QY
1200 HN 1Y
00 HN_HL
1000 -
— 900
g
= 800
=)
=
O 700-
=
e}
% 600
[
T
& 500
g |
o 4004/
300 - /
/
200/
100 q‘
0

0 5000 10,000 15,000 20,000 25,000 30,000 35,000
Number of Reads Sampled

Figure 1. Rarefaction curves of OTUs clustered at 97% sequence identity across in the anaerobic
sludge (HN_YY), anoxic sludge (HN_QY), aerobic sludge (HN_HY), and return sludge (HN_HL).

3.2. Bacterial Community Structure

At the phylum level, the four sludge samples obtained from different units of Haikou
WWTP shared 36 phylum, accounting for 94.7% of the total, while there was one unique
phylum, demonstrating that the phylum in AS from different units is generally similar.
Due to variation in the environmental situation, each operation unit will form a different
microbial community structure. However, in consequence of the return system, the mi-
croorganism cycles in each operation unit, and decay and growth kinetics are too slow to
observe changes in hydraulic retention time (a few hours), so microorganisms of different
units have a lot in common.

The predominant phylum among the four sludge samples was Proteobacteria, with rela-
tive abundances of 24.26-28.31% (Figure 2), which are of great significance to the global carbon,
nitrogen, phosphorus, and sulfur cycles [22]. This is consistent with previous studies, indicat-
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ing that Proteobacteria are widely spread in full-scale WWTPs [2,15,17]. Proteobacteria have five
major classes, including Alphaproteobacteria, Betaproteobacteria, Deltaproteobacteria, Gammapro-
teobacteria, and Epsilonproteobacteria, which were generally detected in the other WWTPs [18].
In this study, Gammaproteobacteria accounted for the most significant proportion of 15.62-18.45%
in the four samples, followed by Alphaproteobacteria (8.64-11.44%). These results showed
good agreement with the findings of Xue et al. [23], who found that Gammaproteobacteria
were the crucial subclass of Proteobacteria in WWTPs in North America, based on their
relative abundance. In contrast, Zhang et al. [24] found that Betaproteobacteria were the most
abundant in AS from 14 WWTPs. Bacteroidota (17.4-19.93%), Patescibacteria (15.97-18.11%),
Chloroflexi (13.54-16.74%), Actinobacteriota (8.47-11.07%), Acidobacteriota (3.17-5.90%), Fir-
micutes (2.9-4.50%), and Myxococcota (1.01-1.28%) were the dominant phyla (Figure 2).
Other phyla occupied less than 1% of the relative abundance of bacteria. Bacteroidetes have
a strong degradation capacity to metabolically break down proteins, lipids, and other
macromolecules, particularly generating VFAs [1,6]. Patescibacteria usually occur in both
groundwater and surface water and are favorable to denitrification. Furthermore, their
distribution does not directly rely on a specific host, but is attracted by conditions that
meet a fermentative lifestyle [25]. However, Patescibacteria, is not commonly reported
as a dominant phylum in WWTPs, while it had a much higher abundance in this study.
Members of Chloroflexi remain as flocculent skeletons of sludge colloidal flocs and are
beneficial for forming granular sludge and the decomposition of hard-degraded organic
sources [17]. Actinobacteria play a key role in EBPR systems [26]. Firmicutes often inhabit AS
and contain genera that degrade pollutants, demonstrating their significance in wastewater
treatment [19]. Myxococcota has been indicated to have a pivotal role in dissimilarity sulfate
reduction, nitrate reduction, and fermentation [27].

Proteobacteria

Bacteroidota

%o -

9, . .
0 :I Patescibacteria

Chloroflexi

BT Actinobacteriota
IS

]
: Acidobacteriota

Myxococcota others ~Firmicutes

Figure 2. Four activated sludge samples and species relationship at the phylum level, includ-
ing the anaerobic sludge (HN_YY), anoxic sludge (HN_QY), aerobic sludge (HN_HY), and return
sludge (HN_HL).

To a certain extent, the activities and abundance of functional microorganisms involved
in AS are the key elements promoting nutrient removal in wastewater. The 16S rRNA
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analysis provides information on functional genera with important sewage processes, such
as nitrification, denitrification, EBPR, and hydrolysis.

The removal of ammonium and other nitrogen species from wastewater is necessary.
In this study, Nitrosomonas (0.14-0.2%) was the only AOB and Nitrospira (0.22-0.47%) was
the only NOB found in the four sludge samples (Figure 3), highlighting that the diversity
of nitrifying bacteria was low.

60

Hl Defluviicoccus
Nitrosomonas
Nitrospira
Dechloromonas
Tetrasphaera

404 Haliangium

Percent of community abundance on Genus level(%)
o 8
! i

Comamonadaceae
Blastocatellaceae
Candidatus_Moranbacteria
Trichococcus

OLB14

Ottowia

Mesorhizobium
Candidatus_Competibacter

-

Caldilineaceae
C10-SB1A
Saccharimonadales
Saprospiraceae
HN_YY HN_QY HN_HY HN_HL
Samples

Figure 3. Relative abundance of the predominant organic matter, nitrogen, and phosphorus removal
organnisms (genus level) in the anaerobic sludge (HN_YY), anoxic sludge (HN_QY), aerobic sludge
(HN_HY), and return sludge (HN_HL).

Nitrosomonas is a dominant AOB genus in many AS and seems to be favored at
higher temperatures compared with Nitrosospira [28]. In addition to oxidizing ammonium,
Nitrosomonas is also considered to potentially degrade triclosan [29], which is an emerg-
ing pollutant in personal care products widely used as a broad-spectrum antimicrobial
agent [30]. Unfortunately, triclosan concentration was not measured in this studied tropical
WWTP. The genus Nitrospira (phylum Nitrospirae) as NOB has been recently identified as
some species that could achieve complete oxidation of ammonia to nitrate, rather than two-
step ammonia oxidizing by AOB and NOB [31]. However, the dominance of NOB Nitrospira
in WWTPs remains controversial. Yao and Peng suggested that Nitrospira (4.02%) was the
dominant NOB in 10 full-scale biological nutrient removal warm temperate WWTPs [32].
Ju et al. analyzed an A/O subtropical WWTP and found that Nitrospira was the most
abundant genera (6.1 = 4.2%) [33]; however, Saunders et al. investigated bacterial commu-
nity compositions of 13 temperate WWTPs and reported that Nitrotoga was the primary
nitrite-oxidizer rather than Nitrospira [3]. Alawi et al. verified that the three genera of a
novel cold-adapted nitrite oxidizer, Nitrobacter, and Nitrospira inhabited AS, and differences
in dominance among these genera might be due to temperature variations [34].

Given the relatively low abundance of Nitrosomonas in all four units, the question
that needs to be discussed is which AOB oxidizes ammonia. Given the low ammonia
effluent of the investigated WWTP, ammonia oxidation obviously occurred. One possible
explanation is that complete ammonia oxidizers (comammox) are involved in at least the
partial oxidation of ammonia. No direct evidence for comammox was found as they could
not be distinguished from other Nitrospira populations by 165 rRNA amplicon sequenc-
ing [35]. However, there is some indirect evidence to support their presence. Firstly, the
most common comammox in the environment are members of Nitrospira phylogenetic
grouping [31]. Secondly, it is universally accepted that comammox survive selectively over
other nitrifiers under an oligotrophic lifestyle, such as low ammonium concentrations [36].
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Another possible explanation is that unknown ammonia oxidizing bacteria contribute to
ammonia oxidation [15].

NO3~-N removal is governed by heterotrophic denitrifiers, which are responsible for
reducing nitrate and nitrite to nitrogen gas under anoxic conditions [18]. As shown in Figure 3,
Caldilineaceae (3.24-5.4%), Ottowia (2.12-2.37%), OLB4 (1.57-1.95%), and Haliangium (0.77-1.04%),
accounted for the majority of denitrifying bacteria genera [14,37,38]. Candidatus Competibacter
(2.74-4.79%) and Defluviicoccus (0.14-0.16%) were the dominant glycogen accumulating
organisms (GAOs), which are thought to compete limited carbon sources with PAOs but do
not contribute to phosphorus removal, and act as two other typical denitrifying bacteria for
endogenous nitrate removal [39]. Mesorhizobium, in the class of Alphaproteobacteria, which is
regarded as not only a nitrogen-fixing bacterium but also as a denitrifier both in aerobic and
anaerobic conditions [40,41], accounted for 2.81-3.29% in the four samples. The abundances
of putative denitrifying bacteria were higher than nitrifiers in the four AS samples, while the
nitrification performance in the Haikou WWTP was excellent. It also found that expression
of nitrification-related genes was much lower than that of the denitrification-related genes in
an A/O AS system [42]. This may be because most denitrifying bacteria are heterotrophic,
leading to faster growth than autotrophic nitrifying bacteria. Different from tropical
wastewater treatment plants, Hydrogenophilaceae and Thauera are common denitrifying
bacteria in subtropical wastewater treatment plants [14,15,18], and even Hydrogenophilaceae
dominates in the A% /O process [43]. This may be due to different types of carbon sources.
We should further study the effects of different types of wastewater in the tropical WWTPs,
focusing on denitrifying bacteria.

PAOs are essential, and their activity is highly involved in phosphorus removal effi-
ciency. No Candidatus Accumulibacter were detected in the four samples, which is the same
as the results of Wei [44]. However, Tetrasphaera was detected at relative gene abundances of
0.37-0.58% in our study. Previous studies have implied that the abundance of Tetrasphaera
is higher in temperate climates (3.6-28%) [11,26] than in tropical climates (0.23-1.8%) [9]
in full-scale WWTPs. It is suggested that Tetrasphaera could make a comparative or even
greater contribution to phosphorus removal in Denmark full-scale WWTPs compared with
Candidatus Accumulibacter [10]. Tetrasphaera are more versatile in their substrate utiliza-
tion capabilities than Candidatus Accumulibacter, as they can uptake both amino acids and
glucose and have the ability to ferment complex organics and accumulate fermentation
by-products [7,26]. Some Tetrasphaera have been shown to be VFA users; however, it is
always considered that Tetrasphaera cannot synthesize and store intracellular PHAs [26].
Interestingly, not only could Tetrasphaera be beneficial to direct phosphorus removal, but
also by supplying VFAs to Accumulibacter from their fermentation [7]. The type of carbon
source and temperature may be factors for distinguishing the two groups of PAOs. DNA ex-
traction bias might partly lead to underestimation of the abundances of Tetrasphaera because
of extracting DNA from Gram-positive bacteria (e.g., Tetrasphaera) [45]. Petriglieri et al.
confirmed that newly discovered PAO organisms (Dechloromonas) are actively correlated to
phosphorus removal in WWTPs and should be considered as crucial as Candidatus Accu-
mulibacter and Tetrasphaera [46]. Dechloromonas-related putative PAOs (0.24-0.4%) have also
been found to use oxygen, nitrite, and nitrate as various electrons acceptors [8]. Only Ge
et al. identified a novel PAO organism, in the Comamonadaceae family, which was dominant
and drove phosphorus removal in treating abattoir wastewater with short solid retention
time (SRT; <4 days), and this genus was also found in our samples (1.21-1.82%) [47].

The efficient removal of phosphorus is not only related to the abundance but also the
activity. Fernando et al. surmised that Candidatus Accumulibacter and Tetrasphaera are only
responsible for 24-70% of total phosphorus removal in Danish WWTPs, suggesting that
complete phosphorus removal is also accompanied by chemical /biological precipitation
of phosphorus or other unidentified PAOs [10]. Further study to identify these novel
PAOs and determine not only their physiological and biochemical functions, but also
the competitive ability of phosphorus removal, energy, and mass balance via combining
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multiple methods in situ, and the relation of other bacteria, will likely improve our ability
to manage EBPR.

Hydrolysis, which is carried out by a few specific species, mainly filamentous bacteria,
is essential to biological nutrient removal (BNR) in WWTPs. Hydrolysis provides carbon
substrates, such as short-chain fatty acids, which are limited substrates for polyphosphate-
accumulating organisms and denitrifying bacteria, while also being a habitat for other
functional bacteria to grow. The dominant hydrolysis bacteria in the four samples were
Saccharimonadales (12.06-14.29%) and Saprospiraceae (12.53-13.89%), which degrade com-
plex organic compounds, such as protein to generate amino acids as energy and carbon
sources [1,48]. The presence of C10-SB1A (4.53-5.17%) indicates the hydrolysis ability of
the macromolecular organic compounds in municipal wastewater [49]. Other species
were Trichococcus (1.16-2.56%), which can decompose carbohydrates into lactate, for-
mate, acetate, ethanol, and carbon dioxide [50] and Candidatus Moranbacteria (1.52-2.23%)
and Blastocatellaceae (1-1.97%), which can degrade complex substrates, such as peptone,
casamino acids, and ethyl tert-butyl ether [51].

3.3. Functional Predictive Analysis

Apart from the functional bacteria, the associated metabolic activities of microorganisms
in WWTPs is essential to nutrient removal performance. Therefore, the functional pathways
and enzymes were determined based on the KEGG database. Metabolism (77.72-78.18%), ge-
netic information processing (7.23-7.20%), environmental information processing (5.09-5.27%),
cellular process (4.26-4.38%), and human diseases (3.44-3.66%) pathways had the highest
gene hits (Figure 4). The relative abundance of gene hits related to metabolism account for
greatest, suggesting that the microbial community plays a pivotal role in removing various
pollutants. However, the abundance of other pathway genes remains at a similar level
between the four samples.

As shown in Figure 4, frequency of ammonia monooxygenase (amo) ranged from
1895.02-2645.5 in the four samples. Amo is responsible for the first step in the reaction of
ammonia oxidation to nitrite. Frequency was exhibited for hydroxylamine dehydrogenase
(hao), from 121.5-175.5 in the four samples. Hao transforms hydroxylamine into nitrite dur-
ing the nitrification process. The functional enzymes of denitrification expressed by the total
genes were sufficient than those of nitrification in all the samples, which could have resulted
in higher denitrification activities. Surprisingly, nitrate reductase (nar and nap), which is
associated with the conversion of nitrate to nitrite, had greater frequency (8687.28-14204.1)
than amo and hao. In addition, nitrite reductase (nir; 1819.74-2660.99), nitric oxide reduc-
tase (nor; 5049.65-8873.16), and nitrous oxide reductase (nos; 3936.08-5425.66), which are
involved in nitrate and nitrite reduction to nitrogen gas [52], were similarly expressed.
This provides a solid foundation for total nitrogen removal from wastewater.

The phosphorus removal was depicted in the hits of adenylate kinase (adk) and
exopolyphosphatase (ppx), which are generally related to anaerobic phosphorus release,
while polyphosphate kinase (ppk) is considered to be catalysis of aerobic phosphorus
uptake [8]. However, the proportions of adk (29,753.23-38,808.08), ppx (30,603.69-39,114.94),
and ppk (25,706.61-33,883.99) showed little variation among samples. The high frequencies
of adk and ppk results in stable and efficient phosphorus removal.

It should also be noted that the function of microorganisms is not directly reflected
by the 165 rRNA data. The PICRUSt2 method was used for the prediction of functional
enzymes. Although the ability to reveal functional profiles of microbial communities
accurately and efficiently with this method has been shown by numerous studies, it also has
limitations. The functional prediction may be partly due to the limited number of generic
genes using 165 rRNA gene sequencing. Therefore, it is necessary to use metagenomics,
metabolomics, transcriptomics, proteomics, and other omics approaches to further study
microorganisms comprehensively and objectively.
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Figure 4. Bacterial function pathways according to KEGG in the anaerobic sludge (HN_YY), anoxic
sludge (HN_QY), aerobic sludge (HN_HY), and return sludge (HN_HL) of Haikou WWTPs. (a) Func-
tion pathways at level 1; (b) frequencies of the key genes including nitrogen and phosphorus removal
according to the KO numbers assigned to genes; and (c) function pathways at level 2.

3.4. The Elimination of Primary Sedimentation Tank May Enhance Biological Phosphorus Removal
in Tropical WWTPs

Tetrasphaera, instead of Candidatus Accumulibacter, were the dominant PAOs in the
studied tropical WWTP. Tetrasphaera can take up phosphorus using energy generated by
fermentation of complex organic matter, such as carbohydrates and amino acids (including
glucose, aspartate, glutamate). Candidatus Accumulibacter used the readily biodegradable
COD (rbCOD) in wastewater as organic carbon source for phosphorus removal. Except for
rbCOD, municipal wastewater also contains part of the slowly biodegradable, particulate
COD (pCOD), which is usually removed in the primary sedimentation tank of WWTPs.
Toja Ortega et al. found that Tetrasphaera increased in sludge flocs with an increased
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influent pCOD concentration [53]. This was attributed to the fact that sludge flocs can
retain more pCOD and have a higher hydrolysis ability, making monomers, such as amino
acids and monosaccharides, available to Tetrasphaera. In this studied tropical WWTP, the
primary sedimentation tank is not employed, so that pCOD directly enters the anaerobic
tank. This may benefit phosphorus removal through enriching Tetrasphaera in sludge flocs.
Therefore, the elimination of the primary sedimentation tank may enhance biological
phosphorus removal in tropical WWTPs.

4. Conclusions

The diversity of microbial communities in this tropical WWTP was higher than the plateau
WWTP. The dominant phyla were Proteobacteria (24.2-28.31%), Bacteroidota (17.45-19.93%),
Patescibacteria (15.97-18.11%), and Chloroflexi (13.54-16.74%). Nitrosomonas (0.14-0.18%) and
Nitrospira (0.22-0.47%) were detected for nitrification in this WWTP. Tetrasphaera, instead of
Candidatus Accumulibacter, was the dominant PAO, while GAOs, such as Candidatus Competibacter
(2.74-4.79%) and Defluviicoccus (0.14-0.16%), were also detected. The functions of the bac-
terial communities predicted by PICRUSt2 were related to the metabolic pathways of
metabolism (77.72-78.18%), genetic information processing (7.23-7.20%), and environmen-
tal information processing (5.09-5.27%). The elimination of the primary sedimentation tank
may enhance biological phosphorus removal in tropical WWTPs, since the enriched PAO,
Tetrasphaera, can use particulate organic matter in wastewater for phosphorus removal.
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