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Abstract
Aerobic granular sludge (AGS) technology is a promising biological method for modern wastewater
treatment. However, granulation time have become a major issue for the application of AGS technology
especially in low strength wastewater. Recent studies on granulation are focusing towards rapid start-up
granulation process. Diatomite, a friable light-coloured sedimentary rock was introduces in this study to
enhanced the granules formation. This study highlight the effect of diatomite towards the microbial
community during the transformation of seed sludge until development of granules. DNA extraction and
Metagenomic analysis was conducted with three samples (seed sludge, control AGS, AGS diatomite) to
compare the microbial community. The microbial community analysis revealed the alpha diversity,
phylum and class level, and the abundance of EPS producing bacteria of each bacteria samples
respectively. Diatomite has a signi�cant in�uence towards the microbial diversity (High Shannon index
alpha diversity). Also, diatomite promotes the abundance of functional bacteria especially EPS producing
bacteria, which seen as a crucial elements in granulation process.

1. Introduction
Modern technology has introduced more advance system in both biological and chemical method for
wastewater treatment process. Nowadays, biological treatment becomes more preferable than additional
of chemicals which provides more cost effective, simple and environmentally friendly system for the
treatment [1]. In the need for more compact biological treatment, there has been an evolution in the
sludge discovery for the application of wastewater treatment. Aerobic granular sludge (AGS) technology
is seen as a preferable alternative than using activated sludge system in treating wastewater. AGS
technology demonstrates a 20-25% reduction in operation costs, 23-40% less electricity requirement and a
50-75% reduction in space requirements [2]. Aerobic granular sludge is widely recognized as one of the
promising technologies for modern wastewater treatment. A lot of studies on AGS have been done for the
past decades and even scaled-up to full-scale reactors which are currently operational in the Netherlands,
Portugal, and South Africa [3]. Aerobic granular sludge was regarded by some researchers as a
suspended spherical bio�lm that included microbial cells, inert particle, degradable particles, and
extracellular polymeric substances (EPS) [4].

Microbial diversity is a crucial element that play a major role on in�uencing biological wastewater
treatment. The emergence of bio granulation technology with high biological treatment quality is reported
to be correlated with microbial diversity. Many researchers discovered that aerobic granules developed in
bio granulation technology have a greater microbial diversity compared to conventional activated sludge
[5, 6]. It was revealed that each species of microbes in the aerobic granules performed different roles in
the formation of AGS and removal e�ciencies of the treatment [7, 8, 9, 10, 11]. For the last decades, many
researchers have been working to investigate the method to enhance the granulation process. Different
operational strategies were used and they result in different granules characteristic and performances.
For instances, shortening the settling time [12] increased Food/ Mass (F/M) ratio [13] and also increased
organic loading rate [14]. All of them successfully formed AGS in short period of time, however they were
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only applicable to high strength wastewater as the substrates. Low strength domestic wastewater was
still a major concern for bio granulation technology. This condition led to the microbial diversity analysis
in the need to discover the granules inner component.

Fundamentally, the aerobic granulation is a novel progressive evolution of dispersed seed sludge into a
solid dense granule. The granules consist of dense microbial consortia packed with different bacterial
species. A suitable environment was crucial for the interaction between microbes especially at the initial
stage of the granulation process. Diatomite, one of the few support materials has drawn considerable
attention among researchers for the past few years. Diatomite is a friable light-coloured sedimentary rock
formed from naturally occurring fossilized remains of diatoms. It is made up of shells of single diatoms
and readily crumbles into a �ne powder [16]. In general, diatomite quality was highlighted by the overall
characteristic; resourceful, economical friendly, and high adsorption quality [16]. In the bio granulation
perspective, diatomite has a unique characteristic that makes it relevant to enhance the formation of
AGS. Diatomite was seen as a good carrier that functions as a ‘home’ which provide a convenient
environment for the microbes to grow. Moreover, high porosity and large surface area make the diatomite
capture the suspended microbes quickly [15]. This could promote the accumulation of microbes and lead
to rapid granular formation. In this study, diatomite was used as a catalyst for granulation process.
Therefore, the evolutionary shift of microbial diversity during the development of granules with the
presence of diatomite was highlighted in this study.

2. Methodology

2.1. Bioreactor Set-Up and Operation
The sample of real domestic wastewater was obtained from Bunus Sewage Treatment Plant (STP), Kuala
Lumpur, Malaysia. The COD concentration was 184 ± 15.4 mgL-1 which is considered less than 200 mgL-

1. Sguanci et al. [17] stated that wastewater with COD concentration lower than 200 mgL-1 was
categorized in low strength wastewater. The accompanied parameter such as NH3–N, TIN, and PO4–P
were all recorded higher concentration than the standard. The range of NH3–N concentration for this

study was 21.8 ± 5 mgL-1, while TIN and PO4–P concentrations were 63.5 ± 8 mgL-1 and 13.30 ± 3 mgL-1

respectively. The experiments have been carried out in a solid cylindrical acrylic bioreactor, having a
diameter of 17 cm, and a height of 125 cm, to operate with a working volume of 15 L. The development
of aerobic granules in the bioreactor was divided into two conditions. The �rst condition was the
development of naturally formed AGS (AGS control) and the latter was development of AGS with the
addition of diatomite (AGS diatomite). The only difference between them was the diatomite. At the
beginning of the experiment, 7.5 L of activated sludge from Bunus STP was added as inoculums to �ll
half of the working volume of the bioreactor during the start-up period. While, 5000 mgL-1 of diatomite
dosage was added into the bioreactor during the early stage for the case of AGS diatomite development.
The dosage was added only during the start-up period and no further addition of diatomite needed. The
bioreactor operated under sequencing batch mode for 24 hours continuously with a cycle of 3 hours. The
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3-hour cycle consists of 60 min of in�uent feeding, 110 min of aeration, 5 min of sludge settling, and 5
min of e�uent discharge. A feeding, discharge, and an air pump with the setting time for each phase in
the bioreactor was controlled with pre-programmed digital timers. Feeding and discharge of wastewater
were managed by a set of two peristaltic pumps. As for the aeration pump, it supplies oxygen through a
diffuser placed at the bottom of the bioreactor with a volumetric �ow rate of 0.18 m3 h−1 (0.22 cm s−1

super�cial air�ow velocity). The in�uent was fed into the inlet at the bottom of the bioreactor while the
e�uent was discharged through the outlet ports in the middle of the bioreactor. The e�uent had a
volumetric exchange ratio (VER) of 50% before the location of the outlet ports. The solid retention time
(SRT) and Hydraulic retention time (HRT) was set according to the AGS control and AGS diatomite
experiment. The bioreactor was scheduled to run a speci�c period without excess sludge discharge; thus,
the e�uent was the only passage for biomass wasting to be transported. The temperature in the
bioreactor was kept at 27 ± 1°C. The morphological characteristic parameter, the granules’ structure and
microstructure were examined by using a stereomicroscope equipped with a digital image analyzer
(Olympus SXZ7).

2.2 Microbial Community in AGS
Three different samples consist of seed sludge, controlled AGS (without diatomite) and AGS diatomite
were collected from the pilot bioreactor for microbial community analysis. The seed sludge was directly
taken from the aeration tank while the controlled AGS was drawn from the bioreactor after the AGS was
successfully developed (after 93 days). The same case goes to AGS diatomite after it was cultivated for
50 days in the bioreactor. The three samples were subjected to DNA extraction via Macherey-nagel
nucleospin soil kit. According to the manufacturer’s protocol, the extracted DNA was �rst puri�ed by
electrophoresis where its solution was processed into a 1% (w/v) agarose gel and the DNA was visualized
under UV light. After that, the isolated DNA was evaluated via spectrophotometry to measure the
concentration and for further puri�cation using NanoDrop 1000 V3.7 Spectrophotometer
(ThermoScienti�c). Later, the sequencing was carried out by using Ion 16S™ Metagenomics Kit through
Ion Torrent sequencing technology. Begin with PCR ampli�cation, the Ion 16S™ Metagenomics Kit was
conducted with primer set V2-4-8 which were used to amplify the corresponding region of the 16S rRNA
gene. The process going through a paired- end sequencing on one lane to generate 100 bp paired-end
DNA fragment sequences in fastq format. The raw sequences contaminated by adapter or containing
three or more unknown nucleotides (‘N’) were removed via the quality control (QC) pipeline using a
modi�ed Dynamic Trim. A phred score of 15 was taken as the high-quality base and the sequences were
trimmed when the phred score was below than �ve. This was to ensure that all the datasets generated
during the next generation sequencing were of high quality. Afterwards, the ampli�ed fragments were
sequenced on the Ion PGM™ System and the results were analyzed with the Ion Reporter™ software and
Ion 16S™ Metagenomics Kit analyses module. After the data is imported, the analysis results that
contains the data arranged in column, rows and pie chart were presented. The visualizations of analysis
results were performed in Ion Reporter™ Software with Ion Reporter™ Genomic Viewer (IRGV).

3. Result And Discussion
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3.1 Formation of Biogranules
The development of AGS diatomite is different from natural granulation process (AGS control). Both
granules (AGS and AGS diatomite) were successfully formed in this study. However, it is important to
highlight that the time taken to achieve granulation is the main difference between both types of
granules. AGS control took a signi�cantly longer period to become a granule. The images of AGS
diatomite and AGS control at the end of experiment was shown in Figure 1. It was noted that at the
beginning of the experiment, both developed granules have the same startup condition with the majority
of the sludge was considered �occulent sludge size of less than 0.3 mm. Subsequently, in just 10 days,
the diatomite effect was already noticed. A huge number of small granules was observed in the
bioreactor system. This rapid transition of seed sludge to granular sludge indicates the in�uence of
diatomite functioning as a nucleation agent that attracted surrounding microbes and suspended organics
to initiate granulation process. According to Sarma et al [18], the �rst phase of AGS formation (cell to cell
interaction), normally takes a long period before entering the second phase (micro aggregate formation).
This could be seen by the control AGS having a passive granulation rate since the start of the experiment.
Similar transformation could only be achieved after more than 50 days of the experiment.

Diatomite plays a critical role in initiating the aggregation process during this early stage. Due to its
chemical composition and microstructure, the surface of diatomite creates a Beta potential that could
neutralise other particles. The beta potential enabled the particles to be adsorbed to the diatomite and
agglomerated to become a �oc and small granules [19]. With the achievement of initial aggregation, the
subsequent granulations are easy to proceed [20]. Later, the AGS diatomite continues to develop and
undergo clear morphological transformation becoming more compact and smoother surface at the 20th
day. The colour of the granules was shifted into light brown as compared to previous cases (dark brown).
In this stage, the numbers of developed AGS diatomite inside the bioreactor were rapidly increased.
Correspondingly, the performance of the system towards the settling ability and the removal of organics
and nutrients also became more e�cient. Differently, AGS control going through the process in a very
slow rate. Only after 60 days, the small granules started to appear in the bioreactor. Normal granulation
depends highly on the microbial diversity to triggered the granules formation. In most domestic
wastewater cases, low organics which interconnected with microbial diversity contribute to the slower
granulation rate. Low organic loading causes low microbial diversity [21].

AGS control successfully attained granulation (91% granulation rate) after 85 days of bioreactor
operation. The majority of the developed granules was small in diameter ranging from 0.6-1 mm.
Remarkably, the feat that was achieved by AGS controlled at the end of bioreactor operation, was easily
attained by AGS diatomite in less than 21 days. AGS diatomite accomplishes 92% of granulation rate at
day 20. Notably, the contrast towards the aerobic granulation period for both granules was distinct with
65 days’ difference. Mature diatomite granules with a bigger, compact and smooth surface were
visualized on the 30th day as shown in Figure 1b until the end of the experiment. In comparison to the
condition of both granules on day 50, vast majority (56.7%) of the AGS diatomite size ranging from 1 to 4
mm while for controlled AGS, the majority (42%) of them was still �occulent sludge with less than 0.3
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mm size. Only 13.8% of the AGS control have the size of 1-4 mm on day 50. This comparison highlights
the immediate effect of diatomite in promoting rapid granulation compare to the natural granulation
process. Prominently, the short duration of AGS diatomite formation enhanced the sustainability of the
treatment and at the same time, improving the e�ciency and effectiveness of the system.

3.2 The Alpha Diversity of the Microbial Community
High-throughput pyrosequencing of 16S rDNA amplicon technology was conducted to analyse the
microbial diversity and community structures of three samples; seed sludge, controlled granules on day
90 and AGS diatomite on day 30. The alpha-diversity between the three samples were shown in Table 1.
The alpha diversity indices are Ace, Chao, Shannon and Simpson. Ace and Chao represent the numbers
of different taxonomy units for community richness while Shannon and Simpson indicate community
diversity. The microbial richness was de�ned as the count of the different species present in the
community whilst microbial diversity was described as the abundance or number of individuals of
different species in the community. A higher value of Ace and Chao demonstrates higher richness.
Additionally, higher Shannon indices highlight higher diversity while high Simpson indices demonstrate
low community diversity [8]. Based on the 3 samples, all alpha diversity indices showed that seed sludge
exhibited a relatively higher species richness than controlled and AGS diatomite. Referring to Table 1, the
Chao index representing species richness was the highest for seed sludge, compared to both developed
granules. It was possibly due to the heavy washout experienced by the biomass in both bioreactors
during the experiment, and a quite simple substrate composition in the in�uent as compared to municipal
wastewater. The reduced in species richness in granules are comparable to previous studies by He et al.
[7], Zou et al. [22] and Jiang et al. [10]. The decreased in richness after granulation was a common
occurrence due to different condition and microbial functions inside the granules. Notably, the microbial
diversity was important during the early stage of granules formation to undergo cell to cell formation and
lead to a faster aggregation process. Meantime, AGS diatomite recorded a higher microbial diversity than
controlled and seed sludge after achieving the highest Shannon index. The difference was seemingly due
to the presence of diatomite that played a decisive role in promoting the growth of microbes. This �nding
was comparable to Yang et al. [23] that conducted a study on the enhanced mechanism of a novel
diatomite bio�lm in the pretreatment process of treating polluted raw water. It was stated that the
presence of diatomite would alter the accumulation characteristic of the microbes and signi�cantly
escalate the diversity. It was also supported by Zamorska and Papciak [24] explaining that diatomite
capable of arousing the growth of microbes which quicken the development of bio�lm. It acts as a buffer
medium and nutrients and makes the microbes overgrow quickly on the diatomite surface.
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Table 1
Alpha Diversity of Seed Sludge, AGS Control and AGS Diatomite

Alpha diversity Sequence Chao Shannon Simpson

Seed Sludge 392980 222 5.609 0.95

AGS Control 335020 217 6.005 0.97

AGS Diatomite 317440 207 6.013 0.97

3.3 The Microbial Community of Seed Sludge, Control AGS
and AGS Diatomite
The performance and development of aerobic granules were highly in�uenced by the microbial
community. In this study, 16s ion metagenomics analysis was performed to analyze the microbial
diversity in seed sludge, AGS control and AGS diatomite samples. Table 2 shows the relative abundance
percentage of each microbial domain in all three samples. The microbial domain discovered were
bacteria, eukaryote, archaea and virus. From Table 2, the results for microbial domain’s relative
abundance in each sample were different. Interestingly, AGS diatomite has more diversity compared to
seed sludge and controlled AGS. It was noticed that 99.36% of bacteria in seed sludge were reduced to
98.36%. While, AGS control only experienced a minor change in the relative abundance of bacteria, 99.2%.
A reduction in bacteria abundance indicates that only functional bacteria that assist in granulation
process and removal performance were left in the system. Another apparent change was the increase of
eukaryote from 0.62% in seed sludge to 0.75% AGS control and 1.59% in AGS diatomite. Moreover,
archaea and virus were in small abundance for all samples with the highest 0.05% in AGS diatomite. The
change in domain-relative abundance signi�es the evolution of microbial communities from seed sludge
sample to aerobic granules, AGS control and AGS diatomite. A lot of researchers mentioned the shift of
microbial community during granulation was due to the adjustment of the operational parameter in
bioreactor system such as settling time, organic loading rate and aggregation characteristic [21, 25, 27].
For instance, the type of microbes that operated with short settling time, would retain fast settling
microbes and eliminated slow settling microbes. In other words, the microbes that remained throughout
granulation would have a bene�cial function which in�uences the ability and characteristic of AGS in the
system.

Table 2
Domain distribution of Seed Sludge, AGS Control and AGS Diatomite
Domain Seed Sludge AGS control AGS diatomite

Bacteria 99.36% 99.2% 98.36%

Eukaryote 0.62% 0.75% 1.59%

Archaea and Virus 0.02% 0.03% 0.05%
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Speci�cally, the microbial community comprised of bacteria, eukaryote, archaea and virus with different
function and behavior. Starting with bacteria, the largest domain in the microbial community. Within the
bacteria domain, there are many functional bacteria discovered such as �lamentous bacteria, denitrifying
bacteria, nitrifying bacteria and phosphorus accumulating bacteria. According to Rosman [27], bacteria
possess the most versatile characteristic among all organism as they have unique nutrients necessity, as
well as catabolic and metabolic activities. Furthermore, bacteria played crucial roles in wastewater
treatment and the granulation process. They can degrade pollutants and a majority of them could secrete
EPS for the AGS formation and stabilization. All the sample’s microbial community were predominantly
�lled with bacteria domain with more than 98% relative abundance compared to other domains. Next, the
second domain in the microbial community was eukaryote. Eukaryote is an organism that consumed
bacterial cells and detritus. Eukaryotic organisms normally engage in aerobic granulation process as it
could lead to the formation of �lamentous structure which initiates the formation of the granules.
Moreover, they also could act as the backbone to strengthen the structure especially for small size
granules [28]. Chan et al. [29] stated that Sessile ciliates (protozoa) were discovered in high abundance
on the surface of granules. These ciliates could feed on suspended bacteria and also act as a form of
substratum for bacteria colonization. In contrast, Chan et al. [29], also mentioned the small population of
eukaryote in the microbial community suggest that it does not have a signi�cant impact towards the
formation of aerobic granules. Yet, eukaryote could provide selective pressure for granules development
even though did not directly involve in granular structure [21]. Based on the analysis, AGS diatomite’s
microbial community contained the highest eukaryote relative abundance compared to other samples.

Archaea and virus domain takes up the smallest abundance percentage in the microbial community. In
aerobic granules, being minor domains, an archaeal organism might not in�uence the degradation
activity for both nutrients and organic matter. However, previous studies explained that archaea have
some minor roles that affected the properties of the granules [30]. As reported by Zhang et al. (2020),
archaea were an important element for ensuring the stability and dense structure of AGS as they act as a
nucleus for the granulation to take place. Gonzalez-Martinez et al. [31] also explained that the archaea
community could build metabolic pathways in the aerobic granules that would enhance the performance
of the treatment. Nonetheless, different case occurred to virus domain. The virus was considered harmful
to the environment. Therefore, it was important to monitor and remove the virus in the wastewater and
prevent further spread after the treatment.

3.4 Comparison of Bacterial Community between Seed
sludge, AGS control and AGS diatomite samples
Bacteria were the most dominant domain in all three samples. The large percentage of bacteria in the
microbial community makes them signi�cantly important for microbial analysis. The bacteria diversity in
all samples were a contrast in all taxonomy levels. The major population of bacteria in seed sludge
normally appeared differently from those in granular samples. AGS diatomite with the presence of
diatomite is seen as a new character to be compared with seed sludge and granular samples. In previous
alpha diversity discussions, diatomite recorded the highest diversity among all sample. High diversity of
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bacterial community was one of the factors in�uencing the formation of aerobic granules [32]. Thus, in
this section, the identi�cation of relative abundance for bacteria diversity in the seed sludge, AGS control
and AGS diatomite are compared. Figure 2 and Figure 3 illustrated the bacteria relative abundance at the
phylum and class levels for all sample, respectively. The difference in the relative abundance of bacteria
diversity between the three samples was spotted in each level.

(1) Phylum Levels

Referring to Figure 2, the bacteria population in seed sludge was different from AGS control and AGS
diatomite. The seed sludge sample consisted of 11 phyla while AGS control contained 10 phyla and AGS
diatomite has a minimum of 8 phyla respectively. It proved the microbial richness of seed sludge having
the most number of phyla compared to control and AGS diatomite. Nonetheless, even though the number
of phyla in AGS diatomite was minimum, each of them comprised high relative abundance. This signi�es
the high diversity of AGS diatomite sample in their bacterial community. According to Harun [21],
throughout the granulation process, a speci�c type of bacteria was preserved in the system. They
undergo the adaption process and presumably being part of the elements that contribute to the
granulation process. The phylum that preserved after the granulation in AGS control were Proteobacteria,
Bacteroidetes, Actinobacteria, Nitrospirae, Firmicutes, Gemmatimonadetes Acidobacteria,
Verrucomicrobia, Chloro�exi and Ignavibacteriae. Correspondingly, all of the phylum in AGS control were
preserved in AGS diatomite except Chloro�exi and Ignavibacteriae.

In phylum levels, the most abundant bacteria that comprised more than 10% of the bacteria population
were Proteobacteria, Bacteroidetes, Actinobacteria, and Nitrospirae. Among all, Proteobacteria had the
highest percentage abundance in all three samples. The seed sludge sample recorded a percentage of
63% which was the highest abundance compared to 38% in control and 46% in AGS diatomite
respectively. According to Yan et al. [33], Proteobacteria are the common leading phylum in all kind of
samples and a crucial element for the granulation process. A similar �nding was discovered by Guo et al.
[4] and He et al. [7] as the Proteobacteria was the most dominant in their respective bacterial community.
Othman [32] explained, the dominancy of Proteobacteria might suggest that it have a signi�cant
contribution to the granulation process. Proteobacteria have the capability to increases the production of
EPS which promotes the adhesion of �oc sludge to become granules. Besides, it also enhances the
granules’ ability on the removal performance of COD and NH3-N [34]. Surprisingly, it was observed that
AGS diatomite was slightly better than controlled AGS in the abundance percentage of Proteobacteria.
This presumably related to the presence of diatomite which has the ability to attract functional bacteria
to grow on its surface.

Meanwhile, the second dominant phylum was Phylum Bacteroidetes. It was a well-known primary
bacterium in most of the aerobic granules developed in municipal and domestic wastewater. Phylum
Bacteroidetes was abundance in controlled AGS with the percentage of 26% compared to 20% in AGS
diatomite and 13% in seed sludge. Bacteroidetes was mainly responsible for nitri�cation process of the
AGS. It helps in regulating the autotrophic metabolism and nitrite-oxidizing during the treatment process
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[34]. Dahalan [35] mentioned Bacteroidetes normally discovered in the inner core of the AGS where there
was a limited amount of oxygen. Bacteroidetes also could enhance EPS production which increases the
cell hydrophobicity of the granules and promote the granulation process [32]. Latterly, various studies
discovered Bacteroidetes as a dominant bacterial population found in AGS [22, 36, 37]. As the sludge
going through a granular transformation, the abundance percentage of this phylum will keep on
increasing along with the process. It could be observed by the smaller percentage of Bacteroidetes in
seed sludge as compared to granules (AGS control and AGS diatomite). However, excessive Bacteroidetes
phylum could damage the stability of the structure of the granules [38].

Next, Actinobacteria phylum were abundance as well with a percentage of 13% in controlled AGS and 9%
equal percentages for both seed sludge and AGS diatomite. Dahalan [35] stated high abundance of
Actinobacteria were bene�cial for the formation of AGS. It was reported by Song et al. [39] that most of
the bacteria extracted from aerobic granules belonged to Actinobacteria class. Wang et al. [34] also
stated that Actinobacteria responsible in nitri�cation and denitri�cation process. In this study, both AGS
(AGS control and AGS diatomite) have a high abundance of Actinobacteria which possibly related to the
e�cient removal of ammonia nitrogen achieved during the experiment. Another abundant phylum was
Nitrospirae. It was noticed that the seed sludge, controlled AGS and AGS diatomite have approximately
similar percentage abundance with a proportion of 11%, 11% and 10% respectively. Nitrospirae was
responsible for complete oxidation of ammonia to nitrite and nitrate in the system. Morales et al. [40]
explained Nitrospirae phylum was also known as Nitrite oxidizing bacteria (NOB) and normally dominant
in the majority of the wastewater treatment plant. The similar relative abundance for all the samples
implies the diatomite do not in�uence in promoting Nitrospirae bacteria.

Conspicuously, phylum Gemmatimonadetes was higher in AGS diatomite than other samples. AGS
diatomite recorded 7% percentage abundance whilst controlled AGS and seed sludge only attained 1%
and 0.1% individually. It could be assumed that Gemmatimonadetes bacteria were clearly attracted
towards diatomite and eventually became an important component of the granules. Gemmatimonadetes
was known as polyphosphate accumulating microorganism that in charge of the removal of phosphate
from wastewater [41]. This may act as one of the factors that boost the AGS diatomite performance for
PO4-P removal after only 50 days of the experiment. Other phyla such as Firmicutes and Acidobacteria
were also found with high abundance in granules than seed sludge. This result was comparable to Liu et
al. [42]. Firmicutes were classi�ed as heterotrophs while Acidobacteria were autotrophs. Both phyla can
consume carbon and nitrite compound as well as producing EPS for microbial granulation. Subsequently,
Chloro�exi, Ignavibacteriae, Sphirochaetes and Verrucomicrobia were also included and considered minor
phylum as most of them were present in seed sludge comprising low percentage abundance.

(2) Class Levels

In class levels, four major subclasses of Phylum Proteobacteria involving α–Proteobacteria, β–
Proteobacteria, γ–Proteobacteria and δ–Proteobacteria were discovered for all three samples. As
demonstrated in Figure 3, among all subclasses, β-Proteobacteria attained the biggest fraction of
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Proteobacteria accounting for 38% in seed sludge, 16% in AGS control and 24% in AGS diatomite. It was
followed by γ–Proteobacteria obtaining 7%, 13% and 12% for all the samples respectively. α–
Proteobacteria was the approximately similar in all samples acquiring 8% seed sludge, 7% AGS control
and 7% AGS diatomite. Also, δ–Proteobacteria achieving the highest percentage abundance in seed
sludge (9%) as compared to AGS control (3%) and AGS diatomite (2%). Notably, all of these classes under
Proteobacteria have their roles inside the granules. The most dominant β-Proteobacteria were a crucial
component commonly present in AGS. Harun [21], explained that β–Proteobacteria were responsible for
compactness and strength of the structure of the granules. β–Proteobacteria were the most popular
aerobic nitrogen bacteria that involves nitrifying and denitrifying bacteria. It was supported by Wang et al.
[37] claiming β- Proteobacteria has the ability of degradation which play a critical role towards the
removal of ammonia nitrogen and biological nitrogen.

Subsequently, γ–Proteobacteria was one of the classes that signi�cantly improved after granules
development. γ–Proteobacteria could cultivate aerobically in low substrate condition which was the case
for this study. It could store carbon source as intracellular polyhydroxyalkanoates (PHA) as well as
undergo biodegradation of nitrogen compounds. Exceptionally, they were an essential element of AGS
that is well known for producing glue-like EPS for cells bondings. Other than that, γ-Proteobacteria also
involves in denitri�cation and phosphorus removal and able to endure harsh condition [7]. It was also
mentioned by He et al. [7] that β-Proteobacteria, - Proteobacteria, and could resist shear force and
contribute considerably on the formation of AGS. Next, α–Proteobacteria that also known as �lamentous
bacteria were often associated with nitri�cation process and the initial stage of granules formation. This
type of �lamentous bacteria could be attached to other microbes and among themselves forming a
backbone that leads to the development of the aggregate. α–Proteobacteria appeared to be robust and
large morphology and regularly dominant in industrial wastewater treatment system. The same amount
of relative abundance of α–Proteobacteria in all samples were comparable with Wang et al. [37] which
suggest it was preserved and became part of the granules. Whereas for 𝛿- proteobacteria, were observed
to experience a clear reduction in relative abundance from seed sludge to granules during the succession
of microbial community and development of AGS. Wu et al. [13] discovered the same circumstances and
explained, 𝛿- proteobacteria does not have a big in�uence for granules formation. Nonetheless, Zhang et
al. [43] highlighted that 𝛿- proteobacteria consist of NOB which responsible in converting the nitrite to
nitrate. Thus, it could enhance the nitrite removal in the treatment system.

Afterwards, in the second abundance phylum of Bacteroidetes, there are 2 major classes were observed in
all samples. There are Sphingobacteriia and Cytophagia accounted for 15% in controlled AGS, 11% in
seed sludge and 9% in AGS diatomite. Similar �ndings also discovered by Luo et al. [44] as
Sphingobacteriia were dominant in both seed sludge and granules. Until now, there was no clear
indication of Sphingobacteriia in�uence towards the formation of the granules. However, Świątczak and
Cydzik-Kwiatkowska [45] explained that Sphingobacteriia were heavily involved in the denitri�cation
process. Saprospiraceae, family level of Sphingobacteriia were recognized as autotrophic denitri�ers and
can degrade protein and hydrocarbon. Meanwhile, another dominant class were Cytophagia. AGS
diatomite obtained the most relative abundance with 8% followed by controlled AGS, 6% and seed sludge,
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1%. The abundance of Cytophagia in both granules indicates its participation during the granulation
process. Furthermore, the result also suggested the Cytophagia possibly one of bacteria class attracted to
the diatomite. According to Świątczak and Cydzik-Kwiatkowska [45], Cytophagia were classi�ed as
facultative bacteria that mainly responsible for organic matter removal. It also highly involved in the
granulation process as a structural microorganism [37]. In addition, Cytophagia class played an integral
role in ensuring stable operation by removing the pollutants.

Other dominant classes such as Nitrospira and Actinobacteria were similar in abundance to their phylum.
Both of them were the only class detected and no other classes appeared in each Nitrospirae and
Actinobacteria phylum. The percentage abundance of Nitrospira class in seed sludge, AGS control and
AGS diatomite were approximately comparable to each other with 11%,11% and 10% respectively. The
same case occurred to Actinobacteria accounting for 9% in both seed sludge and AGS diatomite sample
as well as 13% in controlled AGS. Both classes possessed the same capability with their parent phylum
involving the enhancement of nitri�cation and denitri�cation process. In the case of AGS diatomite,
Gemmotimonadetes were another single class observed in the community acquiring 7% percentage
abundance. Lastly, the sudden emergence of bacili and clostridia class under Firmicutes phylum were
noticed in AGS diatomite and AGS control. In seed sludge, the relative abundance of these bacteria
classes was very low. Bacili was a popular aerobic bacteria and mostly present in AGS. According to Guo
et al. [4], Bacili microbes plays a skeletal role in aerobic granules formation. It contributes to the microbial
morphology and normally attached with cocci microorganism. Bacili is also capable to produce short-
chain acids from many substrates, such as glucose, fructose, mannose, or starch for growth of the
granules [46]. Meanwhile, He et al. [7] stated that Clostridia was highly associated with nitri�cation and
denitri�cation process. It also has the ability to accumulate polyhydroxy butyrate (PHB) into the cells
which enable simultaneous removals of phosphorus and nitrogen from the system.

(3) Bacteria Involves in Granulation

The mechanism of granules formation is closely related to the interaction of microbial entities and the
surrounding condition. The microbes prefer a dispersed rather than aggregated state [47]. Thus, it is
crucial to have an initiating force that could make them joint with each other and �nally, form an
aggregate. One of the key elements that contribute to the adhesion phenomenon and matrix structure
formation in AGS is the extracellular polymeric substance (EPS). EPS is secreted by microbes and
function as a bio glue which facilitates the cell-to-cell adhesion of microbial biomass during the
granulation process [5]. According to Sheng et al. [48], EPS have a huge in�uence on the physicochemical
properties of AGS. EPS is made up of exopolysaccharides, exoproteins, DNA, humic acid and uronic acid
which affect the properties of the granules including structure stability, surface charge, hydrophobicity
and adsorption ability. Notably, a high population of EPS producing microbes could signi�cantly increase
EPS production, which leads to a stable and dense structure of granules. It was supported by Xia et al.
[49], explaining that the instability of AGS was due to the decrease of EPS producers in the granules.
Therefore, the microbes that potentially produced EPS was identi�ed in this study by comparing their
relative abundance in seed sludge, AGS control and AGS diatomite.
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The top 21 EPS producing bacteria was identi�ed in all three samples and listed in Table 3. Overall, the
sample with the highest total abundance of EPS bacteria was AGS diatomite attaining 68% while AGS
control and seed sludge recorded 51% and 29.3% respectively. Based on the result, seed sludge has the
lowest abundance of EPS bacteria compare to the granules. It was supported by Zhang et al. [50]
explaining that the granulation process promotes the enrichment of EPS bacteria to increase the
production of “bio glue” for cells adhesion. Xia et al. [49] also reported the EPS content was higher in
aerobic granules than seed sludge. Meanwhile, in the case of granules, there was a huge difference in the
percentage abundance of EPS bacteria between AGS diatomite and AGS control. A difference of 17%
percentage abundance was observed between both granules. This suggests that there was a high
possibility of diatomite capability to attract EPS producing bacteria towards its surface. Besides, a higher
percentage of EPS producing bacteria in AGS diatomite indicates high EPS content that supported the
granulation process compare to AGS control. Speci�cally, the dominant EPS producing bacteria observed
in AGS diatomite were Cytophagales, Xanthomonadales, Rhodocyclales, Comamonadaceae,
Gemmatimonadales and Chitinophagaceae.
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Table 3
EPS Producing Bacteria in Seed Sludge, AGS Control and AGS Diatomite

No. EPS Microbial Seed
Sludge

AGS

control

AGS
diatomite

References

1 Xanthomonadales 3% 10% 10% Shahnavaz et al.
(2015)

2 Cytophagales 1% 6% 8% Rusanowska et al.
(2019)

3 Rhodocyclales 8% 7% 10% Xia et al. (2018)

5 Comamonadaceae 6% 4% 7% Xia et al. (2018)

6 Gemmatimonadales 0.4% 1% 7% Fawaz (2013)

7 Chitinophagaceae 1% 6% 6% NGUON (2017)

8 Clostridiales 2% 4% 3% McKew et al. (2013)

9 Bacteroidales 0.9% 4% 3% McKew et al. (2013)

10 Chromatiales 2% 3% 2% Cruz (2014)

11 Verrucomicrobiae 0.1% 0.3% 2% Rusanowska et al.
(2019)

12 Bacilli 1% 3% 2% Irnov and Winkler
(2010).

13 Rhizobiales 2% 1% 3% Mukherjee et al.
(2011)

14 Flavobacteriia 0.2% 0.2%% 2% Świątczak et al.
(2019)

15 Thauera 0.8% 0.9% 1% Rusanowska et al.
(2019)

16 Paracoccus 0.1% 0.03% 0.2% Świątczak et al.
(2019)

17 Staphylococcaceae 0% 0.3% 0.7% Costa et al. (2018)

18 Pseudomonadales 0.4% 0.1% 0.6% Rusanowska et al.
(2019)

19 Methylococcales 0.06% 0.04% 0.2% Harik (2016)

20 Acidovorax 0% 0.08% 0.03% Xia et al. (2018)

21 Zoogloea 0.7% 0.09% 0.3% Xia et al. (2018)

22 Acidobacteria 0.5% 0.2% 2% Liu et al. (2017)
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No. EPS Microbial Seed
Sludge

AGS

control

AGS
diatomite

References

Total percentage abundance of EPS
bacteria

29% 51% 68%  

Among the listed bacteria, it was noticed that Xanthomonadales experienced the most signi�cant
increase in relative abundance after granulation for both AGS. Its’ relative abundance evolved from only
3% in seed sludge to 10% in both AGS indicating the crucial role played by this bacterium for the structure
of the granules. According to Zhang et al. [50], Xanthomonadales were frequently detected in AGS and
normally enriched in young granules. Moreover, this type of bacteria also categorized as denitri�ers which
highly involved in nitri�cation and denitri�cation process. Xia et al. [49] and Shahnavaz et al. [51]
explained Xanthomonadales was considered as a crucial character that associated with EPS production
and greatly responsible for the granulation process. Notably, Xanthomonadales belong to class
Gammaproteobacteria that are well-known EPS producer.

Subsequently, Cytophagales which belongs to phylum Bacteroidetes was another bacterium that has an
obvious rise in relative abundance after granulation. Before undergoing granulation, its relative
abundance in seed sludge was 1%. While, after granulation, it achieved 6% and 8% for controlled AGS and
AGS diatomite accordingly. It was backed by Świątczak et al. [52] stating that Cytophagia (class of
Cytophagales) abundance was greater in mature aerobic granules. This circumstance gave an indication
of the maturity of AGS diatomite having the highest abundance of Cytophagales as compared with
controlled AGS. Cytophagales could produce EPS and also involve in granulation process as structural
microbes [53]. Additionally, Cyctophagales largely responsible for the removal of organic and nutrients
from the treatment system. The abundance of Cytophagales normally increased by three times after
granulation and signi�cantly improved the treatment performance [52].

Different from Xanthomonadales and Cytophagales that high in abundance in granules,
Gemmatimonadales was a special case. Gemmatimonadales was extremely low abundance in seed
sludge with only 0.4% while AGS control also recorded 1%. Surprisingly, it was observed that the relative
abundance of Gemmatimonadales in AGS diatomite was 7%. The huge difference between controlled
AGS and AGS diatomite suggest the presence of diatomite presumably favour the growth of
Gemmatimonadales. According to Shchytov [41], Gemmatimonadales belongs to phylum
Gemmatimonadetes and was identi�ed as a polyphosphate accumulating microbes as well as PHA
accumulating microbes in the wastewater treatment system. It also has a phenomenal capability that
makes it able to survive in both aerobic and anaerobic condition [42]. Moreover, a detailed study of
phylum Gemmatimonadetes conducted by Fawaz [54] discovered the ability of this bacteria to produce
EPS. Thus, Gemmatimonadales was an important EPS producing bacteria in AGS diatomite which
undoubtedly contributes to the granulation process. Other than that, Gemmatimonadales also involves in
phosphate removal which might be the case for exceptional phosphate removal performance of AGS
diatomite compared to AGS control.
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Next, Chitinophagaceae bacteria which belongs to phylum Bacteroidetes was also an EPS producer. The
relative abundance was high in AGS control and AGS diatomite with 6% as compared to 1% in seed
sludge. This bacterium seems to commonly increase in abundance after the granulation process to
enhance the structural stability of granules. Meanwhile, other dominant EPS producing bacteria including
Rhodocyclales and Comamonadaceae were discovered to have approximately similar abundance in all
samples. Given there was no signi�cant change in abundance after granulation, it was uncommon
circumstances as Xia et al. [49] explained that these bacteria were hugely responsible for the granulation
process. This suggests that Rhodocyclales and Comamonadaceae abundance were possibly high during
the granulation process and after the granules attained maturity, they slowly disappear. Therefore, all the
EPS producing bacteria listed in Table 4.6 including the minor genera have their level of contribution
towards the formation and stability of the granules.

4. Conclusions
The formation of AGS was enhanced by diatomite compare to the natural granulation process. AGS
diatomite achieve granulation after 21 days while control AGS 85 days. Afterward, the metagenomics
analysis has discovered a different relative abundance of the microbial community in the seed sludge,
AGS control (90 days) and AGS diatomite (30 days) samples. The �ndings revealed AGS diatomite have
a higher microbial diversity than AGS control and seed sludge. Diatomite can promote growth and
increase the relative abundance of functional bacteria. It was proved after AGS diatomite recorded the
highest Shannon index, 6.013 for alpha diversity while AGS control attained 6.005. Moreover, the EPS
producing bacteria were signi�cantly increased in abundance in AGS diatomite compared to AGS control.
There were 68% EPS bacteria discovered in AGS diatomite higher than AGS control, 51% from the seed
sludge (29%). The most dominant bacteria in AGS diatomite which enhanced after granulation were
Xanthomonadales, Cytophagales and Gemmatimonadales. Notably, the most interesting discovery about
the addition of diatomite was the high abundance of phylum Gemmatimonadetes. Phylum
Gemmatimonadales was highly attracted to diatomite compared to other samples. With the ability to
produce EPS, removed phosphate and accumulates PHA, Gemmatimonadales presumably the key player
in the AGS diatomite microbial community.
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Figures

Figure 1

Microscopic images of a) AGS diatomite after 30 days and AGS control after 90 days
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Figure 2

Phylum level of bacteria community of seed sludge, AGS control and AGS diatomite
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Figure 3

Class level of bacteria community of seed sludge, AGS control and AGS diatomite


