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Abstract
Continuous observation of wastewater treatment plants is very crucial to keep them safe for proper use and protection from 
pathogenic contamination. Illumina sequencing technology was used for microbiome structuring from various samples 
taken from different portions of the wastewater treatment plant, including influent, activated, return sludge and effluent, 
where different microbial compositions were found. The effluent section was found to have pathogenic microbes such as 
viruses, Alpha- and deltaproteobacteria, Actinobacteria, Bacteroidetes, clostridia, and bacilli in various concentrations. The 
presence of viruses, Mycobacterium sp., Mycobacterium fortuitum, bacteroidia, and bacilli was investigated. The species 
Mycobacterium was found to be higher in quantity in the effluent section. Viruses, including hepatitis A and E, were detected 
in higher quantity in the effluent part of the sludge in comparison with the influent part of the plant. Our discovery reveals 
the significance and observation of wastewater treatment plants for the existence of water-borne pathogens in the effluent, 
principally due to the effect on humans while reusing the water.
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Introduction

Removal of organic waste, including nitrogen, sulfur, phos-
phorus, and carbon from wastewater treatment, is considered 
a hot issue recently using specific microorganisms. The bac-
terial structure exists as inactivated microbial fluid important 
in the treatment of wastewater treatment plant decides the 
success potential of the treatment process, which was inves-
tigated formerly using several methodologies such as cul-
ture-dependent and culture-independent. The structure and 
framework of microorganisms have been recently sequenced 
and analyzed via various technologies including 16S rRNA 
gene, 454 pyrosequencing, and metagenomic sequencing, 
and these are considered effective tools for microbial evalu-
ation from different wastewater treatment plants (Ye et al. 
2012; Sanchez et al. 2013; Ye and Zhang 2013).

Besides, the clone library sequencing approach may pro-
duce non-accurate results due to their inherent bias of elabo-
ration (Aird et al. 2011; Ye et al. 2012). The technologies 
discussed above, including Illumina sequencing technology 
that was recently verified as a contemporary and inventive 
practice to unveil microbial genome, is challenging and 
convoluted (Albertsen et al. 2006; Bragg and Tyson 2014). 
Most of the published works were previously conducted on 
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the anaerobic microbial structure using 454 pyrosequenc-
ing (Wong et al. 2013; Li et al. 2013; Sundberg et al. 2013). 
The Illumina sequencing technology has reported superior 
importance regarding low-cost and effective mechanism as 
compared with 454 pyrosequencing to investigate the micro-
bial community structure (Mardis 2008; Glenn 2011). This 
technology has been utilized to investigate microbial struc-
ture from soil samples (Mackelprang et al. 2011), samples 
from the ocean (Mason et al. 2014), from gut of human (Qin 
et al. 2010) and anaerobic digested sludge (Albertsen et al. 
2006; Ju et al. 2014). However, only one little study has 
attempted to analyze complete data of microbiome from 
digested sludge samples (Yang et al. 2014). Researchers’ 
reports revealed that it is only bacteria that are involved in 
the treatment process in the various plants, although the 
complete genomic studies did not investigate whether the 
presence of pathogenic microbiome has an impact on the 
health of humans exposed to it. In this study, we dissect the 
microbiome structuring from a few sludge samples in the 
wastewater treatment plant in Beijing city with estimated 
population of more than 22.0 million.

Generally, a fecal signal such as Escherichia coli or 
enterococci is observed continuously in the effluent part of 
wastewater samples, although several other disease-causing 
agents, including bacteria and viruses may exist in fecal indi-
cators and are transmittable to the environment via several 
carriers. These disease-causing agents’ expulsion is crucial 
for achievable consecutive reutilization of water along with 
the prevention measurement of pathogenic microorganisms 
in the environment (Varela and Manaia 2013). The presence 
of prominent water carrier pathogenic bacteria “Mycobacte-
ria” has never been observed and monitored to take precau-
tionary measures for human and animal infection by waste-
water. Researchers from European countries have quantified 
it in the wastewater treatment plant (Radomski et al. 2011). 
They have reported that these bacteria were not expected 
to be detected by known parameters. Besides pathogenic 
bacteria, viruses were also reported to be non-predictable in 
treated wastewater by given parameters (Savichtcheva and 
Okabe 2006). In addition, their occurrence might be deval-
ued for the difficulty in concentrating procedures.

Viruses are riskier regarding animals and human health, 
as they spread easily on contamination (Carducci et al. 2008; 
Rosa et al. 2010). Although a lot of investigation has been 
conducted on microbiome dissection from wastewater treat-
ment plants previously, essential information is still miss-
ing in the published reports. The purpose of these analyses 
was to dissect the microbiome structure from various parts, 
including influent, activated sludge, return sludge, and efflu-
ent in a wastewater treatment plant in Beijing to discriminate 
against the expected phenomena and detect the concentration 
of viruses, mycobacteria, and other pathogenic microorgan-
isms via metagenomic sequencing technology. The current 

assay is deeply concerned with the dominant pathogenic 
microbial species in various parts of the digesting sludge.

Materials and methods

Samples’ collection

Various parts of the wastewater treatment plant were cho-
sen for sample collection, including influent (R0), activated 
sludge (R1), return sludge (R2) and effluent (R3) for 24 h 
after every 30 min. The effluent is the wastewater sample 
that is clean for reutilizing purposes, while activated and 
return sludge are undigested and digested sludge, respec-
tively, as shown in Fig. 1. Return sludge is utilized sludge 
that is reused for another round of influent processing. 
Besides, the effluent specimen, all the other samples were 
centrifuged for 10 min at 6000g to make them concentrated. 
A total of 250 mg of pellets were used for DNA extrac-
tion. A 0.22 µm filter injection was used for the filtration of 
effluent for discovering the structure of the microbiome and 
the occurrence of pathogens. The filtered effluent sample 
was used for the diagnosis of pathogenic viruses present as 
detected in published papers (Maunula et al. 2013).

DNA extraction and library preparation

A total of 250 mg of pellets were used for DNA extraction 
using the Power Soil DNA Isolation kit (MoBio, USA), a 
market available kit, as reported previously (Kaevska et al. 
2011). The quality of the DNA standard was analyzed using 
gel electrophoresis. Qubit Fluorometer (Thermo, USA) 
was used to find out the concentration of DNA, which was 
detected at 740 ng/μL. All the experimental analyses for 
Illumina HiSeq 2000 were conducted at the School of Medi-
cine, Tsinghua University, Beijing, China, for metagenomic 
sequencing. The extracted DNA was diluted to 200–300 ng/
μL, for further experimental use (Ali et al. 2019a). DNA 
library was constructed according to the procedure reported 
by Campanaro et al. 2016. The short reads were fragmented 
using a minimum 30 quality score, a least read length of 
32 bp, and allowing no ambiguous nucleotides. The given 
parameters were adopted for overlapping: about 20 nucleo-
tide length of the overlap region was needed and allowed at 
least two mismatches (Ali et al. 2019b).

Bioinformatic analysis

A prediction server (MG-RAST) for metagenomic computa-
tional annotation of non-assembled DNA was utilized from 
the database of Tsinghua University. This prediction server 
revealed the metabolic pathways and taxonomic affiliation 
and was executed to analyze protein similarities, as reported 
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in previous reports (Meyer et al. 2008). About  10−5 E value 
cutoff was considered for investigation of taxonomic affili-
ation on the basis of MG-RAST databases (Tatusov et al. 
2000; Kanehisa et al. 2006; Mitra et al. 2011; Huson et al. 
2011). The taxonomic affiliation, such as phyla, orders, 
families, and genus, was determined for annotations. Hier-
archical classification at E value cutoff of  10−5 was used 
for gene annotation of functional profile (Yang et al. 2014). 
The majority of the genes were classified successfully into 
the hierarchical metabolic groups. The entire reads were 
decoded across the bibliography of the Kyoto Encyclopedia 
of Genes and Genomes (KEGG) databases using BLASTP 
with a cutoff E value of  10−5 to evaluate the characteristics 
of the gene engaged in the microbial structure of treatment 
plant (data not shown).

Results and discussion

About 29,000 active sequences of abundant quality were col-
lected for further evaluation. Similar sequences were found 
in four parts of the sludge with different quantities. A com-
parable concentration of active sequences was evaluated in 
the previous study (Kaevska et al. 2016). The highest quan-
tity of microbes, including viruses, was found in the effluent 
part of the activated sludge (2515) and fewer in the influent 
sample (1123), as shown in Supplementary Fig. S1, 2. The 
return sludge sample was reported in about 1954 discovered 
species, while the effluent part of the sludge was discovered 

in about 1743 in class-level classification. A similar report 
was revealed by Ye and his group in the previous study from 
a sludge (Ye and Zhang 2013). A group of researchers also 
noticed that diversification is higher in activated sludge in 
comparison with the rest of the sludge part (Lee et al. 2015), 
which is an agreement to our investigation according to the 
statistical data. The return sludge samples were found to be 
majorly like the samples from activated sludge as expected. 
There was found a comparable variance in the microbial 
structure of influent, activated sludge, return sludge and the 
effluent part of the sludge.

Bacteria were found to be a major dominance, accounting 
for 95.14% in the influent part of digesting sludge. In addi-
tion, the noticeable concentration ratio of archaea, eukary-
ote, and viruses was detected in the same part of the sludge. 
A comparable concentration was reported in previously pub-
lished studies (Yang et al. 2014). A higher concentration 
of viruses reported in effluent part of the digesting sludge, 
accounting for 2.71%, was about three times higher than the 
influent part of the sludge. A smaller bacterial concentration, 
but more diversification was noticed in the effluent (R3). 
The entire domain percentage analysis details are shown in 
Fig. 2.

To dissect and uncover the whole microbial structure 
and the functional profiling of the digestion sludge, the 
total short reads were analyzed according to the KEGG cat-
egory database (Fig. 3). The phyla Proteobacteria, Bacte-
roidetes, and Firmicutes-associated bacteria were found to 
be the dominant bacteria in the influent part of the sludge, 

Fig. 1  Schematic diagram of the full-scale wastewater treatment plant and the sampling point
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as shown in Table 1. The discovery correlated with the pre-
vious report determined by Lee’s group (Lee et al. 2015). 
McLellan’s group found a huge number of Actinobacteria, 
an agreement with our investigation (McLellan et al. 2010). 
Alpha-, beta-, and deltaproteobacteria were reported to be 
in significant concentration in all parts of the sludge, while 

Epsilon- and Gammaproteobacteria were reported to be 
in less concentration. These findings prove the agreement 
with the investigation done by Lee and his group (Lee et al. 
2015). However, the previous report found Gammaproteo-
bacteria and Clostridiales to be the dominant classes (Ye 
and Zhang 2013). Many parameters’ variance may cause a 
difference in the microbial composition of the plant, includ-
ing climate zones, industry type, and operational conditions 
(McLellan et al. 2010).

Regarding class-based classification, viruses were found 
to be in a large concentration of 7% abundance in the efflu-
ent part of the sludge, while less concentration was found 
in the rest of the samples. Hu and their group detected a 
minute concentration of viruses in their previous investiga-
tion (Wagner et al. 2002; Hu et al. 2012). Besides, viruses 
and proteobacterial classes, clostridia, actinomycetes, Pseu-
domonades, Burkholderiales, and Bifidiobacteriales were 
also reported to be in a higher concentration in the effluent 
part as compared with the other parts of the sludge as shown 
in Fig. 4. Several species belonging to Pseudomonades are 
opportunistic disease-causing agents in humans, animals, 
and plants.

Majorly, Burkholderia bacterial species are vital to 
both humans and plants. B. pseudomallei is an important 
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Fig. 2  Taxonomic profiling at the domain level of the studied anaero-
bic digestion sludge. Total DNA sequences were assigned to bacteria, 
eukaryote, archaea, viruses, and other sequences

Fig. 3  The interactive Krona chart of the full taxonomy
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pathogen of melioidosis, a certain kind of disease that affects 
humans, animals as well as septicemia, and pneumonia in 

susceptible individuals (Godoy et al. 2003). Bifidobacte-
rium is a reported Gram-positive, branched, and immov-
able anaerobic bacteria. They are ubiquitous inhabitants of 
the gastrointestinal tract, vagina, and mouth of mammals, 
including humans (Schell et al. 2002;  Mayo and Sinderen 
2010). Some species are found useful for the human body, 
using probiotics.

The species-level classification was executed for bet-
ter understanding to know the complete microbiota of all 
parts of the digester. Several species such as Pedobacter, 
Zunongwangia, Spirosoma, Slackia were found to be in an 
enhanced concentration in an effluent part of the digester as 
compared with the rest of the sample, as shown in Fig. 5. 
In previously published reports, the same concentration of 
said species was reported in previously published literature 
(Ye and Zhang 2013). A group of researchers used a FISH 
technology to reveal that Actinobacteria and Betaproteobac-
teria are primary bacterial composition in effluent part of the 
digester (Muszynski et al. 2015). Around 27% of the spe-
cies that exist in the digester were not completely revealed. 
Many published data reported the dominant occurrence of 
Betaproteobacteria and Gammaproteobacteria in activated 
sludge samples (Kwon et al. 2010). A variance in the bacte-
rial structure of various wastewater treatment plants based 
on locality, technology, size, and shape of the treatment plant 
may severely affect the efficiency of the treatment. A huge 
investigation under process to reveal the variance cofactor 
of the differences of the bacterial community was conducted 

Table 1  Percentage of dominant 
class in major phylum from 
bacteria and archaea

Phylum Class R0 abun-
dance (%)

R1 abun-
dance (%)

R2 abun-
dance (%)

R3 abundance
(%)

Proteobacteria Betaproteobacteria 18.32 19.33 21.36 22.32
Deltaproteobacteria 16.74 18.98 20.92 21.94
Alphaproteobacteria 26.53 27.44 29.41 32.43
Gammaproteobacteria 13.27 14.19 12.46 14.47
Epsilonproteobacteria 1.03 1.08 1.31 1.41
Others 0.26 0.28 0.29 0.32

Firmicutes Clostridia 37.50 39.54 41.38 42.50
Bacilli 16.56 17.58 19.26 21.56
Erysipelotrichia 1.61 1.62 1.62 1.82
Negativicutes 3.11 3.15 3.12 3.32

Bacteroidetes Bacteroidia 51.84 53.84 54.74 57.44
Cytophagia 10.02 10.01 10.31 11.34
Flavobacteriia 14.42 15.22 16.12 17.72
Sphingobacteriia 11.48 11.58 12.08 12.28
Others 4.27 4.35 5.33 5.34

Actinobacteria Methanomicrobia 31.47 32.21 34.11 35.41
Thermoplasmata 1.02 1.03 1.02 1.12
Bifidiobacteria 23.74 24.01 24.24 26.04
Halobacteria 2.22 2.51 2.71 2.91
Others 6.72 4.19 4.31 4.71

Fig. 4  Class-level classification of microbes distributed in wastewater 
treatment plant
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(Helbling et al. 2015; Johnson et al. 2015). The wide range 
of bacterial species exists in activated sludge and effluent 
parts of the plant, which may have no critical role in the 
treatment procedure of the water as reported by several 
researchers (Wagner et al. 2002; Hu et al. 2012). The domi-
nant sequences reported in the current study belonged to the 
phylum Proteobacteria and has no role in activated sludge 

fermentation. This study proved an interesting discovery for 
a comprehensive pathogenic detection in various parts of the 
digesting sludge. The activated sludge and effluent samples 
had a similar composition; however, a less concentration 
of Actinobacteria species was reported. The diversification 
and pathogenicity of effluent were reported to be higher in 
comparison with the other parts of the samples. This result 

Fig. 5  Species-level classification of microbes distributed in wastewater treatment plant
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revealed that the sedimentation procedure is not complete 
entirely, and microbiota exists in activated sludge transfer in 
the effluent section and subsequently in the surface water. 
Our findings were in agreement with a previously published 
study, regarding the concentration of pathogenic species 
such as Mycobacterium and Vibrio species in the effluent 
(Bibby et al. 2010; Ye and Zhang 2013). Illumina sequenc-
ing technology was used in the current study that proved to 
be a potential method to detect the pathogenic microbes, 
including Mycobacterium species and viruses.

The pathogenic members belong to Mycobacterium were 
reported in activated sludge and effluent samples. This is 
in agreement with the previous investigation observing the 
occurrence of Mycobacteria in wastewater treatment plants 
that suggest a safe way of removal by designing a supe-
rior technology to reduce the maximum alarming situations 
(Radomski et al. 2011). In addition, investigation about the 
removal of such disease-causing agents from the effluent part 
of the digester is rarely found. Several pathogenic micro-
biomes, including Mycobacteria, Treponema, Legionellam, 
and Clostridia, were reported via pyrosequencing technol-
ogy (Ibekwe et al. 2013). The samples of RNA were detected 
for the existence virus group in the effluent part of the 
digester. The RNA samples were found for the occurrence 
of hepatitis A and E viruses. Our investigation is an agree-
ment with the previous study, where Steyer and his group 
detected Norovirus and other several enteric virus groups 
in the effluent section of the digester plant (Steyer et al. 
2015). This investigation reveals the significance of observ-
ing, supervision, and controlling the presence of dangerous 
pathogens in various parts of the digested plant, mainly the 
effluent part due to the spreading danger and persistence in 
the environment, which could be vital during the reuse of 
water. Besides, their spread in the environment may cause 
dangerous pathogenic endeavors.

There are some limitations to the active pathogen detec-
tions limit in this study. The concentration of bacteria in the 
active sludge part is around 107–109 cell mL−1 (Ewert and 
Paynter 1980); therefore, only a specific amount of this con-
centration could be detected using Illumina sequencing tech-
nology. The detection limits of qPCR were 10 fg DNA (Lee 
et al. 2006). Only half of the concentration of Escherichia 
coli cells could be detected. It is recommended that patho-
gens should be detected with all aspects, including metagen-
omics, meta-transcriptomics, and proteomic levels, for 100% 
detection to avoid chances of being spread and persistence 
in the environment. Only the metagenomic-level detection 
has faced specific limitations. There are thousands of same 
species in a specific part of the sludge, but only a few could 
be pathogenic. For example, there are more than fifty Bacil-
lus species in the current study, but only three to four are 
pathogens according to the data bank. Besides, in the case of 
homo species, some could be beneficial, and some could be 

pathogenic. An example is E. coli, where few are useful for 
humans (Grozdanov et al. 1917), while some are pathogenic 
(Karch et al. 2005). However, Illumina sequencing technol-
ogy is still an effective methodology to screen pathogens in 
the environment, mainly in the wastewater treatment plant, 
to avoid severe diseases.

Conclusion

This study investigates the significance of monitoring, obser-
vation, and precautionary measurement for the prevalence of 
disease-causing agents in effluent part of wastewater treat-
ment plants, especially for reuse of water. In addition, it is 
not possible to detect the existence of pathogenic microbes 
in wastewater treatment plants only by observation of fecal 
pollution indicators, as described by several published 
reports. This study concluded that Ilumina sequencing tech-
nology is a potential and robust way to investigate the whole 
microbial structure affiliated with individual taxonomic 
groups that occur in the wastewater treatment procedure. 
In future correspondence, a strategic approach is required 
to investigate the point that could remove and eliminate the 
pathogens from the wastewater treatment process. However, 
Illumina sequencing technology among all the rest of the 
methods is a powerful technology to detect disease-causing 
agents in all parts of the wastewater treatment plant that can 
also quantify the concentration of nucleic acid that occurs 
in the samples.
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