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Abstract: Aerobic activated sludge and anaerobic digestion sludge contain highly complex microbial
communities, which play a crucial role in both wastewater treatment and sludge management.
Although the responsible microbes have been intensively studied, in communities of high complexity,
conventional approaches based on 16S rRNA cannot completely reveal the whole microbial community
structure. The metagenomic sequencing was applied to characterize and compare microbial community
structure of aerobic activated sludge and anaerobic digestion sludge from a full-scale municipal
wastewater treatment plant. Over 3.0 gigabases of metagenomic sequence data were generated with the
Illumina HiSeq 2000 platform for each sample. Taxonomic analysis by MG-RAST sever indicated
bacteria were dominant in both samples, while archaea with a higher abundance were detected in the
anaerobic digestion sludge. The aerobic activated sludge was dominated by Proteobacteria,
Bacteroidetes, Nitrospirae, and Actinobacteria, while the most abundant bacterial populations were
Proteobacteria, Firmicutes, Bacteroidetes, and Actinobacteria in anaerobic digestion sludge. Key
microorganisms and nitrogen metabolism in aerobic activated sludge and key microorganisms and
pathways involved in methanogenesis were further revealed. Ammonia-oxidizing bacteria (AOB)
distinctly dominate over ammonia-oxidizing archaea (AOA) in activated sludge. Denitrification, rather
than anammox, is the major pathway to complete nitrogen removal. Meanwhile, the dominant
proliferation of Methanosaeta and Methanosarcina, together with the functional affiliation of
enzymes-encoding genes (Ack, PTA and ACSS) suggested an acetoclastic methanogenesis is the
dominant methanogenesis pathway in anaerobic digester.
Key words: activated sludge; anaerobic digestion sludge; metagenomic sequencing; diversity; bacteria;
biological wastewater treatment
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Activated sludge and anaerobic digestion sludge contain highly complex microbial
communities, which play a critical role in biological wastewater treatment reactors and sludge
digesters, in particular determining the pollutant elimination and sludge reductionperformance,
respectively. Many molecular methods, such as denaturing gradient gel electrophoresis (DGGE),
fluorescent in situ hybridization (FISH), 16S rRNA gene and other markers gene sequencing are
commonly applied to reveal microbial community structure. However, for activated sludge and
anaerobic sludge with very complex community and overwhelming genetic diversities, these
approaches are still far way from completely revealing the microbial community structure and
often missing the low abundant population but playing an important role in systems. Moreover,
the approaches based on 16S rRNA gene for ecological investigations of function microorganisms
may result in an overestimation or underestimation of both their numbers and diversity due to the
bias of amplification [1, 2]. High-throughput sequencing methods, such as Illumina sequencing
and 454 pyrosequencing technologies, have been recently applied as novel promising methods to
investigate the phylogenetic composition and functional potential of a complex community [3, 4].
So far, only a few limited metagenomic studies have been reported on microbial community
from full-scale wastewater treatment plants (WWTPs). Using PCR-based 454 pyrosequencing, the
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pathogenic bacteria [5] and the bacterial diversity [6] of activated sludge samples from 14
WWTPs have been revealed. Wong et al. [7] used 454 metagenomic approach to investigate the
microbial composition and gene content contributing to enhanced biogas production from several
lab-scale digesters. Li et al. [8] also conducted metagenomic analysis of a biogas reactor based on
647 Mb of data from 454 pyrosequencing. Compared to Illumina sequencing, 454 pyrosequencing
suffers the expensive cost to study the complex environmental microorganisms due to requiring
large data size. To data, Illumina sequencing has been widely used in the study of metagenome of
human gut microbes, cow rumen, permafrost soil core and drinking water. In addition, the
communitystructure of enhanced biologicalphosphorus removal plants [9], common activated
sludge [10] and full-scale anaerobic digesters [11] has been revealed by Illumina sequencing.
However, information on metagenomic analysis and comparison of the community difference
between aerobic activated sludge and anaerobic digestion sludge using Illumina sequencing.
The aim of this study was to reveal the metagenomic community composition and compare
functional trait difference in aerobic activated sludge and anaerobic digestion. To the end with this
aim, we extracted DNA from aerobic activated sludge and anaerobic digestion sludge collected
from a full-scale WWTP and a full-scale anaerobic digester, respectively, and conducted
high-throughout (3.0 gigabases for each sample)
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HiSeq2000 platform. The microbial community structures, functional profiles, and metabolic
pathways of two different types of sludge were compared. In particular, the abundance and
diversity of nitrifying bacteria including AOB, NOB and denitrifiers were qualified and compared,
and sequences associated with nitrogen metabolism were analyzed in details. Moreover, key
microorganisms involved in methane production and methanogenesis pathways were analyzed
using metagenomics data. This study may provide insights about microbial community stuctures
in WWTPs, thereby facilitating to develop more efficient wastewater removal system and
anaerobic digester.

1 Materials and methods
1.1
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Sampling of activated sludge and anaerobic digestion sludge

The aerobic activated sludge (AAS) was taken from the aeration tank and the anaerobic
digestion sludge (ADS) was collected from the anaerobic digester from a full-scale WWTP in
Beijing, China. This WWTP treats a mean influent flow of 1,000,000 m3/day and services a
population of approximately 2,400,000 people. The wastewater treatment consists of bar screens,
aerated grit chambers andprimary sedimentation as preliminary treatment. The main process
adoptsAnaerobic-Anoxic-Oxic (A2O) process, in which nitrification, denitrification and biological
phosphorous removal are simultaneously achieved. The hydraulic retention time is around 4–8 h;
the sludge retention time is 8–15 days.The excess sludge from the biological treatment is removed
via the primary clarifiers and enters the sludge treatment together with the primary sludge as
mixed sludge. The sludge treatment consists of thickening tanks, anaerobic mesophilic digestion
and dewatering.

1.2
90

metagenomic sequence on the Illumina

Sampling of activated sludge and anaerobic digestion sludge

Genetic DNA extraction was conducted within 48hours after sampling. DNA extractions were
performed using the FastDNA SPIN Kit for Soil (QBIOgene Inc., Carlsbad, CA, USA), according
to the manufacturer’s instructions. DNA quality was assessed using gel electrophoresis (1%
agarose) and DNA concentrations were determined using a Qubit Fluorometer (Thermo, USA).
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DNA library construction and sequencing

The metagenomic sequencing was conducted using Illumina HiSeq 2000 platform. The
extracted DNA samples were afterwards processed according to the genomic DNA sample
preparation kit protocol (Illumina). The DNA fragmentation was firstly performed using Covaris
S2 Ultrasonicator. The DNA fragments were then processed by end reparation, A-tailing, adapter
ligation, DNA size-selection, PCR reaction and products purification based on Illumina HiSeq
2000 instructions. A ~170 bp DNA fragment sequences library was constructed for further
sequencing. The base-calling pipeline (version Illumina Pipeline-0.3) was used to process the raw
fluorescence images and call sequences. The sequencing depth of 3.0 Gb reads was applied for
two samples metagenomic datasets. The metagenomic reads were trimmed using a minimum
quality score of 30, a minimum read length of 35 bp and allowing no ambiguous nucleotides. The
parameters adopted for overlapping were as follows: at least 20 nt length of the overlap region was
required, and at most two mismatches were allowed.
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Bioinformatic analyses

Unassembled DNA sequences were annotated using the Metagenomics Rapid Annotation
(MG-RAST) server (v3.1). MG-RAST not only enables phylogenetic and metabolic
reconstructions, but also provides protein similarities analysis, including both function annotation
and function classification. In this study, taxonomic were generated through the normalized
abundance of sequence matches to the SEED subsystems. To get whole metabolic pathways
information, global gene expression was annotated with SEED Subsystems in MG-RAST, and
visualized using KEGG mapper. The minimum alignment length cutoff and the maximum E-value
cutoff and were set as 50 bp and 10-5, respectively. Most of the genes were successfully classified
into the hierarchical metabolic categories.
Detailed analysis of two samples was conducted to count and compare the hit numbers of the
sequences of corresponding enzymes subunits in nitrogen metabolism and methanogenesis,
respectively. The module ‘KEGGviewer’ in MEGAN was used to analyze pathways, in particular
for nitrogen metabolic pathways [12]. To further evaluate genes or gene categories not represented
in KEGG, BLASTX results were manually analysed through keyword searches based on NCBI-nr
annotations, in which genes representing top BLASTX matches were recovered from GenBank.
Moreover, each database entry was examined manually to confirm gene identity. In this study,
manual searches focused on key enzymes related to ammonification, nitrogen fixation,
nitrification, Anammox, denitrification and DNRA, including: ammonia monooxygenase (amo),
hydroxylamine oxygenase (hao), hydroxylamine reductase (EC1.7.99.4), hydrazine
oxidoreductase (hzo), hydrazine synthase (hzs), nitrate reductase (nar), nitrite reductase (nir),
nitric oxide reductase (nor) and nitrous oxide reductase (nos).
The abundances of genes encoding enzymes in methanogenesis pathway were further analyzed
for the anaerobic digestion sludge. Metagenomic datasets of the ADS sample were aligned against
the KEGG according to the KO number of genes in the methanogenesis pathway using BLAST
with E-value cutoff of 10-5. Confirmation of methanogenesis genes was conducted by
manuallyaligning the matched sequences against NCBI non-redundant database using BLAST
with E-value cutoff of 10-10.
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2 Results and Discussion
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2.1

Microbial composition of at domain and phylum levels

Overall, Illumina sequencing yielded above 3.0 Gb reads. After quality filtering, each sample
obtained more than 2.6 Gb high quality reads. Taxonomic annotation was conducted to reveal
microbial composition based on the entire available source databases in MG-RAST. Figure 1
shows that Bacteriawere the dominant domain in both samples, accounting for 97.98% and
92.98% of AAS and ADS DNAsequences, respectively. Moreover, the abundance Archaea of
anaerobic digestion sludge (5.63%) was higher that of aerobic activated sludge (0.53%).
Sequences from Eukaryota and Viruses only accounted for 1.24% and 0.08% in aerobic activated
sludge, and 1.06% and 0.17% in anaerobic digestion sludge, respectively.

Fig. 1. Taxonomic comparison at Domain level of two samples DNA sequencing datasets. Total
DNA sequences were assigned to Bacteria, Eukaryota, Archaea, Viruses, and other sequences.
For better understanding of the diffidence of community structure in two samples, taxonomic
affiliation in the phylum level was analysed (Figure 2). The results showed that the most abundant
bacterial populations were Proteobacteria, Bacteroidetes, Nitrospirae, and Actinobacteria, which
accounted for 64.66%, 7.92%, 6.39%, and 4.58% in the AAS reads, respectively. In comparison,
the most abundant bacterial populations were Proteobacteria, Firmicutes, Bacteroidetes, and
Actinobacteria, which accounted for 41.21%, 12.54%, 9.59%, and 5.23% in the ADS reads,
respectively. The results are consistent with the previous reports, in which Proteobacteria was the
most dominant phylum both in the AAS [6] and the ADS [11]. However, the pervious studies
indicated that Bacteroidetes was the secondary dominant phylum, followed by Firmicutes and
Actinobacteria [11], which is different with our results. This might be associated with different
influent characteristics and operation processes. In the sampled WWTP, a part of industrial
wastewater (taking account about 10-20%) was fed into the biological configurations.
When focusing on the most abundant phylum Proteobacteria, the numbers of sequences
affiliated with distinct classes exhibited some differences between AAS and AGS samples (Figure
2B). Betaproteobacteria was the most dominant classin the AAS sample, taking account about
30% of annotated reads from the phylum Proteobacteria, which is associated with the high
abundant AOB microorganisms in the AAS sample. The major group, containing the genera
Nitrosomonas, Nitrosospira, Nitrosovibrio and Nitrosolobus, belongs to the class
Betaproteobacteria, while the second group of AOB, represented by two species of the genus
Nitrosococcus, is affiliated with the class Gammaproteobacteria. However, Alphaproteobacteria
was the most dominant class, having the percentage of 36.4%in the ADS sample.
-4-
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Firmicutes are syntrophic bacteria that can degrade various VFAs and are often detected in
both activated sludge systems and anaerobic digesters [13]. Within the phylum of Firmicutes,
Clostridia (59.32% and 72.50%, in the Samples AAS and ADS, respectively) and Bacilli (34.55%
and 22.56%) form the major classes. The class of Clostridia is well-known fermenters. The
predominance of Clostridiain the Sample ADS indicated that good hydrolysis and VFA
fermentation are available for the anaerobic digester. Streptococcus genus and Halothermothrix
genus belonging to the phylum of Firmicutes have a high abundance in the Sample ADS, based on
the metagenomics data.
Within the phylum of Bacteroidetes, the major classes were Bacteroidia and Cytophagia,
Flavobacteriia and Shingobacteriia. The percentages of Bacteroidia were distinctly higher in the
ADS sample while the percentages of Flavobacteriia, Shingobacteriia and Cytophagia were
higher in the AAS sample. Similar with the Clostridia class, the Bacteroidaceae family belonging
to Bacteroidetes (class) is the well-known fermentative bacteria, which play an important role in
hydrolyse and ferment organic materials and produce organic acids, CO2 and H2 during the
digestion process [14].
Methanomicrobiawere the major class in the phylum of Euryarchaeota, taking 66.63% and
85.41% in the Samples AAS and ADS, respectively. The percentages of Methanobacteria are
similar for both of the samples, while the percentage of Halobacteria is higher in the Sample AAS
than that in the Sample ADS. The predominance of Methanomicrobia in the Sample ADS is
associated with the abundant methanogens in the sample, in which abundant Methanosaeta and
Methanosarcina are detected.

Fig. 2. Microbial community compositionat the phylum level assessed by taxonomic classification
of metagenomic datasets
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Global gene functional profiles

COG annotation analysis showed that 44.3% and 43.2% of the genes were related to
metabolism and 21.1% and 19.6% to cellular processes and signaling, whereas only18.7% and
21.6% corresponded to housekeeping genes involved in information-related processes in Sample
AAS and ADS, respectively (Fig. 3). The most abundant metabolic type was amino acid transport
and metabolism (10.0%) in the Sample AAS, while it was energy production and conversion in the
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Sample ADS (9.7%).
On the basis of the annotation of functional genes using SEED subsystems in MG-RAST, the
abundances of major Level 1 subsystems in two samples were highly similar, in which the
subsystem of carbohydrates was the most abundant, followed by protein metabolism, amino acids
and derivatives. However, sequences related to nitrogen metabolism, phosphorus metabolism, and
amino acid and derivatives were more represented in the Sample AAS, indicating the significance
of functional difference between aerobic environment and anaerobic environment.

205
Fig. 3. Functional categories of Sample AAS and Sample ADS in COG categories. Name of
subcategories in COG database are listed on the left, and corresponding major categories are list
on the right.
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Key microorganisms and nitrogen metabolism in aerobic activated sludge

Biological nitrogen removal is one of the most important functions in activated sludge process.
The key microorganisms involved in biological nitrogen removal are specifically analyzed. The
results obtained from metagenomic data suggested that AOB (202060 reads) are much more
abundant than AOA (only 479 reads) in the activated sludge based on number of reads. The amoA
gene copy number of AOB and AOA are 2.5 and 1, respectively. Therefore, AOB still dominated
over AOA in the two reactors, even taking accounting of these copy numbers. Interesting,
anammox bacteria (8432 reads) was detected in the Sample AAS. In addition, the reads number of
NOB is higher than the reads number of AOB. The detected NOB mainly consist of Nitrospira
(686562 reads), Nitrobacter (67604 reads) and Nitrococcus (16969 reads).
The dominant denitrifiers mainly include Thauera, Acidovorax, Azoarcus, Pseudomonas and
Rhodobacter, most of which are taxonomically affiliated with Proteobacteria and Bacteroidetes.
The dominant denitrifiers detected by high-throughput metagenomics are not consistent with the
frequently isolated bacteria strains from denitrifying bioreactors, in which bacteria strains isolated
are closely related to Hyphomicrobium, Paracoccus, Pseudomonas and Comamonas spp. In the
-6-
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phylumProteobacteria [15].
Sequencing associated with key nitrogen conversion processes, including ammonification,
nitrification, denitrification, Anammox, and DNRA processes were further analysed according to
KEGG annotation results. We found a high abundance of genes involved with nitrogen fixation,
nitrification and denitrification in the aerobic activated sludge. Overall, denitrification had the
highest hits among the three processes, followed by nitrification and nitrogen fixation.
Denitrification involves the process of converting nitrate (NO3-) to nitrite (NO2-), nitric oxide (NO)
and nitrous oxide (N2O) and dinitrogen gas (N2), which are mediated by the different enzymes.
Most subunits of denitrification enzyme had very high abundance (e.g. Nar, 482 hits; Nir, 108 hits;
Nor, 169 hits; Nos, 78 hits). In addition, relatively high in abundance of aerobic ammonia
oxidation enzymes coding gene sequences were found in Samples AAS (e.g. Amo, total 9 hits;
Hao, 13 hits). Nxr catalyzing the oxidation of nitrite to nitrate was detected with 282 hits.The
presence of a large contingent of nitrification and denitrification genes is logical considering the
high nitrogen removal efficiency (> 80%) is obtained in this WWTP. Assimilation nitrate
reductase (Nas, 8 hits) and nitrite reductase (Nir, 69 hits), involved in assimilation nitrate/nitrite
reduction to ammonium, were detectedin Sample AAS. In particular, Nrf, indicators of
dissimilatory nitrate reduction to ammonium (Simon, 2002; Jensen et al., 2011), were also found
with the abundance of 39 hits. Although few anammox microorganisms are detected in this
full-scale WWTP, we did not find the Anammox function in the aerobic sludge.
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Key microorganisms and pathwaysinvolved in methanogenesis

Biological methane production is an important process of anaerobic digestion, in which
methanogens are the key microorganisms that produce methane as the end product. Methanogens
include a phylogenetically diverse group belonging to the Archaea. These methanogens are
classified into five well-established orders: Methanobacteriales, Methanococcales,
Methanomicrobiales, Methanosarcinales, and Methanopyrales. In this study, key genera involved
in the methanogenesis pathway were further analysed based on the sequencing data. The results
indicated that the five most dominant methanogens are Methanosaeta, Methanospirillum,
Methanosarcina, Methanoculleus and Methanoregula. Among them, only two genera are known
to use acetate for methanogenesis, i.e. Methanosaeta and Methanosarcina. Methanosaeta is a
specialist that uses exclusively acetate, while Methanosarcina is a relative generalist that can
utilize methanol, methylamine and acetate, as well as H2 [16]. Hydrogenotrophic methanogens can
reduce CO2 to CH4 with H2 as the primary electron donor, as well as formate. A diverse group of
hydrogenotrophic methanogens (e.g. Methanospirillum, Methanoculleu and Methanoregula) was
detected in the anaerobic digester, but their abundances were lower than acetoclastic methanogens.
Moreover, Methanococcoides, Methanohalophilus and Methanolobus, as methylotrophic
methanogens, are also found with a relatively lower reads number in the ADS. In particular, a
number of Methanosphaera that are able to use methanol and belong to the order
Methanobacterialeswere also found in the anaerobic digestion sludge.
In order to reveal the dominant methanogenesis pathway, functional enzyme-encoding genes
for the methanogenesis pathways in the anaerobic digester were identified and annotated with
reference to a methanogenesis genes database extracted from KEGG. Generally, the abundances
of genes encoding enzymes in acetoclastic pathway are higher than that involved in
hydrogenotrophic and methylotrophic pathways. Compared to the gene in the hydrogenotrophic
pathway, the abundances of genes in methylotrophic pathway were the least.The obtained results
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are consistent with the previous studies that acetoclastic pathway is the major pathway of methane
production in most engineering anaerobic digestion process [11, 17].

270

3 Conclusion

275

Based on metagenomic analysis of full-scale aerobic activated sludge systems and anaerobic
sludge digester using Illumina sequencing, this study showed that Proteobacteria and
Bacteroidetes were the most abundant phylum in activated sludge, while Proteobacteria and
Firmicutes were the most abundant phylum in anaerobic digestion sludge. AOB distinctly
dominate over ammonia-oxidizing archaea (AOA) in activated sludge. Denitrification, rather than
anammox, is the major pathway to complete nitrogen removal. Meanwhile, the dominant
proliferation of Methanosaeta and Methanosarcina, together with the functional affiliation of
enzymes-encoding genes (Ack, PTA, ACSS) suggested an acetoclastic methanogenesis was the
dominant methanogenesis pathway in anaerobic digester.
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基于宏基因组学的好氧活性污泥和厌
氧消化污泥的种群结构比较
郭建华，彭永臻
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（北京工业大学环境与能源工程学院，北京市水质科学与水环境恢复工程重点实验室, 北京
100124）
摘要：好氧活性污泥和厌氧消化污泥对城市污水处理厂的正常运行中扮演核心作用，但其中
微生物种群结构十分复杂。近年来对城市污水厂中的功能微生物进行了广泛的研究，但是由
于其复杂的生物多样性，基于传统的 16S rRNA 的分子生物学手段很难揭示整个微生物种群
结构。本研究采用 Illumina HiSeq 2000 测序平台对某城市污水处理厂中好氧活性污泥和厌氧
消化污泥中的微生物种群结构进行了宏基因组测序解析。物种注释结果显示细菌在两个样本
中均占优势地位，但是厌氧消化污泥中的古菌数量明显多于活性污泥的古菌丰度。活性污泥
中优势的种群主要包括 Proteobacteria, Bacteroidetes, Nitrospirae 和 Actinobacteria，而厌氧消
化污泥中优势种群主要有 Proteobacteria, Firmicutes, Bacteroidetes 和 Actinobacteria。活性污
泥中氨氧化细菌的丰度远高于氨氧化古菌，而反硝化菌的丰度相对于厌氧氨氧化菌的丰度占
有主导优势。在厌氧消化污泥中，Methanosaeta 和 Methanosarcina 是主要的厌氧产甲烷菌，
结合功能基因分析发现，乙酸代谢是最主要的厌氧产甲烷途径。
关键词：活性污泥;厌氧消化污泥;宏基因组;生物多样性;细菌;污水生物处理
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