
ORIGINAL PAPER

Analysis of bacterial, fungal and archaeal populations
from a municipal wastewater treatment plant developing
an innovative aerobic granular sludge process

Jun Liu1 • Jun Li1 • Yaqiang Tao2 • Balasubramanian Sellamuthu3 •

Ryan Walsh3

Received: 4 August 2016 / Accepted: 14 November 2016 / Published online: 24 November 2016

� Springer Science+Business Media Dordrecht 2016

Abstract Mature granules and flocs from aerobic sludge

were collected from the wastewater treatment plant

(WWTP) treating both municipal and industrial effluents in

Haining city China. This plant has been operating under

conditions favoring aerobic granular sludge formation, for

over 3 years, suggesting that the granules, which stably

retained under changing effluent conditions, may contain

unique microbial populations. Microbial analysis indicated

that the granular sludge was primarily composed of

Planctomycetes, Proteobacteria and Bacteroidetes from

the bacterial phyla. Interestingly, microbial communities

were also observed to be stratified between the structural

features of the sludge. For example, Euryarchaeota was

found to make up the majority of the archaea found in the

granules while Methanosaeta was dominant in the flocs.

Additionally, granules were found to contain, 34 phyla and

222 genera of bacteria, 4 phyla and 13 genera of fungi, and

2 phyla and 17 genera of archaea. While flocs contained, 32

phyla and 203 genera of bacteria, 6 phyla and 26 genera of

fungi, and 2 phyla and 12 genera of archaea. This biodi-

versity signifying a preservation of bacterial and archaeal

population in granules, and fungal populations in flocs may

result from the sedimentary characteristics of the granules.

This suggests microbes uniquely associated in the granules

are playing a key role in structure formation and stability of

the granular ecosystem, which is maintained by the longer

sludge retention time.
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Introduction

Over the last decade, aerobic granular sludge (AGS) has

become a hot research topic because of its excellent set-

tleability, compact structure, high biomass and ability to

withstand toxicity in comparison to conventional activated

sludge (AS) (Adav et al. 2008; Khan et al. 2013). AGS was

defined as ‘‘self-immobilized microbial aggregates’’ by the

International Water Association (IWA) in 2005. However,

microbial populations of matured AGS have not been

analyzed (Lee et al. 2010), possible due to a lack of modern

analytical approaches. Initial studies of AGS have been

conducted in laboratory-scale reactors (de Kreuk 2006; Ni

et al. 2009; Liu et al. 2011; Rocktaschel et al. 2015) and

very little information is known about AGS collected from

full-scale operational WWTP (Giesen et al. 2013; Li et al.

2014).

Molecular biological techniques, such as polymerase

chain reaction (Guo et al. 2011), denaturing gradient gel

electrophoresis (Liu et al. 2011), fluorescence in situ

hybridization (Jungles et al. 2011), terminal restriction

fragment length polymorphism (Liu et al. 2008) and high-

throughput sequencing (Huang et al. 2015) have been

applied to analyze AGS microbial communities. 454

pyrosequencing is a new technique based on the high-

throughput sequencing approach, which provides robust

microbial population sequencing data. 454 pyrosequencing

has been shown its utility in the analysis of AS (Zhang
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et al. 2012), drinking water (Huang et al. 2014) and soil

(Roesch et al. 2007) microbial communities.

AGS was cultivated in the sequential batch reactor

(SBR) of a full-scale WWTP simultaneously treating

municipal and industrial wastewater. Here we characterize

the bacterial, fungal and archaeal communities associated

with mature and stable AGS using 454 pyrosequencing.

Materials and methods

WWTP operation

The WWTP located in Haining City, China, has a treatment

capacity of 50,000 m3/day. This treatment facility was

divided into four separate tanks for alternating operation.

The height/depth (H/D) ratio of each tank was 0.09, and

each tank had a reactor volume of 12,540 m3 (L

55 m 9 W 38 m 9 D 6 m). The volumetric exchange

ratio was maintained between 50 and 70%. This recently

constructed WWTP became operational at the end of 2010

(samples were collected after 3 years). After 180 days of

SBR operation, the full-scale WWTP attained stable oper-

ational parameters as follows: filling (40 min), aeration

(240 min), settling (50 min) and effluent discharge

(30 min).

The influent wastewater was composed of 30% munic-

ipal and 70% industrial wastewater, primarily originating

from printing, dyeing, chemical, textile and beverage

industries.

Sludge sampling

Uniformly mixed sludge samples were obtained after 1.5 h

of aeration. The sludge was collected in a 1 L volumetric

cylinder and allowed to settle for 5 min. Flocs suspended in

the upper phase of the cylinder were collected and trans-

ferred into a separate container. The settled granules were

gently washed twice with fresh water and transferred to

another container. Collected granules and flocs were stored

immediately at -20 �C for further microbial analysis.

DNA extraction and 454 pyrosequencing

Collected flocs and granules samples were aliquoted into

three equal portions. The total DNA extracted from each

sample portion was subjected to 454 Pyrosequencing in

triplicate. Total DNA was extracted using a FastDNA SPIN

Kit (MP Biomedicals, USA) as per manufacturer’s instruc-

tions. PCR amplicon libraries were prepared using universal

primers and three sets of primers were used to distinguish

microbial phyla. The first primer set amplified the V1–V3

(hyper-variable) regions of the bacterial 16S rRNA gene

(forward 50-AGAGTTTGATCCTGGCTCAG-30, reverse

50-TTACCGCGGCTGCTGGCAC-30). The second primer

set amplified the V3–V6 (hyper-variable) regions of the

archaeal 16S rRNA gene (forward 50-ACGGGGYGCAGC

AGGCGCGA-30, reverse 50-GTGCTCCCCCGCCAAT

TCCT-30). The third primer set amplified the ITS (internal

transcribed spacer) region of fungal 18S rRNA (forward

50-GGAAGTAAAAGTCGTAACAAGG-30, reverse 50-AG

TCCTCCGCTTATTGATATGC-30). 454 Pyrosequencing

was conducted using a GS-FLX? system at Personal

Biotechnology Co., Ltd (Shanghai, China). The obtained

sequence data was processed with Quantitative Insights into

Microbial Ecology (Qiime) pipeline and Mothur software.

Biodiversity and species richness was analyzed using high-

quality reads (HQR). HQR were obtained by removing the

sequences based on the following criteria; lengths shorter

than 200 nt, greater than 1000 nt, mean quality \25,

ambiguous bases or homopolymer length[6, and a 50 pri-

mer mismatch[1. The majority of observed HQR fell in the

range of 495–530 nt. The sequences were clustered and

assigned to Operational Taxonomic Units (OTUs) using the

Qiime implementation based on [97% similarity. The

indexes of biodiversity and species richness, such as abun-

dance-based coverage estimator (ACE), Chao1, Simpson,

Shannon and coverage were calculated in Mothur software.

Analytical methods

The sludge volume index (SVI), mixed liquid suspended

solids (MLSS), chemical oxygen demand (CODCr), bio-

logical oxygen demand (BOD), total phosphorus (TP) and

ammonia (NH4
?–N) concentrations were measured regu-

larly using standard methods (APHA 2006). The mor-

phology of aerobic sludge granules and flocs were observed

using an optical microscope (CX31, Olympus) and imaged

with a Canon digital camera (Canon, 30d, Japan).

Results

Characteristics of AGS

Over 3 years of operation, aerobic granules were observed

to be the primary component of the sludge. The MLSS,

SVI30 and granules diameter were observed to be within

the ranges of 2.7–4 g/L, 40–56 mL/g and 0.5–0.6 mm,

respectively. This is similar to the values previously

reported at this WWTP: SVI30 47.1 mL/g, diameter

0.5 mm, and settling velocity of 42 m/h (Li et al. 2014).

Granules were observed to have a well-defined elliptical

shape (Fig. 1a) compared to the flocs with irregular and

loose structure (Fig. 1b). The influent COD, BOD5, NH4
?–N
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and TP values were 200–600, 50–105, 28–40 and 2–4 mg/

L, respectively. In the treated effluent water the COD,

NH4
?–N, BOD5 and TP values were observed to be 30–90,

0–1.68, 15–20 and 1–2 mg/L, respectively.

Also, the WWTP had a good performance regarding

COD and NH4
?–N removal rates, which were maintained

at about 85 and 96%. The average BOD/COD value of

influent wastewater was 0.23, which is indicative of the

biorefractory nature of wastewater. It is worth noting that

raw wastewater contained a large amount of salt in the

WWTP (Li et al. 2014).

Analysis of microbial populations in granules

and flocs by 454 pyrosequencing

Bacteria

Although the flocs were found to have more HQR

(Table 1), Chao1 and ACE values observed to be higher in

granules (Table 2). The Chao1 and ACE values suggest

that bacterial richness of granules is higher than flocs, but

Shannon and Simpson indexes did not reveal significant

differences in bacterial diversity between the granules and

flocs. This inconsistency may have resulted from the

inability of Chao1 and ACE values to estimate the bacterial

diversity of small samples (Hughes et al. 2001). The OTUs

abundance curve suggested that granules had more bacte-

rial species richness and evenness as displayed by the

broader OTU rank (Fig. 2a) compared to the flocs. Gran-

ules contained 2241 OTUs whereas the flocs were found to

contain 2009 OTUs. Remarkably the granules and flocs

only shared 817 OTUs (Fig. 3a), which represents 40% of

the floc OTUs and 36% of the granule OTUs.

In granules (Fig. 4a1), 34 phylum and 222 genera were

detected. The dominant phyla were Planctomycetes

(30.3%), Proteobacteria (28.2%), Bacteroidetes (22.2%),

Chloroflexi (9.4%), Firmicutes (2.8%) and Chlorobi

(2.5%). In the case of flocs bacterial populations 32 phyla

and 203 genera were observed. This indicated that flocs

contained slightly fewer genera than the granules. Among

flocs, Proteobacteria were found to be the dominant phy-

lum representing 51.9% (Fig. 4a1). This was consistent

with previous studies of bacterial populations in sewage

(McLellan et al. 2010) and AS (Zhang et al. 2012), where

proteobacteria were also found to be the dominant phylum.

The other dominant flocs phyla were found to be Bac-

teroidetes (15.8%), Planctomycetes (12.2%), Chloroflexi

(7.4%), Firmicutes (5.2%), Chlorobi (2.1%) and TM7

(1.0%). Granules and flocs were found to share 130 genera

(Fig. 4a2). Flavobacterium, Acinetobacter and

Fig. 1 Morphology of granules (a) and flocs (b), scale bar 200 lm

Table 1 Number of HQR in both granules and flocs

Bacteria Fungi Archaea

Flocs 16,234 14,037 11,647

Granules 13,582 11,658 9737

Proportion (%) 38.8 33.4 27.8

Table 2 Indexes in flocs and granules

Groups Chao1 ACE Simpson Shannon Coverage

Bacteria

Flocs 3454.25 4567.48 0.06 5.33 0.94

Granules 4220.66 5816.50 0.03 5.38 0.91

Fungi

Flocs 376.83 371.11 0.08 3.75 0.99

Granules 323.09 321.22 0.11 3.28 0.99

Archaea

Flocs 145.35 177.83 0.39 1.40 0.99

Granules 248.04 309.64 0.31 1.90 0.99
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Pseudomonas were observed to be the predominant genera

in both granules and flocs, but their abundances were dif-

ferent between flocs and granules. The well-known

ammonia oxidizing bacteria, Nitrosomonas and Nitrospira

were found in both granules and flocs.

Fungi

In the case of fungal populations, flocs not only have higher

HQR (Table 1), but the fungal richness and diversity are

superior to the granules (Table 2; Fig. 2b). Flocs contained

364 OTUs whereas the granules were found to contain 308

OTUs. The granules and flocs were found to share 237

OTUs (Fig. 3b), which represents 65% of the floc OTUs

and 77% of the granule OTUs. These results suggest that

the flocs may be better at supporting fungal growth, which

could be the reason for less fungal diversity in the granules.

The fungal populations of the samples indicated that the

granules had 4 phyla and 13 genera, whereas the flocs

contained 6 phyla and 26 genera (Fig. 4b). Most of the

fungal sequences obtained from the granules and flocs were

unidentified. The large number of unidentified fungal

OTUs stem from less exploration of the fungal domain as

has been reported previously (Weber et al. 2009a, b). As-

comycota, Basidiomycota and Glomeromycota, phyla were

found in both granules and flocs. Ninety five percent of the

fungal genera were unidentified. However, the most

abundant identified genus in both flocs and granules was

Scopulariopsis (Fig. 4b2).

Archaea

The archaeal HQR were observed to be higher in granules

than flocs (Table 1), Chao1 and ACE values were also

found higher in granules (Table 2). There were more OTUs

associated with the granules (Fig. 2c), which confirms the

richness and evenness of archaea in granules. Flocs con-

tained only 104 OTUs whereas the granules were found to

contain 171 OTUs. The granules and flocs were found to

share 70 OTUs (Fig. 3c), which represents 67% of the floc

OTUs and 41% of the granule OTUs.

Granules contain 2 phyla and 17 genera of archaea

whereas the flocs contain 2 phyla and 12 genera (Fig. 4c).

Euryarchaeota and Thaumarchaeota were observed to be

dominant phyla in both granules (65 and 36%) and flocs

(64 and 37%), respectively (Fig. 4c1). Methanosaeta was

the most abundant genera in both flocs (60.2%) and gran-

ules (53.9%) (Fig. 4c2). The methanogens including

Methanobacterium, Methanobrevibacter, Methanosphaera,

Methanolinea, Methanospirillum, Methanomethylovorans

and Methanosarcina were higher in granules. The abundant

Methanosaeta populations suggest that though the metha-

nogens in flocs and granules are exposed to oxygen, they

remain viable in the sludge signifying that they may be

metabolically active. The presence of Methanosaeta
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Fig. 2 Rank abundance curves of OTUs in flocs and granules,

similarity greater than 97%. a Bacterial abundance curves, b fungal

abundance curves, c archaeal abundance curves
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populations in sludge has been reported previously in the

literature (Gray et al. 2002; Hiraswa et al. 2008).

Discussion

In this study, bacterial populations were found to be the

dominant microorganism in the sludge (38.8%), followed

by fungi (33.4%) and archaea (27.8%) (Table 1). These

microbial compositions are similar to previously reported

studies in WWTP treating industrial wastewater (Yang

et al. 2012). In the bacterial community, Planctomycetes

were found to favor granules (Fig. 4a1), which may be due

to their affinity for salty and anaerobic conditions. The

influent wastewater contains high concentrations of salts

(Li et al. 2014) and the anaerobic environment of the

granules would provide the ideal ecosystem for Plancto-

mycetes. Planctomycetes, Proteobacteria, Acinetobacter

and Flavobacterium detection in the AGS, suggested that

in addition to producing extracellular polymeric substances

favoring granulation they also contributed to the degrada-

tion of organic compounds (Adav et al. 2008; Jungles et al.

2011). Extracellular polymeric substances are beneficial in

granules formation providing a matrix that offers suit-

able environments for other microbial cells to inhabit.

Even though bacteria were observed to be the major

population, the minor communities of archaea and fungi

also contributed to the ecology of AGS structures. In the

fungal population, Scopulariopsis and Penicillium were

found to be a major part of the AGS. These organisms have

been suggested to assist in degradation of organic pollu-

tants such as soluble protein and sugar and the improve-

ment of sludge settleability (Subramanian et al.

2008, 2010; More et al. 2010). Fungi have been suggested

to serve as a backbone for floc formation benefitting the

granulation of sludge (Morgenroth et al. 1997; Subrama-

nian et al. 2008, 2010).

In archaea, Methanosaeta were observed to be the

dominant genera in AGS, similar to earlier studies of

archaeal communities in AS systems (Morales et al. 2013).

Our observation in agreement with literature suggests that

Methanosaeta plays an important role in the structural

integrity of granules and degradation of pollutants present

in wastewater (Enrigt et al. 2007; Mckeown et al. 2009).

Ammonia-oxidizing archaea were not observed in the

sludge. However, ammonia oxidizing bacteria (Nitro-

somonas and Nitrospira) were detected, indicating that

these bacteria may have supplanted the ammonia oxidizing

archaea in the high salt environment of the industrial

wastewater.

Even though the AGS granules and flocs were cultivated

in the same bioreactor, different biodiversity and richness

were observed between them (Tables 1, 2; Figs. 2, 3).

Microbial diversity is closely related to wastewater char-

acteristic and sludge structure (Gao et al. 2011; Show et al.

2011). In the AGS bacteria and archaea were observed to

be higher in the granules, while fungal populations were

higher in flocs. As fungi are aerobic species their associa-

tion with aerobic environment provided by the flocs is not

surprising. The lower association of fungi in granules

supports the idea that granules provide anaerobic envi-

ronmental conditions in the sludge (Cydzik-Kwiatkowska

and Wojnowska-Baryła 2015; Gonzalez-Gil and Holliger

2014; Weber et al. 2009a, b).

Therefore, our study supports a notion the sludge

structure and composition is a primary factor in the bio-

diversity and richness of the AGS. Excellent granules set-

tleability provides a unique environment retaining

anaerobic organisms, which would not usually thrive in the

aerobic conditions of WWTP.

Conclusions

The following conclusion could be drawn from the above

study;

1. The AGS process was capable of treating mixed

influent wastewater from both municipal and industrial

origin.

Flocs
Granules

10134 70

Granules
Flocs

1192 817 1424

Flocs Granules

127 237 71

(a) (b) (c)

Fig. 3 Venn diagrams of microorganisms OTUs in flocs and granules. a Bacteria, b fungi, c archaea
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Aerobic granules

Acidobacteria Actinobacteria Armatimonadetes BD1-5 Bacteroidetes
 BRC1 OD1 OP11 SR1 TM7
WS3 Chlorobi Chloroflexi Cyanobacteria Deferribacteres
Deinococcus-Thermus Dictyoglomi Elusimicrobia Firmicutes Gemmatimonadetes
Lentisphaerae NPL-UPA2 Nitrospirae OC31 Planctomycetes
Proteobacteria SHA-109 Spirochaetae Synergistetes TA06
TM6 Tenericutes Verrucomicrobia Other

Flocs
(a1) Phylum

Aerobic granules

12up Achromobacter Acidiferrobacter Acidiphilium
Acidovorax Acinetobacter Aequorivita Aeromonas
Afipia AKYG587 Alicycliphilus Alkanindiges
Alpinimonas Altererythrobacter Aminivibrio Anaerofustis
Anaerolinea Anaeromyxobacter Anaerovorax Aquabacterium
Aquamicrobium Aquicella Arcobacter Arenicella
Arenimonas Arthrobacter Asticcacaulis Azoarcus
Azohydromonas Azospira Azotobacter Bacillus
bacterium culture clone 18707 EBa5 Bauldia
BD1-7 clade Bdellovibrio Beggiatoa Blastocatella
Bosea Bradyrhizobium Brevundimonas Bryobacter
C1-B045 Caldithrix Candidatus Captivus Candidatus Competibacter
Candidatus Microthrix Candidatus Odyssella Candidatus Riegeria Candidatus Solibacter
Caulobacter Cellulomonas Cellulosilyticum Chryseobacterium
Chryseomicrobium Citrobacter CL500-29 marine group Cloacibacterium
Clostridium sensu stricto 1 Clostridium sensu stricto 12 Clostridium sensu stricto 13 Clostridium sensu stricto 3
Collinsella Comamonas Constrictibacter Coprothermobacter
Corynebacterium Coxiella Cronobacter Cryobacterium
Dechloromonas Deferrisoma Defluviicoccus Defluviimonas
Deinococcus Delftia Denitratisoma Desulfarculus
Desulfatitalea Desulfobacca Desulfobulbus Desulfococcus
Desulfomicrobium Desulfomonile Desulforhabdus Desulfuromonas
Devosia Diaphorobacter Dichotomicrobium Dictyoglomus
Dokdonella Elioraea Enterobacter Enterococcus
Epilithonimonas Epulopiscium Erysipelothrix Erythrobacter
Exiguobacterium Faecalibacterium Fastidiosipila Ferribacterium
Ferritrophicum Ferrovibrio Ferruginibacter Fictibacillus
Filomicrobium Flavisolibacter Flavobacterium Fodinicola
Fonticella Fusibacter Gemmata Gemmobacter
Geobacter Haliangium Halomonas hgcI clade
Hirschia Hydrogenophaga Hydrogenophilus Hylemonella
Hyphomicrobium Hyphomonas Ignavibacterium Incertae Sedis
Incertae Sedis Incertae Sedis Incertae Sedis Incertae Sedis
Isosphaera Janthinobacterium Jeotgalibacillus Kaistia
Klebsiella Kordiimonas Labrys Lactobacillus
Lactococcus Lautropia Leadbetterella Legionella
Leptolinea Leucobacter Levilinea Lewinella
Limnobacter Litorilinea Longilinea Luteimonas
Lysinibacillus Lysobacter Macellibacteroides Malikia
Mangroviflexus Marinicella Massilia Melioribacter
Meniscus Mesorhizobium Methylibium Methylobacterium
Methylocaldum Methylorosula Methylosinus Methylothermus
Microbacterium Mycobacterium Nitratireductor Nitrosococcus
Nitrosomonas Nitrospira Nocardioides Nordella
Noviherbaspirillum Novosphingobium Nubsella Ochrobactrum
OM27 clade OM60(NOR5) clade Ornatilinea Other
Ottowia Owenweeksia Paenibacillus Paenisporosarcina
Paludibacter Paracoccus Parvibaculum Patulibacter
Pedobacter Pedomicrobium Petrimonas Phaselicystis
Phenylobacterium Phycisphaera Pir4 lineage Pirellula
Piscinibacter Planctomyces Planococcus Planomicrobium
Pleomorphomonas Polaromonas Porphyrobacter Prolixibacter
Propionibacterium Propionivibrio Proteiniclasticum Proteiniphilum
Proteocatella Pseudochrobactrum Pseudolabrys Pseudomonas
Pseudoxanthobacter Pseudoxanthomonas Ramlibacter Reclinomonas americana
Reyranella Rheinheimera Rhizobacter Rhizobium
Rhizomicrobium Rhodobacter Rhodobium Rhodococcus
Rhodopirellula Rhodoplanes Rhodopseudomonas Rickettsia
Rivibacter Roseimicrobium Ruminococcus Sandaracinobacter
Schlesneria Shewanella Shinella Sideroxydans
Simplicispira SM1A02 Smithella Solibacillus
Sphaerotilus Sphingobacterium Sphingobium Sphingomonas
Sphingopyxis Sphingosinicella Spirochaeta Sporacetigenium
Stanieria Staphylococcus Stella Stenotrophomonas
Steroidobacter Succinivibrio Sulfuricella Sulfurimonas
Sunxiuqinia Sva0081 sediment group Syntrophobacter Syntrophorhabdus
Syntrophus Taibaiella Tepidibacter Tepidiphilus
Terrimonas Thauera Thermomonas Thermovirga
Thioalkalispira Thiobacillus Thiocapsa Thioclava
Thiothrix Trichococcus Truepera Turicibacter
uncultured Undibacterium vadinBC27 Variovorax
Vibrio Victivallis Wautersiella Woodsholea
Xanthobacter Z195MB87 Zymomonas

Flocs

(a2) Genus

(a)Fig. 4 Microbial communities

in granules and flocs at phylum

and genus levels. a Bacterial

composition in granules and

flocs at phylum (a1) and genus

(a2) levels, b fungal

composition in granules and

flocs at phylum (b1) and genus

(b2) levels, c archaeal

composition in granules and

flocs at phylum (c1) and genus

(c2) levels
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2. Microbial analysis revealed a unique community in the

sludge that was dominated by bacterial populations in

comparison to Fungi and Archaea.

3. The AGS was composed structurally of both granules

and flocs where bacterial and archaeal populations

were observed to be higher in the granules while

fungal populations were higher in flocs.

4. These results demonstrated that the shape and struc-

tural property of granules and flocs favored and

maintained the unique microbial compositions.

5. Wastewater characteristics associated with the mixing

of industrial and domestic influent also played an

important role in maintaining microbial richness and

evenness in the AGS.

(b2) Genus
Aerobic granules

Archaeorhizomyces Cladosporium Myxotrichum Oidiodendron Periconia Phoma Massarina

Cladophialophora Exophiala Emericella Penicillium Lasallia Amphobotrys Plectania

Candida Aschersonia Hypocrea Trichoderma Acremonium Gliocladiopsis Neonectria

Viridispora Ceratocystis Scopulariopsis Gelasinospora Xylaria Scleroderma Malassezia

Rhodosporidium Geminibasidium Mortierella unidentified

Flocs

Aerobic granules Ascomycota

Basidiomycota

Chytridiomycota

Glomeromycota

Zygomycota

unidentified 

Flocs
(b1) Phylum

(c1) Phylum

Aerobic granules Euryarchaeota

Thaumarchaeota
Flocs

Aerobic granules

uncultured Other Methanobacterium Methanobrevibacter
Methanosphaera Methanocella Methanocorpusculum Methanoculleus
Methanofollis Methanogenium Methanolinea Methanoregula
Methanospirillum Methanosaeta Methanomethylovorans Methanosarcina
Methanomassiliicoccus

Flocs

(c2) Genus

(b)

(c)

Fig. 4 continued
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