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Biological degradation of domestic and industrial wastewater by activated sludge depends

on a common process of separation of the diverse self-assembled and self-sustained mi-

crobial flocs from the treated wastewater. Previous surveys of bacterial communities

indicated the presence of a common core of bacterial phyla in municipal activated sludge,

an observation consistent with the concept of ecological coherence of high taxonomic

ranks. The aim of this work was to test whether this critical feature brings about a common

pattern of abundance distribution of high bacterial taxa in industrial and domestic acti-

vated sludge, and to relate the bacterial community structure of industrial activated sludge

with relevant operational parameters. We have applied 454 pyrosequencing of 16S rRNA

genes to evaluate bacterial communities in full-scale biological wastewater treatment

plants sampled at different times, including seven systems treating wastewater from

different industries and one plant that treats domestic wastewater, and compared our

datasets with the data from municipal wastewater treatment plants obtained by three

different laboratories. We observed that each industrial activated sludge system exhibited a

unique bacterial community composition, which is clearly distinct from the common

profile of bacterial phyla or classes observed in municipal plants. The influence of process

parameters on the bacterial community structure was evaluated using constrained anal-

ysis of principal coordinates (CAP). Part of the differences in the bacterial community

structure between industrial wastewater treatment systems were explained by dissolved

oxygen and pH. Despite the ecological relevance of floc formation for the assembly of

bacterial communities in activated sludge, the wastewater characteristics are likely to be

the major determinant that drives bacterial composition at high taxonomic ranks.

ª 2013 Elsevier Ltd. All rights reserved.
1. Introduction aggregates that are separated from the treated effluent by
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pollutants and nutrients. Even though fluctuations in bacterial

composition in wastewater treatment processes may occur

without affecting performance (Kaewpipat and Grady, 2002), it

is generally accepted that bacterial community structure and

diversity influences wastewater treatment stability and

robustness (Wagner and Loy, 2002; Werner et al., 2011). Yet

consensus has still not been reached on the principles un-

derlying the assembly of activated sludge microbial commu-

nities. It has been proposed that both neutral processes and

species sorting act simultaneously during the assembly of

bacterial communities (Ayarza and Erijman, 2011; Ayarza

et al., 2010; Langenheder and Szekely, 2012; Ofiteru et al.,

2010; Valentin-Vargas et al., 2012).

Recent high-throughput studies showed that bacterial

communities of municipal WWTP reactors operated under

diverse configurations at different geographic locations are

highly similar at the phylum level (Hu et al., 2012; Wang et al.,

2012a; Xia et al., 2010; Zhang et al., 2012). The suggestion that

similarities in the distribution of bacterial phyla among

diverse wastewater treatment plants reflect similar life stra-

tegies under most configurations is consistent with the recent

proposition that bacterial groups of high taxonomic ranks

exhibit ecological coherence (Philippot et al., 2010). This

concept refers to the fact that members of a taxon share

functional traits, which distinguish them from members of

other taxa.

Fewer diversity surveys have been performed in activated

sludge systems treating industrial wastewater (Bramucci and

Nagarajan 2006; Degenaar et al., 2008; Figuerola and Erijman,

2007; Juretschko et al., 2002). Despite the increasing trend to-

wards combining industrial and domestic wastes for treat-

ment in municipal plants, the need for industrial wastewater

treatment remains a critical issue worldwide. Industrial

wastewaters comprise a wide spectrum of diverse organic

compounds, characteristic of the different industrial cate-

gories and their production schemes. Similar to domestic

sewage, most industries rely on the activated sludge process

to treat their wastewater, after a suitable pretreatment when

needed (Orhon et al., 2009). The characteristics of the waste-

water can have a decisive influence as a driving force behind

the bacterial community dynamics. It was observed that in

activated sludge reactors subjected to a gradient of increasing

industrial wastewater concentrations the deterministic

component of community assembly increased with the con-

centration of industrial wastewater (van der Gast et al., 2008).

Earlier studies of industrial activated sludge showed a nu-

merical dominance of major bacterial phyla, i.e. Proteobacteria,

Bacteroidetes, Firmicutes, and Actinobacteria (Bramucci and

Nagarajan 2006; Degenaar et al., 2008; Figuerola and Erijman,

2007; Juretschko et al., 2002). These patterns do not differ

markedly from those found in municipal wastewater treat-

ment plants. However, those early molecular studies of bio-

logical industrial wastewater treatment systems have been

limited to the analysis of only several dozens of clones, and no

attempt has been made to compare bacterial community

structures of industrial activated sludge in relation to waste-

water characteristics and operational parameters.

Metagenomic approaches based on ‘next generation

sequencing’ have the capacity of providing a deeper insight

into the participating bacterial populations. In this work we
have investigated seven full-scale industrial and one munic-

ipal activated sludge plant using barcoded 454 pyrosequenc-

ing of 16S rRNA gene and compared our datasets with the data

from municipal wastewater treatment plants obtained by

three different research groups. The objectives of this work

were: 1) to test whether the similarity in the abundance dis-

tribution patterns of high bacterial taxa, which have been

observed in municipal WWTPs, holds for industrial waste-

water treatment systems as well, and 2) to examine the taxa

distribution of industrial WWTPs in relation to process

parameters.
2. Materials & methods

2.1. Wastewater treatment plants and sampling

Activated sludge sampleswere taken from the aeration basins

of eight full-scale WWTPs located in Argentina. Six of the

plants were sampled twice, at times separated by periods of

two months to almost three years. The other two WWTPs,

which treated wastewater from two different pet food in-

dustries, were sampled once. The type of wastewater, main

operating conditions and times of sampling are given in

Table 1 and Table S1. Textile dyeing (TXT) wastewater con-

tained unreacted dyestuffs and other auxiliary chemicals that

are used at the various stages of dyeing, such as organic acids,

fixing reagents, anti-foaming agents, oxidizing and reducing

(sodium dithionite) reagents, sodium hydroxide and diluents.

Petroleum refinery wastewater (REF) was characterized by

high concentrations of aliphatic and aromatic hydrocarbons,

phenolic compounds and ammonia. The pharmaceutical in-

dustry evaluated in this study (PHA) manufactures dosage-

form products by mixing active ingredients and excipients,

such as binders, fillers, flavoring and bulking agents, pre-

servatives and antioxidants. Many different products are

manufactured, resulting in large variations in wastewater

composition. Compounds present in wastewater are usually

found in low concentrations, and include organic acids, car-

bohydrates, phospholipids, vitamins and inorganic minerals.

No antibiotics are manufactured or processed in this indus-

trial facility. Pet food industries (PF1 and PF2) generate high-

strength wastewater containing high animal fat concentra-

tion, protein, carbohydrates and vitamins, in addition to

various cleaning and sanitizing compounds. Organic compo-

nents of wastewater from the whey processing plant (WHY)

consist mostly of lactose and milk serum proteins, generated

upon the use of automated cleaning-in-place systems (CIP) for

cleaning of equipments and pipelines. The polymer waste-

water treatment plant (PLM) receives wastewater-containing

monomers (alkanes, alkenes and other aliphatic hydrocar-

bons) from the manufacturing of basic plastics (polyethylene)

and performance plastics (polyurethane).

The operational parameters from each wastewater treat-

ment plant were obtained from the respective staff members.

Data were averaged over the month prior to sampling. Phos-

phorus deficiency in the refinery wastewater and nitrogen

deficiency in the textile dyeing wastewater were corrected by

the addition of phosphoric acid and urea, respectively. Nu-

trients were in excess in all the other WWTPs. With only one

http://dx.doi.org/10.1016/j.watres.2013.04.010
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Table 1 e Characteristics and average process parameters for the surveyed WWTPs. Data were averaged over the month
prior to sampling.

Wastewater Code ABVa (m3) MLSSb (mg/L) SRTc (d) Org. Load (kgBOD/d) F/M pH DOd (mg/L) Temp (�C)

Textile dyeing TXT-08 3500 3594 68 1165 0.12 8.6 0.7 33

TXT-11 3500 6563 40 1008 0.05 8.4 0.6 28

Petroleum refinery REF-09 5430 4850 86 2402 0.11 7.6 1.9 34

REF-11 5430 4425 69 2778 0.14 7.1 3.9 35

Acrylic Polymer PLM-08 200 4350 70 13.3 0.02 7.4 8.1 23

PLM-09 200 3313 53 11 0.02 7.1 8.6 23

Pharmaceutical PHA-5.11 40 2788 16 18 0.20 6.8 3.2 21

PHA-7.11 40 3113 15 22 0.22 6.9 2.9 22

Sewage SWG-08 200 4469 18 81 0.11 7.4 3.4 21

SWG-09 200 5038 23 76 0.09 7.2 2.9 19

Whey Processing WHY-10 5000 8163 28 3018 0.09 7.7 0.9 22

WHY-11 5000 6531 33 3148 0.12 7.7 0.8 20

Pet food 1 PF1-08 125 3875 32 112 0.29 6.8 1.8 22

Pet food 2 PF2-11 160 8125 5 546 0.53 7.5 0.8 22

a ABV: Total aeration basin volume.

b MLSS: Mixed Liquor Suspended Solids.

c SRT: Solids Retention Time.

d DO: Dissolved Oxygen concentration.
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exception, the WWTPs were not designed for nutrient

removal. The WWTP treating wastewater from the petroleum

refinery contains an anoxic basin for denitrification. However,

since no carbon is added as electron donor for denitrification,

nitrogen removal efficiency was very low.

After sampling, sludge samples were transported within

2 h to the laboratory in plastic flasks at room temperaturewith

a large air chamber in order to avoid anaerobic conditions, and

stored at �20 �C, except the sludge samples from the whey-

processing factory, which were transported in ice and stored

at �20 �C within 6 h.

2.2. DNA extraction

Pellets derived from centrifugation of 1 mL of sludge were

resuspended in 500 mL of TE buffer (pH 8.0) and transferred to

2 mL screw cap tubes with 0.5 g zirconia silica beads (BioSpec

Products, OK). 50 mL of 10% sodium dodecyl sulfate (SDS) were

added, and the tubes were immediately filled with equili-

brated phenol [pH ¼ 8.0] and chloroformeisoamyl alcohol

(25:24:1). Cells were physically disrupted by shaking for 3 cy-

cles of 30 s in a cell homogenizer (Precellys 24, Bioamerica) at

5000 rpm. The aqueous phase was transferred to a clean tube

and re-extracted twice with chloroform-isoamyl alcohol

(24:1). Nucleic acids were precipitated with 2 volumes of

ethanol 100% and 0.1 volumes of sodium acetate and washed

twice with 70% ethanol. The pellets were resuspended in 50 mL

of nuclease free water.

2.3. PCR and sequencing

Variable V1-V3 regions of the 16S rRNA gene were amplified in

triplicate with barcoded bacterial universal primers F27 (50-
GAGTTTGATCMTGGCTCAG-30) andR518 (50-WTTACCGCGGCT-

GCTGG-30). PCR reaction mix consisted of 0.3 mM of each bar-

coded primer, 15 ng template DNA, 2� reaction buffer, 0.2 mM

dNTPs, 1mMMgSO4 and 1UPlatinumPfxDNApolymerase (Life

Technologies Corporation). Barcodes sequences 10 bp long,
located at the 50 end, were added to enable the association of

individual PCR products to each specific sample. Amplification

conditions were as follows: 2 min at 94 �C for initial denatur-

ation, 40 cycles of 30 s at 94 �C, 30 s at 50 �Cand 30 s at 68 �C, and
a final extension at 68 �C for 10 min. The obtained amplicons

were gel-purified, extracted using AxyPrep� DNA Gel Extrac-

tion Kit (Axygen Biosciences), quantified by UVevis spectros-

copy (NanoDrop-1000, Thermo Scientific, Wilmington, DE,

USA), pooled in an equimolar mix and sent to Macrogen Inc.

(Seoul, Republic ofKorea) for thefinal steps in theRoche 454GS-

FLX pyrosequencing process: amplicon library construction,

emPCR and sequencing. Pyrosequencing raw reads were

deposited in the NCBI Short-Read Archive under accession

number SRA061963.

2.4. Data analysis

Mothur v.1.22.2 was used to denoise, trim, filter and align se-

quences, find chimeras, assign sequences to operational

taxonomic units (at 97% and 95% similarity), and describe

alpha-diversity (Schloss et al., 2009), following the standard

operation procedure suggested by the program’s author.

Briefly, after extracting fasta, flow and quality files from the

raw Standard Flowgram Format (sff) file, the data was de-

noised with the AmpliconNoise algorithm (Quince et al.,

2011). Quality-filtered sequences (minimum length 200 bp,

with no ambiguous bases and no more than 1 and 2 mis-

matches to the barcode and primer, respectively, and homo-

polymers of 8 bp as a maximum) were separated by primer

and barcode, and then trimmed (Schloss et al., 2011). Forward

primer sequences were aligned to the SILVA-database refer-

ence alignment v 102. Sequences outside the most repre-

sented alignment space were removed. Chimeras identified

with the ‘uchime’ algorithm were also removed. For the

remaining sequences, the trimmed raw FASTA reads were

classified against 16S rRNA RDP database, training set 9, with a

bootstrap cutoff of 50%. Because the comparison of our data

with datasets from other labs could only be based on classified

http://dx.doi.org/10.1016/j.watres.2013.04.010
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taxa, the confidence threshold used for classification of the

sequenceswas kept at 50% as a trade-off betweenmaintaining

relatively high assignment accuracy and maximizing the

number of classifiable sequences.

The filtered reads were also used for generating a distance

matrix and then clustered into OTUs (defined at 3% and 5%

cutoff) by average neighbor linkage. The program built a table

indicating the abundances of OTUs in each sample. For

normalization, 5000 sequences were randomly subsampled

from each group using Mothur’s sub.sample function, except

sample corresponding to the oil refinery in year 2011 (REF-11),

which only had 4753 sequences left. The sequence processing

profile is shown in Table S2.

Rarefaction curves were built with a sampling iteration of

1000. Shannon-Weaver index was calculated in a collecting

sampling way, every 100 sequences, and then plotted against

sampling effort. OTUs defined at 3 and 5% cutoff were also

used to calculate Good’s coverage, Chao1 and ACE indices.

Data from municipal wastewater treatment plants from

three different laboratories were included for comparison

with the data from this study. These were a full-scale anaer-

obic/anoxic/oxic (A/A/O) plant in Guangzhou, China (CN-GZ-

DT) (Zhang et al., 2012), a CAS þ MBR full-scale plant in

Singapore (SG-SG-UP) (Zhang et al., 2012), a full-scale A/A/O in

Wuxi, China (Wang et al., 2012a), a full-scale A/A/O þ MBR

plant in Wuxi, China (Wang et al., 2012a), and a A/A/O pilot

plant for domestic sewage in Korea (Kim et al., 2013a).

Whereas the latter study sequenced the same region of the

16S rRNA gene that we did (hypervariable region V1-V3), the

former two studies used the V4 region of the 16S gene. The

datasets of Zhang et al. (2012) and Kim et al., 2013a, whose raw

sequences were available in the NCBI Short-Read Archive

(SRA026842.2 and SRA050633, respectively), were downloaded

and processed through the Mothur pipeline together with the

rest of the samples from this study. On the other hand, since

the dataset of the work byWang et al. (2012a) was not publicly

available, we have reconstructed the high rank information

based on the tables of relative abundance of classified genera.

Comparison of taxa distribution between samples were next

performed using only classified sequences.

The square root transformed data of abundance of bacte-

rial phyla, classes and genera were loaded in the program

PAST to perform a hierarchical cluster analysis using

BrayeCurtis similarity measure, UPGMA linkage algorithm

and a bootstrap of N ¼ 100.

Ordination analyses were performed using the ‘vegan’

package version 1.15-1 (Department of Statistics, Iowa State

University, Ames, IA, USA) in R 2.15.1, using default parame-

ters. Rare classes, with less than 0.5% abundance, and un-

classified bacteria were excluded from the analysis. A square

root transformation was applied to the classes relative abun-

dances to down-weight the effect of dominant taxa.

Principal Coordinates Analysis (PCoA) was used for the

visualization of distances between samples. We have applied

the Constrained Analysis of Principal Coordinates (CAP) to

visualize overall patterns of dispersion among communities

from the different WWTPs and to examine whether bacterial

communities correlate with the main process operational

variables. CAP is a constrained ordination method similar to

Redundancy Analysis, which is gaining attention in
community ecology because it can be applied to non-

Euclidean dissimilarity indices, like Jaccard, Bray-Curtis or

phylogenetic distances (Anderson and Willis, 2003). It has

recently been used to explain observed phylogenetic differ-

ences between anaerobic bioreactors on the basis of a subset

of measured environmental gradients (Werner et al., 2011).

For this analysis we have used the BrayeCurtis distance, a

common metric in community ecology, which takes into ac-

count the presence and abundance of taxa. Because our data

were obtained using the V1eV3 variables region of the 16S

rRNA gene and the data from the papers by Zhang et al. (2012)

and Wang et al. (2012a) were obtained using the variable V4

region, we could not evaluate variations in phylogenetic

structure between samples using phylogenetic distances.

Statistical comparisons of Shannon index and Chao1 were

performed using analysis of variance (ANOVA). Because the

raw dataset from Wang et al was not available, those data

were not included in this analysis.
3. Results

3.1. Analysis of high bacterial taxa

Table 1 and Table S1 describe the main characteristics of the

seven industrial and one domestic activated sludge plants,

and contain the operational data averaged over one month

prior to sampling. Six of the WWTPs were sampled two times

several months apart (see Table S1 for details). A total of

156.988 sequences distributed among the 14 samples

remained available for analysis after filtering. To ensure even

coverage across samples, a set of 5000 sequences per sample,

ranging between 200 and 530 bp, with an average length of

423 bp, was used for taxonomical classification.

Even though the value of Good’s coverage indicated that all

samples were sequenced at high depth (Table S2), rarefaction

curves do not approach saturation at a cut-off value of 97%

similarity (Fig S1), and hence some bacterial taxa still may

have remained undetected, especially those present as minor

populations. Samples from industrial activated sludge

exhibited significantly lower diversity than samples from the

domestic activated sludge (Fig S2).

Fig. 1 and Fig. 2 show the analysis of bacterial composition

at the phylum and class levels. Each activated sludge sample

had a characteristic distribution of high rank taxa, according

to their origin. No single phylum exhibited similar abundance

across all the samples. The class Sphingobacteria within the

phylum Bacteroidetes, was highly represented in most samples

(10e50%), but was only a minor component of the sludge from

the polymer industry (ca. 1%). In opposition, members of the

phyla Acidobacteria (Gp4 group) were dominant in the WWTP

from polymer industry (10 and 56%), relatively abundant in

the textile dyeing WWTP (up to 10%), but much less abundant

in the rest of the examined plants. Within the Proteobacteria,

the class Betaproteobacteria was highly represented in several

samples (12e40%), but had a rather low abundance in textile

and whey processing AS (1e9%). The orders Burkholderiales,

Hydrogenophilales and Rhodocyclales account for the majority of

reads within this class. Gammaproteobacteria fluctuated be-

tween the dominance observed in the polymer industry plant

http://dx.doi.org/10.1016/j.watres.2013.04.010
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SWG-08 SWG-09

TXT-08 TXT-11 WHY-10 WHY-11

PLM-08 PLM-09 REF-09 REF-11

PHA-5/11 PHA-7/11 PF1-08 PF2-11

SWG-A-KR* SWG-B-CN* SWG-B-SG*

Fig. 1 e Pie chart showing the pattern of bacterial distribution in activated sludge systems. Each pie chart represents the

relative abundance of different bacterial phyla at the WWTP indicated above. Rare phyla with less than 1% abundance were

grouped as “Minor Phyla”. SWG samples marked with * were taken from Kim et al. (2013a) (SWG-A-KR) and Zhang et al.,

2012 (SWG-BeCN: CN-GZ-DT, SWG-B-SG: SG-SG-UP).
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(27%) and the poor representation found in textile and phar-

maceutical samples (1e3%), whereas in the remaining

WWTPs analyzed showed moderate abundance (3e14%).

Actinobacteria were detected in all WWTPs but presented

particularly high abundance values at single samples of

sewage and whey AS (9 and 24%). Planctomycetes were

frequently detected in the textile dyeing plant (27 and 40%),

and hadmoderate abundance in others, such as sewage (3 and

10%), pharmaceutical (2%) and pet food (21%). TM7 was over-

represented in the whey processing activated sludge (6 and

13%), and was also present in the pharmaceutical plant (2 and

10%), and in one of the pet food plants (3%).

Other phyla occurred only at specific sites. This is the case

of Verrucomicrobia and Spirochaetes, which occurred in sewage

treatment facilities (2e3% and 1%, respectively), and Chlorobi,

whichwas detected AS treating petrochemical wastewater: oil

refinery (1e2%) and polymer synthesis wastewater (1%).

Lastly, a rare phylum called Lentisphaerae was found with

moderate abundance (2e3%), only in the WWTP of the textile

dyeing facility.

Dendrograms prepared by using the BrayeCurtis similarity

index show that at the class level samples clustered with high

bootstrap values according to WWTP identity (Fig. 2). Also
included inFig. 2 are thedata frommunicipal sewage treatment

plants published by three different laboratories, including two

full-scale WWTPs in China and Singapore (Zhang et al., 2012),

two full-scale WWTPs in China (Wang et al., 2012a) and a pilot

A/A/O process in Korea (Kim et al., 2013a). The five samples

clustered with the domestic WWTP evaluated in this study.

The dendrogram of phyla is showed in Supplementary Fig

S3. The low bootstrap values revealed uncertain branching

patterns. We deem that our ability to distinguish the actual

patterns at this taxonomic level is limited because only a few

phyla dominate microbial communities in wastewater treat-

ment plants.

3.2. Analysis of bacterial community structure at the
genus level

The number of classified sequences varied greatly between

samples, ranging from 34 to 41% in samples from the petro-

leum refinery to 72e89% in the samples from the acrylic

polymer industry (Table S3). Sequences classified at the genus

level were compared using the Bray-Curtis similarity index.

The values where then used to build a second dendrogram

that is shown integrated with a heatmap of the most

http://dx.doi.org/10.1016/j.watres.2013.04.010
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Fig. 2 e Patterns of bacterial classes distribution in activated sludge samples. Cluster analysis was performed based on

Bray-Curtis similarity index and average neighbor linkage method, without including unclassified bacteria. Square root of

relative abundance was used as input. Bootstrap values above 50 are shown. Data with an asterisk were taken from Kim

et al (2013a), Zhang et al. (2012), and Wang et al. (2012a) and renamed (see Fig. 1; SWG-C-CN1: D2, SWG-C-CN2: E1).
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abundant genera (Fig. 3). The similarity between samples

decreased going from higher to lower taxonomic levels.

However, the clustering by WWTP was still supported,

although with lower bootstrap values and a clear separation

between municipal samples according to the variable region

targeted for sequencing (Kumar et al., 2011).

At the genus level we could not detect a core of taxa

common to all the investigated systems. There were, though,

common genera, such as Haliscomenobacter or Thauera, shared

by several treatment plants. Some genera were shared by

several communities, but were particularly abundant in some

of the systems. Among these were Gp4, of the Acidobacteria,

which was abundant in the polymer synthesis and textile

dyeing WWTPs. Other genera were present in particular sys-

tems, in which they displayed high abundance. These were

the case for Lewinella, Micropruina and Olivibacter and Tesar-

ococcus, which were abundant in the WWTP of the whey pro-

cessing industry, Thiobacillus found in the activated sludge

treating oil refinery wastewater and Rudaea, an abundant

genus in the polymer synthesis activated sludge.
3.3. Relationship between operational parameters and
bacterial community structure

Principal Coordinate Analysis (PCoA) together with Canonical

Analysis of Principal Coordinates (CAP) was used to visualize

overall patterns of dispersion among communities from the

different WWTPs and to examine whether bacterial commu-

nities correlate with critical process operational variables

(Fig. 4). In the unconstrained PCoA the two first ordination axis

explained 45.7% of the variability observed in bacterial com-

munity structure (Fig. 4A), whereas the first two axes of the

constrained coordinates of the same data (Fig. 4B and C)

explained only 30.3% of the variation.

In Fig. 4D one sample from each of the six WWTPs was

randomly included in the analysis to avoid violating the

assumption of independence. Importantly, Fig. 4D maintains

a similar ordination pattern as that of Fig. 4A and B, which

were obtained using the complete set of samples. Bacterial

structures of municipal wastewater treatment plants formed

a relatively close cluster clearly separated along one or both

http://dx.doi.org/10.1016/j.watres.2013.04.010
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Fig. 3 e Heat map of the most abundant bacterial genera found in the full-scale activated sludge samples. Cluster analysis

was performed on the 184 most represented genera (with abundance >0.5%), using the Bray-Curtis similarity index and

average neighbor linkage method. Only the top 55 genera were used to build the heatmap.
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axes from WWTPs treating industrial wastewater. According

to the permutation test the significant underlying operational

variables were the average levels of dissolved oxygen

( p ¼ 0,01) and pH ( p ¼ 0.02).

From Fig. 4C and Fig S4 it is also possible to infer the as-

sociation of high rank taxa to particular sites. The phyla
Lentisphaera, and to a lesser extent the class Planctomycetacia,

are mostly confined to the WWTP treating textile wastewater.

The phyla Chlorobi, were distinctive to the refinerywastewater

treatment sludge. The class Acidobacteria-Gp4 was relatively

associated to the WWTP that treats wastewater from the

polymer synthesis plant.

http://dx.doi.org/10.1016/j.watres.2013.04.010
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Fig. 4 e Ordination analysis of pyrosequencing data and operational variables in the activated sludge (AS) samples. A)

Principal Coordinates Analysis (PCoA) using Bray-Curtis distance, based on the bacterial classes relative abundances. B) and

C) Constrained Analysis of Principal Coordinates (CAP) using bacterial classes relative abundances and five measured
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4. Discussion

4.1. Bacterial community structure in industrial
activated sludge

This work shows that industrial activated sludge systems do

not share the characteristic profile of high bacterial rank

commonly observed in municipal plants, but exhibit unique

bacterial community composition. Earlier analysis of acti-

vated sludge performed in full-scale and lab-scale wastewater

treatment plants indicated that bacterial communities were

dominated by the phylum Proteobacteria and Bacteroidetes, fol-

lowed by Actinobacteria and Firmicutes (Eschenhagen et al.,

2003; Snaidr et al., 1997; Wagner and Loy, 2002). More

recently, several high-throughput 16S rRNA gene-sequencing
surveys executed worldwide confirmed the results of those

previous studies (Sanapareddy et al., 2009; Valentin-Vargas

et al., 2012; Wang et al., 2012a, 2012b; Xia et al., 2010; Yang

et al., 2011; Ye et al., 2011; Yu and Zhang, 2012; Zhang et al.,

2012). Remarkably, the distribution of bacteria in most

municipal wastewater treatment plants was highly consistent

at high taxonomical levels of organization, across a wide

range of geography and reactor configurations. These obser-

vations are highly consistent with the concept of ecological

coherence of bacterial groups at taxonomic ranks higher than

the species (Philippot et al., 2010).

Our results also show close similarity between the bacte-

rial composition of samples from a small WWTP treating do-

mestic wastewater in Argentina and the published data of five

municipal plants in Singapore, China and Korea (Kim et al.,

2013a; Wang et al., 2012a; Zhang et al., 2012). It is extremely

http://dx.doi.org/10.1016/j.watres.2013.04.010
http://dx.doi.org/10.1016/j.watres.2013.04.010


wat e r r e s e a r c h 4 7 ( 2 0 1 3 ) 3 8 5 4e3 8 6 43862
interesting to note that this is true even when the data origi-

nated from multiple laboratories and the methods used for

DNA extraction and the region of the 16S rRNA that were

sequenced differed between the studies.

The distinction between community structures ofmunicipal

and industrial activated sludge clearly perceived at the class

levelsmight beextended to lower taxonomic ranks aswell, even

though at the genus level biogeographical distribution of genera

may be likely. Adding to the large differences in the percentage

of classifiedgenerabetweensamples, and theuncertainty of the

low bootstrap support, the clustering of genera appeared influ-

enced by the 16S variable region targeted for sequencing, which

maymask other effects on sample grouping (Kumar et al., 2011).

The formation of a biological floc that settles in a

downstream basin is a characteristic ecological feature that

distinguishes activated sludge communities. Therefore,

following the notion of ecological coherence, one could have

anticipated that the similar distribution of phyla and classes

observed in geographically distributed biological wastewater

treatment plants under varied configurations would be also

maintained in industrial activated sludge. Yet no such pattern

was found. On the contrary, each community clearly diverged

according to their origin. High rank taxa occurred in a repro-

ducible manner within each type of plant, even in samples

separated by almost three years.

The tables of taxa abundance distribution mark a distinct

preference of selected bacterial groups to particular plants, also

visualized in the ordering of phyla in CCA (Fig S4). The WWTP

treating textile-dyeing wastewater was distinguished by a

considerable abundance of Lentisphaera, Chlamydiae and Planc-

tomycetes, three phyla belonging to the monophyletic group

referred as the PVC superphylum (Wagner and Horn, 2006). The

poorly characterized phylum Lentisphaera have been related to

the degradation of lignocellulose and/or conversion lignocellu-

lolytic productswithinananaerobicmesophilic lignocellulolytic

consortium (Yan et al., 2012). Similarly, Chlamydiae were found

to be part of a cultivated consortium adapted to grow on dried

ground switchgrass as the sole carbon source (DeAngelis et al.,

2010). This is remarkable because lignin-degrading enzymes

are able to degrade a wide range of azo, heterocyclic and poly-

meric dyes (Nyanhongo et al., 2002). Further explorationof these

understudiedgroupsof bacteriamayaid in theminingofgenetic

novelty with potential biotechnological application.

The characteristically high abundance of TM7 in samples of

the whey processing industry and in pet food industry

wastewater treatment activated sludge is consistent with the

previous description ofmembers of this phylumas specialized

protein hydrolyzing organisms, a function that links them to

protein turnover in activated sludge plants (Xia et al., 2007).

The fact that the phylum Chlorobi was only detected in

WWTPs treating wastewater from petrochemical processes

(petroleum refinery and acrylic polymers) can be related to the

presence of sequences binned to Chlorobi in the recently

published whole gene amplified (WGA) metagenome from a

hydrocarbon-contaminated groundwater (Abbai et al., 2012).

Relatively high proportion of Acidobacteria has already been

associated to petrochemical wastewater treatment (Figuerola

et al., 2007).

Understandably, this does not imply that reactor configu-

ration and operation are unrelated with bacterial community
composition. Recent high throughput studies aimed at

defining the operational and environmental parameters that

influence microbial community composition in activated

sludge treating municipal wastewater (Kim et al., 2013b;

Pholchan et al., 2010; Wells et al., 2011). It appeared that

influent BOD, dissolved oxygen (Kim et al., 2013b; Wells et al.,

2011), as well as reactor configuration (Pholchan et al., 2010)

can be important factors shaping bacterial community struc-

ture at low taxonomic ranks. We have also observed that

dissolved oxygen and pH are variables that may explain, to

some extent, the bacterial composition in activated sludge.

We note that the distribution of WWTPs along the ordination

plot would be also compatible with a gradient of the biode-

gradability of influent wastewater. Unfortunately, data were

not available for all WWTPs at the time of sampling. However,

scattered data of the ratio of BOD/COD, a proxy for biode-

gradability, follows the increasing trend from textile dyeing

and polymer synthesis WWTPs to whey processing plant.

The activated sludge treating domestic wastewater

harbored higher diversity than industrial activated sludge. Yet

to assess how the bacterial diversity affects the overall system

performance is still less straightforward, as diversity and

performance are not necessarily associated (Pholchan et al.,

2010). As the dominant taxa in most samples were unique to

each plant, we did not find a common population core be-

tween industrial and municipal systems. In opposition, it

appears that there was higher consistency in the composition

of bacterial community structure between geographical

distant municipal WWTPs than between activated sludge

treating different type of wastewater in proximate geograph-

ical areas.

The two samples from pet food industries examined in this

study were not closely related. Major differences in the char-

acteristics of the raw material used and the processes applied

preclude us from drawing any conclusion about the observed

divergence in bacterial composition.

The results of this work suggest that bacterial community

structure is for the most part influenced by the wastewater

type rather than by geographical distances or operation con-

ditions. Performing a thorough chemical characterization of

each industrial wastewater is not straightforward, as waste-

water is largely a complex mixture of many different organic

compounds. Yet a deeper characterization of the wastewater

generated will be necessary to interpret the differences and

similarities of bacterial community structure of several

treatment plants for each industrial category.

On the other hand, the question of ‘who is there’ should

naturally lead to the question of ‘what can they do’. Whether

the observed taxonomic differences point to a concomitant

divergence in metabolic functions will require further inves-

tigation on the ensuing metagenomic profile of each individ-

ual system.

4.2. Implications for industrial activated sludge design
and operation

Mechanistic models, like the Activated Sludge Model No. 1

(ASM1) or ASM3 are valuable tools for the representation of

the biological processes taking place in bioreactors, critical for

the design and evaluation of the activated sludge process

http://dx.doi.org/10.1016/j.watres.2013.04.010
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(see (Hauduc et al., 2013) for a recent review) For successful

application in process optimization, calibration of the models

requires the experimental determination of relevant data on

process stoichiometry and kinetics obtained from the full-

scale WWTP under study (Sin et al., 2005). Similarly, respi-

rometry is commonly used for the experimental assessment

of wastewater characteristics as well as of the active hetero-

trophic biomass, a significant component of the model

(Hauduc et al., 2013). For the design of new plants, default

parameters set for municipal cases are typically used (Insel

et al., 2012). When using ASM models for biological treat-

ment of industrial wastes, design engineers are usually aware

of the differences in composition between industrial and do-

mestic wastewater, including the higher incidence of in-

hibitors in the former (Boursier et al., 2004; Stricker and

Racault, 2005; Ubay Cokgor et al., 2009). However, the critical

differences in the composition of the population of hetero-

trophs that grow aerobically and are responsible for BOD

removal in municipal and industrial wastewater treatment

plants might not be well recognized. We suggest that major

differences in biomass composition in industrial activated

sludge, compared to municipal activated sludge may be rele-

vant because they could be reflecting changes in the kinetics

of substrate consumption and storage products formation.
5. Conclusions

The following conclusions can be drawn from this study:

1. The activated sludge treating domestic wastewater

harbored higher diversity than industrial activated sludge.

2. No common population core was found between industrial

and municipal systems.

3. High rank taxa occurred in a reproducible manner within

each plant in samples separated by up to three years.

4. There was higher consistency in the composition of bac-

terial community structure between geographical distant

municipal WWTPs than between activated sludge treating

different type of wastewater in proximate geographical

areas.

5. There is a distinct preference of selected bacterial groups to

particular wastewater treatment plants.

6. Differences in the bacterial community structure between

industrial wastewater treatment plants were partly

explained by dissolved oxygen and pH.

7. Major differences in the composition of the population of

heterotrophs responsible for BOD removal in industrial

activated sludge might be worth considering for experi-

mental assessment of process kinetics.
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