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Abstract 

Due to the presence of color and consequent aromatic amines, textile industry wastewater represents one of 

the main sources of water pollution worldwide. In this sense, anaerobic-aerobic systems have been studied to 

overcome this scenario. This master thesis analyzed the mixed microbial culture present in aerobic granular 

sludge (AGS) sequencing batch reactors (SBRs), operated in anaerobic-aerobic cycles in different 

hydrodynamic regimes for the treatment of a synthetic textile wastewater, using a sizing agent (Emsize E1) as 

carbon source and Acid Red 14 as dye. Fluorescence in situ hybridization (FISH) allowed the identification of a 

specific group of bacteria, Defluvicoccus vanus related GAOs, which could be involved in amine biodegradation. 

It was also detected the importance of microbial culture diversity in granules stability. Furthermore, it was 

established the impact of sludge storage in community changes. It was also studied the effect of silver 

nanoparticles (AgNPs), at a concentration of 10 mg/L, in the granulation process through the analysis of the N-

acyl-homoserine lactones (AHL) content, which is believed to be important for granulation. In the reactor with 

AgNPs, at the beginning of operation a delay in AHL production occurred, and it was detected that the 

granulation is related to an increase in AHL production and the same increase occurred when were registered 

biomass losses. This study contributed to a better knowledge of the microbial ecology of AGS for textile effluent 

treatment, which is important to improve the design and operation of these systems, towards mitigating this 

important source of pollution. 

Keywords: Aerobic granular sludge; Textile wastewater; Wastewater microbiology; Aromatic amine biodegradation; Quorum sensing; 

Engineered nanoparticles.

Introduction 

The need to safeguard water resources has been 

recognized worldwide as a priority in many industrial 

sectors, therefore, an effort has been done in the 

scientific community to develop potential environmental 

friendly and economically attractive technologies [1]. 

Regarding the increasing demand for textile products, 

textile industry has become one of the main sources of 

water pollution, it produces huge volumes of wastewater 

(between 3800 and 7600 million m3 per day) rich in non-

biodegradable components [12]. In particular, the 

wastewater from textile finishing industry represents an 

environmental problem and also, a public health 

concern, mainly due to the presence of recalcitrant dyes 

and high organic loads [2]. 

In association with the increasing production of textiles, 

new textile materials have emerged. The textile industry 

has recognized the advantages of applying engineered 

nanoparticles (ENPs) onto textiles. Silver NPs (AgNPs) 

have gain textile industry’s interest due to their 

antimicrobial and antibacterial effects, which lead to 

odor elimination in, for instance, athlete’s clothes, 

jogging outfits, and medical textiles [13]. Therefore, a 

proper handling and disposal of ENPs is needed. 

Color in textile industry effluents, promoted by the 

presence of dyes, remains as a serious concern. The 

environmental problem caused by undesirable colored 

wastewater it is not only due to an noticeable issue but 

it can also be related to interfere in ecosystem 

equilibrium of the receiving water media [3].  

Azo dyes are one of the most broadly used dye classes. 

However, they are highly persistent and recalcitrant [2]. 

The biological degradation of azo dyes has been 

described as an anaerobic azo bond cleavage, in order 

to remove the color, with consequently formation of 

aromatic amines which are not further degraded 

anaerobically [2].  

In this context, to achieve the aerobically mineralization 

of the aromatic amines, two stages reactors have been 

proposed [5]. Regarding operational issues of the 

conventional flocculent activated sludge systems, 

namely, settling problems, aerobic granular sludge 

(AGS) in an anaerobic-aerobic sequencing batch 

reactor (SRB) has been considered as having the 

capability to treat textile wastewaters [2]. Under specific 

conditions the granular structures have aerobic and 

anoxic-anaerobic zones co-existing in the same reactor, 

which makes the system less sensitive to high organic 

load and toxic compounds [7].  



Evaluate the microbial community and AGS stability 

plays an important role in this AGS SBR systems as well 

as their evaluation in terms of azo dye degradation [2]. 

In order to support the potential for technology 

application, many research has been done using 

different bioreactors performances. Therefore, it is 

believed that the process of granulation it is highly 

dependent of cell-to-cell interactions such as quorum 

sensing (QS) communication [8]. Furthermore, this way 

of thinking it has become a new approach to investigate 

the microbial attachment and biofilm formation in mixed 

cultures. N-acyl-homoserine lactones (AHL) are one of 

the chemical molecules, called auto inducers (AIs), 

produced by Gram-negative bacteria, even more, they 

are characterized has been important in pure culture 

interactions and ones of the most studied [9]. 

Biological wastewater treatment processes are 

dependent on microorganisms interaction and evolution 

of the community profile in adaptation to the operating 

conditions and wastewater characteristics. Specific and 

important processes regarding compounds removal rely 

on distinct microorganisms thus, their study essential for 

optimizing the design and operation of these systems 

[18]. Even so, understanding the biomass adaptations 

regarding the cycle modifications it is also described for 

a better approach to evaluate the performance of the 

textile wastewater treatment reactors [18].  

The goal of the current work was to evaluate the impact 

of textile wastewater on AGS microbial community 

structures during aerobic granule formation and long-

term AGS operation in terms of microbial population 

diversity and dynamics. For that, key biomass samples 

were selected from 5 different operational periods and 

characterized using fluorescence in situ hybridization 

(FISH). The importance of quorum sensing in biofilm 

formation has been previously described. Thus, the 

communication between the cells and their 

surroundings during granulation and long-term 

bioreactor operation was also evaluated through 

quorum sensing detection and quantification of 

signaling molecules, which were correlated to granule 

stability and SBR performance. 

Materials and Methods 

Feed 

The carbon source used was a starch-based sizing 

agent commonly used in textile industry, Emsize E1 

(Emsland-Stärke GmbH, Germany) and the stock 

solution was prepared as described in Lourenço et al. 

(2000) [6], diluting the Emsize E1 in distilled water to a 

final concentration of 100 g/L. 

The azo dye solution used was a diluted acid red 14 

solution (AR14, Chromotrope FB, Sigma-Adrich, 50% 

dye content) at 3.0 g/L of concentration. 

An AgNPs suspension was used and it was prepared 

with a silver nanopowder (Silver nanopoweder <100 nm 

particle size, Sigma-Aldrich) to a concentration of 50 

mg/L. 

The final feed solution, which represents a synthetic 

wastewater, was prepared adding the azo dye stock 

solution to an initial concentration of 40 mg/L and  

diluting the carbon source stock solution in distilled 

water to a COD content of 1000 mgO2/L (1.15 g/L 

Emsize E1) and adding buffering phosphates and 

nutrients to the followed concentrations: 2310 mg/L 

Na2HPO4.12H2O, 762 mg/L KH2PO4, 143 mg/L NH4Cl, 

22.5 mg/L MgSO4.7H2O, 27.5 mg/L CaCl2, 250 μg/L 

FeCl3.6H2O, 40 μg/L MnSO4.4H2O, 57 μg/L H3BO3, 43 

μg/L ZnSO4.7H2O, 35 μg/L (NH4)6Mo7.4H2O. The COD 

mass ratio was 100:3.7:3.7. In order to avoid the 

nitrification process it was used low N supply.  

For shock tests, in the feed solution, Emsize E1 and azo 

dye concentrations were increased at some point during 

the operation. 

  

 

Table 1: General description of the five operations. Operational period, inoculum source, features of the hydrodynamic regime and cycle phases in 
each reactor. 

 
Time 
(days) 

Inoculum Features  Cycle description 

1 33 
Conventional activated 
sludge from Chelas WWTP 

SBR1: dye-fed with intermittent aeration 
SBR1: 30 min anaerobic mixing and 20 min 
aeration 

2 102 
Aerobic granular sludge 
from Frielas WWTP 

SBR1: dye-fed, fast static fill                                                               
SBR2: dye-free, fast static fill  

SBR1 and SBR2: 1.5 h anaerobic mixing and 
3.5 h aeration 

3 139 
Aerobic granular sludge 
from operation 2 stored 
during 6.5 months at 4 ºC 

SBR1: dye-fed, fast static fill                              
SBR2: dye-fed, anaerobic plug-flow fill 

SBR1: 1.5 h anaerobic mixing and 3.5 h aeration                                   
SBR2: 2 h anaerobic plug-flow fill, 3.5 h aeration 

4 315 
Aerobic granular sludge 
from operation 3 stored 
during 3 months at 4 ºC 

SBR1: dye-fed, fast static fill                                                              
SBR2: dye-fed, anaerobic plug-flow fill 

SBR1: 1.5 h anaerobic mixing and 3.5 h aeration                                  
SBR2: Until day 179 - 50 min anaerobic plug-
flow fill, 1.5 h anaerobic mixing and 3.5 h 
aeration                                                          
From day 180 - 1.33 h anaerobic plug-flow fill, 1 
h anaerobic mixing and 3.5 aeration 

5 281 
Conventional activated 
sludge from Chelas WWTP 

SBR1: dye- and AgNPs-fed, fast static fill                                                               
SBR2: dye-fed, AgNPs-free, fast static fill                                                  
SBR3: dye-fed, AgNPs-free, anaerobic 
plug-flow fill       

SBR1 and SBR2: 1.5 h anaerobic mixing and 
3.5 h aeration                                                                 
SBR3: 1.5 h anaerobic plug-flow fill, 30 min 
anaerobic mixing and 3.5 h aeration 



System 

The SBRs features were similar in each situation, 1.5 L 

of working volume, and a height/diameter ratio of 2.5.  

Two hydrodynamic regimes were tested throughout this 

operations, the first one was a mechanical mixed 

anaerobic system which the mixing was provided by 

magnetic stirrers and the aeration was supplied by air 

compressors at the bottom of the reactors, and the 

second one was a plug-flow fill system in which both the 

air and the feed were provided by the bottom of the 

reactor followed by mechanical mixing in the anaerobic 

phase.  

The reactors were inoculated with different biomass 

samples (provided by wastewater treatment plants - 

WWTP) according to the purpose in study and operated 

at room temperature with no pH control. The 6 h cycle 

included a fill step, a reaction time with a stirred 

anaerobic stage (mechanical mixing of 70 rpm) followed 

by aeration (2 vvm) and a drain phase.  

The synthetic wastewater was fed with an exchange 

ratio of 50%, an organic loading rate of 2.0 kgCODm-3d-

1 and an initial azo dye concentration of 40 mg/L 

whereas, the control reactor used in some of the 

operations was fed with the same synthetic wastewater 

composition however, dye free. In operation 5 it was 

added also 10 mg/L of AgNPs in SBR1. 

Samples were periodically collected in order to 

monitoring the SBRs performance. Total suspended 

solids (TSS) analyses of the effluent were performed as 

well as chemical oxygen demand (COD) analyses. It 

was also assessed the color removal by UV-Vis, and the 

sludge volume index at 5 min (SVI5) and at 30 min 

(SVI30) was measured to follow the settling properties of 

the granules. All these analyses were performed 

previously to the work developed in this master thesis. 

Fluorescence in situ hybridization (FISH) analysis 

Samples fixation 

The biomass samples (0.5 mL) were harvested from the 

reactors at the same height and were fixed with 4% 

paraformaldehyde – PFA (1:3 proportion) [11]. It was 

added 1.5 mL of PFA 4% and the sample was stored at 

4 ºC from 1 to 3 h. After this period the biomass was 

centrifuged at 6 000 rpm for 3 min and then the pellet 

was washed (two times) with 1 mL of PBS 1x and again 

centrifuged at the same specifications. The cells were 

re-suspended with 0.5 mL PBS 1x and 0.5 absolute 

ethanol at -20 ºC and finally, agitated with a vortex and 

stored at -20 ºC.  

Probes 

The fluorescently labelled oligonucleotide probes used 

for FISH experiments were: Fluorescein isothicyanate 

(FITC)-labelled EUBmix probe for identification of all 

Bacteria (mixture of EUB338 [12], EUB338-II and 

EUB338-III [13]) and Cyanine 3 (Cy3)-labelled ALF969 

for Alphaproteobacteria [14]; BET42a for 

Betaproteobacteria and GAM42a for 

Gammaproteobacteria [15]; CF319a for most 

Flavobacteria, some Bacteroidetes and some 

Sphingobacteria [16]; HGC69a for Actinobacteria [17];  

LGCmix (mixture of LGC354A, LGC354B and 

LGC354C – [18]) for Firmicutes; SuperDFmix (mixture 

of TFOmix – TFO_DF218 and TFO_DF618 [19], DFmix 

– DF988 and DF1020 [20] and DF198 [21]) for 

Defluvicoccus vanus related glycogen-acumulating 

organisms (GAOs), and Par651 for Paracoccus [22]. 

Slide preparation 

According to Amann et al. (1995) [12] the FISH slides 

were carried out as followed. Homogenized biomass 

samples were used. First, the selected samples were 

thawed on ice and 5 μL of each were applied in each 

well. Then the slides were dried with compress air. After 

that were dehydrated in ethanol series (3 min in each): 

50%, 80% and 98% ethanol and once more dried with 

compressed air.  

For the probe hybridization, a tissue paper was folded 

and cut to fit in a Falcon tube and a hybridization buffer 

was prepared in a 2 mL Eppendorf (360 μL NaCl 5 M, 

40 μL TRIS-HCl 1 M, 2 μL SDS 10% MiliQ water and 

formamide according to the percentage required for 

each probe [for HGC69a 1098 μL and 500 μL; for 

Alf969, Bet42a, Gam42a, CF319a 898 μL and 700 μL 

and for Par651 798 μL and 800 μL]). 8 μL of the 

hybridization buffer were applied in each well in the 

fume hood and the remainder solution was used to 

moisture the tissue in the Falcon tube. Then 0.5 μL of 

the probes were applied in each well and gently mixed 

with the buffer. Finally, the slide was putted into the 

falcon tube and placed in the oven at 46 ºC for 2 h. 

After the incubation a washing buffer was prepared in a 

50 mL Falcon tube (NaCl 5 M [for HGC69a 1490 μL; for 

Alf969, Bet42a, Gam42a, CF319a 700 μL and for 

Par651 460 μL], 1 mL TRIS-HCl 1 M, 500 μL EDTA 0.5 

M, water up to 50 mL and 50 μL SDS 10%) and placed 

in a bath until reach 48 ºC, then the slide was washed 

in the fume hood with some drops of the buffer and 

immersed in the Falcon tube followed by an incubation 

in the bath for 10 min at 48 ºC. The slides were taken 

out from the bath and washed with MiliQ water at 4 ºC 

and dried with compressed air in order to quick remove 

the droplets. 

Finally, the slides were covered using Vectashield and 

a cover slip putted gently and, after cleaning the 

excessed with a tissue paper, some nail polish was 

applied to the board of the cover slip. The slides were 

stored at -20 ºC. 

Image acquisition and abundance assessment  

Biomass samples were observed using an Olympus 

BX51 epifluorescence microscope (Japan) at 1000x. 



Flourescence isothycionate (FITC) and the 

iodocarboamide dye Cy3 were excited with an argon 

laser (488 nm) and a helium neon laser (543 nm) and 

their emissions collected with 500 to 530 nm BP and 

550 to 625 nm BP. 

Quorum sensing analysis  

Strains and growth conditions  

Agrobacterium tumefaciens strain NTL4 and A. 

tumefaciens NTL4 (pZLR4) were kindly provided by 

Ramón Peṅalver from Instituto Valenciano de 

investigaciones Agrarias, Valencia, Spain. Both strains 

lack the Ti plasmid thus, could not produce AHL 

detectable levels. Plasmid pZLR4 contains a vector 

conferred resistance to gentamicin and carbenicillin and 

other genes include a traG::lacZ fusion and traR which 

confers the ability to produce a blue color in the 

presence of 5-bromo-4-chloro-3-indolyl-β-D-galacto-

pyranoside (X-Gal) and hence an indicator of AHL 

presence. A. tumefaciens NT1 was used as negative 

control.  

Whereas A. tumefaciens NTL4 (pZLR4) grows in 

minimal medium or LB broth supplemented with 50 

μg/mL of gentamicin and incubated overnight at 28 ºC 

with shaking at 150 rpm, A. tumefaciens NT1 grows in 

minimal medium and LB without any additional 

antibiotic. 

AHL quantification 

AHL extraction 

The QS analyses were performed only during 

operation 5 (Erro! A origem da referência não foi 

encontrada.). Mixed liquor samples with an equivalent 

amount of 10 mg of dry biomass were harvest from the 

three bioreactors at the end of one cycle twice a week, 

during the granulation phase. Then, the AHL extraction 

procedure was performed based on Ren et al. (2010) 

[28] method. First, the sludge sample was centrifuged 

at 6 000 rpm for 10 min at 4 ºC in order to remove the 

supernatant S1. The supernatant S1 was stored at -20 

ºC and the retained pellet was re-suspended in 1.5 mL 

MilliQ water, in order to proceed to the next step. 

Second, the suspended sludge mixture was sonicated 

for 30 min at 30 W/mL in an ice bath to break up 

bacterial cells. After that, the suspension was 

centrifuged at 10 000 rpm for 10 min and 4 ºC, and 

finally the supernatant S2 was collected and stored at -

20 ºC. 

AHL measurement  

The method for the measurement of AHL content was 

based on the described method in Singh & Greenstein 

(2006) [25]. The reporter strain A. tumefaciens NTL4 

(pZLR4) was incubated to late exponential phase (16 h 

to 18 h) in a rotary shaker at 28 ºC and 150 rpm in 

minimal medium (2 g/L glucose, 10.5 g/L K2HPO4, 4.5 

g/L KH2PO4, 2 g/L (NH4)2SO4, 0.2 g/L MgSO4∙7H2O, 15 

mg/L CaCl2∙2H2O, 10 mg/L FeSO4∙7H2O and 3 mg/L 

MnSO4∙H2O) supplemented with 50 μg/mL of 

gentamicin. The bacterial culture was diluted in fresh 

minimal medium lack of gentamicin to an OD600 of 0.1 

and 1 mL dispensed in sterilized tubes which contained 

1 mL of AHL extract from the reactors. A sample control 

was performed at this point in the same conditions 

however, using deionized water instead of AHL extract. 

Then the tubes were incubated again in a rotary shaker 

at 28 ºC, with 150 rpm for 16 h to 18 h. After that, 200 

μL from each incubated mixture were dispensed into an 

Eppendorf and 50 μL of X-Gal (20 mg/mL in DMSO) 

were also added. Then each Eppendorf was agitated in 

vortex in order to homogenize the culture and incubated 

for 2 h in darkness and at room temperature 150 rpm of 

agitation. 

The absorbance was measured using a microplate 

reader (Varian, Cary 50 Bio UV-Visible 

Spectophotometer) at 615 nm. For this purpose, the 

suspensions were settled for 20 minutes and 100 μL of 

each Eppendorf were dispensed per well of 96-well 

plates (Greiner, Germany). 

Calibration curve 

Increasing amounts of a synthetic AHL (N-(3-oxo-

dodecanoyl)-L-homoserine lactone - ODHL from 

Sigma-Aldrich) were inoculated with the reporter strain 

in order to achieve a relationship between ODHL 

concentration and OD615. The protocol followed was 

similar to the one described before.  

Results and Discussion 

Characterization of mixed microbial community: 

FISH 

Due to specific labelled probes, FISH analysis allowed 

the identification of microbial communities and also 

provided information regarding the abundance of the 

different populations within the samples analyzed. The 

probes used in all the FISH experiments were select to 

cover a core community detected in wastewater 

treatment plants (WWTP) [17].  

For all the samples the fluorescently labelled 

oligonucleotide probe, (FITC)-labelled EUBmix probe, 

was used in addition with one of the probes previously 

described in the methods (Cy3)-labelled probes (Alf969, 

Bet42a, Gam42a, CF319a, HGC69a, LGCmix).  

First operation – Intermittent aeration 

Biomass samples from the conventional sludge 

inoculum and a sample taken at the last day of operation 

(28) were analyzed in order to understand the effect of 

the operating conditions in the original microbial 

community. 

As expected the inoculum had a large variety of 

microbial populations however, it must be mentioned 



that, a significant part of the biomass sample (at least 

50%) were not covered by the (Cy3)-labelled probes 

selected, probably due to diversity of it. However, 

(FITC)-labelled EUBmix revealed positive signal for 

nearly all the sample which indicates the prevalence of 

bacteria. 

 

Figure 2: Abundance of the select Bacteria in the mixed microbial 
culture samples from the bioreactor fed with synthetic textile 
wastewater containing dye, operated in intermittent aeration during 
the first operation period, from days 0 and 28 detected by FISH 
analysis. 

The microbial community within the reactor totally 

changed from the first day to the last one (Figure 1). 

Thus, it was revealed that the intermittent aeration 

regime imposed, the presence of the dye and the 

sedimentation time used had influenced in the microbial 

community selection. The abundance of 

Gammaproteobacteria suggested that the color removal 

could be performed by a microbial community within the 

Gammaproteobacteria group.  

Then, in the present operation were also detected 

granules with poor settling characteristics. Furthermore, 

the unevenness detected regarding the mixed microbial 

culture might indicate that only Gammaproteobacteria 

cannot promote the granules stability and it might be 

required a combined culture. 

Second operation: Impact of variable SRT and 

shock loads 

FISH experiments were carried out with the aerobic 

granular sludge inoculum provided by Frielas WWTP in 

and with samples taken at days 37, 58, 79 and 100 of 

operation. They were analyzed in order to observe the 

effect of the operating conditions changes in the 

microbial community.  

The inoculum used in this second operation had a 

distinct mixed microbial community when compared 

with the inoculum used to the previous operation 

therefore, the comparison between operations must be 

done carefully.  

It was detected amine degradation since day 72 in the 

aerobic phase of the cycle. Regarding the importance of 

this finding it was evaluated the microbial community, 

however it was just detected a slight change in the 

abundance of Gammaproteobacteria and also a change 

in Alphaproteobacteria groups in which the rod bacterial 

shape community was replaced by a cocci form bacteria 

growing in tetrads since day 58 (Figure 3). Regarding 

this morphological findings, another two probes were 

used, (Cy3)-labelled probe SuperDFmix and Par651 in 

order to identify the Alphaproteobacteria organisms that 

appeared in abundance since the 79th day of operation. 

FISH analysis carried out with the two specific probes 

for Alphaproteobacteria communities allowed the 

identification of Defluvicoccus vanus related GAOs. 

 

Figure 3: FISH image of the biomass sample at day 58 from the dye-
fed bioreactor of the operation 2 at 1000 x. The image shows bacteria 
hybridized with (FITC)-labelled EUBmix probe (green) and (Cy3)-
labelled probe Alf969 (red). Bacteria targeting both probes 
simultaneously result in a yellowish color, whereas other bacteria 
appear green. 

The hybridization analyses allowed the assumption that 

amine degradation could be achievable by a specific 

community within one of the proteobacterial groups 

studied, since using the probes tested it was no 

significant evidence of microbial community changes 

regarding abundance from day 58 to 72. Furthermore, it 

could also be associated with an enzyme production by 

an existent group in some conditions. In this regard, D. 

vanus related GAOs can play an important role in 

mineralizing aromatic amines, since this group 

represents the majority of the Alphaproteobacteria 

dominant group. 

Third operation: Impact of storage in mixed 

microbial community  

Biomass samples from the inoculum and from day 70 of 

operation were analyzed in order to observe the effect 

of different hydrodynamic regimes in the microbial 

community. The inoculum used in the present operation 

Figure 1 Abundance of the selected Bacteria in the mixed microbial 
culture samples from a bioreactor fed with synthetic textile 
wastewater containing dye, operated in fast static fill followed by a 
mixed anaerobic phase (1.5 h) and an aerobic phase (3.5 h) of the 
second operation, from day 0 to 100 detected by FISH analysis. 



was the aerobic granular sludge from the previous 

operation after six and a half months of storage at 4 ºC. 

The first issue to be address is the impact of the storage 

in the biomass. Regarding the proteobacterial (Cy3)-

labelled probes, there was detected differences within 

the major bacterial groups (Figure 4). 

 

Figure 4: Abundance of the selected Bacteria in the mixed microbial 
culture samples from the dye-fed bioreactor operated in static fill (left) 
– SBR1, and from the dye-fed bioreactor operated in plug-flow fill 
(right) – SBR2 of the third operation, from day 0 to 70 detected by 
FISH analysis. The inoculum results are the same in both graphics. 

The Alphaproteobacteria organisms were susceptible to 

storage since, the Defluvicoccus vanus related GAOs 

and genus Paracoccus were not so abundant in the 

sample after storage as in the biomass sample taken 

from the last day of the operation 2. These results might 

be support the importance of D. vanus related GAOs in 

the amine biodegradation since the mixed microbial 

community lost their capacity during the storage period. 

However, it was detected an Alphaproteobacteria 

community with a rod-shape bacteria morphology 

resistant to the storage. Moreover, in the proteobacterial 

context, Gammaproteobacteria represented an 

abundant group in the sample. The hybridization with 

HGC69a probe revealed also highly abundant 

communities of Actinobacteria probably due to their 

known capacity of producing sporous. 

The plug-flow feeding imposed during 1.5 h in the SBR2 

allowed for a spatially differentiated distribution of 

substrate concentration in the bioreactor. Therefore, the 

organisms in the bottom of the reactor have contact with 

higher feed concentrations than the upper organisms, at 

all times during the feeding phase. This created a wide 

variety of microniches that simultaneously fostered the 

growth of organisms with different substrate affinities, 

thus creating the conditions for an even growth of 

various groups. Indeed, the results revealed an even 

microbial community with very similar abundances of 

the 5 microbial groups assessed. On the other hand, the 

completely mixed bioreactor was fed in 30 min followed 

by mixing. During this period, the microbial community 

is exposed to low feed concentrations in the reactor, 

since the new feed is mixed with the residual volume of 

the previous cycle. Therefore, completely mixed 

conditions tend to homogenize conditions inside the 

reactor, which promote the growth of those organisms 

that are better adapted to the imposed uniform 

conditions. The FISH results corroborate this 

hypothesis, where the static fill promoted the dominant 

growth of Gammaproteobacteria and Actinobacteria, 

followed by other groups represented with lower 

abundance in the community. 

Fourth operation: Impact of feed solution changes 

in granules stability 

The strategy followed in this operation were analyzed 

biomass samples from of the inoculum and from days 

152, 175, 250, 288 and 307 from both the reactors, in 

order to identify organisms in the mixed culture able to 

resist differences in the feed composition. It is also 

important to mention that the inoculum was different 

from one reactor to another, since the biomass from the 

SBR1 and SBR2 of the previous operation was stored 

at 4 ºC for 3 months in separate and were inoculated to 

the analogous one in this operation.  

 

Figure 5: Abundance of the selected Bacteria detected by FISH 
analysis in the mixed microbial culture samples from the dye-fed 
SBR1 operated with a static fill phase during the fourth operation, from 
day 0 to 307. 

 

Figure 6: Abundance of the selected Bacteria detected by FISH 
analysis in the mixed culture samples from the dye-fed SBR2 
operated with a plug-flow fill phase during the fourth operation, from 
day 0 to 307. 

Regarding the reactor with 1.5 h anaerobic mixing and 

3.5 h of aerobic phase (SBR1), FISH experiments 

allowed the identification of three abundant groups that 

were resistant to the storage. The findings described in 

the previous operation that taken into account the 

storage of biomass, were similar to the ones achieved 

in the present operation although, the abundance of 

Alphaproteobacteria major group were not so relevant 

in the inoculum of the third operation as in the present 

one. This fact could be associated to the presence of 

more resistant organisms within this proteobacterial 

class. 

The intent was to evaluate if the introduction of the 

mixing in the anaerobic phase of the plug-flow feed 



reactor (SBR2) allowed the convergence of the mixed 

microbial community. Despite the presence of the major 

proteobacterial group Betaproteobacteria, the microbial 

community evolve to similar abundances regarding the 

probes used from the first day analyzed to the second 

one (day 152).  

From day 152 to day 175 were tested different 

concentrations of dye and COD however, the test had 

only impact in the SBR1 probably due to the 

concentration gradient sensed in the plug-flow feed 

bioreactor that smooth the event. Although, when there 

were applied more pronounced changes in feed solution 

constitution the mixed microbial community changed in 

both the reactors. 

It is important to notice that in both reactors it was 

detected a granules collapse since it was used acetate 

within the feed (day 288), which corresponded to the 

existence of an uneven culture that largely consisted in 

Gammaproteobacteria communities. This finding 

support the lack of granules stability reported in the 1st 

operation once the abundance of the major group 

Gammaproteobacteria in both cases was relevant to 

this events. 

Fifth operation: Impact of silver nanoparticles and 

of the SBR hydrodynamic regime in granulation 

As for the first operation, in the present operation, the 

reactors were inoculated with conventional sludge 

provided by Chelas WWTP. FISH experiments were 

carried out using a sample of that inoculum and samples 

collected at days, 36 and 106 for SBR1 and SBR3 and 

samples from days 8, 22, 36, 52 and 106 of operation 

to SBR2, since the purpose of the analysis was different 

for each reactor. 

 

Figure 7: Abundance of the selected Bacteria detected by FISH 
analysis in the mixed microbial culture samples from SBR1 fed with 
an azo dye and AgNPs and operated with a static fill during the fifth 
operation, from day 0 to 106. 

First, according to the images obtained, FISH allowed 

the identification of different bacterial populations and it 

was observed that probes covered a significant part of 

the total microbial community. The (Cy3)-labelled 

probes used to select the proteobacterial major groups 

Beta- and Gammaproteobacteria revealed the highly 

abundance of these populations. However, the 

abundance of both decreased from the first day to the 

second of operation analyzed except for the SBR1, 

regarding Betaproteobacteria group. 

 

Figure 8: Abundance of the selected Bacteria detected by FISH 
analysis in the mixed microbial culture samples from the SBR2 fed 
with an azo dye and operated with a static fill during the fifth operation, 
from day 0 to 106. 

 

Figure 9: Abundance of the selected Bacteria detected by FISH 
analysis in the mixed microbial culture samples from the SBR3 fed 
with an azo dye and operated with a plug-flow feed phase during the 
fifth operation, from day 0 to 106. 

Changes were detected in the decolorization process in 

the SBR2. From day 8 to 22 it happened a decreased in 

the percentage of color removal (from 80% to 45%) and 

after that period the percentage has recovered to 80% 

again at day 36. As can be seen, this event was 

associated to differences in the microbial community. 

Since the 30th day of operation it was detected amine 

mineralization only in SBR2. In order to evaluate if there 

were evidences of microbial populations implicated in 

the process the samples taken at day 36 in the three 

reactors were used for FISH analysis. The mixed 

microbial community differed from one to another, 

Gammaproteobacteria was not a relevant group within 

the SBR1 and SBR3. However, together with Alf969 

and CF319a, Gam42a probes represented a relevant 

part of the SBR2 biomass sample.  

Following the findings achieved in operation 2, the 

abundance of Defluvicoccus vanus related GAOs within 

the Alphaproteobacteria group increased from day 8 to 

36 which is associated to the appearance of the amine 

degradation. However, despite the high abundance of 

D. vanus until day 52, the mineralization of the aromatic 

amine 4A1NS was only detected until day 43. 

Interestingly, the disappearance of amine 

biodegradation happened after cycles with aeration 

failure (5 days), as expected. However, the microbial 

community did not recover the amine mineralization 

capacity.



 

Figure 10: Evolution of AHL concentration in nM of ODHL during the operation for the dye-fed mixed with AgNPs bioreactor in mixed anaerobic phase 
(1.5 h) followed by anaerobic phase (3.5 h)– SBR1 (●), the dye-fed bioreactor in mixed anaerobic phase (1.5 h) and aerobic phase (3.5 h) – SBR2 
(■), and for the dye-fed plug-flow feed bioreactor – SBR3 (▲). The concentrations were achieved using the relation [AHL] = 0.0541∙OD615 + 0.1012, 
R2 = 0.9445. 

The remained presence of the D. vanus related GAOs 

was expected since it is known that D. vanus related 

GAOs are capable to storage carbon in anaerobic 

conditions to use in further aerobic conditions, which 

justify their abundance even after the anaerobic periods 

occurred. Probably, the mineralization is an enzymatic 

dependent reaction and the enzymes implicated in 

amine mineralization were lost during the anaerobic 

period occurred in some cycles during 5 days and were 

not recovered when the aeration was replaced.   

Measurement of AHL in aerobic granular sludge 

The AHL measurement, for each reactor, was carried 

out in different days however, the values of the sample 

control were similar between experiments (0.1135, 

0.1198 and 0.1245 on average, respectively for SBR1, 

SBR2 and SBR3 trials). For each one of the AHL 

supernatants S2 obtained from the reactors it was 

performed an incubation with the reporter strain in 

duplicate and then, the incubation with X-Gal was also 

performed in duplicate for each sample. After that, the 

OD615 was measured.  

The results shown in Figure 10 are related to the 

granulation period in each reactor that can be followed 

by the sludge volume index (SVI) profile of the operation 

It was interesting to observe that in the beginning of the 

operation, the detected AHL concentrations were 

similar in SBR2 and SBR3, and that the evolution along 

14 days of operation was the same. The produced AHL 

amounts decreased from day 1 to 8 regarding the 

adaptation of the microbial community to the 

environment and conditions imposed by the experiment.  

However, in SBR1, in which the experiment was carried 

out with the presence of AgNPs, the adaptation was 

slower and there were identified similar AHL 

concentrations during the first week in this specific 

reactor. Then, the reduction of AHL production was 

detected in SBR3 as it was detected in the other 

reactors which could correspond to an adaptation of the 

three reactors regarding the conditions imposed.  

After the adaptation period faced by all the reactors, the 

AHL measurement revealed an increase trend in the 

production of AHL. The first peak production occurred 

at different days for all the reactors (at day 28 for SBR1, 

at day 21 for SBR2 and at day 14 for SBR3) and the 

higher value was detected in the control reactor, SBR2.  

Despite the similarity observed during the first week of 

operation in SBR2 and SBR3, the production of AHL 

started to differentiate, probably due to the distinct 

hydrodynamic regimes imposed. Since the lowest 

values for AHL concentration were detected at day 7 

(1.35 nMODHL and 1.26 nMODHL, respectively in SBR2 

and SBR3), the AHL production seemed to increase 

and this might be associated to the beginning of the 

aggregation. Furthermore, interestingly the peaks 

correspond to the days when it was observed proximate 

and low values of sludge volume index at 5 min (SVI5) 

and at 30 min (SVI30), which indicates good granulation 

characteristics. For SBR2, 78 mL/g and 49 mL/g SVI5 

and SVI30, respectively and for SBR3, 54 mL/g and 33 

mL/g, SVI5 and SVI30, respectively. 

After that period, it was detected a reduction in the 

production of AHL (at day 31 for SBR1 and SBR2 and 

at day 28 for SBR3). The difference observed between 

SBR1/SBR2 and SBR3 was probably due to their 

distinct hydrodynamic regimes however, an error has 

occurred in the aeration of the SBR3 at day 28 that may 

have influenced the AHL production. 

Since the granules were stable at this time for SBR1 and 

SBR2 (around day 30), the evolution pattern regarding 

the AHL production needs to be understood. In SBR1 



were detected two increases in AHL production, at days 

35 and 43, which seemed to divert from the trend in that 

period. After analyzed the data from these operational 

days, it can be concluded that, the values detected 

corresponded to days when it was observed great 

biomass loss (1.1 g/L in both of the days), by analyzing 

the results obtained from the total suspended solids 

(TSS) test in the effluent. 

In addition, the slight increase detected at day 35 in 

SBR2 was also consistent to biomass losses (1.3 g/L). 

These findings allowed the assumption that biomass 

losses induce the production of signaling molecules 

(such as AHL) in a response to stress in order to 

promote the granulation.  

For SBR3 no significant biomass losses were detected 

that could explain the increasing production of AHL at 

day 38 although, once the granulation in this specific 

reactor had been delayed, the higher production of AHL 

detected might be partially caused by that granulation. 

Furthermore, the pronounced AHL decrease detected 

after the peak observed at day 38 was similar to the 

evolution detected in the other reactors after the 

granulation had already ended.  

In literature it is compared the AHL production in AGS 

with the production in flocculent activated sludge (FAS) 

[8], and the measurement occurred after the granulation 

phase, where the granules were stable. In addition, the 

relative AHL content was calculated as the ratio of the 

absorbance of the sample over the absorbance of the 

control (fold-induction). That study mentioned values 

between 2.1 fold-induction and 2.4 fold-induction for 

AGS. Therefore, in order to compare these results to the 

ones achieved in this work the same strategy was 

followed for the sample at day 52 (day after granulation 

was observed). Interestingly, a higher value was 

determined than for SBR2 (2.4 fold-induction) and the 

lower value was detected in the plug-flow feed 

bioreactor (1.5 fold-induction). These findings confirm 

the reported results for AGS applied for generic 

synthetic wastewater using glucose (SBR1) and sodium 

acetate (SBR2) as carbon source. However, studies 

regarding AHL quantification has not been reported for 

AGS and mixed microbial cultures.  

Conclusions 

Fluorescence in situ hybridization (FISH) allowed the 

identification of a specific group of bacteria 

Defluvicoccus vanus related GAOs that could be 

involved in amine biodegradation.  

In addition, it was detected the importance of microbial 

culture diversity in granules stability and also the effect 

of acetate in destabilizing them.  

Furthermore, it was established the impact of storage in 

biomass changes and the attenuation of biomass 

susceptibility at feed changes in plug-flow feed 

bioreactors.  

The biomass adaptation to the conditions imposed in 

the reactors without AgNPs in the feed was similar. 

However, the adaptation in the reactor fed with AgNPs 

took longer and the decrease of AHL production, which 

is associated with an adaptation to the changing 

environment, was delayed for a week. These findings 

could indicate the effect of AgNPs in the granulation 

phase. The increase in AHL production detected later in 

the three reactors matched with the beginning of the 

granulation. After the adaptation, it was in SBR2 that the 

AHL concentration was higher when compared to the 

reactor containing AgNPs (SBR1), suggesting that 

these nanoparticles may negatively interfere with the 

granulation process.  It was in this period that the 

hydrodynamic regime imposed assumed an important 

role since the evolution of AHL production was higher in 

SBR2 than in SBR3.  

It has also been discovered an association between 

biomass losses and the increase in AHL production. 

Biomass losses probably induce cell stress leading to 

an increase in AHL production in order to promote the 

granulation and allowing the permanence within the 

reactor. 
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