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Abstract  Microbial aggregates or flocs are the essential component of activated sludge that determines the quality of 
effluents and the efficiency of wastewater treatment plants. These highly aggregated structures hinder the quantification and 
characterizat ion of bacterial populations embedded there. Although different treatments have been proposed to release the 
attached bacteria from flocs, it  is d ifficu lt to evaluate how complete, and efficient the dislodgement has been, and if during the 
process, any cell has been damaged. Consequently, the selection of the best method becomes a difficult task. The aim of this 
work is to verify the suitability of sonication for the dislodgement of ind icator bacteria  from flocs. To achieve this goal, we 
have used a modified sonication-based protocol and its efficiency has been tested by using an Escherichia coli strain 
expressing the GFP protein. After adhesion of GFP-expressing cells to flocs and the subsequent treatment of samples, a 
suspension of free cells, which could  be enumerated by microscopy, was obtained after the first cycle o f sonication. Moreover, 
the number of recovered cells did not differ from that used for inoculation. Moreover, the reporter bacteria that were still 
present in residual aggregates (smaller in size and d iffuse) after sonication were easily  enumerated by epifluorescence 
microscopy. Thus, our data indicate that the sonication-based procedure, which allows a high recovery of bacteria with good 
accuracy and reproducibility, also show the min imal damage of the enumerated cells. Additionally, the use of 
GFP-expressing strains have been proved to be a good approach to study the efficiency of treatment methods applied to 
complex samples as activated sludge. 
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1. Introduction 
The activated sludge process is one of the most 

commonly  used methods for microbio logical degradation of 
the contaminants present in wastewater. Microbial 
aggregates or flocs are undoubtedly the essential component 
of this wastewater treatment system, which determine the 
quality of effluents and the efficiency of wastewater 
treatment plants[1, 2]. However, bio logical wastewater 
treatment processes do not completely remove or inactivate 
pathogenic and parasitic organisms. Floc formation permits 
the packaging of a large and diverse population of bacteria. 
Many of these organisms become bound to solid after 
wastewater treatment and are merely transferred to 
wastewater sludge.  

In these wastewater treatment plants, analysis of specific 
bacterial abundance as well as their viability and activity is 
the basic requirement essential to understand the overall 
treatment process and to determine the possible risks of  
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exposing the ecosystems to effluents and sludges containing 
associated microbial contaminants.  

Quantificat ion of bacterial populations by traditional 
culture based methods[3], as well as by the new molecular 
methods proposed to replace them[4], is not fully 
appropriate. The main  problem is the presence of the h ighly 
aggregated structures (flocs) in activated sludges in which 
bacteria are embedded. Consequently, the difficulty of 
disaggregation of activated sludge flocs leads to the risk of 
disrupting the cells and losing their v iability[5] thus causing 
a risk of underestimat ion of the real number of pathogenic 
bacteria.  

With regard to the recovery of bacteria from complex 
matrices, such as sludge, in order to count them, 
maintaining cell v iability, different t reatments (vortex, 
mechanical blenders or sonication) have been proposed in 
several studies[6, 7]. Among them, those based on 
sonication have been proposed to be more effect ive than the 
mechanical ones[8]. However, none of the proposed 
treatments allow to know the exact number of cells present 
in the untreated activated sludge, making it difficult to 
decide which method is better. Therefore, authors[8] chose 
preferably  the method which  releases the highest number of 
free single cells in  the bulk liquid maintaining  bacterial 
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viability, but without knowing the efficiency of the 
extraction methods. 

Currently, the gfp gene is a useful marker used for 
tracking and v isualizing bacteria in  environmental samples 
[9, 10]. Introduction of the gfp gene into a bacteria results in 
fluorescence that can easily be detected by epifluorescence 
microscopy or flow cytometry. Moreover, several authors 
[10, 11] have demonstrated the extreme stability o f the GFP 
protein along time and under adverse conditions.  

In this work, with the aid of a GFP-expressing bacterium, 
we have revised the method, based on sonication, described 
by Falcioni et al.[6], for the dislodgment of bacteria from 
sludge samples. 

2. Materials and Methods 
2.1. Wastewater and Sludge Samples 

Grab samples of activated sludge and effluent were 
collected from the Crispijana wastewater treatment plant. 
This plant, situated close to Vitoria-Gasteiz (Spain) urban 
area (appr. 500,000 equivalent population), was designed to 
treat a flow of industrial and municipal wastewater of 
120,000 m3 per day[12]. Samples were collected and 
processed in the lab within 1-2 h after co llection. 

2.2. Escherichia Coli Strain  

Escherichia coli strains were isolated from Crispijana 
wastewater samples. Strains were identified using the API 
20E test kit  for the identification of enteric bacteria 
(bioMérieux, Marcy l'Eto ile, France), and susceptibility to 
antimicrobials was tested using the min imum inhibitory 
concentration (MIC) twofo ld broth dilution method[13]. To 
obtain gfp-expressing E. coli strains, gene transfer of the 
mobilizable p lasmid pCAC5-OmpCGFP[kindly provided by 
V. de Lorenzo] from E. coli cc118λpir to wastewater isolated 
E. coli strains was mediated by the helper plasmid pRK600 
in E. coli HB101. Tri-trans-conjugants show green 
fluorescence emission under illumination at 360 nm (Philips 
TLK 40W/10R). The expression of the gfp gene was 
confirmed  by fluorescence microscopy (see below). Among 
the gfp-tagged strains obtained, we selected E. coli ABCGFP. 
The growth rate of the derivative strain was the same as that 
of the non-tagged strain (data not shown). 

For short-term storage, strain was maintained at 4ºC on 
LB agar supplemented with gentamicin (10 μg/ml) and 
chloramphenicol (30 μg/ml). Long-term maintenance of 
strain was achieved using MicrobankTM bacterial 
preservation system (Pro-Lab Diagnostics, Neston, Wirral, 
UK), stored at -80ºC.  

For inocula preparation, E. coli ABCGFP strain was 
cultured aerobically in LB broth supplemented with 
gentamicin and chloramphenicol with shaking (120 rpm) at 
37ºC for 24 h. Cells were harvested by centrifugation (3,000 
g for 15 min) and washed three times with sterile  Phosphate 

Buffer Solut ion (PBS, Oxoid). Finally, the pellet was 
suspended in sterile PBS to obtain 1010 cells/ml just before 
being added to sludge samples. 

2.3. Sample Treatment 

Prior treatment, act ivated sludge samples were manually  
mixed and subsamples were used as untreated controls. 
Flasks of 250 ml were filled with activated sludge diluted 1:1 
with effluent water (100 ml final volume). Two series of 
flasks were prepared : non-inoculated and inoculated with 
different concentrations of E. coli ABCGFP (from 105 to 108 
cells/ml). Both flasks series were incubated at 20ºC with 
shaking (120 rpm) for 1 hour. Prev iously, in order to 
minimize bacterial p redation by protozoa and to obtain the 
adhesion of E. coli cells to the flocs, different exposure times 
were tested and finally one hour was the time selected for 
further studies (data not shown). After 1 h, the samples were 
left for 15 minutes without shaking for sludge sedimentation.  

Different dilutions of the samples were made (1/2, 1/10 
and 1/50) in sterile PBS and treated according to the 
sonication protocol described by Falcioni et al.[6] with some 
modifications. Subsamples of 5 ml were sonicated in an ice 
bath for 45 s (1 to 3 cycles) with a Sonics Vibra Cell (Sonics 
& Materials, Inc., Meyrin/Satigny, Switzerland) at 100 W. 
Between each sonication cycle samples were cooled for 15 s. 
All samples were finally  diluted 1:500 (v/v) with sterile PBS, 
vigorously vortexed and filtrated throughout 8 µm-pore-size 
filters (Millipore, Millipore Iberica, Madrid, Spain ). The 
supernatants with detached bacteria were collected and total 
bacteria enumerated. 

Effect of sonication upon free E. coli cells was also tested. 
A suspension of approximately 107 E. coli ABCGFP/ml was 
prepared in sterile PBS and sonicated according to the 
protocol previously described. Total and culturable bacteria 
were determined before and after t reatment. 

2.4. Bacterial  Counts 

In non-inoculated samples, treated or untreated, total 
bacteria were enumerated as described by Porter and 
Feig[14]. Subsamples, fixed with formaldehyde (2% final 
volume) and stained with 2 mg/ml final concentration of 4', 
6-amidino-2-phenylindole (DAPI;  Sigma-Aldrich  Co.) were 
filtered onto 0.22-µm pore-size black polycarbonate filters 
(Millipore). These filters were examined under a Nikon 
epifluorescence microscope equipped with UV-2B filter 
block (EX330-380 excitation filter, DM400 dichro ic mirror, 
and BA435 barrier filter).  

In non-inoculated samples, green fluorescent E. coli cells 
were enumerated in non-stained subsamples using a B-2A 
filter b lock (EX450-490 excitation filter, DM510 dichro ic 
mirror, and BA520 barrier filter). In both cases, at least 30 
fields were examined. 

Colony-forming units of E. coli were enumerated by the 
spread plate method on LB agar. Plates were incubated for 
24 h at 37ºC and green fluorescent colonies were enumerated 
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under illumination at 360 nm (Philips TLK 40W/ 10R). 

2.5. Data Analysis 

All the results from experiments presented below are 
means of at least three experiments, and the coefficient of 
variation between replicates was less than 12%. Differences 
between means were assessed by ANOVA, a probability 
lower o r equal to 0.05 was considered as significant 
(p≤0.05). 

3. Results and Discussion 
3.1. Bacterial  Disaggregation from Flocs 

The direct estimation of bacterial cells number in flocs is 
always problemat ic and unsuccessful as bacteria are 
embedded into highly aggregated structures, and fluorescent 
dyes stain both cells and other constituents of biological 
flocs (Fig. 1A) such as non-biotic particles, which constitute 
most of the total solid content[1]. 

 
Figure 1.  Images of untreated activated sludge flocs non-inoculated (A) 
and inoculated with E. coli ABCGFP (C), and images of sonicated samples of 
non-inoculated (B) and inoculated (D) 

In the literature, different treatments to dissociate bacteria 
from flocs have been proposed: sonication[6, 7, 8, 15], 
homogenizat ion with a mechanical blender[8, 16, 17] or 
combinations of these methods[6]. 

In this work, we have rev ised a dissociation method based 
on sonication and, the results showed that after the treatment, 
a suspension of free cells, which can be enumerated by 
microscopy, was obtained (Fig. 1B). The best disaggregation 
of bacteria was achieved in the first cycle of sonication (45 s) 
for all treated subsamples, 2.81 x 109 (SD 4.53 x 108) 
cells/ml. Similar results were obtained after 2 or 3 cycles, 
3.14 x 109 (SD 2.63 x 108) cells/ml and 3.01 x 109 (SD 4.55 x 
108) cells/ml, respectively. Th is fact indicates that one cycle 
was enough to yield the maximum number of cells. 
Moreover, statistically significant differences were not 
obtained between samples previously diluted at 1/2, 1/10 or 
1/50. 

These densities are similar to others obtained in the 

previously cited studies using ultrasonic dislodgment 
method[6, 7, 8] in which the final density of free bacteria 
obtained was between 2.9 x 109 and 4.8 x 109 cells/ml. In 
these works, a p rogressive increase in the concentration of 
free bacteria in the bulk liquid is observed until a plateau is 
reached. The value of this plateau identifies the maximum 
number of disaggregated cells and Falcioni et al.[6] 
indicated that treatment for 2 cycles (2 x 45 s) was sufficient 
to yield the maximum number of cells. In this work, we 
obtained the plateau after the first cycle (45 s). 

It is impossible to know the exact number o f cells 
aggregated in flocs and so, it is difficult to evaluate how 
complete the d islodgement has been and, even if a  complete 
dislodgement is achieved, there is no guarantee that during 
the process, some of the cells have not been destroyed[18].  

Therefore, it is really d ifficult  to determine which method 
of bacterial dislodgement is the best to measure the exact 
number of cells in a sludge sample, but Fo ladori et al.[8] 
propose to select the method which is able to release the 
highest number of free single cells.  

3.2. gfp-tagged E. Coli Cells Disaggregation from Flocs 

To establish the efficiency of u ltrasonication we have used 
an E. coli strain expressing GFP protein, E. coli ABCGFP. In  a 
previous work[11], we demonstrated that GFP-expressing 
strains can be clearly distinguished from the natural 
community  and that they do not lose fluorescence along the 
permanence in aquatic systems. Moreover, Olofsson et 
al.[19] did  not detect differences between gfp-tagged and 
wild-type E. coli in cell surface hydrophobicity and surface 
charge as well as in their ability to attach to the flocs. 

Falcioni et al.[6] emphasized that, the fundamental 
difficulty in achieving the high efficiency of the dissociation 
of bacteria from flocculated clumps, lies in  the need to keep 
the balance between using procedures that are hard enough 
to achieve a nearly  complete detachment from flocs and the 
concomitant risk of cell disruption.  

Firstly, we have studied the suitability of sonication 
treatment for the dislodgement of flocs by using E. coli cells 
as a reference. The results obtained when E. coli suspensions 
in PBS were subjected to the designed treatment are shown 
in Table 1. 

Table  1.  Mean values (and standard deviation) of total and culturable E. 
coli obtained before and after sonication (cycles of 45 s) of an E. coli 
ABCGFP suspension 

Cycles Total E. coli cells 
(cells/ml) 

Culturable E. coli cells 
(CFU/ml) 

0 1.49 x 107 (3.67 x 106) 1.42 x 107 (2.55 x 106) 
1 1.20 x 107 (5.66 x 105) 1.16 x 107 (1.59 x 106) 
2 7.15 x 106 (3.04 x 105) 6.83 x 106 (5.77 x 105) 
3 6.27 x 106 (4.24 x 104) 6.22 x 106 (2.55 x 106) 

After the first cycle of sonication, total and culturable cell 
counts did not differ from those obtained from untreated 
samples. However, decreases in both total and culturable cell 
counts were observed after 2 and 3 cycles. Regardless of the 
treatment applied, no differences were found between total 
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and culturable cells. These results enable to infer that the 
decrease in bacteria counts following the increase in number 
of sonication cycles is due to the disruption of the cells. In 
this sense, Foladori et  al.[7] indicated that E. coli cells are 
highly sensitive to sonication, and Furuta et al.[20] and Hua 
and Thompson[21] reported that high power u ltrasound 
produces strong cavitation in  aqueous solution causing shock 
wave and react ive free radicals which should contribute to 
the physical disruption of cell membranes and the 
subsequent attack by chemical oxidants. 

A fluorescent strain was used to validate the suitability 
and efficiency of sonication to release bacteria from flocs. 
The first step was the adhesion of the proposed reporter 
strain to the flocs, which was visually confirmed in 
inoculated non-stained samples (Fig. 1C). In these samples, 
the number of free cells decreased significantly in aqueous 
fraction, being 2 log lower than in  the inoculated population 
after 1 h of incubation with the activated sludge (Table 2). 
After incubation, flocs were sonicated and cells were 
recovered (Table 2 and Fig. 1D). In all the cases studied, the 
plateau level was reached with the first cycle of sonication 
and the number of recovered cells did not differ from the 
inoculated ones. 

The application of a second or third cycle did  not cause 
changes in the number of recovered free E. coli cells (Tab le 
2). These data indicate that there was neither more 
dislodgement, nor more E. coli cell lysis during p rolonged 
treatment. The differences between sonicated samples (cells 
resuspended in saline PBS or adhered to flocs) could be 
attributed to the breakage of flocs and the release of 
components which  could protect cells against reactive free 
radicals and/or variations in cavitation patterns. 

Furthermore, Foladori et al.[8] and Ziglio et al.[17] found 
small aggregates remaining after t reatment (mechanical or 
ultrasonication), which supposed to constitute less than 3% 
of the in itial flocs. In our study, we also observed some non 
dense small aggregates (Fig. 2). Nevertheless, reporter 
bacteria into residual diffuse aggregates were easily 

enumerated by using an epifluorescence microscope. 

 
Figure 2.  Images of small aggregates detected after sonication 

4. Conclusions 
Fluorescently tagged bacteria are an excellent tool to 

validate the extraction method proposed for the 
dislodgement of bacterial populations in complex samples as 
activated sludge. In the case of the revised method, our data 
suggest that the procedure based on sonication of activated 
sludge samples is adequate for enumerating bacteria as it 
allows a high recovery of bacteria with good accuracy and 
reproducibility, and min imizes the damage of the cells in the 
suspension obtained.  
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Table 2.  Mean values (and standard deviation) of total E. coli ABCGFP cells (expressed as cells/ml) obtained before and after sonication (cycles of 45 s) of 
activated sludge samples inoculated with E. coli ABCGFP 

Inoculated cells Free cells before sonication Dilution 
Bacterial counts after sonication 

1 cycle 2 cycle 3 cycle 

2.87 x 105 (6.77 x 104) 5.95 x 103 (3.38 x 102) 

1/2 2.68 x 105 (7.81 x 104) 2.69 x 105 (7.76 x 104) 2.50 x 105 (5.74 x 104) 

1/10 3.73 x 105 (2.59 x 104) 4.11 x 105 (6.88 x 103) 1.50 x 105 (8.71 x 104) 

1/50 1.49 x 105 (8.76 x 104) 1.50 x 105 (3.07 x 104) 2.23 x 105 (6.01 x 104) 

3.39 x 106 (5.84 x 105) 3.71 x 104 (5.91 x 103) 
1/2 3.57 x 106 (9.50 x 104) 3.13 x 106 (1.21 x 105) 3.49 x 106 (8.85 x 104) 

1/10 2.86 x 106 (5.44 x 105) 2.91 x 106 (3.94 x 105) 2.94 x 106 (5.08 x 105) 

1/50 1.98 x 105 (2.66 x 104) 2.89 x 106 (4.64 x 105) 2.48 x 106 (2.77 x 105) 

3.71 x 107 (6.43 x 106) 4.43 x 105 (6.71 x 104) 
1/2 2.21 x 107 (3.13 x 106) 2.84 x 107 (4.52 x 106) 3.12 x 107 (1.48 x 107) 

1/10 3.09 x 107 (5.86 x 106) 2.71 x 107 (9.82 x 106) 3.73 x 107 (8.66 x 106) 

1/50 2.86 x 107 (1.25 x 105) 2.98 x 107 (2.25 x 106) 4.66 x 107 (3.13 x 106) 

1.99 x 108 (6.70 x 107) 1.50 x 106 (2.37 x 105) 
1/2 1.59 x 108 (3.40 x 107) 1.70 x 108 (6.65 x 107) 1.75 x 108 (5.72 x 107) 

1/10 1.66 x 108 (1.41 x 107) 2.05 x 108 (4.78 x 107) 2.63 x 108 (1.07 x 107) 

1/50 2.58 x 108 (3.67 x 107) 1.60 x 108 (1.65 x 107) 1.70 x 108 (1.67 x 107) 
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