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ABSTRACT

The formation of aerobic granules after the treatment of paper mill effluents was feasible.
Granular sludge presented a lower fouling potential than flocculent sludge, allowing a
higher flux through the membranes in a membrane bioreactor (MBR). However, it was
observed that after filtration many of the biogranules disrupted, which increased the mem-
brane fouling. Therefore, the formation of aggregates that are physically and mechanically
more resistant to decomposition would be beneficial to an MBR process. This work determi-
nes which of the microorganisms found in the aerobic granular sludge contribute to micro-
bial aggregation, thereby increasing the mechanical resistance of aggregates. Nineteen
strains were isolated from granular aerobic sludge. Tests for coaggregation showed that
some isolates (E2, E7, E9, E13, and E25) were able to improve the formation of granules,
while others (E10, E14, E18, and E26) inhibited the aggregation. The extracellular polymeric
substances analyses indicated which substances contributed to the granule formation. The
mechanical resistance of the aggregates was determined and the results showed that isolate
E19 substantially improved the resistance of the aggregates to disruption.

Keywords: Aerobic granular sludge; Paper mill; MBR; Aggregate mechanical resistance;
Wastewater treatment

1. Introduction

Microorganisms are found in a wide variety of
ecosystems where they form biofilms that can be
composed of several species. Biofilms are functional
consortia among cells and have a higher metabolic

activity than the isolated species. They are commonly
found attached to substrates or dispersed in a liquid
medium from which they obtain nutrients [1]. The
strength and specificity of the interactions in the bio-
film environment favor the survival of bacteria in
adverse conditions (such as shear forces and
deficiency of nutrients), allowing them to survive and

*Corresponding author.

1944-3994/1944-3986 � 2016 Balaban Desalination Publications. All rights reserved.

Desalination and Water Treatment 57 (2016) 28537–28550

Decemberwww.deswater.com

doi: 10.1080/19443994.2016.1192490

mailto:ismarley.morais@ufv.br
mailto:mudado@ufv.br
mailto:agalvao@ufv.br
mailto:npfilho@uesb.edu.br
mailto:dias.jct@gmail.com
http://dx.doi.org/10.1080/19443994.2016.1192490
http://www.tandfonline.com
http://www.tandfonline.com
http://www.tandfonline.com


proliferate in conditions where nonaggregated cells
would exhibit reduced growth [1].

In wastewater-activated sludge treatment pro-
cesses, microorganisms in the aeration tank tend to be
organized in the form of biological flocs. Flocculation
is the result of microbial metabolism and tends to
occur when the food availability is limited or the
microbial community is subjected to some other type
of stress [2]. Good flocculation and settling characteris-
tics of the sludge are fundamental to the performance
of the wastewater treatment process.

Recent studies have shown that under certain con-
ditions the microbial community can organize itself
into the form of granules. The morphology of aerobic
biogranules is completely different from other types of
biofilms, such as those found in activated sludge flocs.
This new sludge morphology is still under investiga-
tion and currently has little use in wastewater
treatment systems.

In order to use aerobic granular sludge in the treat-
ment of wastewater, it is essential to form and main-
tain the aerobic granules in the reactor. An inoculum
from a conventional activated sludge system can take
weeks to start forming granules. Several factors can
interfere with the formation of granules, such as the
type of substrate used, organic load, shear forces, sedi-
mentation speed, and, above all, the microbial cultures
present in the environment [3,4].

The formation of granules can be achieved by the
selection of microbial cultures. The addition of
selected strains or the enrichment of cultures with par-
ticular characteristics can be advantageous to the treat-
ment system. When microorganisms are inoculated
and incorporated into the sludge, they can remain in
the aggregates for a long time, contributing to aggre-
gate formation while maintaining resistance to degra-
dation [3]. [3] cited various studies that demonstrated
a significant reduction in the time required for the for-
mation of dense granules with low values of Sludge
Volumetric Index after the addition of certain strains.

One strategy used to select bacterial cultures that
form aggregates and examine their ability to acceler-
ate the formation of granules is to select some
aggregates, isolate the cultures, and then study their
re-aggregation [3].

In a recent study [5], the formation of aerobic gran-
ules after the treatment of paper mill effluents was
observed. The authors compared the treatment of paper
mill effluent with the aerobic granular sludge to treat-
ment with the conventional flocculent sludge and con-
cluded that both types of treatment are highly effective
at removing chemical oxygen demand. During the
membrane bioreactor (MBR) process, the potential for
clogging of the polymeric membranes by granular or

flocculent sludge was also compared. Granular sludge
presented a lower fouling potential, allowing a higher
flux through the membranes. However, it was observed
that after filtration many of the biogranules brokedown,
which increased the membrane fouling and conse-
quently reduced the fluxes. Thus, the formation of
aggregates that are physically and mechanically more
resistant to decomposition would be beneficial to an
MBR process using granular sludge.

2. Objectives

The objective of this study was to determine which
of the microorganisms found in the aerobic granular
sludge during the treatment of a paper mill effluent
contribute to microbial aggregation, thereby increasing
the mechanical resistance of aggregates.

The specific objectives were as follows:

(1) To isolate the microorganisms present in the
aerobic granular sludge.

(2) To perform coaggregation tests to determine
which isolates contribute to the formation of
aggregates.

(3) To quantify the extracellular polymeric sub-
stances (EPS) of the best consortia which
formed the largest granules.

(4) To evaluate the aggregates’ resistance to
disruption by ultrasound.

3. Methodology

3.1. Experimental plan

The experiments were conducted in five steps in
order to understand the process of granule formation,
explore the potential for a reduction in the time
required for the formation of granules, and form
aggregates more resistant to disruption.

Step 1 consisted of the breakdown of granules
obtained from a sequential batch reactor and the isola-
tion of pure cultures through plating and serially
streaking isolated colonies. Twenty-six pure cultures
were obtained and named Isolate E1, Isolate E2, and
so forth until Isolate E26. The stock vials from the 19
remaining isolates were stored at –80˚C.

In Step 2, different consortia of isolates were pre-
pared, one containing all isolates and used as the con-
trol in the following steps, and 19, each with a
different isolate excluded. In some of these consortia,
the aggregates formed were more numerous and lar-
ger in size than those in the control sample, indicating
that the absent isolate may inhibit the formation of
granules. Therefore, the absence of that particular
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isolate may allow the growth of other isolates that are
important to the process of aggregation. On the other
hand, in some consortia, the aggregates formed were
smaller in size and in quantity than the control, indi-
cating that the missing isolate may be important to the
formation of granules.

In Step 3, the isolates were paired to further inves-
tigate their importance to the formation of granules.
During this step, the E19 isolate was notable because
its presence was correlated with the formation of lar-
ger aggregates showing higher resistance to breakage
than those from other consortia. However, these
aggregates floated and remained on the surface of the
culture medium instead of settling.

Consequentially, Step 4 consisted of selecting pairs
of isolates showing high levels of co-aggregation and
good sedimentation properties, and the subsequent
testing of these consortia in the presence of the E19
isolate to verify if this isolate would cause the
combined isolates to float.

Finally, in Step 5, aggregates formed in the pres-
ence of the E19 isolate were tested for the resistance to
disruption with ultrasound. Fig. 1 presents a flowchart
of the steps performed in this study.

3.2. Bacterial isolates

The bacterial isolates were obtained from the bio-
logical sludge from an aerobic granular reactor fed

with the effluents from a recycled paper mill (old
corrugated cardboard). Biological treatment was
performed in a sequencing batch reactor. The system
had a 6-L aeration tank, and 3 L of treated effluent
were removed and replaced with new effluent for
each cycle. The reactor was maintained at room tem-
perature. Oxygen was injected in the reactor by air
pump connected to diffusers to maintain the dissolved
oxygen over 2 mg L−1. The cycle was 12 h and the
hydraulic retention time was 24 h (3 L was replaced in
each cycle and the reactor volume was 6 L). Minutes
before completing this 12-h period, the aeration was
ceased to allow sedimentation of the biological sludge.

About 5 mL of granular sludge was collected and
centrifuged three times at 650× g for 2 min. The super-
natants were discarded and the pellets were resus-
pended in a 0.85% saline solution after each
centrifugation. The final re-suspended material was
passed through a syringe several times and exposed
to ultrasound to breakdown the aggregates. Ultra-
sound pulses of 20 kilohertz (kHz) for 4 s were
applied four times to the sample using a 4710 series
Ultrasonic homogenizer from the Cole Parmer Instru-
ment Company, Chicago, Illinois, USA.

The broken down suspension was centrifuged one
more time at 650× g for 2 min to remove the remain-
ing aggregates. An aliquot of 0.1 mL, collected from
the supernatant, was used to prepare ten-fold serial
dilutions from 10−1 to 10−9.

Fig. 1. Flowchart with the steps performed in this study.
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Each dilution was spread on four different solid
media in order to broaden the possibility of isolation
of different microorganisms, including the following:
R2A agar, 1/10 LB (10-fold diluted LB), mineral and
the autoclaved effluent itself (solidified in 1.5% agar).
The plates were kept at room temperature. The
diluted LB was used in an attempt to select microor-
ganisms with lower growth rates over the ones that
have higher growth rates in a richer medium.

The isolated colonies were serially streaked on
fresh R2A agar plates to obtain pure cultures. Subse-
quently, each of the pure cultures was grown in liquid
medium (autoclaved effluent) and their stocks were
stored at –80˚C.

3.3. Co-aggregation in the absence of a single isolate

In order to determine the influence of each of the
19 isolates in the formation of aggregates, 20 consortia
were prepared, one containing all 19 isolates and used
as the control, and 19 other consortia lacking one
particular isolate at a time.

The isolates were first plated on nutrient agar med-
ium directly from the frozen stocks; one isolated col-
ony was subsequently used to inoculate 20 mL of
nutrient broth. These liquid cultures were incubated at
room temperature for 1 h and 30 min in a shaking
incubator rotating at 150 rpm. The incubation time
was determined based on previously established
growth curves showing that all isolates reached the
exponential growth phase by 1 h and 30 min.

The optical density (OD) of each culture was mea-
sured, and the volume needed to inoculate and obtain
50 mL cultures with 0.1 OD was calculated. The 50 mL
cultures were incubated in a shaking incubator with
rotation at 150 rpm. Visual observations were per-
formed for each consortium over the incubation time.

3.4. Extracellular polymeric substance extraction and
quantification

The quantification of EPS was performed with only
the consortia that formed the largest granules in the
co-aggregation tests. For extraction of EPS, samples
(5 mL) were collected from the cultures in medium
R2A, of each consortia at different time (2, 4, 8, 24, 48,
and 72 h). Initially, 1 mL was submitted to centrifuga-
tion (15,000 g, 4˚C, 15 min) and the supernatant was
discarded. The pellet were resuspended in milli-Q
water and centrifuged again. The supernatant of the
second centrifugation was stored for analysis of free
EPS. The pellet was resuspended in phosphate buffer,
completing the volume to 20 mL. After adjusting pH

to 11 with NaOH, the samples were heated at 80˚C for
30 min. After cooling, the samples were centrifuged
for 1 min and the supernatant were centrifuged again
for 10 min. The final supernatant and the stored sam-
ple was used for analysis of carbohydrate content [6],
proteins [7], humic acids [7], and total organic carbon
[8]. One sample with phosphate buffer at pH 11 was
used as the standard.

3.5. DNA extraction method

The isolates were inoculated in Eppendorf tubes
containing 1 mL of TY medium. After 24 h of incuba-
tion, the DNA was extracted. For each culture, it was
added 1 mL of lyse buffer (EDTA 100 mM, Tris–HCl
100 mM, CTAB 2%, SDS 1% e NaCl 1.5 M). After
homogenization in vortex, the mixture was heated at
65˚C for 20 min. Each tube was inverted every 5 min.
After that procedure, the samples were centrifuged for
20 min at 5,000 rpm. The aquous phase, upper fase,
was transferred to a new sterile Eppendorf tube and
the samples were extracted with phenol/chloroform/
isoamyl alcohol (25:24:1, pH 6.7; Sigma-Aldrich). After
each extraction, samples were centrifuged at
5,000 rpm for 10 min at 4˚C, and supernatants were
transferred in wells containing 0.7 volume of iso-
propanol (Sigma-Aldrich) and 0.1 volume of 3 M
sodium acetate. DNA was precipitated at –20˚C over-
night. Three ethanol washes were performed by add-
ing 70% (v/v) ethanol to each sample and
centrifuging for 10 min at 5,000 rpm. Supernatants
were discarded after each ethanol wash. DNA pellets
were air-dried prior to being resuspended in 40 μL of
water Milli-Q.

3.6. DNA amplification

The extracted DNA samples were used in PCR
amplifications using the sequences of the primers
27F (5´-AGAGTTTGATCMTGGCTCAG-3´) and 1525R
(5´-AAGGAGGTGATCCAGCC-3´). Amplification was
conducted using a 50 μL (total volume) mixture con-
taining 0.25 U/μL of Taq polymerase (Invitrogen,
Carlsbad, CA, USA), 12.5 pmol of each primer, 2.5 μL
of reaction buffer 10X, 100 μM dNTPs, 1,8 mM MgCl2,
1 μL of DNA and Milli-Q sterile water (Purelab-Ultra).
Amplification was conducted with a Mastercycler
(Eppendorf AG, Hamburg, Germany). The amplifica-
tion conditions for the PCR amplification were as fol-
lows: initial denaturation at 95˚C for 5 min followed
by 35 cycles of incubation at 95˚C for 90 s, annealing
at 55˚C for 90 s and incubation at 72˚C for 90 s. A final
elongation at 72˚C for 5 min was also included.
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The amplicons were sequenced at ACT Gene
Laboratory (Biotechnology Center, Universidade Fed-
eral do Rio Grande do Sul, Porto Alegre, Brazil) using
ABI-Prism 3100 Genetic Analyzer with 50 cm capillary
and POP-6 polymer (Applied Biosystems, Foster City,
CA, USA).

3.7. Coaggregation among consortia of two or three isolates

The results of the coaggregation in the absence of a
single isolate identified isolates that were potentially
important to understanding co-aggregation. Thus, con-
sortia of two or three isolates were chosen to verify
whether they contributed to the formation of aggre-
gates that were more resistant to disruption.

The isolates were pre-cultivated as stated previ-
ously. The isolates were first plated in agar nutrient
medium directly from the frozen stocks; one isolated
colony was subsequently used to inoculate 20 mL of
nutrient broth. These liquid cultures were incubated
with shaking at 150 rpm at room temperature for 1 h
and 30 min, at which point they had reached the loga-
rithmic growth phase. The OD of each culture was
measured and the volume needed to inoculate and
obtain 6 mL cultures with 0.1 OD was calculated.
These 6 mL cultures were incubated in glass tubes
and shaken at 150 rpm. Each consortium was
observed visually over the incubation time.

After 31.5 h of incubation, samples taken from the
consortia were smeared on glass slides and then fixed
and stained with fuchsin.

3.8. Criteria used to determine the co-aggregation index

The criteria used to determine the coaggregation
index by a semiquantitative method based on visual
observations was previously proposed by [9]:

(1) (0) or no score: the absence of visible aggre-
gates in the cell suspension;

(2) (1): small and uniform aggregates in a turbid
suspension;

(3) (2): easily visible aggregates in a turbid
suspension;

(4) (3): easily visible aggregates that quickly settle,
however, turbidity in the supernatant is still
visible;

(5) (4): large aggregates that settle instantly leaving
a clear supernatant.

In some of the aggregation tests, the formation of
aggregates that floated instead of settled, remaining
on the surface of the liquid medium, was observed.
Because this characteristic has not been reported in

the literature and it was important to differentiate
aggregates that floated from those that settled, a nega-
tive sign was used to identify the consortia in which
the aggregates floated.

Therefore, the coaggregation index corresponds to
the size of the aggregates, and the positive/negative
sign indicates whether the aggregates floated or
settled to the bottom.

3.9. Test of resistance to disruption by ultrasound

The resistance to disruption of the consortia aggre-
gates was compared by ultrasound exposition. Ultra-
sound pulses of 20 kHz for 4 s were applied to which
consortia sample until the aggregates were completely
disrupted using a 4710 series Ultrasonic homogenizer
from the Cole Parmer Instrument Company, Chicago,
Illinois, USA.

4. Results and discussion

4.1. Bacterial isolates

The strains were identified by DNA extraction and
amplification. The genus of each nineteen isolate was
presented in Table 1.

4.2. Evaluation of the absence of each isolate

Contrary to what was expected, the formation of
aggregates was observed in all consortia in which only

Table 1
Identification of the isolates

Isolate Identification (genre)

1 Acinetobacter
2 Agrobacterium
3 –
4 Acinetobacter
5 Acinetobacter
7 Enterobacter
8 Enterobacter
9 Staphylococcus
10 Acinetobacter
11 Enterobacter
13 Agrobacterium
14 Enterobacter
15 Acinetobacter
18 Acinetobacter
19 Agrobacterium
23 Acinetobacter
24 Enterobacter
25 Rhodococcus
26 Enterobacter

I.L.H. Morais et al. / Desalination and Water Treatment 57 (2016) 28537–28550 28541



one isolate was absent, and the phenomenon of aggre-
gation could not be assigned to the presence of one or
a few isolates. Similar to what has been reported in
previous studies, the formation of aggregates was
dependent on the cultivation time. Particular consortia
showed an increase in the coaggregation index over
time, virtually constant indexes throughout the period
of observation, or an initial increase followed by the
loss in the ability to coaggregate. The different pat-
terns of aggregation and the temporal variation in
aggregation could be the consequence of multiple
interactions among the 19 isolates in each consortium.
The 19 isolates were incubated in a complex medium
(nutrient broth). Thus, the possibility that the different
bacteria grew in different cultivation periods, chang-
ing the medium composition over time, must be con-
sidered. It is then necessary to consider two variables:
the bacterial species that are able to coaggregate could
have grown at different times or simultaneously, and
their cell surface could have changed over time due to
variations in the composition of the medium. There-
fore, the preliminary results suggest that some isolates
may form aggregates and some may hamper the
aggregation process. Despite the complexity of the
bacterial interactions, the results of the following
experiments support this hypothesis, confirming that
the approach used in this study facilitates understand-
ing of these complex interactions in natural
aggregates.

Different aggregation phenotypes were also
observed by [10] in a study of the coaggregation
between strains of aquatic bacteria. Blastomonas natato-
ria 2.1 and Micrococus luteus 2.13 formed aggregates
during the exponential phase which reached a maxi-
mal level in the stationary phase. Similar results were
obtained in studies by [11,12]. On the other hand, M.
luteus 2.13 and B. natatoria 2.8 formed aggregates in
only the stationary phase, while B. natatoria 2.1 and B.
natatoria 2.8 formed coaggregates only after 144 h of
incubation, when already in the late stationary phase
[10]. Similarly, the percentage of coaggregation consor-
tia selected by [13] increased with time. The maximum
coaggregation percentage was more rapidly obtained
in some consortia than in others, and the progression
of coaggregation over time was different for the differ-
ent pairs of isolates. The coaggregation patterns dif-
fered primarily because of changes in the composition
and density of the biofilms, as a function of the nutri-
ent composition and the chemical characteristics of the
media [13].

The absence of the E4 isolate resulted in greater
aggregate formation in comparison to the control after
21.25 h of incubation, followed by a loss in the
co-aggregation levels. This result suggests that the E4

isolate grows rapidly and thereby inhibits the growth
of granule-forming bacteria. A greater formation of
aggregates compared to the control was also observed
in the consortia in which the E10, E14, E18, and E26
isolates were absent. This suggests that these isolates
inhibit the process of aggregation, and, in their
absence, the bacteria that are important for the process
grow, leading to the increased formation of
aggregates.

On the other hand, the absence of the E7 isolate
resulted in the absence of visible aggregates. Addition-
ally, the consortia lacking the E2, E9, E13, and E25 iso-
lates had reduced aggregate formation similar to the
control (including all nineteen isolates). These results
suggest that these isolates may be important to the
process of aggregation and their presence can con-
tribute to the formation of aerobic granules.

Table 2 shows the EPS content of the consortia that
produced the largest granules.

As can be observed in Table 2, all the consortia
presented higher polysaccharides concentration than
proteins except for the –E26 consortium (PS/PN > 1).
This can explain the higher aggregation index of
the –E26 consortium once polymeric polysaccharides
in the EPS serve as bioglue to facilitate cell-to-cell
interactions [14,15].

The formation of granules in the consortia –E10
and –E14 was related to nitrogen-based substance. The
stability of these granules tended to be low because of
the low protein content and the granule stability is
directly related to the EPS protein content [16,17]. This
explains the lower aggregation index of the –E10 and
–E14 consortia. In previous study [18] also confirmed
that proteins are the main components of EPS, while
polysaccharides constitute a higher portion of the
SMP. Proteins are hydrophobic constituents of EPS,
while carbohydrates are hydrophilic. With the imple-
ment of regulation measures in period 2, the P/C ratio
increased gradually and resulted in the rising of rela-
tive hydrophobicity and reduction of zeta potential.
This finally promoted the formation of aerobic granu-
lar sludge and slowed down membrane fouling [18].

Table 2
Quantification of EPS produced and coaggregation index

EPS

Combinations

–E10 –E14 –E18 –E26

Polysaccharides (mg/L) 0.24 0.22 0.57 0.59
Proteins (mg/L) 0.17 0.14 0.10 0.26
Humic acids (mg/L) 0.25 0.39 0.47 0.20
Rate PS/PN 0.57 0.41 1.00 1.28
Coaggregation index 2 2 2 3
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4.3. Pairwise consortia between the E2, E7, E9, E13, and
E25 isolates and all the other isolates

The results obtained in the first experiment suggest
that some isolates may be important to aggregate
formation, and, when these isolates are absent, the
formation of aggregates does not occur or occurs to a
lesser degree. To confirm the importance of the E2, E7,
E9, E13, and E25 isolates in the process of aggregate
formation, consortia of each of these isolates with the
nineteen obtained isolates were evaluated.

Table 3 presents the results obtained from the
experiment. The consortia that showed the formation
of aggregates, regardless of the incubation period,
received a positive sign, “+”, whereas the consortia in
which visible aggregates were not observed during
the entire period of the experiment received a negative
sign, “–”.

According to the visual observations, all pairs con-
taining the E11 isolate had easily visible aggregates
and a good settling speed. The formation of these visi-
ble aggregates was observed early in the incubation in
most cases (Table 3).

The consortia that contained the E19 isolate tended
to form aggregates that remained on the surface of the
liquid medium; these aggregates floated and returned
to the surface after manually shaking the culture
(Table 3). This phenomenon was sporadically
observed in other consortia; however, only the E19
isolate presented this phenotype consistently when
combined with any of the five isolates tested.

According to Table 3, the tested isolates E2, E7, E9,
E13, and E25 showed a high percentage of aggregation
with the other isolates, ranging between 73.68% in the
consortia including the E13 isolate and 89.47% in the
other consortia. These percentages were obtained by

determining the ratio between the numbers of positive
consortia divided by the total number of consortia in
which the isolate was present. For example, the E13
isolate was present in 19 consortia (including a consor-
tium with itself, i.e. auto-aggregation), and the forma-
tion of aggregates was observed in 14 of them.

This high percentage of consortia in which
aggregates were observed confirms the importance of
the E2, E7, E9, E13, and E25 isolates in the aggrega-
tion process, either through their aggregation with
other isolates or their role as a bridge organism facili-
tating the association of other species that do not
autoaggregate.

The E10 isolate did not form aggregates with any
of the five tested isolates, and the E4 isolate only
formed aggregates in consortium with E25. Auto-ag-
gregation was observed for the E2, E7, E9, E13, and
E25 isolates (i.e. aggregates were observed in the con-
sortia E2 + E2; E7 + E7; etc.). The absence of aggre-
gates when E4 and E10 were present indicates that
these isolates do not form aggregates with the other
isolates. On the other hand, the absence of aggregates
in the consortia that showed auto-aggregation when
E4 and E10 were also present indicates that these iso-
lates inhibit the auto-aggregation processes of the
other isolates. This supports the conclusion that these
isolates can inhibit the formation of granules, first
formed after evaluation of cultures lacking each of
these isolates.

4.4. Evaluation of the effect of the E19 isolate in the
formation of aggregates

The E19 isolate generated outstanding results for
the formation of larger aggregates, which were noted

Table 3
Combinations that formed or did not form aggregates during the experiment

aRepresents the percentage of combinations that showed the formation of aggregates at some time during the experiment. Example: sev-

enteen combinations presented visible aggregates out of the 19 combinations containing the E2 isolate; one combination presented visible

aggregates out of the five combinations containing the E4 isolate.
bThe combinations that showed the formation of aggregates, regardless of the incubation period, received a positive sign, “+”, whereas

the combinations in which visible aggregates were not observed during the entire period of the experiment received a negative sign, “–”.
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through the visual observations in all consortia where
this isolate was present. However, these cultures con-
sistently showed aggregates that floated rather than
settled (Fig. 2). In addition to the increased size of the
aggregates, these cultures were resistant to disruption
after manual agitation of the flasks.

In previous studies, aerobic aggregates (granules)
from the sludge produced in the biological treatment
of paper mill effluents broke apart when subjected to
high pressure during treatment in membrane bioreac-
tors [5]. This rapidly fouled the membranes, reducing
the permeate flux. The formation of granules that are
more resistant to disruption may be beneficial to the
function of the membrane bioreactors by reducing the
rupture of the granules and decreasing the membrane
fouling. This would result in a steadier, higher flux
over longer periods. The flotation of the aggregates
formed in the presence of the E19 isolate should be
less important in a membrane bioreactor than in a
conventional activated sludge system, where good
sludge sedimentation is critical.

In order to assess whether the presence of the E19
isolate causes flotation of aggregates even in the pres-
ence of other isolates that formed aggregates with
good sedimentation properties, a few pairs from the
second experiment were selected, and the E19 isolate
was introduced as a third isolate in these consortia.
The pairs without the E19 isolate were used as con-
trols in this experiment. The size of the aggregates
and their sedimentation properties (settling or float-
ing) were evaluated. The results are presented in
Table 4.

The results presented in Table 4 show that the
presence of the E19 isolate caused the formation of
floating aggregates in almost all tested consortia,
except in E13 + E15 + E19 and E7 + E13 + E19. In addi-
tion, for all consortia in which flotation was observed,

large aggregates with co-aggregation indexes equal to
four were formed; in the consortia including
E13 + E13 + E19 and E13 + E23 + E19, the aggregates
formed were larger than in the controls (E13 + E13
and E13 + E23, respectively). The co-aggregation
indexes do not necessarily indicate the relative
strength of the interactions between different bacterial
cells. The size and density of the aggregates depends
on the size and morphology of the bacteria involved
and the intensity of the interactions on the bacterial
surface. Smaller co-aggregation indexes do not neces-
sarily indicate weak interactions between cells [13].

Therefore, the fact that aggregates formed in con-
sortia containing the E19 isolate did not break after
their flasks were manually shaken may indicate that
the interactions involving this isolate are strong. This
may contribute to the formation of granules as large
as those used in MBRs, which are not easily broken
down.

The consortia including E13 + E15 + E19 and
E7 + E13 + E19 lacked large aggregates and flotation
similar to the controls. These consortia differ from the
E13 + E13 + E19 consortium in the presence of the E15
and E7 isolates. Because E13 + E13 + E19 produced
larger aggregates that were more resistant to disrup-
tion, it is possible that the presence of the E7 and E15
isolates inhibits either the growth of the E19 isolate or
the interactions at the bacterial surface, affecting the
size of the aggregates. These results can be observed
in Fig. 3. The curves presented in the graphs in Fig. 3
from these consortia show values below those
observed for other consortia. Based on this, a modifi-
cation of the classification system of [9] is proposed:
the aggregates which float should receive negative val-
ues, showing that they have a different phenotype
from those that settle. In the system of [9], there is an
increasing tendency of the aggregates to settle when

Combinations without E19 Combinations in the presence of E19

Fig. 2. Formation of aggregates in the presence and absence of the E19 isolate.
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moving from class 1 through class 4. Thus, the indexes
for the consortia that had floating aggregates were
represented in the negative axis. The index score rep-
resents the size of the aggregates and the positive/
negative axis indicates the flotation/sedimentation
phenotype. Therefore, a consortium with an index of
“–4” indicates the presence of easily visible aggregates
in a culture medium with low turbidity (similar to the
consortia with an index of “+4”), but the aggregates
floated when the culture was standing still.

The results presented in Table 5 confirmed the
phenotype shown in Fig. 3. Specifically, the consortia
with the higher coaggregation index had more cells
than the other consortia. For example, the images of
the E13 + E13 + E19 consortium showed a greater
number of cells and greater aggregation compared
with the images of the E13 + E13 consortium. Simi-
larly, the images of the E7 + E13 + E19 and E7 + E13
consortia confirmed the phenotype shown in Fig. 3,
with little difference between these consortia.

4.5. Tests on the aggregates’ resistance to disruption by
ultrasound

Techniques for measuring granule strengths can be
derived from those developed for measuring floc
strength. Floc strength has been largely studied using
various methods.

Floc strength may be estimated through floc size
analysis by examining its break-up consecutively by

exposing to known stresses. Other techniques, such as
ultrasonic methods, have also been adapted to test
aggregate strength but are more suitable for applica-
tion to mineral flocs than to bioaggregates due to the
effect of ultrasound on bacterial components [19]. In
this study, ultrasound was used to indicate a better
granule stability, even though resistance to disruption
with ultrasound of aggregate is quite different from
granular stability maintenance.

In the previous experiments, it was observed that
the aggregates formed in the presence of the E19 bac-
teria had greater resistance to disruption when the
flask was subjected to manual agitation. However,
manual agitation is not a standardized or reliable
method for comparison of the resistance to disruption
between different aggregates. Thus, a standardized
test using ultrasound equipment was performed in
order to compare the resistance to disruption among
these consortium aggregates and the granules initially
used for the isolation of the strains. Some of the con-
sortia containing the E19 isolate were used in this test
after 21.25 h of incubation. Pulses of 20 kHz for four
seconds each were applied until the aggregates were
completely disrupted. The consortia used and the
co-aggregation rates achieved during the incubation
(before the ultrasound testing) are presented in
Table 6.

According to the results presented in Table 6, after
21.25 h of incubation, all selected consortia showed
large aggregates that did not break after manual

Table 4
Results from the introduction of isolate E19 in combination with paired isolates that previously formed large aggregates
with good sedimentation properties

Combination

Incubation time

3.00 h 5.00 h 6.50 h 8.83 h 21.25 h 54.00 h 76.60 h

E13 + E11 + E19 1 2 2 4a 4 4
E13 + E11 2 4 4 4 4 4 3
E13 + E13 + E19 1 2 2 4a 4a 4a

E13 + E13b 2 2 1
E13 + E23 + E19 3 3 3 4 4a 4a

E13 + E23 3 3 3 3 2 1
E13 + E15 + E19 1 1 2
E13 + E15 2 2 2
E7 + E13 + E19 1 2 2 1
E7 + E13 1 1 1 2 2 2
E25 + E11 + E19 1 2 2 4a 3a 3a

E25 + E11 2 4 4 4 4 4 4
E2 + E11 + E19 3 3 2 4a 4a 4
E2 + E11 3 3 3 4 4 4

aObserved the presence of aggregates that remained on the surface of the liquid medium (floating).
bAutoaggregation. Twice as much of the calculated volume for the E13 isolateinoculum was added in the culture medium to obtain the

same initial optical density value from the other combinations.
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shaking. However, the aggregates did not float in the
E13 + E23 + E19 consortium.

The samples were transferred to plastic tubes with
conical bottoms and ultrasound pulses were applied
to the tubes to test the resistance of the aggregates
formed from the consortia shown in Table 6. Ultra-
sonic pulses were applied to the material as described

above until no aggregates were visible. The test results
are presented in Table 7.

The results in Table 7 indicate that the consortium
requiring the highest average number of pulses for
the complete disruption of visible aggregates was the
E13 + E13 + E19 consortium. However, considering the
standard deviation, there is no significant difference

Fig. 3. Morphological and sedimentary characteristics vary over time in combinations of isolates with the presence and
absence of the E19 isolate.
Notes: Index—(0): absence of visible aggregates in the cell suspension; (1) small and uniform aggregates in a turbid
suspension; (2) easily visible aggregates in a turbid suspension; (3) easily visible aggregates that quickly settle or float,
however, turbidity in the supernatant is still visible; (4) large aggregates that settle or float instantly leaving a clear
supernatant. The index module is related to the size of the aggregates and the positive/negative axis with the flotation/
sedimentation aspect, respectively.
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Table 5
Microscopic images of the isolate combinations in the presence and absence of isolate E19 after 31.5 h of incubation.
1,000× magnification

Combination

E13 + E11 + E19

E13 + E11

E13 + E13 + E19

E13 + E13

E13 + E23 + E19

E13 + E23

E13 + E15 + E19

(Continued)
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Table 5 (Continued)

Combination

E13 + E15

E7 + E13 + E19

E7 + E13

E25 + E11 + E19

E25 + E11

E2 + E11 + E19

E2 + E11
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between this consortium and the E25 + E11 + E19 and
E13 + E23 + E19 consortia.

Before beginning the aggregation tests, a sample
containing granules was collected from the biological
reactor. The sample was centrifuged, and ultrasound
pulses were applied under the same conditions used
in the above experiment. Four pulses were required
for the complete disruption of the granules present in
this sample (this procedure was carried out during the
step in which strains were isolated). Therefore, for all
the consortia presented in Table 6, the average num-
ber of pulses required for the complete disruption of
the aggregates was higher than that required for the
disruption of granules present in the biological sludge.
This indicates that the aggregates formed by these
consortia are more resistant to disruption by ultra-
sound than the granules from which the strains were
initially isolated.

Therefore, the E19 isolate may contribute to the
formation of granules that are more resistant to dis-
ruption, preventing degradation of the granules dur-
ing the membrane filtration process. However, the
mechanisms involved in the disruption of aggregates
by ultrasound are quite different from the mechanisms
that cause the breakdown of granules during filtration.
According to [20], the ultrasound waves remove cell

wall surface structures that are important to the
co-aggregation.

During the coaggregation studies, the isolates were
mixed when in the exponential growth phase and fur-
ther incubated together in culture, unlike procedures
used in other studies in which the isolates were grown
separately, mixed in saline solution after the achieve-
ment of the desired growth, and then used to measure
aggregation. The coculture of the isolates presents a
different dynamic, in which some isolates may be
inhibited or benefit from the growth of the others.
This environment resembles the bioreactor environ-
ment in which the different strains grow together.

Several factors can interfere with the process of
aggregate formation, such as the composition of the
medium and the culture conditions (shaking speed,
which affects the amount of dissolved oxygen, pH,
etc.). These factors were not evaluated in this study
and could be addressed in future studies.

It is important to consider that old granules would
show lower cohesion, even if it were formed by iso-
lates that contribute to the granules strength, because
of deterioration of the internal structure. The centers
of granules may became porous, showing an empty
internal heart after long-term starvation. This can be
attributed to the fact that the internal part of the
aggregate (exopolymers) could be partly biodegraded,
i.e. used as a secondary substrate in such famine con-
ditions [19].

5. Conclusions

In this research, 19 strains were isolated from gran-
ular aerobic sludge used to treat paper mill effluent.
Tests for coaggregation showed that some isolates
were able to improve the formation of granules while
others inhibited the aggregation. The mechanical resis-
tance of the aggregates was determined by manual
shaking, and the results showed that few isolates sub-
stantially improved the resistance of the aggregates to
disruption. Further investigation of the mechanical
resistance of the aggregates including Isolate E19, the
most promising strain, to disruption was conducted
using ultrasound. The results confirmed that this iso-
late has the capacity to improve aggregation.
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Table 6
Combinations containing the E19 isolate before the test of
disruption by ultrasound

Combination

Incubation time

3.00 h 5.00 h 6.50 h 8.83 h 21.25 h

E13 + E13 + E19 1 1 1 4a

E13 + 23 + E19 3 3 3 3 4
E25 + E11 + E19 2 2 2 2 4a

E2 + E11 + E19 3 3 3 3 4a

aObserved the presence of aggregates that remained on the surface

of the liquid medium (floating).

Table 7
Average and standard deviation of the number of pulses
needed for the complete disruption of the aggregates
formed by the indicated combinations

Combination Average (± standard deviation)

E2 + E11 + E19 6.33 (±1.53)
E25 + E11 + E19 6.67 (±2.08)
E13 + E13 + E19 10.00 (±2.00)
E13 + E23 + E19 8.67 (±1.15)

Note: Average and standard deviation of the samples in triplicate.
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