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Abstract. The article presents the results of studies on amylase and protease activity in different fractions 

of extracellular polymeric substances of granular sludge. The research showed that most of the enzymes 

are stored in the fraction of tightly-bound extracellular polymers and in pellets. The activity of enzymes is 

influenced by the presence of divalent and trivalent cations. The highest protease activity of 4 mol x min-1 

was observed in the presence of Ca2+ and the lowest of 0.5 mol x min-1 in the presence of Fe3+. Protease 

activity in the system without cation addition was almost two times lower than in the all-cation-fed system. 

The highest activity of extracellular enzymes was observed at day 7 of granulation. The maximum value of 

amylase activity was 30 µmolmaltose x gstarch
-1 x min-1. The presence of Ca2+ is crucial for the processes of cell 

adhesion. Ca2+ plays a role in the regulation of proteolytic enzyme activity and thus on the growth rate of 

granules. The study also showed a change in enzyme activity during a single cycle of operation in the 

granular sludge sequencing batch reactor. The highest enzyme activity was observed at the end of the 

aeration cycle. 
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Introduction 

Due to numerous advantages, such as reduced space and, low energy requirements as 

well as a high efficiency in wastewater treatment (Pronk et al., 2015; Nancharaiah et al., 

2019), the technology based on aerobic granular sludge is becoming increasingly popular 

(Liu and Tay, 2004). The results of researches to date indicate that the process of sludge 

granulation is initiated by physical factors such as increased aeration intensity, reduced 

sedimentation time, or increased rate of sewage discharge from the reactor (Morgenroth 

et al., 1997; Arrojo et al., 2004, 2007; Liu et al., 2010b; Wojnowska-Baryła et al., 2010). 

All these factors cause microbial stress and therefore affect the increased secretion of 

extracellular polymeric substances (EPS) by microorganisms to protect themselves in 

activated sludge. Extracellular polymeric substances (proteins, polysaccharides, eDNA) 

take part in the processes of bacterial cell adhesion (Zhang et al., 2018) and biofilm and 

granule formation (Liu et al., 2010a, 2020). 

The physical strength of the sludge granules is a key factor that provides the long-term 

stable operation of granular biomass reactors (Zhu et al., 2015). There are very few 

literature reports in which the strength of granules is analysed (Nor-Anuar et al., 2012; de 

Graff et al., 2018; Czarnota et al., 2020). Kończak et al. (2014) stated that an increase in 

the density of granules and improvement of their sedimentation properties can be 

achieved by dosing Ca2+ and Mg2+ cations. However, the mechanisms that determine this 

process are unknown. 

In turn, Hamiruddin et al. (2019) reported that extracellular polymeric substances 

(EPS) play a key role in maintaining the granular form and stability of the granules. Felz 

(2019) indicated that EPS play multiple roles in granules, ranging from the initiation of 
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granulation processes to the protection of granule co-forming micro-organisms and as a 

source of nutrients and stores of extracellular enzymes. As extracellular polymeric 

substances are a mixture of many compounds, therefore are difficult to analyse and 

quantify (Jiao et al., 2010). Due to that the knowledge about the structure of EPS matrix 

are still largely unknown. 

The functioning of the EPS matrix also depends on the bivalent and trivalent metal 

cations present in the wastewater, especially Ca2+ and Mg2+ cations (Kończak and 

Miksch, 2011, 2012; Felz et al., 2016). 

Therefore, this article focuses on the study of changes in the activity of extracellular 

enzymes in the presence of bivalent and trivalent metal cations. The research is a 

contribution to the development of knowledge on the processes occurring in the EPS 

matrix under the influence of extracellular enzymes. The available literature reports 

mostly concentrated on the role of extracellular enzymes in the process of maintaining 

granule form and activity of microorganisms during the storing process at 4°C (Adav et 

al., 2008). It was observed that a high activity of proteolytic enzymes caused the 

degradation of extracellular proteins, whereas only slight degradation of polysaccharides 

occurred. Subsequent research has shown that polysaccharides are a structural material, 

whereas proteins are a carbon and energy reservoir released due to the activity of 

proteolytic enzymes (Bae et al., 1995; Ng, 2002; Martinez et al., 2004; Zeng et al., 2007; 

Wang et al., 2007, 2008; Caudan et al., 2014; Ding et al., 2015). Due to the digest of 

protein by proteolytic enzymes, the low molecular weight polypeptides are found in the 

supernatant. This allows smaller fragments of proteins to diffuse into the granule, feeding 

the micro-organisms in deeper layers with nutrients, which allows them to remain active 

(van der Berg et al., 2020). Hydrolytic enzymes can also actively participate in cell 

adhesion processes (Burgess and Pletschke, 2008), similarly to the invasion of bacterial 

cells in the human body and the creation of a biofilm that covers the tissues. The 

hydrolytic enzymes digest the tissues, revealing the receptor areas, which makes it 

possible for bacteria to adhere to the tissues of the infected organism (Lipka and 

Boratynski, 2010). The role of enzymes in the regulation of biomass growth had 

previously been studied for the conventional sewage treatment plant and wastewater 

treatment system based on biofilm (Weissbrodt et al., 2013; Hassard et al., 2016) but 

never for the aerobic granular sludge system. 

The estimation of enzyme activity during biogranulation could help us to clarify the 

hypothetical roles of enzymes in aerobic granules formation process and their role in the 

biological distribution of excess extracellular polymeric substances. 

The paper presents innovative results of studies concerning changes in protease and 

amylase activity during the formation of aerobic granular sludge in the presence of Ca2+, 

Mg2+ and Fe3+ cations. 

Materials and experimental methods 

Laboratory tests 

Laboratory tests were carried out in six sequential reactors (GSSBR, Granular Sludge 

Sequencing Batch Reactor) with a capacity of 2 L and the following dimensions: height: 

565 mm, internal diameter: 83.5 mm. The sludge inoculum was the activated sludge taken 

from the sewage treatment plant in Gliwice (Poland). Synthetic wastewater of the 

following system was cyclical introduced to the reactor (3 cycles per day): 0.75 g/l 

CH3COONa (Stanlab, p.a.), 0.1 g/l NH4Cl (Stanlab, p.a.) and 0.075 g/l KH2PO4 
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(Stanlab, p.a.). Individual or mixed compound doses were fed to the reactors: 0.016 g/l 

CaCl2 (Stanlab, p.a.), 0.05 g/l MgCl2 (Stanlab, p.a.), 0.02 g/l FeCl3 (Stanlab, p.a.). The 

reactors' operating cycle included: feeding (3 min), aeration (170 min), sedimentation 

(3 min), discharge (3 min) and idle period (1 min). The air bubbles for aeration were 

supplied through an air diffuser at the reactors bottom. 

EPS extraction and concentration measurement 

The methodology described in previous studies was applied for the EPS extraction 

(Kończak et al., 2014). The samples were used to extract the loosely bound extracellular 

polymeric substances (LB-EPS) and the fraction of tightly bound extracellular polymers 

marked as TB-EPS. The LB-EPS fraction was obtained by centrifuging granules at 

2,000 g for 15 minutes and filtering the separated liquid through a cellulose acetate filter 

with 45 µm pore diameter. The TB-EPS was obtained by extraction with cation exchange 

resin, followed by centrifugation at 20,000 g for 20 minutes and filtration of the resulting 

liquid. The residue from the centrifugation (a fraction of pellets) was also used in the 

research. 

The content of polysaccharides was determined using the Dubois method (Dubois et 

al., 1956). The protein content was determined by using Quant-iT™ Protein Assay Kit 

(Thermo Fisher Sc.). 

Enzyme activity analyses 

Measurements of enzyme activity were conducted by the colorimetric method using 

the Genesys 5 Spectronic spectrophotometer. Enzyme activity was measured in three 

repetitions and the obtained values were averaged. The blank was prepared 

simultaneously with the samples, adding the homogenate after the enzyme reaction was 

interrupted. The enzyme activity was tested on the same day that the extraction of 

extracellular polymers was performed. This study examined the activity of enzymes 

contained in the supernatant fraction (LB-EPS), the tightly-bound granule fraction 

(TB-EPS), and pellets (P-EPS). The measurement of the rate of the catalysed reaction 

enables the determination of the enzyme activity. The Enzyme Commission of the 

International Union of Biochemistry has introduced the concept of an international 

standard unit 'U' to ease the comparison of the activity of enzyme preparations. This unit 

represents the amount of enzyme that catalyses the transformation of 1mole of the 

substrate or a specific part of it, in 1 minute, under optimal conditions. The standard unit 

is mol/min (Worsfold, 1995). 

Protease activity determinants 

General proteolytic activity was determined on the basis of the methodology proposed 

by Stygar (2008). 0.15 ml of azocasein solution and 0.05 ml of the sample were 

introduced into 0.2 ml of Tris-HCl buffer. Samples were incubated for one hour at 30ºC. 

Enzymatic reactions were interrupted by adding 0.3 ml TCA. After 15 minutes of protein 

precipitation, the samples were centrifuged for 10 minutes at 10,000 g, then extinction at 

366 nm was measured within 10 minutes. 

The total proteolytic activity for a given sample was expressed in standard Units of 

Activity (U), with the difference of 0.001 in the value of absorbance reading between the 

reference and the test sample being considered as 1 U. 
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In the case of a reference sample, an appropriate amount of buffer was added instead 

of the enzyme. The blank test for the enzyme was prepared by mixing the enzyme, TCA, 

and azocasein in that order. The unit of activity (U) is the amount of the enzyme that 

causes a change in absorbance of 0.01 under given reaction conditions. 

Amylase activity determinations 

Amylase activity was determined using the modified Bernfeld method (Bernfeld, 

1955). Tubes containing 0.5 ml of 1% starch solution were preincubated for 5 minutes at 

30ºC. Then 0.1 ml of the sample was added, mixed with Vortex, and incubated for one 

hour at 30ºC. Termination of the enzymatic reaction was performed by adding 1 ml of 

3,5-dinitrosalicylic acid reagent and boiling it in boiling water for 10 minutes. Samples 

were cooled and 1.5 ml of distilled water was added. After a minimum of 10 minutes (but 

maximum before 1 hour) extinction at 540 nm light wavelength was read. The calibration 

curve for maltose with a 3,5-dinitrosalicylic acid reagent was prepared for solutions of 

maltose at concentrations between 0.2 and 2.0 mg in the sample. Using the calibration 

curve for maltose, the concentration of the released maltose was determined, and the 

specific α-amylase activity was then calculated according to the formula (Eq.1), 

expressed in μmoles of released maltose per 1 g of starch and per 1 minute. 

 

 𝐴𝑎𝑚𝑦𝑙𝑎𝑠𝑒 =
𝑐∙𝑉

𝐵∙𝑡
 [

µ𝑚𝑜𝑙 𝑚𝑎𝑙𝑡𝑜𝑠𝑒

𝑔 𝑠𝑡𝑎𝑟𝑐ℎ·𝑚𝑖𝑛
] (Eq.1) 

 

where: 

A – activity (µmolmaltose 
x gstarch

-1 x min-1), 

c – concentration of released maltose (µmolmaltose 
x ml-1), 

V – volume of reaction mixture (ml), 

B – amount of starch in the reaction mixture (g), 

t – incubation time (min) 

Statistical analysis 

Statistical analyses were performed in Statistica 13 (TIBCO Software) (p ≤ 0.05). 

Averages and standard deviations were calculated. 

Results and discussion 

The results showed that during granulation the activity of proteases contained in the 

supernatant is low and remains in the range of 0.5 – 1 mol x min-1. No correlation was 

found between changes in protease activity in the LB-EPS fraction (loosely bound EPS) 

and the type of bivalent or trivalent cation dosed (Fig. 1a). The proteases contained in the 

TB-EPS fraction (tightly bound EPS) showed much higher activity. Zhang et al. (2015) 

reported that a fraction of tightly-bound extracellular polymeric substances (TB-EPS) can 

also capture extracellular catalytic enzymes and keep them close to cells (Li et al., 2008; 

Zhang et al., 2015). Similar results were presented by Dube and Guiot (2019), who 

reported that catabolic enzymes are stored in the EPS matrix, which makes the 

extracellular envelope capable of extracellular catabolic reactions, which is an advantage 

for both conventional activated sludge and anaerobic granular activated sludge. 

This study has shown that Ca2+ and Mg2+ cations have a significant role in binding 

enzymes to the TB-EPS matrix. In all tested fractions of EPS matrix proteases showed 
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the highest activity in the presence of Ca2+ cations. In the case of Fe3+ cation, no increase 

in protease activity was observed. At the same time, it was found that the variability of 

protease activity is related to the initiation of granules formation and further development 

process of granules. In the first days of granulation (up to the 7th day), it was observed the 

increase in protease activity from 3 mol x min-1 to 6 mol x min-1 in the Ca-fed reactor. 

In the system, where Mg2+ cation was dosed on the 7th day, an inconsiderable increase of 

activity was observed, whereas in the system where Fe3+ was dosed, no increase in 

protease activity was observed. From the 20th day, the protease activity stabilized at the 

level of 4 mol x min-1 and 3.5 mol x min-1, respectively for the system where Ca2+ and 

Mg2+ were dosed (Fig. 1b). 

 

a) LB-protease activity b) TB-protease activity 

  

c) Pellets protease activity d) Total protease activity 

  

Figure 1. The influence of Ca2+, Mg2+ and Fe3 on the change of protease activity a) in LB-EPS-

fraction (loosely bound EPS, b) in TB-EPS-fraction (tightly bound EPS), c) in P-EPS (EPS in 

pellets) and on the change of the total protease activity (d) (vertical bars – standard deviation, * 

- no statistical significance, p<0.05) 

 

 

The research showed no statistically significant differences between the activity of 

protease in the cation-fed systems and in the control system (without cations addition) 

during the first 7th days of granulation (p<0.05). The statistically significant differences 

were observed from the 13th days of granulation till the end of granulation process, except 

Mg-fed system (p<0.05). In the Mg-fed system the statistically significant differences in 

the protease activity was observed from 15th days of granulation (Fig. 1d) (p<0.05). 
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Previous results show that the time of granule formation in laboratory conditions is 

about 20-30 days and granules reach from 3 mm to even 29 mm (Kończak et al., 2014). 

Changes in the activity of extracellular proteases in the initial days of the granulation 

process are the result of the self-immobilisation of microorganisms form the activated 

sludge. From the 20th day of the process, when the granules reach their maximum size, 

the enzyme activity stabilises and remains at a high level close to the maximum. The 

diffusion of substrates into the granule is limited by the size of the granules (Liu et al., 

2005; Li and Chróst, 2006; Li et al., 2008; Dube and Guiot, 2019). The storage of enzymes 

in the EPS matrix helps to maintain the stability of the sludge granules (regulation of 

granule size through degradation of excess organic compounds) and to nourish the 

microorganisms inside the granule (diffusion of low-molecular substrates into the 

granule). 

Moreover, it was found that proteases in the TB fraction are most active in the presence 

of Ca2+ and in the system where all cations were dosed. The activity of proteases in the 

system where Ca2+ cation was dosed on the 7th day was 6 mol x min-1, then on the 15th 

day it decreased to 1 mol x min-1, which was related to changes in the structure of 

forming granules. From the 30th day, it remained at 5-5.5 mol x min-1. The fluctuations 

of protease activity in the all cations-fed system ranged from 1.3 mol x min-1 on the 13th 

day to 7.5 mol x min-1 on the 20th day of the granulation process. It was found that 

bivalent and trivalent cations participate in the activation of extracellular proteases. The 

protease activity in the control system, where no cations were dosed, was almost twice as 

low as in the system to which all cations were dosed (Fig. 1d). 

The main function of extracellular proteases is an enzymatic digestion of the 

intercellular matrix components. The results of the research indicate that the extracellular 

matrix proteases are involved in the process of its reconstruction. 

As in the case of proteases, the amylase activity was lower in the LB-fraction than in 

the other fractions (Figure 2a). The highest amylase activity was observed in TB-fraction 

and pellets (Fig. 2b and c). From the 3rd day of the biogranulation process, the amylase 

activity started to increase rapidly, reaching a peak on the 7th day. From this point, the 

activity dropped quickly and started to remain stable at the initial value (Figure 2). 

Additional, in the previous research, it was found that polysaccharides are not 

degraded during granulation (Kończak et al., 2014) so that they can form a three-

dimensional network to make stable of the granular form of sludge. 

The amylase activity was statistically significant highest in the presence of Mg2+ 

(p ≤ 0.05). On the 7th day of the process, in the control system to which all cations were 

dosed the activity of amylases reached 30 µmolmaltose 
x gstarch

-1 x min-1. However, in the 

system without cations, the maximum amylase activity was only 6 µmolmaltose 
x gstarch

-1 
x min-1. Starting from the 13th day of the process, it was observed that amylase activity in 

the TB-fraction, in the presence of Ca2+, was higher than in the presence of other cations. 

Therefore, it was found that Ca2+ and Mg2+ cations, as well as Fe3+ cations, affect the 

increase in amylase activity (Fig. 2d). 

The research showed no statistically significant differences between the activity of 

protease in the cation-fed systems and in the control system (without cations addition) 

during the first 3rd days of granulation (p<0.05). The statistically significant differences 

were observed from the 7th days of granulation till the end of granulation process, except 

Mg and Fe-fed systems (p<0.05). In the Mg and Fe-fed systems no statistically significant 

differences in the protease activity was observed in 20th and 23th days of granulation 

(Fig. 2d) (p<0.05). 
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a) LB-fraction α-amylase activity b) TB-fraction α-amylase activity 

  

c) Pellet α-amylase activity d) Total α-amylase activity 

  

Figure 2. The influence of Ca2+, Mg2+ and Fe3+ on the change of amylase activity a) in LB-EPS 

fraction, b) in TB-EPS fraction, c) in P-EPS fraction (pellets) and on the change of the total 

amylase activity (d) (vertical bars – standard deviation, * - no statistical significance, p<0.05) 

 

 

The analysis of the activity of proteases and amylases during a single cycle of 

operation of a reactor with granulated biomass showed the increase of the activity of 

pellets amylase (P-amylase) and TB-amylase under substrate deficiency conditions, i.e. 

from 34 minutes of aeration. At the same time, it was observed that the amount of secreted 

polysaccharides in the TB-fraction (PS-TB) increased from ca. 5 mg/gVSS (VSS – volatile 

suspdended solids) to 15 mg/gVSS and the content of PS in LB-fraction of EPS was almost 

the same (ca. 2 mg/gVSS). It was therefore concluded that under substrate deficiency 

conditions, microorganisms activate amylases, which participate in extracellular 

catabolic processes (Fig. 3a). 

The activity of proteases stored in the TB-EPS fraction and pellets (P-EPS) increased 

from 94 minutes of the wastewater aeration process. No changes in protease activity were 

observed in the LB-EPS. The concentration of polypeptides in both LB-EPS and in the 

TB-EPS fraction increased with the aeration time (Fig. 3b). 
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a) 

 

b) 

 

Figure 3. Dynamics of changes in amylase and protease activity during a single reactor cycle 

with granular sludge (30th day of the granulation). Explanations: PP – polypeptides, LB – 

loosely-bound, PS – polysaccharides, TB – tightly-bound, P – pellets. *vertical bars – standard 

deviation 

 

 

Conclusion 

The extracellular hydrolytic enzymes are stored mainly in the fraction of tightly-bound 

extracellular polymeric substances and play an important role in regulating of the 

granulation process. The research has shown that under substrate deficiency conditions, 

microorganisms activate amylases, which participate in extracellular catabolic processes. 

The extracellular enzymes are responsible for regulating the content of proteins and 

polysaccharides in granules. The activity of enzymes is related to the presence of bivalent 

and trivalent metal ions, which are activators of proteases and amylases present in 

fractions of tightly-bound polymers. 

Extracellular enzymes show the highest activity in the presence of Ca2+ cation and in 

systems to which Ca2+, Mg2+ and Fe3+ cations are simultaneously dosed. Fe3+ cation is the 

weakest activator of extracellular enzymes. 
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The results show that there is a need to further expand the knowledge on the role of 

extracellular enzymes in the processes of active sludge granulation under aerobic 

conditions, which will contribute significantly to understanding the mechanisms of this 

process. 

The research is a contribution to the knowledge of the processes occurring in the EPS 

matrix under the influence of extracellular enzymes. An increase in protease activity in 

the first phase of granulation (up to the 7th day), especially in the presence of Ca2+ showed 

the importance of this cation in the processes of regulation of proteolytic enzymes 

activity. Ca2+  play the special role in the processes of cell adhesion and control of granule 

growth. The research need to be continued to determine the relationship between cations 

addition and the process of cell adhesion during aerobic granulation process. 
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