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Abstract
Proteins, an important fraction of the organic matter in wastewater, typically enter a treatment facility as high molecular weight
components. These components are degraded by extracellular protein hydrolytic enzymes, denoted as proteases. Adequate
protein hydrolysis monitoring is crucial, since protein hydrolysis is often a rate-limiting step in wastewater treatment.
However, current monitoring tools lack a high sample throughput and reliable quantification. Here, we present an improved
assay for high-throughput protein hydrolysis rate measurements in wastewater treatment applications. A BODIPY FL casein
model substrate was implemented in a microplate format for continuous fluorescent quantification. Case studies on a conven-
tional and a high-rate aerobic municipal wastewater treatment plant and a lab-scale, two-stage, anaerobic reactor provided proof-
of-concept. The assay presented in this study can help to obtain monitoring-based process insights, which will in turn allow
improving biological performance of wastewater treatment installations in the future.

Key points
• Protein hydrolysis is a crucial step in biological wastewater treatment.
• Quantification of the protein hydrolysis rate enables in-depth process knowledge.
• BODIPY FL casein is a suitable model substrate for a protein hydrolysis assay.
• High sample throughput was obtained with fluorescent hydrolysis quantification.
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Introduction

Biological conversion of organic matter is the cornerstone of
all aerobic and anaerobic wastewater treatment facilities. This

conversion process relies on the coordinated action of a mixed
microbial community to metabolize the protein, carbohydrate,
and lipid fractions in the organic matter. This organic matter
typically enters the treatment systems as high molecular
weight (MW) components (MW> 10,000 Da) or particulates
in the micro- and millimeter range, while only molecules in
the nanometer range (MW< 1000) can be taken up directly
through the microbial cell membrane (Cadoret et al. 2002;
Hashimoto et al. 2005). Therefore, the microbial community
actively excretes substrate-specific, hydrolytic enzymes to
break down the organics in the extracellular environment.
This hydrolysis of particulates is often cited as the overall
rate-limiting step for the conversion of organic matter in
wastewater treatment (Burgess 2008). A significant fraction
of the particulates consists of proteins, up to 30% of the total
incoming chemical oxygen demand (COD) (Raunkjær et al.
1994), which is hydrolyzed by protein hydrolytic enzymes,
denoted as proteases.
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Adequate protein hydrolysis monitoring is crucial in any
system aiming at understanding and improving protein hydro-
lysis. Hydrolytic activity assays should mimic the full-scale
situation as closely as possible with careful selection of model
substrates. Casein has beenwidely acknowledged as a suitable
protease model substrate because it has (i) a relatively open,
globular secondary structure with limited α-helices and β-
sheets (Haugland and Zhou 1998), (ii) a diverse amino acid
composition (Holt 2016), and (iii) a high solubility in water
including amphiphilic behavior with other hydrophobic mol-
ecules (Fox and Brodkorb 2008).

The most common colorimetric assay applied in wastewa-
ter treatment research is the azocasein assay, originally de-
scribed by Charney and Tomarelli (1947). However, this as-
say has twomain limitations. First, the chromogenic azocasein
substrate and colored products have to be separated by precip-
itation with trichloroacetic acid. Precipitated azocasein sub-
strate is then removed by centrifugation, to obtain a clear
supernatant for spectrophotometric determination of product
formation. This additional separation step inherently limits the
sampling frequency and reduces the sample throughput, as the
method is labor-intensive. Second, spectrophotometric
methods have been recently criticized as they are highly sus-
ceptible to interference by components in the complex sludge
matrix (Felz et al. 2019; Le et al. 2016) and have a low sen-
sitivity (Nybroe 1992). Fluorogenic casein substrates have
been proposed as a robust and sensitive alternative for
azocasein. The labeling degree with the fluorophore in these
substrates is such that fluorescence is quenched intramolecu-
lar, but is released upon digestion of casein by proteases. Two
examples of commercially available fluorogenic casein sub-
strates are fluorescein isothiocyanate (FITC)-casein (Twining
1984) and 4,4-difluoro-5,7-dimethyl-4-bora-3a,4a-diaza-s-
indacene (BODIPY FL) casein (Jones et al. 1997). The
BODIPY FL spectral characteristics are similar to those of
fluorescein, but the fluorescent properties are stable over a
wider pH range (Schade et al. 1996). Neither the use of
FITC-casein nor BODIPY FL casein has found application
in wastewater treatment research so far with one exception.
Xia et al. (2007) combined BODIPY FL casein staining with
fluorescence in situ hybridization (FISH) on samples from
full-scale aerobic wastewater treatment plants, to identify pro-
tein hydrolyzing organisms in the mixed community. This
microscopy-based method was later on extended to microbial
communities involved in anaerobic digestion (Xia et al. 2011,
2012, 2015) and in colonizing the cow digestive tract (Xia
et al. 2016). However, no studies have been published that
convert this qualitative BODIPY FL casein staining into a
fully developed protein hydrolysis assay.

This study aims to advance and provide proof-of-
concept of the BODIPY FL casein protein hydrolysis as-
say as a full-fledged, high-throughput assay for applica-
tion in wastewater treatment. Proof-of-concept for aerobic

and anaerobic wastewater treatment systems will be pro-
vided through case studies on samples of a conventional
municipal wastewater treatment plant (MWWTP Leuven),
a high-rate municipal wastewater treatment plant
(MWWTP Nieuwveer) and a lab-scale, two-stage, anaer-
obic reactor treating synthetic dairy wastewater.

Materials and methods

Protein hydrolysis assay

Protein hydrolysis was measured with the BODIPY FL casein
substrate (EnzChek kit E6638, Thermofisher scientific,
Waltham, Massachusetts, USA). The powder was resuspend-
ed in phosphate-buffered saline (0.0017 M KH2PO4, 0.005 M
Na2HPO4, 0.150 M NaCl, pH 7.4) at a concentration of 1 g/L
and stored as stock solution at − 20 °C in 20 μL aliquots. A
BODIPY FL casein substrate working solution was prepared
by diluting the stock solution to 10 mg/L with digestion buffer
(10 mM Tris-HCl, pH 7.8, and 0.1 mM sodium azide) just
before use. Sludge samples, less than 1 week old unless stated
otherwise, were mixed and diluted to 1 g total solids (TS)/L
with 10 mM Tris-HCl, pH 7.8. A Tris-HCl buffer at 50 mM
for improved pH control was applied for MWWTP
Nieuwveer samples only. Diluted sludge and the BODIPY
FL casein working solution were incubated in triplicate or
quadruplicate in a 96-well plate (art. no. 655090, Greiner bio
one international GmbH, Kremsmünster, Austria) with a
100 μL/50 μL ratio, resulting in a final biomass-to-substrate
ratio of 200:1 gTS/g. The plates were incubated at ambient
temperature (23–27 °C) withmoderate, orbital, on-line mixing
at 6 mm amplitude in an Infinite M200 pro microplate reader
(Tecan trading AG, Männedorf, Switzerland). The tempera-
ture exceeded 27 °C on some occasions during summer and
annotated correspondingly in “Results”. Fluorescence intensi-
ty (arbitrary unit U) was determined every 10 min for at least
4 h, with excitation/emission at 485/520 nm. Further increases
in the measuring frequency caused excessive BODIPY FL
casein bleaching (data not shown). The first measurement
was obtained after an initial mixing period of 10 min. All
assays included substrate only and sludge only blanks in trip-
licate or quadruplicate. The full protocol for this assay is pro-
vided in Online resource 1, Protocol S1.

Sludge inactivation with a steam autoclave (Laboklav SHP
160 MSL, SHP steriltechnik AG, Detzel Schloss, Germany)
was performed with MWWTP Leuven samples of December
2, 2019. To this end, a 150-mL sludge sample was autoclaved
for 20 min at 121 °C and subsequently cooled down to room
temperature. The autoclaved samples were stored at 4 °C and
analyzed the day after. Sludge inactivation by freeze-thaw
cycles was performed with the MWWTP Leuven sample of
September 26, 2019. To this end, a 50-mL sludge sample was

8038 Appl Microbiol Biotechnol (2020) 104:8037–8048



frozen at either − 20 °C or − 80 °C for at least 24 h.
Afterwards, samples were defrosted slowly at 4 °C for at least
12 h prior to analysis. A second freeze-thaw cycle on the same
samples was performed with the same method.

Reactor description and sampling

Samples were obtained from two full-scale MWWTPs and a
lab-scale, two-stage, anaerobic reactor. A schematic of the
full-scale plants and an overview of the operational perfor-
mance at the time of sampling are provided in Fig. 1 and
Online resource 1, Table S1, respectively.

MWWTP Leuven is operated by Aquafin (Belgium) and
has a design capacity of 135,000 population equivalents (P.E.,
60 gBOD5/P.E./d). The incoming wastewater has a domestic
origin with a minor fraction of industrial discharge (8% in
2018). The plant layout includes primary treatment (6 mm
screens, oil and grease removal, sand trap), secondary

treatment with anaerobic, aerobic, and anoxic zones and sec-
ondary sedimentation. Grab samples of 0.5 L were collected at
six different locations in the morning of August 6, September
26, October 31, and December 2, 2019, transported to the lab
within 1 h, and stored at 4 °C until the time of analysis.
Samples were analyzed the next day for all samples, except
for the October 31, 2019 sample (stored for 4 days).

MWWTP Nieuwveer is operated by Waterschap
Brabantse Delta (the Netherlands) and functions as a
two-stage, high-rate, activated sludge process, also denot-
ed as an AB system. It has a design capacity of 362,000
P.E. with one P.E. defined as 150 gTOD/d. TOD takes
into account oxygen demand for carbon and nitrogen re-
moval (CTOD = CBOD5 + 4.18CNH4-N, Clifford and
McGaughey 1982). This facility treats wastewater of do-
mestic origin with a minor fraction of industrial discharge
(< 10%). Primary treatment consists of coarse screens, oil
and grease removal, and a sand trap. The two-stage

Fig. 1 Schematic overview of the a aerobic conventional municipal
wastewater treatment plant Leuven and b aerobic high-rate municipal
wastewater treatment plant Nieuwveer. Numbers in the bottom right cor-
ner indicate the number of tanks. Green diamonds indicate sampling
points. Intermediate settling tanks and secondary settling tanks were

either rectangular, as depicted below (6 intermediate, 6 secondary) or
circular (1 intermediate, 3 secondary). Anaer = anaerobic, Anox = anoxic.
*After the anaerobic zone, flows are diverted towards two carrousels,
each with two subzones that can be aerated or anoxic

8039Appl Microbiol Biotechnol (2020) 104:8037–8048



process consists of a high-rate tank (3500 m3) with a
desired hydraulic- (HRT) and sludge retention time
(SRT) of 25 min and 0.6 day, respectively. Afterwards,
sludge is allowed to settle in an intermediate settling tank
with partial sludge recycle to the high-rate tank. The ef-
fluent from the intermediate settling is treated further in
four parallel low-rate treatment tanks (three tanks
5400 m3 and one tank 12,000 m3). The low-rate tanks
are comparable to a conventional activated sludge system
and are followed by secondary settling. Settled sludge is
recycled to the inlet of the low-rate tanks. Both the high-
rate tank and low-rate tanks consist of a sequence of an-
oxic, facultative oxic, and oxic zones. More information
on the plant layout and operational performance can be
found in De Graaff et al. (2016) and Meerburg et al.
(2016). Grab samples of 0.5 L were collected at 20 dif-
ferent locations in the morning of January 14, 2020,

transported to the lab within 2 h, and stored at 4 °C until
analyzed the day after.

The parallel, lab-scale, two-stage, anaerobic reactors were
operated by Veolia Water Technologies Techno Center B.V.
(Biothane, the Netherlands) for 200 days. The parallel reactors
were fed with the same synthetic dairy wastewater, high in
suspended solids, containing full fat milk (48mL/L), granulated
sugar (3.8 g/L), freeze-dried blood (1.9 g/L), sodium hydrogen
carbonate (NaHCO3, 50mM), and trace metals. Approximately
50% of the feed CODwas non-soluble and it contained 3.7 g/L
suspended solids. The parallel setups consisted of (i) an acidi-
fication tank (1 to 4.5 L, installed on day 72 in parallel setup 2)
for partial hydrolysis of the feed and conversion of the soluble
monomers to volatile organic acids, (ii) the reactor tank for
additional hydrolysis, acidification and conversion to biogas
(22 L), and (iii) the gravitational settling tank for biomass re-
tention and recycling to the reactor tank. The reactor tank was
inoculated with sludge from a full-scale anaerobic flocculent

Table 2 Protein hydrolysis rate
for MWWTP Leuven, sampled
on September 26, 2019, before
and after one and two cycles of
freeze-thawing at − 20 °C and −
80 °C

Sampling location TS
(g/L)

VS
(g/L)

Freeze-
thaw

Protein hydrolysis
rate
(U/min/mg/VS)a

Secondary treatment, anaerobic
zone

5.91 4.05 No 1032–1109 100%b

1× − 20 °C 596–749 64%b

1× − 80 °C 712–723 67%b

2× − 20 °C 706–808 71%b

2× − 80 °C 697–737 67%b

Secondary treatment, aerated zone 7.62 5.27 No 1003–1043 100%b

1× − 20 °C 688–770 71%b

1× − 80 °C 703–705 69%b

2× − 20 °C 702–773 73%b

2× − 80 °C 701–731 70%b

aValues are shown as [minimum-maximum] based on individual values for replicates
b Percentages are calculated with averages of replicates

TS total solids, VS volatile solids

Table 1 Protein hydrolysis rate
for MWWTP Leuven, sampled
on December 2, 2019, before and
after steam autoclaving. Values
are shown as [minimum-
maximum] based on individual
values for replicates. < 0 indicates
values below zero

Sampling location Autoclaved TS (g/L) VS (g/L) Protein hydrolysis rate
(U/min/mg/VS)

Influent, raw No 1.03 0.36 1886a–1993a

Yes 1.05 0.37 2.9a–3.0a

Secondary treatment, anaerobic zone No 7.81 5.53 1294–1375

Yes 8.15 5.77 < 0

Secondary treatment, aerated zone No 6.30 4.34 1210–1236

Yes 7.06 4.86 < 0

Effluent No 0.63 0.15 102a–609a,b

Yes 0.66 0.17 14.5a–16.1a

a Sample not diluted in protein hydrolysis rate determination
bOutlier value (102, 192, 609)
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reactor system, while no inoculum was added to the acidifica-
tion tank. Temperature control at 37 °C was applied for the
reactor tank, while the acidification tank was operated at ambi-
ent conditions (23–26 °C). The first phase of the reactor exper-
iment (days 0–50) was implemented to investigate the loading
limits of a system with or without acidification tank, followed
by a stabilization and recovery period from the high loading
phase (days 50–100). From day 100 onwards, the focus was
shifted to the study of an optimal HRT in the acidification tank.
The biomass of the parallel acidification tank and reactor tanks
was completely mixed and redistributed over the parallel setups
on day 98 to ensure similar microbial communities at the start
of this phase. Complete mixing and redistribution were repeat-
ed on day 114 for the acidification tank only. Fresh samples
were shipped cooled, not frozen, and arrived within 24 h.
Samples were stored at 4 °C until the time of analysis. All
samples were analyzed within 6 days after sampling, except
for samples on day 0 (11 days after sampling) and day 30
(13 days after sampling).

All environmental and operational data for the different
reactor systems were obtained from the system operators and
were determined according to standard methods (Greenberg
et al. 1992).

Data analysis

Raw fluorescence intensities for the individual replicate wells
(arbitrary unit U) were corrected with the average intensity of
the substrate only and the average intensity of the sludge only
blanks for every time point. Time was recalculated with t =
0 min as the moment of substrate addition to the first well in
the plate. Manual filling of a full plate took approximately
3 min. A linear fit was calculated through the first 18 mea-
surements, i.e., t = 0 to t = 200 min, with least squares regres-
sion in MS Excel™. Linear fit values were calculated for
every replicate separately and normalized on a volatile solid
(VS) basis. The coefficient of variation (CV)was calculated as
the ratio of the sample standard deviation of the replicates over
the mean of the replicates, expressed in percent values.

Results

Protein hydrolysis assay validation

Two experiments were conducted to test the assay validity.
First, confirmation that measurements of protein hydrolysis

Fig. 2 Evolution of protein hydrolysis rates during storage at 4 °C for raw
influent (a), secondary treatment anaerobic zone (b), secondary treatment
aerobic zone (c), and distribution point to secondary settling (d) at
MWWTP Leuven, sampled on August 6, 2019. Protein hydrolysis rates
are volatile solid normalized data rescaled to the average of the first

measurement (value 100). Data points are individual values for all
replicates. The sample collection date is day 0. Temperature exceeded
27 °C during protein hydrolysis rate determination in the first three
experiments for every sample (Tmax = 29.9, 28.7, 32.1/30.7 on days 1,
2, 22/23)
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rates are related to a biological action on the labeled BODIPY
FL casein substrate was obtained in a validation experiment
with samples of municipal wastewater treatment plant
(MWWTP) Leuven. Steam autoclaving eliminated almost all
proteolytic activity (Table 1). Values for the effluent sample
were somewhat inflated through volatile solid (VS) normali-
zation. Freeze-thaw cycles with freezing at − 20 °C or − 80 °C
did not have a similar reduction effect. The protein hydrolysis
rate never declined to less than 60% of the original value
(Table 2).

Second, possible effects of sample storage at 4 °C were
evaluated in an experiment with samples of MWWTP
Leuven, obtained on August 6, 2019 (Fig. 2). Protein hydroly-
sis rates decline in an approximately linear fashion for the first
3 weeks of storage. This linear trend was confirmed through
additional storage experiments over a 1-week period with sam-
ples obtained on September 26, 2019 and October 31, 2019.
The average rate of decline was − 1% of the initial activity per
additional day of storage in the first week for these additional
samples (minimum + 0.5%, maximum − 2.1%, N = 19).

Distribution of protein hydrolysis over space and time

One of themain application niches of protein hydrolysis assays is
the determination of the activity profile over a treatment installa-
tion, i.e., spatial profiling, and follow-up of protein hydrolysis
rates in a certain treatment zone over time. The latter is typically

applied in research on factors influencing the metabolic activity
of the microbial community, such as influent composition and
load, temperature and pH. Proof-of-concept for the BODIPY FL
casein assay is provided in this section with three different case
studies aiming at profiling in different settings.

Full-scale municipal wastewater treatment

Protein hydrolysis rates were measured four times over the
course of summer and autumn 2019 at MWWTP Leuven.
Normalized values for protein hydrolysis rates of all replicates
are shown in Fig. 3. Protein degradation was not limited to the
secondary treatment stages, and already occurred in the raw
influent and in the influent after screening. The protein hydro-
lysis rate in the effluent was low for all samples and varied from
6 to 8% of the average obtained for the three secondary treat-
ment samples. The data showed no clear seasonal trend in pro-
tein degradation, although water temperatures in the biological
treatment tank did decrease over time from 21.8 ± 1.1 °C on
average in August to 14.2 ± 1.2 °C on average in December.

Similarly, protein hydrolysis was determined for samples col-
lected on January 14, 2020 at the high-rate MWWTP
Nieuwveer. Normalized values for protein hydrolysis rates of
all replicates are presented in Table 3. On average, protein hy-
drolysis rates in the high-rate stage were considerably lower than
the values recorded for both low-rate stages (667 ± 70 versus
1248 ± 34 and 1215 ± 55, N = 9). The low-rate stage sludge

Fig. 3 Protein hydrolysis rates for
MWWTP Leuven, sampled
throughout summer and autumn
in 2019. Data points are
individual values for all replicates
(U/min/mg/VS). ○: August 6,
2019 (N = 6), ◆: September 26,
2019 (N = 6), ●: October 31, 2019
(N = 6), ◇: December 2, 2019
(N = 4). None of the influent or
effluent samples was diluted,
except for the raw influent and the
influent after screening for
October 31, 2019. Temperature
exceeded 27 °C (Tmin = 21 °C,
Tmax = 30 °C) during protein
hydrolysis rate determination for
the August 6, 2019 sample. Raw
data for this figure are provided in
Online resource 1, Table S2
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recycle for tank 2 had a lower biomass concentration than the
corresponding low-rate biological tank. This lower concentration
was most probably related to sedimentation in the recycle ditch.
The flow rate at the time of sampling was moderate, which could
have allowed partial sludge settling. Furthermore, one outlier
value was detected for the secondary settling tank connected to
tank 4 (1168 U/min/mg/VS). This outlier was most probably
related to washout sludge in the upper layers of the settling tank.

Lab-scale, two-stage anaerobic reactor

Protein hydrolysis rates were determined at nine time
points throughout an experimental trial with two parallel
two-stage, lab-scale, anaerobic reactors (Fig. 4). From day
100 onwards, one of the setups was subjected to variable
hydraulic retention times in the acidification tank, by
adapting the volume of the acidification tank, but not
the volume of the reactor tank, while keeping the influent
flow constant. Remarkably, the proportion of the total
protein hydrolysis rate in the acidification tank increased
significantly between day 107 and day 133 for the setup
subjected to variable hydraulic loading.

Discussion

Protein hydrolysis assay validation

Any enzyme assay should fulfill five fundamental require-
ments, being (i) a close approximation of reality through se-
lection of the model substrate (ii) stability of the substrate and
the enzyme prior to and throughout the assay, (iii) close con-
tact between substrate and enzyme under the assay conditions,
(iv) reproducible, sensitive measurement of product formation
over time, and (v) adequate data normalization relevant for the
research question (German et al. 2011).

First, it is widely acknowledged that casein is a suitable
model substrate to measure the diversity of proteases in bio-
logical systems, as mentioned in the introduction. The hydro-
lytic action of different protease subtypes on BODIPY FL
casein specifically has been established previously with pro-
tease preparations from different origins, such as snake venom
(Price 2015), bacterial and fungal proteases (Ha et al. 2012),
and yeast proteases (Hutter et al. 2005).

Second, substrate stability is ensured for BODIPY FL-
based substrates as the BODIPY moiety has low fluorescence
bleaching rates and is stable over a pH range from 2 to 11

Table 3 Protein hydrolysis rate
for MWWTP Nieuwveer,
sampled January 14, 2020.
Values are shown as [minimum-
maximum] based on individual
values for replicates

Sampling location TS (g/L) VS (g/L) Protein hydrolysis rate
(U/min/mg/VS)

Influent, raw 0.55a 0.49 736–915

Influent, after primary treatment 0.44a 0.42 1068–1465

High-rate stage, zone I, anoxic 3.41 2.66 656–782

High-rate stage, zone II, aerated 3.59 2.97 567–626

High-rate stage, zone III, aerated 3.60 2.94 632–695

Sludge recycle from intermediate settling 13.00 10.50 489–532

Intermediate settling, tank 4, startc 1.71 1.37 664–690

Intermediate settling, tank 4, endc 0.37a 0.26 974–1119

Intermediate settling, tank 7d 0.37a 0.24 1576–1633

Low-rate stage, parallel tank 2, anoxic zone 4.03 3.09 1266–1289

Low-rate stage, parallel tank 2, aerated zone 1 4.04 3.32 1186–1255

Low-rate stage, parallel tank 2, aerated zone 2 2.96 2.34 1232–1268

Sludge recycle, parallel tank 2 1.63 1.2 1415–1526

Secondary settling, after parallel tank 2, startc 3.10 2.38 1234–1370

Secondary settling, after parallel tank 2, endc 0.54a 0.25 150–172

Low-rate stage, parallel tank 4, anoxic zone 3.46 2.79 1146–1168

Low-rate stage, parallel tank 4, aerated zone 1 3.31 2.66 1215–1282

Low-rate stage, parallel tank 4, aerated zone 2 3.39 2.70 1197–1296

Secondary settling, after parallel tank 4d 0.59a 0.22 304 – 1168b

Effluent 0.50a 0.14 158–161

a Sample not diluted in protein hydrolysis rate determination
bOutlier value (304, 410, 1168)
c Rectangular settling tank
d Circular settling tank
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(Schade et al. 1996). All BODIPY FL casein substrates in
powder form or as concentrated stock were stored at − 20 °C
according to the manufacturer’s instructions. Substrate only
control samples did not show significant storage-induced
changes in fluorescence (Online resource 1, Table S3). In
contrast, sludge stability might differ depending on the sample
origin. Protein hydrolysis rates declined slowly, in an approx-
imately linear fashion in this study (Fig. 2). Proteases are floc-
associated, either linked to the microbial cell membrane or
encapsulated in the extracellular polymeric matrix (Frolund
et al. 1995; Gessesse et al. 2003; Ni et al. 2017). This associ-
ation stabilizes proteases to a large extent and most probably
protects against fast degradation by proteolysis, as previously

described in lake aquatic ecology (Kiersztyn et al. 2012).
Analysis of fresh samples should remain the standard, as not
all samples have a fully developed floc structure or the floc
morphology is unknown beforehand.

Temperature and pH should remain constant as well
throughout one assay and should be reproducible throughout
a series of assays. Protein hydrolysis assays are typically per-
formed with a buffered medium in wastewater treatment re-
search (pH 7.5–8 with phosphate or Tris-HCl buffers), to en-
able comparison over different experiments and to avoid (i)
issues with substrate aggregation, (ii) inhibitory effects of
acidic conditions on the enzyme activity, and (iii) a mismatch
between the assay pH and the actual process conditions, the

Fig. 4 Protein hydrolysis rates for two parallel anaerobic reactor setups. a
Two-stage reactor with variable HRT in the acidification tank and b two-
stage reactor with stable HRT in the acidification tank. Protein hydrolysis
rates are averages over the replicates. AT = acidification tank, RT = reac-
tor tank, *no acidification tank was installed, NA indicates that no sample
was available. HRT values are presented as [HRT acidification tank; HRT

reactor tank]. All samples were analyzed within 6 days after sampling,
except for samples on day 0 (11 days after sampling) and day 30 (13 days
after sampling). Temperature exceeded 27 °C during protein hydrolysis
rate determination for samples on day 107 (Tmax = 30 °C) and day 133
(Tmax = 28.2 °C)
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latter often close to neutral pH (Cadoret et al. 2002; German
et al. 2011; Gessesse et al. 2003). Moreover, buffer molarity
should be adapted to the sample in question, as sludge samples
can have a large natural buffering capacity. The 10 mM Tris-
HCl buffer, suggested by Xia et al. (2007), did not provide a
diluted sample pH close to 7.8 for all samples. Therefore, the
buffer molarity was increased to 50mM in the experiments for
MWWTP Nieuwveer, with good results in terms of diluted
sample pH (Online resource 1, Table S4). The assay temper-
ature typically varies from ambient temperature to 37 °C in
wastewater treatment research on proteases. Also here, the
assay temperature should be adapted to resemble the process
conditions (German et al. 2011). A distinct difference should
be noted for aerobic treatment processes often operated at
ambient temperature and anaerobic processes functioning op-
timally at 37 °C. Temperature control could not be applied in
the experiments presented here. Therefore, results should be
analyzed with this practical limitation in mind.

Third, a close contact between the BODIPY FL casein
substrate and the enzymes encapsulated in the sludge was
provided through moderate mixing in the intervals between
fluorescence measurements. The rate of substrate transport
towards the enzymes is determined by two opposing factors.
On the one hand, diffusion limitations can slow down sub-
strate transport, as casein is a stable micelle with a diameter of
50 to 500 nm (Fox and Brodkorb 2008). Cadoret et al. (2002)
observed that azocasein degradation did not increase in acti-
vated sludge by prior floc dispersion with ultrasound or cation
exchange resin. This observation led the authors to conclude
that there was no diffusion limitation for the azocasein sub-
strate in that case. On the other hand, the matrix of extracel-
lular polymeric substances (EPS) in the floc can also serve as a
substrate trap by adhesion forces, hindering the release of the
substrate back into solution, which in turn leads to a driving
force of substrate transport into the EPS matrix (Sivadon et al.
2019). Therefore, this assay incorporates not only the rate of
substrate degradation but also the rate of substrate transport
towards the protease enzyme for a given sludge sample.

Fourth, the measurement of product formation over time
can be affected by fluorescence quenching in the sludge ma-
trix and by fluorescent signal development derived from
physico-chemical action on the substrate. Quenching through
sludge-BODIPY interactions was not evaluated in this study,
but could be studied in more detail with purified BODIPY FL
labeled peptides or tailor-made labeled substrate analogs
(Rezende et al. 2013). Excessive bleaching should be avoided
by tailoring the measurement frequency to the fluorophore.
Measurements at 5-min intervals, for example, were found
to cause excessive bleaching with BODIPY FL casein in this
study.

The measurement reproducibility can be analyzed with the
coefficient of variation (CV) for the replicates. The CV ranged
from 2 to 8.5% for most full-scale MWWTP samples, with

five outliers in the dataset of 42 fresh samples shown in Fig. 3
and Table 3. These outliers included three of the effluent sam-
ples for MWWTP Leuven with CV 12.6%, 22.9%, and 89.7%
for sampling on October 31, 2019, August 6, 2019, and
December 2, 2019, respectively. The other outliers were a
sample for one of the secondary settling tanks at MWWTP
Breda, experiencing sludge washout (CV 75.1%) and the in-
fluent sample after screening, sand and grease removal at
MWWTP Breda (CV 17.2%). A similar range was obtained
for the lab-scale, two-stage anaerobic reactors (Q1–Q3 3–7%,
N = 30), with five outliers. The reproducibility of the results
presented here is in line with the study by Kreutz et al. (2016)
with an L-alanine-aminopeptidase assay on a full-scale
MWWTP. These authors defined an acceptable cutoff of
20% for the coefficient of variation of experimental quadru-
plicates. The sample heterogeneity is the main cause for out-
liers in reproducibility in this study, and not measurement
variability. The sample heterogeneity cannot be reduced with-
out introducing new possible errors. Sample homogenization
prior to the assay, with ultrasound or high-speed mixing for
example, drastically changes the original flocmorphology and
can cause cell lysis.

Fifth, data normalization is often performed in previous
research on a volumetric basis [product units/time sample vol-
ume] and sometimes correlated later on with the sludge bio-
mass concentration. A further complication is the measure-
ment of product units, as these are defined differently for
every assay substrate. In this study, data were normalized
directly to the closest available approximation of active bio-
mass, i.e., volatile solids [product units/time/volatile solids].
Product units are direct measurements of fluorescence inten-
sity (arbitrary unit U).

Distribution of protein hydrolysis over space
and time

Full-scale municipal wastewater treatment

Three common trends were observed in the results for
MWWTP Leuven and MWWTP Nieuwveer. First, protein
hydrolysis rates were similar in the aerated and anoxic zones
of a biological treatment tank. This observation is somewhat
surprising, as the electron acceptor conditions are different in
anoxic and aerobic zones. However, a similar result was ob-
tained with an azocasein assay on a lab-scale sequencing batch
reactor with anaerobic-aerobic process conditions by Goel
et al. (1998) and later confirmed with an azocasein and L-
alanine aminopeptidase assay in a full-scale membrane biore-
actor and a full-scale conventional activated sludge system by
Gómez-Silván et al. (2013) and Kreutz et al. (2016), respec-
tively. Sludge recirculation and hydrodynamic mixing appear
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to distribute the protein hydrolysis process evenly over inter-
connected reactor zones.

Second, the majority of the incoming protein was indeed
hydrolyzed in the secondary treatment stage, as expected. The
low-rate stage showed higher activities than the high-rate
stage. To the authors’ knowledge, no previous studies have
been performed on protein hydrolysis in full-scale, two-stage
systems. Additional data are required to confirm this as a
recurring observation.

Third, the specific, volatile solid normalized activity in the
raw influent was at least 70% of the average activity in the
biological treatment stages and even exceeded that activity in
two samplingmoments atMWWTPLeuven. The influent was
often not analyzed in previous research, with two exceptions.
Fischer et al. (2013) andWiegand-Rosinus et al. (1995) report
a tenfold lower volumetric activity in the influent compared to
the biological treatment stage. Both authors obtained these
values with an L-alanine aminopeptidase assay. When
recalculating values to a volumetric activity, by multiplying
the normalized values with the volatile solid concentration for
influent and reactor samples, similar ratios of 10 to 12% for
the influent versus biological treatment samples are obtained,
except for the October 31, 2019 sample at MWWTP Leuven
with a higher value (45%). This sample had a high influent
solid concentration, suggesting a high influent organic load,
for example due to diurnal patterns in emission of organic
contaminants. A similar peak in hydrolytic activity related to
a high influent organic load, measured as influent COD, was
also observed by Fischer et al. (2013). The importance of the
influent as a continuous source of active biomass immigrating
into the wastewater treatment facility has only been recog-
nized in recent years. The sewer system receives constant
microbial inputs from domestic discharge and groundwater
infiltration, which results in a highly dynamic sewer ecosys-
tem in space and time (Frigon and Wells 2019). Although the
net effect of immigration on the full microbial community in
the treatment facility might be modest (Saunders et al. 2016),
there is increasing evidence that immigration from the sewer
system should not be neglected in specific cases such as nitri-
fication at low temperatures (Jauffur et al. 2014). Therefore, it
is suggested to incorporate influent samples in any future re-
search on hydrolysis, especially for systems operated near
their operational limits, e.g., high-rate activated sludge or
low-temperature biological treatment.

Lab-scale, two-stage anaerobic reactor

The specific protein hydrolysis activities obtained in this trial
are lower than the values obtained for full-scale aerobic
MWW treatment facilities in this study, although the synthetic
wastewater for the two-stage anaerobic reactors contained full
fat milk as one of the main carbon sources. At present, it is
unclear if this observation is related to a difference in overall

microbial activity under aerobic and anaerobic conditions or
related to other factors (Nybroe 1992).

The results for this trial should be analyzed with care, as a
two-stage anaerobic reactor is dynamic in terms of biomass
composition and metabolic activity. The complete lack of bio-
mass retention and low hydraulic retention times in the acid-
ification tankmay result in rapid changes in protein hydrolysis
rates. The results for day 107 indeed confirm this, with almost
non-detectable (system 1) versus considerable activity (sys-
tem 2) in the acidification tank, even though the parallel acid-
ification tank and reactor tank contents were mixed and
redistributed over system 1 and system 2 on day 98. The
period of low activity for system 1 coincided with a low pH
in the acidification tank, below 5.2 from day 102 to 120, and a
steep increase in the levels of propionic acid, from 140 mg/L
on day 1 to 1675 mg/L on day 12.

Nevertheless, it can be concluded that the operating condi-
tions of the reactor systems can be adapted to increase the
protein hydrolysis rate. On day 133, system 1 had developed
a protein hydrolysis metabolic activity also in the acidification
tank, through (i) complete mixing and redistribution of acidi-
fication tank contents over both parallel systems on day 114
and (ii) a decrease in the hydraulic retention time (HRT) for
the acidification tank from day 114 onwards. The latter de-
crease in HRT also enabled a decrease in the concentrations of
organic acids (5.3, 0.7, 0.4 gtVFA-COD/L on days 107, 128,
and 136). High levels of organic acids can cause a pH drop,
even when carbonate buffering is applied in the incoming
wastewater, i.e., 50 mMNaHCO3 in this trial. A low pH most
probably affects protein hydrolysis through physico-chemical
effects. Milk casein is known to aggregate and sediment be-
low a pH of 5.2 (Dalgleish and Corredig 2012), and therefore
becomes unavailable for microbial hydrolysis in suspension.

In conclusion, the time course of protein hydrolysis in the
two-stage anaerobic reactors indicates that a two-stage reactor
setup is highly dynamic. A balance between hydraulic regime,
buffering capacity, microbial activity, and operational pH
should be maintained to ensure good performance in these
anaerobic systems.

This study demonstrates that the BODIPY FL casein
substrate can be applied successfully for fast and accurate
measurement of protein hydrolysis in wastewater treat-
ment systems. However, the current assay focuses only
on proteins, while carbohydrates and lipids also comprise
a large fraction of the incoming organic load in municipal
wastewater treatment and in various industrial waste
streams. Therefore, additional fluorescent substrates
should be identified and integrated with the current ap-
proach. BODIPY FL DQ starch is a promising substrate
for amylase activity and has been applied previously for
microscopic studies of activated sludge (Xia et al. 2008)
and high-throughput screening of fungal strains for amy-
lase activity (Beneyton et al. 2016). Improvements in the
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throughput of this method could be obtained by automat-
ing not only the measurement, but also the sample pro-
cessing steps such as sample dilution and mixing. Such a
fully automated technique could then be integrated with
other techniques such as BIOLOG physiological profiling
(Button et al. 2016) or integrated multi-omics sample pro-
cessing (Roume et al. 2013).

The ultimate goal of enzymatic screening efforts in waste-
water treatment systems is to develop a mechanistic under-
standing of the dynamics in enzymatic activity in response
to changing process conditions (Gómez-Silván et al. 2013;
Hassard et al. 2020; Nybroe 1992). Amechanistic understand-
ing would then lead to improved process control and biolog-
ical performance. This goal can only be obtained through
long-term measuring campaigns with a high sampling fre-
quency, i.e., at least daily, in parallel with in-depth monitoring
of relevant process parameters such as operating temperature,
influent flow, influent composition and load, redox potential,
pH and hydraulic and solid retention times in the system. Such
a sampling campaign can only be executed if the throughput
of the protein hydrolysis assay is sufficiently high.
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