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Abstract: Fishery processing by-products have been of great interest to researchers due to
their beneficial applications in many fields. In this study, five types of marine by-products,
including demineralized crab shell, demineralized shrimp shell, shrimp head, shrimp shell, and squid
pen, provided sources of carbon and nitrogen nutrition by producing a protease from Paenibacillus sp.
TKU047. Strain TKU047 demonstrated the highest protease productivity (2.98 U/mL) when cultured
for two days on a medium containing 0.5% of shrimp head powder (SHP). The mass of TKU047
protease was determined to be 32 kDa (approximately). TKU047 protease displayed optimal activity
at 70–80 ◦C and pH 9, with a pH range of stability from 6 to 11. TKU047 protease also showed stability
in solutions containing surfactants and detergents. Based on its excellent properties, Paenibacillus sp.
TKU047 protease may be a feasible candidate for inclusion in laundry detergents.

Keywords: marine chitinous by-products; Paenibacillus; protease; shrimp heads

1. Introduction

Every year, the seafood processing industry discards a large amount of by-products, including viscera,
shells, heads, squid pens, fins, and bones, even though they could be recycled to produce bioactive
compounds like gelatin [1–4], enzymes [4–17], chitin [8,18–26], chitin oligomers [7,11,12], α-glucosidase
inhibitors (aGI) [27–31], carotenoids [32,33], and bioactive peptides [34–40]. Consequently, much research
has gone into converting these by-products into bioactive products that have potential applications
in biotechnological, agricultural, nutritional, pharmaceutical, and biomedical industries [1,4,5,17].
Marine chitinous byproducts, such as shells of crabs and shrimps, and pens (gladius) of squids,
are a great source of chitin. However, these materials also contain a significant amount of mineral
salts and proteins [4,8,17]. As a result, strong alkalis and acids are typically used for deproteinization
and demineralization during the production of chitin and chitosan. However, there are several
drawbacks to the use of chemical procedures. With a more environmentally friendly production process,
these marine byproducts could be used as carbon/nitrogen sources for microorganism bioconversion
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to various high-value products, including chitinase/chitosanase [6,11–13,15,16,20], proteases [13,14],
exopolysaccharides [41–43], and tyrosinase inhibitors [44].

Proteases break down proteins to release peptides and amino acid bases upon catalyzing
the hydrolytic reaction [45]. Since there is a huge demand for proteases in many fields, including detergent,
brewing, meat, photography, leather, and dairy industries, research on the production and application of
proteases is ongoing [46,47]. Compared to plant and animal sources, proteases from microorganisms
have more advantages as they can be cultured at an industrial scale, have a short fermentation period,
and are easy to obtain [45]. In addition, microorganisms could utilize a wide range of C/N sources,
including various types of fishery by-products, to produce proteases [45], which would help reduce
the cost of protease production and make their application more attractive.

Paenibacillus is a useful bacterial family employed in the medical, industrial, and agricultural
fields [48]. Recently, when fishery processing by-products were used as the nutrition source
(carbon and nitrogen), several strains of Paenibacillus exhibited excellent abilities in the production
of bioactive compounds, including α-glucosidase inhibitors [49], exopolysaccharides [43],
anti-inflammatory medication [50,51], antioxidants [30], and chitosanases [11–13]. However, few
reports have examined proteases derived from Paenibacillus, especially using shrimp heads. While
several Paenibacillus strains demonstrated protease productivity on media containing squid pen or
demineralized crab shell, the properties of their proteases were not explored [13].

In the current study, a proteolytic strain screened from soil samples at Tamkang University,
Paenibacillus sp. TKU047, used squid pen powder (SPP) as the main source for providing carbon,
as well as nitrogen. The optimal conditions for protease production on five types of fishery processing
by-products including SPP, shrimp shell powder (SSP), demineralized crab shell powder (deCSP),
shrimp head powder (SHP), and demineralized shrimp shell powder (deSSP), as well as the enzyme
characteristics were investigated. In order to determine its industrial potential, the detergent
compatibility of Paenibacillus sp. TKU047 was also explored.

2. Results and Discussions

2.1. Screening of a Proteolytic Strain

More than 60 bacterial strains were obtained from soil samples using a medium containing 1% SPP.
Among them, TKU047 showed the highest protease activity (1.97 U/mL). In studies aimed to find
a bacterial strain which efficiently converted fishery processing by-products into worthwhile bioactive
compounds, TKU047 showed good potential for protease production. Thus, TKU047 was selected
for further experiments. TKU047 was proven to be a member of Paenibacillus by morphological,
biochemical, and 16S rDNA sequencing methods. However, its identified profile using the API 50
CHB/E kit did not match with any specific Paenibacillus species. As such, TKU047 was simply identified
as Paenibacillus sp. The biosynthesis of proteases by Paenibacillus have rarely been reported [52–54],
especially on fishery processing by-products [13], therefore the current study shows promise in seeking
to discover a novel protease.

2.2. Screening the C/N Source for Protease Production

Finding the best carbon/nitrogen (C/N) source was a necessary step for protease production in
numerous reports [10–16]. In the current study, five kinds of fishery processing byproducts were
used to grow Paenbacillus sp. TKU047, including SHP, SPP, SSP, deSSP, and deCSP. Each material
was added to a medium containing only basal mineral salts (0.05% MgSO4 and 0.1% K2HPO4) at 1%
concentration. As shown in Figure 1, protease productivity achieved the highest value at days 4 and 5,
with the exception of SHP (only 3–4 days). The greatest production was found with SHP (2.93 U/mL on
day 3 and 2.94 on day 4) and SPP (2.90 U/mL on day 5), followed by deCSP (2.63 U/mL on day 4), deSSP
(2.16 U/mL on day 5), and SSP (0.95 U/mL on day 4). Although there was no significant difference
between SHP and SPP in maximum protease productivity, TKU047 required a shorter incubation period
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with SHP than SPP (3 versus 5 days). As a result, SHP was chosen as the best source for producing
protease by TKU047. Compared to other bacterial strains producing protease, TKU047 had higher
protease productivity than Bacillus, Paenibacillus, and Serratia [13]. This suggested that Paenibacillus sp.
TKU047 had potential for the conversion of fishery processing by-products for protease production.
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Figure 1. Screening of fishery processing byproducts as the C/N source for protease production in
Paenibacillus sp. TKU047. All points on the graph indicate the mean of each experiment (with n = 3)
and standard deviation (error bar). The letters n.s., *, **, and *** indicate not significantly different or
significantly different at p < 0.05, p < 0.01, or p < 0.001, respectively, in comparison with the control
group (C) based on one-way ANOVA analysis. The data point of SHP at day 4 was used to denote
the control group.

In many reports, protease production required extra sources, such as glucose [55], lactose [56], beef
extract [57], peptone [58], or yeast extract [44]. Due to their higher costs, these chemicals would increase
the price of enzyme production. By-products from agriculture and fishery processing could overcome
this drawback by providing the sole C/N source for the microorganisms [8,13,14,45]. Among these,
shrimp heads contain a high ratio of protein and chitin [13], which makes them a good C/N source for
producing various bioactive compounds via microbial fermentation [11,27,29].

2.3. Effect of Shrimp Head Powder Concentration

The effect of SHP concentration on producing protease was investigated herein. Different SHP
concentrations (0.1%, 0.5%, 1%, 1.5%, and 2%) were added to the basal medium (0.05% MgSO4,
and 0.1% K2HPO4) to determine optimal concentration. As shown in Figure 2, maximum protease
activity was found on days 2–4, but lower SHP concentrations achieved maximum protease activity
in a shorter period of time than higher concentrations of SHP (2 days with 0.1% SHP and 0.5% SHP,
3 days with 1% SHP and 1.5% SHP, and 4 days with 2% SHP). The highest protease activity was
generated with 0.5% SHP (2.98 U/mL, 2 days) and 1% SHP (2.97 U/mL on day 3 and 2.96 U/mL on
day 4). This result suggests that lower SHP concentrations may achieve a better result than higher
concentrations. Similarly, it was found that Paenibacillus sp. TKU042 expressed its highest protease
activity at lower SPP concentrations of 0.5–2% [13]. Due to its shorter cultivation time and the lack of
significant difference in protease activity compared to 1% SHP, 0.5% (w/v) was chosen as the best SHP
concentration for producing protease.
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Figure 2. Effect of SHP concentration on protease production in Paenibacillus sp. TKU047. All points
on the graph indicate the mean of each experiment (with n = 3) and standard deviation (error bar).
The letters n.s., *, **, and *** indicate not significantly different or significantly different at p < 0.05,
p < 0.01, or p < 0.001 (respectively) in comparison with the control group (C), based on one-way
ANOVA analysis. Data point of 0.5% SHP on day 2 was used to signify the control group.

2.4. Isolation of TKU047 Protease

TKU047 protease was purified from culture broth by the following steps: EtOH precipitation,
ion chromatography, and size-exclusion chromatography. Table 1 shows the purification profile.
The enzyme was efficiently concentrated by EtOH with 96.44% of activity retained and eluted on
a Macro-Prep High S column using a NaCl gradient from 0 M to 1 M. As shown in Figure 3, only one
activity peak appeared at the elution stage. The activity fractions were concentrated by lyophilization
for later use. A high performance liquid chromatography (HPLC) system with KW802.5 column was
used to purify TKU047 protease, and 7.83 g of TKU047 protease was collected with a recovery yield
of 34.70% and a specific activity of 16.18 U/mg. It had been reported that Paenibacillus sp. TKU042
and P. tezpurensis sp. nov. AS-S24-II had higher values of specific activity than the TKU047 protease.
However, the enzyme from TKU047 had the best recovery yield among the three [13,52].

Table 1. Purification of Paenibacillus sp. TKU047 protease.

Step Total Protein
(mg)

Total Activity
(U)

Specific Activity
(U/mg)

Recovery
(%)

Purification
(Fold)

Cultural supernatant 1972.83 365.00 0.19 100.00 1.00
EtOH precipitation 125.56 352.00 2.80 96.44 15.15
Macro-Prep High S 88.88 272.30 3.06 74.60 16.56

KW-802.5 7.83 126.67 16.18 34.70 87.44

The purification of Paenibacillus sp. TKU047 was also analyzed by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). As shown in Figure 4, the band of TKU047
protease clearly appears at the line of the culture supernatant, indicating that TKU047 may release
protease into the medium as one of its main products in the presence of SHP. According to protein
markers, the mass of TKU047 protease was 32 kDa, which was very similar to Paenibacillus sp. TKU042
protease (35 kDa) [13], but different from other Paenibacillus proteases, such as P. tezpurensis sp. nov.
AS-S24-II (43 kDa) [52], P. larvae strain 44 (59 kDa) [53], and P. lautus CHN26 (52 kDa) [54].
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2.5. Effects of Temperature and pH on TKU047 Protease

As shown in Figure 5, TKU047 protease displayed optimal activity between 70–80 ◦C. TKU047
protease also expressed thermal stability, while retaining over 80% of its activity at 60 ◦C. These results
suggest that TKU047 protease is a thermostable enzyme. Compared to other reports, TKU047 showed
a higher optimal temperature than P. tezpurensis sp. nov. AS-S24-II protease (45–50 ◦C) [52] or P. lautus
protease (20–30 ◦C) [54], and could be comparable with thermostable proteases from Bacillus strains [45].
A higher optimal temperature and thermostability are important factors for industrial applications;
therefore, Paenibacillus sp. TKU047 protease has a great advantage over other proteases.Catalysts 2019, 9, x FOR PEER REVIEW 7 of 14 
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Figure 5. Effect of temperature on the activity (A) and stability (B) of Paenibacillus sp. TKU047 protease.
All points on the graph indicate the mean of each experiment (with n = 3) and standard deviation
(error bar). Different letters (a, b, c, d, e, and f) indicate significant difference based on Tukey’s test with
p < 0.05.

The effect of pH on the activity and stability of TKU047 protease was also investigated. The optimal
pH of TKU047 was 9 and the enzyme was stable in a pH range of 6–11 (Figure 6). With over 80% of
enzyme activity retained at alkaline pH range (7–11), TKU047 protease was consequently defined
as an alkaline protease. The vast majority of Paenibacillus proteases express higher activity under
alkaline conditions; the optimal pH is approximately 9 [52,54]. Alkaline proteases have received
much attention due to their many applications in the detergent, food, pharmaceutical, and leather
industries [45]. It is therefore worthwhile to investigate Paenibacillus sp. TKU047 protease for other
valuable properties.

Catalysts 2019, 9, x FOR PEER REVIEW 7 of 14 

 

 
Figure 5. Effect of temperature on the activity (A) and stability (B) of Paenibacillus sp. TKU047 
protease. All points on the graph indicate the mean of each experiment (with n = 3) and standard 
deviation (error bar). Different letters (a, b, c, d, e, and f) indicate significant difference based on 
Tukey’s test with p < 0.05. 

The effect of pH on the activity and stability of TKU047 protease was also investigated. The 
optimal pH of TKU047 was 9 and the enzyme was stable in a pH range of 6–11 (Figure 6). With over 
80% of enzyme activity retained at alkaline pH range (7–11), TKU047 protease was consequently 
defined as an alkaline protease. The vast majority of Paenibacillus proteases express higher activity 
under alkaline conditions; the optimal pH is approximately 9 [52,54]. Alkaline proteases have 
received much attention due to their many applications in the detergent, food, pharmaceutical, and 
leather industries [45]. It is therefore worthwhile to investigate Paenibacillus sp. TKU047 protease for 
other valuable properties. 

 

Figure 6. Effect of pH on activity (A) and stability (B) of Paenibacillus sp. TKU047 protease. All points 
on the graph indicate the mean of each experiment (with n = 3) and standard deviation (error bar). 
Different letters (a, b, c, d, and e) indicate significant difference based on Tukey’s test with p < 0.05. 

2.6. Substrate Specificity 

As shown in Figure 7, TKU047 protease expressed the greatest activity in order of casein > 
fibrinogen > keratin > albumin > gelatin > elastin > collagen. It suggested that TKU047 could exhibit 
good caseinolytic and fibrinolytic ability compared to other activities. This result is different from the 
protease produced by P. tezpurensis sp. nov. AS-S24-II strain, which demonstrated its best activity on 
keratin [52]. 

Figure 6. Effect of pH on activity (A) and stability (B) of Paenibacillus sp. TKU047 protease. All points
on the graph indicate the mean of each experiment (with n = 3) and standard deviation (error bar).
Different letters (a, b, c, d, and e) indicate significant difference based on Tukey’s test with p < 0.05.
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2.6. Substrate Specificity

As shown in Figure 7, TKU047 protease expressed the greatest activity in order of casein >

fibrinogen > keratin > albumin > gelatin > elastin > collagen. It suggested that TKU047 could exhibit
good caseinolytic and fibrinolytic ability compared to other activities. This result is different from
the protease produced by P. tezpurensis sp. nov. AS-S24-II strain, which demonstrated its best activity
on keratin [52].
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2.7. Effect of Metal Ions, Protease Inhibitors, and Surfactants

Among the tested ion metals, Fe2+, Na+, and Ba2+ significantly increased the activity of TKU047
protease by 25%, 44%, and 56%, respectively; other metal ions showed only a slight effect on enzyme
activity (Figure 8). Na+ has been reported as a factor that enhances protease activity [8]; however,
the results for Fe2+ and Ba2+ were different in other reports, which suggests that those metal ions inhibited
protease activity [45,54]. In the presence of surfactants, TKU047 protease showed good resistance, with
the retained activity higher than the control group (112% on tween 40, 116% on tween 20, and 161% on
SDS) with only Triton X-100 being the exception (retaining 54% of initial activity). Since no activity was
lost after incubating with 2-mercaptoethanol (2-ME), the thiol group may not contribute to the activity
of the TKU047 protease. In addition, the results of adding ethylenediaminetetraacetic acid (EDTA)
and phenylmethylsulfonyl fluoride (PMSF) revealed that TKU047 was only strongly inhibited by EDTA.
This indicates that TKU047 protease is part of the metallo-protease family. This is consistent with reports
that proteases from Paenibacillus strains are metallo- or serine-proteases [52,53].
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2.8. Compatibility with Commercial Detergents

According to the above results, Paenibacillus sp. TKU047 protease expressed several valuable
properties, such as high productivity when converting shrimp heads, thermal stability, alkaline
tolerance, and resistance to surfactants. As such, TKU047 protease could be considered a good
candidate for a detergent additive. However, the detergent stability of this protease needed to be
investigated before any further steps were taken. To explore the compatibility of TKU047 protease
with detergent, four kinds of commercially available Taiwanese detergents: EKOS, Yigan Sanjing
(YGSJ), AMAH concentrated lavender laundry detergent (AMAH), and YEUHYANG eco-friendly
laundry powder (YEUHYANG), were used at 1% concentration. Before testing, all the detergents were
examined for protease activity, but none exhibited proteolytic ability on casein. As shown in Figure 9,
TKU047 protease had excellent compatibility with YEUHYANG detergent, with no protease activity
lost after treatment. The compatibility of TKU047 protease with EKOS, YGSJ, and AMAH detergents
was also acceptable, with over 70% of residual activity observed. It has been reported that some alkaline
proteases from bacteria express good detergent compatibility. For instance, Sardinella longiceps protease
retained over 90% of activity with Arial, Bahar, Tide, and Bonux detergents [59], while B. licheniformis
RP1 retained over 93% of activity with Axion and Dixan detergents [60] and Bacillus sp. SSR1 exhibited
over 70% of activity with tested detergents [61]. Due to its high detergent compatibility, TKU047
protease has potential as a detergent additive.
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activity of the enzyme in the phosphate buffer.

3. Materials and Methods

3.1. Materials

Fishery processing byproducts, excepting shrimp heads (from Fwu-Sow Industry, Taichun, Taiwan),
were from Shin-Ma Frozen Food Co. (I-Lan, Taiwan) [7]. Crab shells and shrimp shells were treated
by acid to remove the mineral contents [11]. The resin of ion chromatography (Macro-prep High S)
was bought from BioRad (Hercules, CA, USA). HPLC columns (KW-802.5) were bought from Showa
Denko K. K (Tokyo, Japan). Other reagents were all laboratory chemicals with high quality.

3.2. Protease Activity Assay

The assay for determining protease activity followed the previous report with some
modification [12]. Briefly, a 50 µL sample was dropped into an Eppendorf containing 50 µL substrate
(2% casein in 50 mM phosphate buffer, pH 7). Later on, the Eppendorf was gently vortexed and kept
on an incubator at 37 ◦C for 30 min. The enzyme activity was eliminated by the addition of 300 µL
trichloroacetic acid (TCA) solution (5%). The solution was collected by centrifuging the Eppendorf
at 11,000× g for 15 min, and then transferred to a mixture of Folin–Ciocalteu reagent and 20% Na2CO3

at a ratio of 8:2:15, respectively. After 20 min, the color of the solution was quantified based on 660 nm
wavelength. Protease activity was described by the amount of required enzyme for liberating 1 µmol
of tyrosine during 1 min of proteolytic reaction.
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3.3. Screening of a Proteolytic Bacteria

The method of bacterial isolation was described in a previous report [8]. After isolation,
the bacterial strains were cultivated in a liquid medium containing SPP (1%, w/v), MgSO4·7H2O
(0.05%, w/v), and K2HPO4 (0.1%, w/v) at 37 ◦C (150 rpm) for 3 days. Later on, the culture supernatants
were separated from bacterial cells and other sediments by centrifuging the medium (9000× g for 30 min).
This supernatant was collected to measure protease activity, as described below. The screening step
was done by selecting the strain which exhibited the highest protease productivity. The selected strain’s
morphological and biochemical properties were characterized by light microscopy and API 50 CHB
system (bioMérieux, Inc., Durham, NC, USA). The scientific name of the bacterial strain was identified
by DNA sequencing method.

3.4. Screening C/N Source for Protease Production

Five fishery byproducts: deSSP, deCSP, SPP, SHP, and SSP, were supplemented to the basal
medium containing MgSO4·7H2O (0.05%, w/v), and K2HPO4 (0.1%, w/v) at the same concentration
(1%, w/v). Cultivation was started by injecting 1% of seed to the medium and maintained at 37 ◦C,
150 rpm for 3 days. The protease productivity of bacterial strain on different C/N sources were tested
every 24 h.

3.5. Isolation of TKU047 Protease

Paenibacillus sp. TKU047 was cultivated as per the conditions described above. Two hundred
milliliters of culture supernatant was concentrated with EtOH at a ratio of 1:4. The protein precipitate
was obtained by centrifuging the miscellaneous solution of culture supernatant and EtOH for 30 min
at 12,000× g, and then dissolved in sodium phosphate buffer (50 mM, pH 7). The first enzyme
isolation step was carried out by a Macro-Prep High S column. The fractions, which exhibited
protease activity, were pooled for the next isolation step via HPLC method (column, KW802.5; injection
volume, 20 µL; mobile phase, 50 mM sodium phosphate buffer; detector, ultraviolet 280 nm; flowrate,
1 mL/min; temperature, 20 ◦C). The molecular mass determination of the isolated protease was done
by SDS-PAGE method.

3.6. Effects of pH and Temperature

The optimal temperature of TKU047 protease was investigated by incubating the mixture of
enzyme (50 µL) and substrate (50 µL) at different temperature points (20–100 ◦C) for 30 min. Thermal
stability of TKU047 protease was determined by pre-incubating the enzyme solution in a range of
temperature (up to 100 ◦C) for 30 min. After heat treatment, the enzyme solution was measured for
activity under the protease activity assay as mentioned above. In order to investigate the optimum
pH of TKU047 protease, several buffers (50 mM) were used to prepare enzyme solutions as well
as substrate solutions, including sodium decarbonate–carbonate buffer (pH 9–11), sodium phosphate
buffer (pH 6–8), sodium acetate buffer (pH 3.6–5), and glycine HCl buffer (pH 2–3.6). The pH stability
of TKU047 protease was carried out by pre-incubating the enzyme at different pH points (pH 2–7)
for 30 min. Later on, the pH of the enzyme solutions was adjusted to pH 7 by using sodium phosphate
buffer (0.2 M). The treated enzyme solutions were measured for activity under protease activity assay
as mentioned above.

3.7. Effect of Metal ions, Protease Inhibitors, and Surfactants

TKU047 protease was prepared in various chemical solutions, including: Ba2+, Zn2+, Fe2+, Cu2+,
Ca2+, Mg2+, Na+, EDTA, PMSF, Triton X-100, tween 40, 2-ME, and SDS. The final concentration of
metal ions, and protease inhibitors in the solutions were 5 mM, whereas those of surfactants was 10%.
The mixtures were kept in an incubator at 37 ◦C for 30 min. Residual protease activity was then
measured, using the methods described above.
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3.8. Substrate Specificity

TKU047 protease was prepared in sodium phosphate buffer (50 mM) with numerous substrates.
These included casein, fibrinogen, keratin, albumin, gelatin, elastin, and collagen. Later on, the mixtures
were kept in an incubator under the following conditions of protease assay as mentioned above.

3.9. Detergent Compatibility

TKU047 protease was prepared in a sodium phosphate buffer (50 mM) with four kinds of
commercial detergents at 30 ◦C for 60 min. These included: EKOS from Maobao Co. (Hsinchu, Taiwan),
Yigan Sanjing from Maobao Co. (Hsinchu, Taiwan), AMAH concentrated lavender laundry detergent
from Magic Amah household Co. (New Taipei, Taiwan), and YEUHYANG eco-friendly laundry
powder from YEUHYANG Manufacture Technology (Hsinchu, Taiwan).

4. Conclusions

Paenibacillus has several strains with the potential to convert fishery processing by-products into
various bioactive compounds [11–13,30,43,48–51]. This study continued to reveal more abilities of
Paenibacillus, which could contribute to the biotechnological field. In the current study, protease was
produced by Paenibacillus sp. TKU047 using shrimp heads, a marine byproduct, as the sole source of
carbon and nitrogen. Purified Paenibacillus sp. TKU047 protease had a mass of 32 kDa. Characterization
revealed that the TKU047 enzyme was a thermotolerant, detergent-stable, alkaline protease. The excellent
characteristics of Paenibacillus sp. TKU047 suggest that it may be applied as a detergent additive.
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