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Abstract

Food wastes are one of the great deals of ever-growing world population. Among them, chitinous wastes are precious for
being used as a substrate to produce value-added commodities. In the present work, the deproteinization of shrimp waste
together with the production of alkaline protease enzyme by obligate alkalophilic Bacillus marmarensis was investigated.
First, we determined optimum conditions including inoculum ratio, temperature, shrimp waste concentration, and fermenta-
tion time for alkaline protease production. The highest protease activity (269.48 +2.19 U/mL) was obtained with 5% sole
shrimp waste pretreated by heating at 100 °C for 20 min at 35 °C and pH 10.0 with inoculum ratio of 6%. Under optimized
conditions, B. marmarensis showed a deproteinization capacity of 70.62% at pH 10.0 and 56.52% at pH 12.0, respectively,
and the Fourier transform infrared spectroscopy spectrum of chitin obtained from deproteinization by B. marmarensis pre-
sented the characteristics of chitin compared to literature. Furthermore, the production of alkaline proteases was performed
by using different carbon and nitrogen sources in comparison with the enzyme produced solely from shrimp waste. Among
the carbon and nitrogen sources used, the highest activity was obtained from sucrose together with peptone from meat as
239.87 +28.35 U/mL, which was lower than the activity obtained from sole shrimp waste. Thus, this work indicates that
obligate alkalophilic B. marmarensis can be used to develop sustainable bioprocess to produce alkaline proteases from sole
shrimp waste and deproteinization of it. To our knowledge, this is the first work for the valorization of shrimp waste by
obligate alkalophilic bacteria.
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1 Introduction

Environmental pollution and global warming caused by
uncontrolled waste disposal can lead to the mass destruction
of human life and the environment. Therefore, the develop-
ment of waste management strategies, to recycle and reuse
wastes generated by different sources and industries, is very
crucial for sustainability and circular economy [1].

Among different industries, the food sector generates
a huge amount of waste, which leads to 8—10% of global
greenhouse gas emissions. Crustaceans are important ani-
mals in the sea food industry with high protein content.
Shrimp, the best-known crustacean, is extensively consumed
in all countries. Annual shrimp sale is boosted due to the
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flavor and nutraceutical benefits of shrimp and its products.
Overall, the shrimp industry had a capacity of 5.03 million
tonnes in 2020 and is expected to reach 7.28 million tonnes
by 2025 with a 6.1% CAGR (compound annual growth rate)
between 2020 and 2025 [2]. Approximately 60% of shrimp
weight is considered waste and a tremendous amount of this
waste is discarded into the environment [2—6]. These wastes
can cause a negative impact such as foul odor and infectious
diseases. However, valorization and reuse of waste sourced
from the seafood industry to produce value-added biological
materials such as proteins, collagen, and chitin are not very
common [7-9]. The valorization of shrimp waste supports
the construction of a circular economy as well as distin-
guishable environmental benefits by clean and economical
bioprocesses [9, 10]. The shrimp wastes include calcium
carbonate (20-50%), protein (20—40%), and chitin (15-40%)
with lower amounts of carotenoids and lipids [11], a bio-
compatible and biodegradable polymer that can be extracted
from shrimp wastes. Chitin, with antimicrobial, antitumor,
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and antioxidant activities, has diverse applications in many
areas, like wastewater treatment, agriculture, cosmetics,
paper, textile industry, chromatography, and biomedicine
[9, 10, 12, 13].

Although the extraction of chitin can be achieved from
natural sources by strong acids and bases, these extrac-
tion processes are not cost-effective and are harmful to the
environment [14, 15]. Therefore, eco-friendly alternative
methods such as microbial processes have been used to
deproteinize shrimp waste and to extract chitin from shrimp
waste while producing proteases [8, 16]. Moreover, depro-
teinization of shrimp wastes is a safer way to protect the
structural conformation of chitin, and microbial processes
prevent depolymerization and deacetylation of chitin when
compared to conventional chemical extraction methods [8,
15]. Hence, microbially extracted chitin is more favorable.
For instance, chitin from shrimp shells was used to produce
highly immunogenic nasal spray for hay fever [11].

Deproteinization of shrimp waste has been achieved by
different microorganisms like Pseudomonas aeruginosa
K-187, Pseudomonas maltophilia L.C-102, Candida parap-
silosis, and Bacillus subtilis. In addition, lactic acid bacteria
were also used in the demineralization process; and shrimp
wastes were evaluated as a carbon source of lactic acid fer-
mentation [17]. Since the deproteinization of shrimp waste
is achieved by protease enzyme produced from microorgan-
isms, shrimp waste can also be evaluated as a raw material
for a cost-effective enzyme, specifically protease production
[14, 18]. Particularly, the majority of the microbial alka-
line proteases are produced by Bacillus species which can
be active at pH 9.0-11.0 [7, 16, 19-21]. Alkaline proteases
are the most studied enzymes for their utilization in diverse
industries such as pharmacy, food, leather, photography, and
detergents to replace noxious and unhealthy chemicals, and
according to Protease Market Report, the global market size
of proteases was worth 3.454 billion USD in 2020 and it is
estimated to reach 5.762 billion USD in 2030 with 5.4%
annual growth rate between 2021 and 2030 [22]. Microbial
proteases are the dominant enzymes that surpass animal-,
plant-, or fungi-derived equivalents and they almost reach
half of the total enzyme market. Moreover, these microbial
proteases have advantages over other sources due to their
high yield, low-cost production, and easy genetic manipula-
tion chance of microorganisms, which produce proteases.

Recently, obligate alkaliphilic B. marmarensis has been
reported as alkaline protease producer. B. marmarensis
can live between pH 8.0—12.5 and 15-45 °C and it has an
ability to degrade Tween 80 [23]. B. marmarensis GMBE
72 T protease resembles to chymotrypsin enzyme and has
a molecular weight of 26.4 kDa. The optimum pH and
temperature of the alkaline protease synthesized by strain
GMBE 72 T were reported as 11.0 and 60 °C, respectively
[24]. It is known that the alkaline protease—producing
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microorganisms can utilize the shrimp waste as carbon and
nitrogen sources, and alkaline proteases can deproteinize
shrimp to extract chitin [25]. Therefore, the main objec-
tive of this present work was to investigate the suitability
of obligate alkaliphilic B. marmarensis to valorize shrimp
wastes for the simultaneous production of alkaline pro-
tease and the deproteinization of this waste. Since a more
sustainable way to the valorization of waste using micro-
bial fermentation processes is not only a valuable approach
but also crucial for designing biorefinery concepts, based
on our knowledge, obligate alkaliphilic B. marmarensis is
being used for the first time to valorize shrimp waste using
an eco-friendly approach.

2 Materials and methods

2.1 Microorganism, biological material,
and chemicals

An extreme alkaliphilic bacterium, B. marmarensis strain
DSM 21,297, isolated from mushroom compost, was
obtained from DSMZ (Braunschweig, Germany). All
chemicals used in the experiments were purchased from
Sigma-Aldrich and Merck, unless otherwise noted. Shrimp
waste (Shr-waste) was kindly obtained from a local fish
market and restaurants in Istanbul, Turkey.

2.2 Pretreatment methods of Shr-waste

To develop an efficient valorization process, heating
steps and sterilization can be applied for the inactivation
of the endogenous enzymes and to remove bad odor and
microbial contaminants, respectively [26-28]. There-
fore, in the present work, Shr-waste containing mostly
shrimp shell and a small number of head collected from
a local restaurant was transferred to the laboratory, and
subsequent washing with tap water and pretreatment were
applied. For pretreatment, shrimp waste was heated at
100 °C for 30 min (Shrl) and 20 min (Shr2) to inacti-
vate endogenous enzymes. Additionally, to eliminate the
negative effect of possible contaminating microorgan-
isms present in the Shr-waste, samples were also auto-
claved for 15 min at 121 °C (Shr3). After each treat-
ment step, all samples were dried and grinded, and each
sample belonging to each pretreatment step was mixed
separately to ensure the usage of the sample having the
same composition. Then, the valorization of Shr-waste by
obligate alkaliphilic B. marmarensis was evaluated using
pretreated waste as a raw material to produce an alkaline
protease enzyme.
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2.3 Valorization of Shr-waste by B. marmarensis
and comparison with different carbon
and nitrogen sources

Alkaline nutrient broth (5 g L™! peptone and 3 g L™ meat
extract) supplemented with (w/v) MgSO, (0.040%), KH,PO,
(0.042%), and NaCl (4%) at pH 9.8 was used to preserve strain
DSM 21,297 and to prepare the preculture medium [29]. Fifty
milliliters of alkaline nutrient broth in 250-mL Erlenmeyer
flask was inoculated with 2% (v/v) of glycerol stock of strain
DSM 21,297 and incubated for 16 h in an orbital shaker at
30 °C and 180 rpm for preculture preparation.

To investigate the valorization of Shr-waste, nitrogen
sources like peptone and meat extract in basal medium (w/v;
peptone 0.5%, meat extract 0.3%, MgSO, 0.040%, KH,PO,
0.042%, and NaCl 4%) were removed, and Shr-waste was
added at an equal concentration of the total amount of
organic nitrogen sources (0.8%). The pH of the medium was
adjusted to 9.8 by 12% (v/v) Na-sesquicarbonate solution,
and a 50 mL medium in 250-mL Erlenmeyer flask was auto-
claved for 15 min at 121 °C. Then, the cultivation medium
was inoculated by preculture at a ratio of 1% (v/v). The culti-
vation was carried out for 24 and 48 h at 30 °C and 180 rpm.

Primarily, the effect of pretreatment methods was evalu-
ated by using pretreated Shr-wastes as Shrl, Shr2, and Shr3.
Since the alkaline protease activity (U/mL) was higher in
Shrl and Shr2 compared to Shr3, the effect of the concen-
tration of Shrl and Shr2 on alkaline protease synthesis was
further investigated at concentrations ranging from 0.5 to
5%. The effects of temperature in the range of 30-45 °C, pH
between 9.0 and 12.0, and inoculation ratio of 1%, and 10%
were also analyzed.

To analyze the feasibility of Shr-waste, the production of
alkaline protease was also investigated by supplementing
the basal medium with different carbon sources (glucose,
sucrose, maltose, and molasses) at the concentration of 1%
(w/v) and replacing peptone and meat extract with sole nitro-
gen sources (yeast extract, beef extract, malt extract, peptone
from meat, skim milk powder, and whey) at a concentration
of 0.8% (w/v). All culture media were prepared with 50 mL
working volume in 250-mL Erlenmeyer flasks and the pH
of the media was adjusted to 9.8 with 12% (v/v) filter-ster-
ilized Na-sesquicarbonate solution. After inoculation with
1% preculture, the cultivation was carried out for up to 48 h
at 30 °C and 180 rpm. Samples were taken for 24-h inter-
vals to determine the protease activity. All experiments were
performed in triplicate.

2.4 Deproteinization capability of B. marmarensis
to obtain chitin

After the optimization of process parameters (pH, tem-
perature, inoculation ratio, and Shr-waste concentration),

deproteinization of Shr-waste was investigated to obtain
chitin. For this purpose, 1L production medium containing
(w/v) Shr2 (5%), MgS0O, (0.040%), KH,PO, (0.042%), and
NaCl (4%) in 5-L Erlenmeyer flasks was used. The produc-
tion was carried out at an initial pH of 10.0 and 12.0, and
6% (v/v) inoculation was used as the optimal inoculum ratio.
Fermentation of Shr2 was carried out at 35 °C and 180 rpm.
After 48 h of incubation, the fermentation broth was centri-
fuged and the solid part including bacteria and deproteinated
Shr2 was used to analyze the presence of chitin in the sam-
ple, while the deproteinization of Shr-waste was determined
by measuring protease activity and protein concentration of
supernatant.

Deproteinization percentage was calculated by using the
following equation [30, 31].

Deproteinization percentage (DP) = [((PO.O) — (PR.R))/(PO.0)].100% (1)

where P, and Py were the protein contents before and after
the fermentation process while O and R were the masses of
shrimp waste (g) before and after deproteinization, respec-
tively. The total nitrogen content was performed by com-
mercial customer services of the commercial company by
Kjeldahl method and protein content (%) was calculated by
multiplying 6.25 [32].

For chitin analysis, the solid sample was treated with
70% ethanol solution at a 2:1 ratio for 30 min using a modi-
fied method and then washed with distilled water to remove
impurities [33]. After that, the sample was dried at 60 °C
for 24 h and the functional groups were analyzed by Fou-
rier transform infrared (FTIR) spectroscopy. FTIR analy-
sis was performed by commercial customer services of the
Center for Nanotechnology and Biomaterials Applications
and Research at Marmara University. FTIR analysis of the
sample was carried out using a JASCO FT/IR-4700 (Japan)
spectrophotometer in the range of 4004000 cm™" with six-
teen scans per measurement.

2.5 Determination of alkaline protease activity
and protein concentration

Alkaline protease activity was determined by using the
modified method described by Bose et al. [34]. The reaction
mixture contained 0.5 mL enzyme and 2.5 mL 0.6% (w/v)
casein prepared in NaOH-glycine buffer (50 mM, pH 10.5)
as a substrate was mixed and the mixture was incubated at
30 °C for 20 min. The blank solution containing 0.5 mL
NaOH-glycine buffer (50 mM, pH 10.5) and 2.5 mL 0.6%
casein was also kept at the same conditions. At the end of
20 min, the reaction was terminated by the addition of 2 mL.
of trichloroacetic acid (TCA) solution (consisting of 0.11 M
TCA, 0.22 M CH;COONa.3H,0, and 0.33 M CH;COOH)
and unreacted proteins were removed by centrifugation at
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13,000 rpm (13517 g) for 15 min by using a pre-cooled cen-
trifuge (CAPP CR1512, Wolflabs). After that, the tyrosine
concentration was determined by measuring OD at 280 nm
using a tyrosine standard curve. One unit of alkaline pro-
tease activity was defined as the amount of enzyme required
to liberate 1 pg of tyrosine per minute at pH 10.5 and tem-
perature at 30 °C. The protein concentration of all samples
was determined by the Bradford method using bovine serum
albumin as the standard solution [35].

3 Results and discussion
3.1 Valorization of shrimp waste by B. marmarensis

The valorization of Shr-waste by B. marmarensis was inves-
tigated by evaluating the alkaline protease produced from
Shr-waste. Therefore, firstly, the effect of the pretreatment
step on valorization was analyzed. Considering the alkaline
protease activity presented in Fig. 1, prolonged cultivation
of B. marmarensis with Shrl, Shr2, and Shr3 caused an
increase as 1.6 times of activity, and the highest protease
activity as 87.41 +0.73 U/ml was obtained after 48 h of cul-
tivation with 30-min heating (Shrl). Reducing the heating
period from 30 min (Shr1) to 20 min (Shr2) caused to reduce
the activity slightly from 87.41+0.73 to 79.01 +£5.3 U/mL.
Regarding the sterilization of the shrimp waste (Shr3), the
lowest enzyme activities as 46.71 +0.07 and 69.05 +1.46
U/mL were observed for 24 and 48 h of B. marmarensis
cultivation. This reduction due to pretreatment for 15 min
at 121 °C (Shr3) can be explained by the negative effect of
excess heat on the protein content of Shr-waste, namely, by
the denaturation of the protein content of the shell mate-
rial due to the excess heat. Since sterilization was also

Fig. 1 Effect of pretreatment on
valorization of shrimp waste by
B. marmarensis
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applied before enzyme production from Shr3, shrimp waste
was exposed to 121 °C twice compared to Shrl and Shr2.
Although the whole protein of Shr3 could not be completely
denatured at 121 °C because of a tight matrix of chitin, pro-
tein, and calcium in the shrimp shell [26], protein content
could be reduced compared to Shrl and Shr2. Therefore,
alkaline protease produced from Shr3 was lower compared
to Shrl and Shr2. As a result, Shr-waste obtained after heat-
ing at 100 °C for 30 (Shrl) and 20 min (Shr2) was used to
evaluate the valorization of Shr-waste by B. marmarensis.
Different Shrl and Shr2 concentrations (0.5%, 1%, 2%,
3%, and 5%) were added to the basal medium (w/v: 0.040%
MgSO,, and 0.042% KH,PO,) to determine the optimal con-
centration of waste to yield the highest alkaline protease.
The effect of the concentration of Shrl and Shr2 on val-
orization can be seen in Fig. 2. Generally, increasing waste
concentration for both Shrl and Shr2 caused an increase in
protease activity. Compared to Shr2, Shrl yielded higher
protease activity up to 2% concentrations. However, above
2% concentrations, the protease activity obtained from Shr2
was higher than Shrl and the maximum protease activity as
226.55+8.78 U/mL was obtained with 5% Shr2 after 48 h of
cultivation. There are many studies related to the application
of shrimp waste as a cheap substrate to yield proteases from
different microorganisms like Aspergillus niger, Paenibacil-
lus elgii, Paenibacillus sp. TKU042, and Bacillus cereus
HMRSC30 [16, 18, 36, 37]. Doan et al. [18] used deminer-
alized crab shell, demineralized shrimp shell, shrimp head,
shrimp shell, and squid pen as waste materials, and the high-
est activity was reported as 2.98 U/mL from 0.5% of shrimp
head powder. Although the highest protease activity from
Paenibacillus sp. TKUO42 was obtained at lower shrimp
waste concentrations compared to our results, protease activ-
ity produced from Shr-waste by B. marmarensis was very

H24h 48 h

Shr2 Shr3
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Fig.2 Effect of the concentra-
tion of shrimp wastes on valori- 250
zation by B. marmarensis
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high compared to Paenibacillus sp. TKU042. Similarly, pro-
tease activity obtained from Paenibacillus elgii [16] from
cooked and fresh shrimp waste as 60 and 70 U/mL was lower
than that obtained in this work.

Additionally, Liu et al. [31] studied the production of
protease from shrimp shell by two steps fermentation. They
used Lactobacillus rhamnoides for demineralization and
Bacillus amyloliquefaciens for the deproteinization and
reported 701.3 U/mL protease activity after the deminerali-
zation and the deproteinization steps. Although this value
is higher than our results, considering the one-step protease
production, B. marmarensis showed promising results for
the valorization of Shr-wastes. Due to the highest protease
activity, 5% Shr2 was chosen as the best waste concentration
for protease production.

Since the inoculation ratio, initial pH, and temperature
are substantial parameters for bioprocess development, the
effect of these parameters on the valorization of Shr2 by B.
marmarensis was evaluated. To figure out the best inocu-
lation ratio for higher production, the inoculation ratios
between 1.0 and 10.0% (v/v) were investigated at 30 °C and
pH 9.8. Remarkably, the inoculation ratio of 6.0% (v/v) led
to the highest alkaline protease activity (269.48 +2.19 U/
mL) and protein concentration (0.44 mg/mL) from shrimp
wastes (Fig. 3(a)). While increasing the inoculation ratio
slightly increased protease activity, it caused a decrease in
total protein concentration. Similar to our results, Liu et al.
[31] stated that 6.0% (v/v) was the best inoculation ratio for
deproteinization of shrimp waste. Additionally, the results
reported by Avci et al. [38] are in agreement with our results
showing that increasing inoculation ratio from 5.0% (v/v)
to 10 and 15% induced a change in the negative direction
in Bacillus subtilis ZBP4 alkaline protease activity. How-
ever, different inoculation levels for different Bacillus strains

H Shr2

-
. |
| I
1 2 3 5
Shr Waste Concentration, %

such as 2.0% for Bacillus mojavensis strain were informed
since the optimum inoculation ratio is strongly related to the
choice of microorganism and substrate.

To investigate the effect of initial pH on the valoriza-
tion of Shr-waste by B. marmarensis, pH values above 9.0
were studied since B. marmarensis is an obligate alkaliphi-
lic strain and it has an ability to grow at pH between 8.0
and 12.5 [23]. As seen in Fig. 3(b), protein concentration
was increased with increasing pH values, while maximum
protease activity was observed at pH 10.0. Increasing pH
from 10.0 to 11.0, and 12.0 caused to a decrease in pro-
tease activity while protein concentration was increased. The
increase in protein concentration at higher pH values can be
explained by the deproteinization effect of B. marmarensis
protease at higher pH values [16], since B. marmarensis pro-
tease is active at wide range of pH values [24]. Many stud-
ies demonstrated that the alkaline conditions between pH
9.0 and 11.0 are favorable choices for alkaline proteases of
Bacillus species [39]. For instance, Jadhav et al. [40] showed
that pH 11.0 led to superior enzyme production (87.99 U/
mL) via Bacillus cereus HP_RZ17 while the strain Paeni-
bacillus xylanilyticus HP_RZ19 had greater protease yield
(73.23 U/mL) at pH 10.0.

Since the incubation temperature is a highly influential
factor due to the induction of metabolic activities, the val-
orization of Shr-waste was investigated at a temperature
between 35 and 45 °C. As seen Fig. 3(c), alkaline protease
activity increased when the temperature increased from 30 to
35 °C and decreased beyond; conversely, protein concentra-
tion decreased with the increasing temperature from 30 to
35 °C and increased beyond.

For alkaline protease production from Shr-waste by Bacil-
lus marmarensis, the incubation temperature of 35 °C is the
best choice and above 35 °C, protease activity relative to
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Fig. 3 Effect of inoculation ratio (a), initial pH (b), and temperature (c¢) on valorization of shrimp waste by B. marmarensis

activity at 35 °C was 69% at 40 °C and 43% at 45 °C. This
is in agreement with the thermal stability of protease above
40 °C, since B. marmarensis protease lost its activity at
a temperature above 35 °C [24]. Opposite to the protease
activity, protein concentration was slightly reduced from
0.24 to 0.20 mg/mL by increasing temperature from 30 to
35 °C and then, it increased with raising temperature from 35
to 45 °C and reached to 0.31 mg/mL at 45 °C. The increase
in protein concentration with increasing temperature could
be explained with the specificity of alkaline protease against
proteins at elevated temperatures, since increasing tempera-
ture caused to increase protein hydrolysis by B. marmarensis
protease, and its optimum temperature was reported as 60 °C
[24]. Similar to our results, Ooi et al. [37] stated that 35 °C
is the best choice for protease production from shrimp waste.
Additionally, the best temperature for deproteinization of
shrimp shell by Bacillus amyloliquefaciens was reported as
37 °C which is very close to our results.

To evaluate the efficacy of sole Shr2 as carbon and nitro-
gen sources, we analyzed the production of alkaline protease
by using different carbon and nitrogen sources (Table 1).
Among diverse carbon sources, sole carbohydrates like
glucose, sucrose, and maltose, and agricultural by-products
(wheat bran, corn bran, corn starch, rice bran, wheat flour,
orange peels, and soybean) and sugar industry by-product as
molasses are greatly utilized to produce alkaline proteases
[41]. Moreover, the nitrogen source is an important factor for
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Table 1 Effect of different carbon and nitrogen sources on alkaline
protease production from B. marmarensis

C Source, 1% (w/v) N Source, 0.8% (w/v) Activity, U/mL

Maltose Yeast extract 134.29+2.78
Beef extract 104.74 +4.40
Peptone from meat 145.34+2.78
Skim milk powder 60.70+0.80
Whey 16.50+0.31
Glucose Yeast extract 179.48 +£9.51
Beef extract 34.66+8.78
Peptone from meat 69.44 +2.38
Skim milk powder 11.77+3.48
Whey 52.24+5.85
Sucrose Yeast extract 177.80+7.86
Beef extract 119.48 +8.05
Peptone from meat 239.87 +28.35
Skim milk powder 61.10+3.20
Whey 15.19+1.37
Molasses Yeast extract 87.22+2.47
Beef extract 82.69+17.09
Peptone from meat 85.93+1.19
Skim milk powder 97.05+4.66
Whey 58.90+6.49
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the growth of microorganisms and the induction of protease
production, and organic nitrogen sources are more effec-
tive on the induction of protease production, while inor-
ganic sources lead to the suppression of enzyme synthesis
in Bacillus sp. due to the quick discharge of ammonia [41,
42]. In the light of these information, glucose, sucrose, malt-
ose, and molasses as carbon sources, and yeast extract, beef
extract, peptone from meat, skim milk powder, and whey as
nitrogen sources were tested for alkaline protease produc-
tion from B. marmarensis and compared with sole Shr2.
As seen in Table 1, molasses induced the lowest alkaline
protease activity (97.05 U/mL) when it was compared with
glucose, maltose, and sucrose. The highest protease activity
as 239.87+28.35 U/mL, which is almost 2.5 times higher
than the activity obtained from molasses, was obtained with
sucrose together with peptone from meat. The other highest
value as 179.48 +9.51 U/mL was obtained when glucose and
yeast extract were used as the carbon and nitrogen sources,
respectively. In the literature, it was shown that different
Bacillus species enhanced protease activities by using glu-
cose as the carbon source [41]. In agreement with these
results, previous reports stated that peptone from meat and
yeast extract are efficient complex organic nitrogen sources
for protease production and 1% (w/w) supplementation of
these nitrogen sources can increase activities up to 587.2
U/mL [43]. These complex nitrogen sources contribute to
alkaline protease production by serving all required amino
acids for enzyme synthesis. Higher yields of alkaline pro-
tease were observed with Bacillus sp. SB12 and B. subtilis
FBL-1 when yeast extract and peptone were used as main
nitrogen sources [40]. In addition, it was reported that high
mineral composition of yeast extract (especially potassium
and phosphorus) is essential for microbial physiology and
growth [44].

Overall, our results demonstrated that sucrose was the
best carbon source (239.87 +28.35 U/mL as protease
activity) followed by glucose, maltose, and molasses. Pep-
tone from meat is the most effective nitrogen source with
activity reaching almost 300 U/mL. The lowest values of
enzymatic activity (11.77 +3.48U/ml and 15.19+1.37 U/
mL) were acquired with skim milk-glucose and whey-
sucrose combinations, respectively. Avci et al. [38] also
stated whey as the least effective nitrogen source with
an activity of 206 + 17.7 U/mL. Especially, the coupling
of various carbon and nitrogen sources is an important
step for the induction or suppression of protease produc-
tion by different microorganisms [45]. Therefore, enzyme
activities with different combinations of carbon and nitro-
gen sources are expected to be different. In general, our
results showed that skim milk powder and whey did not
enhance protease activity compared to peptone from meat
and yeast extract (Table 1), because of the high protein
content of yeast extract (around 65%) and beef extract

(around 41%) compared to skim milk powder (35.5%)
and whey (0.8%).

Comparing the highest enzyme production
(239.87 +28.35 U/mL) obtained by 1.0% sucrose and 0.08%
peptone from meat with protease from 5% Shr2 at optimized
conditions (269.48 +2.19 U/mL), Shr-waste could be a suit-
able source for protease production. Furthermore, deprotein-
ized Shr-waste can be used as a source of the chitin biopoly-
mer. At this point, a cleaner production route for alkaline
proteases and chitin can be achieved with lower prices and
energy input.

3.2 Alkaline protease production
and deproteinization potential of B.
marmarensis

Chitin is an abundant natural polysaccharide found in differ-
ent crustaceans. The first step for chitin production from crab
and shrimp wastes is the deproteinization. Although chemi-
cal treatment is widely used for deproteinization processes,
proteolytic microorganisms or their enzymes are preferred
to develop cost-effective and environmentally friendly pro-
cesses [28]. For that reason, we deproteinized Shr2 at 5.0%
concentrations by B. marmarensis with a 6.0% inoculation
ratio at 35 °C and at pH 10.0 and 12.0, since the highest
activity and highest protein content were obtained at pH
10.0 and 12.0, respectively. After the deproteinization step,
the fermentation broth was analyzed for alkaline protease
activity, and the solid residues were analyzed by FTIR to
determine the functional groups related to chitin, and protein
percentage based on total nitrogen content.

The results showed that pH 10.0 is the better option to
enhance alkaline protease activity and deproteinization
capacity. The highest protease activity as 321.98 U/mL and
deproteinization capacity as 70.62% was obtained at pH
10.0 after 48 h of incubation. At pH 12.0, protease activity
and deproteinization percentage determined were 244.91
U/mL and 56.52%, respectively. Similar to our previous
results, increasing pH from 10.0 to 12.0 decreased activity
from 321.98 to 244.91 U/mL, while protein concentration
increased from 0.159 to 0.831 mg/mL. However, deproteini-
zation capacity at pH 10.0 was higher than at pH 12.0, based
on total nitrogen content of solid samples.

Comparing our data with the literature, deproteiniza-
tion at pH 10.0 without demineralization yielded promis-
ing results. The deproteinization capacity of B. marmaren-
sis obtained at pH 10.0 was lower than that obtained by
Paenibacillus elgii which is over 94% [16], and by Bacillus
amyloliquefaciens that is 96.8% [31]. For alkaline protease
activity, although protease activity obtained by B. marma-
rensis was lower than that reported by Bacillus amylolique-
faciens as 701.3 U/mL [31], our data was higher than that

@ Springer



Biomass Conversion and Biorefinery

obtained from fresh shrimp waste by Paenibacillus elgii as
70 U/mL [16].

Besides microorganisms, crude and commercial pro-
teases were also tested for deproteinization of shrimp waste.
Alcalase, pepsin, and crude protease were used to remove
proteins, and the deproteinization yields of 93.41%, 92%,
and 88.8% were obtained by using shrimp, white shrimp
shell, and shrimp shell, respectively [46]. Cui et al. [32]
reported the deproteinization of chitin together with heat-
ing by microwave for 10 min at 60 °C, and a deproteiniza-
tion yield of 92% was reported with 4000 U enzyme/g sub-
strate. Although the highest deproteinization yield obtained
by B. marmarensis (70.62%) was lower than that reported
by Mathew et al. [46] and Cui et al. [32], B. marmarensis
showed promising results for the deproteinization of shrimp
waste at pH 10.0 since the usage of proteolytic microorgan-
isms for the deproteinization of shrimp waste is less expen-
sive compared to crude or commercial enzymes [46].

Additionally, Maruthiah and Palavesam [47] reported dif-
ferent data related to shrimp waste utilization for protease
production by different Bacillus species as B. halodurans
CAS 6 (2% Shr-waste, 473.3 U), B. firmus CAS 7 (1% Shr-
waste, 2289 U), B. alveayuensis CAS 5 (1% Shr-waste, 2872
U), Bacillus sp. APCMST-RS7 (4% Shr-waste, 140 U), B.
pumilus A1 (5% Shr-waste, 1267 U), and B. cereus SV1 (5%
Shr-waste, 1152 U), B. marmarensis could be used effec-
tively for the valorization of Shr-wastes at both pH 10.0 and
12.0. Additional research showed that Bacillus luteus H11
produced alkaline protease (120 U/mL) with 2.5% (w/v)
shrimp waste as the main substrate [48] and Bacillus cereus
SV1 had maximal protease production (5.900 U/mL) when

100 a

90—

100

Transmittance (%)

80—

4.0% shrimp waste used as a carbon source [49]. These
results imply that B. marmarensis may hold great potential
in the valorization of shrimp waste for alkaline protease pro-
duction and deproteinization.

3.3 FTIR analysis of crude chitin obtained
after fermentation of Shr-waste by B.
marmarensis

The impurities were removed from the solid sample obtained
after Shr2 fermentation and then subjected to FTIR analysis
to determine the quality of crude chitin prepared without
any demineralization and decolorization, and spectrum of
crude chitin compared with the literature data [16, 31]. In
the present work, the decolorization and demineralization
steps were excluded in order to develop eco-friendly process
and to investigate the effect of the alkaline character of B.
marmarensis on chitin purity.

When the FTIR spectrum of the deproteinized Shr2 at pH
10.0 and 12.0 (Fig. 4 and Table 2) was evaluated, the intensi-
ties of all peaks related to pH 12.0—specifically the peaks
of sample at 3261.04, 1309.42, and 1376.93 cm~! were
lower than that obtained at pH 10.0 (specifically at 3261.03,
1309,43, 1376.93 cm™"). This may also be an indication of
the higher deproteinization efficiency at pH 10.0.

As shown in Fig. 4 and Table 2, the deproteinized Shr2 at
pH 10.0 and 12.0 could be an alpha chitin based on the NH
stretching vibration at 3261.03 and 3261.04 cm™!, respec-
tively [16]. Symmetric stretching vibrations of CH and CH,4
and the asymmetric stretching vibration of CH, at 2890.77
to 2962.13 cm™!, and the wagging of CH (Amide III) at
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Fig.4 FTIR analysis of chitin at pH 10.0 (a) and pH 12.0 (b)
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Table 2 Description of main

. Characteristic peaks (ecm™
FTIR peaks in the spectra

of deproteinized chitin by B.
marmarensis at pH 10.0 and pH

Deproteinized
Shr2 at pH 10.0

Deproteinized

Shr2 at pH 12.0

Literature data* Description

12.0, and literature data (*data

has been taken from Lee et al. 1020.16 1058.73

[16] and Liu et al. [31]) 1309.42 1309.43
1376.93 1376.93
1554.34 1554.34
1619.91 1621.84
2890.77 2890.77
2962.13 2962.12
3261.03 3261.04
3428-3448 3428-3448

950-1200 C-0-C and C-O stretching

1313 The wagging of CH (Amide III)

1380 Deformation of CH3

1540 Protein

1554, 1558 Amide II region

1620,1626, and 1660  Amide I region

2891 Symmetric stretching vibration of CH, CH3
2962 Symmetric stretching vibration of CH, CH3
3102 Amide II and a-chitin

3255, 3267 NH stretching

3427, 3443 OH stretching

1309.43 cm™! indicated that the deproteinized sample at
pH 10.0 and 12.0 included alpha chitin [16]. The peaks of
sample at 1619.91 (pH 10.0) and 1621.8 cm™' (pH 12.0)
is a representation of amide I region and a specific peak at
1376.93 cm™! of two samples is related with C-H stretching
of chitin [31]. Additionally, the peak at 1554.34 for both
samples obtained at pH 10.0 and 12.0 corresponded to amide
II region. Importantly, there was no signal at 1540 cm™!
which is specific to proteins, so we can ensure about the
effectiveness of deproteinization of shrimp waste at pH 10.0
and 12.0 [25, 29]. Furthermore, chitin characteristic peaks
between 952.66 and 1203.36 cm™' (C—O-C and C-O) were
also observed in the deproteinized Shr2 at pH 10.0 and 12.0.

4 Conclusion

Globally, a huge amount of shrimp waste (head, tail, and
shells) is produced every year and these wastes are precious
sources as a substrate for the production of value-added
commodities. Thus, in the present work, the production
of the alkaline protease from B. marmarensis on sole Shr-
waste and deproteinization capacity were investigated. The
results demonstrated that shrimp waste is a more advanta-
geous source when compared with costly carbon and nitro-
gen sources, and B. marmarensis has an ability to utilize
sole shrimp waste for alkaline protease production. Fur-
thermore, one-step deproteinization by B. marmarensis
is found to be promising economically, and the chitin can
be prepared by deproteinization of shrimp waste using B.
marmarensis. Moreover, its FTIR spectrum showed similar
patterns to that reported in the literature. The valorization
of shrimp waste with microbial fermentation processes is a
beneficial approach to constructing a sustainable biorefinery,
and B. marmarensis could be an excellent candidate for the
development of biorefinery to valorize shrimp waste for both

alkaline protease and chitin production. By the application
of a cleaner production route through the valorization of
shrimp wastes, the environmental impact of chemical pro-
cesses could be diminished.
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