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1 Introduction
Antarctic krill (Euphausia superba) is the largest animal 

protein resource in the world with an amount of 379 million 
tons worldwide (Atkinson et al., 2009). Antarctic krill features 
high protein content (52%) (Ji et al., 2021) and contains all nine 
indispensable amino acids for adults required by FAO/WHO/UNU 
(Young & Pellett, 1991; Nicol et al., 2000). It is considered to be 
a nutrition-excellent food resource (Zhang et al., 2018).

Although Antarctic krill has a large biomass and high-quality 
proteins, only about 12% of the total krill is consumed by mankind. 
Currently, most of the krill is used for the manufacture of 
aquaculture feeds due to its high fluoride content (Torrecillas et al., 
2021; Nunes et al., 2021). Antarctic krill contains 536-2,400 ppm 
fluoride in whole krill body, with 4.5-570 ppm in krill muscle and 
1,800-4,260 ppm in krill cuticle respectively (Adelung et al.,1987; 
Sands et al., 1998). In living Antarctic krill, 99% of the fluoride 
is concentrated in krill cuticle, while its content in krill muscle 
is negligible, which is similar to that of terrestrial vertebrates 
(Sands et al., 1998).

Fluoride is bound in molecular complexes in Antarctic 
krill cuticle, thus differing from the free forms of fluoride found 
in seawater. Sands et al. (1998) suggested that the fluoride in 

Antarctic krill cuticle was related to the structural proteins; 
Peng et al. (2019) confirmed that the inorganic salt in Antarctic 
krill cuticle was fluorapatite. Adelung et al. (1987) found that 
the fluoride was concentrated in Antarctic krill cuticle and the 
fluoride in the soft tissue was almost negligible, which indicated 
that fluoride in living Antarctic krill could not migrate and was 
kept in stable binding forms. However, in postmortem storage, 
fluoride migrated from cuticle to the soft tissues, suggesting 
that the existing form of fluoride has been changed (Christians 
& Leinemann, 1980). Free fluoride released by the cuticle is the 
most important cause of the increase of fluoride content in krill 
muscle, which has hindered the application of Antarctic krill 
protein in food production.

Antarctic krill is the most successful single species on the 
planet, a diversity of endogenous enzymes exist in Antarctic 
krill, including protease (Sun et al., 2021; Zhou et al., 2018), 
lipase (Chen et al., 2020), chitinase (El Knidri et al., 2018) and 
glucosidase (Turkiewicz et al., 2000), and so on. The endogenous 
enzymes play potential roles in the procedure of fluoride migration 
which can only be effectively prevented by low temperature 
(-30 °C) (Sands et al., 1998).
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Abstract
To investigate factors that influence free fluoride release in Antarctic krill cuticle, the enzyme properties of a chitinase from 
Antarctic krill were analyzed to identify its role on free fluoride release from Antarctic krill cuticle. The chitinase was purified 
by ammonium sulfate precipitation,ion and gel chromatography, and identified by matrix-assisted laser desorption/ionization 
time-of-flight mass spectrometry (MALDI-TOF-MS). The molecular mass of the chitinase purified from Antarctic krill was 
59.0 kDa and its peptide sequences were similar to chitinase precursor sequences from Penaeus vannamei. The optimal pH of 
the chitinase was pH 6.5 and temperature 45 °C and exhibited high stability within pH 5.0-6.0 and temperatures below 35 °C. 
The chitinase activity was increased by Ca2+ and Mg2+, while inhibited by Fe2+, Cu2+ and Co2+. The purified chitinase had Km 
and Vmax values of 5.88 mmol/L and 2.11 μmol/min·mL, respectively. The endogenous chitinase purified from Antarctic krill 
could degrade chitin fibers and induced the release of free fluoride from Antarctic krill cuticle. Under experimental conditions, 
the free fluoride release law in Antarctic krill cuticle can be described by equation: 0.0111 0.151 0.98 0.02 175.52 10.80t t

WC e e− = − − × +  
.
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Practical Application: The purification and characterization of chitinase may get the pure chitinase relatively and know which 
enzyme was an important role for the release of free fluorine from Antarctic krill cuticle. The study about free fluoride release 
from Antarctic krill cuticle may help to know more about the reducing of fluoride in Antarctic krill. It may help to develop a 
more reliable and safe Antarctic krill.
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Chitinase is the key enzyme causing postmortem autolysis 
of Antarctic krill (Ellingsen & Mohr, 1987; Anheller et al.,1989). 
During the rapid autolysis process in krill postmortem, fluoride 
moves from the cuticle into the soft tissues where it accumulates 
with time (Christians & Leinemann, 1980). Chitinase has been 
considered to be one of the main factors inducing fluoride 
migration. Fluoride concentration in the cuticle of Antarctic 
krill changes regularly with the molting cycle, starting from low 
values shortly post-molt, followed by a steep increase in the early 
stages, and reaching its peak upon the complete formation of the 
cuticle (Adelung et al., 1987). Chitinase activity also changed 
periodically with the molting cycle (Buchholz & Buchholz, 1989). 
So chitinase can also be a factor in inducing free fluoride release 
and migration from Antarctic krill shell. To our knowledge, there 
is little reporting on the relationship between chitinase and free 
fluoride release from Antarctic krill cuticle.

In this study, endogenous chitinase was isolated, purified, 
identified and its characterization and potential impact on the 
free fluoride release from Antarctic krill cuticle was investigated. 
The results of this study will provide a foundation for inhibiting 
free fluoride release and migration in Antarctic krill.

2 Materials and methods

2.1 Materials

Antarctic krill (Euphausia superba) caught in Antarctic 
waters in March 2021, was provided by China National Fisheries 
Corporation, Overseas Fisheries Co., Ltd. (Beijing, China). 
The blocks were transported to laboratory at -18 °C. Upon 
arrival, they were stored at -80 °C till use. All chemical agents 
used in this study were of analytical grade.

Krill blocks were thawed at 4 °C and the cuticle and muscle 
were separated on ice. The adhering muscular tissue was carefully 
removed from the lateral parts of the fresh cuticle, minced and 
stored at -80 °C until use.

2.2 methods

Isolation, purification and MALDI‐TOF‐MS identification of 
chitinase from Antarctic krill

Deep frozen (-80 °C) Antarctic krill was homogenized with 
an IKA homogenizer at 4 °C (IKA® Works, Guangzhou, China) 
in precooled Na-citrate-phosphate buffer (CPB, 0.2 mol/L, pH 
5.5), with a 1:2 (w:v) ratio of krill to buffer. After centrifugation 
(10000× g, 20min, 4 °C), crude chitinase contained in the 
supernatant was collected. The crude enzyme was fractionated by 
ammonium sulfate and the precipitate obtained was dissolved in 
pH 5.5, 20 mmol/L citrate-phosphate buffer (CPB) and dialyzed 
overnight against the same buffer (pH 5.5). The enzyme solution 
was loaded on a Q-Sepharose F.F column (2.6 cm × 13 cm, GE 
Healthcare, Fairfield. CT. USA) pre‐equilibrated with phosphate 
buffer (20 mmol/L, pH 6.8), and eluted with 0-1 mol/L NaCl 
in the same buffer. The active fractions which showed chitinase 
activity were collected, concentrated with an ultra‐filtration 
membrane (10 kDa, Millipore, Billerica, MA), and then applied 
to Sephacryl S200 column (2.6 cm × 13 cm, GE Healthcare, 

Fairfield. CT. USA) pre‐equilibrated with phosphate buffer 
(20 mmol/L, pH 6.8) containing 50 mmol/L NaCl. The protein 
fractions were collected and analyzed for chitinase activity.

Polyacrylamide gel electrophoresis (SDS-PAGE) was 
performed to analyze the purity and molecular weight of purified 
chitinase. The electrophoresis voltage was set at 100 V at first 
and risen to 120 V once the bromine phenol blue front entered 
the separation gel. After electrophoresis, the gel was stained, 
decolorized, and analyzed on the gel imager.

The band of interest was removed from the gel and digested 
by trypsin. The sample was mixed with matrix solution. Mass 
spectra were recorded on a matrix‐assisted laser desorption/
ionization time‐of‐flight mass spectrometer (MALDI‐TOF‐MS, 
Bruker Daltonics, Karlsruhe, Germany), which was equipped 
with a nitrogen laser. The fragment spectra were obtained in the 
positive mode and identification and the correlation of possible 
similarities with proteins present in the database was determined 
automatically by the algorithm Mascot (Rigueira et al., 2016).

Chitinase activity assay and protein determination

The formation of p-nitrophenol from p-nitrophenyl-N-
acetyl-β-D-glucosaminide was taken as a quantitative indicator 
for chitinase activity. A volume of 50 μL of 0.2 mol/L CPB, 
pH 5.5, was incubated with 50 μL substrate solution (0.3%, 
w/v) and 50 μL of sample was incubated for 15 min at 35 oC. 
The reaction was stopped by the addition of 2.5 mL of 0.01 mol/L 
NaOH. Blanks were added with stop solution and then enzyme 
sample. The absorbance of samples and blanks was read at 
410 nm. One unit of chitinase activity (U) was defined as the 
amount of the enzyme which catalyzed the release of 1 μmol of 
p-nitrophenol per minute per milliliter. The protein concentration 
was determined by the Bradford method, using bovine serum 
albumin as a standard. Specific activity was expressed as units 
per milligram of protein.

Properties of the purified chitinase

The optimum temperature was determined by assaying the 
chitinase activity at various temperatures (0-75 °C) for 60 min 
in CPB (0.2 mol/L, pH 5.5). The thermostability of the enzyme 
was determined by pre-incubating the enzyme at various 
temperatures ranging from 0 to 75 °C. Aliquots were withdrawn 
and allowed to cool and the enzyme assay procedure described 
above was followed.

The optimum pH for the purified chitinase was detected by 
analyzing its activity over a pH range of 3.5-7.5 using 0.2 mol/L 
CPB. The stability of the enzyme at varying pH was determined 
by pre-incubating the purified enzyme in the buffers mentioned 
above for 1 h at 4 °C and subsequently analyzed the residual 
activity under standard assay conditions. The experiments were 
performed in triplicates and their mean value was utilized for 
activity calculations.

Effects of various metal ions (Fe2+, Zn2+, Ba2+, Mg2+, Mn2+, Cd2+, 
Ca2+, Cu2+, Co2+) and EDTA on chitinase activity were studied by 
pre-incubating the purified enzyme in CPB (0.2 mol/L, pH 5.5) 
with metal ions (10 mmol/L). After incubation for 1 h at 4 °C, 
residual enzyme activity was measured under the standard assay 
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conditions. The enzyme activity obtained without the addition 
of any metal ion was set as 100% for comparison purposes.

Substrate specificity and kinetics parameters. The effect of 
the concentration of substrate was determined by measuring 
the enzyme activity on a broad substrate concentration in CPB 
(0.2 mol/L, pH 6.5).

The kinetic parameters of the purified chitinase were 
determined by measuring the enzyme activity at different 
concentrations (0.5-1.4 mmol/L) of p-nitrophenyl-N-acetyl-β-
D-glucosaminide. The assay was conducted in triplicates, The 
Vmax and Km were estimated through the linear regression plots 
of Lineweaver and Burk.

Role of purified chitinase on free fluoride release from Antarctic 
krill cuticle

An amount of 2.0 g krill cuticle was placed in a 50 mL plastic 
centrifuge tube and the chitinase solution was added. Buffer 
solution (phosphate buffer, 20 mmol/L, pH 6.8) was used as a 
negative control. The ratio of cuticle to enzyme solution was 
1:15 (W: V). The content was kept at 20 °C, and the fluoride 
content was detected every two hours by the standard fluoride 
selective ion electrode method (Guo et al., 2017).

Kinetics of free fluoride release from Antarctic krill cuticle by 
the hydrolysis of chitinase

The first-order kinetic equation was employed to construct 
the fluoride release kinetics based on the amount of free 
fluoride released from the digestion of Antarctic krill cuticle. 
The mathematical simulation was carried out with MATLAB 
software.

Determination of acetylglucosamine content

Determination of acetylglucosamine content in the solution 
was conducted according to Imoto & Yagishita (1971).

Determination of fluoride content

The fluoride concentration of samples was determined using 
a fluoride ion-selective electrode (ISE) according to a standard 
addition method reported by Yao et al. (2021).

Data analysis

Values were expressed as the mean (standard deviation of 
three parallel measurements). Differences between variables 
were tested for significance by one-way ANOVA using SPSS 
19.0 (SPSS Inc., Chicago, IL). P < 0.05 was considered to be 
statistically significant. MATLAB statistical software was used 
to regression fitting the kinetic equation.

3 Results and discussion

3.1 Isolation, purification and identification of chitinase

The crude enzyme precipitated by ammonium sulfate 
was purified using Q-Sepharose F.F column and Sephacryl 
S200 column (Figure 1). The purified chitinase showed a single 

band by SDS-PAGE analysis, whose apparent molecular mass 
was 59.0 kDa (Figure 2). The specific activity of chitinase was 
increased 1.54 folds after (NH4)2SO4 precipitation, chromatography, 
whose purity was greatly increased (102.94-fold) with a recovery 
of 16.11% and the final specific activity was getting to 6.56 U/mg 
on average (data not shown).

The purified chitinase from Antarctic krill showed sequence 
similarity with chitinase precursor from Penaeus vannamei 
[ACG60513.1], the peptide matches are shown in Table 1. Results 
showed that the purified chitin hydrolase was endogenous 
chitinase.

3.2 Characterization of purified chitinase

Optimal temperature and pH

Temperature and pH play important roles in enzyme activity 
and stability. The purified enzyme exhibited activity between 
20-60 °C, its optimal temperature being 45 °C (Figure  3A), 
and had good thermostability at temperatures below 35 °C 
(Figure  3B). Spindler & Buchholz (1988) reported that the 
optimal temperature for chitinase in Euphausia superba was 

Figure 1. Chromatographic purification of Antarctic krill chitinase. 
(A) Elution profile of the ammonium sulfate precipitated fraction from 
chromatography over a Q-Sepharose Fast Flow column; (B) Sephacryl 
S-200 gel filtration column.
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45 °C and stable below 30 °C, and the enzyme was destroyed at 
60 °C. The optimal temperature range for chitinase is 40-50 °C 
(Karthik et al., 2015; Mander et al., 2016). The results of this 
study were consistent with these reports. No chitinase activity 
can be detected from Locusta migratoria chitinase below 20 °C 
(Zielkowski & Spindler, 1978). However, in the present study, 
the chitinase activity can be detected at low temperature, even 
at 0 °C. The reason may be that the enzymes of Antarctic krill 
have adapted to the low-temperature environment. T

The enzyme was active between pH 5.0-7.0 and showed 
maximum activity at pH 6.5 in 0.2 mol/L CPB (Figure  3C). 
Almost no chitinase activity was detectable under pH 4.5. 
From pH 5.0 to 7.5, the activity was higher than those at other 
pH values, indicating that the enzyme was active in a neutral 
environment. The enzyme displayed stability in the range of pH 
5.0-6.0 as more than 84% of its activities were maintained after 
it was treated in different buffers (Figure 3D). The poor stability 
in an acidic environment indicated the denaturation of the 
chitinase because the loss of activity due to pH in this work was, 
to some degree, irreversible over a certain pH range. Spindler 
& Buchholz (1988) reported that the chitinase in Antarctic krill 
showed the highest activity at pH 6.0, the present results were 
similar to this research. While the chitinase from Streptomyces 

Figure 2. SDS-PAGE of endogenous chitinase in Antarctic krill (M: marker; 
1: crude enzyme; 2: Dialysate: 3: Q-Sepharose F.F; 4: Sephacryl S200).

Figure 3. Characterization of purified chitinase. (A) optimal temperature; (B) thermal stability; (C) optimal pH; (D) pH stability.
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sp. CS495 was active from pH 8.0 to 13.6 with the highest 
activity at pH 12.5 (Meena et al., 2014). The chitinase produced 
by Humicola grisea had optimum activity at a relatively lower 
pH 3.0 (Kumar et al., 2018). Chitinases from different sources 
differ significantly in their properties.

Effects of metal ions and EDTA on chitinase activity

Metal ions play important roles in biological catalysis 
(Han et al., 2009). The influence of metal ions was illustrated 

in Figure 4. With 10 mM of tested elements, none of the metal 
ions tested provided good activation of the chitinase. This result 
was similar to that of chitinase from Streptomyces violaceusniger 
and Paenibacillus pasadenensis (Fu et al., 2016; Guo et al., 2017). 
The chitinase activity was enhanced mildly by Ca2+ and Mg2+ and 
strongly inhibited by Fe2+, Cu2+ and Co2+, whereas no significantly 
different rates for Zn2+, Ba2+, Mn2+, Cd2+ were observed. Fu et al. 
(2016) reported that Ca2+ and Mg2+ activated chitinase activity 
and Co2+ inhibited.

EDTA, a chelating agent capable of binding metal ions in 
solution, showed no inhibition of the chitinase activity, suggesting 
that the chitinase in Antarctic krill was not a metal‐enzyme 
(Guo et al., 2017). As opposed to the chitinase from Antarctic krill, 
the activity of chitinase from marine-derived Aspergillus terreus 
was inhibited by the treatment with EDTA (Farag et al., 2016).

Effect of the concentration of substrate and kinetic parameters

The effect of the concentration of substrate on the activity of 
chitinase was shown in Figure 5A. The chitinase was inhibited 
by an excess of substrate. Spindler & Buchholz (1988) reported 
that the activity of chitinase from Meganyctiphanes norvegica 
decreased at high substrate concentration. To investigate the 
enzymatic action of this chitinase, the kinetic parameters of the 
purified chitinase were studied using p-nitrophenyl-N-acetyl-β-
D-glucosaminide as substrate. Kinetic parameters were obtained 
from Lineweaver-Burk double reciprocal plots (Figure  5B). 

Table 1. Identification of chitinase by MALDI-TOF-MS.

Protein Peptide sequence Identified protein Accession number
Purified chitinase KLVXELRE chitinase 1 precursor (Penaeus 

vannamei)
ACG60513.1

KGIPRSGKA
KLVHNKAPRA
RRPGLXEWAY

WV GFADVHSMLY
VPFTHKGDQWVGYEDPDSLK
APTLPPTTTN SWWTPPTTTT

Figure 4. Effects of metal ions and EDTA on chitinase activity.

Figure 5. Effect of the concentration of substrate and kinetic parameters. (A) effect of the concentration of substrate on the activity of chitinase; 
(B) Lineweaver-Burk plots of the purified chitinase.
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The Km and Vmax values are 5.88 mmol/L and 2.11 μmol/min·mL, 
respectively.

3.3 Role of purified chitinase on free fluoride release from 
Antarctic krill cuticle

The purified chitinase was used to investigate the relationship 
between chitinase activity and free fluorine release from Antarctic 
krill cuticle. Data showed that the concentration of fluoride ions 
in the solution increased rapidly within 6 h post-hydrolysis 
and entered an equilibrium phase from 8 h on (Figure  6A). 
The concentration of acetylglucosamine increased with the 
hydrolysis of chitinase (Figure 6B), this indicated that parallel 
to the increasing of free fluoride concentration in the solution, 
chitin fibers in the cuticle samples were decomposed.

During the molting process of Antarctic krill, chitinases 
are secreted to the cuticle where they degrade the chitin fibers. 
Chitin content in the old cuticle is reduced by about 50% 
while molting completes (Spindler-Barth, 1976), and the chitin 
degradation products will then be transported back to the body 
for resynthesizing new chitin fiber (Gwinn & Stevenson, 1973). 
With the degradation of the cuticle, fluoride in the old cuticle 
quickly dissolves and dissipates, thus causing the fluoride content 
to decrease rapidly (Adelung et al., 1987).

Chitin is hydrolyzed by N-acetylglucosaminidase, which 
specifically breaks β-1,4 glycosidic bonds and is one of the 
main causes of its degradation. Endochitinase degrades chitin 
in the cuticle of crustaceans to oligosaccharides, which are then 
degraded by acetylglucosaminidase to produce acetylglucosamine 
monomer, the precursor of chitin (Buchholz & Vetter, 1993). 
Chitinase is expressed in distributes in the epidermis and 
digestive tract of Antarctic krill (Peters et al., 1999). The highest 
expression level of chitinase is at the middle stage of molting 
before the cracks between the old and new cuticle appearance 
(Seear et al., 2010). It is reported that chitinase was secreted into 
the outer of the cuticle to degrade chitin (Buchholz & Buchholz, 
1989). After the death of Antarctic krill, the chitin-degrading 
enzymes in the cuticle can degrade the chitin fiber and destroy 
the structure of the cuticle. Results showed chitinase triggered the 
transformation of the fluoride forms and induced free fluoride 
release from Antarctic krill cuticle.

3.4 Kinetic of free fluoride release from Antarctic krill cuticle 
hydrolyzed by chitinase

The release of free fluoride from the cuticle includes two 
stages: the initial rapid release phase and the subsequent slow 
release phase. The release rates can be described by the following 
equation:

( )1 20 01 / ; 1K t K t
t tR S S S S He H e− − = − = + −    (1)

( )1 21 1  K t K tR He H e− −= − − −  (2)

In Equations 1 and 2, R is the release rate of free fluoride 
in Antarctic krill cuticle at time t. tS  is the total amount of free 
fluoride in Antarctic krill cuticle at time t (μg/g). 0S  is the total 
amount of free fluoride in Antarctic krill cuticle at t=0 (μg/g), 

that is, the total amount of free fluoride in Antarctic krill cuticle. 
H is free fluorine released quickly from the cuticle. 1K  is the 
first-order release constant of the rapid release stage in Antarctic 
krill cuticle.1-H is free fluoride released slowly from shrimp 
shell. 2K is the first-order release constant of the slow release 
stage in Antarctic krill cuticle and t is time (h).

Since the enzyme solution used here did not contain fluoride 
ions, the amount of free fluoride released by the hydrolysis of krill 
cuticle by endogenous chitinase equals the amount of fluoride 
ions in the solution minus the fluoride ions at 0 h. Then the 
following equation holds:

( ) ( )1 2 01 1K t K t
S W WHe H e Q C C V− − − − − × = −    (3)

From Equation 3:

( )1 2 01 1 /K t K t
W S WC He H e Q V C− − = − − − × +  

 (4)

where WC  is the total amount of free fluoride in Antarctic krill 
cuticle at time t (μg/g). SQ  is the total amount of free fluoride in 
Antarctic krill cuticle that can be released by chitinase (μg/g). 

WV  is the volume of the solution.

The total amount of free fluoride in Antarctic krill cuticle 
can be calculated by Equation (5).

S tQ P N F= × ×   (5)

where P is the weight of Antarctic krill cuticle (g). N is the ratio 
of fluoride released by chitinase to the total fluoride in Antarctic 
krill cuticle; tF  is total fluoride in Antarctic krill cuticle (μg/g).

The Equation 4 is transformed into:

( )1 2 01 1  K t K t
W tC He H e P N F C− − = − − − × × × +  

 (6)

The Equation 6 presents the change of the free fluoride 
content in the solution with the hydrolysis duration, H, N, Ft, P 
and was 0.98, 0.13,675.06, 2.0, and 10.80, respectively. The kinetic 
expression of free fluoride released from Antarctic krill cuticle 
by chitinase hydrolysis is:

1 21 0.98 0.02 175.52 10.80K t K t
WC e e− − = − − × +  

 (7)

MATLAB statistical software was used to perform nonlinear 
regression fitting on the free fluoride release data from krill cuticle 
hydrolyzed by chitinase, and the values of release rates K1 and 
K2 were 0.0111 and -0.1500,respectively. Regression coefficient 
R2 was 09529. Substituting the rate constant into the Equation 7:

0.0111 0.151 0.98 0.02 175.52 10.80t t
WC e e− = − − × +  

 (8)

Equation 8 is the kinetic equation of free fluoride released 
from Antarctic krill cuticle hydrolyzed by chitinase.

To verify the kinetic model of free fluoride release from 
Antarctic krill cuticle, the data calculated by the model and the 
data obtained from experiment results were compared. As seen 
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Table 2. Validation on a kinetic model of free fluoride release from Antarctic krill cuticle by chitinase.
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Figure 6. Effects of purified endogenous chitinase on the hydrolysis of Antarctic krill cuticle. (A) changes of free fluoride release; (B) changes 
of acetylglucosamine content.
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