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Abstract—The Caribbean king crab Maguimithrax spinosissimus is an omnivorous crustacean with
high feeding plasticity. We characterized the main digestive enzymes of this crab species. Alpha�
amylase and esterase activities were higher in the hepatopancreas, while those of trypsin and
chymotrypsin were higher in the gastric fluid. Only one α�amylase isoform of 40 kDa generates a
high α�amylase activity in this crab with a maximum at pH 5.5, 40–60°C, and 2.5 mM CaCl2.
A high proteolytic activity was observed in the gastric chamber, while the activity of these enzymes
was low in hepatopancreas extracts due to the presence of an inhibitor that was further
demonstrated by enzyme assays and reverse zymography. Several proteases from 10 to 45 kDa are
synthesized in the hepatopancreas and selectively secreted into the gut. Trypsin�like and
chymotrypsin�like activities were highest at pH 7, 60°C, 0.02–1.5 M NaCl, 25 mM CaCl2. These
activities were poorly influenced by Ca2+. Both enzymes were stable at a neutral to alkaline pH and
a temperature up to 40°C. Esterase activity peaked at pH 9.0, 37°C, 2 M NaCl, being also poorly
affected by Ca2+ but temperature sensitive. In summary, high α�amylase and protease activities, a
high protease abundance, as well as a tight control over their activity by an unknown inhibitor�
based mechanism appear suited for M. spinsissimus to feed opportunistically on a diet of benthic
algae and epifauna with eventual carnivorous preferences.
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INTRODUCTION

Crabs (Infraorder Brachyura) are a highly suc�
cessful group of crustaceans, comprising 7250
species with a wide variation in feeding habits,
including herbivores, carnivores, scavengers,
deposit and filter feeders, although most of them
can be considered opportunistic omnivores [1, 2].
Therefore, crabs are suited for studying the evolu�
tion of feeding habits and, particularly, adapta�
tions (e.g., behavioral, morphological,
biochemical, physiological) to their diet. Regard�
ing biochemical adaptations, studies have been
performed on the digestive enzymes of different
crab species [1, 3–7]. In general, carnivorous
crabs produce high amounts of such proteinases as
trypsin and chymotrypsin, herbivorous species
exhibit high cellulase activity, whereas omnivo�
rous species show high activity of proteinases and
amylase, while also exhibiting activities of cellu�
lase to digest plants and chitinase to break down
chitin of invertebrate shells [1]. This link between
digestive enzymes and dietary preferences, how�
ever, was not observed in one study comparing the
digestive enzymes of four sympatric land crab spe�
cies with detritivorous or omnivorous feeding
habits [8]. Likewise, a relatively high α�amylase
activity in carnivorous larvae of the crab Hyas
araneus does not correspond to a low carbohy�
drate level in its food and may be a phylogenetic
remnant from ancestor species with partly herbiv�
orous larvae [9]. Among different feeding habits,
omnivory is perhaps the most interesting from an
evolutionary perspective because differences
between plants and animals force to seek trade�
offs in the traits required to use these feeds [10].
Moreover, the fact that the capacity of consuming
plant materials had independently arisen in sev�
eral crustaceans’ lineages [11] makes the differ�
ences to arise in biochemical adaptations to plant�
rich diets among groups/species.

The Majoidea superfamily includes six families
(Epialtidae, Inachidae, Inachoididae, Majidae,
Mithracidae, Oregoniidae) [2], with a wide geo�
graphical distribution [12]. Some species, such as
Mithraculus coryphe and M. sculptus, have a com�

mercial value as ornamental species [13], while
larger species sustain commercial fisheries [14],
such as the Caribbean king crab Maguimithrax spi�
nosissimus [15, 16]. This crab is distributed
throughout the tropical Atlantic Ocean from the
Southwest of the United States of America to
Venezuela, and lives on coral and rocky reefs from
3 m down to 40 m [17], although it has been found
at an almost 200 m depth [18]. M. spinosissimus
forages on benthic algae (i.e. macroalgae and algal
turf) and associated epifauna (i.e. nematodes
polychaetes, microcrustaceans) [16, 18, 19].
Indeed, it has been reported that in captivity, no
meat supplements to this crab’s diet affect the
growth rate negatively [20]. Moreover, it is well
known that under certain conditions (e.g. high
population densities and poor nutrition in captiv�
ity) this species can exhibit cannibalistic behavior
[15]. This observation suggests that the Caribbean
king crab has the enzymatic capabilities to digest
quite different feeds. Digestive plasticity is known
in other crabs too. For instance, in the crab Neo�
helice granulate, trypsin, chymotrypsin, and cellu�
lolytic activities were higher in crabs fed on leaves
than in those fed on sediments [21]. In addition, a
dietary shift has been documented in some species
both throughout ontogeny [22] and during habitat
changes (e.g., estuarine, marine) [23]. However,
there is no information on the biochemistry of
digestion in M. spinosissimus and, accordingly, on
biochemical adaptations that allow this crab to
behave opportunistically as a herbivore, omnivore
and/or carnivore. Thus, this study aimed to char�
acterize the main digestive enzymes in the Carib�
bean king crab with a special focus on proteinases
and α�amylase because of their key roles in diges�
tion in carnivorous and omnivorous crabs, respec�
tively [1]. The results to be obtained were
supposed to promote our understanding the adap�
tations of this crab species to omnivory.

MATERIALS AND METHODS

1. Collection of samples and preparation of extracts
Crabs were collected (n = 10) in June 2017 in

the North coast of Playa, Havana, Cuba
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(23°7.733' N–82°25.409' W). Animals were trans�
ported alive to the Center for Marine Research at
the University of Havana, Cuba. This study did
not involve endangered or protected species. The
animals were anesthetized by immersing into ice�
cold water before hepatopancreas extraction.
Gastric fluid samples were obtained through the
oral cavity using disposable insulin syringes with a
plastic cannula over the sharp end of the needle as
described previously [24]. Enzymatic extracts
were obtained by homogenizing the samples with
silver 1 mM diethyldithiocarbamate (a phenoloxi�
dase inhibitor) to avoid melanization [25]. The
gastric fluid and hepatopancreas extracts were
centrifuged at 8000× g for 25 min at 4°C, and the
supernatants were immediately frozen in liquid
nitrogen and then stored at –80°C until use. The
pH of the gastric fluid was measured after
extraction, whereas pH of the hepatopancreas
after homogenization. Thus, the pH of the hepa�
topancreas extract did not necessarily reflect the
pH in the gland microtubules, where extracellular
digestion took place.

2. Enzyme assays
Crude extracts were diluted to concentrations

at which initial velocity conditions were met, i.e.
the enzyme activity depended on the enzyme
concentration and was independent of the sub�
strate concentration. Assays were always run in
triplicate, and activities were expressed as a varia�
tion in the absorbance per minute, as specific
activity per milligram of protein (ΔAbs min–1 mg
protein–1), or as a percentage. The soluble pro�
tein content of the extracts was measured by the
Bradford protein assay [26] using bovine serum
albumin as a standard.

2.1. Trypsin and chymotrypsin�like activities
Trypsin�like (EC 3.4.21.4) activity was mea�

sured using 1.25 mM N�benzoil�DL�Arg�p�
nitroanilide (BApNA) in 200 mM Tris�HCl con�
taining 20 mM CaCl2 (pH 7.0) as described else�
where [27]. Chymotrypsin�like (EC 3.4.21.1)
activity was measured using 0.1 mM Suc�Ala�
Ala�Pro�Phe�p�nitroanilide (SApNA) in the
same buffer [27]. Substrate stock solutions of
BApNA (125 mM) and SApNA (10 mM) were
prepared in DMSO and brought to the working

concentration by diluting with buffer prior to the
assay. The assays were performed in 96�well
microplates, and reaction mixtures consisted of
50 μL of enzyme extract, 150 μL of the buffer and
50 μL of the substrate working solution. Released
p�nitroanilide (pNA) was detected kinetically
every 15 s for 10 min at 405 nm and 37°C, using a
Biotek ELx808IU microplate reader. The speed
of the reaction was determined by the slope of the
linear portion of the absorbance versus time plot,
using the KC4 software (BioTek).

2.2. Alpha�amylase activity
Alpha�amylase (α�1,4�alpha�D�glucan glu�

canohydrolase; EC 3.2.1.1) activity was measured
using 1.125 mM 2�Chloro�4�nitrophenyl�a�D�
maltotrioside (CNP�G3) as a substrate in assay
buffer (50 mM MES [2�(N�morpholino) ethane�
sulfonic acid], pH 5.5) [28]. The assay was per�
formed in 96�well microplates, and the reaction
mixture consisted of 50 μL of enzyme extract in
200 μL of the buffer with CNP�G3. The released
2�chloro�4�nitrophenol (CNP) was measured
kinetically at 405 nm for 10 min at 37°C.

2.3. Esterase activity
Esterase activity (EC 3.1.11) was measured

using 0.3 mM p�nitrophenyl butyrate (pNPB) as
described previously [29]. The stock solution of
pNPB substrate (10 mM) was prepared in 1 mL of
acetone and brought to the working concentration
by diluting with buffer (50 mM Tris�HCl, 6 mM
CaCl2, 2 M NaCl, pH 9). The assay was per�
formed in 96�well microplates, and the reaction
mixture consisted of 10 μL of enzyme extract,
190 μL of the buffer and 50 μL of the working sub�
strate solution. Released p�nitrophenol (pNP)
was detected as described above.

3. Effect of ionic strength and calcium on enzymatic 
activity

The effect of NaCl and CaCl2 on the activity of
different enzymes was evaluated by using different
concentrations of NaCl (0.025, 0.05, 0.1, 0.2, 0.3,
0.4, 0.5, 1, 1.5, 2 M; for esterase activity, the
range was extended up to 3 M) and CaCl2 (0, 1,
2.5, 6, 12.5, 25, 50 mM) in the assay buffers. Neg�
ative controls were carried out using buffer solu�
tions without the enzyme. The optimum
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concentrations of NaCl and CaCl2 for each
enzyme were always used in subsequent assays.

4. Effects of pH and temperature on the activity and 
stability of enzymes

The optimum pH for the enzymes studied was
determined by evaluating their activities at differ�
ent pH, using the following buffer solutions:
50 mM sodium citrate (pH 2–4), Tris�HCl
50 mM (pH 5–8) and 50 mM Glycine�NaOH
(pH 9–10). Enzyme assays were performed as
described above. The optimum temperature was
determined by measuring the activity of the
enzymes in the range from 10 to 70°C. The effects
of pH and temperature on the stability of the
digestive enzymes were assessed by preincubating
the enzyme extracts at different pH and tempera�
ture for 60 min. The mixtures were then brought
to the optimum pH of the enzyme before per�
forming the enzyme assay at 37°C. The stability
results were expressed as a residual activity (% of
the maximum activity). Activation energy (Ea)
and Q10 values were calculated for the range from
10 to 37°C. Ea was obtained from the Arrhenius
plot of log activity versus 1/T.

5. Zymograms of digestive proteases and α�amylase
Substrate�SDS�PAGE (5% stacking gel, 15%

separating gel) was used to determine the compo�
sition of digestive proteases [30]. The samples
were neither heated nor treated with β�mercap�
toethanol. Gels were run at 30 mA constant cur�
rent and 4°C in a vertical electrophoresis device
(P81 Puffin™, Owl, 8 × 10 × 0.75 cm). The gel was
then immersed in a 3% casein solution for 45 min
at 4°C to allow the diffusion of casein into the gel
and incubated at 37°C for 1 h to allow the prote�
ases to digest gel�embedded casein. The gel was
washed with distilled water and stained with 0.1%
Coomassie Brilliant Blue in 40% methanol with
10% acetic acid and finally distained with the
same solution without the dye. The gel stains blue
due to the presence of casein except the areas with
proteolytic activity. Unreduced molecular weight
markers (15–175 kDa, NIPPON Genetics) were
used to determine apparent molecular weights. In
addition, for protease classification, the same sub�
strate�SDS�PAGE was used [27], but the enzyme
extract was incubated with different inhibitors for

60 min at 25°C before electrophoresis. The inhibi�
tors employed were the soybean trypsin inhibitor
(SBTI) and phenylmethane sulfonyl fluoride
(PMSF) for serine proteases inhibition, NEM for
cysteine protease inhibition, EDTA for metallo�
protease inhibition, Nα�p�tosyl�L�lysine chloro�
methyl ketone (TLCK) for trypsin�like inhibition,
N�tosyl�L�phenylalanine chloromethyl ketone
(TPCK) for chymotrypsin�like inhibition. The
absence of bands in the presence of specific inhib�
itors indicated a specific type of protease.

Substrate�SDS�PAGE for α�amylase was per�
formed in a 5% stacking gel and a 12% separating
gel as described previously [27]. Electrophoresis
was carried out under the same conditions as for
proteases. The gel was immersed in a starch solu�
tion (1%, p/v) at pH 6 for 60 min. Subsequently,
the gel was washed and stained with a iodine/KI
solution (10%) until clear bands were visualized
on the dark background. Molecular weight mark�
ers (15–175 kDa, NIPPON Genetics) without a
reducing agent were used to determine apparent
molecular weight.

5.1. Reverse zymography
In order to determine the protease inhibitory

activity of hepatopancreatic extracts from the king
crab, a reverse zymography was used [31]. To do
this, a Substrate�SDS�PAGE (5% stacking gel,
15% separating gel) was performed. The separat�
ing gel was co�polymerized with 1% gelatin as a
substrate. The run was performed as mentioned
above. Then, the gel was washed six times every
10 min with 100 mL of 2.5% Triton X�100 to
eliminate SDS. Subsequently, the gel was incu�
bated at 37°C for 1 h in 50 mM Tris�HCl
(pH 7.5), bovine trypsin (0.01 mg/mL). The gel
was then stained with Coomassie brilliant blue
0.1% in a solution of 40% methanol and 10% ace�
tic acid for 1 h and distained with the same solu�
tion without dye until bands with inhibitory
activity were visible.

6. Inhibitory activity
The inhibitory activity in crude extracts of

hepatopancreas was determined as described pre�
viously [32]. Briefly, the proteolytic activity of
bovine trypsin was determined using BApNA as a
substrate (final concentration, 0.9 mM). A bovine
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trypsin solution was prepared at a concentration
of 1 mg/mL in trypsin�stabilizing buffer (1 mM
HCl, 20 mM CaCl2). The nominal trypsin con�
centration was determined at 280 nm using an
extinction coefficient (E280 1%) of 14.4 [33].
Then, different concentrations of crude hepato�
pancreatic extracts were used in a mixture com�
posed of 50 μL trypsin 1 mg/mL; 10, 20, 30, 40,
50, 60 and 70 μL extract of hepatopancreas. The
mixture was brought to a final volume of 200 μL
with the buffer (50 mM Tris�HCl, 20 mM CaCl2,
20 mM NaCl, pH 7.0). The final mixture was
incubated at 37°C for 10 min, and 50 μL of the
substrate (BApNA) were added thereafter. Absor�
bance readings were made every 15 s for 10 min at
405 nm and 37°C, using a Biotek ELx808IU
microplate reader. The data were recorded using
the BioTek KC4 software. For a control reaction,
the same mixture was used to replace the volume
of the homogenate by the buffer solution. The
percentage of inhibition was determined accord�
ing to the formula:

where vi—initial velocity obtained for extracts and
enzymes; v0—initial velocity obtained for the
enzyme.

RESULTS

1. Digestive enzymes in Maguimithrax spinosissimus
We first established the distribution of major

digestive enzymes in the digestive tract of the
Caribbean king crab Maguimithrax spinosissimus,

and then determined their operational parame�
ters. Table 1 shows the specific activities of diges�
tive enzymes measured in the gastric fluid and
hepatopancreas of M. spinosissimus. In the hepa�
topancreas, α�amylase and esterase activities were
2 and 14 times higher, respectively, than in gastric
fluid. However, trypsin and chymotrypsin�like
activities were mostly observed in gastric fluid,
with trypsin activity doubling chymotrypsin activ�
ity. It is worth noting the low trypsin and chymo�
trypsin�like activities found in the
hepatopancreas, where these enzymes are synthe�
sized and stored (Table 1). This contrasted with
the high number of protease bands observed in the
hepatopancreas after electrophoresis (Fig. 1a).
More than 12 bands between 45 and 10 kDa of the
apparent molecular weight were detected. Some
of these bands were absent from gastric fluid at the
moment of sampling (Fig. 1a). To investigate the
possible causes for low activities of trypsin and
chymotrypsin�like enzymes in the hepatopan�
creas, we evaluated the protease inhibitory activ�
ity of crude hepatopancreatic extracts using
bovine trypsin as an enzyme. Our results sug�
gested the presence of a putative inhibitor of ser�
ine proteases, as we found a positive correlation
between the hepatopancreatic crude extract con�
centration and inhibition of bovine trypsin
(Fig. 1b). Moreover, by analyzing hepatopancreas
crude extracts using a reverse zymography, an
intense and diffuse band was observed below
10 kDa (Fig. 1c), corroborating the presence of at
least one small serine protease inhibitor.

The use of specific inhibitors of proteolytic
activity showed that PMSF is a poor inhibitor of
serine proteases in this crab (Fig. 2a). However,
the protease bands below 20 kDa were strongly
inhibited by SBTI, indicating that they all are ser�
ine proteases (Fig. 2a). Three of these bands were
also turned off by EDTA (Fig. 2a). Although
TLCK was a weak inhibitor, it partially inhibited
proteases smaller than 15 kDa, indicating that
these are trypsin�like enzymes.

Since TPCK was unable to inhibit the observed
bands, chymotrypsin�like enzymes remained
unidentified (Fig. 2a). Two very active bands
between 30–40 kDa were not inhibited by serine
protease inhibitors or any other inhibitor used in
this study and thus remained unclassified

Table 1. Specific activity of digestive enzymes in the
hepatopancreas and gastric fluid of M. spinosissimus

Enzyme

Specific activity,

ΔAbs min–1/ mg protein

Gastric fluid Hepatopancreas

α�Amylase 1.13 ± 0.048 2.41 ± 0.153

Esterase (p�NPB) 0.69 ± 0.015 9.76 ± 0.088

Trypsin 0.64 ± 0.015 0.15 ± 0.072

Chymotrypsin 0.35 ± 0.104 0.13 ± 0.072

Values are means ± SD (n = 10). Activities were assayed at 
optimal pH for each enzyme.
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Fig. 1. Proteolytic activity and endogenous serine protease inhibitor in hepatopancreas extract of M. spinosissimus. (a) Zymo�
gram (15% SDS�PAGE) shows the proteolytic activity in hepatopancreas (HP) extracts and gastric fluid (GF); (b) Inhibition
assay of bovine trypsin activity with increasing concentration of hepatopancreas extract; (c) Reverse zymogram (15% SDS�
PAGE) of trypsin activity showing the inhibitory activity in hepatopancreas extract. MW: molecular weight. Inhibitor is
marked with arrow.

Fig. 2. Enzymatic activity in hepatopancreas extracts of M. spinosissimus. (a) Proteolytic activity and inhibition by specific
inhibitors. Zymogram (SDS�PAGE 15% acrylamide). The following inhibitors were used: soybean trypsin inhibitor (SBTI)
and phenylmethane sulfonyl fluoride (PMSF) for serine proteases, NEM for cysteine protease, EDTA for metalloprotease,
Nα�p�tosyl�L�lysine chloromethyl ketone (TLCK) for trypsin, N�tosyl�L�phenylalanine chloromethyl ketone (TPCK) for
chymotryosin. The absence of spots in the presence of specific inhibitors indicates a specific type of protease. Arrows show
when there was a clearance or disappearance of the bands. (b) Amylolytic activity (SDS�PAGE 12% acrylamide) in hepatopa�
ncreas (HP) and gastric fluid (GF). MW: molecular weight.



CHÁVEZ�RODRÍGUEZ et al.

JOURNAL OF EVOLUTIONARY BIOCHEMISTRY AND PHYSIOLOGY   Vol.  56  No. 6  2020

556

(Fig. 2a). Alpha�amylase exhibited high activity
in gels both for the hepatopancreas and gastric
fluid, where the activity is apparently produced by
a single enzyme. The molecular weight of α�amy�
lase in M. spinosissimus is approximately 40 kDa
(Fig. 2b).

2. Optimal conditions for digestive enzyme activities
Trypsin and chymotrypsin�like enzymes

showed high activities at pH between 6 and 7.5,
with optimum at pH 7.0. No activity was found
under acid conditions (pH ≤ 4.0 for trypsin�like
and pH ≤ 5.0 for chymotrypsin�like enzymes)
(Table 2). Alpha�amylase showed a highest activ�
ity at pH 5.5. Esterase activity was quite sensitive
to acidic media, and the activity increased at pH ≥
6 with optimal values at pH 9.0 (Table 2). The pH
obtained for gastric fluid was 5.6 and 4.8 for the
hepatopancreas. Trypsin and chymotrypsin�like
enzymes exhibited maximum activities at 60°C,
α�amylase between 40–60°C, and esterase at
37°C (Table 2). Activation energy (Ea) and Q10
values were calculated for the range from 10 to
37°C (Table 3).

Trypsin and chymotrypsin�like enzymes exhib�
ited maximum activities at 0.02 and 1.5 M NaCl,
respectively. Chymotrypsin activity was more
affected by the ionic strength than trypsin activity.

CaCl2 exerted a positive effect on these activities
up to 25 mM (Figs. 3a–3b; Figs. 4a–4b). In the
case of α�amylase, NaCl did not affect the activ�
ity, but it increased at CaCl2 concentrations with
maximum values at 2.5 mM (Figs. 5a–5b). CaCl2
in the reaction media poorly affected esterase
activity. However, this activity was enhanced by
NaCl concentrations up to 2M.

3. pH and temperature stability of digestive enzymes
Trypsin and chymotrypsin�like activities were

not stable at pH ≤ 4.0 (Figs. 3c, 4c). However,
after 1 h at pH 5.0, 80% of trypsin and 100% of
chymotrypsin activity were maintained. Alpha�
amylase was the most stable enzyme as it main�
tained more than 50% of its activity at pH 3.0
(Fig. 5c), while esterase activity showed only 20%
of its maximum activity in acidic media. In alka�
line buffers, however, all enzymes sustained more
than 70% of their activity until pH 10. Regarding
thermal stability, trypsin�like enzymes were
shown to be slightly less thermostable than chy�
motrypsin�like enzymes. The former lost their
activity above 37°C, while the latter above 40°C
(Figs. 3d, 4d). Remarkably, α�amylase activity
showed a great thermal stability. After 1 h at 70°C,
only 35% of the activity were compromised
(Fig. 5d). Conversely, esterase enzymes appeared
to be most thermally unstable as they lost stability
above 20°C; esterase enzymes maintained 30% of
their initial activity at 40°C.

DISCUSSION

Digestive enzymes of crustaceans are produced
in the hepatopancreas. Among them, carbohy�
drases, such as α�amylase, peptidases, esterases,
and lipases, are the main enzymes involved in
food digestion [27]. The type of digestive enzymes
in the gut, as well as their activities, reflect the

Table 2. Optimal temperature and pH for the digestive enzymes of M. spinosissimus

Enzyme Optimal T (°C) Optimal pH Observations

Trypsin 60 7.0 no activity in acidic media (pH ≤ 4.0) 

Chymotrypsin 60 7.0 no activity in acidic media (pH ≤ 5.0)

α�Amylase 40–60 5.5 high activity in the range of pH 5.0–6.5

Esterase 37 9.0 no activity in acidic media (pH ≤ 6.0) 

Table 3. Q10 value and activation energy (Ea) for
digestive enzymes of Maguimithrax spinosissimus. The
values shown here were calculated for the range from
10 to 37°C covering the full range of temperatures this
species might face in its natural environment

Enzyme Q10 Ea (kJ mol–1)

α�Amylase 2.00 21.67
Trypsin 1.69 23.70
Chymotrypsin 1.75 20.92
Esterase 1.18 10.72
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ability of the animal to use different components
of the diet. This issue has been addressed in differ�
ent crustacean groups, such as penaeid shrimps
[34, 35], spiny lobsters [36, 37] and crabs [3, 4, 5,
6, 38]. This is the first study on the digestive bio�
chemistry of M. spinosissimus, a crab species that
exhibits a high feeding plasticity.

Proteases, and especially enzymes with trypsin�
and chymotrypsin�like activities, have been the
subject of a large number of studies due to their
central role in the digestion of proteins [36, 39].
The contribution of trypsin activity to total prote�
olysis in different crustaceans varies from 33 to
60%, whereas chymotrypsin�like activity seems to
be more important for the caridean shrimps [27,
34, 35]. Our results indicate a predominance of
trypsin activity in M. spinosissimus, which doubles
the chymotrypsin activity in gastric fluid
(Table 1). High proteolytic activity in gastric
fluid, especially of trypsin, has been observed pre�

viously in carnivorous species, such as the spiny
lobsters [27, 36] and other crustaceans. It is well
known that M. spinosissimus consumes large
amounts and a great variety of algae [40, 18, 41].
Thus, the high protease activity found in M. spino�
sissimus gastric fluid may represent an adaptive
mechanism to maximize the digestion of low pro�
tein diet (i.e., vegetable material) but may also
allow this crab to display an opportunistic feeding
behavior when the animal material becomes
abundant in the environment. Indeed, it is known
that M. spinosissimus can behave like an opportu�
nistic carnivore [15, 19, 42, 43]. Also, activation
energy (Ea) and Q10 values were calculated for the
range from 10 to 37°C, covering the full range of
temperatures this species may face in its natural
environment. No substantial differences were
found in Ea between α�amylase and proteases.
However, the Q10 obtained for α�amylase was
higher than for trypsin and chymotrypsin, indi�

Fig. 3. Characterization of trypsin�like activity in M. spinosissimus. Effect of CaCl2 (a), NaCl (b) on trypsin activity and stabil�
ity of the enzyme under different pH (c) and temperature (d). The enzyme activity was measured using 1.25 mM N�benzoil�
DL�Arg�p�nitroanilida (BApNA) as a substrate, n = 5.
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cating that amylase activity is more thermally sen�
sitive than protease activity. This result suggests
that specimens found in deeper waters may
exhibit a higher decrease in amylase than in prote�
ase activity, which may be of adaptive value in an
environment where algae became sparse. On the
other hand, given the high proteolytic activity
(both of trypsin and chymotrypsin) observed in
gastric fluid of M. spinosissimus, our results indi�
cate that protein digestion begins in the gastric
chamber as soon as the food is ingested. The deg�
radation of ingested proteins can be further aided
by the secretion of trypsin, chymotrypsin and
other proteases from the hepatopancreas into the
gastric chamber.

The proteolytic activity in M. spinosissimus
hepatopancreas was very low (Table 1). When
proteolytic activity was studied using a protein
fraction separation technique (i.e. zymography),
the presence of several proteolytic enzymes was

observed in this organ (Fig. 1a). The presence of
twelve bands with proteolytic activity, from 10 to
45 kDa, in the M. spinosissimus hepatopancreas
(Fig. 1a) agrees with studies in other crustaceans.
In particular, this protease pattern is similar to
that described in the hepatopancreas of juveniles
and gastric fluid of the adult southern king crab
Lithodes santolla [44], although few differences
are evident. Low�molecular�weight protease (12–
20 kDa) patterns are quite similar in both species,
including different bands of trypsin�like enzymes
according to our in�gel inhibitor assays. However,
we found a greater number of proteases of high
molecular weight (20–60 kDa) in M. spinosissi�
mus, suggesting that this species may be better
equipped for digesting a wide variety of protein
substrates. The protease abundance in other ani�
mals, such as insects, has been related with func�
tional diversification as an adaptation to plant
feeding [45]. Notably, some proteases found in

Fig. 4. Characterization of chymotrypsin�like activity in crab M. spinosissimus. Effect of CaCl2 (a), NaCl (b) on chymotrypsin
activity and stability of the enzyme under different pH (c) and temperature (d). The enzyme activity was measured using
0.1 mM Suc�Ala�Ala�Pro�Phe�p�nitroanilide (SApNA) as a substrate, n = 5.
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the M. spinosissimus hepatopancreas were absent
from gastric fluid. This is not common amid crus�
taceans, especially in species that routinely ingest
more animal items. Indeed, it is different to that
observed in a strict carnivore, the spiny lobster
Panulirus argus [27], and in the scavenger and
omnivorous predator L. santolla [44]. Moreover,
the composition of proteinases in the hepatopan�
creas and feces are identical in an omnivorous/
opportunistic predator, the shrimp Penaeus vann�
amei [46]. Thus, our results suggest that protease
secretion from the hepatopancreas into gastric
fluid of M. spinosissimus is a selective process, and
this mechanism may have evolved as an adapta�
tion to a specific diet. Two explanations seems
likely for this observation. Firstly, “leading” pro�
teases may be responsible the first steps of protein
digestion, while other proteases may be collec�
tively secreted postprandially. Secondly, some

proteases in the hepatopancreas are only secreted
if specific nutrient signaling occurs after the inges�
tion of a specific diet. Adding a complexity to the
regulation of these enzymes in M. spinosissimus,
they appear to be tightly controlled by an inhibi�
tor�based mechanism in the digestive gland.

Indeed, our observation of low protease activity
in the hepatopancreas and the high number of
bands in zymograms suggested the presence of a
protease inhibitor in the hepatopancreas. We fur�
ther verified this hypothesis by determining the
inhibitory activity of the M. spinosissimus hepato�
pancreas crude extract toward the bovine trypsin
(Fig. 1b), confirming thereby the presence of a
serine protease inhibitor. The presence of prote�
ase inhibitors in the hepatopancreas of crusta�
ceans has been documented previously; they can
inhibit bovine trypsin by 64 to 73% [30]. The
molecular mass of the described inhibitors ranges

Fig. 5. Characterization of α�amylase activity in Maguimithrax spinosissimus. Effect of CaCl2 (a), NaCl (b) on α�amylase
activity and stability of the enzyme under different pH (c) and temperature (d). The enzyme activity was measured using 0.5
mM 2�Chloro�4�nitrophenyl�a�D maltotrioside (CNP�G3) as a substrate, n = 5.



CHÁVEZ�RODRÍGUEZ et al.

JOURNAL OF EVOLUTIONARY BIOCHEMISTRY AND PHYSIOLOGY   Vol.  56  No. 6  2020

560

from 5.9 to 13.2 kDa [30, 39], similar to the mass
of 15 kDa that we estimated for the M. spinosissi�
mus inhibitor (Fig. 1c). In general, the role of pro�
teinase inhibitors in the gut of crustaceans is
poorly understood from a functional and evolu�
tionary perspective.

While other carbohydrases, such as laminari�
nase, play key roles in the digestion of marine
macroalgae, alpha�amylase is essential for the
digestion of starch. Starch is a major storage car�
bohydrate in various species of seaweeds [47],
often reaching more than 20% of their dry matter
[48]. Molecular weights of alpha�amylases range
from 29 to 68 kDa in crustaceans [5, 49–51, 27,
37, 49, 38]. For M. spinosissimus α�amylase, an
approximate molecular weight of 40 kDa was
obtained. Interestingly, in spite of the high α�amy�
lase activity found in this crab species, only one
isoform was observed in zymograms, so it is antici�
pated that this single enzyme exhibits a very high
catalytic activity. This digestive feature matches
the herbivorous feeding habitat of this crab. How�
ever, glycogen is a storage polysaccharide in
marine invertebrates, e.g., mussels, and it is also a
suitable substrate for alpha�amylase. Thus, high
amylase activity in this crab may also represent an
adaptation to opportunistic carnivore behavior.
On the other hand, the high esterase activity
observed in the M. spinosissimus hepatopancreas
would be related with extracellular and intracellu�
lar digestion, as well as metabolic processes in the
gland, such as detoxification [27, 52].

Usually, the optimum pH of an enzyme
approximately reflects the conditions that prevail
in the medium in which it works [53]. In crusta�
ceans, pH values between 4.0 and 5.5 were
reported for the hepatopancreas [54], while for
gastric fluid, pH varies from 5.0 to 7.0 [55],
matching the results obtained in this study: pH 4.8
and 5.6 for the hepatopancreas and gastric fluid,
respectively. In general, the optimum pH for the
enzymes studied showed that they are suited to
exhibit an efficient activity at the pH found in the
crab gut. Also, our results on the optimum pH for
different enzymes are consistent with those
reported for proteases [27, 56], α�amylases [37,
51, 57] and esterases [4, 27, 58] in other crusta�
ceans. In addition, we showed that digestive
enzymes in M. spinosissimus are stable at pH val�

ues found in the digestive tract, hence they are
suited for extended digestion if transit time
decreases as an adaptation to a low�quality diet.

All the enzymes studied enhanced their activ�
ity with increments in temperature, although
optimal temperatures varied. The optimal tem�
perature was 60°C for trypsin� and chymotryp�
sin�like enzymes, 40–60°C for α�amylase, and
37°C for esterases; all these values are consistent
with the data on other crustacean trypsins [27, 56]
and α�amylases [5, 27, 37, 59], while values for
esterases are more variable across species [4, 27].
Accordingly, given the tropical habitat of M. spi�
nosissimus, thermal stability of trypsin and chy�
motrypsin activities (up to 40°C) was higher than
in the temperate lobster P. interruptus [60], being
at the same time similar to that in the tropical
lobster P. argus [27]. While the thermal stability of
α�amylases is compromised above 30–37°C in
some crustacean species [37, 57, 59], we showed
that α�amylase in M. spinosissimus was very stable
at high temperatures (Fig. 5d). In general, these
results relate with structural features of the
enzymes, and it is not clear if there is some relation
with a high temperature and thermal stability of the
environment M. spinosissimus has evolved in.

Trypsin and chymotrypsin�like enzymes in
M. spinosissimus increased their activity with the
ionic strength until maximum activity at 0.02 M
and 1.5 M, respectively, as detected in other crus�
taceans [27]. However, α�amylase activity does
not seem to be affected by NaCl, and this differs
from what have been observed in other species
[37, 61]. Whether these features have evolved as a
result of the stable (i.e., marine) environment of
M. spinosissimus is unknown. In euryhaline crus�
taceans, such as the crab N. granulate, α�amylase
and trypsin gene expression and activity are more
affected by environmental salinities [6].

We also found that the presence of CaCl2 only
slightly enhanced trypsin�like and chymotrypsin
activities. Contradictory results have been
obtained in crustaceans and other invertebrates
regarding the requirement of calcium for trypsin
activity. Unlike mammalian trypsins, many inver�
tebrate trypsins do not seem to require calcium for
their activity or stability. However, trypsins from
crustaceans, such as the shrimp P. vannamei [62],
crayfish A. leptodactylus [63] and spiny lobster
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P. argus [64], have calcium binding sites. In this
study, the loss of some bands (in zymograms) with
serine protease activity in the presence of EDTA
indicated that a minimum amount of calcium is
mandatory for the activity of some M. spinosissi�
mus proteases. On the other hand, at least one cal�
cium binding site occurs in α�amylases [53, 65],
while studies on the crab C. maenas [66], spiny
lobster P. argus [37] and other invertebrates [67,
68] showed an enhancement of α�amylase activity
as the CaCl2 concentration increased. Similarly,
M. spinosissimus α�amylase activity increased as
the concentration of CaCl2 rose up to 2.5 mM but
then started to decline. It is well known that some
members of the α�amylase family are also inhib�
ited by Ca2+. This has been reported for enzymes
with several Ca2+ binding sites, such as in Asper�
gillus niger (two binding sites) [65, 69]. This type
of behavior has been reported previously for three
penaeid shrimps, where α�amylase activity was
inhibited at CaCl2 concentrations higher than
1 mM [59].

In the present study, the key digestive enzymes
in the Caribbean king crab M. spinosissimus were
characterized as the first step to understand bio�
chemical adaptations to its feeding habits. In sum�
mary, we showed that this crab species exhibits a
high proteolytic activity both in the hepatopan�
creas and the gastric chamber, that secretion of
proteases in this crab is a selective process, and
that the activity of serine proteases is tightly con�
trolled by at least one endogenous inhibitor in the
hepatopancreas. Other distinctive features of this
crab’s digestive biochemistry are a great number of
proteinase enzymes and isoenzymes, a single but
very active α�amylase, and a high thermal stability
both of proteases and α�amylase. These features of
M. spinosissimus digestive biochemistry relate with
its great feeding plasticity [15, 19, 42, 43] and its
evolution in the tropical environment. Further
studies are required to address, under controlled
feeding conditions, the physiological significance
and adaptive value both of the selective secretion
and the inhibitor�based control over proteases.
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