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Widespread occurrence

of endogenous cellulase
production and glycosyl
hydrolase in grapsoid
crabs along the land-sea
transition indicates high
potential for mineralisation
of mangrove production

Cheuk Yan Lee and Shing Yip Lee*

Simon F.S. Li Marine Science Laboratory, School of Life Sciences, The Chinese University of Hong
Kong, Hong Kong, Hong Kong SAR, China

Previous studies on mangrove carbon utilisation and mineralisation were
focused on mangrove sesarmid crabs (Grapsoidea: Sesarmidae) because they
are initial processors of mangrove organic carbon. Grapsoid crabs from other
families and habitats were generally ignored although they also perform various
levels of herbivory. It remains unclear how the herbivorous crabs utilise the
production from mangrove or vascular plants because of the high C/N ratio
and high structural carbon content of these materials. In this study, production
of cellulase and expression of hepatopancreatic glycosyl hydrolase of grapsoid
crabs were investigated in a more extensive way in terms of their taxa (15
species) and habitats (i.e., land margin, mangrove, mudflat, and subtidal area).
Generally, low gastric endoglucanase (1.46-2.98 umol min™ ml™) and B-
glucosidase (0.06-0.61 umol min™* ml™) activity was detected in 15 grapsoid
crabs distributed along the land-sea transition. The activity of both enzymes
was significantly affected by the taxonomic affiliation and habitat of the crabs:
endoglucanase in sesarmids > varunids > grapsids; and land margin, mangrove
and limnic habitats > mudflat and subtidal area. For B-glucosidase: sesarmids >
varunids and grapsids; and land and limnic > mangrove and subtidal > mudflat.
Our detection of gastric cellulases in mudflat and subtidal grapsoid crabs has
rarely been reported. These results show that there is a need to re-evaluate the
role of crabs from these habitats in mangrove/vascular plant carbon
mineralisation. Further, low cellulase activity could be a common trait among
crabs along the land-sea transition and the importance of cellulase in vascular
plant carbon utilisation could have been previously over-rated. Glycosyl
hydrolase family 9 (GH9) genes were identified in the hepatopancreatic
transcriptome of all 15 species, indicating endogenous production of
cellulase. In addition, the presence of other digestive carbohydrate-active
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enzymes (CAZymes), including GH5_10, GH13, GH13_24, and GH16, suggests
that a capacity for the utilisation of carbon sources other than cellulose by the
grapsoid crabs, which may enable sufficient assimilation of vascular plant
carbon despite the low cellulase activity.
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Introduction

The land-sea transition on protected shores in the tropics
comprises a series of habitats, namely, the land margin, mangrove
forest, mudflat and subtidal area, in which the mangrove forests, with
their global NPP estimated at ~218 + 72 Tg C y ' (Bouillon et al,,
2008), act as one of the major producers that provide large amounts of
carbon. Despite the high productivity, mangrove organic production
is not highly palatable because of the high C/N ratio, high content of
secondary metabolites (e.g., tannins) and high cellulose content,
which make mangrove biomass unattractive to animals
(Mazumder and Saintilan, 2010). However, there is robust
evidence of brachyuran crabs utilising mangrove leaf litter or fresh
leaves (Leh and Sasekumar, 1985; Micheli, 1993; Linton et al., 2006;
Linton and Greenaway, 2007; Harada and Lee, 2016) as their major
food sources. In the Indo-west-Pacific, sesarmid crabs (Grapsoidea:
Sesarmidae) are key initial processors of mangrove leaf litter. By
shredding or buryingleaves (Lee, 1989a; Robertson and Daniel, 1989;
Camilleri, 1992; Emmerson and McGwynne, 1992; Skov and
Hartnoll, 2002; Mfilinge and Tsuchiya, 2008; Harada and Lee,
2016), they exert great impact on mangrove production and
nutrient dynamics, with some species removing large proportions
of mangrove leaf litter production (Robertson and Daniel, 1989;
Emmerson and McGwynne, 1992; Harada and Lee, 2016). These
crabs such as Parasesarma bidens connect mangrove and higher
trophic levels by acting as prey to predators such as fish, thus linking
mangrove and coastal food chains (Sheaves and Molony, 2000;
Kawaida et al., 2021). Alternatively, they transform mangrove
production into faecal material with improved nutritional value
that may be readily assimilated by deposit-feeders such as fiddler
crabs or suspension-feeders such as copepods (Lee, 1997; Werry and
Lee, 2005).

Cellulose (polymer of glucose joined by 3-1,4-glycosidic bonds),
a structural compound in higher plants, is one of the major forms of
carbon in fresh mangrove leaves and leaf litter. To cleave and
breakdown cellulose into a usable energy source (glucose), endo-f3-
1,4-glucanase (EC 3.2.1.4), exo-1,4-B-glucanase (EC 3.2.1.91 and
3.2.1.74, exocellulase), and B-glucosidase (EC 3.2.1.21) enzymes are
needed. Endo-f3-1,4-glucanase hydrolyses the 3-1,4-glycosidic bonds
to produce oligomers with random lengths. Exo-1,4-B-glucanase
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cleaves cellobiose or glucose from the end of cellulose polymer. 3-
glucosidase cleaves glucose from the non-reducing end of cellobiose
or oligomers (Watanabe and Tokuda, 2010). It was believed that
herbivorous animals merely depend on microorganisms, mostly as
endosymbionts, to digest cellulose before the discovery of cellulase
genes in termites (Bérlocher et al,, 1989; Watanabe et al.,, 1998).
Recent works suggest that various invertebrates such as molluscs (e.g.,
Magallana rivularis, Pirenella cingulata, and Batillaria zonalis) and
crustaceans (e.g., Parasesarma erythodactylum, Episesarma
versicolor, and Gecarcoidea natalis) can produce endogenous
cellulases (Adachi et al., 2012; An et al., 2014; An et al., 2015; Bui
and Lee, 2015; Adachi et al., 2016).

Cellulases are carbohydrate-active enzymes (CAZymes) that
belong to various glycosyl hydrolase (GH) families. There are
cellulases from different GH families (Lombard et al., 2014). For
example, GH7 is exclusively found in fungi while GH9, one of the
most ubiquitous and well-studied cellulase GH, can be found in
organisms across the entire Tree of Life. Endogenous cellulase
production in grapsoid crabs was demonstrated by transcriptomic
analysis (Bui and Lee, 2015; Gan et al., 2018; Gray et al., 2018). On
the other hand, there are reports of terrestrial and mangrove
crustaceans producing hemicellulases such as GH5_10 endo--
1,4-mannase and xylanase, and amylase (Pavasovic et al., 2004; An
etal.,,2014; Linton, 2021) that break down hemicellulose and starch,
in which hemicellulose can constitute up to 30% of the
dicotyledonous plant cell wall (Cosgrove, 2005; Cosgrove, 2014).

Previous studies on mangrove mineralisation by macrofauna
mostly focused on predominantly herbivorous mangrove sesarmids
(Lee, 1989b; Robertson and Daniel, 1989; Emmerson and
McGwynne, 1992; Ashton, 2002; Bui and Lee, 2015; Harada and
Lee, 2016), and there is generally limited information on species that
inhabit environments adjacent to mangroves such as mudflat which
also receive mangroves organic matter (Fratini etal., 2000; Poon etal.,
2010; Nordhaus et al,, 2011; Devi et al, 2013). The presence of
vascular plant and mangrove materials in the stomach of mudflat
organisms shows that they are potential processors of mangrove
production that facilitate mangrove carbon mineralisation (Poon
etal, 2010). To re-evaluate the mangrove mineralisation capability of
animals from various microhabitats of the coastline in the light of
recent findings on CAZyme production, we assessed the presence of
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two cellulolytic enzymes, endoglucanase (EG) and [B-glucosidase
(BG), the optimal pH and temperature of EG, GH gene expression in
the hepatopancreas, and phylogenetic analysis of the GH genes of 15
grapsoid crabs, from the superfamily of brachyurans that are widely
distributed along the tropical land-sea transition.

Materials and methods
Collection and maintenance of crabs

The male individuals of 15 target species and the sites that they
were collected from are shown in Table 1. Most species were
collected from Ting Kok (22°28’12.5”N, 114°12’44.1”E), while
individuals of Parasesarma affine were collected from Mai Po
Nature Reserve (22°2941.6°N, 114°01’54.2”E) and Episesarma
versicolor from Wu Shek Kok (22°32°04.5”N, 114°12’40.6”E),
Hong Kong (Figure 1). Most of the crabs distribute strictly as
described in Table 1, except that mudflat species, Metaplax longipes
and Metopograpsus frontalis also spend some time at lower margin
of mangrove forest. All samples of these two species were collected
in mudflat area. Crabs collected were maintained individually in
cylindrical growth compartments (diameter 75mm x height
85 mm) containing ~30 ml of seawater, freshwater or brackish
water, as appropriate, to prevent dehydration.

10.3389/fmars.2022.1002502

Preparation of crude enzymes

To measure the “field” stomach juice cellulase activities,
gastric juice was sampled from the crabs immediately upon
arrival to laboratory for the preparation of crude enzyme
following the methods of Bui and Lee (2015) with some
modifications. Crabs were rinsed with MilliQ water and
euthanized in ice for one to 10 minutes depending on their
body sizes. Gastric juice was extracted from the freshly
euthanized crabs by using a syringe connected to a blunt-
ended 16 to 21-gauge needle. The juice was centrifuged
(13,000 g, 4°C, 10 mins). The supernatant was used as crude
enzyme and stored at -20°C until use. About 70 pl was needed
for biochemical characterization of cellulases.

Biochemical characterization of
cellulases in the gastric juice

The activities of endo-f-1,4-glucanase and B-glucosidase of
the gastric juice were determined by biochemical assay following
methods of Tokuda et al. (1997) and Bui and Lee (2015) with

some modifications.

TABLE 1 List of grapsoid species by site and types of habitats collected for this study.

Habitat type Family Species Carapace width (cm) Field sites
Limnic Varunidae Varuna yui 2-25 TK
Semi land Varunidae Chasmagnathus convexus 3-4
Sesarmidae Chiromantes haematocheir 25-35
Neosarmatium indicum 25-3
Parasesarma pictum 2-25
Orisarma dehaani 25-3
Orisarma intermedium 25-3
Orisarma patshuni 25-3
Mangrove forest Parasesarma bidens 25-3
Episesarma versicolor 4-5 WSK
Parasesarma affine 25-3 MP
Mudflat/Sandflat Varunidae Metaplax longipes 2-25 TK
Grapsidae Metopograpsus frontalis 25-3
Shallow subtidal region Varunidae Gaetice depressus 1.5-2
Hemigrapsus penicillatus 1.5-2

TK, Ting Kok, WSK, Wu Shek Kok; MP, Mai Po Nature Reserve. Varuna yui were collected from estuary; Semi-land species were collected at land margin which is the area between
mangrove and dry land; Mangrove species were collected from mangrove forest floor; Metaplax longipes and Metopograpsus frontalis can be found at both lower mangrove margin which is
nearby mangrove forest and mudflat area which is between mangrove forest and subtidal area. All the M. longipes and M. frontalis were collected in mudflat area. Subtidal species were
collected from subtidal areas that are ~15 m from mangrove forests.
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FIGURE 1

Map of field sites. Most crab species were collected in Ting Kok (Table 1), while Parasesarma affine and Episesarma versicolor were collected
from Mai Po Nature Reserve and Wu Shek Kok, respectively, because of their high abundance at corresponding sites.

Activity of endo-f-1,4-glucanase
and B-glucosidase

Endo-B-1,4-glucanase (EG) activity was determined as
the rate of production of reducing sugars from carboxymethyl
cellulose (CMC). For each individual, five pl of gastric juice
was added to 45 pl 2% CMC (Sigma) and incubated for
10 min at 37°C with 300-rpm agitation. The mixture was
then transferred to ice slurry to terminate the reaction before
the measurement of reducing sugars produced via the
tetrazolium blue method (Jue and Lipke, 1985). B-
glucosidase (BG) activity was determined as the rate of
production of glucose form cellobiose (Sigma). Five ul of
gastric juice was added to 45 pl of 2% cellobiose and
incubated for 20 min at 37°C with 300-rpm agitation. The
mixture was then transferred to ice slurry to terminate the
reaction before the measurement of glucose produced
using a Megazyme D-Glucose HK Assay Kit following
manufacturer’s instructions.

Ten male individuals were sampled for each target species
and all assays were conducted in triplicates. The amount of
reducing sugar and glucose produced was corrected with the
amounts of sugars in the digestive juices. One unit of EG/BG
activity is defined as the amount of enzyme producing 1 pmol of
reducing sugars/glucose per minute per ml of digestive juice
under given assay condition. Activity was not expressed in terms
of per mg of protein since the EG/GB comprises only a fraction
of a mixture of various digestive enzymes in the gastric juice
(Linton and Greenaway, 2004).
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pH and temperature optima of
endoglucanase activity

The activity of endo-f3-1,4-glucanase was determined over a
temperature range of 20 to 60°C and pH range of 4 to 8 based on
previous reports about the optimal temperature and pH lying
between the two ranges respectively. For temperature profiling,
the activity was measured as mentioned above by incubating at
different temperatures (20, 30, 37, 50, 60°C) using heat block. For
pH profiling, 2% CMC was prepared by dissolving CMC in pH 4,
5.0, 5.5 and 6.0 0.1M citrate buffer and pH 7.0 and 8.0 Tris buffer,
and the reactions were incubated at 37°C using heat block. The
temperature and pH at which EG showed the highest activity
among the tested temperatures and pH is determined as the
optima. Three male individuals of each target species were tested
for this experiment.

Data analysis

The endoglucanase activity of different species at different
temperatures and pH values was compared by one-way analysis
of variance (ANOVA). Levene’s test and Shapiro-Wilk’s test
were used to test homogeneity of variance and normality of data
set, respectively, before ANOVA. Kruskal-Wallis H test was used
if the assumptions of ANOVA were not met. Significant results
(P < 0.05) of ANOVA and Kruskal-Wallis H tests indicating
statistical difference between treatments (pH and temperature)
were further compared by applying Tukey’s Honestly Significant
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Difference (HSD) post-hoc-tests. Two-way ANOVA was used to
analyse the effect of habitats and taxa on enzymatic activity. HSD
post-hoc-test was used to determine statistical differences among
species when a significant ANOVA result occurred.

Total RNA extraction and transcriptome
sequencing

One male individual each of 14 grapsoid species were
collected from Ting Kok and Mai Po, except Parasesarma
pictum, as data on this species is available on the NCBI
database (Accession: PRJNA524231). Crabs were dissected
immediately after arriving at the laboratory. Total RNA was
isolated from ~30 mg of hepatopancreas tissue using TRIzol
reagent (Invitrogen), following the manufacturer’s instructions.
The quality of the RNA was determined through the Nanodrop
spectrophotometer and gel electrophoresis before sequencing.
Library construction and sequencing (Illumina PE150, Q30 >
80%) of qualifying samples were done at Novogene. The
transcriptome raw data generated in this study is available on
NCBI database (Accession: PRINA866679).

The raw reads were cleaned and trimmed using
Trimmomatic (Bolger et al., 2014). De novo assembly of the
reads was carried out using Trinity software version 2.8.4
(Grabherr et al., 2011) with default parameters. Bacterial and
viral sequences were removed using Kraken under default
parameters (Wood and Salzberg, 2014). CD-HIT program was
used to further remove redundancy in the final assembly (Li and
Godzik, 20065 Fu et al., 2012). BUSCO was used to check the
quality of the transcripts (Simao et al.,, 2015).

CAZyme gene identification and
phylogenetic analysis

To identify GH genes, transcripts were searched against
CAZy (CAZyDB.07312019 obtained from http://bcb.unl.edu/
dbCAN2/download/Databases/) and NCBI nr databases
(Blastx cut-off E-value < le-6, protein coverage > 80%, bit-
score > 50). Sequences identified as CAZyme genes were then
additionally search against the Pfam database using HMMscan
(cut-oft E-value < 1e-5). Transcripts with agreement of the three
search results were used in further investigation.

Phylogenetic analysis

Phylogenetic analysis was used to reveal evolutionary
relationships of the GH genes of the grapsoids with other taxa.
Translated sequences were aligned with sequences of
corresponding genes retrieved from the NCBI database using
MUSCLE. The gene names and accession IDs of the sequences
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from NCBI were documented in the phylogenetic tree labels
together with species names. Substitution model and
phylogenetic analysis was performed using Randomized
Axelerated Maximum Likelihood (RAXML) (Stamatakis, 2014).

Predictions on protein structure

The signal peptide and molecular weight of GHs were
predicted using SignallP (Emanuelsson et al., 2007) (http://
www.cbs.dtu.dk/services/SignalP/) and Expasy (Gasteiger et al.,
2005) (https://web.expasy.org/compute_pi/), respectively.
Protein structures and catalytic sites of GHs were predicted
using Phyre2 (Protein Homology/analogY Recognition Engine
V 2.0) (Kelley et al., 2015).

Results

Biochemical properties of cellulases in
the gastric juice

Endoglucanase (EG) and B-glucosidase (BG) activity were
detected in the gastric juice of the 15 grapsoid species (Figure 2),
demonstrating their ability to break down cellulose into
assimilable glucose. The average activity of EG and BG
detected ranged 1.46-2.98 pmol min™' ml™" and 0.06-0.61

' ml™!, respectively. The crabs have different

pmol min~
temperature and pH optima for EG activity (Table 2). In
addition, some species showed no significant activity difference
and only little variation in activity at different temperatures

(Figures 3, 4). EG of all species functioned well at pH 5-7.

Endoglucanase activity in relation to
species and habitats

The average EG activity of the sesarmids, varunids and
grapsids investigated were 2.30 + 0.06, 1.95 + 0.08 and 1.49 +
0.17 pumol min 'ml™", respectively. The two-way ANOVA
showed that both taxa and habitat significantly influenced
EG activity, but there was no interaction between the two
factors. Post-hoc comparisons suggested that EG activity
followed the trend of Sesarmidae > Varunidae > Grapsidae
(P < 0.05) (Table 3).

The EG activity of Parasesarma bidens was 2.98 + 0.20 pumol
min~' ml™', the highest among the 15 species and 30 to 100%
higher than ten other species (Supplementary Table SI),
including species inhabiting the land margin, mangrove forest,
mudflat, and subtidal area. Previous study also showed that P.
bidens exhibited higher cellulase activity when compared with
mudflat and sandflat species (Kawaida et al., 2019). All the
species with significantly higher activity were from land, limnic
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FIGURE 2
Mean (+SD) (A) endoglucanase and (B) b-glucosidase activities of the

and mangrove areas, which explains the significantly higher EG
activity of crabs from the land margin, mangrove and limnic
habitats than those from the mudflat and subtidal area (Table 3).
For the genus level 2-way ANOVA test, only the genera
Parasesarma and Orisarma comprised more than one species
in our study. Although Parasesarma contained members (i.e., P.
bidens) with relatively higher EG activity, the overall activity
became less prominent when congeners were included.
Neosarmatium then became the genus with the highest activity.

B-glucosidase activity in relation to
species and habitats

The average BG activity of sesarmids, varunids and grapsids
were 0.41 + 0.02, 0.39 + 0.02 and 0.32 + 0.05 pmol min~* ml™,
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15 grapsoid crabs from different habitats along the land-sea transition.

respectively. Again, both taxa and habitat significantly
influenced BG activity, but there was no interaction between
them. The BG activity of sesarmids was significantly higher than
those of the varunids and grapsids (Table 4). Neosarmatium
indicum had the highest BG activity while M. longipes had the
lowest and significantly lower activity than the other 14 species
(Supplementary Table S2). The BG activity of species followed
the order semi-land and limnic > mangrove and subtidal >
mudflat (P < 0.05, Table 4).

GH families identified

The results on BUSCO are described in Figure 5. A total of
23 GH families were identified (Table 5). Five subfamilies of

TABLE 2 Temperature and pH optima of EG activity for the 15 grapsoid crabs.

Species

Varuna yui
Chasmagnathus convexus
Chiromantes haematocheir
Neosarmatium indicum
Orisarma patshuni
Orisarma dehaani
Orisarma intermedium
Parasesarma pictum
Parasesarma bidens
Parasesarma affine
Episesarma versicolor
Metaplax longipes
Metopograpsus frontalis
Gaetice depressus

Hemigrapsus penicillatus

Temperature optimum (°C)

50 ** (F= 6.238)
50 , (F = 2.028)
50 * (F= 4.137)

37 * (F=3.913)
50 ** (F=6.954)
37 * (F=1.516)
37 ** (F=6.041)

0 * (F=4.046)
37 * (F=2.784)
37 * (F=1.676)

pH optimum

5.5 ** (F=5.014)
5* (F=4.257)
5.5 ** (F=5.821)

37 * (F=4.064) 7 (F=16.807)
30 ® (F=2.965) 6 * (F=4.219)
60 * (F=4.067) 5% (F=11.596)
37 * (F=5.208) 5.5 ¥ (F=13.067)
30 ° (F=3.339) 5.5 % (F=5.607)

5+ (F=7.490)

5.5 * (F=4.946)

5+ (F=9.182)
6 *** (F=24.491)
6 *** (F=29.732)
7 4% (F=14.295)
7 % (F=24.185)

* EG activity was not significantly higher than at other temperatures. Significance of difference with other temperatures or pH *P < 0.05, **P < 0.01, ***P < 0.001.
(n = 3) Temperature and pH optima are the temperature and pH at which EG showed the highest activity when compared to other tested temperature and pH.
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TABLE 3 Comparison of EG activity in crabs from different families and habitats.

Family/Habitat (I) Family/Habitat (II)

Sesarmidae Varunidae
Grapsidae

Varunidae Grapsidae

Semi-land Mudflat

Limnic

Mangrove

Semi-land Subtidal

Limnic

Mangrove

Mean difference in EG activity (I minus II) (umol min~! ml™)

0.37 £ 0.10 ***
0.80 £ 0.19 ***

043 +02*

0.74 £ 0.13 ***

1.26 £ 0.16 **

0.84 + 0.15 ***

0.43 £ 0.13 ***

0.94 £ 0.16 ***

0.53 £0.16 *

*P < 0.05, **P < 0.01, ***P < 0.001, denoting significant differences in EN activity.

GH13 and a subfamily 10 of GH5 were identifled. GH 5_10, 9,
13, 13_17, 13_24 and 16 are the GH families that include
digestive enzymes, and they were analysed using Phyre2.

Discussion
General activity of cellulases

The ability of the 15 grapsoid crabs to produce cellulase is
congruent with the reported ubiquity of cellulases in crustaceans
(Benson et al., 1999; Adachi et al., 2012; Bui and Lee, 2015; Liu et al.,
2015; Adachi et al, 2016). The average activity of both
endoglucanase (EG) and B-glucosidase (BG) was lower than that
reported in the mangrove sesarmid Parasesarma erythodactylum
(EG: 4.44 + 2,01 umol min™' ml™"; BG: 0.93 + 0.71 pmol min™"
ml™"); the higher activity in P. erythodactylum was probably caused
by leaf-feeding before gastric juice extraction (Bui and Lee, 2015).
Most species in this study have pH optimum of 5-6 range for EG
functioning, with exception of N. indicum and species from subtidal
region (G. depressus and H. penicillatus) which have pH optimum

of 7. These readings were within pH 4-7 range i.e., at slightly acidic
condition at which crustaceans cellulases are active (Xue et al., 1999;
Linton and Greenaway, 2004; Bui and Lee, 2015). Although the pH
optimum for subtidal species was 7 which could be due to the less
acidic subtidal environment, the EG activity differ only slightly at
different pH values.

GHs identified

The physiological function of the identified GHs is diverse
such as facilitating digestion (e.g., GH5_10 and GH9) (Cragg
et al, 2015; Linton, 2021), immune function (e.g., GH16)
(Viborg et al, 2019), and development (e.g., GH18) (Chen
et al.,, 2020). The crabs investigated generally possessed more
than one transcript for most GH families. This could be a result
of gene duplication, which is common in crustaceans. For
instance, three GH9 isozymes were identified in Gecarcoidea
natalis (Gan et al, 2018). The presence of transcriptomes of
these GHs indicated the endogenous source of these enzymes
including GH9 cellulase.

TABLE 4 Comparison of BG activity of crabs from different families and habitats.

Family/Habitat (I) Family/Habitat (II)

Sesarmids Varunidae
Grapsidae
Semi-land Mangrove
Mudflat
Subtidal
Limnic Mangrove
Mudflat
Subtidal
Mangrove Mudflat
Subtidal area Mudflat

Mean difference in BG activity (I minus II) (umol min~" ml™)

0.1291 + 0.03**
0.1186 + 0.05*
0.15 £ 0.04 ***
0.30 + 0.04 ***
0.326 + 0.04 **
0.25 + 0.06 ***
0.40 £ 0.05 ***
0.42 + 0.05 ***
0.15 £ 0.05 **

0.16 £ 0.5 *

*P < 0.05, **P < 0.01, ***P < 0.001, denoting significant differences in BG activity.
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FIGURE 5
Results on BUSCO.

GH9 endoglucanase

The GH9 of all the species do not contain a carbohydrate-
binding module, which is common in prokaryotic
endoglucanases. GH9 EG of the crabs are non-processive
enzymes that release the substrate before the next reaction
(Watanabe and Tokuda, 2010). The crabs have 2 to 10
transcripts, just like some other crustaceans (Dammannagoda
etal, 2015; Gan et al., 2018). The predicted molecular weight of
EG ranged between 49.3 to 63.6 kDa, which aligns with the 44.3
to 84.8 kDa range reported by Adachi et al. (2012). The catalytic
acids and bases were detected in the GH9 sequences
(Supplementary Figure S1). The absence of signal peptides in
some transcripts could be due to their incompleteness
(Supplementary Figure SI). Confident signal peptides were not
detected in some insect GH9, which were used in the
phylogenetic analysis. The lack of signal peptides in protein
sequences suggests that the protein might not be exported.
Further investigation is needed to confirm the destination of
these GH9 proteins.

Phylogenetic analysis of GH9

A monophyletic tree of GH9s (Figure 6) is evident and aligns
with the previously suggested monophyletic group of animal
GH9 (Davison and Blaxter, 2005). Three clades (I, II and III)
(Bootstrap values: 86, 99 and 76) of homologous GH9s can be
observed among the grapsoids. Gene duplication can be
observed in each clade. GH9 clade III further split into two
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clades with confident bootstrap values (97 and 97). In each
group, GH9 of crabs from the same family are usually
confidently clustered together except varunids in clade I and
sesarmids in clade II. Previously described GH9 of P.
erythodactylum and G. natalis grouped with clade I, that of
crayfish Cherax quadricarinatus seems to be closer to clades II
and III, while that of the land hermit crab Coenobita rugosus is
closer to clade III. Crabs possess different GH9 combinations of
the three clades (Table 6). All species studied had clade IT GH9,
O. intermedium was the only one lacking clade I GH9 while E.
versicolor and M. frontalis lacked clade III GH9. The sesarmids
in clades I and II further split and clustered according to their
habitats (land or mangrove).

Phylogenetic analysis of other
digestive GHs

GH5, GH13, GH13_17, GH13_24 and GH16 are CAZyme
families of endo-B-1,4-mannase, amylase, pancreatic amylase,
and endo-fB-1,3-glucanase, respectively. These enzymes break
down carbohydrates such as starch and hemicellulose. The
catalytic residues of these GHs except GH5_10 and GH13_17
were identified by Phyre2, but catalytic residues of GH5_10 and
GH13_17 can be recognized when aligning with homologues of
other organisms (Supplementary Figures S2-6). Gene
duplication of these GHs is common. GH5, GH13, GH13_17,
GH13_24 and GH16 of sesarmids were usually clustered
together (Supplementary Figures S7-11). C. convexus has an
especially high number (12) of GH5_10 transcripts while other
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TABLE 5 GHs identified in transcriptomic analysis.

GH Species No. of
families transcripts
GH2 All 3-10
GH5_10 All 1-15
GH9 All 2-10
GH13 All 1-5
GH13_8 Ode, Cha, Paf, Opa and 1-2
Ppi
GH13_17 All 1-4
GHI13_24 All 1-4
GH13_25  All except Nin and Ppi 1-4
GH16 All 2-6
GH18 All 5-18
GH20 All 5-13
GH25 Ppi 1
GH27 All except Eve 2-9
GH29 All 1-9
GH30 All 1-15
GH31 All 6-19
GH35 All 2-11
GH37 All except Eve and Hpe 1-2
GH38 all 2-13
GH47 All except Eve 1-7
GH56 Nin and Opa 1
GH63 Cha, Hpe, Mlo, Mfr, Paf 1-2
and Ppi
GH79 Cco 1
GH84 All 2-5
GHS85 Cco, Ode, Gde 1
GHS89 Hpe and Ppi 3
GH116 Hpe and Nin 2-3

10.3389/fmars.2022.1002502

BLASTX results

B-mannosidase (EC 3.2.1.25)/B-glucuronidase (EC 3.2.1.31)

Endo-B-1,4-mannase (EC 3.2.1.78)/Mannan endo-1,4-B-mannosidase (EC 3.2.1.78)
Endo-f-1,4-glucanase (EC 3.2.1.4)/endoglucanase E-4 (EC 3.2.1.4)

Amylase (EC 3.2.1.1)

1,4-alpha-glucan-branching enzyme-like (EC 2.4.1.18)

Maltase-glucoamylase (EC 3.2.1.20)
o-Amylase (EC 3.2.1.1)

Glycogen debranching enzyme

lipopolysaccharide and B-1,3- glucan binding protein/B-1,3-glucanase (EC 3.2.1.39)
Chitinase (EC 3.2.1.14)/Chitotriosidase (EC 3.2.1.14)/Di-N-acetylchitobiase
B-hexosaminidase (EC 3.2.1.52)/Chitooligosaccharidolytic B-N-acetylglucosaminidase/Hexosaminidase (EC

3.2.1.52)
GH25
o-N-acetylgalactosaminidase (EC 3.2.1.49)

o-L-fucosidase (EC 3.2.1.51)/plasma o.-L-fucosidase (EC 3.2.1.51)
Glucosylceramidase (EC 3.2.1.45)/lysosomal acid glucosylceramidase (EC 3.2.1.45)
Sucrase-isomaltase (EC 3.2.1.48)/maltase-glucoamylase (EC 3.2.1.20)/Lysosomal o.-glucosidase (EC 3.2.1.20)/

Myogenesis-regulating glycosidase
B-galactosidase (EC 3.2.1.23)
Trehalase (EC 3.2.1.28)

o-mannosidase (EC 3.2.1.114)/lysosomal o.-mannosidase (EC 3.2.1.114)

ER degradation-enhancing oi-mannosidase (EC 3.2.1.24)/mannosyl-oligosaccharide 1,2-ai-mannosidase (EC

3.2.1.24)
Hyaluronidase (EC 3.2.1.35)

Mannosyl-oligosaccharide glucosidase (EC 3.2.1.106)

Heparanase (EC 3.2.1.166)
O-GlcNAcase (EC 3.2.1.169)

Cytosolic endo-B-N-acetylglucosaminidase (EC 3.2.1.96)/mannosyl-glycoprotein endo-B-N-acetylglucosaminidase

(EC 3.2.1.96)
o-N-acetylglucosaminidase (EC 3.2.1.50)
Non-lysosomal glucosylceramidase (EC 3.2.1.45)

Cco, Chasmagnathus convexus; Ode, Orisarma dehaani; Cha, Chiromantes haematocheir; Eve, Episesarma versicolor; Gde, Gaetice depressus; Hpe, Hemigrapsus penicillatus; Mfr,
Metopograpsus frontalis, Mlo, Metaplax longipes; Nin, Neosarmatium indicum; Paf, Parasesarma affine; Pbi, Parasesarma bidens; Opa, Orisarma patshuni; Ppi, Parasesarma pictum and

Oin, Orisarma intermedium.

species only have between one to four. The predicted molecular
mass of GH5_10 ranged 39.9 to 44.2 kDa, which is smaller than
that of the terrestrial grapsoid G. natalis (66.3 + 0.7 kDa)
(Linton, 2021). Again, phylogenetic trees show clustering
according to crab families. In addition, sesarmids split
according to habitats in trees of GH5_10, GH13, GH13_17
and GH13_24. Neosarmatium indicum, a borrowing crab
inhabiting the landward margin of mangroves, clustered
mostly with species living in the mangrove. The presence of
catalytic residues in the GH16 sequenced (Supplementary Figure
S6) indicates their identity as GH16_3, which could be endo-
B(1,3)-glucanase (EC 3.2.1.39) and/or endo-B(1,3)/B(1,4)-
glucanase activity (EC 3.2.1.6), but not GH16_4 (Viborg et al.,
2019). The GH16 of grapsoids identified form confident clades
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with other crustaceans (Bootstrap value: 100) (Supplementary
Figure S11).

GH9, cellulase activity, diet, habitat, and
taxonomic affiliation

EG activity decreased along the land-sea transition, i.e.,
semi-land, mangrove and limnic > mudflat and subtidal area,
and shows taxonomic pattern of Sesarmidae > Varunidae >
Grapsidae. BG shows pattern of semi-land and limnic >
mangrove and subtidal > mudflat, and Sesarmidae and
Varunidae > Grapsidae. The higher EG and BG activities of
land, mangroves and limnic species could be due to their
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FIGURE 6
Phylogenetic tree of GH9.

herbivorous diet, feeding on the abundant litters from
mangroves or other vascular plants (see Lee, 1989b; Poon
et al., 2010; Devi et al,, 2013; Miyake et al., 2019). Sesarmidae
and varunidae contain land and/or mangrove species (Table 1),
this habitat concentration may explain the significantly higher
cellulase activity in the group. The availability of vascular plant
or mangrove material and the dietary preferences of crabs seem
to have a strong effect on the cellulase production profiles of
grapsoid crabs. The effect of habitat can also be seen in the
phylogenetic analysis, especially among the sesarmid crabs that
land and mangrove species are separated in GH9 clades I and IIL
This result suggests that environment, with the corresponding
implications for organic matter quality and quantity, can be a
significant driving force in the evolution of GH9, which could
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tackle one of the biggest challenges (adaptation to vascular plant-
based diet) during the evolution of terrestrialization. The same
influence can be seen in GH13_17 and GH13_24 of sesarmid
crabs (Supplementary Figures S9, S10). However, there must be
additional factors involved as the land varunid C. convexus never
clustered with the sesarmids sharing the same habitat region
along the land-sea transition.

Mangrove mineralisation by
grapsoid crabs

Previous studies on mangrove mineralisation focused on the
leaf-eating sesarmid crabs (Lee, 1989a; Robertson and Daniel,
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TABLE 6 Combination of GH9 clades in the grapsoid crabs
investigated.

GH9s Clades

I II

]
[}
I

O. dehaani

C. haematocheir
O. intermedium
O. patshuni

N. indicum

P. affine

P. bidens

P. pictum

E. versicolor
C. convexus
M. longipes
G. depressus
H. penicillatus

V. yui
M. frontalis

1989; Adachi et al., 2012; Bui and Lee, 2015). Our results showed
that species from other families and habitats also possess
cellulases, reflecting an under-estimation in contribution of
grapsoid crabs to mangrove carbon mineralisation. Cellulase
production seems to be a universal trait among brachyuran
crabs, just like other crustaceans (McClintock et al,, 1991;
Benson et al., 1999; Tanimura et al., 2013). This result suggests
that the carbon mineralising capability of crabs is more
widespread than previously thought and is worth re-evaluation.

Cellulases are the major members of GH9. The presence of
GHY transcriptomes in the hepatopancreas of the crabs
indicated endogenous contribution to cellulase production.
Further investigation is needed to reveal the dependence of

TABLE 7 List of EG activities of various organisms.

Crab species Activity

10.3389/fmars.2022.1002502

crabs on symbiotic cellulases. The total cellulase activity of P.
erythodactylum (EG: 4.44 + 2.01 pumol min' ml™'; BG:
0.93 + 0.71 pumol min~' ml™") was considered to be low while
our results are even lower when compared to organisms such as
sea hare and krill (Table 7) although the methods of activity
determination were not exactly the same. At the same time, most
of the EG and BG activity of land and mangrove species in this
study is comparable to or higher than that of predominantly
herbivorous land crabs, e.g., G. natalis (EG: 2.304 + 0.116 pmol
min~' ml™', pH 7; BG: 0.521 # 0.253 pmol min~' ml ™', pH 5.5)
and Cardisoma hirtipes (EG: 1.534 + 0.206 umol min~* ml™", pH
5.5; BG: 1.961 + 0.074 wmol min™" ml™', pH 7) (Linton and
Greenaway, 2004), except that the BG activity of C. hirtipes is
several fold those of the BG activities of the crabs we studied.
Therefore, low cellulase activity seems to be common among
crabs, even for those predominantly herbivorous species. Firstly,
the low activity of cellulases especially BG implies the possibility
that carbon in cellulose may not be the main target of the crabs’
physiological machinery. Linton (2020) suggested that the
function of EG could be for breaking down cell walls to obtain
the more digestible cellular contents. Secondly, the low cellulase
activity may be already sufficient if carbon is the main target.
Mangrove and vascular plants are rich carbon sources, indicated
by their high carbon content (Jones et al, 2020). With the
continuous provision of such a carbon source from land and
mangrove plants along the land-sea transition, it is possible that
even low cellulase production is enough for the crabs to obtain
sufficient energy if they ingest significant amounts of these
vascular plant sources.

The presence of both EG and BG in the gastric juice ensures
the digestion of cellulose to glucose and the assimilation of
refractory carbon like cellulose when available. Irrespective of
the extent, mangrove carbon mineralisation and assimilation
would occur once the crabs ingest mangrove materials. There is
solid evidence of grapsoid crabs consuming mangrove material,

Source of cellulase References

Grapsoid crabs

Parasesarma erythodactylum

1.46-2.98 umol reducing sugars min~" ml™!

4.44 +2.01 pumol reducing sugars min~' ml™*

Crude enzymes from gastric juice This study

Crude enzymes from gastric juice Bui and Lee (2015)

Episesarma versicolor 2.07 ug reducing sugar },lg71 protein

Episesarma palawanense 2.86 ug reducing sugar pg™" protein
Perisesarma indiarum 2.45 ug reducing sugar ug ' protein

Aplysia kurodai

Euphausia pacifica

0.649 + 60.08 - 90.6 + 5.6 umol reducing sugars min~ ' mg~ ' protein

43.2 + 1.7 umol reducing sugars min~ ' mg~ ! protein

Crude enzymes from hepatopancreas  Adachi et al. (2012)

Purified enzyme from digestive fluid Tsuji et al. (2013)

Purified enzyme from whole body Tsuji et al. (2012)

Reticulitermes speratus

Gecarcoidea natalis

Frontiers in Marine Science 12

73.6 - 83.4 umol reducing sugars min~ ' mg~ ' protein

2.25-10.24 umol reducing sugars min~ ' mg™ ' protein

Purified enzyme from whole body Watanabe et al. (1997)

Purified enzyme from midgut gland ~ Linton and Shirley (2011)
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including gut content analysis of P. bidens and M. frontalis
(Poon et al., 2010), and laboratory observation of P. affine (Lee,
1989b), Episesarma versicolor (Thongtham et al., 2008), and
Chiromantes haematocheir and Orisarma dehaani (Miyake et al,,
2019). While some species prefer aged mangrove leaf litter, some
readily consume freshly available material, e.g., Neosarmatium
trispinosum (Harada and Lee, 2016). Therefore, land, mangrove,
and mudflat grapsoid species could also be heavily involved in
mangrove carbon mineralisation. N. indicum, P. pictum and M.
longipes are also likely to do so because they may also consume
mangrove like some of their congeners (Lee, 1989b; Nordhaus
et al, 2011; Harada and Lee, 2016). Even M. frontalis inhabiting
the lower mangrove margin and mudflat has 10-40% vascular
plant material in their gut contents. With results indicating most
of these species producing EG and BG, we confirm that there
could be significant utilisation and assimilation of mangrove
carbon through species that are not mangrove sesarmids, a
process that is rarely reported. As mentioned, V. yui probably
has vascular plants as a major component of its gut contents like
Varuna litterata (Devi et al., 2013), implying that V. yui could
also mineralise and assimilate mangrove carbon if mangrove leaf
litter is available. Other land species are considered as
predominantly herbivorous. The high leaf litter standing crop
of the mangrove Kandelia obovata observed where V. yui and
semi-land species were collected suggests this scenario is highly
possible. Stable isotope analysis could be used to indicate the
mangrove assimilation and utilisation by these crabs.

There is limited data on the diet of the subtidal species
(Depledge, 1989), but they are believed to be suspension-feeding,
mainly utilising phytoplankton or fine particulate matter.
Subtidal species might use cellulase to digest the POM derived
from mangrove leaf litter already processed by sesarmid crabs
(Werry and Lee, 2005). It is possible for subtidal species to
mineralise and utilise mangrove carbon in the form of POM, or
leaf litter if available, albeit only occasionally.

Other GHs compensating for the low
cellulase activity

The presence of other carbohydrate-digestive enzymes
allows the crabs to assimilate carbon not just from cellulose
but also other carbohydrates such as hemicellulose and starch.
This may explain the low cellulase activity of some of the crabs.
GH5_10 endo-B-1,4-mannase is the only hemicellulase
identified in this study. It targets mannans such as
galactomannan and glucomannan, which can contribute up
to 5% of the plant primary cell wall (Scheller and Ulvskov,
2010). GH5_10 was also reported from bivalves (Xu et al., 2002;
Larsson et al., 2006), gastropods (Ootsuka et al., 2006; Zahura
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et al.,, 2011), and crustacean such as Gecarcoidea natalis (Gan
et al, 2018; Linton, 2021). Linton (2021) suggested that
mannan might be an important carbon source to terrestrial
crustaceans. GH13 amylase, GH13_24 amylase and GH13_17
o-glucosidase release o-glucose from different substrates such
as starch and sucrose, which are the carbohydrates abundant in
plants. GH16_3 [B-1,3-glucanase cleave B-1,3-glucans if
secreted to the stomach. GH5_10 endo-f-1,4-mannase,
GH13_24 amylase and GH16 -1,3-glucanase have already
been described in three terrestrial crustaceans, including G.
natalis (Linton, 2021). The expression of various GHs in the
hepatopancreas of grapsoid crabs suggests the availability of
various forms of carbon sources to the crabs, and cellulose may
not be the only carbon source utilised. It is possible that
symbiotic gut cellulolytic bacteria may play a role in cellulose
digestion. For instance, previous studies have already indicated
the presence of cellulolytic gut bacteria in various organisms
such as bivalve Barnea birmanica (Balasubramanian et al,
1979), shipworm species from the genera Bankia, Lyrodus
and Teredo (Betcher et al., 2012), and terrestrial snail Helix
pomatia (Stradine and Whitaker, 1963).

Low BG activity in Metaplax longipes

For Metaplax longipes, its very low B-glucosidase activity
(0.06 + 0.02 wmol min~" ml™") makes its capacity for mangrove
carbon mineralisation doubtful. The B-glucosidase activity of M.
longipes is significantly lower than the other 14 species in this
study. Compound-specific stable isotope analysis indicated that
diet of M. longipes is mainly composed of deposited
phytoplankton and microphytobenthos (S.Y. Lee et al.,
unpublished data). The carbon stable isotope value of M.
longipes muscle from Ting Kok (-16.6 + 3.3%o, C.Y. Lee and
S.Y. Lee, unpublished data) also reflected the low dependence on
vascular plant or mangrove materials, where predominantly
herbivorous crabs have higher carbon stable isotopic value
(e.g., 813C of Parasesarma bidens muscle: —25.7 £ 0.8%o
(Kristensen et al., 2017)). On the other hand, other GHs and
cellulolytic bacteria may compensate the low activity of cellulase
as the tool to assimilate carbon from mangrove or vascular plant

as mentioned above.

Other important GHs

Other GHs such as the various subfamilies of GH18
identified in this study may also be important for the crabs in
food utilisation. Digestive GH18 chitinases could help the crabs
obtain carbon from the chitinous cell wall of fungi or crustacean
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shells. The GH38 lysosomal o--mannosidase of Tenebrio molitor
(Accession: KP892646.1) is secreted into the midgut and acts as
digestive enzyme (Moreira et al., 2015). It is possible that GH38
works in the same manner in the crabs, but further confirmation
is needed. There is still a lot to be explored for the GHs (e.g.,
their role in the immune system). However, the lacking data of
crabs on databases such as CAZy database could be an obstacle,
i.e., the data on arthropods is strongly dominated by insects. It is
crucial to expand the crustacean database for future
investigations on non-insect taxa.

Conclusion

This comprehensive study indicates that endogenous
cellulase production of grapsoid crabs is common along the
land-sea transition, giving these species the capacity for
mineralising and utilising mangrove carbon, more so for land,
mangrove and mudflat species due to their relatively higher EG
activity. We also provide evidence of the potential of subtidal
grapsoids for utilising mangrove production. Although the
cellulase activity of the land and mangrove crabs are
comparable to those of other land crabs, the level of activity is
generally low, which seems to be a common phenomenon
among crabs. Our results on the expression of various GH
families in the hepatopancreas of grapsoids suggest that
cellulose is not the only carbon source available to the crabs.
They may also depend on other carbohydrates such as starch
and mannan, which may explain the low cellulase activity among
these crustaceans. Future studies on mangrove carbon
assimilation by these crabs could further assess their role in
mangrove carbon utilisation in connected habitats along the
land-sea transition, which has significant implications for the
study of the global mangrove carbon budget. Other than
endogenous production, symbiotic cellulases might also
contribute to the apparent cellulase production of the crabs.
Further clarification of the role of gut cellulolytic bacteria of the
crabs could also be another fruitful area of future investigation.
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