Genetica (2020) 148:87-99
https://doi.org/10.1007/510709-020-00090-7

ORIGINAL ARTICLE q

Check for
updates

Evolution of digestive enzyme genes associated with dietary diversity
of crabs

Zhengfei Wang'® - Dan Tang' - Huayun Guo' - Chenchen Shen' - Lv Wu' - Yaqi Luo'

Received: 12 October 2019 / Accepted: 17 February 2020 / Published online: 24 February 2020
© Springer Nature Switzerland AG 2020

Abstract

Crabs feed on a wide range of items and display diverse feeding strategies. The primary objective of this study was to inves-
tigate 10 digestive enzyme genes in representative crabs to provide insights into the genetic basis of feeding habits among
crab functional groups. Crabs were classified into three groups based on their feeding habits: herbivores (HV), omnivores
(OV), and carnivores (CV). To test whether crabs’ feeding adaptations matched adaptive evolution of digestive enzyme genes,
we examined the 10 digestive enzyme genes of 12 crab species based on hepatopancreas transcriptome data. Each of the
digestive enzyme genes was compared to orthologous sequences using both nucleotide- (i.e., PAML and Datamonkey) and
protein-level (i.e., TreeSAAP) approaches. Positive selection genes were detected in HV crabs (AMYA, APN, and MGAM)
and CV crabs (APN, CPB, PNLIP, RISC, TRY, and XPD). Additionally, a series of positive selection sites were localized in
important functional regions of these digestive enzyme genes. This is the first study to characterize the molecular basis of
crabs’ digestive enzyme genes based on functional feeding group. Our data suggest that HV crabs have evolved an enhanced
digestion capacity for carbohydrates, and CV crabs have acquired digestion capacity for proteins and lipids.

Keywords Crabs - Feeding habit - Digestive enzyme - Evolution - Positive selection

Introduction

Crabs are one of the most species-rich groups among extant
crustaceans, with over 7250 described species, and many
crabs play an important role as a food source for humans
with commercial value in fish markets worldwide (Wang
et al. 2018c; De Grave et al. 2009). In the broadest sense,
crabs could be classified into three functional feeding
groups: herbivores (HV), omnivores (OV), and carnivores
(CV). Many species of mangrove crabs, e.g., sesarmid crabs,
are known to be herbivorous, and they can feed on mangrove
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pneumatophores, bark, and macroalgae (Dahdouh-Guebas
et al. 1999; Wang et al. 2018a, 2019b). Portunid crabs are
reported as being mainly carnivorous, preying on gastro-
pods, crustaceans, bivalves, polychaetes, and sometimes fish
(Choy 1986; Cannicci et al. 1996; Figueiredo and Ander-
son 2009). Yet most crabs are, to some degree, omnivorous,
feeding on resources including aquatic plants, algae, plank-
ton, molluscs, fish, worms, and organic matter (Figueiredo
and Anderson 2009; Jin et al. 2003). As such, different crabs
may have different feeding adaptations, yet little is known
about the genetic basis of physiological adaptations.
Digestive enzyme activity is the most common indicator
for evaluating the capacity for digestion (Dai et al. 2009).
The digestion of food to obtain nutrients is a core physi-
ological function (Wei et al. 2014), and digestive enzymes
of animals with different feeding habits (herbivores, omni-
vores and carnivores) have different characteristics (Wang
et al. 2016a, b). In crabs, the hepatopancreas is an impor-
tant organ for the absorption and storage of nutrients, and
can synthesize digestive enzymes for food digestion. Stud-
ies on hepatopancreatic secretions have identified trypsin,
chymotrypsin, amylase, and lipase as the most important
components for digestion in crustacean species (Fernindez
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et al. 1997; Wei et al. 2014; Hammer et al. 2000). Despite
hepatopancreas have important role in digestion (Figue-
iredo and Anderson 2009; Dammannagoda et al. 2015),
research on digestive enzyme gene diversity and gene
regulation in crabs’ hepatopancreas is rudimentary.

Next-generation sequencing technologies make it pos-
sible to generate large amounts of transcript sequences
and gene expression data, including for non-model spe-
cies without a sequenced genome (van Dijk et al. 2014;
Zhu et al. 2017). In addition, de novo transcriptome pro-
vides great breadth and depth of information that can be
used to allow cataloging of all genes expressed in a tis-
sue, and facilitate detailed functional research regarding
various proteins (Bain et al. 2016; Wang et al. 2018b).
There are many transcriptomic analyses of crustaceans that
help build a more complete understanding of regulatory
mechanisms, such as heavy metal detoxication (Wang et al.
2019c), osmoregulation (Azam et al. 2016; Wang et al.
2018a), and oxidation resistance (Hui et al. 2017). How-
ever, transcriptomic profiling is thus far limited regard-
ing molecular characteristics of crabs’ digestive enzyme
genes.

In the present study, we performed adaptive evolution
analysis on digestive enzyme protein-coding genes of 12
crab species based on hepatopancreas transcriptome data.
We collected all the positively selected genes among CV and
HV crabs, and compared them with a representative OV crab
(Eriocheir japonica sinensis) to examine whether adaptive
evolution is apparent. These results will reveal the genetic
basis for some feeding adaptations of crabs, and improve our
understanding of their genetic and evolutionary architecture.

Materials and methods

Sample collection, RNA extraction, and lllumina
deep sequencing

The Illumina paired-end transcriptome data were generated
from 12 crab species, including 3 CV, 4 HV, and 5 OV crabs
(Table 1). All species were collected from a coastal mudflat
wetland or surrounding waters in Shanghai, China. Biologi-
cal information of the species is presented in Table S1. Crabs
were placed in an ice bath for 1-2 min until anesthetized.

Table 1 Characteristics and assembly statistics for 12 crabs’ transcriptomics

Feeding habits Family Species Total reads Number of  N50of  Number N50 of uni- Mean Length of the
total tran- tran- of total gene unigene longest unigene
scripts scripts unigene length

Herbivores Sesarmidae Sesarmops 41,060,886 264,430 485 211,688 414 410.15 66,677

(HV) sinensis
Sesarmidae Chiromantes 50,276,216 204,390 940 132,894 693 548.85 15,371
dehaani
Sesarmidae Parasesarma 48,418,134 174,692 372 156,897 348 365.02 16,959
pictum
Sesarmidae Parasesarma 47,110,378 166,459 307 152,070 295 326.43 15,189
affine
Omnivores Ocypodidae Uca borealis 38,384,094 154,847 867 119,948 615 521.57 15,961
V) Grapsidae ~ Metopograp- 54,488,274 150,947 563 133,576 484 444.49 19,542
sus quadri-
dentatus
Ocypodidae  Macroph- 57,097,652 203,159 1077 146,461 734 565.04 20,434
thalmus
pacificus
Grapsidae  Helice tient- 50,730,758 448,616 391 399,653 363 376.5 37,402
sinensis
Varunidae  Eriocheir 46,477,332 142,650 708 121,063 603 503.34 14,082
Jjaponica
sinensis
Carnivorous  Portunidae  Charybdis 55,748,834 363,876 406 327,077 376 381.32 18,544
(CV) Jjaponica
Portunidae  Portunus 55,491,982 337,898 364 305,141 344 354.15 42,821
tritubercu-
latus
Calappidae  Calappa 42,636,290 135,131 844 113,860 642 518.94 15,745
philargius
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The hepatopancreas was removed through surgery, imme-
diately frozen in liquid nitrogen, and stored at — 80 °C until
RNA extraction. All procedures followed guidelines for the
care and use of laboratory animals from the Institutional
Animal Care and Use Committee of Yancheng Teachers
University, Yancheng, China. Total RNA was isolated from
the hepatopancreas samples using Trizol reagent (Invitro-
gen, San Diego, CA, USA) following the manufacturer’s
protocol. The RNA quality and concentration were deter-
mined with a Nanodrop-2000 spectrophotometer (NanoDrop
products, Thermo Fisher Scientific, Inc., Wilmington, DE,
USA). Samples for whole transcriptome analysis were pre-
pared using an Illumina kit (Illumina Inc., San Diego, CA,
USA) following the manufacturer’s recommendations. First,
mRNA was purified using oligo (dT) magnetic beads, and
the mRNA was split into short fragments (about 200 bp)
using a fragmentation buffer. The first strand of cDNA was
synthesized with random hexamer primers using the mRNA
fragments as templates. Then, buffer, ANTPs, RNase H, and
DNA polymerase I were added to the mixture to synthesize
the second strand. Subsequently, sequencing adapters were
ligated to the 5" and 3’ ends of the fragments. The fragments
were purified by agarose gel electrophoresis and enriched
by PCR amplification to create a cDNA library. Eventually,
the cDNA library was sequenced on an Illumina HiSeq X
Ten platform (Illumina Inc.) and 100 bp paired-end reads
were generated.

Transcriptome de novo assembly

Clean reads were obtained by removing reads containing an
adaptor, reads containing poly-N (the ratio of ‘N’ to be more
than 10%), and low quality reads (quality score < 20). Tran-
scriptome assembly was accomplished based on clean reads
using Trinity (Grabherr et al. 2011), with min_kmer_cov set
to 2 and all other default parameters. The longest copy of
redundant transcripts was regarded as a unigene. Unigenes
were aligned to databases, including NR, String, Pfam, the
Swiss-Prot, and the COG for eukaryotic complete genomes
database, separately, using BLASTX with E values < 1E~
(Altschul et al. 1997).

Identification of digestive enzyme genes
and orthology inference

According to the annotation result, all unigenes related to
most digestive enzymes were identified with the following
criteria: the annotations of all-unigenes were obtained by a
BLASTX (Camacho et al. 2009) search against the NR or
Swiss-Prot database to match the corresponding digestive
enzymes with E value < 1E™!°, All candidate genes were
selected manually and reconfirmed using the BLASTX
network server in the National Center for Biotechnology

Information (NCBI). The open reading frames (ORFs)
of the putative digestive enzyme genes were predicted
using an ORF finder (https://www.ncbi.nlm.nih.gov/orffi
nder/). In order to identify groups of putative orthologs, we
adopted an approach based on sequence similarity and a
tree-based approach (Yang and Smith 2014). Considered
short sequences were not useful for the following analyses;
only high quality and high integrity sequences were col-
lected. Ultimately, 10 genes were chosen: Alpha-amylase
(AMYA), N-aminopeptidase (APN), Carboxypeptidase B
(CPB), Chymotrypsin-like proteinase (CTRL), Maltase-
Glucoamylase (MGAM), Pancreatic lipase (PNLIP), Reti-
noid-inducible serine carboxypeptidase (RISC), Trypsin
(TRY), Triacylglycerol lipase (TL), and xaa-Pro dipeptidase
(XPD). All have a well-studied structure and function and
are known enzymes in digesting lipid, protein, and carbo-
hydrates. The detail functional information of the 10 genes
is presented in Table S2, and the length of each gene is in
Table S3. The sequences of the 10 digestive enzyme genes
were verified by the genome data of Eriocheir japonica
sinensis (PRINAS555707) and Portunus trituberculatus
(PRINAS555262) (Tang et al, 2020a, b). The two species’
cDNA sequences are identical to the genomic data. Nucleo-
tide sequences of each gene examined, and their deduced
amino acid sequences, were aligned using MEGA 7.0
(Kumar et al. 2016) and manually adjusted with GeneDoc.
The all sequences were deposited in GenBank under acces-
sion numbers MN964137-MN964248.

Adaptive evolution analysis

Estimating the nonsynonymous (dN)/synonymous substi-
tution (dS) rate (o =dN/dS) is considered a useful way to
quantify the impact of natural selection on adaptive evolu-
tion (Ohta 1992; Wang et al. 2017, 2018a). The change of
selective pressures can be indicated by the value of m, where
o<1, =1, and o> 1 correspond to purifying selection,
neutral evolution, and positive selection, respectively (Wang
et al. 2018a). Here, the selective pressure was tested based
on phylogeny by using the codon-based maximum likeli-
hood (CodeML) program in the PAML 4.7 package (Yang
2007). The well-supported phylogeny of Brachyura (Wang
et al. 2019a; Shen et al. 2013) was used as the input tree in
all analyses (Fig. 1).

We first used the free-ratio and branch-site models
(Zhang et al. 2005) implemented in CodeML to evaluate
whether positive selection was restricted to specific HV or
CV lineages. The free-ratio model (M1) assumes an inde-
pendent o ratio for each branch, and the one-ratio model
(MO) which set up the same o for all branches was used
as the null hypothesis (Yang 1998). The improved branch-
site model A (test 2) was applied to investigate the evolu-
tionary rates of lineages of herbivores (HV), E. j. sinensis
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Fig.1 A well-supported phylogeny of crabs used for selective pressure analysis in PAML. Positively selected genes identified in branch-site

model are indicated

(OV), and carnivores (CV). Crabs of the three groups were
respectively assigned as foreground, and compared with
the null model, which assumes that all branches have the
same evolutionary rate. The likelihood ratio test (LRT)
statistic (2AL) approximates a chi-square distribution, and
was used to test if there were significant evolutionary rate
differences between foreground and background lineages.
The Bayes empirical Bayes (BEB) approach (Yang et al.
2005) was used to identify amino acids under selection
for CODEML.

Furthermore, to test for evidence of positive-selected sites
in the digestive enzyme genes, we used the Datamonkey
online server (https://www.datamonkey.org), that has the
advantage of improving the dN/dS ratio estimate by incorpo-
rating variation in the rate of synonymous substitution (Yang
et al. 2005). The internal fixed-effect likelihood (IFEL) and
random-effect likelihood (REL), two different codon-based
maximum likelihood methods, were used estimate the dN/
dS ratio at every codon in the alignments (Pond and Frost
2005). The IFEL model estimates the ratio of dN/dS on a
site-by-site basis, without assuming a priori distribution
across sites. The REL model first fits a distribution of rates
across sites and then infers the substitution rate for indi-
vidual sites (Poon et al. 2009). Sites with p values <0.1 for
IFEL, and Bayes factor > 50 for REL, were considered as
candidates under positive selection.

@ Springer

Finally, to further validate the result of PAML and Data-
monkey, a complementary protein level approach was used
in the TreeSAAP program, that compares non-synonymous
residue property changes and identifies positive selection
amino acid properties (Woolley et al. 2003). The Tree-
SAAP program detected sites based on 31 physicochemical
amino acid properties, which were all magnitude category
6-8 changes; p values <0.01 were used as an index for the
degree of radical amino acid substitution and positive selec-
tion (Wang et al. 2018a).

Mapping of positively selected sites onto protein
structures

To gain insights into the functional significance of the puta-
tively positive-selected sites, we mapped them onto the
protein secondary and three-dimensional structures. We
used the RaptorX (https://raptorx.uchicago.edu/) to predict
the secondary structures of the implicated proteins, such as
helix, beta-sheet, and coil (Killberg et al. 2014; Wang et al.
20164, b). The protein structure domains were predicted by
the PredictProtein web server (https://ppopen.rostlab.org/)
(Yachdav et al. 2014). The 3D structures of genes under pos-
itive selection were predicted using the homology modeling
software provided by the I-TASSER server (Zhang 2008).
The radical amino sites under positive selection identified by
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more than one method were mapped onto the 3D structure
using PYMOL.

Results
Transcriptome sequencing and de novo assembly

Obtaining cDNA sequences by transcriptome sequencing for
evolutionary analysis has become an efficient option (Yuan
et al. 2017; Ma et al. 2019). Here, the 12 newly generated
crabs’ hepatopancreas transcriptomes contained a total of
~587.92 million clean reads after filtering, ranging from
38.38 to 57.10 million clean reads (Table 1). The assembled
transcriptomes had an average of 228,925 transcripts with
a N50 length of 307 to 1077 bp (Table 1). Number of pre-
dicted unigenes ranged from 113,860 to 399,653 per species,
with an average length of 326.43 to 565.04 bp.

Molecular evolution of digestive enzyme genes
in crabs

To test the selection constraints of different crab lineages for
the 10 digestive enzyme genes, we used likelihood models
of coding sequence evolution implemented in Codeml of the
PAML package. With the one-ratio model (MO), that only
allows a single o ratio for all crab branches, the » value
of 10 genes ranged from 0.0695 to 0.270 (Table 2). The
free-ratio (M1) model was significantly better than the MO

model (p <0.05, Table 2) for eight genes (AMYA, APN,
CPB, MGAM, PNLIP, RISC, TRY, XPD), suggesting het-
erogeneous selective pressures on the different lineages.

Then, we used the branch-site model to test for positive
selection in individual codons for the three functional feed-
ing groups (i.e., HV, OV, and CV). Considering that most
crabs are omnivores, E. j. sinensis was set to represent OV
group and the control for the other two groups. Results show
that two (AMYA and MGAM) genes were identified under
positive selection for HV, whereas no significant sign of
positive selection was detected for CV (Table 3 and Fig. 1).
Conversely, LRT tests showed that four genes (CPB, PNLIP,
RISC, and XPD) were indicated as positive-selected in the
ancestral branch of CV, but these genes were not detected as
positive-selected in the HV group (Table 3 and Fig. 1). The
ANY gene was determined to be positively selected in both
HYV and CV groups. 4 (HV), 2 (HV), 7(CV), 1(CV), 6 (CV),
2 (CV), and 38 (16 in HV, 22 in CV) sites were separately
identified in AMYA, MGAM, CPB, PNLIP, RISC, XPD,
and ANY, respectively, to be under selection using the BEB
approach (posterior probabilities 0.60). Notably, no signifi-
cant signs of positive selection for all 10 digestive enzyme
genes were detected in the E. j. sinensis lineage (Table 3 and
Fig. 1). These results are consistent with results drawn from
free-ratio models.

Significant evidence of positive selection was further
identified by the other two ML methods (IFEL and REL)
implemented in Datamonkey, in which o values were cal-
culated based on the dS. The IFEL model results showed

Table 2 Free-ratio (M1 vs MO0)

N Gene Model In 2InL p value Parameter estimates
analyses of selective pattern on
the digestive enzyme genes in AMYA Ml —8389.518987 88.028416  3.52E-10 o variation for each branch
crabs MO —8433.533195 ©=0.07707
APN M1 —11,781.18078 78.770692 6.34E—-10  variation for each branch
MO —11,820.56613 ®»=0.12389
CPB M1 —7464.011 42.79406 0.003339191 ® variation for each branch
MO —7485.40803 ®»=0.11133
CTRL M1 —3242.504684 20.332408 0.257581194 ® variation for each branch
MO —3252.670888 ®»=0.27099
MGAM M1 —11,486.23662 38.027052 0.012794852  variation for each branch
MO —11,505.25014 ®=0.10960
PNLIP M1 —8621.395942 58.33345 2.28E-05 ® variation for each branch
MO —8650.562667 ®»=0.06952
RISC M1 —6261.751937 35.915418 0.010810792 ® variation for each branch
MO —6279.709646 ®»=0.11022
TL Ml —6792.780844 25.25326 0.152373651 ® variation for each branch
MO —6805.407474 ®»=0.10239
TRY M1 —6056.81572 206.957766 0 ® variation for each branch
MO —6160.294603 ®»=0.17299
XPD Ml —6547.452509 36.784678 0.008441538 ® variation for each branch
MO —6565.844848 ®»=0.07968
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Table 3 Selective pressure analyses (branch-site model) of 10 digestive enzyme genes in crabs

Gene Models InL 2InL p value Parameters Positive selected sites
AMYA HV
ma —8245.755129 ®0=0.04501=1.0 366 0.892; 395 0.755; 446
®2=239.164 0.971; 472 0.893
ma0 —8249.057671 6.605084  0.010168801 ®0=0.045wl=1.0
®2=1.0
Eriocheir japonica sinensis
oV)
ma —8249.489552 ®0=0.04501=1.0
®2=1.0
ma0 —8249.489552 0 1 ®0=0.045 w1=1.0
®2=1.0
(&)
ma —8249.878565 ®0=0.04501=1.0
®2=1.0
ma0 —8245.560898 —8.635334 1 ®0=0.043 w1=1.0
02=1.0
APN HV
ma —11,599.76125 ®0=0.088 w1=1.0 90.987; 65 0.799; 81 0.755;
®2=7.493 111 0.960; 195 0.726;
305 0.638; 412 0.980;
432 0.699; 457 0.715;
496 0.987; 498 0.699;
513 0.944; 532 0.694; 533
0.985; 576 0.998; 580
0.776
ma0 —11,606.63538 13.748258 0.000209015 ®0=0.088 w1=1.0

Eriocheir japonica sinensis
(ov)
ma

ma0

CvV

ma0

—11,614.8169

-11,614.8169 O

—11,596.01728

—11,600.40223 8.769896

02=1.0

®0=0.092 w1=1.0
02=1.0

®0=0.092 w1=1.0
02=1.0

®0=0.088 w1=1.0
®2=15.955

0.003062429 ®0=0.085 w1=1.0

w2=1.0

40.978; 9 0.852; 16 0.698;
17 0.919; 21 0.802; 42
0.967; 50 0.950; 99 0.990;
183 0.988; 197 0.966; 220
0.698; 261 0.960; 284
0.748; 290 0.601; 326
0.936; 327 0.963; 357
0.974; 381 0.948; 444
0.947; 464 0.797; 560
0.992; 568 0.934
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Table 3 (continued)

Gene Models InLL 2InL. p value Parameters Positive selected sites
CTRL HV
ma —3100.449476 ®0=0.028 1=1.0
®2=1.577
ma0 —3100.449471 —1E-05 1 ®0=0.028 w1=1.0
®2=1.0
Eriocheir japonica sinensis
oV)
ma —3093.864463 ®0=0.0201=1.002=1.0
ma0 —3093.864463 0 1 ®0=0.0201=1.002=1.0
(0\%
ma —3100.44944 ®0=0.028 w1=1.0
®2=1.0
ma0 —3100.449447 1.4E-05 0.997014596 ®©0=0.028 w1=1.0
®2=1.0
CPB HV
ma —7265.186413 ®0=0.056 ®1=1.0
®2=13.624
ma0 —7266.258632 2.144438  0.143087426 ®»0=0.056 ®1=1.0
®2=1.0
Eriocheir japonica sinensis
(OV)
ma —7263.402682 ®0=0.055 w1=1.0
®2=3.898
ma0 —7263.595123 0.384882  0.535001984 ®w0=0.054 ®1=1.0
®2=1.0
(0\%
ma —7260.288899 ®0=0.054 ®1=1.0 200.704; 28 0.783; 126
®2=412.22 0.941; 137 0.684; 290
0.635; 301 0.961; 302
0.704
ma0 —7262.852442 5.127086  0.023555242 ®0=0.053 1=1.0
®2=1.0
MGAM HV
ma —11,243.85909 ®0=0.076 ®1=1.0 506 0.606; 580 0.903
®2=999.0
ma0 —11,250.98996 14.261734 0.000159066 ®0=0.075 w1=1.0
®2=1.0
Eriocheir japonica sinensis
(OV)
ma —11,247.59135 ®0=0.074 01=1.0
®2=4.528
ma0 —11,248.1817  1.18069 027721557 ®0=0.073 01=1.0
®2=1.0
CvV
ma —11,250.99111 ®0=0.075 w1=1.0
®2=1.0
ma0 —11,250.99108 —54E-05 1 ®0=0.075 w1=1.0
®2=1.0
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Table 3 (continued)

Gene Models InLL 2InL. p value Parameters Positive selected sites
PNLIP HV
ma —8574.799073 ®0=0.0550w1=1.0
®2=1.0
ma0 —8574.799073 0 1 ®0=0.055wl1=1.0
®2=1.0
Eriocheir japonica sinensis
oV)
ma —8574.799072 ®0=0.055 wl1=1.0
®2=1.0
ma0 —8574.799072 0 1 ®0=0.055 w1=1.0
®2=1.0
CcvV
ma —8556.602517 ®0=0.0501=1.0 162 0.686
®2=999.0
ma0 —8558.892923 4.580812  0.03233189 w0=0.05wl=1.0w2=1.0
RISC HV
ma —6127.008685 ®0=0.047 1=1.0
®2=11.266
ma0 —6128.406388 2.795406  0.094534819 ®w0=0.047 o1=1.0

Eriocheir japonica sinensis

oV)

ma —6125.722268

ma0 —6125.722268

Cv

ma —6118.846411

ma0 —6124.459593
TL HV

ma —6675.644481

ma0 —6676.074283

Eriocheir japonica sinensis

(oV)
ma —6675.782618
ma0 —6676.844784
Cv
ma —6677.118987
ma0 —-6677.118919

11.226364  0.000806435

0.859604  0.353849533

2124332 0.144975975

—0.000136 1

w2=1.0

®0=0.044 01=1.0
02=1.0

®0=0.044 w1=1.0
02=1.0

®0=0.047 01=1.0
02=14.53

®0=0.04501=1.0
w2=1.0

®0=0.061 ®1=1.0
®w2=3.263

w0=0.061 ®1=1.0
®w2=1.0

w0=0.064 ®1=1.0
®2=498.495

w0=0.062 w1=1.0
®2=1.0

®0=0.062 w1=1.0
02=1.535

®0=0.062 w1=1.0
®2=1.0

310.874; 32 0.979; 60
0.977; 123 0.857; 245
0.907; 330 0.817
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Table 3 (continued)

Gene Models InLL 2InL. p value Parameters Positive selected sites
TRY HV
ma —5893.924108 ®0=0.061 ®1=1.0
®2=1.0
ma0 —5893.924108 0 ®0=0.061 ®1=1.0
®2=1.0
Eriocheir japonica sinensis
oV)
ma —5893.924108 ®0=0.061 ®1=1.0
®2=1.0
ma0 —5893.924108 0 ®0=0.061 ®1=1.0
®2=1.0
CcvV
ma —5893.924108 ®0=0.061 ®1=1.0
®2=1.0
ma0 —5893.92419  0.000164  0.989782371 ®w0=0.061 ®1=1.0
®2=1.0
XPD HV
ma —6469.396972 ®0=0.038 w1=1.0
®2=1.0
ma0 —6469.396972 0 ®0=0.038 w1=1.0
®2=1.0
Eriocheir japonica sinensis
(OV)
ma —6469.103159 ®0=0.038 w1=1.0
02=1.0
ma0 —6469.103159 0 ®0=0.038 w1=1.0
®2=1.0
CvV
ma —6460.594483 ®0=0.037w1=1.0 3190.631; 372 0.662
®2=999.0
ma0 —6463.245971 5.302976  0.021289021 ®0=0.036 ®1=1.0

w2=1.0

33 positively selected sites in 7 genes (5 in AMYA, 9 in
ANY, 4 in CPB, 8 in MGAM, 1 in PNLIP, 3 in RISC,
and 3 in XPD) at a significance level < 0.1 (Table 4). In
addition, REL also identified 11 codons in 3 genes (2 in
AMYA, 6 in APN, and 3 in PNLIP) under positive selec-
tion at a level of Bayes factor > 50 (Table 4).

To support the ML method results, a complementary
protein-level approach was implemented in TreeSAAP
(Woolley et al. 2003). In TreeSAAP, the number of radical
changes in the amino acid properties was used as a proxy
for determining the strength of positive selection at a par-
ticular amino acid position (Sunagar et al. 2012). A total
of 94 positively selected codons identified at three genes
(17 in AMYA, 28 in MGAM, and 49 in APN) in the HV
group (Table S4). Moreover, a series of putative positively

selected sites from 5 osmoregulatory genes were identified
in the CV group, i.e., 12 in APN, 19 in CPB, 14 in PNLIP,
14 in RISC, and 13 in XPD (Table S4).

Structural analyses of positively selected sites

To obtain insight into the functional significance of the
putatively selected sites, we mapped all positively selected
sites onto secondary structures of the corresponding diges-
tive enzymes. It was found that the most of the positively
selected sites were detected to fall in the regions of the
functional regions within structures of the digestive
enzymes (Table S5). One positively selected site in PNLIP
(codon 267) was in the active site (Fig. 2).
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Table 4 Datamonky estimates for positive selection sites of digestive
enzyme genes

Gene AA positions FEL p<0.1 REL BF>50
AMYA 4 114.722
37 0.0696527
53 237.695
94 0.0357
158 0.05406
179 0.002006
261 0.002673
APN 159 76.8691
168 0.0625726
198 0.0260367
219 0.053065
237 0.0627574 50.6305
239 55.861
248 0.0666158
294 0.00668225 106.971
413 0.0215774 79.7293
498 0.0506272
545 0.0879651
554 87.9682
CPB 79 0.0462979
150 0.0582287
161 0.0826832
261 0.0909404
MGAM 10 0.04733
85 0.0326356
296 0.001915
302 0.0540048
327 0.0458195
506 0.0967031
509 0.0116585
534 0.0791392
PNLIP 76 0.00408141
136 56.8456
220 52.0238
396 58.1764
RISC 31 0.0994673
261 0.0118679
262 0.0207388
XPD 40 0.0412137
60 0.0813735
148 0.0523904
Discussion

Animals are thought to be adaptive in their digestive enzyme
production in response to differences in diet (German et al.
2004). Herbivorous animals normally exhibit higher car-
bohydrase activities (Horn 1989), and carnivorous animals
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frequently show higher lipid and protein enzyme activities
(German et al. 2004; Hidalgo et al. 1999). Yet there is little
data on the genetic basis underlying different feeding habits.
To this end, we investigated selection pressure on the diges-
tive enzyme genes of 12 crab species based on transcriptome
data.

In the one-ratio model analysis, the ® values of all diges-
tive enzyme genes were significantly less than 1, suggesting
the general evolutionary pattern for crab digestive enzymes
is conservative (Table 2). Even so, the free-ratio and branch-
site model analyses still provide strong evidence that sev-
eral digestive enzyme genes have been subjected to posi-
tive selection in HV and CV crabs (Tables 2, 3, and Fig. 1).
According to previous studies, the positive selection signs
are usually swamped by continuous negative selection that
occurs on most sites in a gene sequence because positive
selection mainly acts on only a few sites and for a short
period of evolutionary time (Shen et al. 2010; Zhang et al.
2005). These reasons may partly explain why we can detect
positive selection in some genes using the free-ratio and
branch-site models, but not with the one-ratio model.

Selection analysis results showed significant evidence for
positive selection at 7 of 10 digestive enzyme genes, i.e.,
AMYA (in HV), MGAM (in HV), CPB (in CV), PNLIP (in
CV), RISC (in CV), XPD (in CV), and ANY (in HV and
CV). Moreover, a series of sites were detected to be under
positive selection in these genes using the codon-based
maximum likelihood methods in Datamonkey (Table 4),
which provides accessional evidence for positive selection.
Adaptive evolution was also supported by evidence that the
positively selected sites were identified by the protein-level
approach in TreeSAAP (Table S4). Particularly, many of
positively selected sites were localized on or near impor-
tant structural regions (i.e., protein-binding region, alpha-
helix, and beta-sheet) in predicted secondary and tertiary
protein structures of the digestive enzyme, suggesting that
these positively selected sites might have influenced protein
properties and functions. Therefore, these nucleotide and
protein-level analyses indicated positive selection may be a
major driving force for evolution of digestive enzyme genes
with respect to different functional feeding strategies.

Strong evidence for positive selection was noted at
AMYA and MGAM in the HV group, in agreement with
previous studies that carbohydrate-degrading enzymes (e.g.,
amylase, Maltase-Glucoamylase) tend to be higher in activ-
ity in guts of herbivorous crabs than in those of omnivores
and carnivores (Dahdouh-Guebas et al. 1999). The AMYA
gene encodes an alpha-amylase produced by the hepatopan-
creas. Alpha-amylases are common hydrolytic enzymes that
break down polysaccharides by hydrolyzing alpha-p-(1,4)-
glucan bonds, and thus catalyze the initial step in diges-
tion of dietary starch, glycogen, and other related carbohy-
drates (Franco et al. 2000; Ramzi and Hosseininaveh 2010).
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Fig. 2 Distribution of positively selected sites in the three-dimensional (3D) structure of PNLIP

The MGAM gene encodes maltase-glucoamylase, which
is a brush-border membrane enzyme that plays a role in
the final steps of digestion of starch. In addition, maltase-
glucoamylase has an important role in herbivore evolution
because of its importance in the breakdown of secondary
metabolites of plants (Hemming and Lindroth 2000). Thus,
the observed positive selection in AMYA and MGAM genes
in HV crabs is suggestive of an enhanced capability for plant
tissue digestion.

For CV crabs, lipids and proteins are the major nutritional
components of food (Cannicci et al. 1996). Here, we detected
positive selection of digestive enzyme genes involved with
lipids and proteins might partly explain the molecular basis
of CV crabs’ digestive adaptation mechanisms. PNLIP has a
very important function in dietary lipids absorption by hydro-
lyzing triglycerides into diglycerides and subsequently into
monoglycerides and free fatty acids (Mun et al. 2007). PNLIP
only presented evidence of positive selection in CV crabs
(Table 3), and most of positively selected sites in this gene
were located primarily in functional domains that facilitated
ligand-receptor interactions (Fig. 2). Particularly, codon 267 of
PNLIP was in an active site (Fig. 2), which is hydrolyzed as the
initial step in the activation process. Therefore, these positively
selected amino acids in the key residues of PNLIP may have
a positive impact on CV crabs’ lipid absorption ability. The
detection of positive selection with PNLIP suggested that CV
crabs may have acquired an enhanced capacity for lipid diges-
tion. Three proteases (CPB, RISC, and XPD) were also only

found to be under positive selection in CV crabs (Table 3),
and they mainly play an important role in the intermediate
step of protein digestion (Sakharov et al. 1997; Chen et al.
2001; Kumar et al. 2014). By contrast, proteases (CTRL and
TRY) at the initiation stage of digestion (Perera et al. 2015)
were not determined to be under positive selection (Table 3).
These results suggested that CV crabs might have acquired an
enhanced capacity for intermediate steps of protein digestion.
In general, lipases and proteases subject to positive selection in
CV crabs may be related with their complex diet and capabili-
ties of digesting proteins and lipids.

Surprisingly, APN was determined to have undergone
positive selection in both HV and CV crabs. APN (used as an
indicator of protein digestive capacity) plays a major role in
the final stages of dietary protein digestion in animals’ intes-
tines, yielding various products, such as peptides which are
finally digested by intracellular peptidases (Michiels et al.
2017; Tang et al. 2016). Thus, APN was consistent with evi-
dence of positive selection in CV crabs and that these protease
genes have important roles in enhancing digestion of pro-
tein. In comparison, positive selection identified in HV crabs
seems to be more difficult to understand. In fact, herbivores
also need a certain amount of plant protein from their food
(Simpson et al. 2004). APN was also positively selected in
HV crabs, suggesting that APN may play an important role
in the digestion of plant protein. Further studies should be
conducted regarding this interesting phenomenon to interpret
roles of APN in HV crabs.
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Conclusions

This study represents a preliminary survey of the molecu-
lar genetic basis underlying different feeding strategies in
crabs. Significant positive selection genes were examined
in HV crabs (carbohydrate digestive enzymes: AMYA and
MGAM) and CV crabs (lipid digestive enzymes: PNLIP;
protein digestive enzymes: CPB, RISC, and XPD). APN
was detected with strong positive selection signals in both
HV and CV crabs. Most of the putatively selected sites
were localized in the important functional regions of these
digestive enzyme genes. These results are consistent with
the complex adaptations of crabs to digestion and absorp-
tion of diverse food resources.
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