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Abstract The Australian freshwater crayfish species, Cherax
quadricarinatus Von Martens, 1868, is an important commer-
cial and invasive species that is also being increasingly used as
a model organism to address important and interesting ques-
tions in crustacean biology. Through deep sequencing of the
transcriptome of C. quadricarinatus from the hepatopancreas
and four other tissues, we examine the evolution of endoge-
nously transcribed cellulase genes and provide new insights
into controversial issues regarding the nutritional biology of
crayfishes. A cluster assembly approach yielded one of the
highest quality transcriptome assemblies for a decapod crus-
tacean to date. A total of 206,341,872 reads with an average
read length of 80 bp were generated from sequencing the
transcriptomes from the heart, kidney, hepatopancreas, nerve,
and testis tissues. The assembled transcriptome contains a

total of 44,525 transcripts. A total of 65 transcripts coding
for carbohydrate-active enzymes (CAZy) were identified
based on hidden Markov model (HMM), and a majority of
them display high relative transcript abundance in the hepato-
pancreas tissue, supporting their role in nutrient digestion.
Comprehensive phylogenetic analyses of proteins belonging
to two main glycosyl hydrolase families (GH9 and GH5) sug-
gest shared ancestry of C. quadricarinatus cellulases with
other characterized crustacean cellulases. Our study signifi-
cantly expands the number of known crustacean-derived
CAZy-coding transcripts. More importantly, the surprising
level of evolutionary diversification of these proteins in
C. quadricarinatus suggests that these enzymes may have
been of critical importance in the adaptation of freshwater
crayfishes to new plant-based food sources as part of their
successful invasion of freshwater systems from marine
ancestors.
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Introduction

The ecological role and nutritional biology of crayfishes has
been controversial (Momot 1995) and is of resurgent interest
given the increasing number and spread of invasive freshwater
crayfish species and their potential to cause negative ecolog-
ical impacts (James et al. 2014; Lodge et al. 2012). While
many crustaceans are detritivorous or herbivorous, traditional
views maintain that they, like all animals, are unable to direct-
ly digest plant material as they lack the genes for endogenous
cellulase production, which are otherwise widespread in the
microbial world. However, it is now emerging that cellulase
genes have an ancient origin in animals and are widespread in
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theMetazoa (Davison and Blaxter 2005). As a result, there has
been an increase in research efforts to catalogue the presence
of cellulase genes in animals and understand the complex
enzymology of cellulose hydrolysis for biotechnology appli-
cations, which is benefiting from increased comparative ge-
netic information (Chen 2015). Recent research on cellulase
has generated rapid growth in the discovery of cellulase genes
exemplified by the increase of GH5 sequences from approxi-
mately 2300 sequences (Aspeborg et al. 2012) to close to 5000
sequences in the current carbohydrate-active enzyme (CAZy)
database (http://www.cazy.org/) (Lombard et al. 2014). In this
context, an especially noteworthy finding is by Byrne et al.
(1999) who discovered the occurrence of endogenous GH9
cellulase in Cherax quadricarinatus, the first report of this
digestive enzyme in crustaceans. This work was then followed
by the characterization of this gene in C. quadricarinatus by
Crawford et al. (2004). While this led to the demonstration of
a functional cellulase in crayfishes, analyses based on tradi-
tional methods involving cDNA constructs are not exhaustive,
resulting in a lack of information pertaining to the potential
diversity of cellulase genes in crayfishes. The increasing avail-
ability of new approaches to sequencing offers an alternative
approach to investigating cellulase diversity in crayfishes and
crustaceans more generally.

Next-generation sequencing technology provides opportu-
nities to characterize the genomic composition of individuals,
populations, and species in unprecedented detail. It is now
possible to study patterns of genic diversity across the genome
and to address a variety of questions relating to systematic and
comparative genomic research (Amemiya et al. 2013; Eaton
and Ree 2013; McCormack et al. 2013; Oakley et al. 2013).
Comparative genomic applications are diverse and range from
investigations of specific genes or gene families all the way
through to whole genomes (Alföldi and Lindblad-Toh 2013),
providing insights into gene function, evolutionary mecha-
nisms and adaptive genetic variation, and the co-evolution of
disease organisms, parasites, and their hosts (Hayward et al.
2015; Jarvis et al. 2014; You et al. 2014; Ward and Kellis
2012; Rubin et al. 2012; Zhernakova et al. 2010).

Yet, despite the significant advances in sequencing technol-
ogy and bioinformatics, genomic research for many animal
groups remains limited by a lack of available genomic data.
Of the 540 species listed on GenBank with a significant level
of genomic resources, 54 % are vertebrates, and for the non-
vertebrates, resources are dominated by taxa of medical or
agricultural importance, predominantly hexapods and nema-
tode worms, many of which are used as model organisms.
Thus, major groups of invertebrates such as the annelids, mol-
luscs, and crustaceans are poorly represented, despite their
rich and extensive fossil records and major contributions to
metazoan diversity and the ecology of many of the earth’s
major ecosystems (Scientists 2014). Until these groups are
better represented in genomic databases, it will not be possible

to properly understand the evolutionary history of the animal
kingdom and identify major elements of genomic evolution
and adaptation within lineages, including the diversification
and characteristics of protein families of biological or biomed-
ical significance.

In recent years, the collection and assembly of
transcriptomic data has become faster and less costly than
whole genome sequencing (WGS) and can provide substantial
datasets for studies of gene expression, quantitative trait var-
iation as well as for comparative genomic and phylogenetic
purposes. However, the gene coverage and quality of
transcriptomic datasets can vary widely especially when only
a single tissue type is analyzed. Optimally, transcriptome sam-
pling from different tissues and developmental stages of an
organism sequenced at deep coverage helps to ensure the re-
covery of a comprehensive transcriptome profile (Clarke et al.
2014; Pallavicini et al. 2013).

The crustaceans, including the highly diverse, ecologically
and economically important decapods (shrimps, crabs,
crayfishes, and lobsters), are notably lacking in their represen-
tation on genomic databases. Complete genomes are available
for only one branchiopod (Daphnia pulex), two copepods
(Lepeophtheirus salmonis, Eurytemora affinis), and one am-
phipod (Hyalella azteca) (Colbourne et al. 2011; Consortium
2013). Although several crustacean transcriptomic datasets
are available, these are highly variable in terms of tissue
source, data output, assembly methods, sequencing platforms,
and, therefore, gene coverage and data quality (Lv et al. 2013;
Ma et al. 2014; Sahoo et al. 2013). For a group containing
more than 50,000 species, less than 50 crustacean
transcriptomic datasets are deposited in public databases at
the time of this study.

A major crustacean group, as they have traditionally been
considered, is the Malacostraca containing the order
Decapoda, which is both highly diverse and contains all the
significant crustacean seafood species. Within the Decapoda,
the freshwater crayfishes are a conspicuous group that has a
geographic range encompassing all major land masses with
the exception of Africa and Antarctica (Bracken-Grissom
et al. 2014; Porter et al. 2005; Toon et al. 2010). They reach
their greatest diversity in the south eastern USA and south-
eastern Australia and are considered to have a monophyletic
origin having evolved from marine ancestors related to lob-
sters (Nephropoidea) during the Permian or Triassic (Porter
et al. 2005; Martin et al. 2008).

In Australia, Cherax is one of the most familiar genera of
freshwater crayfishes, commonly known as smooth yabbies,
containing several large and economically significant species
(Austin 1996; Austin and Knott 1996). The best known spe-
c i e s w i t h i n Che rax i s t h e r e d c l aw c r ay f i s h ,
C. quadricarinatus, endemic to northern Australia and south-
ern New Guinea (Austin 1996). Unfortunately, due to exten-
sive translocation resulting from its popularity as an
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aquaculture and ornamental species and its adaptability, it now
also has an extensive global distribution and is acknowledged
as a major invasive species of inland aquatic ecosystems in the
tropics (Ahyong and Yeo 2007; Saoud et al. 2013; Larson and
Olden 2012). This species is also being increasingly used as a
model organism to address questions of fundamental interest
to crustacean evolution and biology, including the presence
and role of cellulase genes (Davison and Blaxter 2005), chitin
metabolism and molting (Fernández et al. 2012; Pamuru et al.
2012), sex determination and reproduction (Sagi and Khalaila
2001; Shechter et al. 2005), and for infection-related studies
(Hayakijkosol et al. 2011; Nguyen et al. 2014).

The genetics of Australian freshwater crayfishes, including
Cherax and C. quadricarinatus, have been well studied using
PCR-based methods and Sanger sequencing. To our knowl-
edge, other than mitogenomic data (Gan et al. 2014), there are
no comprehensive genomic studies on C. quadricarinatus,
although there are several small-scale and focused studies that
have been carried out investigating specific nuclear gene se-
quences in the species (Abdu et al. 2002; Fang et al. 2011; Liu
et al. 2011; Yudkovski et al. 2010). In addition to these studies,
the C. quadricarinatus transcriptome from gastrolith-forming
and subticular epithelia has been sequenced using 454 pyro-
sequencing and assembled (Glazer et al. 2013); however, this
represents only a modest dataset. In this study, we present a
comprehensive transcriptomic analysis of C. quadricarinatus
sequenced at high coverage and assembled based on
sequences from five tissues. We use our C. quadricarinatus
data to significantly extend the studies of Byrne et al. (1999)
and Davison and Blaxter (2005) on genes from cellulase fam-
ilies to further explore the evolution of these interesting and
important gene families and report an unexpectedly high level
of diversification of these genes in C. quadricarinatus.
Throughout this paper, the term Bcellulase^ can also be used
to refer to enzymes in the cellulase family, which also includes
other enzymes such as mannanase that are capable of
digesting other plant-derived material.

Material and methods

Sequencing of the C. quadricarinatus transcriptome

A sample ofC. quadricarinatuswas obtained fromRapid Creek
in Darwin, Australia. Approximately 50 mg of heart, kidney,
hepatopancreas, central nerve cord, and testis tissues were dis-
sected from the euthanized crayfish and immediately homoge-
nized in 600 μL of RNA shield (Zymo Research, Irvine, CA).
Total RNA extraction was performed on the homogenate using
Quick-RNAMicroPrep (ZymoResearch, Irvine, CA) and stored
at −80 °C. Poly-A enrichment and library preparation were done
using NEXTflex Poly(A) beads and NEXTflex RNA-Seq kit
respectively (Bioo Scientific, Austin, TX) according to the

manufacturer’s instructions. The concentration and fragment
size of the libraries were determined using a Bioanalyzer 2100
(Agilent Technologies, Santa Clara, CA). Then, all five libraries
were normalized, pooled, and sequenced three times on the
MiSeq (2× 80 bp run) (Illumina, San Diego, CA).

De novo assembly of the transcriptome

The workflow for assembly, annotation, and analysis of the tran-
scriptome is summarized in Fig. 1. Paired-end transcriptome
reads from the heart, kidney, hepatopancreas, nerve, and testis
tissues were pre-processed with Trimmomatic v.0.32 (Bolger
et al. 2014) by trimming low-quality bases (reads were trimmed
if an average quality fell below 20 within a window size of four
bases) and retaining reads of at least 50 bp in length. Reads were
then aligned to complete C. quadricarinatus 18S [GenBank:
AF235966.1] and 28S (Online Resource 1) ribosomal RNA
(rRNA) gene sequences with Bowtie2 v.2.1.0 (Langmead and
Salzberg 2012), and those which mapped perfectly to these
rRNA sequences were excluded. The remaining reads from all
tissues were pooled and assembled de novo using two indepen-
dent transcriptome assembler programs: Trinity v.20140717
(Grabherr et al. 2011) and IDBA-tran v.1.1.1 (Peng et al.
2013). Bowtie2 v.2.1.0 (Langmead and Salzberg 2012) was
used to multi-map reads to each assembly separately before
clustering the transcripts from both assemblers with Corset
v.1.03 (Davidson and Oshlack 2014). Subsequently, the longest
transcript was selected to represent each cluster, and only se-
quences longer than 200 bp were retained for further analyses.
These representative transcripts were translated into amino acid
sequences using TransDecoder v.20140704 (http://transdecoder.
sourceforge.net/) while including PFAM domain searches.
Finally, CEGMA v.2.4 (Parra et al. 2007) was used to detect
the presence of a subset of core eukaryotic proteins in the as-
sembled transcriptome.

Transcriptome annotation and transcript abundance
analysis

For functional annotation, transcripts were aligned to protein
sequences from the Swiss-Prot database as well as NCBI’s
non-redundant (NR) protein database using BLASTX
v.2.2.29+ (Altschul et al. 1990) at an e-value threshold of
1e−10. In addition, translated protein sequences were searched
against various databases using InterProScan v.5.8–49.0
(Jones et al. 2014) to further identify protein families, do-
mains, and functional sites. Gene ontology (GO) terms were
also assigned from the InterProScan results.

Pre-processed paired-end reads from individual tissues
were mapped to the assembled transcriptome using Bowtie
v.0.12.7 (Langmead et al. 2009), and the RSEM v.1.2.19 soft-
ware package (Li and Dewey 2011) was used to assign reads
to genes in order to calculate the relative transcript abundance
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in each tissue type. Transcripts per million (TPM) values were
used as expression values. The overlap between all tissue
types was analyzed by identifying common and unique tran-
scripts expressed at a TPM threshold of 100 in each tissue. A
Venn diagram representing tissue-specific and overlapping
transcripts was generated using the BVennDiagram^ R pack-
age v.1.6.0 (Chen and Boutros 2011). The expression of
second-level GO terms relating to biological process, cellular
component, and molecular function categories were inspected
by summing up the TPM expression value of transcripts
pertaining to the specific second-level GO term. A detailed
examination of the expression of third-level GO terms in the
biological process category was also analyzed as above. Heat
maps to represent the relative expression for all tissues were
drawn using the Bpheatmap^ R package v.0.7.7 (Kolde 2012).

Identification of genes encoding CAZy enzymes
and an exploration of cellulase genes in GH9 and GH5
and their evolution

To ident i fy puta t ive ce l lu lase genes wi th in the
C. quadricarinatus dataset, protein sequences were queried
against data from the CAZy database (http://www.cazy.org/)
(Lombard et al. 2014) through the dbCAN web server (http://

csbl.bmb.uga.edu/dbCAN/) (Yin et al. 2012). Sequences with
hits to a GH family with its highest expression in any tissue
exceeding TPM of 10 were retained. The pheatmap R package
v.0.7.7 (Kolde 2012) was used to plot a heat map of relative
expression for all tissues.

For each GH9 and GH5 family, cellulase genes from three
domains, Bacteria, Archaea, and Eukarya (limited to king-
domsViridiplantae, Fungi, andMetazoa), were extracted from
CAZy (Lombard et al. 2014). To reduce redundancy, highly
similar proteins for a same species were clustered with CD-
HIT v. 4.6 (W. Li et al. 2001) (99% identity, word length of 5).
Remaining sequences were aligned with MAFFT v.7.127b
(Katoh and Standley 2013) using the L-INS-i accurate option,
and a tree was inferred from this large alignment using
FastTree v.2.1.7 (Price et al. 2010). Using the trim_tips.py
script from Yang and Smith (2014), unusually long tips were
removed by discarding a tip if it was longer than an absolute
length (0.6 for GH9, 1.1 for GH5) or was more than ten times
longer than tips in its sister clade. Unrooted circular
phylograms for both GH families were annotated and visual-
ized with GraPhlAn v.0.9.7 (http://huttenhower.sph.harvard.
edu/graphlan).

Subtrees containing sequences of interest, particularly
metazoan GH9 proteins and members of subfamily 10 of

Fig. 1 Workflow diagram for the
analysis of the Cherax
quadricarinatus transcriptome.
Analyses included the de novo
assembly of the transcriptome,
annotation of transcripts,
expression analysis in multiple
tissues, and the identification of
putative cellulases
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GH5 (GH5_10), were inferred separately. Sequences longer
than 100 amino acids were aligned with MAFFT v.7.127b
(Katoh and Standley 2013) using the L-INS-i accurate option,
and ambiguously aligned regions were trimmed with BMGE
v.1.1 (Criscuolo and Gribaldo 2010). The best model of pro-
tein evolution was determined with ProtTest3 v.3.4 (Darriba
et al. 2011; Guindon and Gascuel 2003). A maximum-
likelihood tree for each of these subtrees was estimated under
the WAG + G model using RAxML v.8.1.5 (Stamatakis
2006), and nodal support was inferred with standard bootstrap
replicates (with autoMRE criteria, 500 replicates for GH5 and
450 replicates for GH9).

All putative GH9 sequences in addition to the two public
C. quadricarinatus protein sequences: AAD38027.1 (Byrne
et al. 1999) and AAO61672.2 (Crawford et al. 2004), were
aligned in a pairwise manner using SDT v.1.2 (Muhire et al.
2014) (MAFFT was selected as aligner). Multiple sequence
alignments of these sequences and several GH9 cellulases
from other phyla were also carried out with MAFFT
v.7.127b (Katoh and Standley 2013) to identify conserved
functional regions and active sites which were identified by
Davison and Blaxter (2005).

Results

Assembly and annotation of C. quadricarinatus
transcriptome reveals the paucity of publicly available
genetic resources for crustaceans

A total of 206,341,872 reads with an average read
length of 80 bp was generated from sequencing the
transcriptomes from the heart, kidney, hepatopancreas,
nerve, and testis tissues at fragment sizes of 380, 376,
368, 388, and 384 bp, respectively. Subsequently, all
raw reads were submitted to the Sequence Read
Archive [SRA: ERR391748–ERR391752]. Following
the pre-processing of reads, 188,234,126 reads
(91.22 %) were retained for assembly. A summary of

read statistics for individual tissues is reported in Online
Resource 1.

The Trinity-assembled transcriptome contained 105,211
transcripts [TSA: HACB2000001–HACB2105211] while
75,424 transcripts were assembled by IDBA-tran [TSA:
HACK01000001–HACK01075424]. Corset grouped these
transcripts into 44,525 clusters with the longest transcript se-
lected as the representative for each cluster. The final set of
representative transcripts (see Online Resource 2 for sequence
file) resulted in a total transcriptome size of 71,428,145 bp
with an N50 length of 2383 bp (see Table 1 for assembly
statistics and Fig. 2a for distribution of transcript lengths).
Out of the 248 highly conserved core eukaryotic proteins in
the CEGMA gene set, 235 complete proteins (94.76 %) were
represented in the transcriptome.

A total of 16,623 transcripts (37.33 %) had annotations
from at least one database (NR: 15,664 transcripts, Swiss-
Prot: 11,177 transcripts, InterPro: 11,570 transcripts).
Annotations for all transcripts are listed in Online Resource
1. The top ten species hits from the NR database are also
shown in Online Resource 1, with the termite Zootermopsis
nevadensis as the top hit, andD. pulex and C. quadricarinatus
were the only crustacean species on this list. Less than 1 %
(408) of the transcripts were annotated to C. quadricarinatus
sequences, reflecting the paucity of protein sequences avail-
able for freshwater crayfishes and crustaceans in general in the
NR database. A total of 8570 transcripts were associated with
at least one GO term from the three main GO categories with
1701 being unique GO terms. Of these, 7765 transcripts were
assigned to a molecular function category, 4427 transcripts in
the biological process category, and 2479 transcripts in the
cellular component category.

The longest assembled transcript from this analysis was 32,
959 bases long which translated into a protein of 8431 amino
acids in length and appeared to be complete with a start and
stop codon. This transcript was mainly expressed in the heart
and testis with TPM values of 48.51 and 65.32, respectively.
Annotation results against protein databases showed the
highest sequence homology of this transcript to the
Procambarus clarkii I-connectin protein [NR: BAB64297.1,

Table 1 Summary of assembly statistics for the Cherax quadricarinatus transcriptome

Summary Trinity assembly IDBA-Tran assembly Clustered (longest transcript selected as representative)

Number of transcripts 105,211 75,424 44,525

Total transcriptome size (bp) 91,952,851 108,990,202 71,428,145

Longest transcript length (bp) 19,914 32,959 32,959

Shortest transcript length (bp) 201 300 201

Mean transcript length (bp) 874 1445 1604

Median transcript length (bp) 411 739 1018

Transcript N50 length (bp) 1697 2612 2383

% GC 41.27 41.50 40.72
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Fig. 2 Annotation and information on the Cherax quadricarinatus
transcriptome. a Distribution of transcript lengths with blue bars
representing the lengths of all transcripts and red bars showing the
length distribution only for transcripts with at least one annotation. b
Venn diagram showing the number of shared and unique transcripts in
different tissue types expressed at a TPM threshold of 100. c Transcript

expression according to gene ontology (GO) terms in different tissues
measured in log2 of (TPM + 1) values. Horizontal categories represent
second-level GO terms in three categories namely biological process (P),
cellular component (C), and molecular function (F). d Same expression
analysis as in c, but with horizontal categories representing third-level
GO terms contained in the biological process category specifically
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length 17,352aa] and the Drosophila melanogaster TITIN
protein [Swiss-Prot: Q9I7U4, length 18,141 aa]. Multiple im-
munoglobulin (Ig) and immunoglobulin-like signatures
[InterPro: IPR013783, IPR007110, IPR013098, IPR003599,
IPR003598] were also detected throughout the translated pro-
tein (Online Resource 1).

Transcriptome sequencing of multiple tissues improves
transcript representation of C. quadricarinatus

The abundance of transcripts was represented by TPM values
calculated from counts of reads mapped against the tran-
scripts. The percentage of reads mapped to the total transcripts

Fig. 3 Expression of 65
transcripts categorized into 16
GH families measured in log2 of
(TPM + 1) values. The
descriptions of GH families were
assigned based on InterPro
annotations of transcripts in each
family (Online Resource 3), pro-
viding higher confidence of its
putative function. In contrast,
GH30, GH31, and GH39 do not
have descriptions as their corre-
sponding transcripts do not pos-
sess detectable domains or signa-
tures that point to any enzymatic
functions

Comprehensive transcriptome of Cherax quadricarinatus 191



for heart, kidney, hepatopancreas, nerve, and testis tissues
were 50.81, 60.30, 60.36, 61.64, and 55.66 %, respectively.
From this analysis, it was apparent that a higher diversity of
genes was expressed in the nerve (38,001 genes), testis (37,
985 genes), and kidney (37,401 genes) compared to hepato-
pancreas (34,649 genes) and heart (30,936 genes). The top ten
most expressed transcripts (excluding mitochondrial tran-
scripts) in each tissue are listed in Online Resource 1. It is
noteworthy that, compared to other tissues, there were more
highly expressed transcripts in the kidney, nerve, and testis
that did not match any protein sequences in the NR or
Swiss-Prot databases.

The overlap of transcripts between tissues expressed at a
TPM threshold of 100 is summarized in a Venn diagram in
Fig. 2b. A total of 203 highly expressed transcripts, 162
(79.80 %) of which were annotated to known protein func-
tions or domains, were found in all five tissues and listed in
Online Resource 1, representing the core transcriptome
expressed in all tissues. A significant portion of these core
transcripts matched to 60S (19.70 %) and 40S (13.30 %) ri-
bosomal proteins, while most of the remaining transcripts
were associated with proteins involved in energy production,
cell regulation, and maintenance or were encoded on the mi-
tochondrion. The bar charts in Online Resource 1 show the
distribution of tissue-specific transcripts according to the top
ten second-level GO categories at a TPM threshold of 100.

Comparison of top ten GO term distributions between
tissue-specific transcripts and transcripts shared among all tis-
sues expressed above TPM thresholds of 100 showed the dif-
ferences in GO profiles for various tissues. The major GO
terms found in all tissue-specific transcripts include cell, cell
part, and cellular process (see bar chart (f) in Online Resource
1). Transcripts found specific to the hepatopancreas tissue
appeared to be more functionally related to catalytic activity
and metabolic process compared to other tissues (see bar chart
(c) in Online Resource 1) while transcripts specific to the heart
or nerve tissue showed a wide variety of GO distributions
since a large portion of transcripts (44 % in both tissues) were
associated with GO terms other than the listed top ten ontol-
ogies as seen in Online Resource 1 (see bar chart (d)).

Expressions of transcripts according to second- and third-
level GO terms in each tissue are illustrated in Fig. 2c, d.
Overall, several GO terms such as cellular process [GO:
0009987], metabolic process [GO: 0008152], single-
organism process [GO: 0044699], cell component [GO:
0005623], macromolecular complex component [GO:
0032991], organelle component [GO: 0043226], binding
function [GO: 0005488], and catalytic activity function [GO:
0003824] showed relatively high expression across all tissues.
In addition, some GO terms were expressed in relatively
higher or lower values in specific tissues that are consistent
with the respective tissue functions. For example, out of all
tissues, the kidney contained higher expression of transcripts

assigned to respond to stimulus [GO: 0050896] and antioxi-
dant activity [GO: 0016209] while the nerve showed higher
expression of transcripts associated with synapse [GO:
0045202] and channel regulator activity [GO: 0016247].

C. quadricarinatus expresses several putative CAZy
transcripts with predominant abundance
in the hepatopancreas

A total of 65 transcripts were categorized into 16 different
glycoside hydrolase (GH) families (Fig. 3). InterPro annota-
tions for each representative protein sequence are available in
Online Resource 3 and mostly support the enzymatic func-
tions listed in the figure. Most noteworthy are the cellulase
(GH9, GH5) and chitinase (GH18), with high expression of
transcripts predominantly in the hepatopancreas. Protein se-
quences are available in Online Resource 4. The diversity of
putative cellulases related to the GH9 and GH5 families were
examined more thoroughly.

Phylogenetic analysis incorporating 20 putative
C. quadricarinatus GH9 cellulase and 1300 sequences from
the CAZy database shows that most GH9 proteins cluster
monophyletically mainly based on taxonomic domains with
a few outliers (Fig. 4a). As expected, our putative crayfish
GH9 proteins (Online Resource 4) group with other metazoan
sequences (available in Newick format as Online Resource 5).
A second maximum likelihood (ML) phylogenetic tree that
was constructed using metazoan-derived GH9 sequences
and rooted with members of phylum Echinodermata
(Fig. 4b) shows that the putative C. quadricarinatus GH9
cellulases cluster with sequences from other decapod species.
The tree also shows the relative abundance of sequences re-
ported for every phylum or subphylum, with Hexapoda hav-
ing the largest representation. Nodal support for this tree is
relatively weak, with many nodes having bootstrap values of
less than 50 %. One of the putative GH9 proteins (T_18721)
forms a tight group with two public C. quadricarinatus cellu-
lases [GenBank: AAO61672.2, AAD38027.1] with high

�Fig. 4 Putative Cherax quadricarinatus GH9 cellulases and the
evolution of GH9 proteins. a Circular phylogram shows the clustering
of GH9 proteins from three domains: Bacteria, Archaea, and Eukarya
(plants, fungi, and metazoans only). Markers are colored according to
taxonomic domains with the putative GH9 proteins colored in magenta
(see legend). b Maximum-likelihood phylogenetic tree for metazoan
GH9 proteins rooted with Echinodermata. Only bootstrap values
greater than 50 % are shown at nodes. Expression levels in different
tissues (H: heart, K: kidney, L: liver/hepatopancreas, N: nerve, T: testis)
for individual C. quadricarinatus GH9 transcripts are also shown. c
Color-coded pairwise identity matrix generated from 22
C. quadricarinatus proteins based on amino acid similarity. d Partial
alignment of multiple GH9 proteins displaying conserved active sites as
seen in Davison and Blaxter (2005). Putative GH9 sequences can be
found in Online Resource 4, and complete sequence alignments is
contained in Online Resource 6
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pairwise identity (>99 %) as shown in Fig. 4c. Pairwise iden-
tity scores show a large range in the degrees of amino acid
sequence similarity (56.8–99.8 %) for putative GH9 homo-
logs identified in C. quadricarinatus. Finally, the alignment
of the 20 putative cellulases and GH9 cellulases from several
species from other kingdoms and phyla revealed several con-
served sites, and these are highlighted in the partial alignment
in Fig. 4d (see Online Resource 6 for the complete alignment).
Out of the 20 putative GH9 cellulases, 19 have the expected
conserved amino acid at all five active sites. The remaining
homolog (T_6930) has the expected conserved amino acid at
only four sites but differs at position 604 of the alignment with
a cysteine (C) instead of a histidine (H). The cockroach,
Panesthia cribrata, also has a different amino acid, serine
(S), at this position.

Homologs of putative cellulases belonging to GH5 families
were also identified and are available in Online Resource 4.
Four protein sequences were identified from the transcriptome
data as putative GH5 cellulases. Combined with sequences
available in the CAZy database, a total of 3447 protein se-
quences were used to plot the unrooted circular phylogram
shown in Fig. 5a (available in Newick format as Online
Resource 7). The circular phylogram contains sequences from
49 GH5 subfamilies, annotated according to the assignment in
the CAZy database. Putative GH5 sequences identified from
the crayfish transcriptome were clustered with proteins from
the GH5_10 subfamily, which contains sequences from bac-
terial and other metazoan (arthropods and molluscs) sources.
An additional ML analysis for members of the GH5_10 sub-
family resulted in the unrooted phylogenetic tree in Fig. 5b
which shows the clustering of metazoan sequences into a
monophyletic group. All four putative C. quadricarinatus
proteins form amonophyletic group together with the publicly
available C. quadricarinatus partial mannanase protein se-
quence [GenBank: AIN40245.1], and one homolog
(T_2797) appears to be highly similar to the aforementioned
public sequence.

Discussion

Deep sequencing of transcriptomes from multiple distinct
C. quadricarinatus tissues adds to the small but growing col-
lection of high-quality transcriptomic and genomic resources
for decapods and crustaceans more generally. While this is not
the first C. quadricarinatus transcriptome sequenced (Glazer
et al. 2013), our dataset is almost eightfold larger (based on
total transcriptome size) and more comprehensive through
higher coverage and the sampling of multiple tissues. Both
transcriptomes were assessed based on percent completeness
reported by CEGMA, taking into consideration that most
genes represented in the CEGMA gene set are highly
expressed basic housekeeping genes (Akashi and Eyre-

Walker 1998; Parra et al. 2007). However, even with this
caveat, a more comprehensive transcriptome assembly is ex-
pected to include highly expressed conserved genes. In this
context, the C. quadricarinatus transcriptome reported in this
study is estimated to contain 94.76 % complete genes (235
genes) out of the CEGMA 248 gene set, considerably surpass-
ing the transcriptome of Glazer et al. (2013) at only 24.19 %
(60 complete genes).

The sequencing of the transcriptome from a range of tissues
also allowed us to estimate the core crayfish proteome as well
as make comparisons between the transcriptomic profiles of
different tissues. From this analysis, we discovered that the
highly expressed core crayfish transcripts were better annotat-
ed compared to tissue-specific transcripts (see bar charts in
Online Resource 1). This observation is not surprising since
transcripts shared among all tissues are expected to be genes
that are more conserved and are thus usually better character-
ized in other organisms as well. In addition, unannotated tran-
scripts from the core transcript set may also have been tran-
scribed from crayfish- or decapod-specific genes, which have
not been extensively studied and are not present in the protein
databases. A comparison of expression profiles of multiple
tissues also reveals a lack of annotation information for tran-
scripts expressed in some tissues, specifically the kidney,
nerve, and testis. The significance of this issue is highlighted
from finding that only one out of the top ten highly expressed
transcripts in the testis tissue was successfully annotated
(Online Resource 1).

In this study, we identified an abundance of enzymes in-
volved in various glycoside hydrolase functions (Fig. 3), some
of which have been found in crayfishes or other crustaceans
(Huang et al. 2010; Zhang et al. 2014; Linton et al. 2015; Ong
et al. 2015). One of the significant findings includes the dis-
covery of 11 putative crayfish chitinases belonging to GH18,
which is consistent with other studies that have identified
multiple chitinases in other crustaceans such as shrimps and
crabs (Huang et al. 2010; Zhang et al. 2014), further extending
the known diversity of the chitinase family in crustaceans.

�Fig. 5 Putative Cherax quadricarinatus GH5 cellulases and the
evolution of GH5 proteins. a Circular phylogram shows the clustering
of GH5 proteins from three domains: Bacteria, Archaea, and Eukarya
(plants, fungi, and metazoa only) and the distribution of 49 GH5
subfamilies. Markers are colored according to taxonomic domains with
the putative GH5 proteins colored in magenta (see legend). From inside:
First ring marks the position of putativeC. quadricarinatusGH5 proteins
clustered in subfamily GH5_10. Second ring marks GH5 proteins not
assigned to any subfamily in the CAZy database. Third ring shows the
distribution of subfamilies in different colors. b Unrooted maximum-
likelihood phylogenetic tree for proteins in the GH5_10 subfamily.
Only bootstrap values greater than 50 % are shown at nodes.
Expression levels in different tissues (H: heart, K: kidney, L: liver/
hepatopancreas, N: nerve, T: testis) for individual C. quadricarinatus
GH5 transcripts are also shown. Putative GH5 sequences can be found
in Online Resource 4
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Chitinase may facilitate the digestion of chitinous foods
(Zhang et al. 2014), the degradation of endogenous chitin in
the gut peritrophic membrane prior to molting (Tan et al.
2000; Zhang et al. 2014), or even other roles not related to
molting, but their exact role will need to be validated since
chitinases have a wide variety of functions. In addition, we
also found a single GH16 glucanase sequence in
C. quadricarinatus that contains sequence regions conserved
in various glucanases isolated from decapod crustaceans
(Linton et al. 2015), suggesting the ubiquity and an essential
role of GH16 glucanase in decapod carbohydrate metabolism
(T_28955). The high expression of CAZy-coding transcripts
in the hepatopancreas tissue supports their function as diges-
tive enzymes and more specifically a direct role in the diges-
tion of plant-derived material (Byrne et al. 1999). The diverse
CAZy profile in C. quadricarinatus (Fig. 3) is likely to be
encountered in other Cherax spp. and freshwater crayfishes
given their similar ecological niche (Crawford et al. 2004).
However, someCAZy proteinsmay play a more general phys-
iological role in C. quadricarinatus given their uniform tran-
script expression across all tissues e.g., T_40795 and T_22312
(Fig. 3 and Online Resource 4).

A major outcome of this study was finding an unexpected
diversity of cellulase genes in GH5 and GH9 families. Byrne
et al. (1999) first reported a cellulase from the GH9 family in
C. quadricarinatus, and it was further characterized by
Crawford et al. (2004). Notably, we found this family to be
highly diverse in our crayfish sample, represented by 20 forms
with varying degrees of divergence (Fig. 4c). Some of these
forms are likely to be of significant evolutionary antiquity as
they cluster with homologs from quite divergent taxa. This is
supported by the protein sequences from the GH9 family
which cluster according to their taxonomic domains while
forming monophyletic clades for plants, fungi, and metazoans
(Fig. 4a). Similarly, the freshwater crayfish sequences cluster
with other crustaceans (Fig. 4b), supporting an endogenous
origin for this gene family in the crayfishes and most likely
in other metazoan groups as opposed to a recent or bacterial
origin. Davison and Blaxter (2005) also suggested a single,
ancient origin of the eukaryotic GH9 gene. In addition, most
of our reported putative GH9 homologs identified from the
transcriptome appear to be Btrue^ cellulases as they contain
the expected amino acid residues at the five active sites which
are almost always invariant across the Eukarya as documented
by Davison and Blaxter (2005).

In a recent study, Dammannagoda et al. (2015) character-
ized the GH5 mannanase in C. quadricarinatus, which has
also been found in related species of crayfishes and other
decapod crustaceans (Linton et al. 2006). We identified tran-
scripts identical to their reported genes and three additional
closely related forms, all predominantly expressed in the he-
patopancreas, supporting an endogenous function in
crayfishes. In the ML tree for subfamily GH5_10 (Fig. 5b),

all four putative GH5 proteins form a common clade with the
publicly available C. quadricarinatus partial mannanase pro-
tein (Dammannagoda et al. 2015), possibly representing mul-
tiple forms of the protein. The unrooted circular phylogram in
Fig. 5a for GH5 clearly shows groups of cellulase sequences
in their expected subfamilies as also demonstrated by
Aspeborg et al. (2012), with our putative GH5 proteins placed
in the GH5_10 subfamily. Figure 5a also shows the grouping
of cellulases first into separate subfamilies and then within
most subfamilies, where they form rather distinct monophy-
letic groups according to taxonomic domains. This observa-
tion points to the likelihood of a vertical descent of GH5 genes
as opposed to a horizontal transfer of the gene as suggested by
Aspeborg et al. (2012). In addition, our update of the GH5
phylogenetic tree also places unclassified GH5 proteins into
possible subfamilies based on their phylogenetic positions as
indicated on the second ring around the phylogram in Fig. 5a.

Our identification of putative endogenous cellulases of
both GH families in C. quadricarinatus is consistent with
findings in other studies (Byrne et al. 1999; Crawford et al.
2004; Dammannagoda et al. 2015). Our findings on cellulase
diversity have important implications in understanding the
nutritional biology and trophic roles of crayfishes, which are
of considerable interest as a number of species have been
shown to have major ecological impacts in freshwater systems
(Nyström et al. 1996; Whitledge and Rabeni 1997), to be
excellent invaders of aquatic environments worldwide
(Ahyong and Yeo 2007; Saoud et al. 2013) or are subject to
significant aquaculture industries in many parts of the world
(Huner 1994).

Traditionally, crayfishes have been assumed to be
detritivores or herbivores based on stomach content analysis
and field observations (Momot 1995; Roth et al. 2006).
Aquaculturists widely assume that detritus is a nutritional re-
quirement for crayfishes for successful pond culture (Mitchell
et al. 1995; Salame and Rouse 2000; Huner 1994). In a pro-
vocative paper, Momot (1995) opined that the view of
crayfishes as primarily detritivores or herbivores is flawed as
stomach content analysis seriously underestimates the signif-
icance of soft-bodied animal prey relative to the consumption
of plant and detrital material, which are retained for longer in
the stomach. He concluded that freshwater crayfishes are bet-
ter considered as keystone predators and occasionally faculta-
tive herbivores that play a major role in the transfer of energy
and materials in aquatic food webs. Several subsequent stud-
ies have essentially supported his position based on studies of
both northern hemisphere (Weinländer and Füreder 2011;
Nyström et al. 1996; Roth et al. 2006) and southern hemi-
sphere (Parkyn et al. 2001; Johnston et al. 2011) crayfish
confirming that they mostly operate as predators but can also
consume plant material from time to time.

Our discovery that C. quadricarinatus has a rich diversity
of cellulase genes of significant evolutionary antiquity
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suggests that the now prevailing view of crayfishes as primar-
ily carnivores requires reassessment, especially from an evo-
lutionary viewpoint. This position is supported by the recent
study of Johnston et al. (2011), who demonstrated consider-
able variation between species from the same crayfish com-
munity ranging from primarily carnivorous species
(Euastacus bispinosus) to primarily herbivorous species
(Gramastacus insolitus) and to species that had either mixed
diets or switched between plants and animals at different sites
(Geocharax falcata and Cherax destructor). Thus, part of the
conflicting views in the literature may relate to studies of
crayfishes from different families and inhabiting very different
environments (i.e., slow flowing, organically rich tropical
streams versus clear temperate lakes) and insufficient sam-
pling in space and time and limited comparisons of co-
occurring species (Johnston et al. 2011). It will be of great
interest to extend the findings of this study to examine cellu-
lase diversity in other species of crayfishes with contrasting
trophic status (e.g., Euastacus andGramastacus) and from the
northern hemisphere families and to study cellulase gene ex-
pression in controlled feeding trials. A possibility, therefore,
that remains to be further explored, is that the diversification
of cellulase genes we have observed in this study may be part
of a suit of adaptive responses that allowed ancestral
crayfishes to exploit freshwater environments after they split
from their marine ancestors over 250 million years ago
(Martin et al. 2008; Porter et al. 2005). From a nutrition view-
point, freshwater systems are markedly different from marine
systems in that the predominant organic inputs are from ter-
restrial plant sources (Fisher and Likens 1973; Vannote et al.
1980; Tank et al. 2010).

Conclusion

Our study significantly contributes to the limited genomic
resource available for crayfishes and more generally for crus-
tacean species, thereby providing important baseline data for
comparative transcriptomic studies of this important and
threatened group of organisms (Richman et al. 2015). In ad-
dition, an investigation of carbohydrate-active enzymes re-
vealed an unexpected diversity, including a proliferation of
cellulose metabolizing proteins, with phylogenetic affinities
across divergent taxa, suggesting an ancient evolutionary ori-
gin for some of these forms. These results have important
implications for the current understanding of the nutrition bi-
ology of freshwater crayfishes, which may be less dependent
on animal sources of protein than currently thought. The high
diversity of carbohydrate-active enzymes may reflect the his-
torical adaptation of crayfishes to the exploitation of plant-
based nutrient sources in the course of their evolution into
freshwater environments from their ancestral marine
environments.
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