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Some eukaryotes are able to gain access to well-protected carbon sources in plant
biomass by exploiting microorganisms in the environment or harbored in their digestive
system. One is the land pulmonate Arion ater, which takes advantage of a gut microbial
consortium that can break down the widely available, but difficult to digest, carbohydrate
polymers in lignocellulose, enabling them to digest a broad range of fresh and partially
degraded plant material efficiently. This ability is considered one of the major factors
that have enabled A. ater to become one of the most widespread plant pest species
in Western Europe and North America. Using metagenomic techniques we have
characterized the bacterial diversity and functional capability of the gut microbiome of
this notorious agricultural pest. Analysis of gut metagenomic community sequences
identified abundant populations of known lignocellulose-degrading bacteria, along with
well-characterized bacterial plant pathogens. This also revealed a repertoire of more than
3,383 carbohydrate active enzymes (CAZymes) including multiple enzymes associated
with lignin degradation, demonstrating a microbial consortium capable of degradation
of all components of lignocellulose. This would allow A. ater to make extensive use of
plant biomass as a source of nutrients through exploitation of the enzymatic capabilities
of the gut microbial consortia. From this metagenome assembly we also demonstrate
the successful amplification of multiple predicted gene sequences from metagenomic
DNA subjected to whole genome amplification and expression of functional proteins,
facilitating the low cost acquisition and biochemical testing of the many thousands
of novel genes identified in metagenomics studies. These findings demonstrate the
importance of studying Gastropod microbial communities. Firstly, with respect to
understanding links between feeding and evolutionary success and, secondly, as sources
of novel enzymes with biotechnological potential, such as, CAZYmes that could be used
in the production of biofuel.

Keywords: CAZymes, lignocellulose, Arion ater, biofuel, shotgun metagenomics, whole genome amplification,
cellulase

Frontiers in Microbiology | www.frontiersin.org 1

November 2017 | Volume 8 | Article 2181


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/journals/microbiology#editorial-board
https://www.frontiersin.org/journals/microbiology#editorial-board
https://www.frontiersin.org/journals/microbiology#editorial-board
https://www.frontiersin.org/journals/microbiology#editorial-board
https://doi.org/10.3389/fmicb.2017.02181
http://crossmark.crossref.org/dialog/?doi=10.3389/fmicb.2017.02181&domain=pdf&date_stamp=2017-11-08
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles
https://creativecommons.org/licenses/by/4.0/
mailto:n.ferry@salford.ac.uk
https://doi.org/10.3389/fmicb.2017.02181
https://www.frontiersin.org/articles/10.3389/fmicb.2017.02181/full
http://loop.frontiersin.org/people/455020/overview
http://loop.frontiersin.org/people/30851/overview
http://loop.frontiersin.org/people/456383/overview
http://loop.frontiersin.org/people/493257/overview

Joynson et al.

Black Slug Gut Metagenomic Analysis

INTRODUCTION

Slugs are a highly successful group of organisms that are members
of the order Pulmonata, found in high abundance in many
terrestrial and aquatic ecosystems worldwide. The common black
slug, Arion ater, is particularly prevalent in Western Europe
and North America. These slugs travel long distances at night
feeding on a variety of foodstuffs including vegetation (both
live and decaying), carrion, and fungi. They use a tongue-
like appendage containing barb-like teeth—the radula—to shred
their food into uniformly sized pieces, increasing the surface area
for enzymatic degradation in the gut. These slugs feed actively
down to temperatures approaching 0°C, and adults and eggs
have been observed to survive freezing at —3°C for 3 days or
more (Slotsbo et al., 2011). It is therefore believed that slugs
survive seasonal weather either by preservation of buried eggs or
through migration to areas unaffected by frosts, such as, deep in
compost heaps and underground in leaf litter (Kozlowski, 2007).
Slugs are also known to be resistant to high concentrations of
toxic metals, so much so that they are often used in studies of
environmental levels of pollution (Ireland, 1979; Seric Jelaska
et al., 2014). The ability to utilize a broad range of food sources
and their physiological robustness to environmental challenges
are amongst the reasons why slugs are such a successful group of
organisms, despite the best efforts of humans to eradicate them
from agricultural and suburban land.

It is now well established that the gut microbiome plays a
pivotal role in digestion in many invertebrates and vertebrates
such as, termites (Brune, 2014), cockroaches (Bertino-Grimaldi
et al., 2013), cattle (Hess et al., 2011), and humans (Qin et al.,
2010). However, the gut microbial communities of members
of the gastropod class are still largely unstudied, despite their
ability to digest a wide range of materials efficiently. One
recent study has demonstrated the ecological richness of the
gut microbiome of the gastropod Achatina fulica (giant snail),
highlighting its metabolic capabilities, with a large number of
CAZymes being observed (Cardoso et al,, 2012a). In a previous
study we demonstrated that the gut microbial consortium of
A. ater is directly involved in breakdown of the lignocellulose
portion of its diet (Joynson et al, 2014), while showing that
this enzymatic activity is stable at a broad range of temperatures
and pH levels. This suggests that the gut environment of A. ater
could harbor microbial consortia of considerable ecological and
economic importance.

In this study, we examine the composition of gut microbial
consortia in A. ater, and their metabolic capability. There are
three reasons why this research is important. First, knowledge
of the gut microbiome composition of A. ater offers a means
of understanding how this microbial population may facilitate
the digestion of lignocellulose along with identification of a large
number of CAZymes of interest to many industries including
development of second generation biofuels. Second, it may offer
insight into the survivability and feeding ability of slug species.
This is especially important now, following the European Union
ban on traditional molluscicide pellets, in force from September
2014 (Commission Implementing Regulation 187/2014), which
was introduced because of the rapid build-up of molluscicide

metabolites in water sources (Kay and Grayson, 2013). Finally,
the microbiological profile of the slug gut may also provide a
target for future bacterial crop pathogen diagnostics, tracking,
and control measures in agriculture. Slugs have recently been
proposed as vectors for the transmission of bacterial pathogens
(Gismervik et al., 2014) and the metabolic capacity of soft rotting
pathogens such as, Dickeya spp. (identified in this study) and
many others could be advantageous in the mollusc gut (Toth
etal., 2011).

MATERIALS AND METHODS

Sample Collection and Metagenomics DNA

Extraction

Slugs were collected from a suburban area in North Cheshire
(53.391463 N, 2.211214 W), a sampling area used in a previous
study (Joynson et al., 2014), 2h after last light. Individuals
were cooled to 4°C to reduce spontaneous mucus production
during dissection. Whole gut tracts were extracted, and care
was taken to avoid rupturing the gut wall, to minimize loss or
contamination of gut juices. All dissections were carried out
in a sterile petri dish. Ten gut tracts were then pooled and
DNA extracted using a modified protocol based on the Meta-
G-Nome DNA isolation kit (Epicentre, WI, USA). Briefly, gut
pieces were homogenized in an extraction buffer by vortexing,
and a series of centrifugation steps were then carried out to
remove plant material from the gut and other large debris.
Supernatants were then filtered through a 1.2 wm filter in order
to capture eukaryotic cell debris followed by a microbe capture
step using a 0.2 um filter. Microbes were then washed off the
filter and DNA was extracted. DNA quality and quantity was
assessed spectrophotometrically (260:230 and 260:280 nm ratios)
and using agarose gel electrophoresis alongside a pre-quantified
fosmid control. Extracted DNA was then used to create an
IMlumina DNA library and sequenced using a Miseq using the
V2 chemistry (2 x 250 bp) at the Centre for genomic research,
Liverpool University.

Metagenome Assembly,

Functional/Phylogenetic Analysis

Reads with ambiguous bases, along with their respective pair
read, were removed from the raw dataset. Adaptor sequences
were then trimmed from raw reads. Sequence output files
were assessed using FastQC version 0.10.01 (Andrews, 2010).
25,996,846 reads passed quality control according to FastQC
defaults and were assembled using Velvet (V1.2.10) (Zerbino and
Birney, 2008) using options: k = 51, cov_cutoff = auto, exp_cov
= auto and ins_length 200. Velvet output de Bruijn graphs were
then used as input to Metavelvet (v1.2.01) (Namiki et al., 2012).
To assess the quality of the resulting assembly, raw reads were
aligned to resultant contigs using (Burrow-Wheeler Aligner)
BWA with default settings (Li et al., 2009). The resulting SAM file
was then converted to a.BAM file, sorted, indexed, and mapping
statistics obtained using the Samtools (Li et al., 2009) view, sort,
index, and flagstat functions respectively. The resulting BAM
file was visualized using the TABLET alignment viewer (Milne
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etal,, 2013) facilitating manual curation during selection of novel
genes for amplification and biochemical assay. Assembly output
contigs were then subjected to open reading frame prediction
using the ab initio gene prediction method of MetaGeneMark
(Zhu et al., 2010). Amino acid sequence files were then used as
queries in a BLAST search against the NCBI nr protein database
(03/2014) using options: E-value cutoff of IE™>, num_alignments
50, and num_descriptions 50 in order to assign putative function.
The BLAST alignments were then used to organize predicted
proteins into function and phylogeny using MEGAN4 (Huson
et al,, 2011). The lowest common ancestor (LCA) algorithm
of MEGAN4 was used to sort open reading frame alignments
into taxonomic groups using default parameters. For functional
assignment, the predicted genes were sorted into groups based
on the BLAST alignment results and the biochemical pathways
annotated in the KEGG database using the KEGG extension in
the MEGAN4 software. Further functional assignment was made
by searching the predicted proteins against the CAZy database
(Lombard et al., 2014). To do this all predicted sequences were
used as a query in the CAZYmes Analysis Toolkit (CAT) (Park
et al.,, 2010) using the Pfam based annotation tool with an E-
value threshold of x 107*. Further phylogenetic analysis was
carried out by subjecting raw sequencing reads to analysis using
MetaPhlAn V1.7.8 (Segata et al., 2012) incorporating BowTie2
(Langmead and Salzberg, 2012). Raw reads were also uploaded
to the MG-RAST pipeline (Meyer et al., 2008) for functional
and taxonomical assignment along with estimation of taxonomic
abundance. SEED analysis was used to compare the functional
repertoire of slug gut microbiome against public MG-RAST
gut metagenomes for higher termites (Costa Rican Nasutitermes
sp.) cattle (Bos taurus), the Asian longhorn beetle (Anoplophora
glabripennis) and the giant African land snail (A. fulica). In
order to gain insight into biologically meaningful and statistically
significant differences between the functional capacities of the
slug gut and other microbiomes, the two-way Fisher’s exact test
with Benjamin-Hochberg FDR multiple test correction analysis
was carried out pair wise between SEED annotations of the
slug gut microbiome and those of comparator organisms using
Statistical Analysis of Metagenomic Profiles (STAMP) (Parks
et al., 2014). A. ater sequencing data was submitted to EBI ENA
database (project ID: PRJEB21599).

Ampilification, Cloning, and Expression of
CAZymes

To increase the amount of metagenomic DNA template available
for metagenome validation and amplification of identified genes,
metagenomic DNA from the same sample that was used
in sequencing was subjected to whole genome amplification
(WGA). Ten nanogram of metagenomic sample DNA was used
as template for amplification using the Repli-G mini kit (Qiagen,
Manchester, UK), producing 4-6 jLg of whole genome amplified
product per 10 ng starting material. In order to validate the
metagenomic assembly a selection of predicted CAZY gene
sequences were amplified using 100 ng of WGA metagenomic
DNA as template using Taq based PCR. PCR products were
separated using 1% agarose gel electrophoresis and bands of

sizes corresponding to the size of the predicted genes were gel
extracted. PCR primer sequences and predicted genes sizes can
be found in Supplementary Dataset 3. Amplified bands were
then cloned and transformed into E. coli using the TA cloning
kit (pCR2.1 vector) (Invitrogen). Vector inserts were sequenced
using the BigDye 3.1 system to confirm CAZyme identity. One
full length gene was subsequently re-amplified using Taq based
PCR and cloned into the pBAD TOPO TA expression vector (Life
Technologies, Paisley, UK). Proteins were expressed according to
the manual instructions, and expressed products assessed using
western blot targeting a C terminal His-tag. Detection was carried
out using a secondary antibody-HRP conjugate and the ECL
prime chemiluminescence kit (GE healthcare, Buckinghamshire,
UK).

CAZymes Activity Detection

To detect enzyme functionality, transformed strains expressing
proteins were then grown on agar activity assay plates. Strains
containing predicted p-glucosidase cloned pBAD TOPO TA
expression vectors were induced as per manual instructions. Five
micro liter of induced culture was grown on LB agar plates
containing 0.1% (w/v) of the cellobiose mimic, esculin hydrate
(Sigma, UK), and 0.03% (w/v) ferric ammonium citrate (Sigma,
UK) for 24 h. The production of black halos was taken to indicate
B-glucosidase activity. Untransformed TOP10 E. coli was used as
a negative control.

RESULTS

Metagenomic Library Sequencing

Metagenomic DNA isolated from the whole gut tract, including
crop and stomach was successfully extracted and the purity
and genomic integrity tested as described. Sequencing of the
metagenomic DNA yielded over 6 Gbp of raw sequence data in
the form of ~26 million paired-end reads, with an average length
of 238 bp. The resulting community metagenome contained
81.74 Mbp of sequence data with assembled contigs having an
N50 value of 1.8 Kbp (Table 1). This metagenome was then
mined to determine the gut community ecology profile, along
with the functional and metabolic capabilities of the microbiome.

A. ater Gut Microbial Diversity

Metagenomic community analysis showed that bacterial
DNA predominated in the sample, with 99.4% of reads
corresponded to bacteria, and only 0.3% to viruses, 0.2% to
eukaryotes, and 0.01% to archaea (Supplementary Dataset
1). This suggests that attempts to limit the number of
host and plant DNA contaminants by filtering was highly
successful. Relative abundance of microbial groups was
assessed using MetaPhlAn. This analysis indicated that the
majority of the gut microbial community corresponded to
members of the Gammaproteobacteria class (82%) with most
assignments being to members of the Enterobacteriaceae
(64.5%) and Pseudomonadaceae (10.6%) families, which
both contain widespread environmentally-adapted bacteria.
Other families with notably high representation in the gut
were Sphingobacteriaceae (8.6%), Moraxellaceae (3.7%), and
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TABLE 1 | Sequencing and assembly statistics of the gut community
metagenome.

A. ater Gut Metagenome

Number of trimmed reads 25,996,846
Raw sequence data (Gbp) 6.175
Number of assembled contigs 48,089
Largest contig (Kbp) 56.3
N50 value (Kbp) 1.8
Protein coding genes 108,691
Total size of metagenome (Mbp) 81.74

Flavobacteriaceae (1.8%). The most abundant genera found in the
gut microbiome were Enterobacter (26.9%), Citrobacter (19.8%),
Pseudomonas (10.5%), Escherichia (3.9%), and Acinetobacter
(3.6%), and the genera Pantoea (2.7%), Klebsiella (2%), Serratia
(0.75%), Erwinia (0.73%), and Salmonella (1.1%) were also
identified at lower abundance (Table 1, Figure 1, Supplementary
Dataset 2). In order to compare the assignments and abundance
data generated here, reads were also submitted to the MG-RAST
pipeline which uses global alignments in its analysis unlike
the marker gene database system used by MetaPhlAn. The
MG-RAST pipeline produced results comparable to those from
MetaPhlAn; again, the Gammaproteobacteria class was by far
the most numerous in the sample, with the majority of those hits
matching the Enterobacter family (Supplementary Dataset 1).

Presence of Potential Plant Pathogens

To determine the presence of plant pathogen species harbored
in the A. ater gut, the metagenome phylogenetic analysis
results were mined for hits relating to known plant pathogen
species using the phylogenetic analyses of MataPhlAn and
MG-RAST. Multiple assignments of metagenome sequence
to plant pathogenic bacteria could be made, and Table 3
shows six economically significant plant pathogens identified
in the A. ater gut microbiome. These include the three most
economically-damaging bacterial crop pathogens in Europe:
Erwinia amylovora, Dickeya dadanttii, and Pectobacterium
carotovorum. (The species in Table 3 were identified by both
MetaPhlan and MG-RAST analysis methods).

Functional Analysis and Bacterial
Metabolic Processes

In order to assess the biochemical/metabolic potential of
the gut microbiome, genes were predicted from assembled
contigs. In total 108,691 putative genes were identified.
These predictions were translated into amino acid sequences
and used as queries for protein family identification, based
on hits to the CAT Pfam database. This search identified
2,510 genes corresponding to glycoside hydrolase activity
and 561 carbohydrate-binding modules. The majority of the
carbohydrate-active genes identified were assigned to enzyme
groups that break oligosaccharides down into simple sugars
(641, 20.8%), with fewer targeting cellulose (26 enzymes, 0.85%)
(Table 4). This search also identified 312 members of the
relatively new CAZyme classes “Auxiliary activities” or AA

classes, which describes enzyme classes that act on or consort
with lignin in their activities (Levasseur et al., 2013). This
included 150 members of the class AA3, 2 members of AA2, 11
members of AA4, which are involved in the oxidative degradation
of lignin, and 60 members of class AA6, which catalyze reductive
degradation of aromatic compounds such as the monolignols
that make up the lignin superstructure. Predicted protein
sequences were also subject to BLAST analysis against the NCBI
non-redundant (nr) database using BLASTp. In total 97,882
predicted proteins were matched to sequences in the nr database
(~90% of total predictions). Using the KEGG extension of
MEGAN4, over 32,000 functional associations were made to
KEGG biochemical pathways from the BLAST output, of which
8,333 were attributed to carbohydrate metabolism. Multiple
assignments to phosphotransferase systems (PTS) that facilitate
internalization of many sugars in bacteria were also observed
(Figure 2). These included 109 proteins that make up the three
subunits of the PTS that facilitates specific internalization of
cellobiose.

The gut CAZyme profile generated for A. ater was compared
with those of humans, termites wallabies, giant pandas, and
giant snails (Table 4). This comparison demonstrates that the
number and proportion of cellulase-degrading enzymes in
the slug gut are similar to what is found in both the snail
and wallaby, with a similarly high number of oligosaccharide
degrading enzymes in both molluscs. However, in the slug gut
environment many more enzymes targeting hemicellulose were
identified than in any of the comparator organisms. The SEED
functional classifications of the microbiome were also compared
to those of other gut environments, which demonstrated an
increase in the proportion of genes involved in the processing
of carbohydrates in the slug gut than in any comparator
environment (Figure 3). This comparison also revealed that the
SEED group representation in A. ater and the giant snail (A.
fulica) gut metagenomes were much more similar to each other
than to the mammalian and insect comparator gut environments
(Figure 3).

Amplification and Expression of CAZymes

To validate the metagenomic assembly and gene predictions,
multiple genes were selected for amplification from the original
metagenomic DNA sample. These included two full length
predicted endocellulase genes, a full length B-glucosidase gene,
a full length xylanase gene and a full length FAD-linked oxidase
from the auxiliary activities 4 CAZyme group (Supplementary
Datasets 3-5). As a proof of principal one partial gene was
amplified (gene_id_77908) and subsequently extended to a full
length gene using primers designed based on the top BLAST
hit for that specific gene. Sanger sequencing of the resulting
amplicons was carried out confirming amplification of the
targeted predicted gene sequence. Five of six genes targeted
were successfully amplified and full sequences confirmed. Gene
9459, a predicted pB-glucosidase was also successfully amplified
(Figure 4A), cloned and expressed in E. coli. The expression of a
recombinant His-tagged protein of predicted size (~55 KDa) was
confirmed using Western blotting (Figure 4B). The 9,459 strain
was grown on a B-glucosidase activity growth plate (Figure 4C)
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FIGURE 1 | A phylogenetic tree showing the diversity of the A. ater gut microbiome down to genus level. Visualised using GraPhlAn (Asnicar et al., 2015).

and tested positive for B-glucosidase. A control of untransformed
TOP10 E. coli showed no activity on this assay.

DISCUSSION

The common black slug, A. ater has become one of the most
widespread and successful Gastropod species in Europe and
North America. The success of this (and other) species has caused
the UK agricultural industry alone to spend almost £30 million
each year on molluscicide pellets (Agular and Wink, 2005).
Making it an important species in agro-economical terms.
Research into the digestive system of A. ater began in the
1960s, focusing on both carbohydrate breakdown (Evans and
Jones, 1962) and protease activity (Evans and Jones, 1962).
Further work determined rates of cellulose breakdown and
characterized the pH and temperature profiles of gut fluids from

black slugs of North American origin (James et al., 1997). In
a previous study, we characterized the biochemical activity in
the gut of the British black slug and identified multiple gut
bacteria that exhibit cellulolytic activity. This work implicated
the gut microbiome in the degradation of plant cell wall into
simple sugars. In this study we tested the hypothesis that the
slug gut microbiome could contribute to digestion and nutrient
cycling, especially the breakdown of complex plant cell wall
superstructures that are notoriously difficult for animals to
degrade without substantial assistance from microbes (Hansen
and Moran, 2014). This study has revealed an ecologically rich
consortium of bacterial species in the A. ater gut that have
previously been implicated in the digestion of tough vegetation.
We have also demonstrated the vast metabolic repertoire that
exists within the slug gut microbiome, including enzymes with
potential to contribute to degradation of every major component
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FIGURE 2 | A KEGG diagram showing the phosphotransferase system (PTS), genes identified in the gut metagenome are highlighted in green with color intensity
corresponding to abundance observed (created in MEGAN4).

of plant cell wall superstructure, including lignin, which is widely
considered to be the most difficult of these compounds to degrade
enzymatically (Sanderson, 2011).

In total, Gammaproteobacteria accounted for the vast majority
of the community metagenome, with 82% relative abundance;
this included identification of 84 species in this class. The most
abundant genera identified include Enterobacter, Citrobacter,
Pseudomonas, Eschericia, Acinetobacter, and an unclassified
genus belonging to the Sphingobacteriaceae family. These genera
alone accounted for almost three quarters of the sequenced
component of the gut metagenome (Table 2). Previous studies
have shown dominance of the phylum Proteobacteria in gut
microbiomes of various gastropod species, including freshwater
planorbid snails (Biomphalaria pfeifferi) and terrestrial snails
such as, the giant African land snail (A. fulica) (Cardoso et al.,
2012b). Proteobacteria have also been seen to dominate other
insect gut microbiomes whose diets are largely or entirely
comprised of lignocellulose (Dillon and Dillon, 2004; Russell
et al., 2009), which suggests a general association of this phylum
not only with herbivorous insects but also with plant-eating
gastropods. Furthermore, two studies of microbial consortia
in fungal gardens used by leaf cutter ants (Atta colombica)

to degrade lignocellulose both report dominance of the family
Enterobacteriaceae (which account for ~65% of the A. ater
community metagenome) and predict this family to be directly
involved in the efficient breakdown of plant material in these
gardens (Suen et al., 2010; Aylward et al., 2012). A large number
of genera were also detected in much lower abundances with
over 200 genera account for only ~27% of the microbiome,
these may comprise transient elements of the gut microbiome
that are ingested during proximal feeding or suppressed by
nutritional cycling in the gut at a particular time. Our findings
are also consistent with previous culture dependent identification
of cellulolytic microbes from the A. ater gut, where almost all
identifications made were in the Gammaproteobacteria class,
and included many of the more abundant genera noted in
this study (Joynson et al,, 2014). These findings suggest that
the gut environment of A. ater contains a consortium that
is reflective of many highly efficient lignocellulose degrading
environments.

Mining of the phylogenetic data associated with the gut
microbiome identified several bacterial plant pathogens. These
included six species recently ranked among the top 10 most
important species of plant pathogen (Mansfield et al., 2012;
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comparisons were made for the A. ater metagenome against (A) giant snail, (B) termite, (C) cow, and (D) long horn Asian beetle gut metagenomes.
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Table 3). Many of these pathogens are known to cause necrosis
and eventual development of soft rot, blight, or blackleg in
tuber based crops such as, potatoes, but also in ornamental
plants and other crops. These include the three relatively closely
related Enterobacteria Dickeya dadantii, P. carotovorum, and
E. amylovora (Toth et al., 2011) with the latter two being
identified previously in A. ater gut from samples taken in 2012
from the same area as this study (Joynson et al., 2014). If both
of these pathogen species are commensally present in the slug
gut, this would suggest that A. ater may act as a perpetual
vector species through which they could be spread from field
to field, and persist between growing seasons by overwintering
in the slug gut. The role of insects in the transmission and
overwintering of plant pathogens is now quite well established,
the squash bug, flea beetle, and cucumber beetle are known

to spread plant pathogens as well as sustaining populations
of the pathogens they harbor during dormant winter months
(Nadarasah and Stavrinides, 2011). However, more indepth
study over multiple seasons would be required to confirm this
hypothesis.

Functional analysis of the A. ater metagenome has yielded
identification of 3,383 genes involved in the degradation of
plant biomass, including all of the major components of the
plant cell wall superstructure, cellulose, hemicellulose, and lignin
supporting previous work that has implicated the slug gut
microbiome in the facilitation of lignocellulose degradation
(James et al., 1997). The largest proportion of these (641)
breakdown oligosaccharides, including 204 B-glucosidases, 80
B-galactosidases, and 279 B-xylosidases. Numbers of long chain
carbohydrate degrading enzymes were lower in comparison,
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1.5Kbp

FIGURE 4 | Recombinant expression and activity testing of gene 9459: (A) Amplification of gene 9459 (B) A Western blot showing successful expression of
recombinant protein lanes 1 and 3 showing duplicate induced samples and lanes 2 and 4 showing duplicate negative controls (C) An esculin hydrate- ferric
ammonium citrate activity plate showing the gene 9459 clone B-glucosidase activity.

TABLE 2 | A selection of the most abundant phylogenetic groups present in the
gut microbial community down to genus level.

Classification Percentage abundance (%)

k__Bacteria 99.99
k__Archaea 0.01
p__Proteobacteria 88.15
¢__Gammaproteobacteria 82.16
o__Enterobacteriales 64.56
f__Enterobacteriaceae 64.56
g__Enterobacter 26.86
g__Citrobacter 19.86
g__Escherichia 3.91
o__Pseudomonadales 14.25
f__Pseudomonadaceae 10.66
g__Pseudomonas 10.54
f__Moraxellaceae 3.69
g__Acinetobacter 3.68
p__Bacteroidetes 10.53
¢__Sphingobacteria 8.57
0__Sphingobacteriales 8.57
f__Sphingobacteriaceae 8.56
g__Sphingobacteriaceae_unclassified 8.10
p__Firmicutes 0.59
p__Actinobacteria 0.28
p__Chlamydiae 0.21
p__Chloroflexi 0.16

Phylogenetic classifications and microbial abundance estimations were made using
MetaPhlAn to compare sequences to a clade specific marker database.

with only 26 cellulase enzymes being identified in total. The
dominance of oligosaccharide degrading enzymes appears in all
of the other comparator gut environments shown in Table 4,
including wallabies, termites, and also in the gut microbiomes
of reindeer and cattle (Pope et al., 2012) with similar patterns

TABLE 3 | Microbiome abundance of plant pathogens present in the A. ater gut
microbiome, as ranked by a survey of experts carried out by Mansfield et al.
(2012).

Ranking Pathogenic species Microbiome abundance (%)
1 Pseudomonas syringae 0.08264
3 Agrobacterium tumefaciens 0.06987
5 Xanthomonas campestris 0.0144
7 Erwinia amylovora 0.03587
9 Dickeya dadantii 0.04896
10 Pectobacterium carotovorum 0.04215

also observed in environmental microbiomes such as, leaf cutter
ant fungus gardens (Aylward et al., 2012). This could support the
hypothesis that gut microbes are predominantly involved in the
breakdown of partially degraded plant material (be it partially
rotten when ingested or chemically pre-processed in a stomach)
across the board. However, there is still the possibility that
some groups of microbial lignocellulose degrading enzymes that
are unknown and may be undetectable using homology-based
methods. Enzyme groups that are involved in the degradation
of hemicellulose are seen in especially high numbers in the
A. ater gut when compared with other gut microbiomes, with
larger numbers for both the degradation long chain hemicellulose
(321) and its derived oligosaccharides (437). Further indications
that sugars in plant cell walls are utilized by gut microbes
come from the identification of numerous sugar transporter
proteins. These include a large number of components of the
cellobiose-specific PTS that facilitate the uptake of cellulose
degradation products (Figure 2). The KEGG diagram in Figure 2
also shows the presence of membrane transport system
components specific to mannose and B-glucosides. Together,
the identification of multiple enzymes that break down plant
cell walls and the transport systems that facilitate the uptake
of the resulting oligosaccharides provide a strong indication
that the microbial population has an active role in the
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TABLE 4 | Comparison of the glycoside hydrolase (GH) profiles of human, termite, wallaby, giant panda, snail, and slug gut metagenomes as classified by Cardoso et al.
(2012a) and Allgaier et al. (2010), showing GH groups that are involved in the breakdown/modification of plant cell wall polysaccharides.

Pfam group Predominant activity Human Termite Wallaby Panda Snail Slug
GH5 Cellulases 7 125 27 1 36 15
GH6 Endoglucanases 0 0 0 0 4

GH7 Endoglucanases 0 0 0 0 0
GH9 Endoglucanases 0 43 5 0 15 11
GH44 Endoglucanases 0 0 0 0
GH45 Endoglucanases 0 0 0 0 0
GH48 Cellobiohydrolases 0 0 0 0 2 0
Total 7 174 32 1 57 26
ENDOHEMICELLULASES

GH8 Endoxylanases 2 21 2 1 46 11
GH10 Endo-1,4-B-xylanase 2 102 19 1 25 16
GH11 Xylanase 0 19 0 0 1 0
GH12 Endoglucanase & xyloglucanase 0 0 0 0 0 12
GH26 B-mannanase & xylanase 1 20 8 0 11 0
GH28 Galacturonases 3 15 10 0 69 6
GH53 Endo-1,4-B-galactanase 11 20 1 4 9 276
Total 19 197 50 6 161 321
XYLOGLUCANASES

GH16 Xyloglucanases 1 6 6 6 12 17
GH17 1,3-B-glucosidases 0 0 0 0 60
GH81 1,3-B-glucanases 0 0 0 0 1 0
Total 1 6 6 6 15 177
DEBRANCHING ENZYMES

GH51 a-L-arabinofuranosidases 15 13 19 2 22 3
GHe62 a-L-arabinofuranosidases 0 2 0
GH67 a-glucuronidase 1 1 2 5 1
GH78 a-L-rhmnosidase 13 7 46 1 73 8
Total 29 26 66 5 102 12
OLIGOSACCHARIDE DEGRADING ENZYMES

GH1 Mainly B-glucosidases 54 27 94 41 294 118
GH2 Mainly B-galactosidases 29 32 39 4 66 60
GH3 Mainly B-glucosidases 55 109 101 11 219 86
GH29 a-L-fucosidases 7 12 5 0 70 1
GH35 B-galactosidase 7 8 1 32 14
GH38 a-mannosidase 18 3 8 18 39
GH39 B-xylosidase 2 13 3 8 6 279
GH42 B-galactosidases 15 33 17 7 54 6
GH43 Arabinases & xylosidases 34 63 72 13 185 28
GH52 B-xylosidase 0 3 0 0 0 0
Total 206 317 342 93 944 641

extracellular breakdown of plant cell wall components in the
A. ater gut.

Several predicted genes from this metagenome were
successfully amplified from whole genome amplified gut
metagenomic DNA, confirmed by Sanger sequencing. This
validates the assembly and the predictions made thereof,
showing that it is very likely that the predicted sequences do
exist in nature. We then successfully expressed a full length
predicted p-glucosidase gene and observed the enzymatic
function using growth plate assays. To our knowledge we are

the first to succeed in amplifying novel, functioning genes
from a whole genome amplified metagenomic sample.
The use of whole genome amplified samples enables
studies of a far greater number of predicted genes by
sidestepping the problem of small sample size often seen
with environmental samples, which limits the scope for
genes of interest to be studied using expensive gene synthesis
methods.

The use of metagenomics in the study of environmental DNA
offers a new means to advance our knowledge of microbial
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communities. Here we use metagenomics to gain an insight
into both the phylogeny and the functional capability of
the gut microbiome of the common black slug. This work
demonstrates that the microbial community is dominated by
a relatively low number of genera with the Enterobacter genus
being observed in especially high numbers. This study also
implicates the slug gut microbiome in the degradation of
lignocellulose. Here we identified a large repertoire of genes
that offer potential for lignocellulose not only to be degraded
but also for the resulting sugars to be taken up by members of
the microbiome itself. We have also validated our predictions
through amplification of selected glycoside hydrolase genes along
with observing predicted functional activity in of an amplified
pB-glucosidase gene. Our work therefore begins to shed light
on how the black slug can process the large quantities of
plant biomass it consumes and provides a further example
of a herbivore gut microbiome which is well equipped to
breakdown plant matter. In addition, by identifying plant
pathogen species harbored in the gut we raise questions as
to the potential role of the slug in the transmission and
wintering of pathogen species. This knowledge is of considerable
potential relevance following the 2014 European Union wide
ban on the use of some traditional molluscicide pellets in
agriculture.
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