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a b s t r a c t

Commensal butyrate-producing bacteria in the Firmicutes phylum are abundant in the human intestine
and are important for maintaining health. However, understanding of the metabolism and host inter-
action of these bacteria is limited by the lack of genetic modification techniques. Here we establish a
protocol enabling the transfer of autonomously-replicating shuttle vectors by conjugative plasmid
transfer from an Escherichia coli donor into representatives of an important sub-group of strictly
anaerobic human colonic Firmicutes. Five different plasmid shuttle vectors were tested, each carrying a
different origin of replication from Gram-positive bacteria. Plasmid pMTL83151 (pCB102 replicon) were
successfully transferred into two strains of Eubacterium rectale, while pMTL83151 and pMTL82151 (pBP1
replicon) were transferred into Roseburia inulinivorans A2-194. Plasmids that carried a Streptococcus bovis
JB1 glycoside hydrolase family 16 b-(1,3-1,4)-glucanase gene were constructed and conjugated into
Roseburia inulinivorans A2-194 and Eubacterium rectale T1-815, resulting in successful heterologous
expression of this introduced enzymatic activity in these two strains of butyrate-producing Firmicutes.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

The human intestinal microbiota produces short chain fatty
acids (SCFA) as end products of anaerobic fermentation. These SCFA
are involved in a wide variety of health promoting functions. It has
been suggested that intestinal bacteria that produce butyrate as
their main fermentation end product have potential as novel,
health-promoting probiotics [1,2]. This prediction seems reason-
able, considering several observations. Firstly, butyrate reinforces
the colonic defence barrier by stimulating tight junction formation
[3], antimicrobial secretion [4], and mucin synthesis [5]. Secondly,
butyrate regulates macrophage and dendritic cell differentiation,
maturation and function in a manner that promotes tolerance to
the intestinal microbiota [6,7]. These properties make butyrate, or
butyrate-producing bacteria, of potential interest for treatment of
conditions such as ulcerative colitis (UC) and Crohn's disease,
which are characterised by colonic barrier damage and inflamma-
tion [8].

Species of the genera Roseburia, Eubacterium and Faecalibacte-
rium are the most abundant butyrate producing bacteria in the
human colonic microbiota [9]. Genome sequences of multiple
members of these genera are now available, but the lack of genetic
modification techniques has limited our ability to determine the
functions of specific genes.

Heterologous gene expression systems have been extensively
used in molecular microbiology to determine the impact of envi-
ronmental stimuli on individual steps within biochemical path-
ways and also for the expression of a variety of proteins of
commercial and biomedical interest [10]. Although several well
studied bacterial and in vitro (or cell-free) expression systems are
available, these are often insufficient for expression and charac-
terisation of specific proteins [11,12]. Furthermore, the expression
of certain proteins can be toxic in some bacterial hosts, while use of
the wrong expression host can result in low or no expression, and/
or unfolded or misfolded proteins [13]. It would therefore be ad-
vantageous to create expression vectors for key members of the
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human gut microbiota, to facilitate investigating the function of the
vast array of candidate host interaction factors and metabolic en-
zymes in these bacteria that have been uncovered by recent
microbiome studies [14].

In previous work, the conjugative transposons Tn1545 from
Eubacterium cellulosolvens and TnK10 from Clostridium saccha-
rolyticum K10 were transferred into R. inulinivorans A2-194 [15],
demonstrating conjugation as a means of introducing exogenous
DNA into these species. However, in order to be maintained in the
progeny of a recipient, a transposon must both transfer into the
recipient strain and insert into the recipient chromosome. Both of
these steps are low frequency occurrences whose combined prob-
ability is the conjugation frequency multiplied by the frequency of
chromosomal insertion. The ability of autonomously-replicating
plasmid vectors to stably replicate in the recipient greatly miti-
gates this “bottlenecking effect”.

Although no autonomously replicating plasmids have yet been
isolated from any member of Roseburia/E. rectale group, a series of
modular plasmids have recently been developed for members of
the Clostridium genus. These shuttle plasmids/vectors are each
composed of four modular sections, with several variations avail-
able and can replicate autonomously in a range of clostridial species
[16]. Since they replicate in E. coli, they can be readily isolated and
manipulated, and are then transferable via E. coli-Clostridium
mating.

Our aim here was to establish protocols by which a shuttle
vector could be transferred by conjugation from a donor strain into
the bacterium of interest, leading to stable plasmid maintenance.
Firstly, relevant indigenous antibiotic resistance genes and
Table 1
Bacterial strains and plasmids.

Strain/plasmid Relative characteristics

Strains
Eubacterium rectale A1-86 Butyrate producing, strict anaerobes o
Eubacterium rectale T1-815
Eubacterium rectale M104/1
Eubacterium rectale L2-21
Roseburia inulinivorans A2-194
Roseburia inulinivorans A2-194 RifR

Roseburia inulinivorans L1-83
Roseburia faecis M72/1
Roseburia intestinalis L1-82
Roseburia hominis A2-183
Eubacterium rectale EAM3 E. rectale A1-86 harbouring pMTL8315
Eubacterium rectale ETM3 E. rectale T1-815 harbouring pMTL831
Eubacterium rectale ETBglu E. rectale T1-815 harbouring pMTL3b-g
Roseburia inulinivorans RAM2 R. inulinivorans A2-194 harbouring pM
Roseburia inulinivorans RAM3 R. inulinivorans A2-194 harbouring pM
Roseburia inulinivorans RABglu R. inulinivorans A2-194 harbouring pM

Faecalibacterium prausnitzii A2-165 Non-motile, butyrate producing, strict

Escherichia coli CA434 Conjugative donor. Genotype: HB101 (
ara-14 leuB5proA2 lacY 1 galK rpsL20 (
(Traþ, Mob þ conjugative plasmid)

Escherichia coli XL1-Blue Commercial competent cells (Stratagen

Plasmidsa

pMTL82151 ColE1, catP, traJ, MCS and pBP1
pMTL83151 ColE1, catP, traJ, MCS and pCB102
pMTL84151 ColE1, catP, traJ, MCS and pCD6
pMTL85151 ColE1, catP, traJ, MCS and pIM13
pMTL960 ColE1, catP, traJ, MCS and pCD6;

Non- modular structure
pMTL3b-glu pMTL83151 modular plasmid with b-(

JB1 expressed from multiple cloning s

a pBP1, pCB102, pCD6 and pIM13 (replicons of these plasmids). ColE1 (Gram-negative
(multiple cloning site). A2-194 RifR was created by selecting spontaneousmutations that c
containing 100mg/ml rifampicin and incubated anaerobically at 37 �C for 120 h. Single co
restriction modification systems (RMS) were identified in candi-
date butyrate-producing bacteria, using both in silico and in vitro
methods. Protocols for the conjugative transfer of an
autonomously-replicating plasmid vector into strains of biological
interest were then established. Optimisation of the protocols
permitted conjugative transfer of plasmid vectors into Roseburia
inulinivorans A2-194 and Eubacterium rectale T1-815 and enabled
the heterologous expression of a b-(1,3-1,4)-glucanase gene from
Streptococcus bovis JB1 in these dominant butyrate-producing
bacteria. The b-(1,3-1,4)-glucanase gene was chosen as this
readily demonstrable enzymatic activity is not naturally found in
the target bacteria.

2. Materials and methods

2.1. Bacterial strains, plasmids, primers and growth conditions

The strains and plasmids used in this study are described in
Table 1. All primers used in this study are listed in Table S1.
Anaerobic strains were cultured in the anaerobic media M2GSC
[17], YCFAGSC [18] or AMM (anaerobic mating medium, this work).
AMM consisted of (per 100ml) Casitone (1.0 g), yeast extract
(0.25 g), NaHCO3 (0.4 g), cysteine (0.1 g), K2HPO4 (0.045 g), KH2PO4
(0.045 g), NaCl (0.09 g), (NH4)2SO4 (0.09 g), MgSO4 7H2O (0.009 g),
CaCl2 (0.009 g), resazurin (0.1mg), hemin (1mg), biotin (1 mg),
cobalamin (1 mg), p-aminobenzoic acid (3 mg), folic acid (5 mg),
pyridoxamine (15 mg) and acetate (5mM). Broths of these media
were divided into 7.5ml aliquots in Hungate tubes, sealed with
butyl rubber septa (Bellco Glass) and agars (with the addition of 2%
Source/Reference

f the Lachnospiraceae family. (Barcenilla et al., 2000)
(Barcenilla et al., 2000)
(Louis et al., 2004)
(Barcenilla et al., 2000)
(Duncan et al., 2006)
This work
(Barcenilla et al., 2000)
(Duncan et al., 2006)
(Duncan et al., 2006)
(Duncan et al., 2006)

1 This work
51 This work
lu This work
TL82151 This work
TL83151 This work
TL3b-glu This work

anaerobes of the Ruminococcaceae family. (Duncan et al., 2002)

thi-1 hsdS20 (r-B, m-B) supE 44 recAB
strR) xyl-5 mtl-1) carrying R701

(Williams et al., 1990)

e)

(Heap et al., 2010b)
(Heap et al., 2009)
(Heap et al., 2009)
(Heap et al., 2009)
(Purdy et al., 2002)

1,3-1,4)-glucanase gene of Streptococcus bovis
ite.

This work

replicon), catP (chloramphenicol resistance gene), traJ (origin of transfer) and MCS
onferred rifampicin resistance to A2-194. Overnight cultures were streaked on plates
lonies were subsequently purified and the resistance levels checked.



Table 2
Antibiotic sensitivity testing of strains studied.

Species Strain Cm5 Tm5 Erm10 Erm25 Tet 10 Tet 25 Rif 10 Rif 25

E. rectale A1-86 - - - - - - - -
M104/1 - - - - - - - -
T1-815 - - - - - - - -
L2-21 - - - - - - - -

R. inulinivorans A2-194 - - þ þ - - - -
A2-194 RifR* - - þ þ - - þ þ
L1-83 - - - - - - - -

R. hominis A2-183 - - - - - - - -
R. faecis M72/1 - - - - - - - -
R. intestinalis L1-82 - - - - þ - - -
F. prausnitzii A2-165 e e e e e e e e

Growth of colonies (þ) and no growth (-) on YCFAGSC plates supplemented with antibiotic at levels indicated. Chloramphenicol (Cm), thiamphenicol (Tm), erythromycin
(Erm), tetracycline (Tet) and rifampicin (Rif). 5, 10 and 25 indicate 5 mg/ml, 10 mg/ml and 25 mg/ml, respectively.
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agar) were divided into 100ml aliquots inWheaton bottles, with all
dispensing carried out under anaerobic conditions using 100% CO2.
Roseburia species, E. rectale and Faecalibacterium prausnitzii cul-
tures were inoculated using the anaerobic methods described by
Bryant, 1972 [19] and incubated anaerobically without agitation at
37 �C. Agar plate work was carried out in Concept Plus Anaerobic
Workstation, Ruskinn Technologywith a gasmix of CO2: N2: H2, in a
ratio of 7:11:2 respectively. Escherichia coli strains were cultured
aerobically in L-broth and on L-agar at 37 �C, including, where
appropriate, 10 mg/ml chloramphenicol.

2.2. In silico analysis of restriction modification systems (RMS)

Bioinformatic annotation of the RMS of selected species
required the merging of lists of putative restriction-associated
proteins from two databases: NCBI and REBASE (http://www.ncbi.
nlm.nih.gov and http://rebase.neb.com/rebase/rebase.ftp.html).
The physical locations of the sequences encoding the putative
proteins in the genomes of R. intestinalis L1-82, R. inulinivorans A2-
194, E. rectale A1-86 and F. prausnitzii A2-165 were determined and
these genomic regions were subject to manual curation in Artemis
[20]. The most likely candidates for RMS were then determined
based on co-localisation of predicted restriction endonucleases and
methylase encoding genes.

2.3. Preparation of protein extracts for restriction analysis

Cultures of selected butyrate-producing strains were grown in
7.5ml of M2GSC broth for 48 h at 37 �C. These cultures were
transferred to 15ml plastic tubes and centrifuged (6000 g, 10min,
4 �C). The supernatants were decanted and the pellets were
resuspended in 5ml Sonication Buffer (Tris-HCl (0.315 g), b-mer-
captoethanol (0.195ml) and distilled water (up to 100ml), pH 8).
The solutions were then sonicated with the Sanyo, Soniprep 150 in
six 30 s bursts (22 mm amplitude) e cooling for 30 s on ice between
bursts. Streptomycin sulphate was added to the solutions to a final
concentration of 2% as a means of removing nucleic acids. These
solutions were incubated on ice for 30min and centrifuged
(11,000 g, 10min, 4 �C). The resulting supernatants were trans-
ferred to new 15ml tubes and polyethylene glycol (PEG) 6000 was
added to a final concentration of 10%. These mixes were incubated
on ice for 30min and centrifuged (11,000 g, 10min, 4 �C). The
resulting pellets were resuspended in 1ml of phosphate buffer
solution (pH 7) and transferred to 1.5ml tubes, and PEG 6000 was
again added to a final concentration of 10% and incubated on ice for
30min. These were centrifuged (11,000 g, 10min, 4 �C) and the final
pellets were resuspended in 30 ml of phosphate buffer solution.
These protein extracts were frozen at �20 �C. All steps after
culturing were performed on ice when possible.
During restriction analysis, protein extracts (2 ml) were incu-

bated with purified plasmid DNA (200 ng) in 15 ml of water and
NEBuffer 3.1 (NEB) for 90min at 37 �C prior to separation by
agarose gel electrophoresis. This buffer (NEBuffer 3.1) was chosen
because in prior tests it facilitated lambda DNA degradation in a
similar efficient way with each of the protein extracts.

2.4. Development of selective plating conditions for mating
experiments

Bacterial strains were tested for resistance to the antibiotics
chloramphenicol, thiamphenicol (an analogue of chloramphenicol),
erythromycin, tetracycline and rifampicin. Bacteria were spread on
YCFAGSC agar plates supplemented with different concentrations
of each antibiotic (5, 10 and 25 mg/ml) and growth monitored after
120 h of anaerobic incubation at 37 �C.

Overnight cultures of all Roseburia and Eubacterium rectale
strains listed in Table 1, and E. coli CA434 (donor strain) were
streaked on duplicate, well-dried M2GSC and YCFAGSC agar plates
and incubated either anaerobically or aerobically for 48 h at 37 �C.
Additional tests with YCFAGSC containing a reduced SCFA con-
centration (Table 3) were included.

2.5. Conjugation protocol optimised for the Roseburia inulinivorans
and Eubacterium rectale

The E. coli donor strain CA434 was first transformed with the
relevant plasmid by electroporation using standard procedures
[21]. The resulting transformantwas grown overnight in 40ml of LB
supplemented with 10 mg/ml of chloramphenicol. The overnight
culture was then centrifuged (1200 g, 10min, 20 �C), the superna-
tant decanted and the pellet gently resuspended in 20ml of
phosphate-buffered saline (PBS, pH 7.4). These washed cells were
again centrifuged (1200 g, 10min, 20 �C) and transferred into the
anaerobic workstation. The supernatant was decanted and the
pellet was gently resuspended in 1ml of an overnight culture of the
recipient strain, grown in M2GSC. 100 ml of this mix was then
dotted onto an agar plate of AMM or M2GSC and incubated
anaerobically for 48 h. The resulting bacterial growth was scraped
off the plate and resuspended in 500 ml of anaerobic-PBS (reduced
by boiling, followed by addition of L-cysteine and bubbling with
CO2 gas). 50 ml of this cell suspension was spread onto YCFAGSC
agar plates. The high short-chain fatty concentration present in
YCFAGCS prohibits the growth of E. coli (this work and [22]), and
the addition of chloramphenicol (5 or 7.5 mg/ml) selected for
plasmid uptake by the recipients. Colonies that grew were purified
as single colonies following streaking on fresh YCFAGSC plates
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Table 3
Growth data for strains and media tested for mating and selection of transconjugants.

Strain Aerobic Anaerobic

M2 Y M2 AMM Y Y (0.25)FA AMMcm5 Ycm5

E. rectale A1-86 - - þ þ þ þ þ -
M104/1 - - þ þ þ þ þ -
T1-815 - - þ þ þ þ þ -
L2-21 - - þ þ þ þ þ -

R.inulinivorans A2-194 - - þ þ þ þ þ -
L1-83 - - þ þ þ þ - -

R. faecis M72/1 - - þ þ þ þ - -
R. intestinalis L1-82 - - þ þ þ þ - -
R. hominis A2-183 - - þ þ þ þ þ -
F. prausnitzii A2-165 - - þ þ þ þ þ -
E. coli CA434 þ þ þ þ - þ þ -

Growth of colonies (þ) and no growth (-). Anaerobic mating medium (AMM), YCFAGSC (Y), M2GSC (M2), YCFAGSC with only one quarter of the normal concentration of each
short-chain fatty acid (Y(0.25)FA). 5 mg/ml of chloramphenicol (cm5).
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supplemented with chloramphenicol.
2.6. Verification of putative transconjugants

Aerobic growth experiments involved streaking of putative
transconjugants ontoM2GSC agar plates and incubating aerobically
at 37 �C for 48 h. Since the obligately anaerobic recipient strains
cannot grow in the presence of oxygen, any aerobic growth was
attributed to persistent E. coli cells. Stocks were made of all cultures
able to grow anaerobically and not aerobically. The 16S rRNA gene
was amplified directly from bacterial pellets by polymerase chain
reaction (PCR) using primers FD1 and RP2 (Table S1). The resulting
ampliconwas then purified using theWizard SV Gel and PCR Clean-
Up System, following the manufacturer's instructions, and
sequenced using 519R and 926F primers. Sequence quality was
checked manually using Chromas Lite software, and the bacterial
identity confirmed by BLASTn, querying each sequence against the
NCBI 16S rRNA gene database. An alignment of the different se-
quences is shown (Fig. S1). The presence of the plasmid in putative
transconjugants was confirmed by amplifying a nucleotide
sequence common to all of the modular plasmids but absent in the
recipient's chromosome, using the primers PS#MTL-for and
PS#MTL-rev (Table S1). Plasmids were shown to be autonomously-
replicating in transconjugants by Southern blotting. Genomic DNA
of putative transconjugants was digested with the restriction
enzyme HindIII prior to Southern blotting. Southern blotting was
performed with DIG High Primer DNA Labelling and Detection
Starter Kit II (Roche Diagnostics), following the manufacturer's in-
structions, using a probe that was specific to a region common to all
of the plasmids, but not present in the recipient chromosome.

Coomassie staining of the total protein complement involved
centrifuging 7.5ml overnight cultures (800 g, 10min, 20 �C). The
resulting pellets were resuspended in 2ml of 50mM sodium
phosphate buffer and centrifuged (800 g, 10min, 20 �C). These
pellets were resuspended in 200 ml of 50mM sodium phosphate
buffer. 6 ml of these solutions were added to each well of a 10% SDS-
PAGE gel, and visualised by staining with Coomassie blue stain
followed by destaining with “destain solution” (45.4% methanol,
9.2% acetic acid, 45.4% water).
2.7. Plasmid stability determination

Plasmid stability was determined by continuously subculturing
transconjugants anaerobically in M2GSC broth lacking antibiotic, as
described previously [23]. Briefly, overnight cultures of two trans-
conjugants, isolated from independent conjugation experiments,
were diluted to OD650 0.1 in fresh M2GCS broth (lacking antibiotic).
The broths were incubated for 12 h, and used either to inoculate a
fresh broth to an OD650 0.1 or to create serial dilutions in reduced
PBS (10�1 e 10�8). The inoculated fresh broth was incubated for
12 h and either re-inoculated or a dilution series made This was
repeated four times. At each stage, the PBS dilutions were plated
(50 ml) onto YCFAGSC plates within 1 h of dilution and the plates
were incubated for 48 h in the anaerobic workstation. Colonies that
grew on these plates were picked in duplicate onto YCFAGSC plates
with or without antibiotic. The proportion of bacteria still har-
bouring the plasmid was calculated by dividing the number of
colonies that grew on the antibiotic plates by the cell numbers on
the plates lacking antibiotic. All cultures steps were carried out
anaerobically.

Growth curves of strains in M2GSC broth lacking antibiotics
were used to estimate the number of generation times the bacteria
had gone through in each 12 h growth period. Instability was
calculated as percentage plasmid loss per generation in the absence
of antibiotic selection, using the formula x¼ 1 e R1/N, where
x¼ segregational instability, R¼ fraction of bacteria still possessing
plasmid and N¼ number of generations.
2.8. Construction of the pMTL3b-glu expression vector

An amplicon containing the b-(1,3-1,4)-glucanase gene (with its
native promotor) from pL1Hc (Ekinci et al. 1997) was generated
using the primers PS#Bglu-BamHI-for and PS#Bglu-HindIII-rev,
which possess 50-end restriction sites for BamHI and HindIII,
respectively. The PCR was performed in a 50 ml of reaction mix:
Bioline Taq Polymerase and buffer, with 2.5mMMgCl2 and 200 mM
of each primer. The PCR involved a hot start (94 �C, 5min), followed
by 28 cycles of denaturation (95 �C, 30 s), annealing (52 �C, 30 s)
and elongation (72 �C, 2min), and followed by a final elongation
step (72 �C, 8min). The product of this reaction was purified from a
1% agarose gel using the QIAquick Gel Extraction Kit, following
manufacturer's instructions. The amplicon and the plasmid
pMTL83151 were double-digested separately in 30 ml reactions
containing Promega Buffer E and 10 ng each of Promega BamHI and
HindIII restriction enzymes, incubated overnight at 37 �C. The
double-digest of the plasmid was then dephosphorylated with calf
intestinal alkaline phosphatase (CIAP) for 30min at room temper-
ature, to prevent self-ligation. Both digests were then cleaned using
Wizard SV Gel and PCR Clean-Up System and the products were
ligated with Promega T4 Ligase and buffer, incubating overnight at
4 �C. The ligation product was then transformed into XL1-Blue
Competent Cells (Stratagene), following manufacturer's



Table 4
Summary of in silico prediction of restriction-modification systems.

Strain Restriction-modification systems

E. rectale A1-86 1 Type I, 2 Type II
R. inulinivorans A2-194 1 Type I
R. intestinalis L1-82 1 Type I, 1 Type II
F. prausnitzii A2-165 4 Type I, 2 Type II, 1 Type III

Detailed description in Table S3.
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instructions, and transformants selected based on chloramphenicol
resistance. Cloning was confirmed by restriction analysis. The
plasmids containing the insert, designated pMTL3b-glu, were pu-
rified using QIAprep Spin Miniprep Kit.

2.9. Testing functional activity of a heterologously expressed protein

The pMTL3b-glu expression vector was electroporated into
E. coli donor strain CA434 using standard procedures [21]. It was
then transferred from E. coli CA434 into R. inulinivorans A2-194 and
E. rectale T1-815 following the optimised conjugation protocol,
described above. Transconjugants were streaked on to freshM2GSC
agar plates and incubated anaerobically at 37 �C for 24 h. An overlay
solution was prepared anaerobically using 0.1% Glucagel from
PolyCell Technologies (Glucagel contains 78.2% b-glucan) and 0.8%
agarose in 50mM sodium phosphate buffer (pH 7) and divided into
4ml aliquots in Hungate tubes. These were then poured over the
pre-grown transconjugant-containing agar plates and again incu-
bated overnight anaerobically. Finally the plates were stained with
Congo red (1mg/ml) for 30min. The Congo red was then decanted
and the plates destained using 1MNaCl for 30min before observing
on a light box to visualise clear zone formation.

2.10. Quantitative enzymatic assay

Overnight cultures (7ml in YCFAGSC) were centrifuged (1200 g,
10min, 4 �C) and the resulting pellets were washed twice in 3ml
PBS (pH7.4) and re-centrifuged, before resuspending in 400 ml of
50mM sodium phosphate buffer (pH 6.5) containing 2mM
dithiothreitol (DTT). They were then sonicated in an ice bath with
4� 30 s bursts or until lysis was visible. Sonicated extracts (25 ml)
were incubated aerobically for 2 h at 37 �C in 50mM sodium
phosphate buffer (pH 6.5) containing 2mM DTT with 1% Glucagel
as substrate and the protein concentration in each sample was
measured using the method of Lowry. Enzyme activity was deter-
mined by measuring the release of reducing sugars [24], as
described previously [25]. One unit of enzyme activity is equivalent
to the release of 1 mmol glucose min�1 (mg protein)�1.

3. Results

3.1. Antibiotic resistance profiles of candidate recipient strains

All the potential recipient bacteria were susceptible tochlor-
amphenicol, thiamphenicol and rifampicin at the tested concen-
trations. R. intestinalis L1-82 grew in the presence of 10 mg/ml
tetracycline and R. inulinivorans A2-194 was resistant to erythro-
mycin (Table 2). Bioinformatic analysis of the R. inulinivorans A2-
194 genome identified a putative macrolide-specific ABC-type
efflux carrier (GenBank: CRL37109.1) that may be responsible for
the erythromycin resistance phenotype of the strain, and analysis of
the R. intestinalis L1-82 genome identified chromosomally adjacent
putative tetO and tet (40) genes (WP_006858004 and
WP_044999308, respectively). The putative tet (40) product is 100%
identical to the experimentally validated tet (40) protein from
Clostridium cf. saccharolyticum K10 (CBK76340.1) [26], making it a
likely contributor to tetracycline resistance in R. intestinalis L1-82. A
rifampicin resistant R. inulinivorans A2-194mutant strain (A2-194R)
was obtained by selecting for the generation of spontaneous mu-
tations that conferred rifampicin resistance (this work).

Chloramphenicol resistance was thus chosen as the preferred
marker incorporated in the shuttle vector to select transconjugants
as none of the wild type strains could grow on YCFAGSC supple-
mented with 5 mg/ml of this antibiotic (Table 2).
3.2. Developing optimal selective conditions for mating experiments

Different media were tested to distinguish the growth of the
donor E. coli CA434, and recipient Roseburia and Eubacterium rectale
strains. All of the strains grew to large (>1mm) colonies on
anaerobic M2GSC incubated anaerobically, while only E. coli CA434
grew when incubated aerobically (Table 3). E. coli CA434 did not
grow on YCFAGSC incubated anaerobically (even after 120 h), but
could grow aerobically or if the SCFA concentration was reduced
(Table 3). This is assumed to reflect inhibition of anaerobic E. coli
growth by the SCFA present in the medium [22]. While M2GSC
medium was suitable for matings between E. coli and the recipient
strains, the rumen fluid component can be difficult for many labs to
source and has batch-to-batch variations. Therefore, a defined
matingmedium, AMM,was designed in the course of this work (see
Materials & Methods). Anaerobic YCFAGSC supplemented with
chloramphenicol was used as the selective medium for trans-
conjugants as it prevented growth of the E. coli donor strain and of
the wild-type recipient strains, but permitted growth of chloram-
phenicol resistant transconjugants.

3.3. Conjugative transfer of autonomously-replicating plasmid to
E. rectale A1-86

Plasmid screening of the strains listed in Table 1 did not reveal
any small endogenous plasmids thatmight be developed as vectors,
so we decided to consider existing Gram-positive vectors. The
plasmid pMTL960 was initially chosen as candidate shuttle vector
as it possesses the origin of replication of the plasmid pCD6 from
Clostridium difficile e a species belonging to the same order (Clos-
tridiales) as the Roseburia genus. This plasmid can be conjugated
from E. coli into a range of different Clostridium species and repli-
cates autonomously within the recipient [23]. However, no trans-
conjugants were obtained following matings between an E. coli
donor harbouring pMTL960 and R. inulinivorans A2-194. In silico
analysis of the genome sequences of R. inulinivorans A2-194
(ACFY01000000), R. intestinalis L1-82 (ABYJ00000000.2),
E. rectale A1-86 (NC_021010.1) and F. prausnitzii A2-165 (NZ_A-
COP00000000.2) revealed that they possessed a variety of pre-
dicted restriction modification systems (RMS) that may hinder the
uptake of exogenous DNA (Table 4; Table S3). Therefore, an
improved assay for in vitro restriction activity (based on [27] was
established for the restriction analysis of E.coli-Clostridium plasmid
shuttle vectors [16,23]. Plasmids pMTL82151, pMTL83151,
pMTL84151 and pMTL85151, which are identical to each other
except for their Gram-positive origin of replication (Table 1), were
incubated with protein extracts from representative putative re-
cipients. The plasmids were apparently not restricted by E. rectale
A1-86 (Fig. 1, lanes A), as the smallest visible band is the same size
as that of the undigested plasmid. Faint unrestricted bands are also
present for R. inulinivorans A2-194 incubations with plasmids
pMTL84151 and pMTL83151 while pMTL82151 appears to be more
degraded (Fig. 1 lanes E). The remaining combinations of plasmids
and bacterial protein extracts indicate restriction activity, evi-
denced by the appearance of specific smaller bands or the complete



Fig. 1. Restriction profile of plasmid DNA incubated with protein extracts. Protein extracts from: A (Eubacterium rectale A1-86), B (Faecalibacterium prausnitzii A2-165), C (Roseburia
faecis M72/1), D (Roseburia intestinalis L1-82), E (Roseburia inulinivorans A2-194) and þ (no protein extract) were incubated with each of the four plasmids shown at 37 �C for
90 min. The restriction enzyme buffer used for each extract was the one shown to generate the clearest restriction bands by l DNA restriction. The size reference used (left hand
lane) was the Promega 1 Kb DNA ladder.
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disappearance of distinct plasmid bands on the agarose gels.
Following conjugation, chloramphenicol resistant trans-

conjugants of E. rectale A1-86 were obtained containing the
pMTL83151 plasmid. These transconjugants (coded as follows:
EAM3- E. rectale A1-86 harbouring pMTL83151) were confirmed to
be derived from E. rectale A1-86 by aerobic growth tests (E. rectale
Fig. 2. Verification of transconjugants. A. Coomassie staining of cell lysates reveals that tr
different to lane 1 containing the E. coli donor. B. PCR screening for plasmid reveals its p
PCR gel image is shown in Fig. S2). C, D. Southern blotting of plasmids shows that they have n
pMTL83151 (EAM3), E. rectale T1-815 harbouring pMTL83151 (ETM3) and Roseburia inulini
harbouring pMTL82151 (RAM2).
A1-86 does not grow aerobically), Gram-staining, 16S rRNA gene
sequencing and SDS PAGE analysis (Fig. 2A). Specific PCR primers
amplified plasmid sequences only in transconjugants (Fig. 2B,
Fig. S2). Transferred plasmids were shown to be autonomously-
replicating rather than chromosomally integrated in E. rectale A1-
86 (Fig. 2C) by Southern blotting.
ansconjugants (EAM3, 1 and 2) have the same SDS protein profile as E. rectale A1-86,
resence in the transconjugants and not in wild-type A1-86 recipient (The complete
ot inserted into the recipient chromosome in: C. Eubacterium rectale A1-86 harbouring
vorans A2-194 harbouring pMTL83151 (RAM3) or in D. Roseburia inulinivorans A2-194
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3.4. Extending the mating protocol to additional strains

The mating protocol was optimised to achieve a transfer fre-
quency of 1.8� 10�6 transconjugants per potential E. rectale A1-86
recipient. Specifically, increasing the mating time from 24 h to 48 h
increased transfer frequency 10-fold and changing the donor:
recipient ratio from 5:1 to 40:1 increased transfer frequency 5-fold.
This optimised protocol was then used in attempts to conjugate
pMTL82151, pMTL83151, pMTL84151 and pMTL85151 into the range
of strictly anaerobic bacterial strains indicated in Table 1. Putative
transconjugants were obtained for transfers of pMTL83151 into E.
rectale T1-815 (named ETM3; transfer frequency of 2.3� 10�7 per
potential recipient), and pMTL82151 and pMTL83151 into R. inuli-
nivorans A2-194 (transfer frequency of 6.1� 10�8 (RAM2) and
1.33� 10�6 (RAM3) per potential recipient). The identity of these
transconjugants was confirmed by Gram-staining, 16S rRNA gene
sequencing, testing for aerotolerance and by PCR with primers
specific for the plasmid (Fig. S2). The plasmids were shown to be
autonomously-replicating by Southern blotting (Fig. 2CeD, Fig. S3),
because plasmid DNA extracted from transconjugants co-migrated
with purified plasmids from E. coli.

The use of a nitrocellulose filter increased the transfer efficiency
of pMTL83151 into R. inulinivorans A2-194 when a 5:1 donor:
recipient ratio was used (5-fold), but did not improve transfer ef-
ficiency when a 40:1 donor: recipient ratio was used. Additionally,
mating on a nitrocellulose filter appeared to completely prevent
conjugation of pMTL83151 into E. rectale T1-815. Thus, nitrocellu-
lose filter mating was not used in the optimised mating protocol,
but rather the donor/recipient cell mixture was spotted directly
onto the centre of an agar plate. Furthermore, mating on M2GSC
and AMM resulted in similar transfer frequencies (for conjugation
of pMTL83151 into E. rectale T1-815 and R. inulinivorans A2-194),
meaning that they could be used interchangeably in the mating
protocol. Compared to YCFA, AMM possesses a lower concentration
of acetate (5mM), a short chain fatty acid that has been shown to
hinder the growth of E. coli in pure culture [28] and thus might
hinder the growth of the E. coli donor duringmating. The optimised
mating protocol is shown schematically in Fig. 3.

3.5. Determining plasmid stability of pMTL83151 in E. rectale A1-86

The maintenance of pMTL83151 in E. rectale A1-86 in the
absence of chloramphenicol selection pressure was calculated. Two
E. rectale A1-86 transconjugants, EAM3 (1) and EAM3 (2 were
grown in sequential sub-cultures, re-inoculating every 12 h (~8
generations). The proportion of bacteria still chloramphenicol
resistant, and thus still harbouring pMTL83151, was calculated at
each sub-inoculation point and in the final culture after five sub-
inoculations (~40 generations) (Table S2). The first sub-
inoculation was excluded from stability calculations as chloram-
phenicol was transferred into this culture from the starting culture
during sub-inoculation, whereas chloramphenicol concentrations
in subsequent sub-inoculations were deemed too low to select for
plasmid persistence. .

The rate of plasmid loss was calculated to be 2% and 5% plasmid
loss per generation in the absence of antibiotic selection for
transconjugants EAM3 (1) and EAM3 (2), respectively. In practice,
this means that for transconjugants grown from lag phase (OD650

0.1) to stationary phase (OD650 1.0) in a Hungate tube culture
(7.5ml) in the absence of antibiotic selection, over 65% of the sta-
tionary phase bacteria are predicted to retain pMTL83151.

3.6. Heterologous gene expression

The extracellular b-(1,3-1,4)-glucanase from S. bovis JB1 can be
expressed from shuttle vectors in a diverse range of bacteria (Lac-
tococcus lactis IL2661, Enterococcus faecalis JH2-SS and E. coli DH5a)
[29]. This expression, which is readily detected by Congo red
staining of agar plates containing b-glucan, was controlled by the
native S. bovis promoter of the b-(1,3-1,4)-glucanase gene and
enabled the recipient bacteria to hydrolyse barley b-glucan. Since
the genomes of R. inulinivorans A2-194 and E. rectale T1-815 do not
encode a GH16 b-(1,3-1,4) glucanase (29), we chose this enzyme for
a proof-of-principle heterologous gene expression test.

The shuttle plasmid pL1Hc [29] had been constructed by cloning
a S. bovis JB1 chromosomal fragment isolated by endonuclease re-
striction of the genomic DNA into the plasmid pUC18. pL1Hc
therefore contains flanking DNA likely to be non-essential to gene
function, including a putative stress response gene. For a more
targeted approach, PCR primers containing restriction sites were
designed to amplify only the b-(1,3-1,4)-glucanase gene and its
regulatory regions from pL1Hc. The resulting amplicon was cloned
into pMTL83151, producing the plasmid pMTL3b-glu (Fig. 4). The
purified plasmid was then electroporated into E. coli strain CA434
and conjugated into R. inulinivorans A2-194 and E. rectale T1-815.

Activity of the heterologously expressed b-(1,3-1,4)-glucanase in
the recombinant strains was assessed by clear zone formation on
agar plates overlaid with barley b-(1,3-1,4)-glucan. In E. coli CA434,
the strain lacking pMTL3b-glu produced no clear zones around
single colonies, whereas distinct clear zones were observed around
single colonies of the recombinant strain (Fig. S4). Similarly, for
R. inulinivorans A2-194 and E. rectale T1-815, the wild-type strains
produced no clear zones around single colonies, whereas distinct
clear zones were observed around single colonies of the recombi-
nant strains RABglu and ETBglu (Fig. 5a).

Quantification of b-glucanase activity in the protein extracts by
reducing sugar assay revealed that R. inulinivorans harbouring
pMTL3b-glu (RABglu) possessed twice the b-glucanase activity of
the wild-type strain A2-194. E. rectale T1-815 harbouring the
pMTL3b-glu (ETBglu) possessed over 4-times the b-glucanase ac-
tivity of the wild-type strain T1-815 (Fig. b). It is possible that the
protein is exported from R. inulinivorans cells more efficiently than
from E. rectale, explaining the activity differences observed in clear
zone formation compared to protein extracts.

4. Discussion

The importance of butyrate-producing bacteria in maintaining
intestinal health is now widely recognised. In recent years, our
understanding of the way these bacteria have adapted to the hu-
man intestine by utilising dietary and host derived polysaccharides
for energy [30e34] and by modulating host immunity via flagella
[35] has increased. However, a more complete understanding of the
interactions between these bacteria, and with the human host has
been limited by a lack of techniques for gene modification.

The plasmid pMTL83151, which possesses the replication region
from pCB102 (from C. butyricum), was capable of autonomous
replication in E. rectale A1-86, E. rectale T1-815 and R. inulinivorans
A2-194 while pMTL82151 was capable of replicating in
R. inulinivorans A2-194. The latter plasmid possesses the origin of
replication from pBP1, isolated from C. botulinum. The transfer
frequency of this plasmid into R. inulinivorans was 100e1000efold
lower than that of pMTL83151. However, it appears to have a higher
copy number, as a plasmid was visible by gel electrophoresis of
isolated DNA from R. inulinivorans A2-194 possessing pMTL82151,
but not pMTL83151 (data not shown). As all the pMTL80000 series
plasmids were identical apart from the Gram-positive origins of
replication, it is likely that our inability to introduce by conjugation
the plasmids pMTL84151 and pMTL85151 into R. inulinivorans A2-
194, E. rectale A1-86 and E. rectale T1-815 was due to their



Fig. 3. Diagrammatic representation of the optimised conjugation protocol. Chloramphenicol (Cm). Media as described in Table 3 and Materials and Methods section.
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inability to replicate in the recipient cell. It is also possible that
recipient restriction enzymes may have inactivated the plasmid
origins of replication.

Expression of the active S. bovis b-glucanase in E. rectale and
R. inulinivorans resulted in activity of the b-glucanase enzyme
against b-glucan, although it did not enable the strains to grow
utilising b-glucan as a sole source of energy (data not shown). This
suggests that although the transconjugants were able to degrade b-
glucan, these strains are not equipped to import b-glucan or any
resulting degradation products and use them for energy. However,
b-glucanase expression may offer interesting possibilities in the
future as a reporter gene for the analysis of promoter activity in
these bacteria.

In this work, we have taken the first steps towards genetic



Fig. 4. Construction of the pMTL3b-glu expression vector. The b-(1,3-1,4)-glucanase gene from S. bovis JB1 was amplified from pL1Hc using primers possessing 50-end restriction
sites for BamHI and HindIII. This restriction-flanked amplicon and pMTL83151 were restricted with BamHI and HindIII in separate reactions, purified and ligated together with T4
ligase. Dashed lines in pL1Hc indicate where the cloned fragment attaches to the multiple cloning site of the pUC18 backbone. repH is the replicon of pBP1 (replication in Gram-
positive bacteria), catP is the chloramphenicol resistance gene, ColE1 RNAII is the replicon of ColE1 (replication in Gram-negative bacteria) and traJ is the origin of transfer.

Fig. 5. b-(1,3-1,4)-glucanase activity A) Activity plates show barley b-glucan degradation after overnight anaerobic incubation with wild-type R. inulinivorans A2-194 and E. rectale
T1-815 or pMTL3b-glu-harbouring transconjugants. Clear zones surrounding bacterial colonies illustrate areas in which the barley b-glucan has been hydrolysed. Transconjugant
codes are: Eubacterium rectale T1-815 harbouring pMTL3b-glu (ETBglu) and Roseburia inulinivorans A2-194 harbouring pMTL3b-glu (RABglu). B) Barley b-glucan degradation after
2 h aerobic incubation of 1% Glucagel with sonicated extracts from Roseburia inulinivorans A2-194 or R. inulinivorans RABglu and Eubacterium rectale T1-815 or E. rectale ETBglu. Bars
represent standard error of triplicate incubations, and the experiment was repeated three times.

P.O. Sheridan et al. / Anaerobe 59 (2019) 131e140 139
analysis of the butyrate-producing species Roseburia inulinivorans
and Eubacterium rectale which comprise at least 7% of the human
intestinal microbiota [36]. The natural progression of this work will
involve using these genetic manipulation tools to interrupt chro-
mosomal genes to establish their functionality, or introducing new
genes conferring novel abilities on the host bacterium. It will be
possible to include different selectable marker genes or alternative
origins of replication from native plasmids within shuttle vectors to
expand the use of these genetic manipulation tools to other related
Firmicute bacteria. R. intestinalis L1-82 contains tetracycline resis-
tance genes conferring resistance to 10mg/ml tetracycline (this
work). Introducing this gene onto a multicopy plasmid would
provide an alternative selectable marker. The development of sui-
cide vectors that cannot themselves replicate in these bacteria, but
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which contain selectable markers that can be used to drive ho-
mologous recombination and chromosomal integration of homol-
ogous and heterologous genes, or for the insertional inactivation of
existing genes, are crucial to investigating gene function in the
mixed ecosystem.

This work represents a crucial first step towards future studies
analysing gene expression, regulation, function and microbe-host
interactions in this important, but little studied, group of human
colonic anaerobic bacteria.
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