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Abstract

Lactobacillus johnsonii F19785 makes two capsular exopolysaccharides —a
heteropolysaccharide (EPS2) encoded by the eps operon, and a branched glucan
homopolysaccharide (EPS1). The homopolysaccharide is synthesised in the absence of
sucrose and there are no typical glucansucrase genes in the genome. Quantitative proteomics
was used to compare the wild type to a mutant where EPS production was reduced, to attempt
to identify proteins associated with EPS1 biosynthesis. A putative bactoprenol
glycosyltransferase, 242, was less abundant in the Aeps_cluster mutant than in the wild type.
NMR analysis of isolated EPS showed that deletion of the 242 gene prevented the
accumulation of EPS1, without affecting EPS2 synthesis, while plasmid complementation
restored EPS1 production. The deletion of 242 also produced a slow growth phenotype,
which could be rescued by complementation. 242 shows amino acid homology to bactoprenol
glycosyltransferase GtrB, involved in O-antigen glycosylation, while in silico analysis of
neighbouring gene 241 suggested it encodes a putative flippase with homology to the GtrA
superfamily. Deletion of 241 also prevented production of EPS1, and again caused a slow
growth phenotype, while plasmid complementation reinstated EPS1 synthesis. Both genes are
highly conserved in L. johnsonii strains isolated from different environments. These results
suggest there may be a novel mechanism for homopolysaccharide synthesis in the Gram-

positive L. johnsonii.

Importance

Exopolysaccharides are key components of the surfaces of their bacterial producers,
contributing to protection, microbial and host interactions and even virulence. They also have
significant applications in industry, and understanding biosynthetic mechanisms may allow
improved production of novel and valuable polymers. Four categories of bacterial
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exopolysaccharide biosynthesis have been described in detail, but novel enzymes and
glycosylation mechanisms are still being described. Our findings that a putative bactoprenol
glycosyltransferase and flippase are essential to homopolysaccharide biosynthesis in
Lactobacillus johnsonii FI9785 indicate that there may be an alternative mechanism of glucan
biosynthesis to the glucansynthase pathway. Disturbance of this synthesis leads to a slow
growth phenotype. Further elucidation of this biosynthesis may give insight into

exopolysaccharide production and its impact on the bacterial cell.

Keywords exopolysaccharide, alpha glucan, Lactobacillus johnsonii, proteomics,

glycosyltransferase, Nuclear Magnetic Resonance

Introduction

Production of exopolysaccharides (EPS) has a large impact on the nature of the bacterial
surface and hence on interactions with the environment, hosts and host defence systems, and
other microbes (1, 2). EPS can protect bacteria against environmental conditions, both
outside and inside the host (1, 3, 4), and in the case of pathogens such as Streptococcus
pneumoniae they can have an important association with immune evasion and virulence (5).
EPS can have immunomodulatory and protective properties in the host (6-9) and can affect
the composition and function of the gut microbiota (10, 11). EPS can also play a crucial role
in biofilm formation, adhesion to host cells and colonisation (3, 12-15). In addition to their
biological importance, bacterial EPS have a range of technological applications in food,
pharmaceutical and other industries and may also have potential health benefits, due to their
activities in immune stimulation, anti-tumour activity and lowering of blood cholesterol, or as

prebiotics (1, 2, 16, 17).
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Lactobacillus johnsonii FI9785 is a poultry isolate which has shown promise as a competitive
exclusion agent against Clostridium perfringens (18) and Campylobacter jejuni (19). This
strain makes 2 capsular exopolysaccharides — EPS2, a heteropolysaccharide containing
glucose and galactose encoded by a 14 gene eps operon of the Wzx/Wzy type, and EPS1, a
branched dextran homopolysaccharide with an a-(1—6) backbone and a-(1—2) branches
which are present on every unit of the backbone and consist of a single glucose (Glc) residue
(20, 21). This is an unusual structure which has not been described in other bacteria, although
a small percentage of a-(1—2) branches were seen in dextran produced by Leuconostoc
citreum E497 (22). Glucansucrases have been shown to synthesise homopolysaccharides in
lactic acid bacteria, using sucrose as a substrate (17). However, L. johnsonii F19785 makes
EPS1 in the absence of sucrose and there is no glucansucrase gene present in the genome,
suggesting a different mode of biosynthesis (20). In previous work, the 14 gene eps operon
(loci FI9785_1170 to FI19785_1183 inclusive, now renamed FI9785_RS05260 to
F19785_RS05325) was removed by deletion mutagenesis to create the mutant Aeps_cluster
(20), and a second mutant strain where just the transcriptional regulator epsA (FI19785_1183)
was deleted was also constructed (23). Although these mutations were expected to just affect
the synthesis of EPS2 and not EPS1, these strains did not show an EPS layer by transmission
electron microscopy (TEM), and NMR analysis of EPS extractions failed to identify either
EPS1 or EPS2 (20, 23, 24). In this work we compared the proteome of the wild type L.
johnsonii F19785 EPS producer with the Aeps_cluster mutant to attempt to identify proteins

involved in homopolysaccharide biosynthesis.

Results

Comparative quantitative proteomic analyses identified proteins affected by deletion of the

eps cluster
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In order to identify proteins involved in EPS biosynthesis, the proteome of the wild type was
compared to that of a mutant with a reduced EPS capsule, to highlight proteins which were
missing or down-regulated in the mutant. Proteomic analysis of the soluble fractions of L.
johnsonii FI9785 and Aeps_cluster identified several proteins which were differently
expressed between the two strains. The protein samples were trypsin digested and labelled by
iTRAQ (isobaric tag for relative and absolute quantitation) reagents, mixed and analysed by
nLC MS/MS, or directly analysed without labelling for the label free experiment. Andromeda
analyses resulted in the identification of 699 soluble proteins (Supplementary Dataset S1), 49
of which were differentially expressed in the Aeps_cluster strain versus the wild type (WT,
Table 1). Volcano plots in Fig. 1 show the proteins which changed in abundance, obtained
respectively in iTRAQ (A) and label free experiments (B). The two different quantitative
approaches allowed the quantitation of identical proteins with a similar ratio in the mutant
versus control, eg DOR1R2, supporting the accuracy of the analyses, but also identified
different proteins, allowing an in-depth characterization of proteins altered in the
Aeps_cluster strain. 20 proteins were found at a higher level in Aeps_cluster, 4 identified by
iTRAQ and 17 by the label free approach, with only one found by both methods; the
remaining 29 proteins were at higher levels in the WT, 17 found by iTRAQ and 14 by the
label free method, with 2 proteins identified by both methods (Table 1). In Fig. 2, enriched
Gene Ontology (GO) terms of proteins found at different levels in L. johnsonii FI9785 and
Aeps_cluster strains are described. Soluble proteins, mainly present in the cytoplasm, are
involved in ATP binding, GO:0005524, translation, GO:0006412, nucleotide binding
G0:0000166 and transferase activity, GO:0016740 in the mutant strain. Almost half of the
proteins with altered abundance were associated with ribosomal structure, translation and
protein biosynthesis, but some were more and some less abundant in the Aeps_cluster

mutant, with no discernible pattern. No other biological processes seemed to be strongly
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impacted in the Aeps_cluster mutant. Although EPS is known to protect the cells from stress
there were no notable changes in stress response, except a higher level of thiol peroxidase,

involved in cell redox homeostasis (Table 1).

One protein found at a lower level in the Aeps_cluster mutant - DOR1R2, encoded by
FI19785_ 242 (now renamed FI9785_RS00855) - was identified by RAST analysis as a
bactoprenol glycosyltransferase, involved in cell wall biosynthesis. This was one of the three
proteins identified by both iTRAQ and the label free protocol. Blastp analysis indicated
homology to the glycosyltransferase 2 superfamily, particularly to domains cd04187 (DPM1-
like bac, 7.24 e-81), PRK10714 superfamily (undecaprenylphosphate 4-deoxy-4-
formamidoL-arabinose transferase, 1.28e-33), pfam00535 (glycosyl transferase family 2,
6.63e-28) and COGO0463 (glycosyltransferase involved in cell wall biosynthesis, 2.2e-26).
This protein was selected for gene deletion to investigate a possible role in EPS1

biosynthesis.

Deletion of 242 prevents biosynthesis of homopolysaccharide EPS1

The coding sequence for 242 was deleted from the L. johnsonii FI9785 genome to create
strain A242. Comparison of *H-NMR profiles of EPS extracted from WT and A242 showed
that EPS1 production was undetectable in samples extracted both from cell pellets and from
supernatants (Fig. 3, Supplemental Fig. S1A), indicating that 242 is essential for EPS1
production. NMR analysis of EPS extracted from a derivative of A242 containing a plasmid
expressing the 242 gene under the regulation of a strong constitutive promoter (A242-p242)
showed that complementation restored EPS1 expression, with an increased ratio of EPS1 to

EPS2 compared to the WT (Fig. 3, Supplemental Fig. S1A).

Previous NMR analysis of EPS extracted from Aeps_cluster and AepsA and then purified by

TCA precipitation failed to detect EPS1 or EPS2 (20, 23). However, our analysis here of
6

el|buy 1se3 Jo AlISIBAIUN Te 0Z0Z ‘2 Ydte\ uo /Bio wse war//:dny woll papeojumoq


http://aem.asm.org/

(19)
=
&
O]
(1)
——
U2)
(0)
o
——
o
g
\9}
2]
>
(=
=
O
(1)
——
(O
(19)
O
9}
<(

Microbiology

Microbiology

143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

crude EPS preparations prior to TCA purification, using an increased temperature and higher
number of scans, revealed the presence of EPS1 in both strains (Supplemental Fig. S1B).
This indicates that the genes in the eps cluster encoding EPS2 are not required for EPS1

production.

241-242 show homology to GtrA-GtrB and have homologues in Gram-positive bacteria

Blastp analysis showed that amino acid homologues of 242 are widely distributed among
Lactobacillus spp, with a high conservation of amino acid sequence (71-100% in the first
seventy matches). Alignment of 242 with GtrB proteins from Shigella phage Sfll and
Escherichia coli, a putative bactoprenol glycosyltransferase CshB from Bacillus subtilis, and
a polyisoprenyl-phosphate glycosyltransferase from Synechocystis sp. whose crystal structure
has been solved (25), show areas of homology across the whole sequence, including the
motifs DXD and DXSXD which have previously been identified as being conserved in
glycosyltransferases (25-27) (Fig. 4A). Mutation of selected amino acids in the Synechosystis
sp. GtrB was previously shown to affect enzymatic activity (25) — all but one of these amino

acids are conserved in 242 (Fig. 4A).

Blastp analysis of the translated product of the gene upstream of 242, F19785_ 241 (now
renamed F19785_RS00850), shows homology to domains pfam04138 (GtrA-like protein,
3.04e-18) and COG2246 (putative flippase GtrA, 2.78e-07). When aligned to the GtrA
sequence pairing the Sfll and E. coli GtrBs, 241 shows some conservation of sequence but
less than that seen with the GtrB counterparts (Fig. 4B). GtrAB pairs have been identified in a
range of Gram-negative bacteria and their bacteriophages, and are commonly found with a
glycosyltransferase GtrX, with the three protein complex engineering the glycosylation of O-

antigens with a single sugar moiety (28). However, we could not identify any further
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glycosyltransferases in the L. johnsonii FI9785 genome in the immediate vicinity of 241 and

242.

The 241-242 pair and surrounding genes show strong nucleotide conservation in other strains
of L. johnsonii isolated from different sources. A surrounding 11.1 kb section encompassing
15 open reading frames (ORFs) from L. johnsonii FI9785 was compared with equivalent
regions from annotated genomes of strains isolated from the human gut (NCC533), pig
intestine (DPC6026), rat faeces (N6.2), turkey (UMNLJ22) and mouse faeces (Byun-jo-01),
selecting the area between homologues of 2,3-diphosphoglycerate-dependent
phosphoglycerate mutase and an aldose 1-epimerase family protein (Fig. 5). The conservation
of ORFs surrounding the gtrAB pair varies among strains, with some ORFs being present but
interrupted by stop codons. The section encoding the 30S ribosomal protein, 241 and 242 is
present in all genomes. Translated sequences of ORFs which are present in more than one
genome show high amino acid similarity between strains; the 242 sequence (WP_012845545)
shows 99-100% identity with the equivalent sequences in the other genomes
(WP_012845545, WP_011161379 and WP_014567007). Alignment of the surrounding
nucleotide region showed high conservation of the region covering the 241-242 pair, and
analysis of these two genes in the 6 genomes showed between 97.1 and 99.8% nucleic acid
identity with the F19785 sequence (Fig. 5B). The central region of strong nucleotide
conservation stretches from upstream of the 30S ribosomal gene to the non-coding sequence

after 242.

241 is required for EPS1 biosynthesis

To confirm the involvement of the putative flippase 241 in EPS1 production, a deletion
mutant (A241) and its derivatives containing a 241 expression plasmid (A241-p241) or an
empty plasmid control (A241-pQI0001) were constructed and their EPS analysed by NMR.

8
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As with A242, gene deletion prevented EPS1 production while complementation restored
biosynthesis (Fig. 6, Supplemental Fig. S1C). A mutant where both 241 and 242 were deleted

also showed production of EPS2 only (data not shown).

EPS1 production affects growth

Both the A242 and A241 strains showed a slower growth phenotype than the wild type, both
in liquid and on solid medium (Fig. 7). This phenotype was similar when the strain contained
an empty vector control, but normal growth was restored in liquid by overexpression of the
242 or 241 genes, although plate growth remained slightly retarded in the 242 complemented
mutant. Mutant colonies did reach the size of typical 1 d WT colonies after further
incubation, within 2 d. The slow growth phenotype was maintained during growth in
anaerobic conditions and at a lower temperature (30°C). The presence or absence of EPS1 did
not seem to affect aggregation, while as noted previously non-production of EPS2 in AepsE
caused a strong aggregation phenotype (21), suggesting that EPS2 is a primary contributor to
low aggregation of the WT (Fig. 7C). Deletion of 242 also did not have a strong effect on
colony phenotype, with colonies retaining a rough and crinkled appearance, although
overexpression of 242 resulted in a smoother colony upon longer incubation. TEM showed
that the A242 and A241 mutants retained a visible EPS layer; this was more frequently
irregular than in WT samples (Fig. 7E). Cells overexpressing 242 or 241 also exhibited a
thick EPS layer, and in the case of A242p242 this layer was consistently paler, suggesting a

different response to the osmium staining.

Discussion

Effect of EPS2 loss on the L. johnsonii FI9785 proteomic profile
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Apart from variations in proteins associated with ribosome structure, translation and protein
synthesis, very few biological processes seemed strongly affected in the soluble protein
content by the loss of EPS2 synthesis in the Aeps_cluster mutant. Comparative analysis of
proteins from Lactobacillus plantarum grown at two temperature conditions, which gave a
10-fold difference in EPS production, also found few changing proteins (29). It is interesting
that loss of EPS2 production correlated with lower abundance of 242 in the Aeps_cluster
mutant compared to the WT. We have now determined that this mutant is able to produce
EPS1, but its biosynthesis is affected, either by the absence of the eps cluster genes or EPS2
itself, or in response to changed cell conditions responding to reduction of a protective layer.
The regulation of EPS synthesis has been linked to external signal and quorum sensing in a
range of bacteria, including L. plantarum (30). Blast analysis of a putative transcriptional
regulator, DOR501, which was also less abundant in the Aeps_cluster mutant, showed a
relationship to the YebC/PmpR family; regulators of this family are involved in a range of
other processes, including quorum sensing (31). Further investigation of the regulation of
EPS1 and EPS2 genes, proteins and polymers and how they relate to each other will be an

interesting area for future study.

Involvement of putative flippase and bactoprenol glycosyltransferase in homopolysaccharide

biosynthesis in L. johnsonii

The evidence from EPS NMR profiles from deletion and complementation strains indicate
that putative bactoprenol glycosyltransferase 242 and neighbouring putative flippase 241 are
key components in the production of the branched glucan EPS1. In lactic acid bacteria, a-
glucans such as dextran are commonly synthesised by glucansucrases, which cleave sucrose
then add glucose to a growing chain (17). Three other mechanisms of EPS and O-antigen

polysaccharide (O-PS) biosynthesis have been described in bacteria — the Wzx/Wzy-
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dependent pathway, the ATP-binding cassette (ABC) transporter-dependent pathway and the
synthase-dependent pathway (32). The first two mechanisms begin with the addition of a
phosphorylated monosaccharide from a UDP-sugar to a lipid carrier, commonly thought to be
undecaprenyl phosphate (5, 33, 34) while the synthase pathway utilises cytosolic nucleotide-
activated sugars (35, 36). Guan and co-workers described a three gene operon - gtrABX —
involved in O-antigen glycosylation in a bacteriophage infecting Shigella flexneri and
demonstrated that bactoprenol glucose transferase GtrB transferred “C-glucose to decaprenyl
phosphate in vitro (28). They proposed a model where GtrB catalyses the transfer of glucose
from UDP-glucose to bactoprenol, GtrA flips the complex across the cytoplasmic membrane
and specific glycosyltransferase GtrX transfers the glucose to a specific residue on the O-
antigen repeating unit (28). More recently GtrB homologues have been shown to be involved
in glycosylation of lipoteichoic and wall teichoic acids and a similar 3-component mechanism

has been proposed (37-39).

Our hypothesis is that 242 acts as a GtrB homologue, adding a glucose molecule to a lipid
carrier, while the product of neighbouring gene 241 functions as a flippase. However, the full
process of chain and branch formation, and the possible involvement of glycosyltransferases
elsewhere in the genome, remains to be determined. 241-242 may be involved in the
decoration of a linear chain synthesised by other enzymes, or may be an integral part of a
biosynthetic cluster. The ability of bacterial glycosyltransferases to act on different substrates
and even in different pathways has been noted (40). The genes encoding the three-component
system involved in S. aureus lipoteichoic acid glycosylation are not all located together on
the chromosome (38), so it would not be unprecedented for a distant gene/s to be involved in
a three- or four- component EPS biosynthetic pathway. The genome of L. johnsonii FI19785
contains several other glycosyltransferase genes which may be involved in synthesis of a

linear chain, acting in concert with 241-242 to produce the final external EPS1. It is hoped
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that further examination of these genes will lead to a clearer model for the synthesis of this

unusual EPS.

Effect of 242 or 241 deletion on L. johnsonii

Mutations affecting L. johnsonii F19785 EPS synthesis have been shown to affect
aggregation, biofilm formation, adhesion to human HT29 cells and chicken gut explants and
resistance to stress, suggesting that EPS has a protective capacity (20, 21, 23, 41). We found
that gene deletion of 242 or 241 slowed bacterial growth. The slow growth phenotype is still
seen at lowered temperatures or in the absence of oxygen, suggesting that it is not caused by
increased sensitivity of cells to these conditions due to a reduction of the EPS layer. Further,
removal of EPS2 did not seem to have the same effect, as the eps_cluster mutant showed a
similar growth rate to the wild type when grown for proteomic analysis. It has been noted that
mutations which might prevent the release of undecaprenyl phosphate by blocking the full
EPS biosynthetic process affect cell viability, either by reducing the amount of undecaprenyl
available for other processes or by membrane destabilisation in the presence of lipid
intermediates (5, 42). However, it is not obvious as to why deletion of a protein proposed to
glycosylate the lipid carrier might have a similar effect, unless there are other components of

EPS1 biosynthesis that might also interact with the carrier.

In conclusion, we found that a putative glycosyltransferase, 242, was less abundant in the
Aeps_cluster mutant, and that deletion of its gene prevented the accumulation of EPS1 while
plasmid complementation restored production. In silico analysis indicated that 242 and its
preceding gene 241 show similarity to two members of a three-component system, gtrABX,
shown to mediate O-antigen glycosylation in Gram-negative bacteria and more recently to be
involved in teichoic acid glycosylation in Gram-positive species. Further deletion and
complementation studies showed that 241 was also essential for EPS1 production. High
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conservation of nucleotide sequence with other L. johnsonii strains and presence of analogous
genes in other Lactobacilli suggest that this might be part of a novel mechanism for
homopolysaccharide EPS biosynthesis in Gram-positive bacteria. EPS/O-PS biosynthetic
pathways have been studied in detail, but many questions remain unanswered, and new
enzymes are still being discovered (43). Given the potential technological applications of
EPS, there is significant interest in engineering novel forms (32), and their important roles in
protection and biofilm formation makes EPS biosynthesis a valid target for novel strategies to
control pathogens. Further discovery of alternative mechanisms may give future opportunities

to both understand and exploit bacterial EPS synthesis.

Experimental procedures
Bacterial strains and growth conditions

L. johnsonii strains were grown as described previously (41) in homemade De Man Rogosa
Sharpe medium (MRS) using 2% glucose as a carbon source, at 37°C. Lactococcus lactis
MG1614 (44) was grown in GM17 (Oxoid) at 30°C. Plasmids were selected and maintained
using chloramphenicol (pF12560, pQI0001) at 7.5 pug ml™ or 5 pug mi* and erythromycin
(pG*host9) at 10 ug ml* and 5 pug ml? for L. johnsonii and L. lactis respectively. L. johnsonii

strains and plasmids produced and/or used in this study are listed in Table 2.

Isolation of proteins

Soluble protein extracts were prepared from L. johnsonii FI9785 and Aeps_cluster strains
inoculated from overnight cultures at 2% into prewarmed media and grown to an optical
density (ODsoo) of 2.0 (6-7 h). Cells from 15 ml aliquots were harvested by centrifugation at

3000 x g for 15 min at 4°C, washed with 5 ml phosphate buffered saline (PBS) containing 1X
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cOmplete protease inhibitor (Roche), re-centrifuged, washed with 1 ml PBS/protease
inhibitor and recentrifuged at 13,000 x g for 2 min at 4°C before removal of the supernatant
and freezing on dry ice. Three biological replicates and one technical replicate were prepared
for each strain. Pellets were resuspended in 500 pl extraction buffer (50 mM HEPES pH 7.7,
0.3% SDS, 1x protease inhibitor, 5U mI* RNase-free DNase (Promega), 10 mM MgSOs, 1
mM CaCl2) then sonicated using a Soniprep 150 (Sanyo) for 7 cycles of 15 s with 30 s
incubation on ice between cycles. After centrifugation at 13,000 x g for 25 min at 4°C to
pellet debris, the supernatant was precipitated overnight with 5 volumes of cold acetone at -
20°C. Proteins were collected by centrifugation at 14,000 x g for 10 min at 4°C and stored at
-20°C. Total soluble protein was resuspended in 250 pl 0.5 M trimethylammonium
bicarbonate buffer (Sigma), 0.05% SDS, 1X protease inhibitor and stored in LoBind tubes

(Eppendorf). Concentrations were measured using Bradford reagent (Bioline).

Quantitative mass spectrometry

Bacterial protein samples, three biological replicates of mutants and controls and one
technical replicate, were digested by trypsin and the tryptic peptides were labelled by the
iTRAQ 8plex kit (AB Sciex Pte. Ltd., USA) following the manufacturer’s instructions. The
samples of each experiments were pooled and fractionated by a high pH reversed phase
peptide fractionation kit (Pierce, Thermo Fisher Scientific). Each single fraction was analysed
by a nLC MS/MS Orbitrap Fusion trihybrid mass spectrometer coupled with a nano flow
UHPLC system (Thermo Fisher Scientific). The peptides were separated, after being trapped
on a C18 pre-column, using a gradient of 3-40% acetonitrile in 0.1% formic acid, over 50
min at a flow rate of 300 nl min, at 40°C. The peptides were fragmented in the linear ion
trap by a data-dependent acquisition method, selecting the 40 most intense ions. For label free

experiments, each tryptic peptide sample was analysed in triplicate as described above. All
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analyses were performed in triplicate. The raw data were analysed by MaxQuant (version
1.6.2.3; RRID:SCR_014485), using Andromeda software and consulting the Uniprot_
Lactobacillus johnsonii (strain FI9785) (1726 sequences) protein database; the tolerance on
parents was 10 ppm and on fragments was 0.02 ppm. The variable modifications allowed
were oxidation on methionine and carboxyamidomethylation on cysteine as fixed
modification. The false discovery rate was below 1%, using a decoy and reverse database,
and the identified proteins contained at least 2 peptides with at least 6 amino acids sequenced.
iTRAQ and label free quantitative analyses were also performed by MaxQuant software and
evaluated by Perseus statistical software (RRID:SCR_015753) by a two-sided t test, setting a
p value less than 0.05 and FDR less than 0.01. Gene Ontology analyses were performed by

the QuickGO algorithm (EMBL-EBI; RRID:SCR_004608).

Plasmid construction and gene deletion

Genes were deleted from the L. johnsonii F19785 chromosome as described previously (21)
using the thermosensitive vector pG+host9 (45) containing a knockout cassette of the partial
upstream and downstream genes, amplified and joined by splice overlap extension PCR using
primers designed to generate restriction sites for cloning and to create spliced products (see
supplemental text and Table 3). Initial cloning was performed using electrocompetent
Lactococcus lactis MG1614 (46) with growth at 28°C. After sequence confirmation, plasmids
were transformed into electrocompetent L. johnsonii FI9785 (47) and gene replacement was
performed as described previously (45) using 30°C as the permissive temperature and 42°C
as the non-permissive temperature. For recovery of A242 and A241 it was necessary to
recover deletions at 30°C, and excised plasmids were cured by successive subculturing. For
complementation, the 242 gene was cloned into the L. johnsonii expression plasmid pF12560

(21) and the 241 gene was cloned into pF12560-derivative pQI0001 (see supplemental data);
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ligation products and control vector were transformed into electrocompetent L. johnsonii

F19785 as before.

Bioinformatic analysis

Translated gene sequence homologies and domain searches were performed using Blastp
(RRID:SCR_001010) (48). The L. johnsonii genome FN298497 (49) was reanalysed using
RAST (RRID:SCR_014606) (50). Amino acid alignments were performed using the clustalW
algorithm (RRID:SCR_002909) in Vector NTI (Invitrogen; RRID:SCR_014265) and
visualised using Genedoc. Nucleotide alignments were performed using Geneious
(Biomatters Ltd., New Zealand; RRID:SCR_010519): short sequences were aligned with
Geneious alignment and larger genome segments were aligned using Mauve

(RRID:SCR_012852) (51).

Isolation and NMR spectroscopy of EPS

Crude EPS was isolated from 2 d 500 ml cultures grown in MRS at 37°C as described
previously (21), except that the initial extraction of capsular EPS from the washed bacterial
pellet was performed by sonication in 50 ml 1 M NacCl for 7 cycles of 45 s with 30 s
incubation on ice between cycles, followed by centrifugation at 6000 x g and 4°C for 30 min
to remove bacterial debris before the rounds of ethanol precipitation, the initial ethanol
precipitation was for 3 d instead of overnight, and crude EPS was not further purified by
TCA precipitation. EPS samples were analysed by NMR as before (20) but with heating to
338°K (A242 series) and an increased number of scans (1024). Samples in the A241 series

were measured at 300°K.
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Growth, aggregation and phenotype studies

Overnight (15 h) cultures of WT, AepsE, A242-p242 and A241-p241 and 20 h cultures of
A242, A242-pF12560, A241 and A241-pQI0001 were used for growth and aggregation
studies. For liquid growth, 20 ml broths were inoculated at 2% and the ODeoo of 10-fold
diluted samples was measured at each hour during aerobic growth at 37°C. Colony size on
plates was monitored aerobically at 30°C and 37°C and anaerobically at 37°C. All liquid
growth of plasmid-containing strains was supplemented with chloramphenicol, while plate
growth was non-selective. For aggregation, triplicate 1 ml samples from vortexed overnight
cultures were transferred to cuvettes and the ODsoo was measured hourly during incubation at
room temperature. Growth and aggregation assays were each performed three times and
representative curves are shown. TEM images were taken from overnight cultures as

described previously (20).
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601 Figure 1 Volcano plots of differentially expressed proteins. Results compare L. johnsonii
602  Aeps_cluster (DC) versus FI19785 (WT), obtained by two-sided t test, p value less than 0.05
603 in A, iTRAQ and B, label free experiments. Red, abundance higher in DC than WT; green,

604  abundance lower in DC than WT.
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Figure 2 Gene Ontology analyses of differentially expressed proteins. On the x axis the
gene ontology enriched terms are shown, and on the y axis the percentage of enrichment. Up,
processes enriched in the Aeps_cluster mutant compared to the WT; Down, processes

enriched in the WT compared to the mutant.

Figure 3 NMR analysis of pellet-associated EPS. 600 MHz 'H NMR spectra of EPS from
WT and modified L. johnsonii (pellet samples, D20, 338°K). Anomeric signals of EPS1 and
EPS2 are labelled ‘1’ and ‘2’ respectively, imp = impurities. The presence of EPS1 is
indicated by two H1 signals of equal intensity at 5.17 ppm ((1,2,6)-0-Glc) and 5.11 ppm (t-a-
Glc). There are multiple H1 signals associated with EPS2 as indicated at the chemical shifts

listed previously (20, 23).

Figure 4 Amino acid alignments with GtrA and GtrB proteins. A, Translation of 242
coding sequence (WP_012845545) aligned with GtrB proteins from Shigella phage Sfll
(YP_008318506 (52)), E. coli K12 (P77293 (53)), B. subtilis CshB (Q45539 (54)) and
Synechocystis sp. (Q55487, 5EKP (25)). Conserved motifs DXD and DXSXD are underlined,
residues affecting activity in 5SEKP are marked #. B, Translation of 241 coding sequence
(WP_004896037) aligned with GtrA family proteins from Shigella phage Sfll
(YP_008318507 (52)) and E. coli K12 (P77682 (53)). Black, 100%, dark grey 80%, light

grey 60% homology.

Figure 5 Conservation of genes with L. johnsonii strains from different environments.
A, ORFs are shown from genomes of L. johnsonii strains FI9785 (FN298497 (49),
nucleotides 184194-194938, loci F19785_RS00820 to FI9785_RS00875); UMNLJ22
(NZ_CP021704, Johnson T. J. and Youmans B., unpublished, nucleotides 699996-711750,
loci A3P32_RS03290 to A3P32_RS03350); N6.2 (NC_022909 (55), nucleotides 210473-
221016, loci T285_RS00860 to T825_RS00915); DPC6026 (NC_017477 (56), nucleotides

202698-210932, loci LIP_RS00920 to LIP_RS00960); NCC533 (NC_005362 (57),
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nucleotides 196136-202659, loci LJ_RS00845 to LJ_RS00880); Byun-jo-01 (NZ_CP029614,
Kim D., unpublished, nucleotides shown in complement 1111505 to 1117990, loci
C0060_RS05265 to C0060_RS05300), with the GtrA-GtrB pairs aligned. B, nucleotide
alignment of sequences in A with Mauve to indicate areas of high sequence conservation.
HicB, Hic B family antitoxin; phage tail, putative phage tail-related protein; HP, hypothetical
protein; 30S, 30S ribosomal protein S14; MFS transporter, major facilitator family

transporter; sug-trans, sugar transporter.

Figure 6 NMR analysis of pellet-associated EPS showing effect of 241 deletion and
complementation. 600 MHz *H NMR spectra of EPS from WT and engineered L. johnsonii
(pellet samples, D20, 300°K). Anomeric signals of EPS1 and EPS2 are labelled ‘1’ and 2’
respectively, imp = impurities.

Figure 7 Phenotypic characterisation of 241 and 242 deletion. A, B, growth of L.
johnsonii strains in liquid at 37°C showing increase in optical density; C, aggregation of
overnight cultures; D, differences in colony size in strains given the same incubation time at

37°C, E, TEM analysis of cells from overnight cultures (bar = 200 nm); WT, wild type.
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647  Table 1 Quantified Lactobacillus johnsonii proteins, using MaxQuant software in iTRAQ and label free experiments

Protein Protein name Genename Razor+ Mol Score log2 ratio ratio iTRAQ label GO Biological process
Accession unique  weight (D/WT) D/WT WT/D free
number peptides  [kDa]
DOR1P2 Uncharacterized protein FI9785_401 4 22 234 3.7 1312 008 x -
DOR498 Thiol peroxidase tpx 3 18 29 241 530 0.19 X cell redox homeostasis; oxidation/reduction process; cellular
oxidant detoxification
DOR5C5 Ribosomal silencing factor RsfS  rsfS 3 14 111 222 467 021 «x Mature ribosome assembly; negative regulation of ribosome
biogenesis; negative regulation of translation; regulation of
franslation
DOR3E4 508 ribosomal protein L28 rpmB 3 7 26 217 449 022 «x translation
DOR3T4 Aspartate--tRNA ligase aspS 26 i 155 1.38 260 039 X translation; tRNA aminoacylation for protein translation; aspartyl-
tRNA aminoacylation
ol DOR3V1 Glycine-tRNA ligase beta glyS 16 78 150 123 235 043 X translation; arginyl tRNA aminoacylation; glycyl tRNA
c subunit aminoacylation
(] DOR277 Uncharacterized protein FI9785.219 7 17 87 1.16 224 045 X -
E - DORS5KO Aspartyl/glutamyl-tRNA(Asn/GIn)  gatC 3 12 42 112 217 046 X translation; regulation of translational fidelity
o > amidotransferase subunit C
S el DOR6B7 Deoxynucleoside kinase dgk1 10 25 60 1.05 207 048 X nucleobase-containing compound metabolic process;
LE .9 deoxyribonucleoside monophosphate biosynthetic process;
Jg nucleotide biosynthetic process; phosphorylation
= DOR362 Ribokinase rbsk 16 33 146 1.04 205 049 X carbohydrate metabolic process; D-ribose metabolic process ;
P = phosphorylation ; D-ribose catabolic process; carbohydrate
O E phosphorylation
.9 DOR1J3 30S ribosomal protein S$12 rpsL 9 15 134 0.93 190 053 «x X franslation
o DOR2C4 Recombination protein RecR RecR 2 22 44 0.89 185 054 X DNA repair; DNA recombination; cellular response to DNA
<Q- damage stimulus
DOR4S3 Isoleucine—-tRNA ligase ileS 16 107 100 0.81 175 057 X translation; tRNA aminoacylation for protein translation; isoleucy!
tRNA aminoacylation;aminoacyl-tRNA metabolism involved in
translational fidelity
DOR1L4 308 ribosomal protein S5 psE 15 19 278 0.77 171 059 X franslation
DOR5TO Uncharacterized protein F19785_1588 10 21 53 0.76 170 059 X -
DOR434 Asparagine--tRNA ligase asnS 18 50 72 0.74 167 060 X translation; tRNA aminoacylation for protein translation; asparagy!
tRNA aminoacylation
DOR3G2 30S ribosomal protein S16 rpsP 5 11 227 0.73 166 060 X translation
DOR5D2 50S ribosomal protein L35 rpmL 7 8 80 0.69 161 062 X translation
DOR4W9  ATP synthase subunit b atpF 7 18 42 0.65 157 064 X ATP biosynthetic process; ion transport; ATP synthesis coupled
proton transport; ATP hydrolysis coupled cation transmembrane
transport
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DOR5D1 50S ribosomal protein L20 pIT 8 13 101 0.63 155 065 X ribosomal large subunit assembly; translation
DOR608 Chromosome partitioning protein ~ parB 6 33 51 -3.26 010 960 x
ParB
DOR4H4 Pseudouridine synthase FI9785_1123 5 27 115 -302 012 809 x psuedouridine synthesis; RNA modification
DOR5U7 Elongation factor P efp 8 21 105 299 013 796 x translation; translational elongation; peptide biosynthetic process
DOR1R2 Putative glycosyl transferase FI9785_242 8 35 46 250 018 564 x X -
DOR254 Extracellular solute-binding phnD 4 34 86 226 021 478 X transmembrane transport
protein PhnD
DOR5M6 Aggregation promoting factor apf2 3 33 190 204 024 412 X -
DOR1L2 50S ribosomal protein L6 plF 12 19 205 -2.01 025 404 x translation
DOR588 Peptide chain release factor 3 prfC 10 59 63 -1.99 025 397 «x translation; translational termination; regulation of translational
2 termination
S DOR5Z4 Tagatose-6-phosphate kinase fruB 4 33 153 196 026 388 x carbohydrate metabolic process; lactose metabolic process;
3 phosphorylation; carbohydrate phosphorylation
E >, DOR4W2 MreB-like protein mbl 8 35 318 -1.83 028 356 «x cell morphogenesis
g 8-’ DOR4I9 Ribonuclease Z mZ 4 35 17 -182 028 352 x tRNA processing; tRNA 3'-trailer cleavage, endonucleolytic; tRNA
E el 3'trailer cleavage; RNA phosphodiester bond hydrolysis,
w5 endonucleolytic
5 O DOR1L5 508 ribosomal protein L30 rpmD 2 6 37 -1.81 029 350 «x X translation
c o DOR1U3 Tryptophan-tRNA ligase trpS 8 39 269 -1.80 029 347 x translation; tRNA aminoacylation for protein translation;
o E_ tryptophanyl tRNA aminoacylation
DOR5K3 ATP-dependent DNA helicase pcrA 18 84 294 -160 033 304 x DNA unwinding involved in DNA replication
5_ DOR2Q2 30S ribosomal protein S6 psF 9 12 255 -160 033 303 x translation
o DOR268 Putative secreted protein FI9785_210 21 102 323 -1.55 034 293 X -
<C DOR3I4 Proline--tRNA ligase proS 16 63 297 -1.38 039 260 X translation; tRNA aminoacylation for protein translation;prolyl

tRNA aminoacylation; aminoacyl-tRNA metabolism involved in
translational fidelity

DOR4UG Valine--tRNA ligase valS 20 101 323 137 039 259 x translation; tRNA aminoacylation for protein translation;valyl tRNA
aminoacylation; aminoacyl-tRNA metabolism involved in
translational fidelity

DOR662 Phosphoenolpyruvate-dependent  manL 13 36 323 -116 045 224 X Phosphoenolpyruvate-dependent sugar phosphotransferase
sugar phosphotransferase system; carbohydrate transmembrane transport
system EIIAB, probably mannose
specific
DOR1P7 Muramidase FI9785_225 8 64 323 -1.03 049 204 X metabolic process; peptidoglycan catabolic process; cell wall
macromolecule catabolic process
DOR3J0 Translation initiation factor IF-2 infB 13 99 122 -1.02 049 203 X translation; translational initiation
29
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DOR383 Methionine aminopeptidase pepM 10 30 323 -0.96 052 19 proteolysis; protein initiator methionine removal
DOR501 Probable transcriptional FI9785_1304 5 27 99 088 054 184 regulation of transcription, DNA-templated
regulatory protein F19785_1304
DOR4I0 Pyruvate kinase pyk 35 64 323 088 054 184 glycolytic process; phosphorylation
DOR395 Aminopeptidase pepN 13 96 140 -087 055 183 proteolysis
DOR2B3 50S ribosomal protein L10 rpld 9 21 191 -085 056 1.80 translation; ribosome biogenesis
DOR3F4 Oligopeptide-binding protein OppA 7 65 50 -0.81 057 176 transmembrane transport
OppA
DOR1L8 Adenylate kinase adK 13 24 323 -0.74 060 167 nucleobase-containing compound metabolic process; nucleotide
biosynthetic process; phosphorylation; AMP salvage; nucleoside
monophosphate phosphorylation
DOR5L2 NH(3)-dependent NAD(+) nadE 6 31 149 0.7 061 1.63 NAD biosynthetic process
synthetase

648

649  WT, L. johnsonii FI9785; D, Aeps_cluster; GO, gene ontology; -, no process identified
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Table 2 List of L. johnsonii strains created and used in this study

Strain Genotype Description Plasmid reference
FI9785  wild type poultry isolate (18)
FI110754  Aeps_cluster eps gene cluster deleted (20)
F111504 A242 F19785 with 242 gene deleted this study
FI11646 A242-p242 FI111504 complemented with the pFI2843 this study
242 gene in expression plasmid
pF12560
FI11647 A242-pFI2560  FI11504 with pF12560 empty pF12560 this study
vector control
FI11669 A241 FI19785 with 241 gene deleted this study
FI11670 A241-p241 FI111669 complemented with the  pQIl0002  this study
241 gene in expression plasmid
pQI0001
FI11671 A241-pQI0001 FI11669 with pQI0001 empty pQI0001?  this study
vector control
FI10785 AepsA epsA transcriptional regulator (23)
from eps gene cluster deleted
F110844 AepsE epsE priming (21)

glycosyltransferase from eps
gene cluster deleted

aplasmid pF12560 with cloning site Ncol altered to Ndel-BamHI

Table 3 Oligonucleotide primers used for creation of deletion constructs and plasmids and

assessment of sequence integrity, integration and excision.

Primer Sequence 5°-3’

241Eco_F GATGAATTCACGCTGCTTAG

241splice243 R CGGCTTTTTGTCATATACTTTAACAGTCTTTCTTAT
243Spe_R CTACTAGTCATGATTGATTTTGGT

243splice241_ F AGAAAGACTGTTAAAGTATATGACAAAAAGCCGA
241 IF GCTTCTACGTCACCAGCTTCT

243 IR TCCACAGTTTCGAACTGGTG

240 F ATGTCTAAAGTGTGACTATATGTT

240splice242_R
242splice240_F
242Spe_R
240_IF

242 IR

TACTTTAACAGTCTTTCTTAGGCTTATTTTCCCTTCT
AGAAGGGAAAATAAGCCTAAGAAAGACTGTTAAAGTA
CATTTGACTAGTCATCATTCGGTAGTC
GAATGTCTAAAGTGTGACTATATGTT
ACGGTTGTATTCAGGCATATTC
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pGhostl AGTCACGACGTTGTAAAACGACG

pGhostR TACTACTGACAGCTTCCAAGG

pForVec ACAGCAATGTTACAAGTTGAAAT

pl8l GCGAAGATAACAGTGACTCTA
242_COD2F AAAAAATTATCAATTATAGTTCCTTG

242 C_R GAAGCTCCACGTGAACTTC

241_NdeF TAACATATGGGTATTTTTAAAAGAATAC
241_BamR TTTGGATCCTTTAACAGTCTTTCTTATTAC

Mismatching base pairs to insert restriction sites or for splice overlap extension are in bold
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