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GENERAL INTRODUCTION

Lactic acid bacteria and bifidobacteria are contained in various fermented foods
and contribute to the production of the fermented foods and/or the maintenance of
human health. Therefore, understanding the properties of these bacteria is helpful for
improving the value of food products and promoting human health.

Bifidobacterum is a Gram-positive bacterium belonging to the genus
Bifidobacterium. They inhabit the gastrointestinal tract, and are the major bacteria that
make up the human intestinal flora. Bifidobacterium bifidum is one of the most
frequently found bifidobacteria in the intestines of newborn infants (1). B. bifidum is
commercially used as probiotics since they regulate the host's immune system to
enhance resistance to pathogens and reduce inflammation (2, 3).

Since B. bifidum is primarily located in the lower intestine where sugars are
highly restricted, they utilize indigestible oligosaccharides and glycoconjugates. The
gastrointestinal glycoprotein mucin is one such sugar resource and ABH blood group
antigens are expressed at the sugar chain termini. B. bifidum can degrade B antigens to
release galactose, and a candidate gene encoding an a-galactosidase responsible for the
degradation of B antigens was discovered from B. bifidum (4). To better understand the
degradation of gastrointestinal mucin oligosaccharides by Bifidobacterium, the
a-galactosidase was constructed as a recombinant protein and investigated in detail
(CHAPTER I SECTION 1).

Tetragenococcus halophilus is a Gram-positive halophilic lactic acid bacterium
that plays an important role in the fermentation of various salted foods such as salted fish,
vegetable pickles, and soy sauce (5-7). Lactic acid produced by 7. halophilus reduces

the pH and gives a moderate sour taste to food products.



Certain strains of 7. halophilus degrade particular amino acids, such as
histidine (8), tyrosine (9), arginine (10), and aspartate (11). Histidine and tyrosine are
transformed into histamine and tyramine via decarboxylasion by hdcA and tdcA
encoded on the plasmids of 7. halophilus. Histamine is known as a causative agent of
food related intoxication and tyramine is related to food-induced migraines and
hypertensive crisis (12-14). Therefore, amino acid decarboxylating strains are generally
not preferred for starter cultures, but 7. halophilus possessing aspartate decarboxylase
can transform aspartate into sweet amino acid alanine and can possibly be a desirable
fermentation starter (11). In order to elucidate the effects of the aspartate
decarboxylation for fish sauce fermentation, aspartate decarboxylating strains were
isolated and used as a starter for fish sauce fermentation (CHAPTER II SECTION 1).

Arginine deimination by 7. halophilus is also disfavored for soy sauce brewing,
since it is responsible for the accumulation of citrulline, the main precursor of the
potential carcinogen ethyl carbamate (15). 7. halophilus mutants lacking arginine
deiminase activity were generated by UV irradiation, and novel ISs were unexpectedly
found by transposition into the arginine deiminase operon. Information about these ISs
would contribute to research and strain improvement of 7. halophilus (CHAPTER 11
SECTION 2).

Bacteriophages infecting 7. halophilus are a major industrial problem that
causes fermentation failure and decreases the quality of food products (16, 17).
Tetragenococcal phages typically display narrow host ranges, but the genetic
background for this phenotypical characteristic was not revealed. Adsorption to host
cells by bacteriophages largely defines the host range. Host receptors on the cell surface

are specifically recognized by their respective bacteriophages. First, ribitol-containing



wall teichoic acid was identified as a receptor for a bacteriophage phiwlJ7 (CHAPTER
IIT SECTION 1). Next, capsular polysaccharide was identified as a receptor for a
bacteriophage phiYG2 4, and capsular polysaccharide also acts as a barrier to another
bacteriophage phiYAS5 2. The variety in capsular polysaccharide structures is concluded
to be mainly responsible for the narrow host ranges of tetragenococcal phages
(CHAPTER III SECTION 2).

In this research, I analyzed the metabolic systems and phage susceptibility of
bifidobacteria and lactic acid bacteria, which advanced the understanding of the
properties of these bacteria and will serve as the basis for breeding useful bacterial

strains in food industry.



REFERENCES

1.

Benno Y, Sawada K, Mitsuoka T. 1984. The intestinal microflora of infants:
Composition of fecal flora in breast-fed and bottle-fed infants. Microbiol
Immunol 28:975-986

Picard C, Fioramonti J, Francois A, Robinson T, Neant F, Matuchansky C.
2005 Review article: Bifidobacteria as probiotic agents — physiological effects
and clinical benefits. Aliment Pharmacol Ther 22:495-512

Trebichavsky I, Rada V, Splichalova A, Splichal 1. 2009 Cross-talk of human
gut with bifidobacteria, Nutr Rev 67:77-82

Liu QP, Sulzenbacher G, Yuan H, Bennett EP, Pietz G, Saunders K, Spence J,
Nudelman E, Levery SB, White T, Neveu JM, Lane WS, Bourne Y, Olsson ML,
Henrissat B, Clausen H. 2007. Bacterial glycosidases for the production of
universal red blood cells. Nat Biotechnol 25:454-464

Kuda T, Izawa Y, Ishii S, Takahashi H, Torido Y, Kimura B. 2012. Suppressive
effect of Tetragenococcus halophilus, isolated from fish-nukazuke, on
histamine accumulation in salted and fermented fish. Food Chem 130:569-574
Chen YS, Yanagida F, Hsu JS. 2006. Isolation and characterization of lactic
acid bacteria from suan-tsai (fermented mustard), a traditional fermented food
in Taiwan. J Appl Microbiol 101:125-130

Tanaka Y, Watanabe J, Mogi Y. 2012. Monitoring of the microbial communities
involved in the soy sauce manufacturing process by PCR-denaturing gradient
gel electrophoresis. Food Microbiol 31:100-106.

Satomi M, Furushita M, Oikawa H, Yoshikawa-Takahashi M, Yano Y. 2008

Analysis of a 30 kbp plasmid encoding histidine carboxylase gene in



10.

11.

12.

13.

14.

15.

16.

Tetragenococcus halophilus isolated from fish sauce. Int J] Food Microbiol
126:202-209

Satomi M, Shozen KI, Furutani A, Fukui Y, Kimura M, Yasuike M, Yano Y.
2014. Analysis of plasmids encoding the tyrosine decarboxylase gene in
Tetragenococcus halophilus isolated from fish sauce. Fish Sci 804:849-858
lituka, K., Goan, M., 1973. Studies on L-Arginine decomposition in Soy-sauce
mash. Chomi Kagaku 20:17-24 (in Japanese).

Higuchi, T., Uchida, K., Abe, K., 1998. Aspartate decarboxylation encoded on
the plasmid in the soy sauce lactic acid bacterium, Tetragenococcus halophila
D10. Biosci Biotechnol Biochem 62:1601-1603

Rice SL, Eitenmiller RR, Koehler PE. 1976. Biologically active amines in
food: a review. J Milk Food Technol 39:353-358

Santos MS. 1996. Biogenic amines: their importance in foods. Int J Food
Microbiol 29:213-231

Taylor SL, Eitenmiller RR. 1986. Histamine food poisoning: toxicology and
clinical aspects. CRC Crit Rev Toxicol 17:91-128

Matsudo T, Aoki T, Abe K, Fukuta N, Higuchi T, Sasaki M, Uchida K. 1993.
Determination of ethyl carbamate in soy sauce and its possible precursor. J
Agric Food Chem 41:352-356

Uchida K, Kanbe C. 1993. Occurrence of bacteriophages lytic for Pediococcus
halophilus, a halophilic lactic-acid bacterium, in soy sauce fermentation. J Gen

Appl Microbiol 39:429-437.



17. Higuchi T, Uchida K, Abe K. 1999. Preparation of phage-insensitive strains of
Tetragenococcus halophila and its application for soy sauce fermentation.

Biosci Biotechnol Biochem 63:415-417



CHAPTER1

A study on bifidobacterial sugar metabolism

SECTION 1
Bifidobacterial a-galactosidase with unique carbohydrate-binding module

specifically acts on blood group B antigen

Bifidobacterium bifidum, the type species of the genus, is one of the most
frequently found bifidobacteria in the intestines of newborn infants (1, 2). This
bacterium also resides in intestines of adults, although the population diminishes over
time (2). Bifidobacterium bifidum, as well as other bifidobacteria such as B. longum, B.
breve, and B. animalis lactis, gives a health benefit to the hosts, hence they are
recognized and commercially used as probiotics. Bifidobacteria lower the intestinal pH
to prevent the growth of harmful bacteria by producing lactic acid and acetic acid from
sugars via a unique phosphoketolase-dependent hetero lactic acid fermentation (3). In
addition, they stimulate the host's immune system to enhance anti-pathogenic and
anti-carcinogenic activities; on the other hand, they control unwanted immune responses
to reduce chronic inflammation and allergies (4, 5). Since they mainly reside in the
lower intestines where the sugars are highly limited, they possess various glycosidases
to hydrolyze indigestible oligosaccharides and glycoconjugates. It was previously
reported that B. bifidum possesses unique metabolic pathways for free oligosaccharides
in milk and O-linked glycans on gastrointestinal mucin (6-11). It is worth noting that
this species expresses two distinct enzymes acting on the core structures in mucin

O-glycans: glycoside hydrolase (GH) family 101 endo-a-N-acetylgalactosaminidase
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(EngBF)  specific  for  core 1 structure, also  called  T-antigen
(GalB1-3GalNAcal-Ser/Thr) (12, 13), and GHI129 «a-N-acetylgalactosaminidase
(NagBb) specific for Tn-antigen (GalNAcal-Ser/Thr) (14). Whole genomic analysis
also revealed that B. bifidum is highly adapted to acquire nutrients from O-glycans in
mucin by producing related glycosidases (15).

The non-reducing termini of O-glycans in gastrointestinal mucin are usually
covered with various histo-blood glyco-antigens, which confer resistance to digestive
enzymes of general commensal bacteria. ABH blood group antigens are the well-known
cell surface antigens on red blood cells (RBCs) and other somatic cells. ABH antigens
are also expressed as secreted glycoproteins including gastrointestinal mucin in humans
with secretor phenotype. H antigen consists of the basic disaccharide ol-2
fucosylgalactose (Fucal-2Gal), and either GalNAc or Gal is bound to the Gal residue of
H antigen via oal-3 linkage to form A [GalNAcal-3(Fucal-2)Gal] or B
[Galal-3(Fucal-2)Gal] antigen (16). GH95 1,2-a-L-fucosidase from B. bifidum JCM
1254, which specifically acts on H antigen but not entirely on A and B antigens were
previously identified. Therefore, to degrade oligosaccharides with A and B antigens at
non-reducing termini, prior elimination of al,3-linked GalNAc and Gal is required. To
better understand the degradation and assimilation of the gastrointestinal mucin
oligosaccharides by bifidobacteria, A and B antigen-degrading bifidobacteria were
screened and it was found that only B. bifidum was capable of releasing Gal from B
antigen. Subsequently a candidate gene was found from B. bifidum JCM 1254 encoding
an o-galactosidase belonging to GHI110 that was recently established in the
carbohydrate-active enzymes (CAZy) database (17). The enzyme contained a

carbohydrate-binding module (CBM) 51 domain that is unique among previously
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reported GH110 enzymes. In this chapter, I characterized the hydrolytic specificity of
the GH110 domain and binding specificity of the CBMS51 domain using recombinant
enzymes/proteins, and showed a synergistic effect on degradation of multivalent
substrates. I also demonstrated that the recombinant enzyme efficiently converted group

B RBCs to O RBCs that are universal for transfusion.

Materials and methods
Bacterial strains and culture

The bifidobacterial strains were obtained from the Japan Collection of
Microorganisms (JCM, RIKEN Bioresource Center, Japan). The bacteria were cultured
in GAM broth (Nissui Pharmaceutical, Japan) for 16 h at 37 °C under anaerobic
conditions using Anaeropack (Mitsubishi Gas Chemical, Japan).
Genome sequence of B. bifidum JCM 1254

Draft sequencing of the genome of B. bifidum JCM 1254 was performed using
a Genome Sequencer 20 System (Roche Applied Science, IN, USA). The details will be
reported elsewhere.
Cloning and expression of AgaBb in E. coli

To construct the AgaBb expression vector, a DNA fragment encoding aa
24-1255 (without an N-terminal signal peptide and C-terminal transmembrane region)
was amplified by high-fidelity PCR using genomic DNA from B. bifidum JCM 1254 as
a template and the primers (AgaBb-F and AgaBb-R, Table 1), digested with EcoRI and
Xhol, and ligated into pET23b(+). The nucleotide sequence was confirmed by
sequencing. E. coli BL21(ADE3) was transformed with pET23b/agabb and cultured in

Luria-Bertani liquid medium containing 100 pg/mL ampicillin at 37 °C until the optical
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density at 600 nm reached 0.5. Then, to induce expression, IPTG was added to the
culture at a final concentration of 0.5 mM, and the cells were further cultured for 2 h at

37 °C.
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Table 1 Primers list.

Primer name

Sequence (5'—3")

AgaBb-F
AgaBb-R
D328N-F
D328N-R
H997A-F
H997A-R
H1085A-F
H1085A-R
D962A-F
D962A-R
H1031A-F
H1031A-R
W1082A-F
W1082A-R
DCBMS51-F
DCBMS51-R
CBMS5I1-F

CBM51-R

TAGAATTCGGCCGGAGGAGACGTCGTC

AACTCGAGCTGGTTCTTGTCCTTGCCG

TACGCCAACTTCGTGCAGATGTCGGGC

CACGAAGTTGGCGTATCCTGCGGTGCT

GGCACCGCCGCGGCCTCGCGCATCGTG

GGCCGCGGCGGTGCCGATGCCCTTGTC

GGCGATGCCGCGGATTGGGCGGACGCC

ATCCGCGGCATCGCCCCACGTCTCGCT

TCCGGCGCCCCCAACACCAACCCGGTG

GTTGGGGGCGCCGGACGTGGCCGACTC

CGCGACGCCGCAAATGTCGACTTCCAG

ATTTGCGGCGTCGCGGTCGACGCCGGT

GAGACGGCGGGCGATCACGCGGATTGG

ATCGCCCGCCGTCTCGCTGCCCGCGCC

AAACTCGAGGCCGACCGCGGTGATCGTGCC

AAACTCGAGCACCACCACCACCACCACTGA

AAAGGATCCGGCGAGACAACGGTCCGCACC

AATAAGCTTCTACTGGTTCTTGTCCTTGCC

Purification of the recombinant AgaBb

After the 2 h-induction, cells were harvested and lysed by BugBuster Protein

Extraction Reagent (Novagen, Germany). After centrifugation, the supernatant was
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applied to a HisTrap HP column (1 mL, GE Healthcare, UK), and the adsorbed proteins
were eluted by a stepwise imidazole concentration gradient in a 50 mM sodium
phosphate buffer, pH 7.0, containing 250 mM NaCl. The active fraction (1 mL) was
applied onto a Superdex 200 10/300 GL (GE healthcare) gel filtration column with an
AKTA Explorer system (GE Healthcare). Elution was carried out using a 50 mM
sodium phosphate buffer, pH 7.0, containing 150 mM NaCl. Active fractions were
collected, concentrated, and desalted using an Amicon Ultra 30K (Merck Millipore, MA,
USA).
Mutants of AgaBb

To construct various expression vectors, high-fidelity DNA polymerase
(PrimeSTAR Max DNA Polymerase, Takara Bio, Japan) and the primers listed in Table
1 were used. For point mutated AgaBb expression vectors, PCR was performed using
pET23b/agabb as a template. For AgaBb-D328NACBMS51 (aa 23-701) expression
vector, a DNA fragment was amplified using pET23b/agabb(D328N) as a template and
the primers ACBMS51-F and ACBMSI-R, digested with Xhol, and self-ligated.
Transformation and expression was performed under the same conditions as the
wild-type AgaBb. For TF-tagged CBMS51 expression vector, a DNA fragment was
amplified using pET23b/agabb as a template and the primers CBM51-F and CBM51-R,
digested with BamHI and HindlIIl, and ligated into pCold TF (Takara Bio). E. coli
BL21(ADE3) was transformed with the plasmid and cultured in Luria-Bertani liquid
medium containing 100 pg/mL ampicillin at 37 °C until the optical density at 600 nm
reached 0.5. Then, the culture was cooled at 15 °C for 30 min, and incubated for 24 h at

15 °C after the addition of 0.5 mM IPTG.
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Enzyme assay

Blood group B trisaccharide (Dextra Laboratories, UK) and crude salivary
mucin prepared from human saliva by 75% ethanol precipitation were used as substrates
for enzyme assay. Substrate was incubated with the enzyme at 37 °C for an appropriate
time in 50 mM sodium phosphate buffer (pH 6.0). The reaction products were separated
by silica-gel TLC (Merck 5553, Germany) with 1-butanol:acetic acid:water (2:1:1, by
volume) as developing solvent and visualized using diphenylamine-aniline-phosphoric
acid (18). Released Gal was quantified by the galactose dehydrogenase-coupled method
(10, 19) after stopping the reaction by heating.
Hemagglutination test

Group B and O RBCs were collected by centrifugation, washed once with PBS,
and resuspended in PBS to make a 2% suspension. AgaBb (20 pmol/ml) was added to
the suspension and incubated at 37 °C for 10 min. After the enzymatic reaction, the
suspension is mixed with mouse anti-B monoclonal antibody (clone 5362B, Funakoshi,
Japan) or Ulex europaeus agglutinin (UEA)-1 (Seikagaku Biobusiness, Japan) in a
V-shape 96-well plate. Anti-B antibody and anti-H lectin were serially diluted twice
from 0.125 and 0.25 mg/ml, respectively. After letting the plate stand for 1 h at room
temperature, the agglutination was analyzed.
Dot-blot overlay assay

Protein concentration was measured using the BCA protein assay reagent
(Thermo Scientific, IL, USA). Salivary mucin was blotted onto a PVDF membrane,
followed by blocking with 10% skim milk (Wako Pure Chemical Industries, Japan) and
0.05% Tween 20 in PBS. The membranes were then treated with 1 uM purified

AgaBb-D328N or AgaBb-D328NACBMS51 in 50mM sodium phosphate (pH 6.0). After
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washing the membrane, subsequent detection was carried out by immunoblotting used a
rabbit anti-His-tag polyclonal primary antibody (1/1,000, MBL, Japan), and horseradish
peroxidase-conjugated anti-rabbit IgG (1/5,000, Santa Cruz Biotechnology, CA, USA)
as the secondary antibody. Detection was carried out wusing West Pico
Chemiluminescent Kit (Thermo Scientific) and LAS Image Analyzer (Fuji Film, Japan).
ELISA-like assay

Crude salivary mucin from group B human (50 pg/ml) was dispensed in a
96-well plate and let stand for 1 h at room temperature to adsorb the proteins. After
removing the solution, the plate was blocked as for the dot-blot assay. The primary and
secondary antibodies were the same as for the dot-blot assay. Measurements were
carried out by Powerscan HT (DS Parma Biomedical, Japan) at 415nm using
2,2'-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) and H,O; as substrates.
Isothermal titration calorimetry

ITC experiments were carried out using MicroCal iTCyy (GE Healthcare).
Proteins were concentrated to approximately 9.0 mg/ml using Amicon Ultra Centrifugal
Filters 30K (Merck Millipore) and dialyzed extensively against 50 mM sodium
phosphate buffer (pH 7.0). Buffer saved from the dialysis was used to dissolve sugar
ligands. All solutions were filtered before use. Each ligand (1 mM) was titrated into the
protein solution (68 uM TF-tagged CBM51 or 218 uM TF) filling in the reaction cell

under stirring (300 rpm) at 30 °C.

Results
Presence of blood group B antigen-degrading a-galactosidase in B. bifidum

To test whether bifidobacteria possess abilities for degrading blood group A
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and B antigens, various bifidobacterial cells were incubated with either blood group A
or B trisaccharide, and the products were analyzed by TLC. No bifidobacterial strain
tested was able to degrade A trisaccharide, but B. bifidum JCM 1254 and B. bifidum
JCM 1255 (type strain) released Gal from B trisaccharide (Fig. 1). However, B. bifidum

JCM 7004 and the other bifidobacterial species could not readily hydrolyze it.

Fuc

Gal 4

LacMAc
B-triq - W W . . W e A . .- -

i
'
L]

Fuc

Gal Bt 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 117 18
LacMAc

Fig. 1. Blood group B trisaccharide-hydrolyzing activity of various bifidobacteria
analyzed by TLC. Lane 1, Bifidobacterium adolescentis JCM 1275T; lane 2, B.
adolescentis JCM 7046; lane 3, B. angulatum JCM 7096"; lane 4, B. animalis subsp.
lactis JCM 10602"; lane 5, B. bifidum JCM 1254; lane 6, B. bifidum JCM 1255"; lane 7,
B. bifidum JCM 7004; lane 8, B. breve ICM 1192"; lane 9, B. catenulatum JCM 1194,
lane 10, B. dentium JCM 1195"; lane 11, B. gallicum JCM 8224"; lane 12, B. longum
subsp. infantis JCM 1210; lane 13, B. longum subsp. infantis JCM 1222"; lane 14, B.
longum subsp. longum JCM 1217"; lane 15, B. longum subsp. longum JCM 7054; lane
16, B. pseudocatenulatum JCM 1200"; lane 17, B. pseudolongum subsp. pseudolongum

JCM 1205"; lane 18, B. scardovii JCM 12489". B-tri, blood group B trisaccharide.

I searched the genome of B. bifidum JCM 1254, which was previously
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sequenced, and found a candidate gene encoding a putative GH110 a-galactosidase and
named it agabb (accession number AB735681). GH110 was recently established in the
CAZy database, in which a few bacterial enzymes were experimentally characterized as
a-galactosidases specific for blood group B antigen and the xenotransplantation antigen
Gala1-3GalB1-R (17, 20). The gene agabb consists of a 3870 bp open reading frame
with an unusual initiation codon GTG, and encodes a polypeptide with 1289 amino
acids (aa) containing the following putative sequences/domains: an N-terminal signal
sequence (aa 1-23), a GH110 domain (aa 30-600), a carbohydrate-binding module
(CBM) 51 domain (aa 943-1095), a bacterial Ig-like (Big) 2 domain (aa 1103-1184),
and a C-terminal transmembrane region (aa 1256-1283) (Fig. 2A). The presence of an
N-terminal signal sequence and a C-terminal transmembrane region indicates that

AgaBb is a membrane-anchored protein with a large extracellular region that includes

the GH110 domain.
1103-1184
A 1-23 30-600 943-1095  1256-1283
1289 aa D:[ GH110 domain CEM||Blg II
Signal ’ Trans-
peptide membrang
B wm C
kDa
1751 - -
831 =
G621 =
47.54 Galq& o
- - - -
32,51 ®  »w o @
254
16.54
AgaBb — —+ — 4+ — 4 — 4% —4% —4 —+ —+

Gal 1 2 3 4 5 6 T 8

Fig. 2. Characterization of AgaBb. (A) Domain structure of AgaBb. (B) SDS-PAGE of
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purified AgaBb. M, marker proteins. (C) Substrate specificity of AgaBb. Various
oligosaccharides were incubated with purified AgaBb and then analyzed by TLC.
Substrate 1, blood group B trisaccharide; 2, linear B-2 trisaccharide
(Gala1-3Galp1-4GIcNAc); 3, al-3 galabiose (Galal-3Gal); 4, ol-2 galabiose
(Gala1-2Gal); 5, P1 antigen trisaccharide (Galal-4GalB1-4GIlcNAc); 6 melibiose

(Gala1-6Glc); 7, pNP-a-Gal; 8, blood group A trisaccharide.

The substrate specificity and general properties of AgaBb

A DNA fragment of agabb lacking the sequences encoding the N-terminal
signal peptide and the C-terminal transmembrane region was amplified by high fidelity
PCR and ligated into a pET-23b(+) expression vector to produce C-terminal
6xHis-tagged AgaBb. E. coli BL21(ADE3) transformed with pET-23b/agabb were
cultured, and AgaBb expression was induced with isopropyl
B-D-1-thiogalactopyranoside (IPTG). The 6xHis-tagged protein was purified from cell
lysates using immobilized Ni** affinity chromatography and gel filtration. The purified
protein migrated as a single protein band of 130 kDa on reducing SDS-PAGE, which
coincides with the calculated molecular mass (132,498 Da) (Fig. 2B). By gel-filtration
using Superdex 200 10/300 GE, the molecular weight of the native enzyme was
estimated to be around 270 kDa (data not shown), suggesting that AgaBb is a
homodimeric enzyme. To examine the enzyme activity of AgaBb, the purified
recombinant enzyme was first incubated with  various  p-nitrophenyl
(pNP)-monosaccharides, but all glycosides including pNP-a-Gal were resistant (data
not shown). Next, the enzyme was incubated with various oligosaccharides containing

a-linked Gal and analyzed the reaction products by TLC (Fig. 2C). Gal was released
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only from blood group B trisaccharide. Interestingly, the same al-3 galactosyl linkage
in linear B-2 trisaccharide (Gala1-3Galf1-4GlcNAc) and a1-3 galabiose (Galo1-3Gal)
were not hydrolyzed at all. The other galactosyl linkages such as a1-2, al1-4 and al-6
were also completely resistant. These results indicate that AgaBb strictly recognizes not
only the al-3 linked Gal but also al-2 linked Fuc in the trisaccharide antigen. The
general properties of AgaBb were determined using blood group B trisaccharide as the
substrate (data not shown). The optimum pH and temperature were pH 6.0-6.5 and 30°C,
respectively. The divalent cations, Ca*, Mg2+, and Ni*", did not affect enzyme activity
at 5 mM concentration, whereas 5 mM Cu?' reduced the activity to 30%. The K,, and
keat values were estimated from Hanes-Woolf plot as 1.8 mM and 6.4 x 10% s,
respectively.
AgaBb acts on blood group B antigens on glycoconjugates

Blood group B antigens exist in non-reducing termini of glycan chains on both
glycoproteins and glycolipids, but are hardly found in free glycans such as milk
oligosaccharides. To test whether AgaBb acts on B antigens on glycoproteins, I used
human salivary mucin as a substrate. The crude mucin samples from four volunteers
who belong to the group A, B, O and AB with secretor phenotype were incubated with
the enzyme. Released Gal was detected in the supernatants of reaction products
including the group B and AB mucin samples by TLC analysis but not in those

including the groups A and O mucin samples (Fig. 3A).
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Fig. 3. Action of AgaBb on blood group B antigens in glycoconjugates. Crude salivary
mucin samples obtained from volunteers (blood group A, B, O, and AB, all of them
secretors) were incubated with AgaBb, and the supernatants of the reaction products
were analyzed by TLC (A). Erythrocyte agglutination test using anti-B monoclonal
antibody (B) and anti-H Ulex lectin (C). Upper rows, group B RBCs; middle rows,
group B RBCs treated with AgaBb; bottom rows, group O RBCs. Antibody and lectin
were serially diluted twice from 0.125 and 0.25 mg/ml, respectively, and were dispensed

from left to right columns.

19



Next, | investigated the enzymatic activity toward B antigens on cell surface
glycoconjugates. ABH blood group antigens on red blood cells (RBCs) are found in
O-glycans and N-glycans of membrane glycoproteins and also in glycosphingolipids
(21). I treated the blood group B RBCs with AgaBb at 37 °C in PBS and
hemagglutination was compared with blood group O RBCs using anti-B monoclonal
antibody and anti-H Ulex lectin . Agglutination tests were carried out by mixing RBCs
with serially diluted antibody and lectin (Fig. 3B and 3C). In both tests, AgaBb-treated
B-RBCs behaved indistinguishably from O-RBCs. This result shows that AgaBb
removed all cell-surface B antigens, and that it may be a useful tool to make universally
transfusable O-RBCs from B-RBCs.

CBMS1 contributes to enhance the affinity of AgaBb toward mucin substrate

All GH110 enzymes previously reported are single-domain enzymes (17, 20).
Therefore, I focused on the function of the CBMS51 domain in AgaBb. CBMS51 were
found in several glycosidases from bacteria, and among them only three proteins,
Clostridium perfringens (Cp) GH95-CBMS51 and GH98-CBMS51, and Streptococcus
pneumoniae (Sp) GH98-CBMS51, were characterized (22, 23). CpGH95-CBM51 was
shown to bind mainly [-linked Gal residues, whereas CpGH98-CBMS51 and
SpGH98-CBM51 specifically bind blood group A and B antigens. However, functions
of CBMS51 in these glycosidase activities were not investigated.

First, I examined which types of mucin bound to the CBM51 in AgaBb.
Catalytically inactivated AgaBb was prepared by replacing conserved acidic aa residues
in GH110 domain to prevent degradation of B antigen during the binding assay. Four
mutants with single point mutation, AgaBb-D328N, D35IN, D352N and E551Q,

completely lost activity toward B trisaccharide (data not shown), suggesting that two of
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the four are likely the catalytic base and acid residues. Salivary mucin samples of group
A, B, and O were dot-blotted onto PVDF membrane, and then catalytically inactivated
AgaBb-D328N was overlaid. After washing the membrane thoroughly, AgaBb-D328N
was detected to bind to only group B mucin using anti-His antibody (Fig. 4A), while
CBM51-deleted AgaBb-D328N (aa 23-701) did not. This result suggests that CBM51 in

AgaBD specifically recognizes and binds B antigen.

A  AgaBb-D328N AgaBb-D328NACBM51
o
A B O A B O
B

Relative activity (%)
E
Abs (415 )

i

WT  D962A H99TA HI1031A WidszA HiﬂBEA. .

Fig. 4. Effect of CBM51 on enzymatic activity of AgaBb. (A) Dot-blot overlay assay
using anti-His antibody. Crude salivary mucin samples (group A, B, and O) were
dot-blotted onto PVDF membrane, and then catalytically inactivated AgaBb-D328N and
AgaBb-D328NACBMS51 were overlaid. (B) Correlation of binding activity to group B
mucin and hydrolysis activity. Binding activity of CBM51 mutants generated from
AgaBb-D328N to group B mucin was measured by ELISA-like assay (bold line):
hydrolysis activity of corresponding CBM51 mutants of active form toward blood group

B trisaccharide (white bars) and group B mucin (gray bars). Error bars indicate SD.
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Next, five CBMS51 mutants were generated using both wild-type AgaBb and
AgaBb-D328N as templates, by replacing putative important residues such as D962,
H997, H1031, W1082, and H1085, based on an alignment with CpGH95-CBM51 and
CpGH98-CBMS51. Their binding abilities toward group B mucin were quantified by an
ELISA-like 96-well plate assay using AgaBb-D328N-based mutants, and also the
enzymatic activities toward B trisaccharide and group B mucin were measured using
enzymatically active mutants (Fig. 4B). Three CBM51 mutants, D962A, H997A, and
H1085A, almost completely lost their binding activity toward group B mucin, but
HI1031A and W1082A retained activity to some extent. The enzymatic activities of the
corresponding active forms toward group B mucin were strongly correlated with their
binding activities. Interestingly, however, the hydrolysis activities for B trisaccharide
were not affected by mutations in CBMS51. This result suggests that CBM51 in AgaBb
enhances the enzymatic activity toward multivalent B antigens like mucin.

Isothermal titration calorimetry

In order to determine sugar-binding specificity of AgaBb-CBMS51 in detail,
isothermal titration calorimetry (ITC) was employed. I replaced the GH110 domain of
AgaBb with trigger factor (TF), a chaperone in E. coli, to eliminate the effect of the
GH110 domain. TF-tagged CBM51 was expressed under low temperature condition (15
°C). The purified protein was filled in the reaction cell, and titrated with the following
oligosaccharide solutions: blood group B trisaccharide, blood group A trisaccharide,
al-3 galabiose (Galal-3Gal), and blood group H disaccharide (Fucal-2Gal). The
addition of blood group B trisaccharide (Fig. 5A), but not the others (Fig. 5 B-D),
resulted in substantial heat of binding, indicating that CBMS51 specifically binds blood

group B trisaccharide. These results confirmed that AgaBb-CBMS51 strictly recognizes
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both al1-3 linked Gal and a1-2 linked Fuc in B antigen. The binding curve obtained for
blood group B trisaccharide could be fitted, assuming a one-site binding model (Fig. 5A,
bottom panel). The curve could not be fitted into a two-site binding model. The derived
thermodynamic values, K,, AH, AS, and AG, for the experiment involving blood group
B trisaccharide binding to TF-tagged CBM51 are summarized (Table 2). The binding
affinity of CBM51 for blood group B trisaccharide is approximately in the millimolar

range. The binding process is enthalpically driven, and the entropy loss opposes

binding.
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Fig. 5. Isothermal titration calorimetry of CBMS51. Binding specificity of CBMS51
domain was analyzed by ITC. TF-tagged CBMS51 was titrated by blood group B
trisaccharide (A), blood group A trisaccharide (B), linear B-2 trisaccharide
(Gala1-3Galp1-4GlecNAc) (C), and blood group H disaccharide (Fucal-2Gal) (D). TF
only was titrated with blood group B trisaccharide (E). Upper panel of A and panels

B-E, raw thermograms; bottom panel of A, binding isotherm.

23



Table 2. Thermodynamic parameters for binding of blood group B trisaccharide to TF-tagged

CBMS51 at 30 °C as determined by isothermal titration calorimetry.

K, AG, AH, TAS, AS?
(x10° M™) (kcal mol™)  (kcal mol")  (kcal mol™)  (cal mol’ K™)
107429 564019  -67+088  -1.1+0.69  -3.6+22

Discussion

In this report, GH110 a-galactosidase from bifidobacteria was identified for the
first time. The GH110 family that is exclusively composed of a-galactosidases could be
divided into two subfamilies based on their substrate specificities (20). Subfamily
GH110a contains the enzymes with strict specificity for B antigen, whereas GH110b
contains those with broad specificity for ol,3-linked Gal and also synthetic aryl
a-galactoside. AgaBb turned out to belong to the former subfamily because it is strictly
specific to B antigen. Phylogenetic analysis also supports the subfamily classification
(Fig. 6). The GH110a domain of AgaBb appears to be related to the same Gram-positive
actinobacterial enzymes from Streptomyces avermitilis (SaGH110a, CAJ33349) and S.
griseoplanus (SgGH110a, CAJ90659), whose amino acid identities are 46% and 43%,
respectively. Intestinal opportunistic pathogens, Bacteroides thetaiotaomicron (Bt) and

B. fragilis (Bf), possess both GH110a and GH110b enzymes. BfGH110a (CAJ33352)
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and BfGH110a (CAH09922) show 37% and 33% amino acid identities with AgaBb.
Since the latter B#tGH110b (CAJ33353) and BfGH110b (CAJ33351) act on a linear
Gala1-3Gal structure that is a xenotransplantation antigen expressed in mammals other
than humans and primates, the enzymes may contribute to the association of
Bacteroides in animal intestines. On the other hand, B. bifidum possesses only GH110a
AgaBb, which suggests the selective adaptation of the bifidobacterial species to the
group B humans and primates. In humans, ABH antigens are frequently found on the
terminus of the type 1 chain, whose building unit lacto-N-biose 1 (Galf1-3GIcNAc) is
one of the most effective endogenous bifidogenic factors (24). Once ABH antigens are
removed, lacto-N-biose I is sequentially released from type 1 chain by an extracellular
lacto-N-biosidase (11), then incorporated by lacto-N-biose 1 transporter (25) and
metabolized by an intracellular lacto-N-biose I phosphorylase (26). H antigen-degrading
GHO95 1,2-a-L-fucosidase is also common in infant-associated bifidobacteria such as B.
breve, B. bifidum and B. longum infantis (8). However, as far as 1 know, no
bifidobacterial strain can degrade blood group A antigen, and only B. bifidum degrades
B antigen. In fact, the cells of B. bifidum JCM 1254 released Gal, Fuc, and other sugars
from group B and O salivary mucin, but only a trace from group A mucin according to
TLC analysis (data not shown). Importantly, other bifidobacterial species released
sugars from only group O mucin but not from group A and B salivary mucin, suggesting
AgaBb is critical for degrading mucin oligosaccharides from group B humans.
Evolutionarily, the B and O alleles in humans are believed to have derived
independently  from the ancestral A allele by point mutations in
al,3-N-acetylgalactosaminyltransferase (27). Dominant association of bifidobacteria to

group B and O newborn infants reduces the mortality of infectious diseases in intestines
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and might be a driving force of increasing frequency of B and O alleles in humans. Very
recently, the diversity and amount of bifidobacteria in the human intestine was reported
to be considerably reduced in non-secretor individuals defined by a mutation in the
FUT?2 gene (28). An older report documented that in vitro culture of enteric bacteria
from B secretors produced greater levels of blood group B-degrading activity (29),
suggesting the association of B-degrading bacteria within human intestine. Thus, the

relative frequency of AgaBb-expressing B. bifidum in B secretors should be studied.

Streptomyces griseoplanus CAJ90659*
Streptomyces avermitilis CAJ33349*

Bifidobacterium bifidum AgaBb
Paenibacillus sp. EDS53612

Akkermansia muciniphila ACD05285
Parabacteroides distasonis ABR44546

Bacteroides thetaiotaomicron CAJ33352*

Bacteroides vulgatus ABR39942

Akkermansia muciniphila ACD04318

Subfamily GH110a
Subfamily GH110b
Bacteroides caccae EDM21756

Bacteroides fragilis CAH09922*

Bacteroides caccae EDM21147
Bacteroides thetaiotaomicron CAJ33353*

Bacteroides vulgatus ABR37834

Bacteroides fragilis CAJ33351"

Fig. 6. Phylogenetic analysis of GH110 a-galactosidases. The tree was constructed by
the neighbor-joining method based on the conserved GHI110 domains using the
ClustalW program. Bacterial names and accession numbers are shown. Asterisks

indicate experimentally characterized enzymes.

Another unique feature of AgaBb is its multidomain structure. AgaBb is a
C-terminally membrane-anchored extracellular enzyme containing two accessory
domains, CBM51 and Big2, which are located near the membrane. AgaBb-CBM51 was
found to specifically bind B antigens but not A and H antigens, as demonstrated by the

ITC and solid-phase binding assay. The members of the CBM51 family are distributed
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throughout a wide variety of bacteria, and phylogenetically classified into 6 subfamilies
tentatively (22). Among them, only two in the CBMS51a subfamily and one in the
CBM51b subfamily have so far been characterized (22, 23). CBMS51a domains were
found in GH98 endo-B-galactosidase that is specific to blood group A and B antigens
and releases A and B trisaccharides (30). CpGH98-CBM51a and SpCBM51a were
shown to bind both A and B trisaccharides by glycan microarray and crystal analyses.
On the other hand, CBM51b found in CpGH95 1,2-a-L-fucosidase was reported to have
broad binding specificity toward mainly B-linked Gal and also other structures.
Although AgaBb-CBMS51 seems to be related to the CBMS51a subfamily judged from
the binding specificity, it shows rather higher sequence identity to the CBMS5I1b
subfamily: namely, the identities are 42% to CpGH95-CBMS5I1b (aa 900-1050,
ABGS82552), 36% to CpGH98-CBMS5la (aa 32-211, AARS84225), and 39% to
SpGHO98-CBM51a (aa 65-233, EDK74349). Three residues, D962, H997, and H1085, in
AgaBb-CBMS51 were identified to be essential for binding, but they are not completely
aligned with these known members. Phylogenetic affiliation is also unclear, because
there is no highly conserved motif or region. Thus, the molecular recognition
mechanism of B antigen-specific AgaBb-CBM51 may be different from previously
reported CBMS51 domains and should be an interesting issue in the future. Recently,
thermodynamic parameters for binding of blood group A and B antigens to CBMS51a of
Sp3GHO98 from S. pneumoniae SP3-BS71 have been determined using ITC (23). In this
study, I investigated the binding specificity of AgaBb-CBMS51 and determined
thermodynamic parameters for binding of blood group B trisaccharide to the module.
The association constant (K,) found for the binding of blood group B trisaccharide to

AgaBb-CBMS51 is 7 times lower than that observed for the binding of group B
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tetrasaccharide derivative [Galol-3(Fucal-2)Galp1-4GlcNAcB1-(CH;,)¢CH=CH;] to
SpCBM51-1. The reducing end GlcNAc residue of the tetrasaccharide is involved in the
fixation of distal trisaccharide conformation. Therefore, the decreased K, of
AgaBb-CBM51 might be due to the lack of this GIcNAc moiety in group B
trisaccharide, although direct interaction between the GIcNAc residue and SpCBM51-1
was absent in SpCBM51-1/group B tetrasaccharide derivative complex structure.

The function of CBM domains has been mainly elucidated in
polysaccharide-degrading glycosidases such as amylases, chitinases, and cellulases (31,
32). According to the previous studies, CBMs in such enzymes enhance the hydrolytic
activity toward insoluble crystallized substrates. By contrast, those in glycosidases
acting on glycoconjugates have been poorly investigated (33). In this report, I showed
AgaBb-CBM51 enhanced the catalytic activity toward multivalent mucin substrates but
not toward monomeric B trisaccharide. Probably the presence of CBM51 could lower
the K, value of AgaBb for mucin, although the value was not determined because of the
difficulty of the molecular weight estimation of the mucin.

Enzymatic removal of blood group antigens to prepare universal RBCs for
transfusion was a pioneering vision originally proposed about 30 years ago (34). Several
a-galactosidases in GH27 and GH36 were investigated for this purpose, but they had
problems of low pH optima, broad specificity, and poor kinetic properties with the
branched B antigen (35). Recently discovered GH110 enzymes are expected to
overcome these problems (17, 36). Newly identified AgaBb from the safe commensal
bifidobacteria is inferred to have advantage acting on group B RBCs due to its unique

CBMS51 domain.
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SUMMARY

Bifidobacterium bifidum is one of the most frequently found bifidobacteria in
the intestines of newborn infants. It was previously reported that B. bifidum possesses
unique metabolic pathways for O-linked glycans on gastrointestinal mucin (Kiyohara et
al. 2012. J Biol Chem 287:693-700). Non-reducing termini of O-linked glycans on
mucin are frequently covered with histo-blood group antigens. Here, a gene agabb was
identified from B. bifidum JCM 1254, which encodes glycoside hydrolase (GH) family
110 a-galactosidase. AgaBb is a 1289-amino acid polypeptide containing an N-terminal
signal sequence, a GH110 domain, a carbohydrate-binding module (CBM) 51 domain, a
bacterial Ig-like (Big) 2 domain, and a C-terminal transmembrane region, in this order.
The recombinant enzyme expressed in Escherichia coli hydrolyzed al,3-linked Gal in
branched blood group B antigen [Galal-3(Fucal-2)GalB1-R], but not in linear
xenotransplantation antigen (Galal-3Galf1-R). The enzyme also acted on group B
human salivary mucin and erythrocytes. I also revealed that CBMS51 specifically bound
blood group B antigen using both isothermal titration calorimetry (ITC) and a
solid-phase binding assay, and it enhanced the affinity of the enzyme toward substrates
with multivalent B antigens. I suggest that this enzyme plays an essential role in
degrading B antigens to acquire nutrients from mucin oligosaccharides in the

gastrointestinal tracts.
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CHAPTER 11

Studies on tetragenococcal amino acid metabolism

SECTION 1

Isolation of halophilic lactic acid bacteria possessing aspartate decarboxylase and

application to fish sauce fermentation starter

Fish sauce is a common, traditional seasoning produced by the fermentation of
fish, widely used in Southeast and East Asia. During the fermentation process, fish
protein is hydrolyzed by the digestive enzymes of fish, resulting in peptides and amino
acids, which give a strong umami and unique complex taste to fish sauce. Fish sauce
also contains high concentrations of NaCl, which prevents rotting and allows halophilic
bacteria to reside. As fish sauce production solely depends on a natural fermentation
process, its quality is seriously affected by microbes in the fish sauce mash.

Halophilic lactic acid bacteria, mainly Tetragenococcus spp., were isolated
from the fish sauce and other fermented sea foods as the dominant microbe (1-5). Lactic
acid produced by lactic acid bacteria reduces the pH and gives a moderate sour taste to
fish sauce. However, certain strains of Tetragenococcus spp. degrade particular amino
acids, such as histidine (6, 7), tyrosine (8), arginine (9), serine, threonine, phenylalanine
(10) and aspartate (11). Although the degradation pathways of these amino acids are not
fully clarified, some of them become amines by decarboxylation. Previous reports
demonstrated that histidine is transformed into histamine by histidine decarboxylase,
encoded by AdcA on plasmids of Tetragenococcus halophilus (12) and Tetragenococcus

muriaticus (13) and that tyrosine is converted to tyramine by tyrosine decarboxylase,
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encoded by tdcA on the plasmids of 7. halophilus (8).

Histamine is known as a causative agent of food related intoxication,
participating in allergic and inflammatory responses, whereas tyramine is related to
food-induced migraines and hypertensive crisis (14-16). Tyramine and other biogenic
amines, such as phenethylamine, cadaverine, putrescine, spermidine and spermine, can
enhance the toxicity of histamine by inhibiting histamine-metabolizing enzymes in the
small intestine (17, 18). Furthermore, these amines potentially react with nitrous acid
and make carcinogenic nitrosamines (19-21). In addition to their potential toxicity,
biogenic amines are used for the evaluation of the hygienic quality of a marine species
(17). Therefore, amino acid-decarboxylating bacteria are generally not preferred for fish
sauce fermentation. To prevent the accumulation of biogenic amines, selected strains of
Tetragenococcus incapable of amine production are often used as starter cultures for
fermented fish foods, including fish sauce (22-24).

It is also known that aspartate is transformed into another amino acid, alanine,
via decarboxylation by 7. halophilus possessing aspartate decarboxylase encoded by
aspD on plasmids (11). The conversion of aspartate to alanine potentially makes the
taste milder by combination of a decrease in the amount of the sour amino acid aspartate
and an increase in the amount of the sweet amino acid alanine (25). This reaction is
highly similar to malolactic fermentation, which is often performed for red wine
brewing. The reaction is conducted by lactic acid bacteria, such as Oenococcus oeni,
which transforms malic acid into lactic acid by decarboxylation (26). The conversion of
malic acid, a dicarboxylic acid, to lactic acid, a monocarboxylic acid, deacidifies wine,
resulting in a milder taste. Hence, for fish sauce fermentation, aspartate decarboxylating

bacteria can possibly be considered as a desirable starter. However, while a few strains
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of T halophilus possessing aspartate decarboxylase were isolated from soy sauce mash
(10, 11), such strains have never been isolated from fish sauce or any other sea foods,
nor applied to fish sauce fermentation so far.

The aims of this study were to isolate halophilic lactic acid bacteria possessing
aspartate decarboxylase from fermented fish foods, to apply to starter cultures for fish
sauce fermentation and to elucidate the effects of the isolates on taste improvement and

biogenic amine reduction.

Materials and methods
Samples

Samples used for this study are shown in Table 1. All fish sauces were obtained
from a fish sauce manufacturing company in Japan, and fish nukazuke (salted and

fermented fish with rice bran) were collected from markets in Japan.
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Table 1 List of the sources from which aspartate decarboxylating bacteria were isolated.

Sample number  Sample Fish material The number of the isolates
1 Fish sauce mash ~ Deep-sea smelt 14

2° Fish sauce mash ~ Deep-sea smelt 12

3* Fish sauce mash ~ Deep-sea smelt 15

4to 12° Fish sauce mash ~ Deep-sea smelt 0

13to 17 Fish Nukazuke Mackerel 0

18 Fish Nukazuke Sardine 1

19 to 20 Fish Nukazuke Sardine 0

21 Fish Nukazuke Sardine 13

22 Fish Nukazuke Sardine 19

? Same manufacturer but different lots.

Isolation of aspartate decarboxylating bacteria

Aspartate decarboxylating bacteria were isolated in aspartate indicator broth
containing bromocresol purple (11). pH reduction by lactic acid production makes the
color of this medium yellow, but when aspartate is decarboxylated, the color remains
purple. Samples were properly diluted with 10% saline, inoculated in the broth and
incubated at 30°C for 6 days with an AnaeroPack (Mitsubishi Gas Chemical, Tokyo,
Japan) in a hermetically sealed box.
Detection of aspartate decarboxylase and other genes

Specific detection of aspD, hdcA and tdcA was performed using PCR
amplification with oligonucleotide primer sets aspF-aspR, hdcF-hdcR and tdcF-tdcR,

respectively (Table 2). A brief identification of 7. halophilus or not was performed using
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PCR amplification with 7. halophilus species-specific oligonucleotide primer Th67F
and Th800R, which amplifies the 16S rRNA gene (Table 2).

Each PCR reaction mixture (50 pl) consisted of 25 ul of SapphireAmp (Takara
Bio, Kusatsu, Japan), 25 pmol of each primer and only a few cells. PCR was performed
for 30 cycles after preincubation at 94°C for 1 min using the following conditions:
denaturation at 98°C for 5 s; annealing at 54°C for 5 s; and extension at 72°C for 10 s.
The PCR products were visualized by electrophoresis with 0.9% agarose gel (Nippon
Gene, Tokyo, Japan), which was stained with ethidium bromide. Strains
decarboxylating aspartate, histidine or tyrosine were used as positive controls for PCR
detection of aspD, hdcA and tdcA (Table 3).

The 16S rRNA gene amplicons were purified using the Wizard SV Gel and PCR
Clean-Up System (Promega, Madison, USA), and their DNA sequences were determined
by commercial DNA sequencing service (Fasmac, Atsugi, Japan) and analyzed using the

Blast program.
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Table 2 Primers list.

Primer name Sequence (5'—3")

aspF AATGTTTTCCCTACTGAAGG

aspR CCTGTTGCACCATAAAGTTT

hdcF ACTTGGGGTTGACCGTATCTCAGTGAGTC
hdcR TCTTCGTTAGGAGTCTCCCAAACACCAGC
tdcF CGTGGTGGCATGGATCTTTC

tdeR GCACCCTCTTCAGTTGAACCAG

Th67F ACGCTGCTTAAGAAGAAACTTCGG

ThSOOR TGGACTACCAGGGTATCTAATCC

aspInvF CATTGGCTAACCAACCAGCTG

aspInvR GACATACCTTTTAATTGTTCAATATCTAATGATTCC
repInvF GCAAAAAGAAGACGAACGCAAC

repInvR TTTTTGATTATGGCAATTAAATAAACTCCC
pinInvF GATTGAACGAAAAACAGGCATTAGTG

pinlnvR

TTGATCTTGTGTACTTACCCTAGCATAACC
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Table 3 Strains used in this study.

Strain

Relevant features

Source or reference

Tetragenococcus halophilus C1

Tetragenococcus halophilus A-24
Tetragenococcus halophilus H

Tetragenococcus halophilus TyrA

Not aspartate-, histidine-
tyrosine-decarboxylating strain
Aspartate-decarboxylating strain
Histidine-decarboxylating strain

Tyrosine-decarboxylating strain

or Isolated from fish sauce mash. Kept in my laboratory.

Isolated from soy sauce mash. Kept in my laboratory.
(7)
(8)
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Plasmid typing

For plasmid typing, specific oligonucleotide primer sets aspInvF-aspInvR,
repInvF-repInvR and pinlnvF-pinlnvR were designed at aspD, repA (encoding
rolling-circle replication type plasmid replication initiation protein) and pinR (encoding
site-specific recombinase), respectively (Table 2). These three primer sets were mixed,
and direct colony PCR was performed on all isolates using KOD FX Neo (Toyobo,
Osaka, Japan) with 25 pmol of each primer. PCR was performed for 35 cycles after
pre-incubation at 94°C for 2 min using the following conditions: denaturation 98°C for
10 s; annealing at 67°C for 30 s; and extension at 68°C for 40 min. The PCR products
were detected with 0.7% agarose gel (Nippon Gene), and the isolates were classified
based on their amplified DNA fragment patterns.
Preparation of starter cultures

Starter strains were cultured in fish sauce medium, which contains fish sauce
(BlessingFavour, Kumamoto, Japan) with the same composition as that of soy sauce
medium for halophilic lactic acid bacteria (27). Concretely, fish sauce was diluted so
that the total nitrogen concentration becomes 0.4%, added NaCl to make the final
concentration 10%, and added 1% glucose. The pH was adjusted to 8.0 with NaOH
before sterilization by autoclave. Cultures were incubated at 30°C for 5 days without
stirring, additional pH adjustment or making anaerobic conditions.
Fish sauce manufacturing

Minced anchovy (Engraulis japonicus) was mixed with NaCl (final
concentration 17%) and glucose (final concentration 0.5%). The mixture, fish sauce
mash, was stored at 5°C until use. In small-scale fermentation, 2 ml of starter cultures

prepared in fish sauce medium were added to 200 g of fish sauce mash. In large-scale
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fermentation, 30 ml of starter cultures prepared in fish sauce medium were added to 20
kg of fish sauce mash and fermented at 30°C for 28 days.

As the fermentation indicator strain, 7. halophilus C1 was used. Cl1 was
previously confirmed not to produce gas in Durham tube with aspartate, histidine nor
tyrosine (Table 3).

Chemical analysis

The fish sauce mash was filtered through filter paper (No. 2; Toyo Roshi,
Tokyo, Japan), and the pH of the filtrate was determined using pH meter F-52 (Horiba,
Kyoto, Japan). Amino acid composition was analyzed by high-performance liquid
chromatography (HPLC) with ninhydrin detection. The HPLC system used was Hitachi
ELITE LaChrom (Hitachi High-Technologies, Tokyo, Japan). The concentration of
biogenic amines was also determined by HPLC with post-column o-phthalaldehyde
derivatization and fluorescence detection. The HPLC system used was SCL-10Avyp
(Shimadzu, Kyoto, Japan). Total nitrogen content was measured by the Dumas
combustion method using SUMIGRAPH NC-220F (Sumika Chemical Analysis Service,
Osaka, Japan). The NaCl concentration was determined from chlorine content measured
by potentiometric titration using an automatic titration apparatus COM-1700 (Hiranuma,
Mito, Japan). Reducing sugar concentrations were assayed using the ferricyanide
method (28). Lactic acid and acetic acid content was determined using Shodex OA
(Shodex, Tokyo, Japan) following the instructions of the manufacturer.

Bacterial count

The population of halophilic lactic acid bacteria was monitored using LA13

medium (29) with a slight modification, containing 1% polypeptone, 0.4% yeast extract,

1% KH,POy4, 12% NaCl, 0.5% glucose, 5% soy sauce (Yamasa, Choshi, Japan) and
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1.5% agar. Starter cultures or fish sauce mashes taken at various fermentation periods
were diluted with 10% saline, spread on the LA13 medium and incubated at 30°C for 5
days with an AnaeroPack (Mitsubishi Gas Chemical) in a hermetically sealed box.
Sensory evaluation

After 28 days fermentation, fish sauce mash was filtered through a filter paper
(No. 2; Toyo Roshi), and the filtrate was heated till it reached 90°C. Then, the resulting
fish sauce was dialyzed by the electrodialysis system Micro Acilyzer S3 (Astom Corp.,
Tokyo, Japan) and adjusted to total nitrogen 1.5% and NaCl 1.5%. The fish sauce
fermented with control strain C1 and with the isolated strain 1-1 or 21-11 were scored in
5-point scales to characterize the quality (salty, umami, sweet, bitter and sour). Fish
sauce was served to panelists at room temperature in a random order. All nine panelists
(men 24-38 years old) were the members of Yamasa Corporation.
Statistical analysis

The data were analyzed using SPSS software (SPSS Inc., Chicago, USA).
Comparison of the two groups was performed using an unpaired t-test. The data
involving more than two groups were assessed using a one-way ANOVA followed by
post hoc Dunnett’s or Bonferroni’s multiple comparison test. Statistical significance was
considered at p < 0.05. All experiments were carried out in triplicate. Exceptional
sensory evaluation tests were carried out using fish sauce obtained by mixing three

samples inoculated with the same strains.

Results and discussion
Isolation and identification of aspartate decarboxylating bacteria

Seventy-four candidates of aspartate decarboxylating halophilic bacteria were
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isolated as purple colonies on aspartate indicator broth, 41 from fish sauce and 33 from
fish nukazuke (Table 1). All of the candidates were confirmed to possess aspD, but not
hdcA or tdcA, and were estimated as 7. halophilus by PCR amplification using gene or
species-specific primer sets (data not shown). The strains were named by connecting the
sample numbers from which they were isolated and using consecutive numbers with

hyphens (Table 4).

46



Table 4 Classification of isolated strains based on PCR.

PCR Strains

A 1-1, 1-7, 1-9, 1-10, 1-14, 2-1, 2-5, 3-15

B 1-2,1-3, 1-5, 1-6, 2-2, 2-6, 2-7, 2-8, 2-10, 3-4, 3-6,
3-8,3-9,3-14

C 1-4,1-12

D 1-8, 3-2,3-5

E 1-11, 2-3, 2-4, 2-11, 2-12, 3-3, 3-7, 3-10, 3-11,
3-12, 3-13

F 1-13

G 2-9

H 3-1

I 18-1,21-2, 21-6, 21-8, 22-14, 22-18

J 21-1,22-2

K 21-3,21-5,21-7,21-9, 21-10, 21-12, 22-4, 22-5,

22-6,22-8,22-9, 22-10, 22-11, 22-12, 22-13,

22-15, 22-16, 22-17, 22-19

L 21-4,22-1,22-7
M 21-11,22-3
N 21-13

Underlined strains were selected for subsequent experiments.

Classification of the isolated strains

Because the isolates from same samples may be genetically identical to each
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other, I tried to classify these isolates. First, to classify the isolates based on their
plasmid construction, PCR from three genes aspD, repA and pinR was conducted. 4spD
is a structural gene of aspartate decarboxylase and confirmed to be possessed by all of
the isolates in a preceding experiment. rep4 exists on plasmids of 7. halophilus
encoding hdcA and tdcA with slight exceptions, and pinR exists on those plasmids with
no exception so far (7, 8). Thus, this PCR from three genes was expected to generate
three DNA fragments. And considering the length of plasmids encoding AdcA (21-37
kb) and tdcA (27-29 kb), the total length of the three fragments was expected to appear
within this range. Although not all isolates made clear three fragments, their fragment
patterns could be typed into 14 groups (Fig. 1, Table 4).

Eight different types of strains were isolated from fish sauces, and six types of
strains were isolated from fish nukazuke. While multiple strains were isolated from five
samples, no strain was isolated from 16 samples. This result suggests the possibility that
the residence of halophilic bacteria possessing aspartate decarboxylase depends on the
property of the samples. For example, shortage of glucose would provide an advantage
to aspartate decarboxylating bacteria because the aspartate alanine conversion cycle
contributes to ATP synthesis (30). This cycle is also involved in acid tolerance by
extruding protons from cells (31). In addition, starter cultures naturally outcompete wild
strains. The samples from which the isolates were obtained in this study might have met

some of these conditions.
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Fig. 1. Amplified DNA fragment patterns of PCR for classification of the isolated
strains. Strain names are shown under the lanes (M: Molecular weight marker Lambda

HindlIII). The upper letters indicate groups corresponding to Table 4.

Amino acid conversion and biogenic amines accumulation

A total of 14 strains were selected, generally one from each group (Table 4).
Their 16 rDNA sequences were determined, all of which showed more than 99.8%
identity to that of 7. halophilus (DDBJ accession numbers LC430618 - LC430631). To
evaluate the property of 7. halophilus possessing aspartate decarboxylase as a fish sauce
fermentation starter, I performed small scale fermentation. The selected 14 strains and
strain C1, incapable of aspartate, histidine or tyrosine decarboxylation (Table 2), were

cultured in fish sauce medium and inoculated in fish sauce mash. After 28 days
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fermentation, the amino acid content and biogenic amines accumulated in the fish sauce
mash were analyzed. All 14 strains possessing aspartate decarboxylase decreased
aspartate by 28.0-31.6 mM and increased alanine by 28.2-37.2 mM compared to that of
the control strain C1 (Table 5).

Strains 1-11 diminished arginine levels in addition to aspartate levels, probably
by the arginine deiminase pathway, which converts arginine to ornithine. It has been
known that most strains of 7. halophilus possess an arginine deiminase system, but some
strains do not (9, 10, 24). In contrast, 13 out of 14 isolates used in this experiment did not
decrease the arginine levels. Arginine deimination and aspartate decarboxylation are both
used to complement the pH reduction occurring with lactic acid fermentation.
Considering that arginine deimination and histidine decarboxylation are reciprocally
regulated in Lactobacillus hilgardii (32), possessing both arginine deimination and amino
acid decarboxylation systems may not be so beneficial for lactic acid bacteria. T.
halophilus strains decarboxylating multiple amino acids have never been found, even
though they could possess a multitude of plasmids (11). It may be the survival strategy of
T. halophilus that each of the strains utilizes different amino acids to adapt to various
environments.

In the fish sauce mash without starters, arginine and histidine levels significantly
decreased, and various biogenic amines were remarkably accumulated (Table 5).
Compared to this result, the accumulation of biogenic amines was entirely suppressed in
fish sauce mash with starters, indicating that they were most probably produced by a
contaminated wild microbe. Tyramine, histamine, phenylethylamine, tryptamine and
spermidine levels tended to increase with certain strains, such as 1-4, 21-1 and 21-3.

Given that these amines were also produced by wild microbes, such strains should have
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allowed slight growth for some reason. Not much is known about the way these amines
accumulate at high NaCl concentration, except for tyramine and histamine. In this study, |
did not determine which bacteria participated in producing these biogenic amines, but
further research is necessary from the point of food hygiene.

The cadaverine content increased in fish sauce mash inoculated with C1 more
than that in other strains. Udomsil et al. also reported that using certain strains of 7.
halophilus increased the cadaverine content in fish sauce. C1 and such strains may

possess lysine decarboxylase activity (24).
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Table 5 Amino acid and biogenic amine content in the small-scale fermentation of fish sauce.

Cl1 1-1 1-2 1-4 1-8 1-11  1-13 2-9 3-1 18-1 21-1 213 214 21-11 21-13 NS

Amino acid (mM)
Aspartic acid 31.6 0.1* 02* 01* 0.0* 21* 3.6* 1.0* 12* 19* 17¢% 18* 0.1* 03* 14* 31.7
Threonine 19.7 193 199 204 20.1 207 209 201 199 192 203 204 189 193 196 2I1.1
Serine 198 196 198 204 204 201 202 203 197 189 196 199 191 19.6 194 175

Glutamic acid 343 33.6 346 354 351 349 353 349 342 329 346 348 335 350 341 351

Glycine 148 147 155 152 153 154 154 152 149 143 149 148 146 152 146 16.0
Alanine 35.8  69.0* 70.2* 71.5% 73.0* 682* 67.0* 68.9* 67.5* 64.0* 68.5* 68.8* 67.0%* 69.8% 66.7* 39.1
Cysteine 0.4 0.4 0.4 0.4 0.3 0.5 0.5 0.3 0.3 0.6 0.5 0.4 0.5 0.4 0.6 0.6
Valine 220 215 220 225 222 225 227 221 219 210 224 224 212 224 218 233
Methionine 114 116 118 121 119 121 121 120 1.7 109 11.7 120 11.2 11.6 113 12.1
Isoleucine 163 159 163 166 165 166 167 165 162 155 164 164 157 166 162 169
Leucine 31.6 308 313 324 319 321 323 320 315 303 31.8 320 302 319 315 326
Tyrosine 1.3 1.1 1.2 1.2 1.2 1.1 1.3 1.1 1.0 1.0 1.3 1.2 1.1 1.1 1.0 0.4
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Phenylalanine 10.6 102 102 108 103 10.8 10.6 104 104 99 103 10.7 9.8 10.8 10.5 9.5
Lysine 294 304 312 316 316 31.7 31.6 314 309 298 315 313 300 316 310 274
Histidine 143 144 151 145 151 151 147 152 151 139 137 134 147 150 138 2.6*
Arginine 159 162 168 154 17.1 02* 16.1 16.8 16.6 157 149 144 162 168 155 0.0*
Biogenic amine (ppm)
Tyramine 21 5 4 42 4 4 26 8 4 12 41 46 4 6 21 1172*
Putrescine 125 22 22 110 17 78 345 21 12 31 153 185 18 23 64 2888*
Cadaverine 215 16* 15% 50%* 18* 15% 49% 15% 14%* 21%* 51% 61* 16* 18* 35% 770%
Histamine 73 16 14 105 12 10 71 20 11 43 159 190 28 30 78 1510*
Agmatine 0 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0
Phenethylamine 5 5 2 9 6 1 9 1 2 1 14 15 1 1 5 209%*
Tryptamine 154 20* 4% 275% 8* 7% 239% 37* 9% 68*  261*  270%* 20%* 46* 172 419*
Spermidine 13 13 12 13 14 10 15 10 111 13 25 28%* 13 10 15 57*

Values are expressed as the mean (n=3).

Values with an asterisk are significantly different from samples fermented with C1 at p<0.05 by Dunnett’s multiple test.
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NS: Fermented without starter cultures.
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Fish sauce manufacturing

To elucidate the effects of aspartate decarboxylation in more detail, larger-scale
fish sauce manufacturing was carried out using strains C1, 1-1 and 21-11. In the
small-scale experiment mentioned earlier, it was confirmed that 1-1 and 21-11 converted
aspartate to alanine almost completely and that C1 did not. Although C1 slightly changed
some amine content compared to that of the others, it did not change any amino acid
content other than that of aspartate and alanine (Table 5). Therefore, I decided to use C1
as a control strain to assess the effects of aspartate decarboxylation on sensory
characteristics.

The bacterial counts of C1, 1-1 and 21-11 in fish sauce medium just before
inoculation in fish sauce mash were 1.3x 107, 1.4x10® and 1.0x10® CFU/ml, respectively.
The counts of fish sauce mash samples inoculated with 1-1 and 21-11 were higher than
those inoculated with C1 throughout the fermentation, which probably resulted in higher
organic acid and lower reducing sugar levels (Fig. 2a, Table 6). This result should be due
to the acid tolerance caused by aspartate decarboxylation of 1-1 and 21-11. Aspartate
decarboxylation eliminates protons from cells and generates the more alkaline alanine
while simultaneously producing carbonic acid that would be released into the air. This
effect can also explain the higher pH in fish sauce mash inoculated with 1-1 and 21-11,
even though their organic acid content increased (Fig. 2b).

In fish sauce mash inoculated with 1-1 and 21-11, aspartate levels decreased
more than 95% and alanine levels increased more than 107% compared to those in control
samples treated with C1 at 28 days. In fact, at 14 days after inoculation, the aspartate
content in fish sauce mash treated with 1-1 and 21-11 was below detection limit (data not

shown). Therefore, the aspartate that remained in these products must be released from
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fish protein or peptides after bacterial growth was completed. The amount of increased
alanine was slightly larger than the amount of decreased aspartate, as also occurred in the
preceding small-scale test, possibly because the activities of aspartate-generating
enzymes might be higher when the concentration of aspartate is low. Other amino acid
compositions did not significantly differ.

All amines in fish sauce mash inoculated with 1-1 and 21-11 were suppressed to
less than 100 ppm. The histamine and tryptamine content slightly differs between
samples, but this tendency is not consistent with the preceding results. This result might
have been caused by a slight difference of microbiota in fish sauce mash samples
unrelated to the starter inoculations. C1 increased the levels of putrescine and cadaverine,
which also occurred in the small-scale experiments (Table 5). These compounds may
have been produced by the same enzyme because it is reported in another species that

lysine decarboxylase can also have ornithine decarboxylase activity (33).
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Fig. 2. Bacterial counts (A) and pH (B) evolution of fish sauce mush treated with each
strain. Data are expressed as the mean with error bars representing +1 SD (n=3). Since

no bacterium was detected in the fish sauce mash before starter inoculation (<5%10"

CFU/g), the initial bacterial counts are calculated from the values in the cultures.
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Table 6 Profiles of free amino acids, biogenic amines and other components in the

large-scale fermentation of fish sauce.

Item Cl 1-1 21-11
Total nitrogen (%) 1.44 +0.01 1.39 + 0.04 1.42+0.01
NaCl (%) 16.5+0.5 16.9 + 0.4 16.7 + 0.4
pH 4.64+0.03° 476 £0.03° 479 +£0.03°
Reducing sugar (%) 0.70+0.11° 0.48 +0.03° 0.51+0.03°
Lactic acid (%) 1.19+0.01° 1.29+0.03° 1.30+0.03°
Acetic acid (%) 0.10+0.01 0.11 + 0.00 0.11 +0.00
Amino acid (mM)
Aspartate 30.7+0.8° 14+1.0° 1.4+04°
Threonine 183+0.5 19.8+2.2 20.0+0.6
Serine 19.4+0.5 209+2.1 21.2+0.7
Glutamate 31.1+12 33.5+3.5 33.9+ 1.4
Glycine 14.0+0.3 153+ 1.4 153 +0.7
Alanine 35.5+0.4° 73.5+6.8° 74.1+3.6°
Cysteine 0.9+0.0 0.9+0.1 0.9+0.0
Valine 21.1+0.7 224422 226+ 1.0
Methionine 11.9+0.2 128+ 1.4 12.9+0.5
Isoleucine 152+04 16.1£1.6 162+0.7
Leucine 29.7+0.7 31.8+3.2 319+1.3
Tyrosine 0.9+0.1 14404 1.1+0.1
Phenylalanine 10.2+0.3 10.7+ 1.3 10.8+ 0.4
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Lysine 27.7+0.7 31.8+3.1 31.8+ 1.2
Histidine 12.6£0.3 141+1.6 13.8+0.5
Arginine 16.4+0.4 17.5+1.6 18.0+1.2
Total amino acids (mg/ml) 38.7+£0.9 40.8 £4.2 41.1+£1.7
Biogenic amine (ppm)
Tyramine 90+4 91+£3 96 +4
Putrescine 26+1° 10£0° 11+1°
Cadaverine 383 +£43° 48 +1° 52+4°
Histamine 3+£0° 7+0° 7+0°
Agmatine 21+2 171 182
Phenethylamine 0+0 7+4 0+0
Tryptamine 14+2° 11+0° 12+1%®
Spermidine 18+ 1 161 17+1

Values are expressed as the mean + SD (n=3).
Values not sharing common superscripts are significantly different at p<0.05 by

Bonferroni's multiple test.

Sensory evaluation

Fish sauce samples were dialyzed and adjusted to a total nitrogen of 1.5% and
NaCl of 1.5%. The purpose of dialysis was to evaluate a sensory property with low NaCl
concentration, avoiding an extreme salty taste. As a matter of fact, the fish sauce before
dialysis was so salty that it was not easy to recognize the taste properties of each sample.
Concentration by evaporation and removal of the separated salt is actually practiced by

Japanese fish sauce manufacturers.
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As a result of sensory evaluation, fish sauce treated with 1-1 or 21-11 was
sweeter than the control sample treated with C1 was. On the other hand, saltiness,
bitterness and sourness tended to be intensified in the control sample (Fig. 3). The
reducing sugar content was higher and the lactic acid and acetic acid content was lower in
the control sample, which suggests the attenuated sweetness and intensified saltiness,
bitterness and sourness were not caused by differences in these components but by the
conversion of aspartate to alanine. Considering the taste qualities and threshold of
aspartate (sour, slightly bitter; 0.182-0.226 mM) and alanine (sweet; 6.7-16.2 mM), this
result appears to be reasonable (34, 35).

The sweetness of fish sauce does not necessarily correspond to its quality.
Sourness and bitterness are a part of the factors behind the unique and complex taste of
the fish sauce. Hence, I do not insist that aspartate-decarboxylating bacteria are superior
to others as a fish sauce fermentation starter. Nevertheless, this approach can provide
alternatives to modify taste and enrich a variety of fish sauce items. There are various
fermented marine food products by country or region, and the effects of use of

aspartate-decarboxylating starters should be different in each product.
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Fig. 3. Sensory evaluation of fish sauce comparing starter 1-1 to C1 (A) and 21-11 to
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C1 (B). Solid line: C1, Broken line: 1-1 (A) and 21-11 (B). Data are expressed as the
mean (nine panelists). Items with asterisks are significantly different (t-test; *p<0.05,

#£p<0.01).
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SUMMARY

The aims of this section were to isolate halophilic lactic acid bacteria
possessing aspartate decarboxylase and elucidate the property of the isolates as starter
cultures for fish sauce fermentation. Seventy-four strains were isolated from fermented
fish foods on aspartate indicator broth containing bromocresol purple, and all isolates
were identified as Tetragenococcus halophilus and confirmed to possess the aspartate
decarboxylase gene (aspD) by PCR amplification. The isolates were classified into 14
groups based on their aspD-encoding plasmid construction. Strains selected from each
group and a control strain incapable of aspartate decarboxylation were inoculated into
fish sauce mash as starter cultures. Isolated strains possessing aspD converted aspartate
into alanine almost completely in the fish sauce mash. In addition, the strains prevented
the accumulation of biogenic amines, as did the control strain, whereas various amines
were accumulated in fish sauce mash without starter cultures. Sensory evaluation tests
indicated that converting the sour amino acid aspartate into the sweet amino acid
alanine made the fish sauce taste milder. In conclusion, the use of T. halophilus
possessing aspartate decarboxylase as a fish sauce fermentation starter causes the
conversion of aspartate to alanine, accompanied by taste alteration, and prevents

biogenic amine accumulation in fish sauce products.
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SECTION 2
Transposition of IS4 family insertion sequences IS7eha3, ISTeha4, and 1STeha5
into the arc operon disrupts arginine deiminase system

in Tetragenococcus halophilus

Insertion sequences (ISs) are small transposable elements of DNA, generally
consisting of transposase and terminal inverted repeats (IRs), which function as the sites
for recognition and cleavage by transposase (1). ISs are distributed in a wide range of
bacteria, and many bacteria possess multiple ISs in their genome (2, 3, 4). It is well
recognized that the transposition of ISs often causes gene inactivation or alteration of the
expression levels of adjacent genes. Furthermore, two homologous ISs can cause
recombination and generate chromosomal inversions or deletions, which lead to complex
rearrangements (5). Thus, ISs contribute significantly to bacterial evolution. In addition,
ISs have been utilized in transposon mutagenesis systems to disrupt genes randomly in
many species, including lactic acid bacteria (6, 7). Nevertheless, no active IS has been
reported in tetragenococci, though putative ISs have been found in their genome or
plasmid sequences (8, 9).

Tetragenococcus halophilus, a homofermentative, halophilic lactic acid
bacterium, is isolated as the dominant microbe from various salted and fermented foods,
including soy sauce and salted anchovies (10, 11, 12). 7. halophilus plays an important
role in the fermentation of soy sauce. Lactic acid produced in soy sauce mash causes a
reduction in pH, which prepares the appropriate environment for halotolerant yeasts such
as Zygosaccharomyces rouxii (13). On the other hand, some 7. halophilus strains can

raise the pH of soy sauce mash through arginine degradation via the arginine deiminase
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system (ADS) (14). The ADS converts arginine into ornithine, CO, and NH; releasing
adenosine triphosphate (ATP) (Fig. 1A). NH;3 generation prevents pH reduction, which
causes an increase of lactic acid, inhibiting the alcoholic fermentation. More importantly,
citrulline, a metabolic intermediate of the ADS, is reported as the main precursor of ethyl
carbamate (EC) in soy sauce (15). EC belongs to the 2A group of carcinogens and is
formed through the reaction of citrulline and ethanol. Normally, the ADS converts
arginine to ornithine inside the bacterial cells, and citrulline is not discharged outside
the cell membrane. However, when the bacterial cells are destroyed while this pathway
is in progress, citrulline leaks out of the cells and accumulated in soy sauce mash.
Infection by bacteriophage is one of the factors that can induce cell lysis and citrulline
accumulation (16). Therefore, selected strains of 7. halophilus which are incapable of
arginine deimination are preferred for the fermentation starter in soy sauce

manufacturing.
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Fig. 1: Arginine deimination pathway in 7. halophilus and generation of EC (A) and
schematic representation of the locus of the genes around the arc operon in the genome
of T. halophilus NBRC 12172 and E. faecalis SD10 (B). (A) The broken line represents
the cell membrane. Citrulline leakage out of the cell is caused by external factors, such
as bacteriophage infection. (B) *MarR represents a putative MarR family transcriptional

regulator gene. The arrows under /acD and MarR indicate the position on which the
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lacD and marR primers were designed. Percentage shows the amino acid identities

between T. halophilus and E. faecalis.

Most of the ADS genes studied to date are organized in a single operon known as
the arc operon (17, 18). The three cytoplasmic enzymes participating in the ADS,
arginine deiminase, ornithine transcarbamylase and carbamate kinase, are encoded by the
arcA, arcB and arcC genes, respectively (Fig. 1A). In addition to these genes, other genes
may be present in the arc operons of lactic acid bacteria, such as genes encoding
arginine/ornithine antiporter (arcD) and Crp/Fnr-type regulator (arcR) (19, 20). Recent
whole genome analysis of 7. halophilus revealed five genes of the arc operon, arcABCRD,
sharing 53-88% of amino acids with those of Enterococcus faecalis (Fig. 1B). Two
ArgR/AhrC-type regulators (argR1 and argR?2), located upstream of the arc operon, were
also reported to participate in the ADS by regulating the expression of arc operon genes
(21).

In this section, I generated 7. halophilus mutants lacking arginine deiminase
activity by UV irradiation, and I identified novel ISs by transposition into the region
around the arc operon. Information about the structure and transposition properties of the
active ISs described here will contribute not only to the understanding of IS-mediated
evolution in 7. halophilus but also to the establishment of transposon mutagenesis

systems in this species.

Materials and methods
Bacterial strains, media and growth conditions

Bacterial strains used in this study are shown in Table 1. YAS5 and A-30 were
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selected from the strain collection of Yamasa Corporation, which were isolated from soy
sauce mash of the factory. They were confirmed not to decrease arginine content in soy
sauce medium containing 2% arginine after 7 days cultivation (data not shown). T.
halophilus was cultured in MRS-10, soy sauce medium, arginine indicator broth or LA13
medium, as specified in individual experiments. MRS-10 is Lactobacilli MRS Broth
(Difco, Detroit, USA) supplemented with 10% NaCl. Soy sauce medium is the medium
for halophilic lactic acid bacteria, using soy sauce (Yamasa, Choshi, Japan) and NaCl so
that the final concentration becomes 0.4% total nitrogen and 10% NaCl. The pH was
adjusted to 8.0 before sterilization by autoclave. When necessary, soy sauce medium was
supplemented with 2% arginine. Arginine indicator broth contains 0.5% beef extract,
0.5% Hipolypepton (Nihon Pharmaceutical, Tokyo, Japan), 0.5% yeast extract, 0.1%
thioglycolic acid, 10% NacCl, 0.1% glucose, 0.004% bromocresol purple and 1% arginine.
The pH was adjusted to 7.5 before sterilization by autoclave. LA13 medium contains 1%
Hipolypepton (Nihon Pharmaceutical), 0.4% yeast extract, 1% KH;PO,4, 12% NaCl,
0.5% glucose, 5% soy sauce (Yamasa) and 1.5% agar (14). Liquid media were incubated
at 30°C without stirring, and agar plates were incubated at the same temperature with an

AnaeroPack (Mitsubishi Gas Chemical, Tokyo, Japan) in a hermetically sealed box.
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Table 1. Strains used in this study.

Strain

Description and genotype

Source

Tetragenococcus halophilus

NBRC 12172

M1

M2

M3

M4

M5

YAS

A-30

ADS positive. Genome sequenced.

ADS negative.
ADS negative.
ADS negative.
ADS negative.
ADS negative.
ADS negative.

ADS negative.

arcD::1STeha3
arcA::ISTeha5
arcA__pr::ISTeha4
arcD::1STeha3

arcD::1STeha4

National Bio Resource Center

NBRC 12172 derivative generated in this study.
NBRC 12172 derivative generated in this study.
NBRC 12172 derivative generated in this study.
NBRC 12172 derivative generated in this study.
NBRC 12172 derivative generated in this study.
Isolated from soy sauce mash. Kept in my laboratory.

Isolated from soy sauce mash. Kept in my laboratory.
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UV irradiation and isolation of mutants lacking arginine deiminase activity

UV irradiation was used to induce random mutations that could affect the genes
encoding the ADS. One ml of MRS-10 cultures of fully grown 7. halophilus NBRC
12172 (Table 1) was resuspended in 9 ml of fresh MRS-10 and grown for 16 h. The
cultures were then centrifuged (6,000 x g) for 10 min at 4°C. The pellets were washed
once and resuspended in 10 ml of 10% NaCl. The 5 ml suspensions in sterile dishes
(diameter 55 mm) were UV irradiated using a germicidal lamp (GL-15; Panasonic,
Kadoma, Japan) at a distance of 260 mm for 10-30 sec with constant stirring to yield a
0.1-0.01% survival rate after exposure. Before and after irradiation, part of the suspension
was properly diluted, spread on the LA13 medium plates, and incubated for 5 days. The
survival rate was determined by counting the number of colonies on the plates. Mutants
lacking arginine deiminase activity were isolated in arginine indicator broth containing
bromocresol purple. pH reduction by lactic acid production changes the color of this
medium to yellow, but when arginine is deiminated and the pH is increased, the color
remains purple. UV-irradiated derivatives were inoculated into 80 pl of this medium in
384-well microplates, which were sealed with aluminum films (AlumaSeal II; Excel
Scientific, CA, USA). After 5 days of incubation, strains which changed the color of
arginine indicator broth to yellow were isolated as candidate strains for mutants lacking
arginine deiminase.
DNA manipulations and sequence analysis

The oligonucleotide primers used in this study are listed in Table 2. PCR was
performed using DNA polymerase KOD FX Neo (Toyobo, Osaka, Japan) under the

optimal conditions recommended by the supplier. PCR products were separated on 0.9%
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agarose gel and purified using the Wizard SV Gel and PCR Clean-Up System (Promega,
Madison, USA). The DNA sequences of the fragments were determined by a commercial

DNA sequencing service (Fasmac, Atsugi, Japan).
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Table 2. Primers used in this study

Primer name

Sequence (5'—3")

lacD

marR

TEH 16330f
TEH 16330r
TEH 20570f
TEH_20570r
TEH_05530f
TEH_05530r
TEH_21080f
TEH_21080r
TEH _08830f
TEH_08830r
TEH_24130f
TEH_24130r
arcAf

arcAr

16Sf

16Sr
probe-arcAf

probe-arcAr

GTTACAGGAAACTGCTACACCAATTGG
CATTCGATTGGGACTTTGTTCG
TGAAGCTTATCATAAGCTCCCTTAAGC
GGGAGGTTGGAAATGCCTCTC
TGGGGACCTTCCTGTTTTGC
GACCAGCGCCTACGATCG
GATTGTTTCGCAATATGCCTGTG
ATAGCGACTTCTATGCTCCTGAATGTG
AGAGGCCGATCTATGGCTTCC
GCTTCTGCTTTACAAAAGATCACCAG
GACGATCTTTTTATGAAGTGCCTGAAG
CGCTTTATCCCTCCCCTGC
ATACCATTGATCGTACCACTTGCC
AAAGAACTGGGCATGTGAATATGC
GGCATGCTTCGTGATAAAGG
CCGCATGACTACGAATACCTG
CAAAGCAACGATGCATAGCC
TTGCCGAAGATTCCCTACTG
TCAGAAATTGGAAAGCTTAAAACG
AATTGGTATTCTGGCATTTCAAC
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mRNA expression analysis by quantitative RT-PCR

Cells grown in 500 pl of soy sauce medium supplemented with 2% arginine
were pelleted by centrifugation (6,000 x g) and suspended in 1 ml of Isogen RNA
extraction kit (Nippon Gene, Tokyo, Japan). Cells were lysed with approximately 0.5 mg
of glass beads (0.1 mm in diameter) by a beads cell disrupter at room temperature and
3,000 rpm for 3 min, and RNA extraction was carried out according to the
manufacturer's instructions. The yield and purity of RNA were determined by
spectrophotometric measurements of the UV absorbance at 260 and 280 nm. Total RNA
was reverse transcribed with PrimeScript RT Reagent Kit with gDNA Eraser (Takara,
Kusatsu, Japan), using random primers following the manufacturer’s instructions. The
primer set arcAf and arcAr was used for the arc4 gene expression analysis. The 16S
rRNA gene was used as the housekeeping control gene with the primer sets 16Sfand 16Sr
(Table 2). Quantitative real-time PCR was performed using SYBR premix Ex Taq II
(Takara) using 1 pg of the cDNA as the template. The results were analyzed using the
Thermal Cycler Dice Real Time System TP900 (Takara). The cycle threshold value for
each PCR was calculated by the second derivative maximum method, and the relative
expression of arc4 was calculated by the calibration curve. The specificity of reactions
was determined by melting curve analysis and the electrophoresis of the PCR products.
The PCR was performed in triplicate.
Northern blotting

Total RNA was extracted as described above. The probe was amplified by PCR
using the primer set probe-arcAf and probe-arcAr (Table 2) and the genomic DNA of

NBRC 12172 as a template and labeled with digoxigenin (DIG)-dUTP using PCR DIG
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labeling mix (Roche, Basel, Switzerland). RNA was incubated in formaldehyde MOPS
buffer for 15 min at 65°C for denaturation, subjected to electrophoresis (0.4 pg per lane)
on a formaldehyde-containing 0.9% agarose gel, stained with ethidium bromide, and
transferred to a Hybond-N+ nylon membrane (GE health care, Chicago, USA).
Hybridization was performed with the DIG Easy Hyb system (Roche) at 50°C for 16 h
with a DIG-labeled probe. For detection, the membranes were treated with anti-DIG-AP
Fab fragments and CDP-Star (Roche), exposed to BioMax light film (Carestream Health,
Rochester, USA), and developed by the Kodak GBX developer/fixer (Kodak China,
Wuxi, China). The product size on the membrane was estimated by the 16S rRNA (1.6
kb) and 23S rRNA (2.9 kb) patterns stained with ethidium bromide.
Soy sauce manufacturing

Soy sauce mash was prepared as described previously (11). Briefly, steamed soy
beans and roasted wheat were mixed with Aspergillus oryzae and incubated for 40 h to
make "koji", which was then mixed with brine to make soy sauce mash (final NaCl
concentration 17%). Starter strains were cultured in soy sauce medium for 5 days, and 1
ml of the cultures was added to 1 L of soy sauce mash. The mash was fermented at 15°C
for 2 weeks, then at 28°C for 6 weeks. The fermentation experiment was performed in
triplicate.
Chemical analysis

Bacterial cultures or soy sauce mash were filtered through filter paper (No. 2;
Toyo Roshi, Tokyo, Japan), and the pH of the filtrate was determined using an F52 pH
meter (Horiba, Kyoto, Japan). Amino acid composition was analyzed by

high-performance liquid chromatography (HPLC) with ninhydrin detection. The HPLC
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system used was the Hitachi ELITE LaChrom (Hitachi High-Technologies, Tokyo,
Japan) equipped with a pump (L-2130), an autosampler (L-2200), a column oven
(L-2300), a UV detector (L-2420) and a cation-exchange column (#2619PH)
(https://www.hitachi-hightech.com/file/ca/pdf/library/application/20100209-Hitachi_ A
AA Sensivate Application Note stwl.pdf). Lactic acid content was determined using
organic acids analysis system Shodex OA (Shodex, Tokyo, Japan) following the
instructions of the manufacturer.
Bioinformatics

The DNA and amino acid sequences were analyzed using Blast and ISfinder
(22). The thermodynamic stability of RNA secondary structures was estimated using
free-energy calculations from the RNA Websuite (23).
Nucleotide sequence accession numbers

Sequence data was deposited in the DDBJ/EMBL/GenBank databases, with
accession numbers LC430896-LC430900 (M1-M5) and LC458667-LC458668 (YAS

and A-30).

Results and discussion

Isolation of NBRC 12172 derivatives lacking arginine deiminase activity
Approximately 20,000 colonies of NBRC 12172 derivatives survived from UV

exposure were picked up into arginine indicator broth, and five strains (M1, M2, M3,

M4, and M5) changed the color of the broth to yellow. The candidate strains were

cultured in soy sauce medium containing 2% arginine for 7 days. The arginine content of

the cultures was then analyzed, and it was confirmed that the derivatives did not decrease
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arginine content after incubation (data not shown).
Identification and structure of IS7Teha3, ISTeha4 and 1STeha5

I assumed that the derivatives lacking arginine deiminase activity would have
base substitutions and/or base insertions/deletions around the arc operon. So I amplified
the DNA region covering the entire arc operon and two regulator genes (argR/ and
argR2) by PCR using the lacD and marR primer sets designed from the /acD encoding
tagatose 1,6-diphosphate aldolase and putative MarR family transcriptional regulator
gene (Table 2, Fig. 1B). Surprisingly, all five derivatives showed elongated PCR
products (over 8.0 kb) compared with the fragment amplified from the wild-type strain of
NBRC 12172 (7.4 kb; data not shown). These derivatives were expected to display active
transposable elements inserted into this region.

DNA sequence analysis revealed that the elongated PCR products carried the
inserted DNA fragments, but their sequences and insertion sites were not identical among
the derivatives (Fig. 2A). The 1522 bp inserted elements of M1 and M4, designated
ISTeha3, duplicated exactly the same 7 bp target sequence on arcD but integrated in the
opposite direction each other (Table 3). The inserts showed 100% identity to each other
and to two putative ISs on the genome of NBRC 12172 itself (locus tags of transposase:
TEH_16330 and TEH_20570). The inserts contain a single ORF and 15 bp perfect IRs at
both termini (Fig. 2B and C). The ORF encodes a putative transposase consisting of 452
amino acids. This amino acid sequence shows 43% identity to the putative transposase of
ISDha$5 in Desulfitobacterium hafniense DCB-2 (NC_011830; data not shown). ISDha5
belongs to the IS4 family ISPepr/ subgroup, and the amino acid sequence of the putative

transposase of ISTeha3 also shows 37% identity to that of ISPeprl
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(NZ_AAJHO01000015).

ISTehad

N2 ISTelhas ISTehad

ISTehad ISTehad

argR1 argR2 arcA arcB

arcC arcR arcD

B ISTela? 1522 bp ISTela4 1567 bp ISTelad 1385 bp
163 1521 136 1497 123 1229

- —— - ——| - E—'

IR Transposase ORF TIR 5IR Transposase ORF TR 5IR Transposase ORF TIR
1359 bp (452 aa) 1362 bp (453 aa) 1107 bp (368 aa)

C

ISTela3 B'terminal 5 -CTCAAGTTTCGCACATAAAAMAATAGGATAATCCATTGCCAGATCTGGGRC-3"
(M1 and M4) LLLEETTEEEETT 1 IR
3 terminal 5 -CTCAAGTTTCGCACACCAAATTCGGTAGATALCCCTTGATATAGTTGGGT -3

ISTehad 5 terminal 5 -CTAAAACTTGALAGTTCAAAAATACAGTTCATCCCTTGATASATARACGT -3

(M3) LLELEELTTLETT SR
3'terminal 5’ -CTAAAACTTGAAACCTACTTTTCGATACGTATCOCTTGGTATACCAAGGA-3’

ISTehad B'terminal 57 -TTARMACTTGALAGTTCAALAATACAGTTCATCCCTTGATAAATAAACGT -3

(M) LTI | LU DL
3'terminal 5 -CTAARACTTGAAACCTACTTTTCGATACGTATCCCTTGGTATACCAAGGA-3"

ISTeha5 H'terminal 57 -CACTAGTGGTGCATGAAMCATTTTAAATTAGCTCTTTATGTTTCACACTA-3"

(M2) anunm RN | | |
3 terminal 5 -CACTAGTGGTGCATTAATAGGATCARLATATTCASATTTTAACTTTTTTC-3"

Fig. 2: Location and orientation of ISs transposed around the arc operon in each
derivative (A) and genetic structures (B) and nucleotide sequences of the 5' and 3'
termini (C) of ISTeha3, ISTeha4 and 1STeha5. (A) Black arrows indicate the direction of
the putative transposase transcription. The derivative names and designated IS names

are indicated on the left side and right side of the arrows, respectively. (B) The black
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arrows indicate ORFs that encode a putative transposase. The triangles indicate IRs at
the 5' and 3' termini. The nucleotide numbers refer to the start and stop positions of the

ORFs. (C) Vertical lines between the sequences denote homologous nucleotides.
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Table 3. DNA sequences of the insertion sites and their flanking regions of IS7eha3, 1STeha4 and 1STeha5.

IS transposed in Flanking sequence Insertion site Flanking sequence
each derivative at 5' terminal (Duplicated target sequence) at 3' terminal
1STeha3

Ml ATAAGAATAA TAAATAA AATACTAAAT
M4 ATTTAGTATT TTATTTA TTATTCTTAT
IS Teha4

M3 CAACATAAGG ATAATAA ATTATCCAAT
M5 TTAGGTATAC TAACAATAA TACTAAATGG
1STehas

M2 AACATTAATT GGCTTACTC ATAACTTAAG
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The 1567 bp inserted elements of M3 duplicated a 7 bp target sequence between
argR2 and arcA, while the same size inserted elements of M5 duplicated a 9 bp target
sequence on arcD (Table 3). They show 96.2% identity to each other and 100% identity to
the different putative ISs of NBRC 12172 (M3: TEH 05530 and TEH 21080, MS5:
TEH 08830). The inserts encode a putative transposase with a predicted 453 amino acid
residues, sharing 98.2% identity with each other (Fig. 2B). According to ISfinder, ISs
sharing more than 98% similarity in amino acid sequence or more than 95% similarity in
DNA sequence are considered to be isoforms (24). Therefore, both elements transposed
in M3 and M5 were designated [STeha4. The insert of M3 contains 13 bp perfect IRs,
whereas the IRs of M5 are imperfect (Fig. 2C). The amino acid sequence of the putative
transposase in M3 shows 45% identity to that of ISLrel in Lactobacillus reuteri 100-23
(NZ_AAPZ00000000; data not shown). ISLrel also belongs to the IS4 family ISPeprl
subgroup, and the amino acid sequence of the putative transposase of IS Teha4 shows 36%
identity to ISPepri. Therefore, I entered ISTeha3 and ISTeha4 as novel IS4 family
ISPeprl subgroup members in the ISfinder database.

The 1385 bp element inserted in M2 was designated IS7eha5, which duplicated
the 9 bp target sequence on arcA (Table 3). The insert showed 100% identity to a putative
IS of NBRC 12172 (TEH_24130) and contains a single ORF and 14 bp perfect IRs at
both termini (Fig. 2B and C). The ORF encodes a putative transposase consisting of 368
amino acids showing 44% identity to the putative transposase of IS647 in Bacillus
halodurans C-125 (NC_002570; data not shown). IS641 belongs to the IS4 family IS4Sa
subgroup, and the amino acid sequence of the putative transposase of IS7eha) also shows
26% identity to that of IS4Sa (U38915). Hence, I entered IS7eha5 as a novel IS4 family

[S4Sa subgroup member in the ISfinder database.
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In the genome of NBRC 12172, at least one putative IS completely identical to
the insert of each derivative is present. I amplified the DNA fragments covering these
ISs from the genomic DNA of the wild-type strain and each derivative using primer sets
designed at locations upstream and downstream of the fragments (data not shown). All
derivatives showed the same size PCR products as the wild-type strain, suggesting that
ISTeha3, 1STeha4 and ISTeha5 leave the parent sequences at the original sites and
accumulate their copies in other sites (data not shown).
mRNA expression of arcA in derivatives

M1, M2, M4 and M5 carried ISs transposed into arcA or arcD, the structural
genes encoding arginine deiminase and arginine/ornithine antiporter, respectively.
Therefore, it is understandable that these derivatives lose arginine deiminase activity. In
M3, however, an IS was transposed into the region between arcA and argR2, and no
alteration was found in every ORF of arcABCRD and two regulators (argR! and argR2)
by DNA sequence analysis (Fig. 2A). Therefore, I hypothesized that IS7eha4 of M3
disrupted the promoter region of the arc operon. To investigate this hypothesis, the
expression of arcA was analyzed at the mRNA level by quantitative RT-PCR using a
primer set designed from arcA. As expected, the mRNA expression level of arc4 in M3
decreased to only 2% of that of the wild-type strain (Fig. 3). Upstream of the IS7eha4
transposition site in M3, five putative ArgR binding sequences, so-called Arg boxes
(Escherichia coli consensus sequence,
(T/A)NTGAAT(T/A)(T/A)A/T)(A/T) ATTCAN(A/T)) (25), were found (data not
shown). In addition, a putative cre box (Bacillus subtilis consensus sequence,
TG(T/A)NANCGNTN(T/A)CA) (26) was also found between Arg boxes, indicating the

possibility that the ADS is regulated by CcpA, the protein that binds to the cre box and
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mediates catabolite repression in gram-positive bacteria. Although the ADS regulation
mechanism in 7" halophilus was not clarified, it was estimated that the expression level of
arcA in M3 was reduced because of the transposition of ISTeha4 into the region that is
essential for the transcription of arc operon genes. The reduced arcA expression levels of
the other derivatives compared to that of the wild-type strain may be explained by the

mRNA destabilization triggered by IS transposition due to enhanced exonuclease activity

(27).
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Fig. 3: Relative expression levels of arc4 in the strains determined by quantitative
real-time PCR. 16S rRNA gene was used as the reference. Data are expressed as the

mean with error bars representing £ SD (n=3). WT: wild-type strain.

Soy sauce fermentation with mutant strains
To evaluate the derivatives as soy sauce fermentation starters, I performed
small-scale fermentation. The five derivatives and wild-type strain of NBRC 12172 were

cultured in soy sauce medium and inoculated in soy sauce mash. All derivatives, as well
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as the wild-type strain, lowered the pH compared to the mash without starter cultures
(Fig. 4A). After eight weeks of fermentation, the amino acid content was analyzed. All
five derivatives did not convert arginine to ornithine, whereas the wild-type strain
produced 11.6 mM ornithine and reduced approximately the same amounts of arginine
compared to the mash with the other strains and without starter cultures (Fig. 4B). Lactic
acid content was lower in the mash inoculated with the derivatives than that of the mash

inoculated with the wild-type strain (Fig. 4C).
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Fig. 4: pH transition of soy sauce mash treated with the strains (A) and arginine and
ornithine content (B) and lactic acid content (C) in the soy sauce after eight weeks of

fermentation. (A) Data are expressed as the mean with error bars representing +1 SD
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(n=3). WT: wild-type strain. NS: Without starter cultures. (B) Gray bar and black bar
indicate arginine and ornithine, respectively. Data are expressed as the mean with error
bars representing = SD. Ornithine contents were below the detection limit except for the
samples treated with WT. (C) Data are expressed as the mean with error bars

representing £+ SD.

Wild strains lacking arginine deiminase activity

The DNA region around the arc operon of two wild strains lacking arginine
deiminase activity isolated from soy sauce mash was amplified as described above. The
amplified DNA fragments from these two strains, YAS and A-30, had different lengths
from that of NBRC 12172; the fragment was elongated in YAS and shortened in A-30
(data not shown). DNA sequences of amplified fragments were analyzed (Fig. 5A).
Compared to NBRC 12172, the arc operon genes of YAS were completely preserved with
the exception of six amino acids substitution on ArcA and two amino acids on ArcB.
However, a 1522 bp element, sharing 1521 identical nucleotide bases with IS7eha3
transposed in M1 and M4, was inserted into argR2. On the other hand, in A-30 argR2 was
not present in the region between argR!I and arcA. The amino acid homology of ArcA
between A-30 and NBRC 12172 was 80%, and arcBCRD was replaced by three ORFs
encoding a putative acetyltransferase, arginyl-tRNA synthetase (argS) and a putative

transposase.
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Fig. 5: Schematic representation of the locus of the genes between lacD and putative
MarR family transcriptional regulator gene (A) and Northern blot analysis for arc4 (B).
(A) Broken lines represent the insertion or the replacement. *MarR represents a putative
MarR family transcriptional regulator gene. (B) The result of Northern blot analysis is
shown in the upper panel designated arcA, and the total RNA stained with ethidium
bromide is shown in the lower panel designated EtBr. The RNA size on the membrane

was estimated by the 16S rRNA (1.6 kb) and 23S rRNA (2.9 kb) patterns.

ArgR2 was identified as an essential activator of arc operon genes in
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Streptococcus pneumoniae (28). Therefore, 1 assessed the arcA expression by Northern
blot analysis, so that it could be detected even if it did not share a highly homologous
nucleotide sequence with NBRC 12172, and found no arcA4 expression in YAS and A-30
(Fig. 5B). NBRC 12172 produced three mRNAs of different lengths, which probably
correspond to the transcripts of the entire or partial arcABCRD and are also reported in E.
faecalis (21). A highly stable potential transcription termination hairpin (estimated
minimum free energy: -250 kJ/mol) follows arcD, and weaker stem-loops are predicted
after arcB and arcR (-113 and -26 kJ/mol, respectively), which probably act as partial
terminators. Although the precise transcription start site and stop site are not clarified,
the length of the three mRNA products from NBRC 12172 is not contradictory to the

expected length of the fragments generated (data not shown).

EC is a topic of significant concern, especially in alcoholic beverages like wine
and sake, in which urea mainly reacts with ethanol to make EC (29). The generation of
non-urea-producing yeasts could minimize the accumulation of EC (30). However, the
generation of yeasts or bacteria able to prevent EC accumulation in soy sauce has not
been previously attempted. The main precursor of EC in soy sauce is citrulline, and here
I provide an example of IS-mediated generation of noncitrulline-producing strains in 7.
halophilus, one of the main microorganism used in the production of soy sauce. DNA
sequencing of the wild strains also suggested that the transposition of ISs into argR2,
the putative activator of arc operon genes, disrupted the ADS, which highlighted the
contribution of ISs to the natural evolution in this species.

T halophilus shows physiological diversity not only in arginine deimination

but also in other processes such as amino acid decarboxylation (14), carbohydrate
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fermentation (31), organic acid metabolism (32) and aggregation (33). These traits
severely affect the quality of fermented food products. For instance, histidine
decarboxylation and tyrosine decarboxylation are responsible for histamine and
tyramine accumulation, respectively (34, 35). Furthermore, bacterial bodies of T
halophilus can cause turbidity in soy sauce, but aggregated strains can be trapped during
the squeezing process and do not flow out into soy sauce (36). The difficulty to acquire
strains possessing favorable traits in all these aspects underscores the need to develop
techniques for the modification of 7. halophilus. Higuchi et al. prepared
phage-insensitive strains, which is one of the few reports about modifying 7. halophilus,
but they did not describe the mutation mechanism or the genes in which the mutation
occurred (37).

In this report, I identified three active IS4 family ISs, ISTeha3, ISTeha4 and
ISTeha5. Transposases of the IS4 family belong to the DDE transposase group, which
displays three acidic residues: aspartic acid (D), aspartic acid (D) and glutamic acid (E).
ISTeha3, ISTeha4 and ISTeha5 conserved these residues (data not shown). Furthermore,
the main hallmark of this family's transposases is the Y-(2)-R-(3)-E-(6)-(K) motif (38).
The three novel ISs displayed the complete YREK motif, suggesting that they are 1S4
family members.

The IS4 family can be divided into seven subgroups based mainly on the amino
acid sequence of transposases (38). ISTeha3 and ISTeha4 belong to the ISPeprl subgroup,
and ISTeha5 belongs to IS4Sa subgroup. IR sequences of ISTeha3
(5'-CTCAAGTTTCGCACA-3") and ISTeha4 (5'-(C/T)TAAAACTTGAAA-3") match
strongly  with the consensus sequence of ISPeprl  subgroup IRs

(5'-CTCAA+TTTCGCAG-3"). IS size (1522-1567 bp) and direct repeats (DRs) length
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(7-9 bp) also show mostly typical features of the ISPeprl subgroup (1,500-1,600 bp and
7-8 bp, respectively). ISTeha4 duplicated 7 or 9 bp DRs in this study, and putative
ISTeha4 elements conserved in the genome of NBRC 12172 show 7 or 8 bp DRs (data
not shown). IS7e/a3 in the genome also shows 6 or 7 bp DRs. The length of the DRs is
generally fixed, but certain ISs are reported to generate atypical length of DRs (39).

The IRs sequence of ISTeha5 (5'- CACTAGTGGTGCAT -3') matches strongly
with the consensus sequence of the IS4Sa subgroup IRs (5'- CACTAGTGTCCGAT-3").
IS and DR length (1,385 bp and 9 bp) also supports this subgroup classification
(1,150-1,750 bp and 8-10 bp in IS4Sa subgroup). The DR length is fixed to nine bp,
including those conserved in the genome of NBRC 12172 (data not shown).

Among the 18 ISs deposited as ISPepr! subgroup in the ISfinder database,
only IS2621 of Deinococcus radiodurans (AB001611) was demonstrated to possess
transposition activity (40). Among the 41 ISs belonging to the IS4Sa subgroup, IS4Bsul
of B. subtilis (AB031551) and IS5377 of Bacillus stearothermophilus (X67862) were
demonstrated as active (41, 42). Members of the IS4 family preferentially use a
conservative (cut and paste) mechanism of transposition (1), but some examples, such as
IS4Bsul of B. subtilis, showed IS4 family members using the replicative (copy and
paste) mechanism (41). PCR amplification of the genomic region covering the ISs
identified in this study supported the replicative mechanism of IS7eha3, ISTeha4 and
[STeha5 (data not shown).

The fact that all derivatives showed transposed ISs around the arc operon
suggests that the inactivation of the ADS in 7. halophilus is caused mainly by the
transposition of transposable elements, rather than by the spontaneous mutations, such as

base substitutions or deletions, associated with UV irradiation. However, although UV
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irradiation has indeed been reported to induce the transposition of ISs (43), there is no
direct evidence that UV irradiation actually caused the transposition in this case. It might
have occurred spontaneously during the culturing before the irradiation. Further research
is necessary to determine the induction factors of IS transposition.

NBRC 12172 possesses 71 copies of putative transposases in 19 different
categories, except for the truncated fragments. [STehal and ISTeha2 (AP012046) have
been deposited in ISfinder, belonging to the ISLre2 family and the IS6 family,
respectively. However, the transposition activity of ISs in this species has not been
reported previously. In tetragenococci, some reports demonstrated plasmid DNA transfer
by conjugation (44, 45), but the transposon mutagenesis systems are still undeveloped.
The transposon mutagenesis system is advantageous for the comprehensive
characterization of gene functions that contribute to objective phenotypes. Hence, for the
development of such a system in tetragenococci, the identification and characterization
of active ISs are important. Other active ISs of 7. halophilus, in addition to the three

elements described here, are expected to be identified in the future.
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SUMMARY

Tetragenococcus halophilus, a halophilic lactic acid bacterium, is often used as
a starter culture in the manufacturing of soy sauce. 7. halophilus possesses an arginine
deiminase system, which is responsible for the accumulation of citrulline, the main
precursor of the potential carcinogen ethyl carbamate. In this study, I generated five
derivatives lacking arginine deiminase activity from 7. halophilus NBRC 12172 by UV
irradiation. Using these derivatives as a fermentation starter prevented arginine
deimination in soy sauce. DNA sequence analysis of the derivatives revealed that novel
IS4 family insertion sequences, designated IS7eha3, ISTeha4 and ISTeha5s, were
transposed into the region around the arginine deiminase (arc) operon in the mutants.
These insertion sequences contain a single open reading frame encoding a putative
transposase and 13-15 bp inverted repeats at both termini, which are adjacent to 7-9 bp
duplications of the target sequence. Investigation of wild strains isolated from soy sauce
mash incapable of arginine deimination also indicated that insertion sequences are
involved in the disruption of the arginine deiminase system in 7. halophilus.

Insertion sequences play important roles in bacterial evolution and are
frequently utilized in mutagenesis systems. However, the intrinsic insertion sequences
of tetragenococci are not well characterized. Here, I identified three active insertion
sequences of 7. halophilus by transposition into the region around the arc operon. This
report provides an example of insertion sequence-mediated generation and evolution of

T’ halophilus and primary information about their characteristics.
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CHAPTER III

Studies on tetragenococcal bacteriophage susceptibility

SECTION 1
Ribitol-containing wall teichoic acid of Tetragenococcus halophilus is targeted by

bacteriophage phiWJ7 as a binding receptor

Tetragenococcus halophilus is a Gram-positive, halophilic lactic acid bacterium
that is used for the manufacturing of various salted foods, such as soy sauce and salted
fish (1, 2). T" halophilus plays an important role in the lactic acid fermentation process of
these products, and similar to cases in dairy products, bacteriophages (or “phages”) have
been regarded as serious threats in industry. Previously reported bacteriophages that
attack 7. halophilus have narrow host ranges and rarely infect different strains (3).
Higuchi et al. successfully generated phage-insensitive mutants from 7. halophilus D10,
but the mechanisms that altered phage susceptibility were not revealed (4). Recently,
CRISPR sequences were found in the genomes of 7. halophilus and proposed as one of
the defense systems against bacteriophages (5). However, the factors that determine the
phage susceptibility of this species were not experimentally demonstrated.

Adsorption to host cells by bacteriophages is the first step that defines the host
range. Host receptors on the cell surface are specifically recognized by their respective
bacteriophages. Phage adsorption generally consists of a two-step process: a reversible
binding phase and an irreversible binding phase (6). In the first step, bacteriophages
reversibly adsorb to host cells, and they can still desorb from the cells and can move on

the cell surface to search for an optimal site for irreversible binding. In the second step,
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phages irreversibly attach to the host receptor, after which they cannot be separated
from the host cells. Irreversible binding triggers phage genome ejection into the host
cell, which is followed by a series of events for infection. Host receptors involved in
reversible binding and irreversible binding are not always the same. For instance, A
phage that infects Escherichia coli targets the outer membrane protein OmpC for
reversible binding and the maltose transporter protein LamB for irreversible binding (7).
A few receptors of Gram-positive bacteria have been identified (8). Peptidoglycan is the
main component of bacterial cell walls and is often involved in phage adsorption (9).
Another important component of the cell walls in Gram-positive bacteria involved in
phage adsorption is cell wall teichoic acid (WTA). In most cases, WTA consists of
polymers of glycerol phosphate (Gro-P) or ribitol phosphate (Rbo-P) linked via
phosphodiester bonds (called Gro-WTA and Rbo-WTA, respectively) and covalently
linked to peptidoglycan. WTA is produced by many Gram-positive bacteria and usually
has species- or strain-specific structural patterns both in main chain components and
decoration residues (10, 11).

WTA biosynthesis genes are well understood in Staphylococcus aureus, namely,
tag genes for Gro-WTA and tar genes for Rbo-WTA. To avoid confusion about the
nomenclature, hereafter, I use ‘tag’ for the genes needed for Gro-WTA biosynthesis and
for the genes commonly needed for both Gro-WTA and Rbo-WTA synthesis and use
‘tar’ for the genes required only for Rbo-WTA synthesis, following the policy of Xia &
Peschel (12). WTA synthetic pathways in S. aureus are shown in Fig. 1. The structures
and synthetic pathways of WTA in 7. halophilus have not been studied to date.

In this section, I generated two phage-insensitive derivatives from 7. halophilus

WIJ7 susceptible to the virulent phage phiWJ7. Both of the derivatives have mutations in
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tarL, which is necessary for Rbo-WTA biosynthesis. The subsequent experiments in this
section indicated that Rbo-WTA of WIJ7 is a binding receptor for phiWJ7. The
information provided here can represent a basis for dissecting the mechanisms of

host-phage interactions of tetragenococci.

Materials and methods

Bacterial strains, bacteriophages, media and culture conditions

T. halophilus WJ7 was kept in my laboratory (13). The derivatives derived from
WIJ7 were obtained as described below. Bacteriophages lytic for WJ7 were isolated
from soy sauce mash using WJ7 as the host strain. All bacterial strains and
bacteriophages used in this study are summarized in Table 1. 7. halophilus was cultured
in MRS-10 or LA13 medium. MRS-10 is Lactobacilli MRS Broth (Difco, Detroit, MI)
supplemented with 10% NaCl. LA13 medium contained 1% polypeptone, 0.4% yeast
extract, 1% KH,POys, 12% NaCl, 0.5% glucose, 5% soy sauce (Yamasa, Choshi, Japan),
and 1.5% agar for agar plates (14). Liquid media were incubated at 30 °C without stirring,
and agar plates were incubated at the same temperature with an AnaeroPack (Mitsubishi

Gas Chemical, Tokyo, Japan) in a hermetically sealed box.
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Table 1. Bacterial strains and bacteriophages used in this study.

Description and genotype

Source or Reference

Tetragenococcus halophilus
NBRC 12172
YAS
YA163
YG2
WwJ7
WI7R1
WIJ7R2
WIJ7R3
WIJ7R4
WITRS
WIJ7R6

WIJTR7

Insensitive for phiWJ7.

Insensitive for phiWJ7.

Insensitive for phiWJ7.

Insensitive for phiWJ7.

Sensitive for phiWJ7.

Insensitive for phiWJ7. tarL::1STeha3
Insensitive for phiWI7. tarL::1STeha4
Insensitive for phiWI7. tarL::1STeha4
Insensitive for phiWJ7. tarJ. A305G
Insensitive for phiWI7. tarl::1STeha3
Insensitive for phiWI17. tarJ::1STeha4

Insensitive for phiWI7. tarl::1STeha4

National Bio Resource Center

(22)

(40)

(40)

(40)

WIJ7 derivative generated in this study.
WIJ7 derivative generated in this study.
WIJ7 derivative generated in this study.
WIJ7 derivative generated in this study.
WIJ7 derivative generated in this study.
W17 derivative generated in this study.

W1J7 derivative generated in this study.
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WIJ7R8

WIJ7R9

WIJ7R10

WIJ7R11

WIJ7R12

WIJ7R13

WIJ7R14

WIJ7RI15

WIJ7R16

WIJ7R17

WIJ7R18

WIJ7R19

WIJ7R20

WIJ7R21

WIJTR22

Insensitive for phiWJ7.
Insensitive for phiWJ7.
Insensitive for phiWJ7.
Insensitive for phiWJ7.
Insensitive for phiWJ7.
Insensitive for phiWJ7.
Insensitive for phiWJ7.
Insensitive for phiWJ7.
Insensitive for phiWJ7.
Insensitive for phiWJ7.
Insensitive for phiWJ7.
Insensitive for phiWJ7.
Insensitive for phiWJ7.
Insensitive for phiWJ7.

Insensitive for phiWJ7.

tarJ::1STeha4

tarL::1STeha4

tarJ::1STeha4

tarl::1STeha4

tarL::1STeha4

tarL::1STeha4

tarL::1STeha4

tarl::1STeha4

tarL::1STeha4

tarJ.993 tarL.35del

tarJ::1STeha4

tarJ::1STeha4

tarJ::1STeha4

tarL::1STeha4

WIJ7 derivative generated in this study.
WIJ7 derivative generated in this study.
WIJ7 derivative generated in this study.
WIJ7 derivative generated in this study.
WIJ7 derivative generated in this study.
WIJ7 derivative generated in this study.
WIJ7 derivative generated in this study.
WIJ7 derivative generated in this study.
WIJ7 derivative generated in this study.
WIJ7 derivative generated in this study.
WIJ7 derivative generated in this study.
W17 derivative generated in this study.
WIJ7 derivative generated in this study.
W1J7 derivative generated in this study.

WIJ7 derivative generated in this study.
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WI7R23
WI7R24
WITR25
WI7R26
WI7TR27
Bacteriophage

phiWJ7
phiWJ7 2

phiWJ7 3

Insensitive for phiWJ7. tarL::1STeha4
Insensitive for phiWJ7.

Insensitive for phiWI7. tarl::1STeha4
Insensitive for phiWI7. tarl::1STeha4

Insensitive for phiWI7. tarL::1STehas

Lytic for WJ7. Not lytic for WJ7R1 and WIJ7R2.

Lytic for WJ7, WJ7R1, and WJ7R2.

Lytic for WJ7, WJ7R1, and WJ7R2.

WIJ7 derivative generated in this study.
WIJ7 derivative generated in this study.
WIJ7 derivative generated in this study.
WIJ7 derivative generated in this study.

WIJ7 derivative generated in this study.

Isolated from soy sauce mash.
Isolated from soy sauce mash.

Isolated from soy sauce mash.
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Manipulation of bacteriophages and generation of phage-insensitive derivatives

Uchida & Kanbe developed a detection method for tetragenococcal phages by
spreading host-phage mixtures on agar plates with a cell spreader, since the usual
soft-agar overlay technique was not successful (3). I used this method with a little
modification. Before the plaque forming assay, the indicator strains cultured in MRS-10
to the stationary phase were sonicated by a sonicator (AUS-01; CHO-ONPA KOGYO,
Tokyo, Japan) for 30 sec to produce homogenous cell suspensions because some strains
of T halophilus form cell clusters (13). The suspension was diluted 6 times with 10%
saline, and 600 pl of the diluted suspension was mixed with the phage specimen. The
host-phage mixture was spread on the whole surface of an LA13 plate (diameter 85 mm)
by tilting the plate without using a cell spreader to prevent traces of a cell spreader from
disturbing plaque detection. The plate was dried on a clean bench and incubated for
three days to form plaques. For the phage spot assay, the host suspension was spread in
advance, and 10 pl of phage specimen was spotted afterward. If necessary, phages were
collected from plaques with 10% saline, and the lysate was filtered through a
polyethersulfone membrane filter (0.2 pm; Advantec, Tokyo, Japan) after removal of
cell debris by centrifugation. The lysate was stored at -80 °C as a stock suspension with
16% (v/v) glycerol. To obtain spontaneous phage-insensitive derivatives, the culture of
the parental strain (approximately 10° cfu) was spread with >107 pfu of phages on LA13
plates, and the surviving colonies were isolated.
Scanning electron microscopy

WIJ7 was mixed with phiWJ7, and the mixture was incubated for 1 h at room
temperature. Fixation was performed by immersing the specimens in 2.5%

glutaraldehyde. Fixed specimens were stepwise dehydrated in a series of ethanol
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solutions (50-70-90-100-100%) in 15 min steps. Dehydrated specimens were
lyophilized in tert-butyl alcohol. Afterward, the specimens were coated with a thin Pt
layer using an autofine coater JEC-3000FC (JEOL, Ltd., Tokyo, Japan) and observed
with a JSM-ITS00HR InTouchScope™ scanning electron microscope (JEOL, Ltd.).
Scanning electron microscopy was performed at 15 kV, and the samples were observed
at a working distance of 11.0 mm.
DNA preparation and genome sequencing

Genomic DNA from 7. halophilus WITR1 and WJ7R2 was isolated using the
DNeasy PowerSoil Pro Kit (QIAGEN, Hilden, Germany) and QIAcube, an automated
system (QIAGEN). Genomic DNA from bacteriophage phiWJ7 was isolated using the
Phage DNA Isolation Kit (Norgen Biotek, Thorold, Canada). The quantity and purity of
the genomic DNA were assessed using a Qubit dsDNA BR Assay Kit (Thermo Fisher
Scientific, Waltham, MA) and NanoDrop 1000 spectrophotometer (Thermo Fisher
Scientific). A genomic DNA library was prepared using the Illumina Nextera DNA Flex
Library Prep Kit (Illumina, San Diego, CA) according to the manufacturer’s instructions.
Whole-genome sequencing of WJ7R1, WJ7R2, and phiWJ7 was performed using the
Illumina MiSeq sequencing platform with a paired-end sequencing strategy (2 x 300 bp).
Adapter sequences and low-quality regions in the Illumina reads were trimmed using
Trim Galore! v.0.6.4 with default parameters
(https://www.bioinformatics.babraham.ac.uk/projects/trim_galore/).
Genome mapping analysis and mutation search of the derivatives

The previously published genome sequence of the wild-type strain T
halophilus WJ7 (GenBank accession numbers: BLRM01000001-BLRM01000113) was

used as the reference sequence for the genome mapping analysis (5). The Illumina
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sequence reads of these strains were mapped to the reference sequence using BWA with
default parameters (16). All single nucleotide polymorphisms (SNPs) and indels were
detected using the Genome Analysis Toolkit (GATK) (17, 18). To detect the transposon
insertion site of adapted genomes, breseq v.0.31.0 was used with default parameters (19).
To ascertain the mutations detected in the adapted strain, the DNA regions were
amplified from genomic DNA of WIJ7, WJ7R1, and WJ7R2 using the primers
WJ7contigb8 and asnS (Table 2) with DNA polymerase KOD FX Neo (Toyobo, Osaka,
Japan) under the optimal conditions recommended by the manufacturer. The PCR
products were purified using the Wizard SV Gel and PCR Clean-Up System (Promega,
Madison, WI), and the resulting DNA fragment was analyzed by a commercial DNA
sequencing service (Fasmac, Atsugi, Japan/Eurofins Genomics, Tokyo, Japan). The
primer sets tagOf-tagOr, mnaAf-mnaAr, tagGHDr-tagGHDf, tagABr-tagABf,
tagFr-tagFf, and asnS-tarlJLr were used to amplify the DNA region covering WTA
synthesis genes to detect the IS insertion in the additionally acquired derivatives
WIJ7R3-WJ7R27 (Table 2, Fig. 4B). If necessary, the resulting DNA fragment was

analyzed by a DNA sequencing service (Fasmac /Eurofins Genomics).
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Table 2. Primers list.

Primer name

Sequence (5'—3")

WJ7contig68 GAGGAACTACATCATAATTAAATAACTCGC
asnS CGTTTATTGAATCGGATTTATCCG
tagOf TGAATGCTTCGATGGAAGAG
tagOr TCCCATTCGGAATCGC

mnaAf GGCAAAGACCTAGATTCTATCCG
mnaAr CAATGCTTGAAAGTCAATCGTC
tagGHDr GCGTCGAACTTGCGG

tagGHDf GGTTTAGACGTATGGGAACATGC
tagABr TCTTCTGATTGGTTCTTGTCACTC
tagABf AGGTGAATATCGCTCAAGGG
tagFr GCCATTCATCGCCTAACTG

tagFf CAGCGCCACTGGACAC

tarlJLr TCGTAACCTTGTAGCCTATCGG

De novo assembly of phage genomes

To remove the contaminated host genome sequence, read data were mapped
onto the WJ7 genome (17, 18). Unmapped read pairs were collected and used for de
novo assembly. De novo assembly was performed using SPAdes v. 3.13.0 (20). Gene
detection of the draft genome assemblies was performed using the DDBJ Fast
Annotation and Submission Tool with default settings (21). The resulting assemblies

were used for further comparative genome analysis.
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WTA extraction and chemical analysis

Cell walls of T. halophilus were prepared as described previously (13) with
some modifications. The cells were grown to the stationary phase in MRS-10 medium
and harvested by centrifugation (8,000 x g, 5 min, 4°C). The cell pellets were washed
with water, resuspended in 4% sodium dodecyl sulfate, boiled for 30 min, and incubated
at room temperature overnight. Then, the suspension was boiled again for 10 min, and
the pellets were collected by centrifugation, washed four times with water, and treated
with DNase, RNase, and trypsin. After thorough washing with water, cell walls were
pelleted by centrifugation and lyophilized. WTA was extracted by following the
procedure of Bron et al (22). Briefly, cell walls were treated with 10% TCA, and
released WTA was precipitated by the addition of three volumes of ethanol for 24 h at
4 °C. WTA was collected by centrifugation, washed with 70% ethanol twice, and
lyophilized. To extract Rbo and Gro, 50 mg of WTA was hydrolyzed in 6 M HCI at
100 °C for 3 h and neutralized with 4 M NaOH. As an internal standard, 20 pl of a
1,000 ppm solution of [1,1,2,3,3-Ds] glycerol (Cambridge Isotope Laboratories, Inc.,
Tewksbury, MA) was added to 200 pl of the neutralized hydrolysate. Samples were
derivatized with benzoyl chloride according to the procedure of Borng et al (23).
Derivatized Rbo and Gro in the hydrolysates were analyzed by LC/MS. LC was
performed on an ACQUITY UPLC H-Class (Waters Corporation, Milford, MA). An
ACQUITY UPLC BEH C18 column (2.1x100 mm; Waters Corporation) was used at
room temperature. Milli-Q water containing 10 mM ammonium formate (pH 3.5) was
used as mobile phase A, and acetonitrile was used as mobile phase B. A gradient was
employed starting at 60% B and increasing to 90% within 7 min and re-equilibrated at
60% B for 4.5 min followed by column washing at 90% B for 3 min. The flow rate was
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set at 0.3 ml/min. Three microliters of the sample was injected. MS analysis was
performed on a Xevo G2-XS Q-TOF MS (Waters Corporation). Electrospray ionization
was employed at positive polarity at the following parameter settings: capillary voltage
2.0 kV, sampling cone voltage 40 V, source temperature 120 °C, and desolvation gas

temperature 450 °C. The mass detection range was from m/z 150 to 1,000.

Bacteriophage adsorption assay

Phage adsorption by cell walls was measured according to the method of
Baptista et al. (24). Cell walls were prepared as described above and resuspended at 10
pg/ml. Phages were mixed with cell walls and incubated at 30 °C for 10 min. Control
mixtures without cell walls were used to confirm the phage input in the experiment. To
assess total adsorption, the mixture was centrifuged at 6,000 x g for 5 min at 4 °C, and
the supernatant was assayed for plaques using WJ7 as the indicator strain. Free phages
(unbound phages) in the supernatants after centrifugation were measured. To assess
irreversible adsorption, the mixture was diluted 100-fold in 10% NaCl, vortexed for 5 s,
equilibrated for 5 min at room temperature, and centrifuged. Free phages (unbound and
reversibly bound phages) in the supernatants were enumerated. For statistical analysis,
the data were assessed by one-way ANOVA followed by post hoc Tukey’s multiple
comparison test using R software (version 3.6.0; www.r-project.org). Statistical
significance was considered at p < 0.05.
Bioinformatics and data availability

The DNA and amino acid sequences were analyzed using Blast. Illumina
sequence reads of WJ7R1 WJ7R2 and phiWJ7 were deposited in the DDBJ Sequence
Read Archive. The DRA accession numbers for WJ7R1, WJ7R2, and phiWJ7 are

DRR311734, DRR311735 and DRR311536, respectively. Other sequence data were
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deposited in the DDBJ/EMBL/GenBank databases, with accession numbers
LC638494-L.C638497 and LC640109-LC640133. The phylogenetic tree was
constructed based on the alignment of the amino acid sequences from the major capsid
protein of phiWJ7 and other Rountreeviridae phages. Their sequence data are available
in the NCBI database. The amino acid sequences were aligned with Clustal X (version
2.1), and the neighbor-joining phylogenetic tree was drawn by Nlplot (version 2.3) with

bootstrap analysis (1000 replicates).

Results and discussion

phiWJ7 is a member of the Rountreeviridae

PhiWJ7 lytic for T. halophilus WJ7 was isolated from soy sauce mash. The
complete genome sequence of phiWJ]7 was determined to be 17,405 bp in size with an
average G+C content of 32.90% (Accession number: LC644557). The genome contains
21 possible ORFs and more than 100 bp inverted terminal repeats (Fig. 2A). The ORFs
whose functions were estimated were all arranged in the same direction and exhibited
clustering of related functional genes. Some ORFs of phiWJ7 show similarity with
genes of staphylococcal phages, such as SLPW, Andhra, SA03-CTH2, and PSa3. These
phages belonged to the Podoviridae family of the Caudovirales order and have linear
double-stranded DNA genomes of 17,511-18,546 bp with 19-20 ORFs and long
inverted terminal repeats (at least 81 bp) (25, 26, 27). Most staphylococcal phages
characterized thus far belong to the order Caudovirales and had been classified into
three families with different genome sizes: Podoviridae (16—18 kb), Siphoviridae (39—
43 kb), and Myoviridae (120-140 kb) (28). Very recently, three new families,

Salasmaviridae, Rountreeviridae, and Guelinviridae were established (29). They
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include the phages previously assigned to the Podoviridae family. Rountreeviridae is
mainly composed of Staphylococcus- and Enterococcus-infecting phages with genomes
between 17 and 19 kb in size. The genome size and protein sequence homologies
suggest the classification of phiWJ7 into Rountreeviridae. 1 aligned the sequences of
major capsid protein from phiWJ7 and other Rountreeviridae phages and compared the
phylogenetic relationships. The result confirmed phiWJ7 classification into
Rountreeviridae (Fig. 2B). Scanning electron micrograph (SEM) images of phiWJ7
bound to WJ7 displayed an isometric capsid of approximately 44 nm in diameter and
hardly observable tails, which are the typical morphological characteristics of

Rountreeviridae (Fig. 2C).
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ITR packaging Portal Tail fiber Tail knob Holin ITR

ssDNA DNA Major capsid Lower Head Tail spike  Glycosidase
-binding polvmerase protein collar fiber

B Bacillus phage phi29
0 Stapiniococcus phage 66
Staplniococcus phage 44AHTD
5 Staplyiococcus phage P68
Stapiyiococcus phage PSa3
Staphviococcus phage SA03-CTH2
100 Staphviococcus phage SLPW
01 100 Stapiniococcus phage Pike Andhravirus
Stapiniococcus phage Andhra .
g3| —— Tetragenocaccus phage phiwl7 )
100 I: Enterococcus phage vB_EfaP Zip Minhovirus
Enterococcus phage vB EfaP TME199
100] oo jgo[— Enterocaccus phage vB_EfaP_Ef7 4 _ _
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[y |
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Fig. 2: Characterization of phiWJ7. (A) Genetic map of the phiWJ7 genome. Arrows
indicate the possible ORFs. Functional groups are categorized into patterns (striped:
DNA replication and packaging, gray-shaded: structural proteins, dotted: bacterial lysis,
blanked: unknown). ITR indicates inverted terminal repeats and is marked by black
triangles. (B) Phylogeny of phiWJ7 and other Rountreeviridae phages based on the
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amino acid sequence relatedness of major capsid protein. The names of the six genera
belonging to the family Rountreeviridae are denoted on the right side of each phage.
Bacillus phage phi29 belongs to the family Salasmaviridae. (C) SEM image of WI7

treated with phiWJ7. Black bar represents 500 nm.

Generation of phiWJ7-insensitive derivatives and other bacteriophages lytic for
WJ7

Spontaneous phiWJ7-insensitive derivatives WJ7R1 and WJ7R2 were selected
from the parental strain WJ7 as colonies growing in the presence of phiWJ7 on LA13
agar plates. PhiWJ7 forms clear plaques to WJ7, but even with 10° pfu phiWJ7, no
plaques were formed to these derivatives (Fig. 3). However, they were infected with
other bacteriophages, phiWJ7 2 and phiWJ7 3, which were also isolated from soy
sauce mash. PhiWJ7 2 made similar plaques to phiWJ7 in clearance and size and
infected WJ7 and its derivatives. Interestingly, phiWJ7 3 formed a smaller size and a
lower number of plaques to WJ7 than to WJ7R1 and WJ7R2, which suggests that the
derivatives were more vulnerable to phiWJ7 3 instead of acquiring resistance to phiWJ7.
According to the genome sequence, phiWJ7 2 belongs to the family Siphoviridae

(unpublished data), and phiWJ7 3 is not characterized yet.

phiWwJ7 phiwJ7 2 phiwJ7_3
Dilution 10¢ 1070 102 10 104 10 109 100 10-7 104 10+ 10 100 10 107 107 104 103

volee ol HEe | & O @ T
WITRL WL‘-&_W-QJLMM_
wR e, | S RO 1[5 @IS

Fig. 3: Phage susceptibility of the host strains toward phiWJ7, phiWJ]7 2, and
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phiWJ7 3. Each phage specimen was diluted and spotted on each host strain indicated
on the left side of the panel. The various dilutions of a phage were spotted on the same

plate of a strain, though it is divided.

Detection of mutational and IS insertion sites in the two adapted genomes

To investigate the mechanism that altered the phage susceptibility of the
derivatives, whole-genome sequences of WJ7R1 and WJ7R2 were analyzed, and the
mutation sites of the derivatives were clarified by genome mapping analysis. A single
base insertion was commonly observed in both derivatives but not in ORFs (178 bp
upstream of an ORF; locus tag WJ7 08810). I considered that this mutation had
presumably occurred during the culture of the parent strain and was unlikely to
contribute to the phenotypical change. Only one other mutation was found in each
derivative. Both WJ7R1 and WJ7R2 contained a transposed insertion sequence (IS) in
the same ORF (WJ7 _16330); ISTeha3 in WI7R1 and ISTeha4 in WITR2 (Fig. 4A). In a
previous study, I found that the transposition of these IS4 family ISs plays an important
role in the disruption of the arginine deiminase system in 7. halophilus NBRC 12172
(15). Transposition activities of the ISs in WJ7 were also demonstrated here, and they
targeted a TA-rich 7 bp sequence on the ORF, which is a typical feature of these ISs.
The amino acid sequence of this mutated ORF showed 68% similarity with poly(ribitol
phosphate) polymerase (TarL) of S. aureus, and two ORFs located upstream of farL also
showed high amino acid similarity with ribitol-5-phosphate cytidylyltransferase (Tarl)
and ribulose 5-phosphate reductase (Tar]) of S. aureus. TarlJL is responsible for the

biosynthesis of Rbo-WTA (Fig. 1).
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TagGH Translocation

LepA Transfer to peptidoglycan

DItABCD D-Alanylation

Fig. 1: Biosynthetic pathways of Rbo- and Gro-WTA in S. aureus, adapted from previous
reports (30, 31, 32, 33). WTA synthesis is initiated with consecutive transfer of
N-acetylglucosamine (GlcNAc) phosphate and N-acetylmannosamine (ManNAc) to the
lipid carrier undecaprenylphosphate by TagO and TagA, on the cytoplasmic side of the
cell membrane. UDP-ManNAc is generated from UDP-GlcNAc by MnaA. In Gro-WTA
synthesis, the primase TagB adds the first Gro-P to the disaccharide unit and the

polymerase TagF extends the Gro-P chain. The precursor CDP-glycerol is generated by
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TagD. In Rbo-WTA synthesis, the TagB reaction is followed by the addition of only one
Gro-P unit by TarF. Subsequently, TarLL polymerizes Rbo-P, and TarlJ is responsible for
the generation of the precursor CDP-ribitol. Finally, the complete WTA polymers are
translocated to the extracellular space by TagGH, and are linked to the N-acetylmuramic
acid residue of peptidoglycan by Lcp family proteins, primarily LepA. The basic WTA
polymers can be decorated with glycosyl residues and/or D-alanyl moieties. (Rib-P,

ribulose 5-phosphate; Rbo, ribitol; Gro, glycerol; P, phosphate; PP, diphosphate.)
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Fig. 4: WTA synthesis genes of WJ7. (A) Schematic representation of tarlJL in T.
halophilus WJ7 and S. aureus COL, and the location of ISs transposed into tarL in

WIJ7R1 and WIJ7R2. Percentage shows the amino acid identities between 7. halophilus

and S. aureus. The derivative names and IS names are indicated on the left side and

right side of the arrows that represent the putative transposase, respectively. (B)
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Chromosomal organization of the four loci harboring the genes involved in WTA
synthesis in the NBRC 12172 and WJ7 genomes. Homologous ORFs with amino acid
sequence identities above 90% are connected with gray dotted lines, except for
transposases. The black arrows above each ORF indicate the position at which the

primers were designed.

In silico analysis of the WTA biosynthesis genes in 7. halophilus

Since IS transpositions independently occurred into tarL in the two
phage-insensitive derivatives, it is most likely that the disruption of the Rbo-WTA
synthetic pathway altered phage susceptibility. However, there has not been systematic
consideration of WTA synthesis genes in 7. halophilus before. Therefore, I first carried
out in silico analysis of the WTA biosynthetic pathways in 7. halophilus NBRC 12172,
whose complete genome was deposited in the DDBJ database (Accession number:
APO012046). The genes involved in WTA synthesis were searched by BLASTP using the
amino acid sequences of the genes in S. aureus COL as queries. As a result, the genome
of NBRC 12172 contains homologs of tagO, mnaA, tagADB, tarF, and tagGH, which
are scattered over four chromosomal loci (Fig. 4B). There are five homologs of tarF,
one of which might be fagF since tarF and tagF are homologous to each other (34).
NBRC 12172 possesses three Lcp family proteins, and one of them is assumed to be
mainly responsible for the transfer of WTA to peptidoglycan; TEH 15960, adjoining
tagG, is the most likely candidate. Thus, it was estimated that NBRC 12172 possesses
the gene set for Gro-WTA synthesis. However, it does not contain farlJL required for
Rbo-WTA synthesis. The counterparts of these genes were searched in the genome of

WIJ7. WJ7 was also estimated to contain the gene set for Gro-WTA synthesis, and tarlJL
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was located in the same chromosomal locus as tagdAB and tagF/tarF (Fig. 4B). In
conclusion, it was estimated that WJ7 is endowed with gene sets for both Gro- and
Rbo-WTA synthesis. I compared the tagA4B-containing locus with three other strains,
YAS, YA163, and YG2, for which draft genome sequences are available (5). The three
strains did not contain farlJL in their genomes, similar to NBRC 12172, and all of them
were insusceptible to phiWJ7 (data not shown).
Alditol detection from WTA of WJ7 and WJ7R1

Since WJ7 possessed gene sets for Gro- and Rbo-WTA synthesis and the
Rbo-WTA synthesis gene was disrupted in WJ7R1, I assessed the presence of Rbo and
Gro in extracted WTA from WJ7 and WJ7R1. WTA extracted from the cell walls by
trichloroacetic acid (TCA) was hydrolyzed and derivatized with benzoyl chloride
followed by analysis with liquid chromatography (LC)/mass spectrometry (MS).
Derivatized Rbo and Gro were detected as ammonium adducts, and their exact masses
were m/z 422.16 and 690.23, respectively. The derivatization efficiencies of the samples
were normalized by comparing the peak intensities of Ds-glycerol. Extracted ion
chromatograms of m/z 690.23 showed a clear peak only in the hydrolysate sample of WJ7
at the same elution time corresponding to the standard Rbo peak (Fig. 5). I also confirmed
that extracted ion chromatograms of m/z 422.16 showed clear peaks with almost the same
intensities in both the WJ7 and WJ7R1 samples at the elution time of standard Gro.
These results suggest that WJ7 produces Rbo-WTA, but the phage-insensitive derivative

WIJ7RI1 does not, while both strains produce Gro-WTA at almost the same level.
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(m/z 422.16) and Ds-Gro (1,1,2,3,3-D5-glycerol; m/z 437.19) in the cell wall samples of
WIJ7 and WIJ7RI1. Extracted ion chromatograms of Gro and Rbo in the reference

standard sample are also shown.

Bacteriophage adsorption by cell walls

The WTA of Gram-positive bacteria could be the host receptor for bacteriophage
adsorption (8). Therefore, I performed a phage adsorption assay with cell walls of WJ7
and the two derivatives. The cell walls were mixed with phiWJ7, and the bound phages
were removed by centrifugation. The phage adsorption was calculated from the free
phage titer of the supernatant. Almost 99% of phiWJ7 adsorbed to the cell walls of WJ7
(Fig.6A), which verifies a presence of a binding receptor for phiWJ7. Yet, 34-39% of
phiWJ7 adsorbed to WJ7R1 and WJ7R2, which indicates a binding receptor for phiWJ7
1s impaired in the derivatives but the derivatives still adsorb to phiWJ7. Next, I observed
irreversible phage adsorption by diluting the cell wall-phage mixtures 100-fold prior to
centrifugation, a procedure that releases reversibly bound phages (35). After the dilution,
the number of free phages was increased. However, 89% of phiWJ7 still adsorbed to the
cell walls of WJ7, whereas phiWJ7 that adsorbed to WJ7R1 and WJ7R2 were totally
released (Fig.6B), which demonstrates that WJ7 contains the irreversible binding
receptor for phiWJ7, and the derivatives lack this receptor. Considering these results
along with the fact that the derivatives have IS transposition in farL and that WJ7R1
lacks Rbo in the extracted WTA, it was estimated that Rbo-WTA is an indispensable
binding receptor for phiWJ7. Since the derivatives were reversibly adsorbed by phiWJ7,
there must be another cell wall component than Rbo-WTA involved in primary

reversible attachment.
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Fig. 6: PhiWJ]7 adsorption to the cell walls of WJ7 and the derivatives. Free phage titers
were calculated as percentages of the control (without cell walls). Cont. means control
sample. Data are expressed as the mean with error bars representing = SD (n=3). Bars
with asterisks are significantly different by Tukey's multiple comparison test (*: p<0.05,
*#: p<0.01). (A) Free phages represent total adsorption (the sum of phages reversibly
and irreversibly adsorbed). (B) Free phages after 100-fold dilution of the samples

represent irreversible adsorption.

Additional acquisition of phiWJ7-insensitive derivatives and identification of the
mutation sites

Suppose that Rbo-WTA is an indispensable binding receptor for phiWJ7, and
mutants that lack any genes participating in Rbo-WTA synthesis are expected to be
acquired as phiWJ7-insensitive derivatives. When these genes are disrupted by IS
transposition, the mutants could easily be found by comparing the length of
PCR-amplified DNA fragments containing the disrupted genes. Thus, I acquired

additional 25 phiWJ7-insensitive derivatives (WJ7R3-WJ7R27) in the same way as

125



WIJ7R1 and WIJ7R2 were obtained, and amplified the DNA region covering the WTA
synthesis genes with the primers indicated in Fig. 4B and Table 2. Surprisingly, 21 of 25
derivatives displayed elongated PCR products in the farL-containing region compared
with the product amplified from the parental strain of WJ7, and none of the derivatives
showed apparently different lengths of PCR products covering other regions (data not
shown). DNA sequence analyses revealed that the 21 derivatives had IS transposition
into either tarl, tarJ, or tarL (data not shown). These 21 derivatives showed the same
phage susceptibility as WI7R1: insensitive to phiWJ7, sensitive to phiWJ7 2 the same
as WJ7, and more sensitive to phiWJ7 3 than WJ7 (data not shown). Among the
remaining four derivatives, WJ7R12 and WJ7R24 were less sensitive to phiWJ7 2 and
phiWJ7 3 than WIJ7RI1. I considered that these two derivatives have different
mechanisms of altered phage susceptibility than WJ7R1. The other two strains, WJ7R4
and WJ7R18, showed the same phage susceptibility as WJ7R1. Hence, I analyzed the
DNA sequence of farlJL and found one base substitution in farJ of WI7R4 causing the
amino acid replacement Y102C and a 102 bp deletion from tarJ to tarL in WJ7R18. In
conclusion, all 23 additionally acquired derivatives that displayed the same phage
susceptibility as WJ7R1 contained mutations in farlJL. Lack of tarlJ also disrupts
Rbo-P polymerization by abstaining to provide the donor substrate CDP-ribitol (Fig. 1).
Bacteriophages are a significant concern for fermentation industries. Industries
have dealt with this problem for many years and are now implementing a variety of
approaches to control phages, such as factory design changes, sanitation improvement,
sterilization of raw materials, and culture rotation. However, since soy sauce is
generally manufactured in imperfectly closed facilities, it is difficult to completely

exclude bacteriophages from factories. 7. halophilus severely affects the quality of soy
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sauce products, not only by lactic acid production but also by other traits. For instance,
most 7. halophilus strains produce citrulline as a metabolic intermediate of the arginine
deiminase system. Citrulline is reported as the main precursor of the potential
carcinogen ethyl carbamate in soy sauce (36). Normally, citrulline is converted to
ornithine inside bacterial cells, but when the cells are lysed by bacteriophages, it is
discharged outside the cells and makes ethyl carbamate in soy sauce (15). Thus, phage
infection of fermentation starters remains one of the most common causes of incomplete
fermentation and product downgrading.

Extensive efforts have been made to acquire many strains suitable for starters
as a preparation for the appearance of bacteriophages (4). The use of phage-insensitive
derivatives is one of the solutions, but a mutated strain resistant to a particular phage is
not necessarily resistant to other phages, as the results clearly demonstrated, which
highlights the importance of understanding the host-phage interaction mechanisms.
Some bacterial antiphage defense systems are known, such as restriction/modification
(37), toxin/antitoxin (38), and CRISPR-Cas systems (39). In addition, cell surface
structure alterations are an important phage defense mechanism. Genetic mutations
affecting the structures or expression of phage binding receptors prevent the adsorption
of a particular phage and change phage susceptibility (40, 41). Previous studies
identified a few phage receptor molecules of Gram-positive bacteria, such as cell
membrane-associated proteins, peptidoglycan, lipoteichoic acid, and WTA (9, 42, 43).
Here, I demonstrated that phiWJ7 requires Rbo-WTA as a host receptor for irreversible
binding and that WJ7 becomes resistant to phiWJ7 by mutating Rbo-WTA synthesis
genes. Many staphylococcal Rountreeviridae phages also use Rbo-WTA as a binding

receptor (28).
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The difference in WTA structures is established as one of the determining
factors of phage susceptibility in 7. halophilus. Staphylococcal phages usually infect
strains with common WTA structures, whereas previously studied tetragenococcal
phages showed narrow host ranges and were reported to be almost "strain-specific" (3).
It was estimated that phiWJ7 recognizes its hosts by combining Rbo-WTA and the
still-unknown reversible binding receptor. The receptors of phiWJ7 2 and phiWJ7 3
are not known, but they are not Rbo-WTA. Accordingly, other receptors in addition to
Rbo-WTA should also play an important role in host recognition by tetragenococcal
phages. In this study, however, most of the derivatives obtained for phiWJ7 resistance
contained a mutation in farlJL. The reason why the derivatives devoid of reversible
binding receptors for phiWJ7 could scarcely be acquired is perhaps because the
reversible binding receptor is not essential for infection of some phages and only allows
their rapid recognition of irreversible binding receptors (35). Another possibility is that
the reversible binding receptor for phiWJ7 is indispensable for the cell viability of WJ7.
WIJ7 becomes more vulnerable to phiWJ7 3 when Rbo-WTA synthesis genes are
disrupted. The reason is unclear, but possibly Rbo-WTA masks the receptor for
phiWJ7 3 and prevents phiWJ7 3 adsorption, or the expression level of the receptor for
phiWJ7 3 is changed as Rbo-WTA synthesis is impaired.

The in silico analysis of the WJ7 genome and the chemical analysis of the WTA
extracted from WJ7 suggested the presence of both Gro- and Rbo-WTA, but their
structures and synthetic pathways are not fully clarified. In S. aureus, tarlJL is located
upstream of tarS encoding a glycosyltransferase that attaches B-GIlcNAc residues to
Rbo-WTA (44), while ftarlJL of WJ7 is followed by a putative polysaccharide

pyruvyltransferase (Fig. 4A). Nocardiopsis metallicus actually produces Rbo-WTA with
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pyruvate residues (45). Further research is necessary to fully understand the structures
and biosynthetic pathways of WTA in T. halophilus.

In the context of host-phage interactions, WTA is often regarded as the host
receptor for phage adsorption, and I added additional evidence to show this.
Additionally, various roles of WTA were proposed, such as protection of pathogens
from host defense and antibiotics, regulation of cell division, ion homeostasis, adhesion,
and biofilm formation (10). The WTA function for 7. halophilus is unclear. The deletion
of tagO, whose product catalyzes the first step in WTA synthesis, results in a complete
lack of WTA in cell walls and is not lethal for S. aureus (46). Nevertheless, tagO
mutants were not obtained in this study, suggesting that WTA may play some important
roles in T halophilus and that fagO mutants may severely be compromised, as in
Bacillus subtilis (47). In S. aureus, the disruption of late-stage Rbo-WTA synthesis
genes such as tagBDGH and tarFIJL is lethal, probably because the accumulation of
undecaprenol-linked intermediates depletes lipid carriers that are also needed for
peptidoglycan synthesis (48). In 7. halophilus, tarlJL mutants were obtained, and under
laboratory conditions, WJ7R1 and WIJ7R2 were not different in growth rate and
morphology from WJ7 (data not shown). I hypothesized this is because tarlJL mutants
do not accumulate the intermediates but use them for Gro-WTA production.
Lactiplantibacillus plantarum activates Rbo-WTA synthesis genes when fagF is
impaired (49).

Despite notable industrial concern, little is known about tetragenococcal
phages. Only three phages, ®7116 (Myoviridae), ®D-86, and ®D10 (both Siphoviridae),
have been characterized thus far, but their genomic sequences have not been published

(3, 4). 1 present the complete genome sequence of phiWJ7 belonging to the
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Rountreeviridae family. The phiWJ7 genome resembles those of some staphylococcal
Rountreeviridae phages in genome size, protein sequence homology, and the presence
of long inverted terminal repeats. PhiWJ7 presumably evolved from a common ancestor
of such phages. I compared the genome of phiWJ7 with that of Staphylococcus phage
P68 (see Fig. 2B) in which the virion-constituting proteins were identified and the
virion-structures were elucidated (50). Among ten structural proteins of P68, six showed
similarity with the proteins of phiWJ7 by BLASTP search. P68 binds to Rbo-WTA and
the tail fiber is responsible for the adsorption. The ORF12 of phiWJ7 showed 34%
amino acid similarity to the tail fiber of P68, which suggests ORF12 of phiWJ7 is
involved in the interaction with Rbo-WTA. The head fiber of P68 is considered to
function in the primary reversible attachment of the phages to cells. Although none of
the proteins of phiWJ7 showed similarity with the entire head fiber of P68, the
N-terminal part of ORF13 of phiWJ]7 was similar to that part of P68 head fiber. The
head fiber of P68 contains N-terminal capsid-binding domain and the C-terminal
receptor binding domain. Hence, ORF13 of phiWJ7 is likely to code the head fiber but
bind to a different receptor from P68.

In this study, IS7eha3, ISTeha4, and 1STeha5 played important roles in the
disruption of the Rbo-WTA synthetic pathway, which emphasizes the contribution of
ISs to mutations and the evolution of 7. halophilus. First, I discovered the transposition
of these ISs in UV-irradiated derivatives (15), but it was shown here that transposition
occurred spontaneously without UV irradiation. Unfortunately, the lack of an
established transformation technique in 7. halophilus makes it difficult to adopt cloning
strategies to analyze gene functions. In this study, I adopted a strategy utilizing intrinsic

ISs, which is similar to a transposon mutagenesis system. It is advantageous that the
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transposition of ISs can be easily detected by PCR amplification if the transposition site
is predicted and that the mutant strains do not contain foreign genes so they can
immediately be available in a food grade form. On the other hand, the disadvantage is
that the transposition is uncontrollable in frequency and location. The ISs used here
preferentially target AT-rich regions and are relatively difficult to insert into shorter
ORFs. Since a number of genes other than tarlJL contribute to Rbo-WTA synthesis and
their total length is sufficiently long compared with farlJL, I think the unsuccessful
acquisition of mutants in which such genes were disrupted by ISs is likely to be caused
by the reason described above. However, when expecting short genes without sufficient
AT-rich regions to be disrupted, the necessity to consider the difficulty of IS insertion
increases. | hope to understand the nature of these ISs better, and hope that the
technique will be developed in the future to obtain derivatives in which a particular gene
is impaired by the ISs. Such a technique will contribute to the development of efficient

strategies against bacteriophage infections.
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SUMMARY

Tetragenococcus halophilus, a halophilic lactic acid bacterium, is used in the
fermentation process of soy sauce manufacturing. For many years, bacteriophage
infections of 7. halophilus have been a major industrial problem that causes
fermentation failure. However, studies focusing on the mechanisms of tetragenococcal
host-phage interactions are not sufficient. In this study, I generated two phage-insensitive
derivatives from the parental strain 7. halophilus WJ7, which is susceptible to the
virulent phage phiWJ7. Whole-genome sequencing of the derivatives revealed that
insertion sequences were transposed into a gene coding poly(ribitol phosphate)
polymerase (TarL) in both derivatives. TarL is responsible for the biosynthesis of
ribitol-containing wall teichoic acid, and WJ7 was confirmed to contain ribitol in
extracted wall teichoic acid, but the derivative was not. Cell walls of WJ7 irreversibly
adsorbed phiWJ7, but those of the phage-insensitive derivatives did not. Additionally,
25 phiWJ7-insensitive derivatives were obtained, and they showed mutations not only
in tarL but also in tarl and tarJ, which are responsible for the synthesis of CDP-ribitol.
These results indicate that phiWJ7 targets the ribitol-containing wall teichoic acid of
host cells as a binding receptor.

Information about the mechanisms of host-phage interactions is required for
the development of efficient strategies against bacteriophage infections. Here, I
identified the ribitol-containing wall teichoic acid as a host receptor indispensable for
bacteriophage infection. The complete genome sequence of tetragenococcal phage
phiWJ7 belonging to the family Rountreeviridae is also provided here. This study could
become the foundation for a better understanding of host-phage interactions of

tetragenococci.
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SECTION 2
Identification of capsular polysaccharide synthesis loci determining bacteriophage

susceptibility in ZTetragenococcus halophilus

Tetragenococcus halophilus, a Gram-positive halophilic lactic acid bacterium,
plays an important role in the fermentation process of a variety of salted and fermented
foods, such as salted fish, vegetable pickles, and soy sauce (1, 2, 3). Bacteriophages
infecting 7. halophilus can impede lactic acid fermentation and decrease the quality of
food products (4, 5, 6). Tetragenococcal phages typically display narrow host ranges,
but the genetic background for this phenotypical characteristic has been poorly studied
thus far. To develop efficient strategies against bacteriophage infections, the
mechanisms of tetragenococcal host-phage interactions must be understood in detail.

The first step of phage infection is a highly specific attachment to binding
receptors on the host cell surface. Some phage receptors of Gram-positive bacteria have
been identified, such as peptidoglycan, membrane-associated proteins, wall teichoic
acid (WTA), and lipoteichoic acid (LTA) (7, 8, 9). The presence of specific receptor
molecules is necessary for phage infections, which largely dictates the host ranges of the
respective phages. Tetragenococcal phage receptors have not been well characterized. In
the previous section, I identified ribitol-containing WTA as a receptor for 7. halophilus
phage phiWJ7, but another cell wall component was presumed to be involved in phage
adsorption since phiWJ7 and other phages could still adsorb to the strains lacking
ribitol-containing WTA (6).

The cell walls of lactic acid bacteria frequently contain diverse polysaccharides

in addition to peptidoglycan and WTA (10). Such polysaccharides can be divided into
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three major groups: capsular polysaccharides (CPSs), exopolysaccharides (EPSs) and
cell wall polysaccharides (CWPSs); note that this grouping is not strictly defined. CPSs
are covalently attached to peptidoglycan and form a capsule around the bacterium. EPSs
are secreted into the environment and loosely associated with the cells. CWPSs are
attached to the cell wall but do not form a capsule. These polysaccharides can also
interact with phages. For instance, a CWPS of Lactococcus lactis was identified as a
receptor for some phages (11), whereas EPSs of L. lactis can act as a physical barrier
against phage infection and protect bacteria (12).

The majority of CPSs are produced via the so-called Wzx/Wzy-dependent
pathway (13). In this pathway, synthesis of a repeat unit occurs in the cytoplasm. Then,
the repeat units are translocated to the outer side of the cell membrane by the Wzx
flippase. The Wzy polymerase connects the repeat units and extends the sugar chain.
The mature CPSs are finally attached to peptidoglycan. The gene clusters for the
production of CPSs known as cap/cps loci have been described in many Gram-positive
bacteria, including lactic acid bacteria (14, 15). Despite numerous structural and
compositional varieties of CPSs, the overall organization and the core genes of cap/cps
loci are well conserved in species and are similar even beyond genera. Streptococcus
pneumoniae, in which CPS structures and synthesis genes are best studied, conserves
cpsABCD as the first four genes of the ¢ps locus (16). cpsABCD is implicated in CPS
regulation and posttranslational synthesis modulation (17), and the immediately
downstream region contains genes encoding glycosyltransferases, acyltransferases and
other modifying enzymes, nucleotide sugar synthesis enzymes, Wzx flippase, and Wzy
polymerase. The genes located downstream of cpsABCD are highly diverse among

strains and thereby generate a variety of CPS patterns in S. pneumoniae. The repeating
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units of CPSs in S. pneumoniae have two to eight saccharide residues and are often
decorated with O-acetyl, pyruvyl, and phosphoglycerol substitutions (18). More than
100 serotypes were distinguished based on the structures of CPS in S. pneumoniae (19).
Many other Gram-positive bacteria possess genes homologous to cpsABCD as the core

genes of cap/cps loci.

The purpose of this study was to clarify the genes determining phage
susceptibilities in 7. halophilus, especially the genes affecting adsorption by phages, and
to reveal the reason for the narrow host ranges of tetragenococcal phages. As a result, |
discovered the cps loci responsible for CPS synthesis and demonstrated that mutations
in the ¢ps loci can change phage susceptibilities in 7. halophilus. Moreover, it was
suggested that tetragenococcal phages utilize CPSs as a binding receptor and/or degrade
CPSs to approach other receptors. These findings will serve as an important basis for
future studies on tetragenococcal host-phage interactions and for the development of

industrial countermeasures against bacteriophage infections.

Materials and methods

Bacterial strains, bacteriophages, media and culture conditions

The bacterial strains and phages mainly used in this study are summarized in
Table 1. The derivatives derived from YAS and YG2 were obtained as described below.
T. halophilus strains were cultured in MRS-10 or LA13 medium (20). MRS-10 is
Lactobacilli MRS Broth (Difco, Detroit, MI) supplemented with 10% NaCl. Liquid
media were statically incubated, and agar plates were incubated under anaerobic
conditions using AnaeroPack (Mitsubishi Gas Chemical, Tokyo, Japan) at 30 °C. Cell

morphology was observed with a BX53 optical microscope (Olympus, Tokyo, Japan).
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Table 1. Bacterial strains and bacteriophages mainly used in this study.

Description

Source or Reference

Tetragenococcus halophilus
YAS
YAS5R1
YASRIRI1
YASR2 (YAS_pyruvylTrfase::IS)
YG2
YG2R1 (YG2 pgm::IS)
YG2R2 (YG2_wzy::IS)
YG2R48 (YG2_acylTrfase::IS)
Bacteriophage
phiYAS
phiYAS 2

phiYG2 4

Sensitive for phiYAS and phiYAS 2.

PhiY A5-resistant derivative from Y AS.

PhiYAS 2-resistant derivative from YAS5SRI.

PhiYAS 2-resistant derivative from YAS.
Sensitive for phiYG2 4.

PhiYG2 4-resistant derivative from YG2.
PhiYG2 4-resistant derivative from YG2.

PhiYG2 4-resistant derivative from YG2.

Lytic for YAS.
Lytic for YAS. Rountreeviridae.

Lytic for YG2.

21)

Generated in this study.
Generated in this study.
Generated in this study.
(22)

Generated 1n this study.
Generated in this study.

Generated 1n this study.

Isolated from soy sauce mash.
Isolated from soy sauce mash.

Isolated from soy sauce mash.
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Manipulation of bacteriophages and generation of phage-resistant mutants

Uchida & Kanbe developed a manipulation method for tetragenococcal phages
(4), and I modified this method as described previously (6). Briefly, instead of using the
general soft agar overlay technique, the bacterial suspension was diluted with saline and
spread on LLA13 agar plates by tilting the plate to form plaques. To obtain spontaneous
phage-resistant mutants, the parental strain was incubated with >107 pfu of phages on
LAI13 plates, and the surviving colonies were selected. To observe the enzymatic
activity of the virions, phage particles were UV irradiated using a germicidal lamp
(GL-15; Panasonic, Kadoma, Japan) at a distance of 50 mm for 10 min.
DNA preparation and genome sequencing

Genomic DNA from 7. halophilus was isolated using the DNeasy PowerSoil
Pro Kit (QIAGEN, Hilden, Germany) and QIAcube, an automated system (QIAGEN).
Genomic DNA from bacteriophage phiYAS 2 was isolated using the Phage DNA
Isolation Kit (Norgen Biotek, Thorold, Canada). The quantity and purity of the DNA
were assessed with a Qubit dsSDNA BR Assay Kit (Thermo Fisher Scientific, Waltham,
MA) and NanoDrop 1000 spectrophotometer (Thermo Fisher Scientific). An Illumina
Nextera DNA Flex Library Prep Kit (Illumina, San Diego, CA) was used to prepare the
genomic DNA library. Whole-genome sequencing was conducted using the Illumina
MiSeq sequencing platform with a paired-end sequencing strategy (2 % 300 bp). Adapter
sequences and low-quality regions in the Illumina reads were trimmed using Trim
Galore! v.0.6.4 with default parameters
(https://www.bioinformatics.babraham.ac.uk/projects/trim_galore/). De novo assembly
of phage genomes was conducted as previously described (6). Briefly, read data were

mapped onto the host genome to remove the contaminated host genome sequence, and
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unmapped read pairs were used for the de novo assembly with SPAdes v. 3.13.0 (23).
The DDBJ Fast Annotation and Submission Tool was used for gene detection and
genome annotation of the draft genome assemblies with default settings (24).
Genome mapping analysis and mutation search of the derivatives

To detect the mutation sites of YASRI, YASRIRI1, and YG2R1, the genome
data of 7. halophilus YAS, YA5R1, and YG2 were used as the reference sequence for the
genome mapping analysis. The genome sequences of YAS5 (DRA accession numbers:
DRR424329) and YG2 (DRR220997) were previously published (25). The Illumina
sequence reads of the derivatives were mapped to the reference sequence of the parental
strain using BWA with default parameters (26). Single nucleotide polymorphisms and
indels were detected by the Genome Analysis Toolkit (GATK) (27, 28). For the
detection of the transposon insertion sites, breseq v.0.31.0 was used with default
parameters (29). To find the IS transposition in the additionally acquired derivatives
YASR2-YASR17 and YG2R2-YG2R49, the primer sets YAS5 22620 and YAS 22670,
YAS 22670-2 and YAS 22740, YAS 22740-2 and YAS 22800, YAS5 22800-2 and
YAS 22880, YAS 22670-2 and YG2 06590, YG2 06590-2 and YG2 06630, and
YG2 16110 and YG2 16130 were used to amplify the DNA region covering CPS
synthesis genes (Table 2, Fig. 1). The PCR products amplified with DNA polymerase
KOD FX Neo (Toyobo, Osaka, Japan) were purified using the Wizard SV Gel and PCR
Clean-Up System (Promega, Madison, USA), and the resulting DNA fragment was
analyzed by a commercial DNA sequencing service (Fasmac, Atsugi, Japan/Eurofins

Genomics, Tokyo, Japan).
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Table 2. Primers used in this study.

Primer name Sequence (5'—3")

YAS 22620 TCGCGTTGGTAACGCAG

YAS 22670 GTGCGCATCCGAAGC

YAS 22670-2 AAACAGCGCAAGAAATGGTAG

YAS 22740 TTTAATTGAACTGCATTACGTACCC
YAS 22740-2 TCTGTTGTAGATGAAGTCGAGGG
YAS 22800 CCACACTCCGAATCTTCTCC

YAS 22800-2 TCGACAGTTCCGGTTGG

YAS 22880 TCAGCATGGCGGGG

YG2 06590 AATGAATGGTACTAACAACTCTCGG
YG2 06590-2 GGGAATTCGGACGCG

YG2 06630 CAAAGGTAACAGCTTTTTAGGGATG
YG2 16110 CCAGTACGATTTTCAAACGAGTC
YG2 16130 GGTACACTCGCTCGCTCC

CPS extraction and analysis

CPSs were roughly quantified following the method of Ha et al. (30). Briefly,
cells were grown to stationary phase in MRS-10 medium and harvested by
centrifugation (8,000 x g, 5 min, 4 °C). The pellets (0.2 g) were washed with sodium
phosphate buffer (50 mM, pH 7.0) and suspended in 2 mL of sodium phosphate buffer
containing 70 mg lysozyme. After incubation at 37 °C for 24 h, the supernatant was
recovered by centrifugation and treated with DNase, RNase, and Proteinase K. The

supernatant was adjusted to a concentration of 30% (v/v) ethanol and cooled at 4 °C for
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2 h, and the precipitate was removed by centrifugation. Then, the supernatant was
adjusted to a concentration of 80% ethanol and precipitated. CPSs were collected by
centrifugation and lyophilized. For quantification analysis of CPSs, a modified phenol—
sulfuric acid method was employed. The dried pellet was resuspended in 600 pL of
water, and 300 pL of 5% phenol was added. Then, 1.5 mL of 95% sulfuric acid was
mixed and allowed to develop color for 10 min at room temperature. Finally, the
intensity of the color was measured at 490 nm with a spectrophotometer. The
concentration of the extracted CPSs was calculated based on the color intensity of the
glucose standard. For sugar composition analysis, hydrolysates of CPSs (2 M HCI,
100 °C, 3 h) were analyzed with a reducing sugar analysis system LC-20 (Shimadzu,
Kyoto, Japan). For imaging, cells cultured in MRS-10 medium were collected by
centrifugation, fixed with 2% glutaraldehyde in 0.1 M cacodylate buffer (pH 7.0) and
stained with 2% osmium tetroxide containing 0.8% sucrose. The cells were then
stepwise dehydrated in ethanol solutions of increasing concentration and embedded in
Epon 812. Ultrathin sections were prepared and stained with 2% uranyl acetate and lead.
TEM observation was carried out with an H-7600 microscope (Hitachi Ltd., Tokyo,
Japan) at Hanaichi UltraStructure Research Institute (Okazaki, Japan).
Bacteriophage adsorption assay

Phage adsorption by cells was measured by the method of Baptista et al. (31).
Cells were grown in LA 13 liquid medium to OD=0.5 and sterilized by heating at 60 °C
for 30 min. Phages were mixed with cells and incubated at 30 °C for 2 h. Control
mixtures without cells were used to confirm the phage input in the experiment. After
incubation, the mixture was centrifuged (6,000 x g, 5 min, 4 °C), and the supernatant

was assayed for plaques using YAS for phiYAS and phiYAS 2 and YG2 for phiYG2 4
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as the indicator strain. Unbound free phages in the supernatants after centrifugation
were enumerated.
Statistical analysis

The data were analyzed using R software (version 3.6.0; www.r-project.org).
Comparisons of the two groups were performed using an unpaired t test. The data
involving more than two groups were assessed by one-way ANOVA followed by post
hoc Tukey’s multiple comparison test. Statistical significance was considered at p <

0.05.

Bioinformatics and data availability

BLAST was used for the DNA and amino acid sequence analysis. Illumina
sequence reads of YAS5RI1, YAS5RIRI, and YG2R1 were deposited in the DDBJ
Sequence Read Archive. The DRA accession numbers for YASR1, YASRIR1, YG2RI,
and phiYA5 2 are DRR424330, DRR424331, DRR424332, and DRR424333,
respectively. The BioProject number is; PRIDB9642 for DRR424330, DRR424331, and
DRR424332; PRIDB12096 for DRR424333. Other sequence data were deposited in the

DDBJ database with accession numbers LC720293-LC720358.

Results and discussion

Generation of phage-resistant derivatives and detection of mutational sites

To investigate the genes determining phage susceptibility in 7. halophilus, 1
tried the acquisition of spontaneous phage-resistant derivatives and determination of
their mutated sites. Two host strains, YAS and YG2, and phages infecting these strains
were mainly used in this study (Table 1). Phage-resistant derivatives derived from these

strains were selected as colonies growing in the presence of the phages, and the mutation
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sites of the derivatives were clarified by whole-genome sequence analysis. A YAS
derivative resistant to phage phiYAS5 was obtained, which I refer to as YASR1 (data not
shown). The genome mapping analysis revealed no mutation sites in YA5R1 (data not
shown). The mutation responsible for the phenotypical change in YASR1 might have
occurred in a region missing from the draft genome analysis. Unfortunately, I could not
determine the mutation site and did not conduct further investigation because the
adsorption to YASR1 by phiYAS was not impaired, which shows that YASR1 does not
have a mutation involved in phage adsorption (data not shown). Intriguingly, another
phage, phiYAS5 2, formed larger plaques to YASRI than to YAS (data not shown).
Subsequently, a YASR1-dirivative resistant to phage phiYAS5 2 was obtained, which I
refer to as YASRIRI. YASRIR1 contained only one mutation: transposition of an
insertion sequence (IS) in an ORF encoding putative polysaccharide pyruvyltransferase
(locus tag; YAS 022780). Another host strain, YG2, is susceptible to phage phiYG2 4,
and the phiYG2 4-resistant derivative YG2R1 was obtained from YG2 (cf. Fig. 3).
YG2R1 contained an 8 bp deletion outside ORFs (744 bp upstream of YG2 08150) and
a transposed IS in an ORF encoding a-phosphoglucomutase (YG2 16120).
Identification of capsular polysaccharide synthesis (cps) loci

The gene mutated in YASRIRI1 (putative polysaccharide pyruvyltransferase)
clustered with the genes similar to cpsACDB of Enterococcus faecium, the core genes to
CPS synthesis loci (Fig. 1A). The ¢ps locus of E. faecium contains cpsACDB and an
unnamed gene adjacent to cpsA. These five genes are well conserved in E. faecium and
are flanked by genes that are nonhomologous among strains (32). The comparison of the
cps loci of YAS and YG2, and those of six 7. halophilus strains whose complete

genomes had been deposited in the DDBJ database, revealed that 7. halophilus also
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conserves the five genes upstream of the variable regions that contain genes for various
glycosyl transferases, modifying enzymes, sugar precursor synthesis enzymes, a repeat
unit flippase (Wzx), and a polysaccharide polymerase (Wzy) (Fig. 1A). Generally,
genetic variation of ¢ps loci can create different CPS patterns (16), which implies the
structural difference of CPSs between YAS and YGQG2. I extracted CPSs from YAS and
YG2 and analyzed their sugar composition by high-performance liquid chromatography
(HPLC) (data not shown). Only glucose was detected in the hydrolysates from both
strains, but they should contain other types of components, such as amino sugars, uronic
acids, sialic acids, and sugar alcohols. Polysaccharide pyruvyltransferase of YAS is
presumed to be one of the modifying enzymes for CPS synthesis, indicating that the
mutation might have affected the structure and/or expression of CPSs. The gene that
contained a transposed IS in YG2R1 (a-phosphoglucomutase) was not located in the cps
locus, but a-phosphoglucomutase contributes to the generation of sugar precursors such
as UDP-glucose and UDP-glucuronic acid for CPS synthesis (33). Based on these
results, I hypothesized that CPSs of T. halophilus would be involved in the interactions

with phages.
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Fig. 1: Schematic representation of CPS synthesis genes in 7. halophilus. The black
arrows above ORFs represent the position at which the primers were designed. The
location of ISs transposed in each derivative is indicated by black triangles below ORFs.
(A) Comparison of ¢ps loci in T. halophilus YAS, YG2, and E. faecium 1,141,733. The
percentage shows the amino acid identities between 7. halophilus and E. faecium. (B)

Schematic representation of the a-phosphoglucomutase gene in YG2.

Screening of additional cps derivatives

Unfortunately, a feasible transformation technique for 7. halophilus has not
been established thus far (6), which did not allow me to use a general gene deletion and
complementation strategy for the analysis of gene function. However, intrinsic ISs of 7.
halophilus jump within the genomes quite actively, and the transposition of ISs can be
detected by comparing the length of PCR-amplified DNA fragments covering the
targeted genes between the derivative and the parental strain (6, 21). Suppose that the
deletion or structural alteration of CPSs is responsible for the altered phage
susceptibility in the derivatives, and other additional phage-resistant derivatives with
transposed ISs into the c¢ps loci are expected to be found easily. Hence, I obtained
additional phiYAS 2-resistant derivatives from YAS5 and phiYG2 4-resistant derivatives
from YG2 and amplified their DNA region covering the c¢ps loci and
a-phosphoglucomutase gene with the primers shown in Fig. 1 and Table 2. As expected,
16 of 31 phiYAS5 2-resistant derivatives showed elongated PCR products covering a
part of the ¢ps locus (data not shown), and they were named YASR2-YASR17. DNA
sequence analyses revealed that all 16 derivatives contained ISs on the polysaccharide

pyruvyltransferase gene, similar to YASRIR1 (data not shown). For YG2, among
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approximately 700 phiYG2 4-resistant derivatives, 41 derivatives had ISs on
a-phosphoglucomutase, the same as YG2RI1; two ISs, ISTeha7 and ISTeha8, were
identified as active for the first time here. In addition, one derivative had an IS on the
wzy polymerase gene (YG2 06590), and six derivatives had ISs on a putative
acyltransferase gene (YG2 06600). The additional phiYG2_4-resistant derivatives were
named YG2R2-YG2R49. The successful acquisition of the additional cps derivatives
from both host strains strongly suggests the involvement of ¢ps loci with host-phage
interactions in 7. halophilus. 1 picked four derivatives containing an IS in each gene and
used them for further investigation. Hereafter, I will refer to these selected derivatives as
YAS pyruvylTrfase::IS (YASR2), YG2 pgm::IS (YG2R1), YG2 wzy:IS (YG2R2),
and YG2 acylTrfase::IS (YG2R48) (Fig. 1, Table 1). Under laboratory conditions,
YG2 pgm::IS and YG2 acylTrfase::IS grew as fast as the parental strain YG2 (data not
shown). The growth of YG2 wzy::IS was delayed, possibly because the wzy mutation
accumulates synthetic intermediates and depletes lipid carriers that are also needed for
peptidoglycan synthesis (34, 35). This might explain the infrequent acquisition of the
wzy mutant in this study. YAS and YG2 form cell clusters due to the lack of
peptidoglycan hydrolase activity required for daughter cell separation (22). CPSs have
also been suggested to be involved in the bacterial aggregation phenotype (36), but cps
derivatives from YG2 form cell clusters the same as YG2 (data not shown), which
denies the relation between CPSs and the cluster-forming phenotype in this case.
CPS analysis of the derivatives

To assess the CPS production of the c¢ps derivatives, cell surface
polysaccharides from YAS, YG2, and their derivatives were extracted and quantified by

a phenol-sulfuric acid method (Fig. 2AB). YAS pyruvylTrfase:: IS produced no less
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polysaccharides than the parental strain YAS. Therefore, YAS pyruvylTrfase::IS is
likely to produce adequate amounts of CPS, but it probably has a structural alteration.
The three YG2 derivatives produced fewer glycopolymers than the parental strain,
which shows that CPS production by the derivatives was severely damaged.
a-phosphoglucomutase prepares donor substrates for CPS synthesis, and Wzy
polymerase polymerizes CPS chains, which suggests that both genes are essential for
CPS synthesis. Accordingly, I considered that the CPS production of these derivatives is
almost completely lost. The remaining reactants in these derivatives could be other
types of cell surface polysaccharides, such as WTA. On the other hand, acyltransferase
is predicted to be involved in the decoration of CPSs and not indispensable for CPS
synthesis, and YG2 acylTrfase::IS produced slightly more polysaccharides than
YG2 pgm::IS and YG2 wzy::IS, which implies the possibility that the CPS production
of YG2 acylTrfase::IS is not completely lost. YG2 and its derivatives were visualized
through transmission electron microscopy (TEM) (Fig. 2C). Filamentary structures
(>400 nm for long ones) were observed outside the cell walls of YG2, but the three
derivatives forfeited such structures. These results demonstrated that the ¢ps loci in T.
halophilus are responsible for the production of CPSs, which were observed as
filamentary capsule structures. Although I expected YG2 acylTrfase::IS to display a
slight capsule, it seems that the CPS amounts of YG2 acylTrfase::IS were not enough to
be observed. Since some parts of the filaments are bleary, it is likely that the visible
filaments are only a part of the CPSs and that the CPSs, though invisible by TEM,
possibly form a layer around cells. Particularly thick filaments might have been created
by aggregation of CPSs during TEM fixation/staining. The cell wall thickness of

YG2 pgm::IS was decreased, probably because a-phosphoglucomutase contributes not
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only to the synthesis of CPS but also other polysaccharides, such as WTA and LTA (37).
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Fig. 2: Cell surface polysaccharide analysis in 7. halophilus. (A) Quantification of
polysaccharides in YAS and its derivative. Data are expressed as the mean with error

bars representing + SD (n=3). (B) Quantification of polysaccharides in YG2 and its
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derivatives. Data are expressed as the mean with error bars representing + SD (n=3). (C)
TEM image of YG2 and its derivatives. Arrows indicate the filamentous structures

outside the cell walls of YG2.

cps derivatives have altered phage susceptibility

The susceptibility of the cps derivatives to phiYAS 2 and phiYG2 4 was
investigated by plaque formation assays (Fig. 3A). As expected, YAS pyruvylTrfase::IS
was not infected by phiYAS 2. Surprisingly, the three cps derivatives from YG2 were
susceptible to phiYAS5 2, although the parent strain was not. YG2 pgm::IS and
YG2 wzy::IS became resistant to phiYG2 4, but curiously, YG2 acylTrfase::IS was
still susceptible to phiYG2 4 as well as the parent strain, although it had been obtained
as a phiYG2_4-resistant strain. To address this discrepancy, the cultures of YG2 and its
derivatives were diluted and spotted on LA13 agar plates with or without phiYG2 4
(Fig. 3B). YG2 pgm::IS and YG2 wzy:: IS were not affected by the presence of
phiYG2 4. The growth of YG2 acylTrfase::IS was slightly inhibited, but the parent
strain YG2 was further obstructed by phiYG2 4. Taken together, it was concluded that

YG2 acylTrfase::IS acquired resistance to phiYG2_ 4 but was not insensitive.
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Fig. 3: Phage susceptibility of YAS, YG2, and their derivatives. (A) PhiYAS5 2 and

LULLE

phiYG2 4 specimens were serially diluted 10-fold from left to right and spotted on each
host strain. (B) YG2 and its derivatives were grown with or without phiYG2 4. More
than 10° pfu of phiYG2 4 was plated prior to spotting cells. The cells were serially

diluted 10-fold from left to right.

Bacteriophage adsorption to the cps derivatives
Bacterial CPSs are reported to act as barriers and/or receptors for phages (38,

39). Hence, I speculated that the adsorption to the cps derivatives by the phages was
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affected in some way, which conferred phage resistance to the derivatives. I performed a
phage adsorption assay with YAS, YG2, and their derivatives. The cells were mixed with
the phages, and the bound phages were removed by centrifugation. Phage adsorption was
measured from the free phage titers of the supernatant. YAS5, YG2 pgm:IS, and
YG2 wzy::IS were adsorbed by phiYAS 2 (Fig. 4A), consistent with the results of the
plaque formation assay (Fig. 3A). These data verify the presence of a binding receptor
for phiYAS 2 in both YAS and YG2. The structural change in CPSs that occurred in
YAS_ pyruvylTrfase::IS could possibly have prevented adsorption by phiYAS 2, but the
loss of CPSs of YG2 allowed phiYAS 2 to adsorb. These results indicated that CPSs are
a barrier rather than a receptor to phiYAS5 2. It is likely that CPSs hide the other
receptor molecules on the cell surface, but phiYAS 2 specifically breaks through the
CPSs of YAS and approaches the receptor (see below results). The adsorption by
phiYG2 4 to YG2 was also confirmed, but the three cps-derivatives from YG2 were not.
This is consistent with the resistance to phiYG2 4 (Fig. 3B). The fact that the CPSs of
YG2 are required for adsorption by phiYG2 4 suggests that the CPSs of YG2 are a
specific receptor for phiYG2 4. The lack of structural decoration in CPSs of
YG2 acylTrfase::IS perhaps made the adsorption by phiYG2 4 less efficient and
conferred resistance against phiYG2 4 on YG2 acylTrfase::IS. It can also be guessed
that phages could bind to hosts less efficiently when they were dispersed in liquid
compared to when they were densely packed on an agar plate. The reason for the strong
plaque formation to YG2 acylTrfase::IS by phiYG2 4 (Fig. 3A), despite the decreased
adsorption efficiency, may be because the thinning of capsule facilitates phage

infection; even if the phage targets capsule (40).
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Fig. 4: Phage adsorption to the host cells. Free phage titers after centrifugation were
calculated as the ratio of the control (without cells). Cont. means control sample. Data
are expressed as the mean with error bars representing = SD (n=3). Bars with different

letters are significantly different by Tukey's multiple comparison test. (A) Adsorption by
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phiYAS 2. (B) Adsorption by phiYG2 4.

PhiYAS 2 possesses the CPS depolymerase

As described above, it was estimated that CPSs prevented the adsorption to
host cells by phiYA5 2, but phiYAS5 2 specifically overcame the CPSs of YAS. CPSs
have been reported to act as physical barriers against phages, and phages are equipped
with various virion-associated enzymes to penetrate CPSs, termed polysaccharide
depolymerases (41). Virions of phiYAS5 2 were spotted on each strain after UV
irradiation, which renders the virion noninfective but leaves the enzymatic activity of
viral proteins (42). The phage particles formed no plaques but created translucent zones
on YAS, YG2 pgm::IS, and YG2 wzy:: IS, which clearly shows that the virions of
phiYAS 2 possess the activity to degrade cell components of the host strains (Fig. 5A).
This result is in good agreement with the adsorption experiment (Fig. 4A), suggesting
that cell component degradation by virion-associated enzymes is a prerequisite for
phage adsorption to receptors (or vice versa). Since these zones were formed not only
on YAS but also on CPS-deficient derivatives from YG2, I hypothesized that the zones
were brought about by peptidoglycan degradation. Adsorption by multiple phages that
cleave a pore in the bacterial cell walls causes instant cell lysis (43). Depolymerases can
cause CPS degradation prior to infection and result in plaque-surrounding halos, which
are the typical hallmark for the presence of depolymerases (41). I carefully observed the
plaques of phiYAS 2 and noticed turbid halos around the plaques on YAS (Fig. 5B).
Such halos were not formed around the plaques on YG2 pgm::IS, YG2 wzy::IS, and
YG2 acylTrfase::IS, which suggests that phiYAS 2 possesses the depolymerase

digesting the CPSs of YAS. The fact that YG2 were not lysed but the cps derivatives
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from YG2 were lysed by UV-inactivated phiYAS 2 supports that CPSs are a barrier for
peptidoglycan hydrolase to contact cell walls. Taken together, I consider that the cell
lysis of YAS by inactivated phiYAS 2 was synergistically caused by CPS depolymerase
and peptidoglycan hydrolase, while the cell lysis of YG2 pgm::IS and YG2 wzy::IS
was caused by peptidoglycan hydrolase alone. YG2 pgm::IS was more susceptible to
the UV-inactivated virion of phiYAS5 2 than YAS and YG2 wzy::IS, possibly because
the disruption of a-phosphoglucomutase affects the other cell wall components and
makes YG2 pgm::IS more vulnerable to peptidoglycan hydrolase. Given the possibility
that YAS pyruvylTrfase::IS has a structural alteration in CPSs, the specific
depolymerase of phiYAS 2 may not be able to recognize the altered CPS structure of
YAS_ pyruvylTrfase::IS, which probably explains why phiYAS 2 cannot approach the
cell surface of YAS pyruvylTrfase::IS and cannot infect it. To predict the gene encoding
the depolymerase from phiYAS5 2, I compared the genome of phiYAS5 2 to that of
phiWJ7, which belongs to the same genus as phiYAS5 2. Overall, the structures of the
two phage genomes were quite similar, but the ORFs encoding phage tail fiber proteins
were remarkably different, which suggests that tail fibers might be responsible for host
specificity. Considering that most depolymerases are encoded within the ORF of the tail
spike or tail fiber (44), the tail fiber of phiYAS5 2 is likely to possess depolymerase
activity, degrading the CPSs of YAS. I previously indicated that the tail spike of phiWJ7
is homologous to the peptidoglycan-degrading enzyme of staphylococcal phages (6),
and phiYAS5 2 also possessed a similar tail spike, suggesting that the tail spike of

phiYAS 2 is responsible for peptidoglycan digestion.
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Fig. 5: Cell-degrading enzyme activities of phiYAS5 2. (A) UV-inactivated virions of
phiYA5 2 were spotted on each strain. The left spot contained 1.9 X 107 pfu of virions
(before UV irradiation), and the right spot contained 1/10 of that. (B) Plaques of
phiYA5 2 were observed by shining light from behind the plates. The spotted phage

specimens were serially diluted 10-fold from top left to bottom right.

DISCUSSION
Identification of CPS

In this section, I identified CPS as the determinant factor for phage
susceptibility in 7. halophilus. This information could help establish effective strategies
to avoid fermentation failure caused by phage-induced lysis of the starter strains, e.g.,

preparing a mixture of strains with different phage susceptibilities as a starter culture.
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In section 1, I identified WTA as an indispensable irreversible binding receptor
for the T. halophilus phage phiWJ7, but another cell wall component was estimated to be
involved in the first reversible attachment (6). Moreover, the genetic diversity of WTA
synthesis genes was not high enough to explain the observed narrow host ranges of
tetragenococcal phages. Therefore, I conducted this study and concluded that the cps
loci contributing to CPS synthesis were the genetic determinants of phage susceptibility
in T. halophilus and that the variability in the cps loci is, at least partially, responsible
for the narrow host ranges of tetragenococcal phages. The structural diversity of CPSs
from Gram-negative bacteria often limits the host range of phages, but this study is
meaningful in that it suggested a similar mechanism in Gram-positive bacteria.

Bacterial CPSs exhibit great diversity in sugar composition, linkage, and
branching. Determination of the detailed CPS structures is particularly challenging, as
the diversity of CPS components and branching complicate the structural analysis. Very
recently, EPS structures from 7. halophilus were analyzed, and they contained various
components, such as glucose, galactose, mannose, arabinose, xylose, fucose, and
glucuronic acid (45, 46). Structural analysis of CPSs in 7. halophilus is expected to be
conducted in other studies.

Capsules are produced by many bacterial species, including both
Gram-positive and Gram-negative bacteria, but their morphological characteristics are
diverse. For instance, some strains of Staphylococcus aureus produce a thick capsule
that can be visualized by light microscopy with India ink staining (47). On the other
hand, a capsule from E. faecium cannot be seen without immunogold labeling even by
TEM (48). The capsule from 7. halophilus was not detectable by light microscopy (data

not shown) but a part of it could be observed as filamentary structures by TEM (Fig.
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2C). Similar filamentary structures from 7. halophilus were previously observed by
Ueki et al., although their identification has not been obtained (49).
CPS as receptor/barrier

CPSs are known to act as a protective barrier against stress factors such as
ethanol, low pH, lysozyme, and antibiotics (50, 51). In this study, it was shown that
CPSs can protect 7. halophilus against phage infections, and other roles of CPSs for T.
halophilus will be revealed in the future.

Since phiYG2 4 could not bind to cps derivatives from YG2, I considered that
CPSs are the binding receptor for phiYG2 4 (Fig. 4B). Several types of cell surface
polysaccharides of Gram-positive bacteria, in addition to peptidoglycan, WTA, and LTA,
have been reported to be receptors for phage adsorption. For instance, CWPSs, so-called
"pellicles" of L. lactis, are targeted by phages and mainly define phage susceptibility in
this species (52). EPSs of Streptococcus thermophilus are the receptor for streptococcal
phage CHPC926 (53). Enterococcal phage ®NPV1 utilizes a complex polysaccharide
called "enterococcal polysaccharide antigen (EPA)" of Enterococcus faecalis (54). Thus,
various glycopolymers can serve as phage binding receptors, and CPSs are also reported
as receptors in many Gram-negative bacteria, such as Escherichia coli, Campylobacter
jejuni, and Salmonella enterica (38, 55). However, only Clostridium perfringens phage
CPS1 is known to date as a phage infecting Gram-positive bacteria using CPS as a
receptor (30). To my knowledge, phages infecting lactic acid bacteria have not yet been
reported to target CPSs as receptors. To irrefutably prove that CPS is the binding
receptor for phiYG2 4, I preincubated phiYG2 4 with CPSs extracted from YG2 prior
to infection, but a decrease in pfu was not observed (data not shown). Ho et al. obtained

a similar result when ®NPV1 was preincubated with EPA, and they speculated that EPA
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is not the only requirement for ®NPV1 adsorption or that the availability of EPA for
ONPV1 differs in whole cells versus EPA extracts (54). In any case, further research is
necessary to elucidate the detailed mechanism by which CPSs in 7. halophilus are
involved in phage adsorption.

It is also known that CPSs act as a barrier to sterically inhibit phage adsorption
(39). To break through this barrier, phages utilize CPSs as a receptor and/or degrade
CPSs by CPS depolymerases (40). The depolymerases digest CPSs, thereby drilling a
tunnel through the capsules and enabling phage particles to contact the receptors under
the capsules. The high diversity of CPS structures can contribute to the narrow host
spectrum, as phage-carried CPS depolymerases recognize specific CPS structures. A
considerable number of putative depolymerases encoded by phages infecting
Gram-negative pathogens such as Klebsiella pneumoniae, Pseudomonas aeruginosa,
and Acinetobacter baumannii have been identified, but only scarce information is
available about depolymerases from Gram-positive phages (56). Hyaluronidases that act
on hyaluronan capsules from Streptococcus pyogenes and Streptococcus equi and
y-glutamyl hydrolases that act on poly-y-glutamate capsules from Bacillus subtilis are
known (57, 58, 59). I predicted that the tail fiber gene of phiYAS 2 encodes the
depolymerase, and the precise identification of phage-encoded depolymerases that
digest strain-specific CPSs of Gram-positive bacteria, including 7. halophilus, will be an

interesting topic for future studies.

Insertion sequences
ISs played important roles in this section. In chapter 2, I reported the very
frequent transposition of three IS4 family ISs, ISTeha3, 1STeha4, and 1STeha5, in T.

halophilus (6, 21). Here, 1 discovered two additional active ISs named IS7eha7 and
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[STeha8 for transposition into the a-phosphoglucomutase gene of YG2. Based on the
amino acid sequence relatedness of transposases, I entered [STeha7 as a novel IS5 family
IS5 subgroup member and IS7ehad8 as a novel 1S4 family ISPeprl subgroup member in
the ISfinder database. Four of five ISs identified as active in T. halophilus to date are
IS4 family members, and ISTeha7 is the only IS5 family member. The previously
described three ISs are distributed in the genomes of all six 7. halophilus strains whose
complete genomes were determined. However, one strain among the six does not
possess ISTeha7, and two strains among the six do not possess IS7ehas8, suggesting that
these ISs are minor mutagens compared to the other three ISs. ISs are utilized in
transposon mutagenesis systems for the characterization of gene functions (60). They are
also used for the identification of phage receptors (61). Usually, transposon mutagenesis
is accomplished by inserting ISs with a drug resistance marker gene from an extrinsic
plasmid into the host chromosome, but I could execute this study with intrinsic ISs
without marker genes due to the surprisingly high transposition frequency of ISs in 7.
halophilus. 1 will continue to pursue research to understand the basic features of ISs in 7.

halophilus and to develop their utility.
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SUMMARY

Bacteriophages infecting Tetragenococcus halophilus, a halophilic lactic acid
bacterium, have been a major industrial concern due to their detrimental effect on the
quality of food products. Previously characterized tetragenococcal phages displayed
narrow host ranges, but there is little information on these mechanisms. Here, I revealed
the host’s determinant factors for phage susceptibility using two virulent phages,
phiYAS 2 and phiYG2 4, that infect 7. halophilus YAS and YG2, respectively.
Phage-resistant derivatives were obtained from these host strains, and mutations were
found at the capsular polysaccharide synthesis (cps) loci. Quantification analysis
verified that capsular polysaccharide production by the cps derivatives from YG2 was
impaired. Transmission electron microscope observation confirmed the presence of
filamentous structures outside the cell walls of YG2 and their absence in the cps
derivatives from YG2. Phage adsorption assays revealed that phiYG2 4 adsorbed to
YG2 but not to its cps derivatives, which suggests that the capsular polysaccharide of
YG2 is the specific receptor for phiYG2 4. Interestingly, phiYAS5 2 adsorbed and
infected cps derivatives from YG2, although neither adsorption nor infection by
phiYAS5 2 to the parental strain YG2 was observed. The plaque-surrounding halos
formed by phiYAS5 2 implied the presence of the virion-associated depolymerase that
degrades capsular polysaccharide of YAS. These results indicated that the capsular
polysaccharide is a physical barrier rather than a binding receptor to phiYAS5 2 and that
phiYAS 2 specifically overcomes the capsular polysaccharide of YAS. Thus, it was
suggested that tetragenococcal phages utilize CPSs as a binding receptor and/or degrade
CPSs to approach host cells.

T. halophilus is a halophilic lactic acid bacterium that contributes to the
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fermentation process of various salted foods. Bacteriophage infections of 7. halophilus
have been a major industrial problem causing fermentation failure. Here, I identified the
cps loci in T. halophilus as genetic determinants of phage susceptibility. The structural
diversity of the capsular polysaccharide is responsible for the narrow host ranges of
tetragenococcal phages. The information provided here could facilitate future studies on
tetragenococcal phages and the development of efficient methods to prevent

bacteriophage infections.
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CONCLUSIONS

As described in the GENERAL INTRODUCTION, lactic acid bacteria and
bifidobacteria are used for various fermented foods and industrially important.
Therefore, 1 studied on sugar metabolism in Bifidobacterium bifidum, and on amino
acid metabolism and bacteriophage susceptibility in Tetragenococcus halophilus.

In CHAPTER I SECTION 1, an o-galactosidase of B. bifidum that degrades
blood group B antigens on sugar termini of human gastrointestinal mucin was
investigated. The recombinant o-galactosidase hydrolyzed al,3-linked galactose in
branched blood group B antigen, and the enzyme also acted on group B human salivary
mucin and erythrocytes. The a-galactosidase conteins a carbohydrate-binding module
(CBM) 51 domain, and I revealed that CBM51 specifically binds blood group B antigen
and enhances the affinity of the enzyme toward substrates with multivalent B antigens.
It was concluded that this enzyme plays an important role in degrading B antigens to
acquire nutrients from mucin oligosaccharides in the gastrointestinal tracts.

In CHAPTER II, amino acid metabolism in 7. halophilus was studied. In
CHAPTER II SECTION 1, T. halophilus strains possessing aspartate decarboxylase
were isolated and their property as starter cultures for fish sauce fermentation was
elucidated. The isolates converted aspartate into alanine almost completely in the fish
sauce mash. In addition, the strains prevented the accumulation of biogenic amines,
whereas various amines were accumulated in fish sauce mash without starter cultures.
Sensory evaluation tests indicated that converting the sour amino acid aspartate into the
sweet amino acid alanine made the fish sauce taste milder. In conclusion, 7. halophilus
possessing aspartate decarboxylase can be used as a favorable fish sauce fermentation

starter.
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In CHAPTER II SECTION 2, I generated derivatives lacking arginine
deiminase activity from a wild-type strain of 7. halophilus. Using these derivatives as a
fermentation starter prevented arginine deimination in soy sauce. DNA sequence
analysis of the derivatives revealed that novel IS4 family insertion sequences,
designated ISTeha3, 1STeha4 and ISTehas, were transposed into the region around the
arginine deiminase operon. These are the first active insertion sequences found in 7
halophilus.

In CHAPTER III, the mechanism determining bacteriophage susceptibility in 7.
halophilus was investigated. In CHAPTER III SECTION 1, ribitol-containing wall
teichoic acid was identified as a host receptor indispensable for bacteriophage phiWJ7
infection. This is the first experimentally confirmed factor that determines the phage
susceptibility in 7 halophilus. However, it was thought that the structural diversity of
wall teichoic acid is not high enough to explain the observed narrow host ranges of
tetragenococcal phages.

In CHAPTER III SECTION 2, it was suggested that tetragenococcal phages
utilize CPSs as a binding receptor and/or degrade CPSs to approach host cells. The
variety in capsular polysaccharide structures is concluded to be responsible for the
narrow host ranges of tetragenococcal phages. Bacteriophage infections of 7. halophilus
have been a major industrial problem causing fermentation failure, and these findings
could facilitate future studies on tetragenococcal phages and the development of

efficient methods to prevent bacteriophage infections.
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