ABSTRACT

LU, ZHONGJING. The ecology and genetics of bacteriophagesin commercial vegetable
fermentations. (Under the direction of Drs. Henry P. Fleming and Fred Breidt, Jr.)

The objectives of this study were to investigate the ecology of bacteriophages
(phages) infecting lactic acid bacteria (LAB) in commercial sauerkraut fermentations, to
explore the possible role phages may play in microbial succession during the fermentations,
to characterize predominant phages in commercia sauerkraut fermentations, to isolate a
phage infecting a starter culture, Lactobacillus plantarum MUA45, from a commercia
cucumber fermentation, and to determine and analyze the complete genome sequence of the
L. plantarum phage.

A total of 171 independent phage isolates, including at least 26 distinct phages, were
obtained from four commercial sauerkraut fermentations (90-ton fermentation tanks) in 2000
and 2001. Host range and the temporal sequence of occurrence of these phages were
determined. Twenty-eight distinct bacteria hosts, including Leuconostoc, Lactobacillus, and
Weissella species, were identified by ITS restriction and 16S rDNA sequence analyses. It was
found that there were two phage-host systems in the fermentations, with the dividing line
occurring between day 3 and day 7 after the start of the fermentations, corresponding to the
population shift from heterofermentative to homofermentative LAB. The data strongly
suggested that phages may play an important role in the microbial ecology and the succession
of LAB species in vegetable fermentations. Eight phage isolates which were independently
obtained two or more times were further characterized. They belonged to the Myoviridae or

Sphoviridae family, and showed distinct host ranges and DNA fingerprints. These results



demonstrated for the first time the complex phage ecology present in commercial sauerkraut
fermentations, providing new insights into the bioprocess of vegetable fermentations. More
research is needed to evaluate the impact of these phages on vegetable fermentations.

Additionally, a virulent phage ®JL-1, active against L. plantarum starter cultures, was
isolated from a commercia cucumber fermentation. The phage has an isometric head and a
long non-contractile tail, and belongs to morphotype B1 within the Sphoviridae family. The
host range of phage ®JL-1 was limited to two related strains of L. plantarum, MU45 and BI7.
Using L. plantarum MUA45 as a host, the phage had an average burst size of 22 and a latent
period of 35 min. The phage possesses a linear double-stranded DNA genome consisting of
36,674 bp with a G+C content of 39.4%. Forty-six possible open reading frames (ORFs) were
identified. According to the N-terminal amino acid sequencing and bioinformatic analyses,
proven or putative functions were assigned to 17 ORFs (39%), including 6 structural protein
genes. It was found that functionally related genes were clustered together in the ®JL-1
genome, resulting in a modular genome structure: DNA packaging, head and tall
morphogenesis, lysis, DNA replication, and transcriptional regulation modules. This genomic
organization was similar to several other phages infecting lactic acid bacteria. An attempt was
made to experimentally determine the anti-receptors of phage ®JL-1 via phage display
technology.

The results from this study indicate that phage infection is common in vegetable
fermentations, suggesting that a phage-control strategy will be needed in any vegetable
fermentations relying on use of starter cultures. The genetic information obtained from phage

®JL-1 and other phages is fundamental to the understanding of the phage-host interaction in



vegetable fermentations and to the development of phage-control strategies for high and

consistent quality of fermented vegetabl e products.
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Literature Review



SAUERKRAUT FERMENTATION

Introduction

Fermentation is a very ancient method of preserving vegetables and other foods.
Most vegetable fermentations are a spontaneous fermentation by a group of organisms,
lactic acid bacteria (LAB) naturally associated with the plants. The primary function of
the LAB is the production of lactic acid and other substances from sugars present in the
raw materials. These substances, mainly acids, inhibit the growth of the various
undesirable spoilage organisms, thereby converting the food from a microbiologically
unstable to a stable product. Many vegetables such as cabbage, cucumbers, olives,
peppers, cauliflower, carrots, radishes, and beans are home-fermented or commercially
fermented in many countries. In the United States, sauerkraut, cucumbers, and olives are
of significant commercial importance.

Sauerkraut is fermented, shredded cabbage. The German word, sauerkraut,
literally translated means acid (sour/sauer) cabbage (kraut). It is believed that initia
styles of sauerkraut were made by dressing cabbage leaves with sour wine or vinegar
(Vaughn, 1985). Later, cabbage was broken or cut into pieces, packed into containers and
covered with acidic 'verjuice' from green (unripe) grapes or other sour fruit. The time of
transition from acidic liquids to salt brine is unknown. Vaughn (1985) speculated that the
method used today developed during the period AD 1550 to 1750. The basic method has
not changed gresatly over centuries. The preservation relies on the salt added, exclusion of
oxygen, lactic acid produced, and the removal of fermentable sugars. Sauerkraut
fermentation remains an important means of preservation today because of the unique
flavors produced and low energy requirements for storage and processing (Fleming et al.,
1988).

Sauerkraut Processing
A variety of cabbage can be used for the commercia production of sauerkraut.
Generally, cabbage leaves contain approximately 5% fermentable sugars including

glucose and fructose (about 2.5% each), and sucrose (0.1-0.4%). In cabbage core, sucrose



3
constitutes a much greater fraction of the fermentable sugars. Malic acid concentration is

higher in the leaves than the core. Overall, the core accounted for 23% and the leaves
77% of the cabbage weight (Fleming et al., 1988). An optimal cabbage for sauerkraut
making contains at least 3.5% sugar within its tissue. Some cabbage contains antibacterial
compounds such as methyl methanethiosulfinate and glucosinolate hydrolysis products
including isothiocyanates, thiocyanates, and nitriles (Kyung and Fleming, 1994a, 1994b;
Shofran, et al., 1998).

Sauerkraut is produced in the United States in bulk tanks raging in capacity from
45 to 150 tons (Fleming et a., 1988). Mature heads of cabbage are trimmed to remove
the outer green leaves (up to 30% of the total weight). The cores are cut by a reversing
corer that leaves the cut core in the head (Fig. 1). The head of cabbage is shredded as fine
as 0.08 to 0.16 cm. Shredded cabbage is dry-salted and conveyed into the tanks. The
tanks are usually covered with plastic sheeting, which is then weighted down with water
or weak brine to minimize the contact of shredded cabbage with air, thereby inhibiting
the growth of yeasts and molds. Brine begins to form as soon as the cabbage is salted due
to osmotic extraction of water from the cut cabbage tissue. Anaerobic condition within
the tank is quickly established due to the depletion of oxygen and production of CO, by
the growing certain LAB strains. This favors the growth of other LAB.

In the sauerkraut-producing areas of the United States, an average temperature of
about 18°C and 2.25% NaCl (by weight) are considered ideal for making top quality
sauerkraut (Pederson and Albury, 1969; VanGarde and Woodburn, 1994). Higher
temperature and/or higher salt concentration inhibit Leuconostoc mesenter oides, resulting
in less complex flavor or unacceptable harsh flavor (Pederson and Albury, 1969;
VanGarde and Woodburn, 1994). However, commercial fermentation occurs at ambient
temperatures, which can vary from 10 to 30°C, depending on time of year and weather
conditions. Dry salting practices can lead to variations in salt concentration within and
among fermentation tanks (Pederson and Albury, 1969). Fermentation is alowed to
proceed for as little as a few weeks to as long as a year before processing. Sauerkraut is
often stored in the fermentation tanks and canned as needed to fill customer orders. This
is an economica way to store sauerkraut but results in a variability in the amount of acid
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in end-product (Fleming et a., 1988). Excessive acidity in stored sauerkraut may require

adilution of the brine. This dilution not only reduces desirable flavor and nutrients such
as vitamin C, but also causes waste problems. Sauerkraut may be packaged in cans, glass
jars, or plastic bags (Fleming et al., 1995). Sauerkraut can be made shelf stable by
pasteurization at 74-82°C for about 3 min. Refrigerated sauerkraut is made from an
unpasteurized product to which sodium benzoate (0.1% w/w) and potassium
metabisul phite are added as preservatives.

Fer mentation microbiology

Although sauerkraut recipes are very simple: shredded cabbage and sdlt, the
fermentation of sauerkraut is a complex process involving the sequential growth of
various microorganism populations (Pederson and Albury, 1969; VanGarde and
Woodburn, 1994). A wide variety of microorganisms are present on fresh cabbage.
Gram-negative aerobic bacteria are typically predominant. Lactic acid bacteria only count
for avery small portion of the initial population (Mundt et al., 1967; Mundt and Hammer,
1968; Mundt, 1970). However, the majority of the natural flora are suppressed early in
the fermentation by the sat added, which gives LAB a competitive advantage. It is
believed that the fermentation is initiated by Leuconostoc mesenteroides, and succeeded
in sequence by Lactobacillus brevis, and Lactobacillus plantarum (Fig. 2). The correct
sequential growth of various LAB is critical in making a stable product with the typical
flavor and aroma of sauerkraut. Sequential growth of specific lactic acid bacteria depends
on the biological (their initial abundance on cabbage, growth rate, sat- and acid-
tolerance), the chemical (sugar and salt concentrations, acids, and pH) and physical
(temperature, anaerobiosis) conditions (Daeschel et a., 1987). As these conditions
change during the fermentation, so do the dominant LAB species (Pederson and Albury,
1969).

Sauerkraut fermentation can be divided into two stages. heterofermentative or
gaseous stage, and homofermentative or non-gaseous stage (Fleming et al., 1988).
Heterofermentative Leuconostoc mesenteroides initiates and dominate the gaseous stage
because it is present at an initially higher number (Mundt et al., 1967, Mundt and
Hammer, 1968; Mundt, 1970), has a shorter generation time (Stamer et al., 1971), and
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grows more rapidly at lower temperature than other LAB found on plants (Pederson and

Albury, 1969). This species converts sugars to lactic acid, acetic acid, ethanol, carbon
dioxide, mannitol, and dextran (Fig. 3). Other chemical substances are aso produced in
variable amounts (Pederson and Albury, 1969). The quality characteristics of sauerkraut
are largely dependent upon the growth of this species (Pederson and Albury, 1969). As
the fermentation continues, LAB cells are exposed to increasingly lower pH vaues
through their own metabolic activity. When pH quickly reaches 4.5 (approx. 1% lactic
acid). L. mesenteroides rapidly dies off due to its relatively low acid tolerance
(McDonald et al., 1990). The gaseous stage establishes an anaerobic environment for
continuing lactic acid fermentation. Homofermentative Lactobacillus brevis, Pediococcus
pentosaceus (formerly cerivisiae), and Lactobacillus plantarum take over and
predominate during the non-gaseous stage. These LAB utilize the remaining sugars to
produce large amount of acid (primarily lactic acid) (Fig. 3), and further lower the pH.
They aso remove mannitol, a bitter-flavor compound produced by Leuconostocs
(VanGarde and Woodburn, 1994). Lactobacillus plantarum terminates the lactic acid
fermentation with the final pH of about 3.5 and total acidity of 1.7 to 2.3%, expressed as
lactic acid (Pederson and Albury, 1969; Vaughn, 1985). As a general rule, one-haf as
much acid is produced as there is sugar in the cabbage (VanGarde and Woodburn, 1994).
A variety of products give a complex flavor which distinguishes fermented products from
acid-added products.

Currently, commercial sauerkraut fermentations in the United States are natural
fermentations. Top quality sauerkraut is not produced in every batch. The products can be
highly variable due to the variations in the microorganisms on cabbage and
environmental conditions. Many attempts have been made to apply starter cultures to
sauerkraut fermentation for consistent and high quality of products (Pederson and Albury,
1969; Narbors and Salunkhi, 1969). However, development of a starter culture is difficult
given the normal and desirable succession of microorganisms in a spontaneous
fermentation and the inability to pasteurize the raw material without detrimental textural
problems (Harris, 1998). It is difficult to duplicate the complex changes produced during
natural fermentation and resulting characteristics of sauerkraut. In most cases, inoculation
with single or mixed starter cultures of L. mesenteroides, Lb. brevis, and Lb. plantarum
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resulted in little, if any, improvement in product quality over uninoculated controls

(Keipper et al., 1932; Lopez et a., 1954; Narbors and Salunkhi. 1969; Y ago et al., 1985).
Stamer (1968) evaluated the flavor of cabbage juice fermented with pure single strain
cultures of lactic acid bacteria. Juice fermented with L. mesenteroides was mild and
pleasantly aromatic, while that fermented by Lb. brevis was harsh and vinegar-like. Lb.
plantarum and P. pentosaceus produced products were dull in taste, lacked body, and
were judged to be unacceptable. More research is needed for the development of

controlled fermentation to achieve consistent and high quality sauerkraut products.

Defects of sauerkraut and their control

A variety of defects is known to affect sauerkraut quality. Softening is a common
texture defect in sauerkraut. It is caused by enzymes from the plant or from yeasts and
molds. Salt and acid inhibit enzymes from the plant, while anaerobic conditions prevent
the growth of yeasts and molds, and thus the production of softening enzymes from these
microorganisms. Poor flavor kraut lacks the proper combination of acids and other
products of fermentation. Certain organisms need to be present in a specific sequence for
the finished fermentation to have optimum flavor. These microbial populations can be
controlled by selecting fresh, sweet cabbage, by adding 2.25-2.5% salt, by storing the
fermentation container at temperature below 27°C, and by stopping the fermentation
when the quality is optimum (VanGarde and Woodburn, 1994). Sauerkraut may darken at
the surface due to oxidation. Enzymes from yeasts and molds growing on the surface are
the mgjor cause of the oxidation. Uneven salting and a high temperature increase the rate
of color change. The discoloration problem can be minimized by weighting shredded
cabbage down below the surface to prevent the surface growth of yeasts and molds, by
proper salting and temperature control. Pink sauerkraut is another problem in sauerkraut,
but not very common. Cabbage contains a plant pigment (anthocyanin) that can exist in
different color forms depending on pH. It is blue near neutral pH, colorless in dightly
acid conditions, pink or red at low pH. The pigment is harmless to consume, as is pink
sauerkraut (VanGarde and Woodburn, 1994). Pink kraut can also result from yeast
growth, especidly if the salt was unevenly distributed and the temperature is high. This

also is not harmful. Slimy or ropy kraut has been recognized as a defect. It is thought to
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be the result of dextran produced by L. mesenteroides. Given the low concentration of

sucrose in cabbage, this is less likely than some other type of extracellular
polysaccharide, possibly produced by an organism other than L. mesenteroides (Harris,
1998).

BACTERIOPHAGES

Introduction

Bacteriophages (phages) are viruses that infect bacteria. It was over a century ago
when Hankin (1896) reported the bacteriocidal activity of filtered water collected from
the Ganges and Jumma rivers on Vibrio cholera. He speculated that drinking the river
water was effective in preventing the spread of cholera. Twenty years later, Frederick
Twort (1915) in the United Kingdom and Felix d'Herelle (1917) in France independently
identified bacteriophages as filterable, transmissible agents of bacteria lysis (Ackermann
and DuBow, 1987a). d'Herelle called bacteriophages “eaters of bacteria.” However, the
submicroscopic "sperm-like" morphology of phages remained undetected until the first
€l ectron microscopes became available during the 1940s.

Phages are the largest of all virus groups. They have been found in over 140
bacterial genera. Phages have been found in every conceivable habitat in nature, and may
be found there in enormous numbers (Ackermann, 2001). Many phages occur as
prophages in lysogenic hosts rather than free in the environment.

Phages are classified by morphotype and host genus. Phages may presently be
divided into 21 morphotypes (Fig. 4), corresponding to 13 phage families (Table 1).
Phages are tailed, cubic, filamentous, or pleomorphic. Over 5100 phages have been
examined in the electron microscope since 1959. About 96% of these phages are tailed
phages (Ackermann, 2001). Talled phages constitute the order Caudovirales
(Ackermann, 1999), and are distributed unevenly into three families. Sphoviridae (61%),
Myoviridae (25%) and Podoviridae (14%) (Ackermann, 2001). The tail of tailed phages
isunique or rarein viruses (Fig. 5). Generadly, it isahollow proteinic tube of fixed length
and width (with respect to species), built of a number of stacked rows of subunits, and

provided with conspicuous transverse striations in the Myoviridae and Sphoviridae
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families. Most tailed phages have isometric heads, and only some 15% of tailed phages

have elongated heads. Tailed phages are virtually ubiquitous and occur in al parts of the
bacterial world, including lactic acid bacteria (LAB) of industrial importance, such as
lactococci, lactobacilli, and pediococci (Jarvis, 1989).

Like other viruses, phages are small particles, usually about 20-200 nm long,
consisting of genetic material (DNA or RNA, single- or double-stranded) surrounded by
a layer of proteins, which form a shell or "capsid" that protects the genomic material.
Viruses are sub-microscopic, obligate intracellular parasites. No known virus has the
biochemical or genetic potential to generate the energy necessary for driving all
biological processes, e.g. macromolecular synthesis. They are therefore metabolically
inert in their extracellular form, a "virion." They replicate within living host cells by
using cellular machinery and resources, such as ribosomes, ATP, nucleotides, tRNAS,
and amino acids. Most of the known virus types code for their own capsid proteins. But
satellite viruses obtain capsid proteins from a helper virus that coinfects the same host
cell (Hurst and Lindquist, 2000). Virus particles are produced from the assembly of pre-
formed components.

Phages have some unique features, which set them apart from other virus groups.
Phages are relatively small, in the < 0.45 um size range. They have a ssimple structure and
genetics - genome encapsulated by capsid protein. The mgjority do not have envelopes.
The typical phage replication cycle is very short and often in the order of 20 minutes.
When a phage infects a cell, only the phage genome, not the whole virion, enters the cell.

The empty capsid remains outside. Phage infection generally leadsto lysis of the host.

Genetics of bacteriophages

Phage genomes typically consist of either single or double stranded DNA or
RNA, or segmented dsRNA (Table 1). Phage genome may vary in size from 4 kb to 725
kb (Ackermann, 1999) and may be circular or linear. In the case of phage @CH 1 from
Natronobacterium magadii the phage head contains both DNA and RNA (Whitte et al.,
1997). Generally, ssDNA molecules are circular, whereas all other viral nucleic acids are
linear (Birge, 2000a). The circularity can be attributed to the difficulty of protecting
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linear single-strand DNA from exonucleolytic attack. Temperate phages are generaly

dsDNA > 20 kb.

The genome of tailed phages is usualy a single molecule of linear dsDNA.
Typicaly, talled phages consist of DNA and protein only, devoid of lipids and
carbohydrates. Tailed phages contain about 50% DNA, the highest DNA content of all
viruses (Ackermann, 1999). The reported highest DNA contents elsewhere in virology
are 20% for adenoviruses and 14-15% for tectiviruses, respectively (Murphy et al., 1995).
The high DNA content of tailed phages evidently reflects the high buoyant density of
phage particles. The molecular weight of tailed phage DNA varies between 17 and 725
kb. Its distribution shows a sharp peak at 50 kb (Ackermann and DuBow, 1987b).
Bacillus megaterium phage G has the largest known genome (725 kb) in the viral world.
As far as known, large parts of tailed phage genomes are nonessential. Phage P22 can
lose 40% of its genome without affecting lytic growth or lysogeny. This leaves many
opportunities for the acquisition of foreign genes. Guanine-cytosine (GC) contents of
tailed phages usually parallel those of their hosts.

Tailed phage DNAs have numerous particulars of genome anatomy or
composition, some of which are rare or absent in other viruses, such as pac and cos sites.
A pac site is the site on the DNA molecule where the first cut occurs for initiation of
DNA packaging. Cos sites or cohesive ends are single-stranded "sticky” DNA overhangs
of 7 to 21 nucleotides that enable phage genomes to circularize after infection and are
also involved in DNA packaging. Phages with pac sites may be virulent or temperate.
Phages with cos sites are generally temperate. Pac and cos sites have been found in many
talled phages and are mutually exclusive, so that tailed phages can be divided into pac
and cos types. The basic difference between pac- and cos-type phages is reflected in their
genomic maps. Pac-type phages, with their circularly permutated genomes, generally
have circular maps whereas cos-type phages, with nonpermutated genomes, have linear
maps.

Many new insights were obtained by a detailed analysis of new data from
lambdoid phages, especially of head and lysis genes. These include: genes with related
functions clustered together; genes of different phages could be homologous (related) or
analogous (encoding different proteins with identical functions); gene orders were more
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conserved than nucleotide sequences; tailed phages could form "quasi-species’ with

little sequence similarity, but the same gene orders and transcription patterns; and tailed
phages routinely acquired genes from their hosts, phages, or other sources (Ackermann,
1999). The present survey of the available functional maps confirms or shows that:

1. Genes with related functions cluster together

2. Roughly 50% of genes are morphopoietic.

3. Morphopoietic genes are generally located at the left end or the center of the
genome.

4. Head genes usually precede tail genes.

5. Genes for lysis, integration-excision, or DNA replication, pac sites and origins of
replication occupy variable positions with respect to morphopoietic genes. No pattern is
apparent and no hypothetical "ur-genome" can be constructed with these elements.

6. DNA polymerases may or may not be present and are not a universal feature of
tailed phages.

No genomes of other dsDNA viruses are remotely comparable to those of tailed
phages. At least in lambdoid phages, functional clustering of genes provides finer levels
of regulation because genes whose products interact with each other occupy adjacent
positions. Thiswould constitute a powerful mechanism to ensure evolutionary stability.

There is ample evidence for horizontal gene transfer: not only between phages,
but also between phages, plasmids, transposons, other viruses, bacteria, and eukaryotes.
Some phage proteins can even be traced to humans (Ackermann, 1999). Amino acid
sequence alignments (notably of DNA polymerases, integrases, and peptidoglycan
hydrolases) indicate frequent events of horizontal gene transfer in tailed phages. Common
capsid and tail proteins have not been detected. Tailed phages often have unusual bases.
These modified bases may replace normal bases completely or in part. These unusual
bases protect phage DNA against degradation by bacterial restriction endonucleases
(Ackermann, 1999).

Lifestyles of bacteriophages
Phage infections begin with adsorption of viral particles to specific receptor sites
on the host cell surface. All tailed phages adsorb to bacteria by their tails. Most adsorb to
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the cell wall. Some tailed phages adsorb to cell pili, flagellae, or capsules, but all reach

eventually the cell wall by pilus retraction, sliding along the flagellae, or digestion of the
capsule (Ackermann, 1999). Once adsorbed, tailed phages digest the cell wall using
specialized enzymes located at the tail tip and inject their DNA through the cytoplasmic
membrane. The empty capsid remains outside. After entering the cell, the phage genome
may cyclize by joining cohesive ends (A, P2) or by site-specific recombination of
terminaly redundant ends (P1l, P22), or remains linear (T4, T7). Cyclization offers
protection against host-coded exonucleases.

Tailed phages may have two possible lifecycles: lytic and lysogenic cycles. In the
Iytic cycle, the phage becomes metabolically active. It takes over host metabolism, shuts
off host syntheses, and redirects the host metabolic machinery to begin viral replication
and transcription. In tailed phages, phage DNA is characteristically transcribed in three
partially overlapping stages: early, middle, and late (Ackermann, 1999). Early genes
prepare the host for the phage, initiate DNA replication, and induce the synthesis of
regulatory proteins. Typically, lytic phages use host RNA polymerases for transcription
of their early genes. Middle genes for DNA synthesis start to operate 3 to 8 minutes after
infection and continue to function during the late phase. Middle genes are under phage
control to the extent that phages code for DNA polymerases. Finally, late genes, starting
as early as 8 minutes after infection, code for structural and lysis proteins and DNA
packaging. There is no obvious pattern in the direction of transcription.

DNA replication is as varied as the phages themselves. Rolling-circle replication
is a basic mechanism used by the cos-type phages. Bidirectional replication is used by T4
and other phages that remain linear genomes. Most tailed phages produce DNA
concatemers (a DNA molecule containing several complete phage genomes); those which
do not are exceptional. Terminases (phage-coded enzymes) bind to and cut DNA
concatemers to size, generally at pac or cos sites. Assembly of phage particlesis a highly
ordered, sequential process. Packaging of DNA into preformed capsids (a headful
mechanism) seems to be a common feature of most dsSDNA viruses with cubic symmetry
(Ackermann, 1999). Heads and tails are assembled separately and joined |ater.

All tailed phages are released by a single event called lysis, in which the cell
bursts suddenly and is destroyed. There is no gradual release by transport vesicles,
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budding, or extrusion. Lysis is mediated by two types of enzymes. endolysins and

holins, which cluster together in a "lysis cassette”. Endolysins are peptidoglycan
hydrolases, attacking the murein layer of the bacterial cell wall. Holins are small proteins
that cause nonspecific lesions in the plasma membrane, allowing endolysins to reach the
cell wall. The molecular mechanisms of releasing other phages or eukaryotic viruses are
different from those of tailed phages. Filamentous phages such as M 13 do not cause cell
lysis or death. The progeny is secreted into the medium as the culture grows (Felici et al.,
1995). Eukaryotic viruses do not need endolysins because their hosts do not have
peptidoglycan. It is noteworthy that cell lysis may not be always accompanied by release
of progeny phage particles. An example is "lysis from without", which occurs when
infecting a culture with such a high multiplicity of phage particles that al cells lyse as a
result of numerous attempts to introduce viral DNA into their cytoplasm.

In the lysogenic cycle, phage DNA is integrated into the host chromosome,
resides there, and replicates as a part of the chromosome. Integration is mediated by
specific enzymes called integrases. The integrated phage genome is called a prophage.
Phages that can establish the prophage state are called temperate phages. A bacterium
that carries atemperate phage is referred to as a lysogen. Prophages maintain themselves
in a quiescent state by producing a protein repressor that prevents the expression of lytic
genes. The lysogenic state (Iysogeny) protects the phage from environmental conditions
that might damage the capsid or viral nucleic acids (Suttle, 2000). It aso confers
immunity to the host cell from superinfection (lytic infections by the same phages). The
superinfection immunity is due to the presence of repressors that bind to newly arrived
phage DNA and turn off lytic functions (Birge, 2000b). Lysogenic infection may give
competitive advantages to the host via phage genes, such as restriction modification
systems, antibiotic resistance and others properties. Moreover, the phage can serve as a
vector of genetic information, carrying host DNA from one cell to another. Lytic
extinction of many virulent phage-host systems may force the phage to enter the
lysogenic pathway (Paul and Kellogg, 2000). The lysogenic state is not aways
maintained in all cells of a culture. A prophage can reactivate spontaneously or in
response to external stimuli, exit from the host chromosome, and shift to lytic growth.

The excision of prophage may require special enzymes excisionases. The sites for
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integrase (int), prophage attachment (att), and excisionase (xis) cluster together to form

a "lysogeny cassette.” The entrance and exit of phage DNA from the host chromosome
may or may not be site-specific.

Some phages may be only Iytic and some only temperate; some, however, may be
either one, depending on growth conditions. Moebus (1983) showed that 10% of 300
marine phage strains examined were temperate. Ackermann and DuBow (1987) indicated
that, of 1200 strains of diverse bacteria, an average of 47% contained inducible prophage.
Nearly 100% of naturally occurring Pseudomonas trains were lysogenic for some
temperate phages (Levin and Lenski, 1983). On infection with a temperate phage, a
lysogenic decision is made whether to enter alytic or lysogenic lifestyle. This molecular
decision depends on multiplicity of infection (MOI, or the attack ratio of infectious phage
particles per host cell; high MOls favor lysogeny to ensure survival of the phage),
nutrient levels (low nutrient concentrations favor lysogeny), physiological status of the
host cell, temperature, and levels of toxic agents in their environment (Paul and Kellogg,
2000; Suttle, 2000). Some phages such as P1 do not insert into the host chromosome but,
rather, exist as a plasmid within the cytoplasm. Such a state is called pseudolysogeny
(Paul and Kellogg, 2000). Pseudolysogeny is an unstable state that may occur under
extreme starvation conditions, where there is not enough energy to make the "lysogenic
decision.”

Nutrients, many agents, and environmental signals can trigger or induce reversion
to the lytic pathway, liberating phages. The signa may indicate that there are ample
nutrients in the environment, the host is doing well, or it is time to leave. Most inducing
agents act on DNA replication (Ackermann and DuBow, 1987a). UV light and
mitomycin C are the most widely used inducing agents in laboratory study. However,
these two agents may not induce the same prophages. Other agents include radiation,
chemical carcinogens, mutagens, base analogues, antibiotics, pressure, and temperature.
In A phage, the induction involves the activation of the recA gene, a part of the SOS
response (multiple gene activation) in E. coli cell that helps the bacterium survive UV
radiation. The repressed phage "senses’ that its host has been damaged. RecA protein,

which ordinarily facilitates recombination DNA molecules, becomes a special protease: it
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cleaves the A repressor, thereby triggering induction. The phage quickly begins Iytic

growth (Ptashne, 1986). Induction of only a portion of the indigenous bacterial
population could result in adoubling of the phage population.

It is noteworthy that not al phages have Iytic or lysogenic lifecycle. Some
filamentous phages such as M 13 and M 13-like phages replicate without causing cell lysis
or death. The progeny is secreted into the medium as the culture grows. Such infection
only slows down the growth rate of host cells (Felici et al., 1995).

Phage genomics

The first phage genome (coliphage @X174) was published in 1977 (Sanger et 4.,
1977). Currently, there are about 120 complete phage genome sequences in the database.
The best characterized of these are the E. coli phages A (Sanger et al., 1982) and T7
(Dunn and studier, 1983), and the Bacillus subtilis phage ®29 (Paces et a., 1985). To
date, a total of about 23 lactic acid bacterial phage genome sequences have now become
available in databases. These include 14 lactococcal phages TP901-1 (Brendsted et al.,
2001.), Tuc2009 (Arendt et a., 1994), bIL170 (Crutz-Le Coq et a., 2002), blL285
(Chopin et al., 2001), blL286 (Chopin et a., 2001), bIL309 (Chopin et al., 2001), bIL310
(Chopin et a., 2001), bIL311 (Chopin et a., 2001), bIL312 (Chopin et a., 2001), sk1
(Chandry et a., 1997), BK5-T (Boyce et al., 1995), c2 (Lubbers et a. 1995), rit (van
Sinderen et al., 1996), and ul36 (Labrie and Moineau, 2002); 5 streptococcal phages 7210
(Le Marrec et a., 1997), DT1 (Tremblay and Moineau, 1999), Sfill (Lucchini et al.,
1998), Sfil9 (Desiere et a., 1998), and Sfi2l (Desiere et a., 1998); 3 lactobacillus
phages @adh (Fremaux et al., 1993), ggle (Kodairaet a., 1997), and LL-H (Mikkonen et
al., 1996); and 1 oenococcal phage L5 (Olwage et a., 1993). Owing to their economical
importance, dairy phages (phages isolated from dairy products) became the best-
investigated phage group in the database (Brussow, 2001).

These available phage sequences have been marvelously informative for the
biology of the individual phages. Many new insights have been obtained from detailed
analysis of these sequences. Comparative phage genomics has provided substantial
knowledge on phage evolutions, genetic diversity, horizontal/vertical gene transfers,

module similarity, and lytic/lysogenic cycles.
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Sequence data on a variety of phage genomes suggest that phages have evolved

by exchange of functional modules, individual genes, or gene segments by various
genetic recombination events (Botstein, 1980; Lucchini et al., 1999). Phages are a mgor
source of horizontally transferred DNA in bacteria and prophage DNA accounts in many
bacteria for important interstrain genetic variability (Brissow and Hendrix, 2002). It has
been found that multiple phages contribute to bacterial pathogenicity. A number of
famous bacterial toxins, such as botulinus toxin, Shigatoxin, and choleratoxin, are phage
encoded (Brissow and Hendrix, 2002; Miyamoto et al., 1999).

Comparative genomic analysis shows that genes are organized in functiona
modules which carry out particular biological functions. Gene orders in tailed phage
genome are more conserved than nucleotide sequences. The modules can be entire sets of
genes or single genes, or gene segments encoding distinct protein domains like those in
streptococcal phages (Neve et al., 1998). Many Sphoviridae LAB phages shared a
comparable structural gene cluster and an identical modular genome organization: DNA
packaging, head, tail, tail fiber, lysis, lysogen, DNA replication, transcriptional regulation
(?) modules (Brussow and Desiere, 2001; Venema et a., 1999; Desere et a., 1999;
Desiere et a., 2001; Luccini et al., 1998; 1999).

Comparative genomics allowed the establishment of associations between
phenotype and genotype and thus the prediction of gene functions (Desiere et al., 1999).
The genetic information obtained from phage sequence analysis has found many practical
applications, such asinduced lysis of LAB to enhance cheese ripening (de Ruyter et al.,
1997), or to eliminate undesirable bacteria during fermentations (Payne et a., 1996), re-
routing of carbon fluxes for the production of a specific amino acid enantiomer, and
construction of genetic traps for phages. Phage-resistant LAB starters containing the
cloned phage origin of replication on a plasmid have been designed. When the cell is
infected, the phage drives the replication of the plasmid, and no longer drivesits own
DNA replication (Brussow, 2001).

Compared with other organisms, the total number of phage sequencesin the
database is small. More phage genome sequences from a diverse array of phages and
comparative sequence analysis are needed to elaborate upon a sequence-based theory and
to improve our understanding of these viruses and their interaction with their hosts.
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BACTERIOPHAGE ECOLOGY IN NATURE

Introduction

Ecology is the study of the relationship between organisms and their surroundings
(Hurst and Lindquist, 2000). Therefore, phage ecology is the study of the relationship
between phages, other organisms, and their environments. There are an estimated >10%
phages on the planet, outhnumbering all other forms of life combined (Brissow and
Hendrix, 2002). Ecologically, phages are as varied and as versatile as their hosts with
some able to survive extremes of temperature (up to 95°C) and extremes of pH as low as
pH 1 (Sharp, 2001). Phages can be isolated from most environments populated by
bacteria. Phage particles typically outnumber prokaryotic cells by about 10-fold in
environmental samples (Briussow and Hendrix, 2002). Thus, phage numbers generaly
reflect that of the bacterial population (Sharp, 2001). Phage is an important factor in
regulating the abundance and distribution of the bacterial population in nature (Suttle,
2000).

The ecologica role of phages in the environment has been a subject of intense
investigation over the past several years. The development of techniques to study natural
vira populations in situ has progressed tremendously. Various aspects of phage ecology
in nature, including abundance, diversity, role in microbial mortality and water column
trophodynamics, viral decay rates, repair mechanisms, and lysogeny, are becoming
understood (Paul and Kellogg. 2000). Most of these studies have been performed in

aguatic environments.

Phage ecology in aquatic environments

Bacteriophages are known to be the most numerically abundant form of life in the
surface waters of this planet. Direct counting techniques including epifluorescence
microscopy and TEM have brought this fact to light. A major question posed to microbial
ecologists concerning the tremendous number of viruses in aquatic environments is. So
what? Are viruses causing significant bacterial mortality, short-circuiting the Microbial
Loop, and causing dissolved organic matter release?
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It is estimated that in normal aquatic environments, viral lysis accounts for

approximately 25% of total bacterial mortality, roughly equivalent to that caused by
flagellate grazing (Paul and Kellogg. 2000; Suttle, 1994). However, this percentage can
shift under extreme conditions (high salinity or anoxia) to nearly 100% of the bacterial
mortality (Paul and Kellogg. 2000). Thus, phages can have major ecological effects on
environments. Viral lysis also has important implications for our understanding of
nutrient and energy cycling on a global scale (Suttle, 2000). Lysis results in release of
cellular material into the surrounding water, which supplies nutrients to other organisms.
This can place phages in a key position in nutrient cycling in aguatic communities
(Suttle, 2000). Viruses themselves may be a source of carbon for higher tropic levels.

Vira infection can play an important regulatory role in microbial ecosystems
through selective predation of host strains which are numerically abundant. Based on the
findings of chemostat studies, it is likely that fast-growing, dominant hosts are either
phage-susceptible or lysogens. In either case, it is easily anticipated that natural selective
events, such as nutrient input, stimulate rapid growth of a specific bacterial strain. Once
this subpopulation achieves a critical density or growth rate, an epidemic of phage
infection will occur, selectively limiting the abundance of the fast-growing host and
preventing the excessive dominance of a single strain within the community (Wommack
and Colwell, 2000.). Thus, phages may ensure the coexistence of competing bacteria by
infecting only the most abundant hosts or "killing the winner".

It is estimated that phage decay rates average between 0.2 and 1.0 day™. UV
damage by sunlight may be the greatest factor contributing to phage mortality, while
photoreactivation plays a magjor role in phage repair. Lysogeny is a common occurrence
among marine bacteria. On average, 10% of the population contains inducible prophage
(Paul and Kellogg, 2000). This may be important in maintaining the phage population.

The genetic diversity of phages in environments (soil, freshwater, or the ocean) is
becoming known. Often differences in phage morphology are reflected in differences in
DNA hybridization or restriction patterns for phages sharing a common host (Paul and
Kellogg, 2000). There is also conservation of blocks of viral DNA ("modular cassettes")
in morphologically variable phage isolated on the same host. In fact, evidence for gene
transfer of viral genes is based on blocks of common or similar genes in widely differing
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phages. Transduction of host genes has been observed in isolates in culture, in isolates

added to microcosms, and in natural population. Although the frequency seems low,
when extended across an entire estuary, transduction could result in 10* gene transfer
events annually, which could have given rise to the great diversity of bacterial strains
(Paul and Kellogg, 2000).

Phage diversity can be considered to be the number of morphologically distinct
groups of viruses that infect bacteria. More relevant from an ecological perspective is the
diversity of phages that infect a given host or group of hosts. One approach for examining
diversity that has direct ecological implications is to examine the host range of vira
isolates. Phages that have broad host ranges are less likely to be dependent on a specific
host for replication, and their effect on community structure may be less than phages with
very narrow host ranges. In general, phages have relatively narrow host ranges and only
infect members of a single species, and are often restricted to strains within a species.
However, a study shows that the host range of cyanophages can be extremely complex.
Some cyanophage isolates have very restricted host ranges and only infect a single strain
of Synechococcus, while other isolates appear to have broad host ranges that overlap with
those of other cyanophages (Suttle, 2000).

Phenotypic (e.g. mgjor capsid proteins or morphological criteria) or genetic (e.g.
restriction fragment length polymorphism, hybridization or nucleic acid sequence
analysis) approaches can also be used for examining phage diversity in natura viral
communities (Suttle, 2000). An even more powerful approach for examining the diversity
is to couple PCR amplification of a region of viral specific genes with denaturing
gradient gel electrophoresis (DGGE) (Suttle, 2000). DGGE can be used to resolve DNA
fragments of the same size that differ in as little as a single base pair. As well, DGGE
eliminates the need to isolate the phages or to clone PCR products, and offers a rapid
means of detecting predominant populations. DGGE has been used to genetically
fingerprint marine virus communities (Short and Suttel, 2002).

Bacteriophagesin food fermentation systems
Most food fermentations occur under non-sterile conditions. Phages can be an
important component of microbial flora present on raw materials or in fermentation



19
environments. Therefore, bacteria that drive fermentations can be infected by these

phages (Boucher and Moineau, 2001). Phages active against lactic acid bacteria have
been isolated from various fermentation environments. dairy (Everson, 1991; Peitersen,
1991), meat (Trevors et a., 1983), sourdough (Foschino et al., 2001), and silage (Caso et
al., 1995). Phages in vegetable fermentation were first reported by Faville and Fabian
(1949) following observation that Lactobacillus plantarum cultures were lysed by phages
isolated from the soil where cucumbers had grown. This report went largely unnoticed.
Not until recently was it shown that phages were present in sauerkraut fermentation
(Yoon et a., 2001; 2002). Although it is well-known that vegetable fermentations,
particularly sauerkraut fermentations, depend on the sequential growth of a variety of
LAB, virtually nothing is known about the role phages may play in the succession. Little
research has been done on abundance, diversity, and genetics of phages, and the

ecological role phages play in vegetable fermentations.

Molecular methodsfor specific phage detection

Several molecular methods have been developed for rapid detection of some
Lactococcus or Streptococcus phages in dairy fermentations. An enzyme linked
immunosorbent assay (ELISA) using monoclonal antibodies against a maor capsid
protein of Lactococcus phage ul36 has been used for detecting lactococal phages in whey
and milk (Moineau et a., 1993). DNA probes have been used for detection of lactococcal
phages in cheese whey (Moineau et al., 1992). PCR-based methods targeting genes (e.g.
int) or conserved regions in phage genome have been used for the detection of
Streptococcus thermophilus phage in cheese and yogurt fermentations (Briissow et al.,
1998; O’ Sullivan et al., 2000).

PHAGE DISPLAY TECHNOLOGY

Introduction
Most biological processes depend on molecular binding events (Felici et al.,
1995). Identification and isolation of the binding partners to molecular targets such as
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proteins, carbohydrates, nucleic acids, lipids or whole cells are fundamental to the

understanding of biological processes and to the search for novel molecules with desired
chemical, physical, or biological properties (binding affinity, specificity, kinetics, and
stability).

Phage display is a powerful new technology for selecting and engineering
proteins or peptides that bind a target molecule of interest. The technology was first
developed with the E. coli specific phage M13 as a means of selecting cloned peptides
that bind to molecular targets (Smith, 1985). The success of M13 phage display has
prompted the development of numerous alternative display systems such as A, T4, T7,
and phagemid systems.

Phage display offers severa unique advantages over hybridoma and other
methodologies: simple, efficient, and inexpensive. Phage display has been used in awide

range of applications.

Principles of phage display

With phage display technology, a foreign DNA is genetically fused to a coat
protein gene in a phage, resulting in the presentation of a foreign protein on the phage
surface, while the DNA encoding the fusion resides within the virion. This physical link
between phenotype (the displayed peptide) and genotype (the encoding DNA) in one
genetic package allows a direct selection and enrichment of both displayed protein and its
coding sequence at the same time (Kristensen et a., 2000; Rodi and Makowski, 1999).
An enormous (>10") collection of phages (known as phage display library) can be
constructed. The library can be highly diverse with respect to insert size, sequence,
conformation, flexibility, and distribution of hydrophobic or charged regions, with each
phage displaying only one kind of peptide (Collins and Réttgen, 1997). The library
members with desired binding characteristics can be isolated by a simple in vitro affinity
selection procedure called "biopanning,” in which the phage library is incubated with an
immobilized target of interest, and non-binding phage particles are washed away. The
bound phage is eluted and amplified by re-infection in bacteria. Such amplified phages
are then used in the next selection round. After a few rounds of biopanning, the phage

population is enriched for high affinity binders. The technology provides an easy and
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efficient means to find “a needle in a vast molecular haystack” (Rodi and Makowski,

1999). Vast numbers (>10°) of different peptides or proteins and their coding sequences
can be simultaneously screened. The amino acid sequence of displayed proteins can be
deduced by nucleotide sequencing of the inserted DNA (Rodi and Makowski, 1999;
Sidhu, 2000).

Applications of phage display

Phage display technology can be used to isolate proteins or peptides that bind
with high specificity and affinity to virtually any target of interest. The technology of
varying formats has been applied successfully in a large number of studies to identify
molecules with desired binding properties for research, medical, and industrial
application. Large collections of antibody fragments have been displayed on phage
surfaces and screened with different antigens or with complex protein mixtures such as
sera for diseased individuals (Felici et a., 1995). Phage displayed antigens have been
found immunogenic in rabbits and/or mice (Wan et al., 2001; de la Cruz et al., 1988;
Willis et a., 1993; Minenkova et a., 1993). Structure-function relationship of proteins,
protein-protein interaction, and enzyme-substrate specificity have been studied using the
phage display system (Forrer et al., 1999).

Tremendous selection power offered by the phage display system can now be
used in conjunction with controlled random mutagenesis, leading to exciting protein
engineering opportunities to improve or ater the binding properties of displayed proteins,
or to produce novel proteins. These mutant proteins or protein mimicry with desired
phenotype can be used as reagents to understand molecular recognition, as minimized
mimics for receptors, or as lead structures for the development of new drugs and vaccines
(Sidhu, 2000; Griffiths and Duncan, 1998; Felici et al., 1995). A wide variety of such
proteins or protein domains have been functionally displayed on phage surfaces, such as
hormones (Lowman and Wells. 1993), antibodies (Jones, 1998; Clackson et a., 1991),
growth factors (Ballinger et al., 1998), enzymes (Soumillion et a., 1994), and antigens
(Felici et a., 1995). Severa groups have used phage display to engineer zinc-finger
domains with designed DNA-binding specificities that can be used to control gene
expression (Wolfe et al., 1999). Phage displayed proteins can act as organ- or cell-
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specific binders for developing targeted drug-delivery systems (Pasqualini and

Ruodlahti., 1996), as specific inhibitors to enzymes or receptors (Ley et al., 1996), and as
'molecular sponges for protein purification or toxic waste remover (Smith et al., 1998;
Petrenko et al., 1996). Phage display technology has become an invaluable component of

biotechnology. New applications are continually arising.

Limitations of phage display

Despite the great potential of phage display technology to probe protein-ligand
interactions, this technology is only in its infancy. Inherent limitations imposed by the
display mechanism and by a biological system limit the scope of proteins that can be
displayed. Only a subset of the proteins or peptides consisting of the 20 natural amino
acids can be displayed and only a fraction of these has been successfully displayed with
any given system (Sidhu, 2000). For studying the biological activity of natural protein or
peptide, the technology is useful only if the displayed protein is folded properly, and no
additional subunits or post-translational modifications are required (Jacobsson and
Frykberg, 1996). The capacity to construct large libraries in any cloning system depends
on the overall efficiency of cloning and packaging fusion protein into the capsid (phage)
or transformation (plasmids). In addition, the system may not display all fusion proteins
equally well. So far, no single display format has proven universally applicable. The
technology needs to be developed further and fine tuned for the selection of any desired
selectable property of a protein.
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Table 1. Morphotypes and basic properties of phage families®

Morphotype Shape Nucleic acid  Family Particulars

Alto A3 Tailed DNA,2,L Myoviridae Tail contractile

Bl to B3 Siphoviridae Tail long, noncontractile
CltoC3 Podoviridae Tail short

D1 . Polyhedral DNA, 1,C Microviridae Conspicuous capsomers
D3 2,C, S Corticoviridae ~ Complex capsid, lipids
D4 2,L Tectiviridae Lipid vesicle, pseudotail
El RNA, 1,L Leviviridae

E2 2,L, seg. Cystoviridae Envelope, lipids

F1 Filamentous DNA, 1,C Inoviridae a. Long filaments

F2 b. Short rods

F3 2,L Lipothrixviridae Envelope, lipids

F4 2,L Rudiviridae TMV-like

Gl Pleomorphic DNA, 2,C,S Plasmaviridae = Envelope, lipids, no capsid
G2 2,C, S Fuselloviridae  Same, lemon-shaped

C Circular; L linear; S superhelical; seg. segmented;  single-stranded; 2 double-stranded

“Adapted from Ackermann, 2001.
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Figure 4. Morphotypes of bacteriophages. See Table 1 for explanation. (Adapted from

Ackermann, 2001).
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ABSTRACT

The ecology of bacteriophages infecting lactic acid bacteria (LAB) in commercial
sauerkraut fermentations was investigated. Brine samples over a 60- or 100-day period
were taken from four commercial sauerkraut fermentation tanks in 2000 and 2001. A
total of 171 independent phage isolates, including at least 26 distinct phages, were
obtained. In addition, 28 distinct host strains were isolated and identified as lactic acid
bacteria by ITS restriction and 16S rRNA sequence analyses. These host strains included
Leuconostoc, Weissella, and Lactobacillus species. It was found that there were two
phage-host systems in the fermentations, with the dividing line occurring between day 3
and day 7 after the start of the fermentations, corresponding to the population shift from
heterofermentative to homofermentative LAB. The data strongly suggested that phages
may play an important role in the microbial ecology and the succession of lactic acid
bacterial species in vegetable fermentations. It was found that two phage isolates were
capable of infecting two lactobacillus species. Twenty-eight phage isolates were obtained
from samples taken on day 60, when the brine pH was < 3.5. Eight phage isolates which
were independently obtained two or more times were further characterized. They
belonged to the Myoviridae or Sphoviridae family, and showed distinct host ranges and
DNA fingerprints. These results demonstrated for the first time the complex phage
ecology present in commercial sauerkraut fermentations, providing new insights into the
bioprocess of vegetable fermentations. Knowledge of phage ecology in vegetable
fermentations is essential for developing phage-control strategies for high and consistent
quality of fermented vegetable products.

Keywords: bacteriophage, bacteriophage ecology, lactic acid bacteria, sauerkraut
fermentation, vegetable fermentation
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INTRODUCTION

Like most vegetable fermentations, sauerkraut fermentation is spontaneous and
relies on avery small population of lactic acid bacteria (LAB) which are naturally present
on the fresh vegetables for preservation. It is known that a succession of various LAB
species and their metabolic activities are responsible for the quality and safety of these
products (Pederson and Albury, 1969). The process is characterized by an initial
heterofermentative stage, followed by a homofermentative stage. Heterofermentative
Leuconostoc mesenteroides initiates the fermentation and quickly predominates the early
stage of the fermentation because it is present at an initially higher number (Mundt et al.,
1967; Mundt and Hammer, 1968; Mundt, 1970), has a shorter generation time (Stamer et
al., 1971), and grows more rapidly at lower temperature than most other LAB found on
plants (Pederson and Albury, 1969). The quality characteristics of sauerkraut are largely
dependent upon the growth of this species (Pederson and Albury, 1969). As the
fermentation proceeds, pH drops quickly to 4.5 (approx. 1% lactic acid). L.
mesenteroides rapidly dies off due to its relatively low acid tolerance (McDonald et al.,
1990). Lactobacillus brevis and homofermentative Lactobacillus plantarum take over.
They continue fermenting the remaining cabbage sugars to produce primarily lactic acid
and further lower the pH. Lactobacillus plantarum completes the fermentation with the
final pH around 3.5 (Pederson and Albury, 1969; Vaughn, 1985). The correct sequence of
LAB species is essentia in achieving a stable product with the typical flavor and aroma
of sauerkraut. It is generaly thought that microbia succession is largely due to the initial
microbial load on cabbage, the growth rates and salt- and acid-tolerances of LAB, salt
and acid concentrations, pH, and temperature (Pederson and Albury, 1969; Fleming,
1982; Daeschel et al., 1987).

Bacteriophages (phages) are ubiquitous in nature. They can be an important
component of microflora on vegetables. An initial studies in our laboratory showed the
presence of phages active against LAB in sauerkraut fermentation (Yoon et al., 2002). As
phages are obligate intracellular parasites that typically infect bacteria and cause cell
lysis, they can potentially contribute to bacterial mortality, and change the microbial

community, thereby influencing microbial succession in the fermentations. However, no
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research has been done on the phage ecology in vegetable fermentation and the role

phages play in microbial succession.

The objectives of this study were to investigate the diversity and ecology of
phages active against LAB in commercial sauerkraut fermentations, to explore the
possible role of phages in microbia succession in the fermentation, and to characterize
predominant LAB phages isolated from the commercial fermentations. Knowledge of the
diversity and ecological role of phages is important for better understanding of the
complex bioprocess. This information should facilitate the development of controlled

vegetable fermentation strategies whereby starter cultures could be used.

MATERIALSAND METHODS

Commercial sauerkraut fermentation and sample collection

Four commercia sauerkraut fermentation tanks (one in 2000, three in 2001) were
examined in this study. Each tank had a 90-ton capacity. Fresh cabbage was trimmed of
outer leaves. The trimmed cabbage was then shredded, dry salted, and conveyed into
tanks. Natural fermentations were carried out with 2.3% NaCl (after equilibration with
the shredded cabbage) and an average temperature of 18°C. The fermentation procedure
did not change over the 2-year study period.

Fermentation samples were obtained between October 2000 and December 2001.
On 2 October 2000 (day zero), a commercial fermentation tank was filled with salted
shredded cabbage. Fresh shredded cabbage samples (500 g) were collected in sterile
plastic bags prior to sating. From the tank into which the cabbage was conveyed, brine
samples (100 ml each) weretaken on days 1, 3, 7, 9, 14, 22, 30, 60, and 100 after the start
of fermentation. A stainless steel tube (1 cm in diameter) was rinsed with tap water and
used to take brine samples from a depth of about 60 cm from the top of the fermentation
tank (about 60 cm from the edge of the tank). Each brine sample was transferred into two
separate 50-ml sterile plastic tubes with screw caps (Corning Costar Corp., Cambridge,
Mass.) and immediately placed in insulated boxes. The collected samples (cabbage or
brine) were shipped on ice to our laboratory through overnight mail, and processed
immediately. On 24 September 2001 (day zero), three tanks were packed. Brine samples
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(100 ml each) from each of the three tanks were taken on days 1, 3, 7, 9, 14, 22, and 60

following the same procedure as described above, and shipped to our laboratory under

refrigeration.

Preparation of shredded cabbage samples for microbiological and chemical analyses

For microbiological analysis, 30 g shredded cabbage sample was homogenized in
a stomacher with 270 g saline (0.85% NaCl) for 3 min at the maximal speed (Stomacher
400, Tekmar, Cincinnati, OH). The cabbage extract (1 ml) was obtained from the
stomacher bag for microbiological analysis. For chemical analysis, 100 g shredded
cabbage sample were blended with 200 g water for 3 min in a Waring blender (Dynamic
Products Corp., New Hartford, CT) at the maximal speed. The resulting cabbage slurry
was frozen overnight at -20°C, thawed next day, and homogenized in a stomacher at the
normal speed setting for 1 min. The cabbage extract (30 ml) was transferred from the
filter side of the stomacher bag to a 50-ml sterile plastic tube and frozen at - 20°C for

later analysis.

Thetreatment of brine samplesfor host and phageisolations

Each brine sample was divided into severa portions for microbiological and
chemical analyses, and for isolation of phages and their hosts (Fig. 1). One ml brine was
saved for immediate microbiological analysis and host isolation. The remaining brine
sample was centrifuged aseptically at 10,000 x g (GSA rotor, Sorvall Centrifuges,
Newtown, CT) and 4°C for 10 min to remove solid particles. The supernatant was filtered
(Whatman filter paper, No. 4, W & R Balston Limited, England). A portion (30 ml) of
the filtrate was stored at -20°C for later chemical analysis. The pH of the remaining
filtrate was measured by a pH meter (Model 825 MP; Fisher Scientific Co., Pittsburgh,
PA), and then adjusted to approximately 6.3 with 3.0 N NaOH. After filter-sterilizing
(0.45 um-pore-size filters), the brine was stored at 4°C for later use as a potential phage

source.
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Microbiological analysis

After seria dilution, samples of cabbage extract or of brine were plated on PCA
(Difco Laboratories, Detroit, MI), VRBG (VRB agar, Difco, supplemented with 1%
glucose, Sigma Chemical Co, St. Louis, MO), MRS agar (Difco), MMRS (MRS agar,
Difco, supplemented with 0.02% sodium azide, Fisher Scientific Co., Fairlawn, N.J., to
prevent the growth of yeasts and molds), and YM agar (Difco) by using a spiral plater
(Autoplate 4000; Spiral Biotech, Inc., Bethesda, MD). The plates were incubated at 30°C
for 1 day (PCA and VRBG) or 2 days (MRS, MMRS), or at room temperature for 4 days
(YM). The colonies on the plates were enumerated with an automated colony counter
(Protos Plus, Bioscience International, Rockville, MD) to determine the total aerobic
(PCA), Enterobacteriaceae (VRBG), LAB (MRS and MMRS), and yeast and mold (Y M)

counts.

Chemical analyses and sensory evaluation

The salt (NaCl) content in brine was determined by titration with standard AgNO3
using dichlorofluorescein as an indicator (Fleming and others 1992). Sugars, alcohals,
and organic acids were determined by high-performance liquid chromatography (HPLC).
Sugars and mannitol were separated by a Carbopac PA1 column (Dionex Corp.,
Sunnyvale, CA) with a 0.8 ml/min flow rate of 0.12 N NaOH at room temperature, and
detected by a pulsed amperometric detector (model PAD-2; Dionex). Cellobiose was
used as an internal standard. Organic acids and ethanol were analyzed using a cation-
exchange column (Aminex HPX-87H, Bio-Rad Laboratories, Richmond, CA) with a 0.8
ml/min flow rate of 0.03 N H,SO, at 75°C. A UV detector (UV-6000, Thermo
Separation Products Inc., San Jose, CA) and a differential refractometer (Waters 410,
Warters, Milford, MA) were connected in series for detection of organic acids (at 210
nm) and ethanol, respectively. Isobutyric acid was used as an internal standard. The
quality of the sauerkraut products from two of the four tanks was evaluated and compared

with similar products from local grocery stores by a sensory panel.
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I solation of phages and their hosts

In 2000, each brine sample was diluted and plated on MRS agar plates (Fig. 1).
The plates were incubated at 30°C for 2 days. From these plates, 96 isolated colonies
were randomly picked and used for inoculating 96 wells in a microplate (microplate I,
Corning Costar Corp., NY). Each well in microplate | contained 200 pl MRS broth and
cells was overlayed with 75 pl minera oil after inoculation. The microplate was then
incubated overnight at 30°C. Ten ul of each of the 96 overnight cultures in microplate |
were transferred into two new microplates (I1A and I1B, Fig. 1). These cultures would
serve as potentia hosts for phage enrichment and isolation. Each well in microplate I1A
or 1IB contained 200 pul MRS broth. Microplate 1A was incubated at 30°C for 6 h,
whereas microplate 11B was temporarily stored at 4°C for later use. A filter-sterilized
brine sample (50 pl) was added to each well in microplate I1A to enrich the phagesin the
brine. The incubation of microplate 11A was continued overnight. Meanwhile, microplate
1B was removed from 4°C and incubated at 30°C to provide fresh cultures for spot tests.
After severa hour’s incubation, microplate 11A was placed in microplate carriers (SH-
3000 Swinging Bucket Rotor, Sorvall), and centrifuged at 3,300 x g and 4°C for 10 min.
Ninety-six individual spot tests were performed by spotting 10 pl supernatant from awell
in Plate 1A onto the corresponding bacteria lawn that resulted from 100 pl of overnight
culture from the corresponding well in Plate 1I1B. The 96 plates were incubated overnight
at 30°C. Primary phage-host relationships were indicated by positive spot-test plates
(showing a clear or hazy zone, or plagues in the bacterial lawn) and confirmed by plague
assay after the host was colony-purified. Each host isolate was assigned an identification
(ID) with a numeric label indicating the day when it was isolated, followed by the a pha-
numeric identification of the well on microplate I1B in which the host was grown. The
corresponding phage isolate was assigned the same ID with a prefix '®'. For example,
®1-A3 indicated that the phage was isolated on day 1 and propagated in well A3 of
microplate 1A, and its principal host was 1-A3. Theoreticaly, the detection limit of
phages in 2000 was 20 pfu/ml brine sample because 50 pl of the brine sample was used
for phage enrichment. All of the resulting phage isolates were purified by one round of

single-plague isolation according to the method described in Chapter 2. Additional spot
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tests were performed to determine host range and phage typing, and thereby identifying

distinct phages and hosts.

In 2001, the hosts isolated in 2000 were used to propagate phages in brine
samples from three commercial fermentation tanks. With afew exceptions, hosts isolated
from a specific day in 2000 were used mainly for phage isolation from the brine samples
of the same day of the fermentation in 2001. For example, the hosts isolated from day 3
in 2000 were used to isolate phages from only day-3 brine sample in 2001. Fresh host
cultures were prepared in 1.5-ml microfuge tubes instead of microplates. A half ml MRS
broth supplemented with 10 mM of CaCl,, 0.5 ml filter-sterilized brine, and 20 pl of host
culture (in log-phase) was added to a 1.5-ml microfuge tube, which was then incubated
for 10-12 hr at 30°C and then micro-centrifuged (Model 16KM, Fisher Scientific) at
8,850 x g for 1 min. A half ml supernatant was transferred to a new microfuge tube
containing 1 ml MRS/10 mM CaCl, and 0.1 ml fresh host culture. After overnight
incubation at 30°C and micro-centrifugation at 8,850 x g for 1 min, the phage lysate (in
supernatant) was used for spot test against the host used for the phage propagation. The
theoretical detection limit of phage in 2001 was 2 pfu/ml of brine sample because alarger
volume (500 pl) of brine sample was used for phage enrichment compared with that in
2000.

Maintenance of Bacterial and phage isolates

All bacterial isolates were temporarily maintained on MRS agar at 4°C. For long-
term storage, host glycerol stocks were made with MRS broth supplemented with 16%
glycerol, and kept at -84°C. All phage lysates were filter-sterilized and maintained at
4°C. Phage glycerol stocks (in MRS broth supplemented with 16% glycerol) were kept at
-84°C.

Host identification

All host isolates were subjected to biochemical tests for gas (CO,) production
from glucose with a Durham tube in MRS broth, malolactic enzyme activity in MD
medium (Daeschel et al., 1984), dextran (slime) production on 5% sucrose agar (Atlas,
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1993), and catalase activity using 5% H,0,. Lactobacillus plantarum and Listeria

monocytogenes strains (from our culture collection) were used as negative and positive
controls, respectively. Each individual host isolate obtained in 2000 was tested against
every single phage isolate obtained in 2000 with spot tests to determine phage typing of
the host. Based on phage typing, distinct hosts were determined. Host strains were
identified with restriction analysis of the Intergenic transcribed spacer (ITS) regions
between the 16S and 23S rDNA genes. Genomic DNA from each host was extracted
from an overnight culture using a Wizard Genomic DNA purification kit according to the
protocol for genomic DNA isolation provided by Promega Cooperation (Madison, WI).
ITS-PCR was performed according to the method described by (Breidt and Fleming,
1996). The forward (5-GAAGTCGTAACAAGG-3) and revese (5-
GGGTTTCCCCATTCGGA-3) primers (Genosys Biotechnologies Inc., The Woodlands,
TX) were used to amplify the ITS regions of rRNA operons. The amplification was
performed with a thermal cycler (GTC-2 Genetic, Precision Scientific Inc., Chicago, IL)
in a total volume of 100-ul. Each reaction mixture contained 70 pl water, 4 ul template
DNA (10 to 100 ng), 10 pl 10X PCR buffer, 10 pul 25 mM MgCl,, 2 ul of each primer, 1
pl of dNTP mixture (25 mM each dNTP), and 1 pl Tag DNA polymerase (5 Unit/ul,
Promega). Samples were overlaid with 75 pl of mineral oil and subjected to an initial
denaturation step (94°C for 5 min), followed by 25 cycles of denaturation (94°C for 1
min), annealing (55°C for 5 min), and extension (72°C for 2 min), and finished with a
final extension step at 72°C for 5 min. After cooling to 4°C, 20 ul of each PCR product
was mixed with 1l Rsal endonuclease (16 U/ul, Stratagen, Woodinville, WA), and then
incubated at 37°C for 1 hr. A 10 pl sample from the restriction digest was mixed with 5
pl bromphenol blue tracking dye solution, loaded onto 5% polyacrylamide gels using a
vertical gel electrophoresis box with the glass plates (BRL Model V16, Life
Technologies, Inc., Gaithersburg, MD). Electrophoresis was carried out in a 1X TBE
buffer at a constant 75 V for 5to 6 hr. A 100 bp DNA ladder-size standard (Invitrogen,
Carlsbad, CA) was used as a standard. The gels were stained with ethidium bromide (0.5
ug/ml, in water, Sigma) and visualized under transmitted UV light (UV Transilluminator,
model 2040EV, Stratagen). The restriction patterns were compared with our database to
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determine the genus and species of the hosts, which were confirmed later by 16S rDNA

sequence analysis. Chromosoma DNA (4 ul) from each host was subjected to PCR
amplification in atotal volume of 100 pl containing 1 pl Tag polymerase (Promega). The
therma cycler (RoboCycler Gradient 96, Stratagen) was programmed for an initial
denaturation at 94°C for 10 min, 25 cycles of 1 min at 94°C, 2 min at 61°C, and 2 min at
72°C, followed by a find 5min extenson a 72°C. Forward (5-
AGAGTTTGATCCTGGCTCAG-3) and reverse (5-GTCTCAGTCCCAATGTGGCC-
3) primers specific for LAB were used to amplify the region (about 350 bp) with a
hypervariable nucleotide base sequence of the 16S rRNA gene. The PCR products were
purified by using the Qiaquick PCR Purification Kit (Qiagen) in accordance with the
manufacturer's protocol and examined by 1% agarose gel electrophoresis before shipped
to University of Caifornia at Davis (Davis, CA) for sequencing. A search of the
GenBank DNA database was conducted by using the BLAST algorithm. A similarity of
>98% to the partial 16S rDNA sequences of type strains was used as the criterion for
identification.

Characterization of phages

Each phage isolate obtained in 2000 was tested against all host isolates obtained
from the same tank to determine the host range by spot test on MRS agar media. Based
on host ranges, distinct phages were determined. Eight frequently occurring phages were
selected for further characterization by their morphology, maor structural protein
profiles, and restriction endonuclease digestion patterns using the methods described in
Chapter 2. Briefly, phages were concentrated from large-scale phage lysate by PEG
precipitation and purified by ultra-centrifugation in CsCl step gradient (Sambrook et al.,
1989). Electron micrographs of phages were taken by transmission electron microscopy.
Structural proteins of phages were analyzed by SDS-PAGE. Phage DNA was phenol- and
chloroform-extracted, and then digested with Hind I11 restriction endonuclease according
to the supplier’s recommendations (Promega, Madison, WI). The DNA fragments were
separated by agarose (0.8%) gel electrophoresisin Tris-acetate-EDTA buffer.
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RESULTSAND DISCUSSION

Microbiological analysis

Figure 2 showed the cell count profilesin the commercial sauerkraut fermentation
tank studied in 2000. The initial PCA count on day 0 was 4 x 10° cfu/g. VRBG count for
Enterobacteriaceae was 2 x 10° cfu/g and LAB counts were about 1 x 10* cfu/g. Yeast
and mold counts were below the detection limit (10% cfu/ml). Once the fermentation
started, Enterobacteriaceae quickly died off due to the combined inhibitory effect from
salt added and the acid produced by LAB, which became predominant. Meanwhile YM
count increased because yeasts and molds were salt- and acid-tolerant. As the
fermentation continued, LAB, yeast and mold counts gradually decreased, largely due to
fewer nutrients available, increasing concentration of organic acids, and lowering pH. On
day 30, PCA, MRS, or MMRS counts were about the same (close to 1 x 10’ cfu/ml),
whereas YM count was 1 log cycle lower (1 x 10° cfu/ml). From day 1 to day 60, MRS
count was close to MMRS count, indicating that the mgjority of colonies on MRS were
LAB. However, on day 100, MMRS count was under the detection limit, whereas MRS
and YM counts were close to or above 10° cfu/ml, respectively, indicating the majority of
colonies on MRS plate were not LAB, but yeast and mold. The overall cell count profiles
over the 60-day period in three other tanks (data not shown) were similar to those
described above.

Chemical analyses and sensory evaluation

The fermentable substrate composition of shredded cabbage used for the
fermentations was shown in Table 1. The cabbage used in 2000 contained 119.2 mM
(2.15%, by wt.) glucose, 90.8 mM (1.64%) fructose, 4.8 mM (0.17%) sucrose, and 5.6
mM (0.07%) malic acid, which were lower than those reported by Fleming et al. (1988).
The cabbage used in 2001 contained much lower glucose (81.7 to 92.4 mM), fructose
(73.8 to 83.5 mM), and malic acid (3.5 to 4.7 mM), compared with that in 2000. No
sucrose was detected in the cabbage used in 2001. The variation in overall fermentable
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substrate composition of cabbage can result from the difference in varieties or

maturation stages of cabbage used.

The substrate consumption, acid production, and pH reduction were rapid during
the first two weeks of the fermentation in the tank studied in 2000 (in Fig. 3). Mannitol
was produced during the first week of the fermentation (Fig. 3a). This commonly occurs
in the heterofermentative stage when fructose is used as an electron acceptor by such
species as Leuconostocs mesenteroides and Lactobacillus brevis (Daeschel et al., 1987).
When cabbage sugars were exhausted, mannitol concentration started to decrease (Fig.
3a), as mannitol then serves as a substrate for homofermentative species (Daeschel et al.,
1987). This results in additional acid production and a further pH decrease (Fig. 3b).
Small amounts of residual sugars (2.2 mM glucose and 3.8 mM fructose) were present at
the end of fermentation. Similar sugar and acid profiles were obtained in the three tanks
studied in 2001 (data not shown) except that no residual sugars were observed. The
difference in residual sugar might have resulted from the difference in initial sugar
content of the cabbage used in fermentation. As mentioned earlier, the cabbage used in
2000 had a much higher sugar content than those used in 2001. LAB could be inhibited
by low pH or other factors before they could utilize al natural sugars present in
vegetables. Incomplete fermentation due to high initial sugar content was aso observed
in cucumber fermentation (Lu et al., 2001; 2002a; 2002b).

The overall pH profiles (Fig. 4) were similar in al four tanks. Brine pH decreased
rapidly in the first week of fermentation, slowly in the second and third weeks, and
remained almost unchanged thereafter. The pH on day 60 was in the range of 3.4t03.5in
al four tanks. It was noticed that the pH on day 1 in the tank studied in 2000 was lower
than the three tanks studied in 2001 (Fig. 4). This may be due to the variation of cabbage
used or other unknown factors. Malic acid was exhausted in al four tanks (data not
shown), indicating the activity of malolactic enzyme from certain LAB strains, especialy
some Lb. plantarum strains. The salt content in brines from the four tanks was in the
range of 2.2-2.3% (data not shown). The quality of the sauerkraut products from two of
the four tanks was evaluated by a sensory panel. The color, flavor, and texture of the final

product from either tank were very similar to those of the references obtained from local
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grocery stores (data not shown), indicating that all four tanks underwent normal

fermentations.

I solation of phages and their hosts

In 2000, 864 randomly picked bacterial isolates from MRS plates were obtained
from 9 brine samples taken from a commercia sauerkraut fermentation tank over a 100-
day period. These isolates were tested as potential hosts for phage enrichment and
isolation. About 35 of them were unable to grow in the 96-well microplate and thus
abandoned. Based on spot tests, 61 phage isolates along with 61 hosts were obtained.
After purification of individual host and phage isolates, 46 phage-host relationships were
confirmed by plague assays. Additionally, 2116 (46 X 46) spot tests were performed to
determine host range and phage typing. Table 2 shows 44 phage isolates (on the top row)
and 46 host isolates (in the first column). Two phage isolates (®1-F9 and ®14-A4) lost
their infectivity for unknown reasons, and were not included in Table 2. Among the 44
phage isolates, 12 were obtained from day 1, 11 from day 3, 2 from day 7, 1 from day 9,
9 from day 14, 5 from day 22, and 4 from day 60. No phage was isolated on day 30 and
day 100. Probably the hosts or phages, or both, were under the detection limit.

A complex pattern of host ranges and phage typing is shown in Table 2. Multiple
phage isolates could attack the same host strain, while multiple hosts were susceptible to
the same phage. A striking observation, however, was that phages isolated from day 1 or
day 3 only infected hosts isolated from day 1 and/or day 3, not from other days, whereas
phages isolated after day 3 only attacked hosts isolated from day 7 or thereafter. The
restricted infectivity of phages to hosts from specific days implied that there were at |east
two groups of phage-host systems in the fermentation, with the dividing line occurring
between day 3 and day 7. Based on the time of their isolation or hosts, the 44 phage
isolates in Table 2 could be divided into two large groups. phage group I, including 23
phage isolates obtained on days 1 and 3, and phage group |1, including the rest 21 phages
isolates obtained after day 3. Accordingly, hosts could also be divided into two groups
based on the time of their isolation: group | isolated from days 1 and 3, group |1 isolated
after day 3. Within the same phage group, multiple phage isolates could attack the same

host strain. Within the same host group, multiple hosts could be susceptible to the same
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phage. The results clearly indicated that microbial populations shifted between day 3

and day 7, which were consistent with well-established observations (Pederson and
Albury, 1969). The results also indicated that the appearance of a new group of phages
was closely correlated to the bacterial succession. A parallel bacterial ecology study
confirmed the transition from hetero- to homo-fermentaiton occurred between day 3 and
day 7 (unpublished data).

Table 2 also shows that a number of phage isolates (such as ®1-A4, ®1-D6, and
®1-G7) have the same host range, and thus are possibly one single phage strain. Based
on host range analysis, 26 distinct phages were determined (Table 3). It is noteworthy
that 9 phages were independently isolated more than once on the same or different days
in 2000. Phage ®©7-E1 was isolated six times (once on day 7 or day 22, and four times on
day 14), whereas ®14-C8 appeared among phage isolates four times (twice on day 14,
two times on day 60), suggesting that these phages were predominant on day 14 and/or
day 60. Four phage isolates were obtained from day 60, when the brine pH was very low
(3.5). Host range is an important aspect of diversity that has ecological repercussions.
Many phages were capable of infecting two or more bacteria strains (Table 3). Phages
$14-C8, ®14-E10, and ®22-A2 had very broad host ranges, capable of infecting five or
six strains. The broad host range phenomenon has been observed for a number of phages
infecting E. coli. The LamB protein, which was initially named the A receptor (Werts et
a., 1994), also serves as a specific cell surface receptor for a series of other phages
(Charbit and Hofnung, 1985). It was reported that some complex phages used more than
one receptor and, therefore, had alternative routes of uptake into cells (Werts et al.,
1994). Broad-host-range phages may promote genetic diversity and genetic exchange in
microbial communities (Jensen et al., 1998). Table 3 aso shows that a number of phages
were capable of cross-infecting each other's host. In contrast, several phages had a very
restricted host range and only infected asingle strain. They could have a significant effect
on community structure. The large variety of phage types shown in Table 3 indicate that
there is substantial diversity among the phages in commercial sauerkraut fermentation

system.
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Host isolates (such as 1-A4, 1-D6, 1-F9, and 1-D10) having the same phage

typing were considered as phage-related host strains. Based on phage typing analysis, 28
distinct phage typing hosts were determined (Table 4). Based on ITS restriction digestion
pattern and 16S rRNA gene sequence analysis (sequence data not shown), these hosts
were identified as 9 L. mesenteroides, 1 Leuconostoc pseudomesenteroides, 1
Leuconostoc citreum, 3 Leuconostoc fallax, 1 Weissella kimchii, 10 L. plantarum, 2
Lactobacillus paraplantarum, and 1 Lactobacillus brevis strains (Table 4). No
Pediococcus pentosaceus was found in the host list. Leuconostoc fallax and W. kimchii
were newly identified LAB in sauerkraut fermentation with L. fallax only recently been
reported in sauerkraut fermentations (Barrangou et a., 2002). The ITS-PCR products and
their restriction profiles obtained from 10 phage hosts are representatively shown in
Figure 5. The four L. mesenteroides strains (1-A4, 1-F8, 3-A4, and 3-B1) shared an
identical ITS or restriction profile, which were different from those of L.
pseudomesenteroides (3-B11), Lb. brevis (7-E1), L. fallax (3-G10), and W. kimchii (3-
H2). The two Lb. plantarum strains (14-C8 and 22-D10) shared aunique I TS profile.

Biochemical tests showed that all hosts were catalase-negative (Table 4), a
common characteristic of LAB. All Leuconostocs and Weissella strains produced gas
from glucose, a heterofermentative feature. In addition, these Leuconostocs and Weissella
strains also produced a characteristic dime of dextran from sucrose, a distinguishing
characteristic of most Leuconostocs and some Weissella strains. None of the Lb.
plantarum and paraplantarum strains produced gas, which was consistent with their
homofermentative nature. The Lb. brevis strain (7-E1) produced gas because it was
heterofermentative. Neither the Lb. plantarum nor Lb. brevis strain produced slime
colonies on sucrose agar, which clearly differentiated them from the leuconostocs. Most
leuconostocs did not have malolactic activity. In contrast, most lactobacilli showed
malolactic activity, which can be used by some LAB to protect them from acidic
environments because decarboxylation of malic acid consumes an intracellular proton,
resulting in an increase in acytoplasmic pH (McFeeters et al., 1982; Gottschalk, 1986).

It was found that hosts isolated from days 1 and 3 (group | hosts) all belong to the
genus Leuconostoc or Weissella, and hosts isolated after day 3 (group Il hosts) were all
Lactobacillus. This was consistent with the observations that group | phages infected
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group | hosts and did not infect group Il hosts. Generally, phages only replicate within

one genus and species, but can typically replicate over a number of strains. Because the
two groups of hosts were from different genera, it was concluded that they were
susceptible to different groups of phages. In host group |, a number of strains, including
three L. fallax strains and one W. kimchii strain, were only sensitive to a single phage,
while other strains were susceptible to more than one phage. In host group 11, most strains
were Lb. plantarum strains and sensitive to two or more phages. There was, with one
exception, no overlapping phage sensitivity, either between Leuconostoc species or
between Lactobacillus species. The exception was the Lb. brevis strain 7-E1 which was
susceptible to one Lb. brevis phage (®7-E1) and two Lb. plantarum phages (©14-E10
and ®22-A2). It is unknown at the point why the two Lb. plantarum phages were able to
infect two different bacterial species. While different in fermentation ability, Lb. brevis
and Lb. plantarum usually occupy the same ecological niche. They may exhibit similar
receptors on cell surfaces. Phages may to extend their host range by acquiring pieces of a
taill fiber from unrelated phages (Haggard-Ljungquist et al., 1992). Host 22-D10 was
susceptible to five distinct Lb. plantarum phages isolated on days 7, 14, 22, and 60.
Sauerkraut fermentation is a dynamic biochemical system. The chemica
composition and microbial ecology of the system are continuously changing. Because
phage infection is both density-dependent and species-specific (or nearly so), the
numbers and types of phages appearing may reflect the activity of both phages and their
hosts. It is noteworthy that all of the 23 Leuconostoc and Weissella phage isolates were
obtained from day 1 and day 3 (Table 2) and no Leuconostoc and Weissella phages were
isolated after day 3. This suggests that Leuconostoc and Weissella strains were only
active during the first 3 days, but died off thereafter. The mortality of Leuconostoc and
Weissella could be due to a combination of factors, including organic acids, low pH, and
phages. It has been suggested that viral infection can contribute significantly (22%,
range. 4.5 to 45%) to overal bacteria mortality in many marine and freshwater
environments (Binder, 1999). Results from this study showed that an average of 12% (12
of the 96) of the randomly picked LAB isolates (mainly Leuconostoc) from day 1 or day

3 were susceptible to phage infection. Such a significant phage infection could contribute
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greatly to the overall mortality in the Leuconostoc population, thereby influencing the

dynamics of LAB populations in the fermentation. Even if these phages caused only a
small proportion of the mortality of leuconostocs, they still could have a profound effect
on the relative proportions of different species or strains in the fermentation. In contrast,
no Lactobacillus phages were isolated until day 7, indicating that the Lactobacillus
population was very low at the early stage of fermentation. As fermentation proceeded,
Lactobacillus population increased, providing hosts for propagation of Lactobacillus
phages. The number of isolated Lactobacillus-specific phages increased from two on day
7 to nine on day 14, and then decreased to four on day 60 (Table 2), indicating the
changes in the populations of lactobacilli. The correlation between the appearance of new
groups of phages and the bacterial succession strongly suggests that phages play a
significant role in the succession, rising with the population and eventually causing its
elimination.

In 2001, atotal of 111 phage isolates were obtained from the three tanks by using
the 28 distinct host strains isolated in 2000 as the principa hosts (Table 5). Twenty-four
(86%) of the 28 distinct hosts were found susceptible to the phages present in two or
three tanks at selected time points. The results indicated that the phages isolated in 2001
were the same as, or very similar to, those isolated in 2001 because they attacked the
same set of LAB hosts. The large number and variety of phage isolates affirmed a
complex phage ecology in sauerkraut fermentation, with some phages re-occurring. This
result was consistent with that from the previous year. The temporal relationship between
phages and their hosts suggested that phages could influence the numbers, types, and
sequences of microbial populations in the fermentation. Phages ®1-F8, ®7-E1, ®14-C8,
and ®22-D10 were frequently isolated in 2000 (Table 3). Their hosts were used at
multiple time points in 2001 to investigate the presence and persistence of these phagesin
three different fermentation tanks. Table 5 shows that al of these four hosts were
susceptible to phages from any of the three tanks at one or more time points. Phages
attacking 7-E1, 14-C8, and 22-D10 were found in all three tanks from day 14 or 22, to
day 60, supporting the suggestion made earlier that these frequently-appearing phages
were predominant on day 14 and thereafter. In addition to distinct hosts, several other
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host isolates, which were considered the same as those distinct ones based on phage

typing, were also included for testing phages to see if they gave the same results. For
instance, 7-E1 and 14-A2 were identical or related strains, based on phage typing (Table
2). Both isolates were used for testing day-14 brines from three tanks. They gave the
same results (Table 5), suggesting that the two isolates were the same. With the same
method, 14-C8 and 22-F3 gave identical results, and so did 22-D10 and 60-D8. An
exception was 1-F8 and 3-B5. 1-F8 was found to be susceptible to day-3 samples from
any of the three tanks, whereas 3-B5 was only susceptible to two of the three samples.
This does not, however, prove that the two isolates were different. It was possible that the
phage active against a particular host strain was under detection limit in a particular
volume of the sample. This was supported by the observations shown in Table 5. Host 7-
E1 was found to be susceptible to only one of the three day-7 samples. However, it
showed susceptibility to two day-9 samples, then to al three day-14 samples, and
remained such thereafter, indicating the phage titer in these tanks increased from day 7 to
day 22 and maintained at the level above the detection limit (2 pfu/ml) thereafter. A total
of 24 phage isolates were obtained from the three different tanks on day 60 (pH <3.5) by
using eight bacterial isolates, including three redundant host isolates (14-C8 and 22-F3
were considered the same LAB strain as 60-H11, and 22-D10 was the same as 60-D8).
The results were consistent with those obtained in the previous year. Although some
phages were frequently isolated, no evidence showed that a single phage dominated the
fermentation system. Each type of microorganism in one way or another is involved in
the microbial succession and directly or indirectly contributes to the final characteristic

properties of the products.

Phage characterization

Eight of the 26 distinct phages isolated in 2000 (®1-A4, ®1-F8, ®3-A4, ®3-Bl,
®3-B11, ®7-E1, ®14-C8, and P22-D10) were selected for further characterization.
These phages appeared two or more times during phage isolation process (Tables 2 and
3), representing frequently occurring or predominant phages. The electron micrographs
(Fig. 6) showed that the eight phages all had tails, and belonged to two morphological
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families. ®3-B1, ®7-E1, and ®14-C8 belonged to the Myoviridae family, having a

contractile tail. Phges ®1-A4, ®1-F8, ®3-A4, ®3-B11, and $22-D10 had a long
noncontractile tail, and belonged to the Sphoviridae family. Each of these phages
revealed unique morphological features (Table 6). These phages differed in their host
ranges (Table 3). The principal hosts of these phages included four L. mesenteroides
strains (1-A4, 1-F8, 3-A4, and 3-B1), one L. pseudomesenteroides strain 3-B11), two Lb.
plantarum strains (14-C8 and 22-D10), and one Lb. brevis strain (7-E1; Table 4). The
major structural proteins of the eight phages were analyzed by SDS-PAGE. Six different
structural protein profiles were observed (Fig. 7). Phages ®1-A4, ®3-B1, ®7-E1, ®14-
C8, and ©22-D10 presented distinct ones. The remaining phages (P1-F8, ®3-A4, and
®3-B11) showed similar protein profiles. Hind Il restriction digestion anaysis of the
eight phage DNAs showed eight unique restriction banding patterns, indicating that these
phages were genetically distinct (Fig. 8). The data from the eight selected phages
provided a glimpse of the genetic diversity of LAB phage population in commercia
sauerkraut fermentations. Detailed sequence analysis is needed to investigate the extent
of the diversity, to identify LAB-phage-specific gene sequences that could be used for
rapid molecular methods to quantify the predominant phage and host populations in
vegetable fermentations, without the need for cultural methods.

Knowledge of the diversity, abundance, and properties of phages in vegetable
fermentations is essential for developing phage-control strategies for high and consistent
quality of fermented products. In the United States, commercial sauerkraut production is
usualy carried out in bulk tanks without addition of starter cultures (Fleming et al.,
1988). With the increasing interest in reducing waste brine disposal, low-salt
fermentation is currently being developed. This will require greater control of the non-
lactic population and may involve the use of starter cultures. Since the fermentation
system is not sterile, the starter cultures may be susceptible to the infection by phages
naturally present in these environments. Therefore, phage-control strategies are needed to
ensure the viability of starter cultures until the end of the fermentation.

More research is warranted to continue to unravel the ecological role of phages
and to evaluate their impact on the vegetable fermentation process. Additionally, it may
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be necessary to study the fermentations at other geographic locations to examine phage

diversity on aspatial scale aswell ason atemporal scale.

CONLUSIONS

Results from this study demonstrated for the first time the complex phage ecology
in commercia sauerkraut fermentations. The appearance of a new group of phages was
correlated closely to bacterial succession. Such data strongly suggest that phages are one
important factor that influences the succession of LAB species in sauerkraut
fermentations, and consequent characteristic properties of the fermented products. The
dynamic nature of phages and their hosts in sauerkraut fermentation provides new
insights into the complex process in natural vegetable fermentations. The results indicate
that phage infection is common in sauerkraut fermentations, with some phages
predominating and reoccurring. This suggests that a phage-control strategy will be

essential in low-salt sauerkraut fermentations, which rely on starter cultures.
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sauerkraut fermentation.
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Figure 5. ITS-PCR products and ITS restriction profiles obtained from ten phage hosts. Lane M contained the 100 bp
DNA ladder size standard; lanes 1-10, undigested; lanes 11-20, Rsal digests. The hosts and the corresponding lane
numbers are Leu. mesenteroides 1-A4 (1, 11), Leu. mesenteroides 1-F8 (2, 12), Leu. mesenteroides 3-A4 (3, 13), Leu.
mesenteroides 3-B1 (4, 14), Leu. pseudo mesenteroides 3-B11 (5, 15), Lb. Brevis 7-E1 (6, 16), Lb. plantarum 14-C8
(7, 17), Lb. plantarum 22-D10 (8, 18), Leu. fallax 3-G1 (9, 19), and W. kimchii 3-H2 (10, 20).



Fig. 6. Electron micrographs of eight selected phages isolated from commercial sauerkraut fermentation. CsCl-purified
phage preparation was negatively stained with 2% uranyl acetate (pH 4.0). a ®1-A4; b: ®1-F8; c: P3-A4; d: ©3-B1;
e ®3-B11; f: d7-E1 g: ®14-C8; h: ®22-D10. The length of the bar in each micrograph is 100 nm.
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Figure 7. SDS-PAGE analysis of structural proteins from eight selected phages
isolated from a commercial sauerkraut fermentation. Lane M: molecular weight
standard; lane 1: ®1-A4; lane 2: ®1-F8; lane 3: ®3-A4; lane 4: ®3-B1; lane 5:
®3-B11; lane 6: ®7-E1, lane 7: ®14-C8, lane 8: ©22-D10.
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Figure 8. Hindlll restriction digestion analysis of DNAs from eight selected phages
isolated from a commercial sauerkraut fermentation. Lane 1: ®1-A4; lane 2: ®1-F8; lane
3: ®3-A4; lane 4: ©3-B1; lane 5: ®3-B11; lane 6: ®7-E1, lane 7: $14-C8, lane 8: ®22-
D10; lane M: a1-kb DNA ladder.
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Table 1. Fermentable substrate composition of shredded cabbage used in sauerkraut
fermentations®

Glucose Fructose Sucrose Malic acid
Year Tank mM % mM % mM % mM %
2000 1 119.2 215 908 164 48 017 56 0.08
2001 1 924 166 817 147 ND® ND 39 005
2001 2 90.8 1.63 835 150 ND ND 35 005
2001 3 817 147 73.8 1.33 ND ND 4.7 0.06

*mM = millimolar, percentages are by weight.
°NID = not detected.



Table 2. Phages and their hostsisolated from a commercial sauerkraut fermentation tank in 2000*
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Table 3. Features of 26 distinct phages isolated from a commercial sauerkraut
fermentation in 2000%
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Phage ID | No. of times | Days when phage Host range
isolated isolated
®1-A4 3 1,1,1 1-A4, 1-B8, 1-E10
®1-B8 1 1 1-B8
®1-C5 1 1 1-C5, 1-F8, 3-A4
®1-E10 1 1 1-E10, 1-A4, 1-B8, 3-A4
P1-F7 1 1 1-F7
®1-F8 3 1,1,3 1-F8, 3-Ad
®1-F10 1 1 1-F10
®3-A4 2 3,3 3-A4, 1-C5, 1-F8, 1-F10
®3-B1 2 1.3 3-B1, 1-C4, 1-E10
®3-B11 2 3,3 3-B11
®3-E11 1 3 3-E11
®3-G1 1 3 3Gl
®3-G9 1 3 3-G9
$3-G10 1 3 3-G10
$®3-H2 2 1,3 3-H2
o7-C4 1 7 7-C4, 14-C8, 22-D10
P7-E1 6 7,14,14,14,14,22 | T-E1
»9-B4 1 9 9-B4, 14-A4d
d14-C8 4 14, 14, 60, 60 14-C8, 22-E2, 22-D10, 60-E4, 60-E8
®14-E10 1 14 14-E10, 7-E1, 22-G10, 14-A4, 9-B4, 14-F3
®14-F3 1 14 14-F3
®14-H4 1 14 14-H4, 14-F3
©22-A2 1 22 22-A2, 7-E1, 22-G10, 14-A4, 9-B4, 14-F3
®22-D10 3 22,22, 60 22-D10, 7-C4, 14-C8
®22-E2 1 22 22-E2, 22-D10
®60-D8 1 60 60-D8, 14-C8, 60-E4

®Red color indicates phages isolated on day 1 or day 3; green color indicates phages

isolated on day 7 or thereafter.



Table 4. Characteristics of 28 distinct host strains isolated from a commercial sauerkraut fermentation in 2000?

Host Genus species Catalase Gas Dextran | Malolactic Phage typing®
test production test activity

1-A4 L. mesenter oides’ - + + - ®1-A4, ®1-E10
1-B8 L. mesenteroides - + + - ®1-B8, ®1-A4, ®1-E10
1-C4 L. mesenteroides - + + + ®1-C4, ©3-B1
1-C5 L. mesenteroides - + + - ®1-C5, d1-F8, d3-A4
1-E10 L. mesenteroides - + + - ®1-E10, P1-A4, ©1-C4, d3-B1
1-F7 L. citreum - + + - P1-F7
1-F8 L. mesenteroides - + + - ®1-F8, P3-A4
1-F10 L. mesenteroides - + + - ®1-F10, d3-A4
3-B1 L. mesenteroides - + + + ®3-B1, ®1-C4, d3-G9
3-A4 L. mesenteroides - + + - ®3-A4, ®1-E10, P1-F8
3-B11 L. pseudomesenteroides - + + + ®3-B11
3-E11 L. fallax - + + - ®3-E11
3-G1 L. fallax - + + - ®3-G1
3-G10 L. fallax - + + - ® 3-G10
3-H2 W. kimchii or confusa® - + + + ®3-H2
7-C4 Lb. plantarum’ - - - + ®7-C4, ® 22-D10
7-E1 Lb. brevis - + - + O7-E1, ®14-E10, d 22-A2
9-B4 Lb. plantarum - - - - ®9-B4, ®14-E10, ®22-A2, ©22-D10
14-A4 Lb. plantarum - - - - ®14-A4, ®14-E10, 22-A2
14-C8 Lb. plantarum or pentosus - - - + ®14-C8, ©7-C4, ® 22-D10, ®60-D8
14-E10 | Lb. plantarum - - - + ®14-E10
14-F3 Lb. paraplantarum - - - + ®14-F3, ®14-E10, ®14-H4, d 22-A2
14-H4 Lb. paraplantarum - - - + ®14-H4
22-A2 Lb. plantarum - - - + ®22-A2
22-D10 | Lb. plantarum or pentosus - - - + ®22-D10, $7-C4, d 14-C8, ©22-E2, P60-D8
22-E2 Lb. plantarum - - - + ® 22-E2, $14-C8, $22-D10
60-E4 Lb. plantarum - - - + ®60-E4, 22-D10, $60-D8
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The first number of each host ID indicates the fermentation day when the host was isolated.

P, represents Leuconostoc.

°“W. represents Weissella.

9 b. represents Lactobacillus.

*Phage typing is defined as the pattern of sensitivity of a bacterium to lysis by a series of phages.
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Table 5. Phages isolated from 3 commercial sauerkraut fermentation tanks in 20012

73

Day 1 Day 3 Day 7

Tank Tank Tank
Host 2 Host 2 Host | 1 2 3
1-A3 + 3-A4 + 7-C4 + + +
1-A4 + 3-B1 + 7-E1 + - -

1-B8 + 3-B11 +

1-C4 + 3-El11 + Day 9

1-C5 + 3-G1 + Tank
1-E10 + 3-G10 + Host | 1 2 3
1-F7 + 3-H2 - 9-B4 - + +
1-F8 + 1-F8 + 7-E1 + - +

1-F10 + 3-B5 +
Day 14 Day 22 Day 60

Tank Tank Tank
Host 2 Host 2 Host | 1 2 3
14-A4 - 22-A2 - 60-E4 | + + +
7-E1 + 7-E1 + 7-E1 + + +
14-C8 + 14-C8 + 14-C8 | + + +
14-E10 - 22-F3 + 22-F3 | + + +
14-F3 - 22-D10 + 22-D10| + + +
14-H4 + 22-E2 + 60-D8 | + + +
14-A2 + 22-G10 + 60-E8 | + + +
60-H11| + + +

4+ indicates that a phage was isolated against the host in a specific tank on a particular

day;

- indicates that no phage was isolated aginst the host in the specific tank on a particular

day.
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Table 6. Morphological features of eight selected phages isolated from a commercial
sauerkraut fermentation®

Phage Family Head Tall
diam (nm) Length (nm)  Width (nm)
®1-A4 Siphoviridae 53 131 10
®1-F8 Sphoviridae 71 351 12
®3-A4 Sphoviridae 60 288 9
®3-B1 Myoviridae 78 155 23
®3-B11 Sphoviridae 60 273 13
d7-E1 Myoviridae 87 149 26
®14-C8 Sphoviridae 70 292 13
®22-D10 Myoviridae 85 271 25

4ach value represents the mean of five independent measurements.
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ABSTRACT

A virulent Lactobacillus plantarum bacteriophage, ®JL-1, was isolated from a
commercial cucumber fermentation. The phage was specific for two related strains of L.
plantarum, BI7 and the derivative mutant MU45, which have been evaluated as starter
cultures for controlled cucumber fermentation and as biocontrol microorganisms for
minimally processed vegetable products. We report here genome sequencing data for
@PJL-1; the genome size was 36.7 kbp. SDS-PAGE profiles indicated that ®JL-1 contains
six structural proteins (22, 34, 45, 50, 58, and 82 kDa). Electron microscopy revealed that
the phage has an isometric head (59 nm in diameter), a long non-contractile tail (182 nm
in length and 11 nm in width), and a complex base plate. The phage belongs to the
Bradley group B1 or Sphoviridae family. One-step growth kinetics of the phage showed
that the latent period was 35 min, the rise period was 40 min, and the average burst size
was 22 phage particles per cell. An adsorption experiment showed that 90% of phage
particles were adsorbed to the host cells 20 min after infection. It was observed that
calcium supplementation (up to 30 mM CaCl,) in MRS media did not affect the first
cycle of phage adsorption, but greatly promoted rapid phage propagation and cell lysis in
the infection cycle subsequent to adsorption. The D values of ®JL-1 at pH 6.5 were
estimated to be 2.7 min at 70°C and 0.2 min at 80°C by a thermal inactivation
experiment. Knowledge of the properties of L. plantarum bacteriophage ®JL-1 may be

important for the development of controlled vegetable fermentations.

Keywords: bacteriophage, ®JL-1, Lactobacillus plantarum, lactic acid bacteria, vegetable

fermentation, cucumber fermentation
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INTRODUCTION

Lactobacillus plantarum completes the final stage of natural fruit and vegetable
fermentations due to its higher acid tolerance than other lactic acid bacteria (LAB;
Fleming, 1982; Pederson and Albury, 1969). The growth and fermentative activity of L.
plantarum in cucumber and cabbage fermentations may greatly affect the quality and
microbial stability of the final product. Many physical, chemical, and biological factors,
including bacteriophage (phage), influence the fermentative behavior of L. plantarum.
While most commercial cucumber fermentations rely on epiphytic LAB (Fleming, 1984),
the use of starter cultures has been investigated (Etchells et al., 1973). Current
commercial cucumber fermentation and storage procedures may use 10-15% NaClL
Although brine recycling is a common practice, waste chloride production remains a
problem in this industry. Significant reductions in salt concentration, to 4% or less, may
be possible with fermentation technology under development, using blanched cucumbers
to reduce the initial microflora present on the cucumbers (H.P. Fleming, unpublished).
With these fermentations, a L. plantarum starter culture may be required to ensure
quality. Therefore, the potential of phage infection, causing starter culture failure, needs
to be investigated.

Bacteriophage are ubiquitous in nature. About 96% of phage investigated in the
last 45 years are tailed phage belonging to the Sphoviridae, Myoviridae, or Podoviridae
families (Ackermann, 1996, 1999). Sphoviridae are by far the most frequent phage group
(61.7%), followed by the Myoviridae (24.5%) and Podoviridae (13.9%) (Ackermann,
1999). Most Lactobacillus phage, including several reported L. plantarum phage such as
phage B2 of L. plantarum ATCC 8014 (Nes et al., 1988), ®LP1 and ®LP2 (Caso et al.,
1995), and phage SC921 (Yoon et al., 2001), belong to the Sphoviridae family. They
have isometric heads with non-contractile tails (Sechaud et al., 1988). To our knowledge,
phage fri is the only reported L. plantarum phage having a contractile tail and belonging
to the Myoviridae family (Trevors et al., 1983). L. plantarum phage have been isolated
from a variety of fermentation sources: phage fri from a commercial meat starter culture

(Trevors et al., 1983); ®LP-1 from corn silage (Caso et al., 1995); phage B2 from
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anaerobic sewage sludge (Douglas and Wolin, 1971); phage ®LP-2 from a homemade

cheese whey (Caso et al., 1995); and phage SC921 from Kimchi (Yoon et al., 2001).

The objective of this study was to isolate and characterize phage specific for L.
plantarum MU45, which has been evaluated for use in low-salt controlled fermentations.
This culture has also been evaluated for use as a biocontrol organism to inhibit the
growth of pathogenic organisms such as Listeria monocytogenes in a non-acidified,
refrigerated pickle product and in mixed culture cucumber juice fermentations (Romick,
1994). To our knowledge, this is the first report of isolation and characterization of a L.

plantarum phage from a cucumber fermentation.

MATERIALSAND METHODS

Bacterial strainsand culture media

Lactobacillus plantarum strain MU45 was used as the primary host for the
isolation, propagation, and characterization of the bacteriophage, named ®JL-1. Thirty
two strains of LAB (Table 1) were tested for phage sensitivity. All strains were obtained
from the USDA-ARS Food Fermentation Laboratory Culture Collection (Raleigh, NC).
All bacterial stock cultures were stored at -84°C in MRS broth (Difco Laboratories,
Detroit, MI) containing 16% (v/v) glycerol. When needed, frozen cultures were plated
onto MRS agar (Difco), and fresh overnight cultures were prepared from isolated
colonies. Bacteria and phage were propagated in MRS broth (de Man et al., 1960). For
phage lysate preparation, MRS broth was supplemented with 10 mM CaCl, (Sigma-
Aldrich, St. Louis, MO) unless otherwise stated. Soft agar was prepared with MRS broth
supplemented with 0.7% agar.

Phage isolation and enrichment

Brine samples were obtained from a commercial cucumber fermentation tank (Mt.
Olive, NC) containing size no. 1 (2.4-2.7 cm diameter) cucumbers. The samples were
adjusted to pH 6.5 with 3N NaOH and centrifuged (5,000 x g for 15 min) to remove

bacterial cells and debris. The supernatant was filtered through a 0.45-pum pore size
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syringe filter (Pall Corporation, Ann Arbor, MI). The filtrate was added to equal

amounts of double strength MRS broth supplemented with 10 mM CacCl,, to which an
early log-phase host culture was previously added. After incubation at 30°C for 16-18 h,
the medium was centrifuged at 4,000 x g for 10 min. This enrichment procedure was
repeated twice. The supernatant obtained from the final enrichment step was filter-

sterilized and tested for the presence of phage active against L. plantarum MU45.

Phage detection and host range

The spot test method (Chopin et al., 1976) was used as an initial test for the
presence of phage by measuring lytic activity. Three ml of soft agar (MRS broth with
0.7% agar) was seeded with 0.1 ml of actively growing culture (10° cfu/ml), mixed
gently, and poured onto an MRS agar plate. After solidification, 10 pl of phage lysate
was spotted on the lawn of L. plantarum MU45. The plate was allowed to stand for 30
min before incubation at 30°C overnight. A clear zone in the plate, resulting from the
lysis of host cells, indicated the presence of phage. Spot tests were also used for host

range studies, and in all cases, positive tests were confirmed by plaque assay.

Plaque purification, lysate preparation, and bacteriophagetitering

Phage ®JL-1 was purified by successive single-plaque isolation using the
propagating strain MU45. A single plaque was picked from the MU45 lawn, inoculated
into an early log phase MU45 culture as described above, and plaqued again, repeating
the cycle three additional times. After plaque purification, phage lysate was prepared. A
single plaque was picked and transferred into a tube containing 5 ml of MRS broth, 0.1
ml of 1 M CaCl,, and an early log phase host culture (10° cfu/ml). The tube was then
incubated at 30°C for 7 h. The phage lysate was centrifuged at 4,000 x g for 10 min at
4°C (Sorvall RC-5B centrifuge, Wilmington, DE). The pH of the supernatant was
adjusted to 6.5 with 3N NaOH and filtered using a 0.45-pm pore size syringe filter.
Phage stock was stored with chloroform (5% by volume) at 4°C and an aliquot was
frozen at -84°C in MRS broth containing 16% glycerol. Phage titer was determined as

plaque-forming units (pfu/ ml) using the double-layer agar plate method similar to that of
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Adams (1959). After appropriate dilution with saline, 0.1 ml of phage-containing

sample and 0.1 ml of actively growing host culture (10° cfu/ml) were added to a tube
containing 3 ml of soft agar (maintained at 50°C in a water bath) and 0.1 ml of 0.3 M
CaCl,. The mixture was overlaid onto the surface of an MRS agar plate and incubated

overnight at 30°C to enumerate plaques.

Deter mination of optimal multiplicity of infection (MOI)

Multiplicity of infection was defined as the ratio of virus particles to potential
host cells (Birge, 2000). MU45 was grown in MRS broth at 30°C to an absorbance at 630
nm of 0.08, measured in a spectrophotometer (Novaspec II, Pharmacia LKB, Piscataway,
NIJ). This corresponded to an initial cell count of approximately 1 x 10* cfu/ml. The early
log phase cells were infected with ®PJL-1 at four different ratios (0.01, 0.1, 1, and 10
pfu/cfu). After incubation for 3.5 h at 30°C, the phage lysate was centrifuged at 9,000 x g
for 3 min. The supernatant was filtered (0.45-um pore size syringe filter) and assayed to
determine the phage titer by using the double layer agar plate method described above.
Viable cell counts were determined by using a spiral plater (Autoplate 4000; Spiral
Biotech, Inc., Bethesda, MD) for plating samples on MRS agar, and a colony counter
(Protos Plus: Bioscience International, Rockville, MD) for colony enumeration. Phage-
free cultures (containing only bacteria) and cell-free cultures (containing only phage)
were used as controls in all experiments to demonstrate the absence of contamination. All
assays were performed in duplicate. The MOI resulting in highest phage titer within 3.5 h

was considered as an optimal MOI and used in subsequent large-scale phage production.

L arge-scale phage production

One liter pre-warmed (30°C) MRS broth was inoculated with an overnight L.
plantarum MU 45 culture to an initial cell level of approximately 8 x 10" cfu/ml. The
cells were grown to approximately 2 x 10° cfu/ml at 30°C before 10 ml of 1 M CaCl, was
added into the broth. The host cells were then infected with phage at the predetermined
optimum MOI (0.01-0.02). The incubation was continued until complete lysis was

observed (about 4.5 h after infection).
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Concentration and purification of phage lysates

A large-scale phage lysate (1 liter, as described above) was centrifuged at 8,000 x
g for 20 min. The supernatant was filtered through a 0.45-um pore size, bottle-top filter.
The filtrate was treated with 0.5 ml of nuclease solution containing DNAse I, 3 mg/ml
and RNAse A, 3 mg/ml, (Sigma-Aldrich) at 30°C for 2 h. Phage were then precipitated
using modification of a method described by Yamamoto et al. (1970). Polyethylene
glycol (Sigma-Aldrich) 8,000 and NaCl were added to final concentrations of 10% (w/v)
and 0.5 M, respectively. After gentle mixing, the phage preparation was incubated
overnight at 4°C. The phage were pelleted by centrifugation at 10,000 x g for 20 min,
then resuspended in 6 ml of 10 mM Tris-HCI buffer (pH 7.4, Sigma-Aldrich). The phage
preparation was overlaid on a CsCl (Sigma-Aldrich) step gradient (d = 1.7, 1.5, 1.4 g/ml,
1 ml each step) in 5-ml centrifuge tubes (tube #45248, Sorvall, Newtown, CT) and
centrifuged at 600,000 x g for 6 h at 15°C (Sorvall micro-ultra-centrifuge with rotor
S100AT6, RC-M150 GX). The phage band (between d = 1.7 and d = 1.5) was drawn
through the wall of the centrifuge tube using a syringe. The purified phage preparation
was dialyzed against 2 L 10 mM Tris buffer for 24 h with three to four changes of buffer
with a 6,000-8,000 dalton pore size membrane (Spectrum, Houston, TX).

Electron microscopy

A CsCl-purified and concentrated phage sample was negatively stained with 2%
(w/v) aqueous uranyl acetate (pH 4.0) on a carbon-coated grid and examined by
transmission electron microscopy (JEOL JEM-100S, Japan Electronics and Optics
Laboratory, Tokyo, Japan) at an accelerating voltage of 80 kV. Electron micrographs
were taken at a magnification of 50,000x and printed at 85,000x (V. Knowlton, Center
for Electron Microscopy, NC State University, Raleigh, NC). The phage size was

determined from the average of five independent measurements.
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Phage DNA extraction, sequencing and restriction analyses

Phage DNA was extracted essentially as described by Durmaz and Klaenhammer
(2000). Briefly, 3 ml of CsCl-purified phage suspension was extracted twice with 3 ml of
phenol and 200 pl of chloroform-isoamyl alcohol (23:1, vol/vol, Sigma-Aldrich). This
was followed by three extractions with 1.5 ml of phenol (pH 8.0, Sigma-Aldrich) and 1.5
ml of chloroform-isoamyl alcohol, and two extractions with 3 ml of chloroform-isoamyl
alcohol. The nucleic acids were precipitated with 0.1 volume of 3 M sodium acetate and
3 volumes of 95% cold ethanol and pelleted with a microcentrifuge. The final pellet was
washed twice with 10 ml of 70% ethanol, air dried, and then resuspended in 400 pl of TE
buffer containing 10 mM Tris-HCI and 0.1 mM EDTA (pH 7.6). DNA sequencing was
carried out at the Department of Energy Joint Genome Institute (JGI) sequencing facility
(Walnut Creek, CA), and sequence data are available on the JGI web site at
http://www.jgi.doe.gov. Open reading frames (ORFs) were identified using sequence
analysis software (Clone Manager 6 and Plasmid Map Enhancer v. 3, Scientific
Educational Software, Durham, NC). For restriction analyses, the phage DNA was
digested with restriction endonucleases (Aval, BamHI, Bgll, Bglll, EcoRI, ECORV, and
Xbal) according to the supplier's recommendations (Promega, Madison, WI). The DNA
fragments were separated by agarose (0.8%) gel electrophoresis in Tris-acetate-EDTA
buffer at constant voltage (150 V) for 3 h and visualized under UV light (300 nm) after
stained with ethidium bromide (1 pg/ml).

Phage adsor ption

The adsorption experiments were carried out as described by Foschino et al.
(1995) and Ellis and Delbruck (1939), except that unadsorbed phages were obtained by
filtration instead of centrifugation. A host strain culture (=10° cfu/ml) in MRS broth
supplemented with 0, 5, 10, 15, 20, 25, or 30 mM CaCl, was infected by a phage
suspension to give a MOI of 0.01, and incubated at 30°C. Aliquots of 0.6 ml were taken
at 0, 3, 6, 10, 15, 20, 25, and 30 min after infection and immediately filtered through a
0.45-pum pore size syringe filter. Filtrates were tested for unadsorbed phages by the

double-layer agar plate method. MRS broth containing phage only was used as a control.
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Percent adsorption of the phage was calculated as [(control titer - residual titer)/control

titer] x 100% (Durmaz, 1992). A separate experiment was carried out in N, N,-bis(2-
Hydroxyethyl)-2-aminoethanesulfonic acid (BES) buffer instead of MRS broth to study
calcium effect on phage adsorption. BES buffer was prepared at a concentration of 50
mM and pH 7.2. After filter-sterilization, the buffer was supplemented with CaCl, to final
concentration of 0-20 mM. The ionic strength of BES buffer was adjusted with NaCl so
that the ionic strength resulting from CaCl, plus NaCl was 0.145. One ml of an early log
phase culture of the host cells (2 x 10® cfu/ml) was harvested by centrifugation (12,000 x
g for 4 min) and washed twice with saline (0.85% NaCl). The cell pellet was resuspended
with 1 ml of BES buffer containing CaCl, (0, 0.01, 0.1, 1, 2, 5, 10, or 20 mM). The cell
suspension was infected with phage stock (1 x 10° pfu/ml) to give MOI of about 0.02.
After incubation at 30°C for 30 min, the mixture was filtered through a 0.45-pm pore size
syringe filter. The filtrate was tested for unadsorbed phages by the double-layer

technique.

Calcium effect on phage propagation

Calcium effect on phage propagation was determined in five 15-ml tubes. Ten ml
of early log-phase host culture (= 1 x 10°® cfu/ml) in MRS broth were transferred into each
of the five 15-ml tubes containing 0, 1, 10, 20, or 30 mM supplemented CaCl,. After the
final volume was adjusted with distilled water, each tube was infected with the phage at
an MOI of about 0.03. All tubes were incubated at 30°C. An aliquot (0.5 ml) was
obtained from each tube at selected intervals and filtered immediately. Plaque-forming

units were determined by the double-layer agar plate method.

One-step growth

For one-step growth experiments a modification of the method of Leuschner et al.
(1993) and Foschino et al. (1995) was used with a 10 min adsorption. Following
centrifugation at 13,000 g for 30 sec (Fisher model 16KM Marathon microcentrifuge,
Fisher Scientific, Pittsburgh, PA), the pellet containing (partially) infected cells was

resuspended in 1 ml of pre-warmed MRS broth. Samples were taken at 5- or 10 min-
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intervals (up to 2 h) and immediately titered by the double-layer agar plate method.

Assays were carried out in triplicate. Latent period was defined as the time interval
between the adsorption (not including 10 min pre-incubation) and the beginning of the
first burst, as indicated by the initial rise in phage titer (Adams, 1959; Ellis and Delbruck,
1939). Burst size was calculated as the ratio of the final count of liberated phage particles
to the initial count of infected bacterial cells during the latent period (Adams, 1959). A
sigmoidal model with five parameters was used for fitting the one-step growth curve

(SigmaPlot for Windows, Version 5.00, Jandel Scientific, Chicago, IL).

Sodium dodecyl sulfate-polyacryamide gel electrophoresis (SDS-PAGE)

An aliquot (26 pl) of CsCl-purified ®JL-1 sample was mixed with 10 pl of
sample buffer and 4 pl of reducing agent (NuUPAGE LDS system, Novex, San Diego,
CA). The mixture was heated in a boiling water bath for 10 min and then subjected to
electrophoresis on a 4-12% Bis-Tris gel at 200 V and 120 mA for 35 min. The protein
bands were stained with Coomassie blue G-250 (Pharmacia, Piscataway, NJ), followed
by destaining with a solution containing 50% methanol and 10% acetic acid. The reported
molecular weight values were obtained using molecular weight standards (Mark 12,

Novex), and are averages of results from three electrophoresis runs.

Thermal inactivation

A temperature-controlled water bath (M3 Lauda, Brinkman Instrument Co.,
Westbury, NY) was used in the thermal inactivation experiment to determine the D
values of phage ®PJL-1. A 1.5-ml microcentrifuge tube containing 900 Ul of sterile, de-
ionized water was preheated to a desirable temperature, ranging from 70 to 100°C. One
hundred pl of phage solution (10° pfu/ml in water) was added to the tube. After heating at
intervals between 15 sec to 3 min, the tube was placed in an ice-water bath. Samples were
assayed to determine plaque forming units by the double-layer agar plate method. D

values were calculated as the time required for one log reduction in pfu/ml.
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RESULTS

Phage isolation and char acterization

Brine samples from the first week of fermentation were screened for the presence
of phage active against L. plantarum MU45. Phage from the positive plate (containing
clear zones) of the spot test underwent plaque purification. The phage PJL-1 formed
small, clear, round plaques (about 1.7 mm in diameter) on the MU45 lawn. High-titer
phage stock contained 10° pfu/ml. The ultrastructure of the phage was examined by
electron microscopy as seen in Figure 1. The phage has an isometric head of 59 nm in
diameter and a long, flexible, non-contractile, and regularly striated tail (182 nm long and
11 nm wide). A complex base plate (approximately 25 nm in diameter) on the tail was
also present. The overall appearance of this phage suggests that the phage could be
classified as morphotype B1 according to Ackermann (1996), or to the family
Sphoviridae according to the International Committee on Taxonomy of Viruses

(Matthews, 1982). The optimal MOI was determined to be 0.01-0.03 (data not shown).

Calcium effects on phage adsor ption and propagation

The adsorption rates of ®JL-1 in MRS broth with 0 and 20 mM CaCl,
supplementation are shown in Figure 2. About 75% of ®JL-1 phage particles were
adsorbed to the host cells in 10 min, 90% in 20 min, and 96% in 30 min. Similar results
were obtained in MRS media supplemented with 5, 10, 15, 25, and 30 mM of calcium
chloride, indicating that excess of Ca*" did not affect the initial adsorption rate. However,
rapid phage propagation occurred in calcium-supplemented media (Fig. 3). Cell lysis was
observed in MRS media containing 10, 20, or 30 mM added CaCl, within 2 h, while
clearance required 3 or 4 h in the media containing 1 or 0 mM supplemented CacCl,.
There was no difference in the phage propagation rates with MRS media supplemented
with CaCl, concentrations in the range of 10 to 30 mM. The phage titer in the medium
without calcium supplementation reached the same level as those in calcium-
supplemented media in 4 h. The percent adsorption of the phage ®JL-1 in calcium-free

BES buffer was similar to those in MRS media with or without calcium supplementation.



86

Host range, kinetics, and ther mal lability

The host range of ®JL-1 was determined with 32 selected strains from 4 genera of
LAB. ®JL-1 was lytic against both L. plantarum MU45 and a related isogenic strain BI7
(B17 is able to carry out malolactic fermentation, while MU45 does not). No other LAB
tested were sensitive to PJL-1. The infection cycle of ®JL-1 in MRS was characterized
by its one-step growth kinetics at 30°C. Three experiments were carried out with strain
MU4S5 to determine the one-step growth curve of ®JL-1. Figure 4 showed that the latent
period was about 35 min, the rise period was 40 min. The average burst size was
calculated to be 22 pfu per cell. Thermal lability was demonstrated by thermal
inactivation of the ®JL-1 population (10° pfu/ml) at pH 6.5 within 3 min at 70, 80, 90,
and 100°C. Survivor curves of the phage at 70 and 80°C are shown in Figure 5. The D
values of the phage were calculated as 2.7 min at 70°C and 0.2 min at 80°C. The phage
titer decreased below the detection limit (20 pfu/ml) after heating for longer than 60 sec

at 80°C, or 15 sec at 90 or 100°C.

Protein and sequence analysis

The structural proteins of phage ®PJL-1 were analyzed by SDS-PAGE. The
resulting protein profile (Fig. 6) reveals six structural proteins of apparent molecular
masses of 82, 58, 50, 45, 34 and 22 kDa. Chromosomal DNA was submitted to the
Department of Energy Joint Genome Institute (Walnut Creek, CA). Preliminary sequence
data showed two major contiguous sequences, Contigs 1 and 2. Contig 2 was constructed
from 1,216 reads and consists of 35,701 bps with 46 possible open reading frames
(ORFs, Fig. 7). Contig 1 consisted of 831 bps. A restriction map of ®JL-1 (Fig. 7) was
constructed based on this primary sequencing data and confirmed by our restriction

analyses (data not shown).
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DISCUSSION

Adsorption of phage particles to bacterial cells is the initial step of phage
infection. While 75% adsorption occurred in 10 min, 96% adsorption occurred in 30 min.
Caso et al. (1995) reported that 92% of phage ®PL1-A was absorbed onto L. plantarum
ATCC 8014 in 45 min. Adsorption is not only dependent on the presence of specific
receptors on the cell surface (Topley and Wilson, 1990), but is also dependent on the
presence of certain cations in the media. Many bacteriophage require higher
concentration of divalent cations such as calcium or magnesium at some stage of their
infection cycle than the concentration required for the growth of host cells (Watanabe and
Takesue, 1972).

In this study, excess of Ca’" (5 to 30 mM) in MRS media did not affect the
adsorption rate in the first 30 min, but promoted rapid phage propagation and cell lysis.
The result suggested that calcium and/or other cations in MRS media were sufficient for
the adsorption during the first cycle of phage infection but not for the subsequent cycle.
Watanabe and Takesue (1972) reported that calcium ions were required for the
penetration of the phage genome into the host cells of Lactobacillus casal. It is likely that
as phage titer increased exponentially, higher calcium concentration was required for
rapid propagation in the subsequent cycle. The phage titer in MRS medium without
calcium supplementation gradually increased and eventually reached the same level as
those in calcium-supplemented media after 4 h of infection (Fig. 3), indicating that
calcium greatly stimulated the rate of phage propagation, but did not affect the final
phage titer. The percent adsorption in calcium-free BES buffer was almost the same as
that in calcium-containing BES buffer or in MRS media, suggesting that calcium ions
were not required for phage adsorption in BES buffer. This was perhaps because sodium
ions were present in calcium-free BES buffer and these monovalent cations were as
effective as Ca®” in facilitating phage adsorption. It was reported that in pure distilled
water or at low concentration of monovalent ions (< 0.01 mM) most phage do not adsorb
to bacteria (Luria et al., 1978). The sodium concentration in 50 mM BES buffer (pH 7.2)
used in this study was much higher than 0.01 mM and seemed to be sufficient to facilitate

phage adsorption. Watanabe and Takesue (1972) studied L. casel phage using tris-
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maleate buffer in the presence or absence of calcium. They concluded that calcium was

not required in tris-maleate buffer for the phage adsorption.

The morphology of ®JL-1 was similar to most other Lactobacillus phage (about
50 nm in diameter, 170-180 nm in length; Jarvis, 1989). ®JL-1 had a burst size of 22 pfu
per cell, larger than 12-14 pfu per cell for L. plantarum 8014 phage, B2 (Nes et al.,
1988), but almost 10 times smaller than that for another L. plantarum phage, fri (200
pfu/cell; Trevors et al., 1983). Phage B2 had a larger head (110 nm in diameter) and a
longer tail (500 nm) than that for ®JL-1 (59 nm, 182 nm, respectively). Both phage B2
and fri had much longer latent period (75 min) than ®JL-1 (35 min). ®PJL-1 was lytic
only against two closely related strains of L. plantarum, BI7 and an isogenic mutant
MU45. ®JL-1 was distinct from phage SC921 isolated from Kimchi (Yoon et al., 2001)
because PJL-1 was not lytic for L. plantarum ATCC 14917, while SC912 was. High
intraspecies specificity was also observed in other L. plantarum phage such as L.
plantarum phage B2 and fri (Douglas and Wolin, 1971; Trevors et al., 1983). Phage
sensitivity can be related to cell wall composition in some strains of L. plantarum
(Douglas and Wolin, 1971).

Like most tailed phage, ®JL-1 had a genome consisting of double-stranded DNA.
The estimated genome size of ®JL-1 (36.7 kbp) was smaller than those of other known L.
plantarum phage (Table 2), including: ®LP2 (47 kbp), SC921 (66.5 kbp), B2 (73 kbp),
®LP1 (80 kbp), and fri (133 kbp). The PJL-1 genome size was similar to those of L. sake
phage PWH2 (35 kbp), L. bulgaricus phage ch2 (35 kbp), and L. casei phage J-1 (37 kb),
but smaller than that of L. gasseri phage phi adh (43.8 kbp; Table 2). The restriction
digestion fragment sizes reported for these phage showed no similarity with PJL-1.
Based on the primary sequencing data, 46 ORFs were identified. Additional ORFs may
be identified after the genome sequencing is completed. Six structural proteins with
molecular weight ranging from 22 kDa to 82 kDa were identified by SDS-PAGE. A
detailed sequence analysis and identification of the ORFs corresponding to the observed
structural proteins will be the subject of future research.

®JL-1 was susceptible to temperatures above 70°C. The D value at 80°C and pH

6.5 was 0.2 min. The information may be useful for designing a procedure to prepare
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vegetables prior to starter culture addition. Breidt et al. (2000) reported that blanching

whole pickling cucumbers for 15 sec (0.25 min) at 80°C reduced microbial cell counts by
2 to 3 log cycles from an initial population of typically 10° CFU/g. This blanching
treatment was adequate to eliminate 1 log cycle of ®JL-1 from fresh cucumbers and
consequently would be predicted to decrease the risk of potential phage infection problem
with the starter culture MU45 for controlled low salt cucumber fermentation.

The results from this study revealed that ®JL-1 was active against the potential
starter culture (MU45) for commercial cucumber fermentation. Phage infection could
adversely affect the fermentation process by delaying acidification of the brine, thereby
allowing spoilage or pathogenic organisms to grow, affecting the quality or safety of the
fermented product. A study with phage B2 and its host L. plantarum ATCC 8014 as a
meat starter culture showed that the phage infection significantly delayed (8-10 days)
lactic acid production and concomitant pH drop during the production of salami dry
sausage (Nes and Sorheim, 1984). Phage infection could also destroy biocontrol
organisms, giving false safety assurance.

®JL-1 is the first reported L. plantarum phage isolated from cucumber
fermentation. The characterization of this phage provides valuable information for the
development of the procedure for controlled cucumber fermentation and for the
biocontrol system using L. plantarum MU45. Further research is needed to evaluate the

impact of ®JL-1 on these systems.
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Table 1. Host range of L. plantarum phage JL-1°

Strain Lysis® FFL ID°
Lactobacillus plantarum MOP3 + BI7
Lactobacillus plantarum MOP3-M6 + MU45
Lactobacillus plantarum ATCC 14917 - LA70
Lactobacillus plantarum WSO - LA 23
Lactobacillus plantarum - LA287
Lactobacillus pentosaceus ATCC 8041 - LA136
Lactobacillus curvatus ATCC 25601 - LA223
Lactobacillus brevis ATCC 14869 - LA228
Lactobacillus pentosus ATCC 8041 - LA233
Lactobacillus coryniformis coryniformis ATCC 25602 - LA252
Lactobacillus fructivorans ATCC 8288 - LA255
Lactobacillus fructosus ATCC 13162 - LA256
Lactobacillus gasseri ATCC 33323 - LA257
Lactobacillus hilgardii ATCC 8290 - LA258
Lactobacillus jensenii ATCC 25258 - LA259
Lactobacillus mali ATCC 27053 - LA260
Lactobacillus salivarius ATCC 11741 - LA263
Lactobacillus curvatus curvatus ATCC 25601 - LA272A
Lactobacillus reuteri - LA273
Lactobacillus paraplantarum - LA274
Lactobacillus gramminis - LA276
Lactobacillus paracasei paracasel ATCC 25598 - LA278
Lactobacillus casei casel ATCC 393 - LA284
Lactococcus lactisATCC 11454 - LA119
Leuconostoc paramesenteroides ATCC 33313 - LA225
Leuconostoc lactis ATCC 19256 - LA265
Leuconostoc mesenteroides cremoris ATCC 19254 - LA266
Leuconostoc mesenteroides dextranicum ATCC 19255 - LA267
Leuconostoc mesenter oides mesenteroides ATCC 8293 - LA268
Leuconostoc mesenteroides - LA10
Leuconostoc fallax ATCC 700006 - LA283
Pediococcus dextrinicus ATCC 33087 - LA224
Pediococcus pentosaceus - PS 772
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aAll strains were obtained from the culture collection in USDA-ARS Food Fermentation

Laboratory (Raleigh, NC). ATCC = American Type Culture Collection, Rockville,

MD.
°+ = Plaques formed; - = no plaque formed.

“FFL ID = Identification number in the culture collection of USDA-ARS Food

Fermentation Laboratory (Raleigh, NC).



Table 2. Genome sizes of several Lactobacillus bacteriophages

Phage  DNA size Family Host Reference
(kb)

®JL-1 36.7 Sphoviridae L. plantarum MU45 This study

®LP2 47 Sphoviridae L. plantarum Caso et al., 1995

SC921 66.5 Sphoviridae L. plantarum 0280 Yoon et al., 2001

B2 73 Sphoviridae L. plantarun ATCC 801 Nes et al., 1988

®LP1 80 Sphoviridae L. plantarum Caso et al., 1995

fri 133 Myoviridae L. plantarum A Caso et al., 1995

phi adh 43.8 Sphoviridae L. gasseri Fremaux et al., 1993

PWH2 35 Sphoviridae L. sake Ls2 Leuschner et al., 1993

ch2 35 Sphoviridae L. bulgaricus CH2 Chow et al., 1988

J-1 37 Sphoviridae L. casei S-1 Khosaka, 1977




Figure 1. Electron micrograph of L. plantarum phage ®JL-1. CsCl-purified
bacteriophage preparation was negatively stained with 2% uranyl acetate (pH 4.0).
Magnification, 85,000X. Bar, 100 nm.
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Figure 2. Adsorption curves of L. plantarum phage ®JL-1 in MRS medium without

calcium supplement (®) or with 20 mM calcium supplement (0).
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Figure 3. Calcium effect on phage ®JL-1 propagation in MRS media at 30°C. ®, without
calcium supplement; ¥V, with 1 mM calcium supplement; A, with 10 mM calcium
supplement; [], with 20 mM calcium supplement; O, with 30 mM calcium supplement.
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Fig. 4. One-step growth curve of L. plantarum phage ®JL-1in MRS broth at 30°C. Each
point is the mean of three independent determinations.



Survival (log pfu/ml)

O 5 % A 100 1% 10 1A
Time(sx)

Figure5. Phage ®JL-1 population over time at 70 and 80°C. The initial pH was 6.48.
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Figure 7. Restriction and ORF map of phage ®JL-1 DNA. Locations (in bp) of the restriction endonuclease (Aval, BamHI,
Bgll, Bglll, EcoRI, ECORV, and Xbal) sites are as indicated. The orientations of the ORFs are indicated by arrows. The
number below each arrow represents the number of amino acids encoded by each ORF.
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Chapter 4

Sequence analysis of Lactobacillus plantarum phage ®JL -1
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ABSTRACT

The complete genomic sequence of a Lactobacillus plantarum virulent phage
@®JL-1 was determined. The phage possesses a linear double-stranded DNA genome
consisting of 36,674 bp with a G+C content of 39.4%. Forty-six possible open reading
frames (ORFs) were identified. According to the N-terminal amino acid sequencing and
bioinformatic analyses, proven or putative functions were assigned to 17 ORFs (39%),
including 6 structural protein genes. The ®JL-1 genome shows that functionally related
genes were clustered together, resulting in a modular genome structure: DNA packaging,
head and tail morphogenesis, lysis, DNA replication, and transcriptional regulation
modules. This type of modular genomic organization was similar to severa other phages
infecting lactic acid bacteria. The structural gene maps revealed that the late gene order is
highly conserved among the genomes of Sphoviridae phages, allowing the assignment of
probable functions to certain uncharacterized ORFs from phage ®JL-1 and other
Sphoviridae phages. The genetic information from this study is essentia for the
understanding of the phage-host interaction in vegetable fermentations and for the
development of phage-control strategies for controlled vegetable fermentations relying on

L. plantarum starter cultures.

Keywords: Bacteriophage, ®JL-1, sequence analysis, structural proteins, Lactobacillus

plantarum
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INTRODUCTION

Most vegetable fermentations occur under non-sterile conditions. Phages can be a
component of the microflora on vegetables, and may attck lactic acid bacteria which are
responsible for driving vegetable fermentations. A virulent phage, ®JL-1, infecting
Lactobacillus plantarum, was isolated from a commercial cucumber fermentation. Some
of its biological properties were described previously (Lu et a., 2002). The phage has an
isometric head and a long non-contractile tail, and belongs to morphotype B1 within the
Sphoviridae family. Tail fibers were not observed. ®JL-1 has a linear double-stranded
DNA genome of 36.7 kb. SDS-PAGE reveded 6 structural proteins. The host range of
@JL-1 was limited to two related strains of L. plantarum, BI7 and a mutant strain MUA45,
deficient in malolactate fermenting ability. Both strains have been evaluated as starter
cultures for controlled cucumber fermentation and as biocontrol microorganisms for
minimally processed vegetable products. Using L. plantarum MUA45 as a host, the phage
®JL-1 had an average burst size of 22 and a latent period of 35 min. However, little is
known about the functions of the ®JL-1 genes and the genomic organization of these
genes. A better understanding of the genetics and biological properties of the
lactobacillus phage would be fundamental to the development of phage-control strategies
for controlled vegetable fermentations and biocontrol systemsusing L. plantarum BI7 or
MU45 .

Many new insights have been recently obtained from detailed analysis of new
phage genomes available in databases. Comparative genomic analysis has provided
substantial knowledge on phage evolution, genetic diversity, horizontal/vertical gene
transfer, module similarity, and lytic/lysogenic cycles. A recent survey of the available
functional maps shows that in most phages, genes with related functions are clustered
together (Ackermann, 1999; Bregndsted et al., 2001; Kodaira et al, 1997). Functional
clustering of genes provides finer levels of regulation because genes whose products
interact with each other occupy adjacent positions. This would constitute a powerful
mechanism to ensure evolutionary stability (Ackermann, 1999). Comparative genomics

of phages infecting lactic acid bacteria (LAB) revealed that several LAB phages have a
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fixed, modular structure in their genomes, each module having a set of genesinvolved

in a specific phase of the phage life cycle (Venema et a., 1999; Desiere et a., 1999;
Brissow and Desiere, 2001; Desiere et a., 2001; Lucchini et al., 1999), supporting a
modular evolution theory. The term “functional modules’ was defined as a stretch of
genes with related functions (Botstein, 1980; Cagens et al., 1992). In tailed phages, gene
orders are more conserved than nucleotide sequences. Morphopoietic genes are generally
located at the left end or the center of the genome. Head genes usually precede tail genes
(Ackermann, 1999). Many talled phages with very similar morphology have little
sequence similarity to each other in their structural genes (Ackermann, 1999).
Comparative sequence analysis alowed the establishment of associations between
phenotype and genotype and thus the attribution of possible functions to new ORFs
(Desiere et al., 1999).

The objectives of this study were to determine and analyze the complete genome
sequence of the L. plantarum phage ®JL-1, to identify the structural genes, including the

major head and tail protein genes, and to explore the genomic organization of the phage.

MATERIALSAND METHODS

Bacterial strain, phage, and media

L. plantarum MU45 was grown in MRS broth (Difco Laboratories, Detroit, M) at
30°C. Phage ®JL-1 was propagated on L. plantarum MU45 (MOI = 0.02) in MRS
medium supplemented with 10 mM CaCl, at 30°C.

Purification of ®JL-1 and isolation of phage DNA

Phage ®JL-1 particles were concentrated from 1L of phage lysate by PEG
precipitation and then resuspended in 6 ml of 10 mM TrissHCI buffer (pH 7.4). The
phage suspension was intentionally vortexed (Daigger Vortex-Genie 2, A. Daigger and
Company, Inc., Vernon Hills, IL) at highest speed for 2 min in an attempt to generate
defected phages. The mixture of intact and defected phage particles was separated and
purified by CsCl density gradient centrifugation at 600,000 x g for 6 h at 15°C. The intact
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phage band and the defective phage band were collected separately, and dialyzed

against 3L 10 mM Tris-HCI buffer (pH 7.4). Phage DNA was isolated as described by Lu
et al. (2002).

Electron microscopy

CsCl-purified phage samples were negatively stained with 2% (w/v) agueous
uranyl acetate (pH 4.0) on a carbon-coated grid and examined by transmission electron
microscopy (JEOL JEM-100S, Japan Electronics and Optics Laboratory, Tokyo, Japan)
at an accelerating voltage of 80 kV. Electron micrographs were taken at a magnification
of 50,000x and printed at 85,000x (V. Knowlton, Center for Electron Microscopy, NC
State University, Raleigh, NC).

Sequence and analysisof ®@JL-1 DNA

DNA sequencing was carried out at the Department of Energy Joint Genome
Institute (JGI) sequencing facility (Walnut Creek, CA) using shotgun cloning and primer
walking sequencing strategies. Sequence analysis was performed using software
GAMOLA (Altermann, 2002). Briefly, a number of ORFs were manually determined.
Based on these ORFs, a training model was built for use with glimmer to identify the rest
of ORFsin the ®JL-1 genome. The non-redundant database from NCBI (Oct. 2001) was
used to BLASTP the identified ORFs. The subsequent results were used to establish
automated computer annotation. Sequence alignments were performed using Clone
Manager 6, Plasmid Map Enhancer v. 3 (Scientific Educational Software, Durham, NC),
and ClustalW (Thompson et a., 1994). Molecular BioComputing Suite (Muller et a.,
2001) was used to calcul ate the molecular mass and isoelectric point of predicted proteins
of ®JL-1 and other LAB phages from databases.

Restriction enzyme analyses
The phage DNA was digested with restriction endonucleases (Aval, BamHI, Bgll,
Bglll, EcoRlI, EcoRV, and Xbal) according to the supplier’ s recommendations (Promega,
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Madison, WI). The DNA fragments were separated by agarose (0.8%) ge

electrophoresis and visualized under UV-light (300 nm).

Analysis of structural proteins

An aiquot (78 pl) of CsCl-purified ®JL-1 sample was mixed with 30 pl of
sample buffer and 12 pl of reducing agent (NUPAGE LDS system, Novex, San Diego,
CA). The mixture was heated in a boiling water bath for 10 min. The heated sample (36
ul for each well) was loaded to a NUPAGE precast gradient minigel (4-12% Bis-Tris,
Invitrogen Corporation, Carlsbad, CA), and then subjected to SDS-polyacrylamide gel
electrophoresis (PAGE) using a NOVEX Xcell 11 SureLock Mini-Cell electrophoresis
system with NUPAGE morpholineethanesulfonic acid (MES) running buffer (50 mM
MES, 50 mM Tris base, 3.5 mM SDS, and 1 mM EDTA, Invitrogen). The SDS-PAGE
was run at 200 V for 1 hr. After electrophoresis, the gel was soaked briefly in NUPAGE
transfer buffer supplemented with 10% methanol prior to el ectroblotting.

Xcell Il Blot Module (Invitrogen) was used to electroelute the proteins in SDS-
PAGE gel onto a polyvinylidene difluoride (PVDF) membrane (0.2 um pore size), which
was pre-wetted for 30 sec in 100% ethanol according to the protocol suggested by
Invitrogen. Electroblotting was conducted at 25 V (constant voltage) for 2 h in a transfer
buffer containing 12 mM Tris base, 96 mM glycine, and 10% methanol (v/v). After
rinsing with deionized water, the PV DF membrane was stained with 1% Amido Black in
40% methanol and 10% acetic acid (v/v) for 5 min, and then destained for 5 min in 40%
methanol and 10% acetic acid at room temperature. The immobilized protein bands were
excised from the membrane, placed in 1.5-ml microfuge tubes, air-dried for 1.5 h, and
stored at -20°C until ready to ship for commercial N-terminal protein sequencing (Proseq,
Inc., Bosford, MA) by automated Edman degradation. Ten to eleven amino acids of each
protein were determined to identify the corresponding open reading frame. A broad range
protein marker (Mark 12, Invitrogen, Carlsbad, CA) and prestained multicolor molecular
mass markers (Invitrogen) were used to estimate the molecular weights of phage ®JL-1

structural proteins.
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RESULTSAND DISCUSSION

Complete nucleotide sequence and genomic or ganization of ®JL-1

The complete nucleotide sequence of ®JL-1 was determined by combining
shotgun cloning with a primer walking sequencing strategy and presented in GenBank
format in Appendix 1. The sequence reported here is aso available on the JGI web site
(http://www.jgi.doe.gov). ®JL-1 has alinear double-stranded DNA genome consisting of
36,674 bp with a G+C content of 39.4%, which is lower than that (43.1%) of
Lactobacillus plantarum phage @gle (Kodaira et a, 1997), but higher than that (35.3%) of
Lactobacillus gassiri phage gadh (Altermann et al., 1999). Bioinformatic analysis of the
@JL-1 genome revealed 46 possible ORFs (listed in Table 1) based on severd criteria (i)
the ORF begins with either an ATG, GTG, or TTG, and ends with either TTA, TGA,
TAG, or TAA,; (ii) the ORF contains at least 30 codons; (iii) the codon usage of the ®JL-
1 OFRs was determined by the training model (data not shown); and (iv) with a few
exceptions, the ORF is preceded by an identifiable ribosomal binding site (RBS). The
ORFs were named according to the number of amino acids (aa) in the deduced proteins.
All ORFs were oriented in the same direction (Fig. 1). Of the 46 ORFs, 37 are initiated
with the start codon ATG, 5 with TTG, and 4 with GTG. A potentid RBS,
complementary with the 3' ends of 16S rRNAs of various bacteria, can be identified
upstream of the 46 ORFs. In most of the sites listed in Table 1, the core consensus
sequence (AGGAGG) of RBS from the Lactobacillus delbruckii ssp. lactis phage LL-H
(Mikkonen et al., 1994) is highly conserved. A search for restriction sites in the
nucleotide sequence agreed well with the experimentally determined restriction pattern
(Fig. 2).

The deduced amino acid sequences of al the ORFs were compared with protein
sequences in a nonredundant peptide sequence database encompassing Pfam, SWISS-
PROT and Protis using BlastP or FASTA comparison programs. Twenty three (50%)
ORFs showed homologies with previously characterized genes in databases. In most
cases homologies were found to phages infecting gram-positive bacteria, primarily lactic

acid bacteria (Table 1). Five ORFs displayed homologies to unknown functions in the
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databases. Only those ORFs for which a putative function can be attributed are

discussed below.

Early transcribed genes

The predicted protein products of ORF467 and ORF224 (Table 1, Fig. 1) are
homologous to the helicase from Sreptococcus thermophilus phage 01205 and from L.
plantarum phage @gle (Kodaira, 1997), respectively, suggesting that these two gene
products (gp) might be involved in DNA replication. The derived protein product of
ORF64a shows very low overall similarities with several database entries. However, a
specific portion of the sequence (aa 10-57) shared a number of well-conserved amino
acids with a DNA polymerase of Methanococcus voltae (Konisky et al., 1994). This
feature indicates that gpORF64a is probably required for initiation or elongation steps of
DNA synthesis. The deduced protein from ORF627 exhibits sequence similarity
(identified by PSI-Blast searching) to putative replication protein from Streptococcus
pyogenes M1 GAS and putative DNA primase from Sreptococcus pyogenes MGA S315,
suggesting that protein may be involved in DNA replication.

Latetranscribed genes and DNA packaging

The predicted protein from ORF398 was nearly identical to lysin of Oenococcus
(previously Leuconostoc) oenos phage 10MC (Table 1), and similar to several phage
lysins (data not shown). Similarity searches did not identify a holin for ®JL-1. However,
holin genes are often located immediately upstream of the lysin, implying that ORF147
may encode the holin of ®JL-1.

The product derived from ORF148 exhibited homology to the small terminase
subunit from Bacillus subtilis prophage (Krogh et al., 1996). ORF440 resembles to the
putative large terminase subunit found in Streptococcus pyogenes prophage M1 GAS
(Table 1; Ferretti, 2001) and large terminase subunit in Lactobacillus johnsonii prophage
Lj771 (data not shown). These database results suggested that the two proteins
(gpORF148 and gpORF440) are likely to be involved in phage DNA packaging. In tailed

phages, a small terminase subunit is responsible for specific DNA binding, and a large
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terminase subunit is responsible for cleaving the phage DNA into genome units and

prohead binding. Generally, the DNA-interaction sites (pac or cos) of the terminases are
located within or close to the structural genes (Black, 1989). The pac or cos site of ®JL-1
has not yet been detected by sequence analysis, and remains to be identified.

Experimentally determined structural proteins of ®JL-1

During purification of phage ®JL-1, several bands, including two grayish bands
(band 1 and band 2), appeared in the CsCl density gradients (Fig. 3A). Samples from the
two bands were individualy analyzed by electron microscopy and SDS-PAGE. The
electron micrograph (Fig. 3B) shows that band 1 contained only phage heads (tail-less
phage particles), and band 2 contained intact phage particles. The morphology (with an
average length of about 182 nm) of the intact phage particles was consistent with the
initial description of ®JL-1 in our previous study (Lu et a., 2002).

SDS-PAGE of the phage head sample identified 3 head proteins, whereas SDS-
PAGE of the intact phage sample revealed six structural proteins, including the 3 head
proteins (Fig. 3C), suggesting that the 3 proteins absent in the phage head sample were
tail proteins. In order to identify the corresponding ORFs in ®JL-1 DNA, the 6 protein
bands from the intact phage sample were transferred to a PV DF membrane, and the N-
terminal sequences were determined (Fig. 4).

The 3 head proteins present in both intact and defective phage samples have
molecular weights (MW) of 34 kDa, 45 kDa, and 61 kDa, respectively, as estimated by
SDS-PAGE (Fig. 4). The 61-kDa protein appeared to be a minor head protein as it was
much less abundant than the other two head proteins (Fig. 4). The first 11 amino acids
(MDYDLTEHKQA) of this protein (61-kDa) exactly matched amino acids 1 to 11 of
@®JL-1 gpORF506 with predicted molecular mass of 57.7 kDa. This minor head protein
showed very strong homology to the portal protein of Streptococcus thermophilus phage
Sfill (Table 1). The 34-kDa and 45-kDa proteins (Fig. 4) appear to be maor head
proteins according to their abundance shown in Figure 2. They shared identica N-
terminal sequence (ATTNNDLPVR), which perfectly matched the residues 2 to 11 of the
®JL-1 gpORF286. The 34-kDa protein observed on the SDS-PAGE corresponded to the
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predicted molecular mass of gpORF35 (30.4 kDa). However, one of the observed

proteins (45-kDa) had much a higher MW than the predicted value (30.4 kDa) of
gpORF286. The discrepancy may be aresult of post-translational modification or reflect
a programmed translational frameshifts at some point of the trandation of ORF286.
Trandational frameshifts can be caused by ribosomal slippage or unusual anticodons on
tRNA molecules which pair with two bases instead of the usua three (Farabaugh, 1996;
Birge, E.A. 2000). Sequencing alonger section of the 45-kDa protein or the entire protein
may be needed to confirm the attribution of this protein. The first methionine residue was
absent in the two major head proteins, which was in accordance with the rule that the N-
terminal methionine is generally processed when the second amino acid residue is alanine
(Ben-Bassat et al., 1987). Processing of the initiation methionine during protein
maturation has been observed in many phages and occurs via the host methionine
aminopeptidase activity (Mahanivong et al., 2001; Lowther and Matthews, 2000). The
product deduced from ORF286 exhibits a striking sequence similarity (37% or 39%
overall identity) with the experimentally determined major head protein of L. lactis phage
ul36 (Labrie and Moineau, 2002) and with the hypothetical protein (gpORF36) of
Sreptococcus pneumoniae phage MM1 (Fig. 5, Table 1). This bioinformatic link
suggested that gpORF36 of S. pneumoniae phage MM1 may also be a mgor head
protein.

The three tail proteins reoccurred from the intact phage sample had observed MW
of 28 kDa, 50 kDa, or 76 kDa, respectively (Fig. 4). The observed 28-kDa protein
appears to be a major tail protein according to its abundance shown in SDS-PAGE (Fig.
4). The first 10 amino acids of the protein were VAVNNGNKFV. This sequence was
identical to residues 2 to 11 (except residue 8) of the ®JL-1 ORF199. Residue 8 of
ORF199 was V instead of N. The discrepancy may reflect an error in either the N-
terminal sequencing or nucleotide sequencing. The N-terminal methionine is not present
in the mature protein. The predicted MW of gpORF199 is 21.5 kDa, lower than observed
(28 kDa). The major tail protein displayed a strong homology to gpORF21 of Bacillus
subtilis phage SPP1.

The N-terminal peptide sequence (MDLLIEKDGKR) of the 50-kDa protein
reveadled on the SDS-PAGE matched amino acid positions 12 to 22 of the predicted
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gpORF441, suggesting that the protein was proteolytically processed during

maturation. Processing of the gpORF441 (49.7 kDa) at position 12 predicts a protein with
MW of 48.5-kDa, dlightly lower than the observed (50 kDa). Similar proteolytic cleavage
of N-terminal amino acids during phage morphogenesis has also been observed in other
LAB phages such as L. lactis phage BK5-T (Mahanivong et al., 2001), S. thermophilus
phages (Desiere et al., 1998), and L. gasseri gadh (Altermann et a., 1999). This proteinis
probably a minor tail protein because it was much less abundant than the other two tail
proteins (Fig. 4). The result from database search showed that the minor tail protein
exhibited a weak sequence similarity with a tail component protein from Lactobacillus
casel phage A2 (Table 1).

N-terminal sequence analysis of another tail protein (76-kDa, observed from
SDS-PAGE) revealed the sequence AIRTYDILLDS, which isidentical to amino acids 2-
12 of the protein (82.4-kDa) derived from ORF749. Again, the N-termina methionine
was absent in the mature protein. This protein, apart from its function as a tail protein,
may also be responsible for host specificity because it shows homology with putative
anti-receptors from several dairy phages (Brandsted et a., 2001; Desiere et a., 1999;
Lucchini et al., 1999), as well as with ORF112 of L. lactis phage bIL170 (Crutz-Le Coq
et a., 2002), which was possibly involved in host range determination.

Other ®JL-1 geneswith putative functions

ORF1133 is the longest ORF in the ®JL-1 genome. The predicted product of this
ORF showed strong sequence homology to the tail tape measure protein of L. lactis
phage TP901-1, suggesting that the protein may be responsible for determining phage tail
length. In phage lambda, tail tape measure protein is used as a template for tall
polymerization and remains inside the tail tube (Katsura and Hendrix, 1984).

Generally, the genes located between the major head and major tail genes are
involved in formation and connection of the head and tail structures and in DNA
packaging (Bregndsted et al., 2001). In this region of the ®JL-1 genome, ORF125 and
ORF113, respectively, showed homology to head-tail joining and DNA packaging
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proteins from Lactococcus lactis phage TP901-1 (Table 1), suggesting that ORF125

and ORF113 products may be involved in phage assembly.

The protein specified by ORF97 exhibited high homology with the putative DNA
binding protein from S thermophilus phage Sfil8. The product of ORF198 shares
homology with HNH homing endonuclease of L. lactis phage bIL170 (Crutz-Le Coq et
al., 2002). HNH homing endonucleases confer mobility to their own genes or to host
intervening sequences, either an intron or intein, by catalyzing a highly specific, double-
strand break in a cognate alele lacking the intervening sequence (Chevalier and
Stoddard, 2001). These endonucleases can be found as free-standing ORFs between
genes or encoded within introns or inteins. The function of HNH homing endonucleases
in the phage cycle and/or the reason for their maintenance in such compact phage

genomes isintriguing (Crutz-Le Coq et al., 2002).

DNA packaging and structural gene map of ®JL-1

A partial gene map of ®JL-1, surrounding the mgor head and tail protein genes,
is aligned with corresponding genome sections of 5 other Sphoviridae LAB phages
including 2 Lactobacillus phages (¢@gle, and @adh), 2 lactococcal phages (TP901-1, ul 36),
and 1 streptococcal phage (Sfi21) (Fig. 6). The alignment demonstrated that these phages
shared a highly conserved structural gene order, supporting the notion that the structural
gene map is highly conserved among Sphoviridae phages (Luccini et al., 1998; 1999). In
addition, the size (in aa or kDa) and isoelectric point (pl) value of structural proteins with
the same function appear to be relatively conserved. These physical properties can be
useful for extrapolating and predicting gene functions for closely or distantly related
phages even showing little or no regions of sequence homology. The alignment of the
®JL-1 structural gene map with other LAB phages (Fig. 6) predicts that the
experimentally determined minor head protein (gpORF506) of ®JL-1 may be also a
portal protein because the gene location (immediately downstream of large subunit
terminase), the size (506 aa) and pl value (4.6) of the gene product were very similar to a
portal protein (gene) from Sfi21, TP901-1, ul36, and @gle. This prediction was supported
by the database search result (Table 1) as discussed above. Portal proteins are generally
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responsible for forming the entrance to the head during packaging and determining the

amount of DNA to be packaged (Dube et a., 1993). Similarly, we predict that ORF397 of
@adh is probably a portal protein as well. The derived protein from ORF184 shows
limited sequence similarity with a putative scaffold protein from S. thermophilus phage
Sfill (Lucchini et al., 1998). However, the size (184 aa) of the protein and its pl value
(4.7) were very similar to scaffold proteins of several LAB phages, including ul36,
TP901-1, ¢@gle (Fig. 6), and Sfill. These features supported the prediction that
gpORF184 might have a scaffolding function. In the @adh genome, the function of
ORF159b is unknown. But, its physical properties (the location in the gene map, and the
size and pl value of the gene product) are similar to putative head-tail joining protein
gene from phages ®JL-1, Sfi2l, and TP901-1 (Fig. 6). Thus, ORF159b of gadh may
encode a head-tail joining protein. As mentioned earlier, the derived product from ORF36
of S. pneumoniae phage MM 1 (Obregon et al., unpublished) shared a striking sequence
similarity (Fig. 5) with the major head proteins from ®JL-1 and ul36. The structural gene
map of phage MM1 (data not shown) reveals that immediate upstream of ORF36 is a
gene encoding a putative scaffold protein. Downstream of ORF36 are several small (77-
130 aa) protein genes, including 2 small putative minor capsid protein genes (114-123aa).
Furthermore, the deduced protein of ORF36 consists of 295 aa and has pl vaue of 5.7.
These features are very similar to those of the magjor head protein from ®JL-1, TP901-1,
ul36, and @gle (Fig. 6), strongly supporting our prediction that ORF36 of phage MM1

may encode amajor head protein gene.

Functional modules and genomic organization in ®JL-1

In many phages the genes encoding related biological functions are clustered.
Inspection of the proven and putative gene functions, and the locations of individual
ORFs from phage ®JL-1 reveal that the phage genome is highly modular with
functionally-related genes clustered together. Thus, the following functional modules are
proposed and indicated in Fig. 1: DNA packaging, head morphogenesis, head-tail joining,
tail morphogenesis, host specificity, cell lysis, and DNA replication.



115
The DNA packaging module contains ORFs encoding two putative terminase

subunits and a DNA packaging protein (Fig. 1). The head morphogenesis module
includes ORFs encoding the experimentally determined major head protein, minor head-
portal protein, putative scaffold protein, and afew small ORFs nearby (Fig. 1). The head-
tail joining module consists of ORF125. The tail morphogenesis module includes genes
encoding the experimentaly identified maor and minor tail proteins, putative tape
measure protein, and severa other ORFs between the cell lysis and head-joining modules
(Fig. 1). The host specificity module consists of ORF749 encoding an anti-receptor,
experimentally identified as a minor tail protein. The cell lysis module contains of
putative lysin gene and ORF147 which is likely to encode holin protein. The replication
module contains genes encoding two putative helicases, a putative primase, a putative
DNA polymerase, and a few other ORFs as indicated in Figure 1. Besides these modules,
aregulation module was aso assigned in Figure 1, based upon extrapolations from other
Sphoviridae phages (Brussow and Desiere, 2001). Further analysis and experimental
evidence are needed to confirm these modules.

Notably, genes involved in packaging of the genome into the phage head are
located at the left of the genome. Immediately following are structural modules. Head
genes are clustered together and precede the tail genes, which are also clustered together.
These genes are followed by gene clusters required for lysis of the host, and genes
involved in DNA replication. Although some regions have not been assigned to any
functional module due to lack of information regarding the biological functions of the
encoded genes, the overall organization of functional modules within ®JL-1 reveded a
striking correlation with those observed in many other Sphoviridae LAB phages, such as
the virulent phage ul36 (Labrie and Moineau, 2002), and temperate phages TP901-1
(Brendsted et al., 2001), ggle (Kodaira et a., 1997), gadh (Altermann et al., 1999), and
01205 (Brussow and Desiere, 2001), except that a lysogeny module was absent in the
®JL-1 genome.

Further studies on gene structure, expression, and function in phage ®JL-1 are
needed to better understand the biology of the phage and to develop phage-control

strategies in vegetable fermentations relying on L. plantarum starter cultures.
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Table 1. ORFs and genetic features of phage ®JL-1%

ORF or feature” Predicted product
Putative RBS® and start codon Size Mass Database search results
ORF Star End® 3’ - AUCUUUCCUCCACUAGGUC. e (@) (kD& pl9 Predicted function Organism matched E  Reference
77 345 575 agaAAAGGAt aTGAaaaAGaat g 7 8.7 96
198 959 1552 tt Aaatt AGGAGGaat cgt Aatg 198 226 9.2 HNH homing endonuclease Lactococcus lactis phage bIL170 3e-15 AF009630
72 1560 1775 Tt act gGGACGagat gat Aagat g 72 83 43
97 2125 2415 Tttat AGGAGaaaATaaAaaat g 97 11.1 4.8 DNA binding Streptococcus thermophilus phage Sfil8 4e-15 AF158601
32 2390 2485 tcgcgat Ggt AAGAt Gat cgat g 32 33101
93 2738 3016 aaat aAtt GGAGGaat aat cat g 93 111 9.0
142 3177 3602 agt aAaAtt GGAGGaagcCgat g 142 161 49
79 3749 3985 t cTAG AAGGAGaTt aaaacat g 79 9.0 55
388 3985 5148 tgt Gg& aCGcTatt aaat cat g 388 442 6.1
33b 5703 5801 t aAAt GcAGaTGATaacCGeccegt g 33 36 84
148 6481 6924 tggt AGGAGGTG at aaGecettg 148 17.0 8.1 Terminase, small subunit Bacillus subtilis PBSX phage 0.08 799110
440 6890 8209 tgat agt cAAG AG cGt gaat g 440 51.0 8.4 Terminase, large subunit Streptococcus pyogenes prophage M1 GAS 9e-98 AE006544
506 8223 9740 aggAct At AGGAGCct t agCat g 506 57.7 4.6 Minor head protein Thiswork
Portal protein Streptococcus thermophilus phage Sfill le-70 AF158600
273 9691 10509 cCcAGAACGGgG aat Tagt aat g 273 30.8 9.0 Unknown (SPy0975) Sreptococcus pyogenes prophage M1 GAS 8e-10 AE006544
184 10616 11167 gt cggGAt AGGAGGAt t aCCat g 184 20.1 4.7 Scaffold protein Streptococcus thermophilus phage Sfill 0.08 AF158600
286 11190 12047 AAaAAACGACGTtt aaaAttatg 286 304 4.6 Magor head protein Thiswork
Streptococcus pneumoniae phage MM 1 3e-53 AJ302074
64b 12128 12319 gcgAt act cGlaATattaccgtg 64 6.0 3.6
113 12391 12729 t acgaAAAGGAaGTGATt aaat g 113 127 4.6 DNA packaging Lactococcus lactis phage TP901-1 2e-07 AF304433
94 12732 13013 gct GgAAt GAGGTt cat at aat g 94 105 57
125 13006 13380 GAAAG gacggtgttaatctgtg 125 141 9.1 Headtotail joining Lactococcus lactis phage TP901-1 3e-08 AF304433
117 13380 13730 Aat AAGGcGCcGAagttttcatg 117 133 5.0
199 13746 14342 caAttt AAGGAGGat Aaaacat g 199 216 4.2 Mgor tail protein Thiswork
Bacillus subtilis phage SPP1 le-21 X97918
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ORF or feature” Predicted product
Putative RBS® and start codon Size Mass Database search results’
ORF Star End® 3’ - AUCUUUCCUCCACUAGGUC. e (@) (kD& p)9 Predicted function Organism matched E Reference
139 14367 14783 caAt AGGAGGat AaCgAGacat g 139 159 49
140 14669 15088 ttccgtcgcgccgcgaaacattg 140 161 8.1
1133 15095 18493 at CACGGAGGTGAat aatatatg 1133 1121 9.6 Tape measure protein Lactococcus lactis phage TP901-1 8e-25 AF304433
441 18531 19853 gaatt AAAGcct CeccAgtgtat g 441  49.7 5.4 Minor tail protein Thiswork
Tail component protein Lactobacillus casei phage A2 0.6 AJ251790
738 19871 22084 GcGt AGGAGGTGAct aatt aat g 738 812 4.4 Unknown (ORF977) Lactobacillus johnsonii prophage Lj965 1e-30 AF195900
749 22077 24323 aTAt AAAGE GGTaATgt AGat g 749 824 4.8 Minor tail protein Thiswork
Host specificity Lactococcus lactis phage bIL170 6e-05 AF009630
60 24725 24904 gTgQ gAGSgCcTGAaat Aatt g 60 6.8 5.8
249 25177 25923 gaatttaTcat AAt GAttatttg 249 275 64
147 26127 26567 aAGAAAGCcAGGaaAat aAt cat g 147 153 4.6 Unknown (P163) Oenococcus oenos phage 10MC le-17 AF049087
398 26572 27765 accagcAAcGGAGzat agt at g 398 436 9.7 Lysin Oenococcus oenos phage 10MC 1e-85 AF049087
170 28189 28698 gcaaccaTAGAAAGGAaGTaat g 170 192 47
33a 28704 28802 ttctacggGGAGCcat aaacat g 33 3.7 80
134 28805 29206 cCAGAAgGCGAaCc G aaat aatg 134 149 9.5 Unknown (ORF6) Lactococcus lactis phage phi31 5e-04 AJ292531
246 29209 29946 t caaAAAGGAG gct gaat aat g 246 284 5.1
224 30325 30996 Tt GAAAGG GaTG Tttt aaatg 224 245 5.8 Helicase (NTP-binding) Lactobacillus plantarum phage g@gle 2e-06 X98106
627 30941 32851 TAaAAACcAat caATt aAaaat g 627 722 55 Primase Sreptococcus pyogenes MGAS315 6e-20 NP_665246
65b 32916 33110 aG t gAAGGAGGTt AgCt Aaat g 65 7.7 95
153 33097 33555 Act CAAGGACCGaaATt aAaaat g 153 173 438
64a 33573 33764 ttct aAt gGGAGaTGATt aaat g 64 7.6 4.2 DNA polymerase Methanococcus voltae 16 L 33366
467 33811 35211 ttattgtagggAGAAAtagtatg 467 53.1 8.6 Helicase Streptococcus thermophilus phage 901205 4E-93  U88974
99 35246 35542 t aat at att aAGAAAG t agt g 99 117 43
114 35564 35905 t aAGAAAGGAt ag& aaagcat g 114 127 9.9 Unknown (orf106 gp) Streptococcus thermophilus phage Sfi19 9e-29 AF115102
47 35915 36055 t gtt GGAGCGact aat Aaatt at g 47 52 62
65a 36039 36233 gttagt Tgct At GGct GeGgttg 65 69 9.3
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®See the text for the details.
ORFs were designated according to the number of amino acids of the corresponding coded proteins.
“The end position does not include the stop codon.
“The sequence shown includes the immediate up stream 20 nuclectides of the putative start codon.
The nucleotide that is complementary to the one found at the 3' end of the 16S rRNA is shown in upper case letters.
The nucleotides complementary to the 3' end of 16S rRNA of Lb. delbruckii (3-AUCUUUCCUCCACUAGGUC ...).
(Mikkonen et al., 1994).
"Molecular weights were calculated with Molecular Biocomputing Suite (Muller et al., 2001).
91soelectric points were calculated with Molecular Biocomputing Suite.
"Database searches based on homologies of deduced amino acid sequences were performed with gapped BlastP agorithm.
'Probabilities derived from Blast scores for obtaining amatch by chance.
JAccession number or this work.



122

DNA Head Tail Cell Transcriptional
packaging morphogenesis mor phogenesis lysis regulation?
| \ ! | | |
10,000 20,000 30,000
97 79 440 286 125 140 738 147 134 65b 99
bt pE D = s )
72| 142 148 184 94, 139 441 249 33a 627 467 65a
>y 1t ot b b ‘ ) b
198 | 93 33b 273 113 | 199 60 170 224 64a 47
V2 = == * ) D .
77 32 388 506 64b| | 117 1133 749 398 246 153| [114
A T
HNH homing terminase scaffold major tail minor tail protein lysin helicase helicase
endonuclease small protein protein
subunit tape measure protein _
primase
DNA binding terminase head-tail joining
protein large
subunit DNA packaging protein anti-receptor DNA polymerase

portal protein

major head protein



123

Figure 1. Modular genomic organization of the phage ®JL-1 genome. The double-stranded DNA is shown as athick black line. The
open arrows represent ORFs predicted from the genomic sequence. The direction of the arrows corresponds to the direction of
transcription. The numbers below the open arrows represent the ORF designation and size (in aa). Proven or putative functions of
individual ORFs (see Table 1) areindicated by gray upward arrows. The experimentally determined structural genes are indicated
with asterisks inside open arrows. The proposed functional modules are indicated at the top of the figure. ORFs belonging to the same
module are shown in the same color. The regulation module is based on an extrapolation from other Sphoviridae phages. ORFsin
black may or may not belong to regulation module.
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Figure 2. Restriction analysis of the phage JL-1 DNA. The phage DNA was digested
with restriction endonucleases Aval + Bgll (lane 1), Sall (lane 3), Hindlll (lane 4), Bgll
(lane 5), Bglll (lane 6), Clal (lane7), Pvull (lane9), Bglll + EcoRl (lane 10), EcoRI (lane

11), EcoRV (lane 12). 1 kb DNA ladder was used as the molecular weight standard (lanes
2, 8, and 13).
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Figure 3. Analysis of the phage ®JL-1samples from CsCl density gradient. (A). Schematic representation of CsCl
gradient tube containing ®JL-1 phage head band (1) and intact phage particle band (2) after ultra-centrifugation. (B).
Electron micrographs of phage heads and intact phage particles. (C). SDS-PAGE gel of the ®JL-1 structural proteins.
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MW (kDa) N-terminal ORF aa position of Proposed
kDa M 1 2 Estimated Predicted sequence matched  matching ORF function
97 —
<« 76 824  AIRTYDILLDS ORF749 2-12 Minor tail protein
66 — m—
< 61 577 MDYDLTEHKQA  ORF506 1-11 Minor head protein
55 — m—
< 50 497  MDLLIEKDGKR  ORF441  12-22 Minor tail protein
! ' <— 45 304  ATTNNDLPVR ORF286 2-11 Major head protein
gz - _“« 34 304 ATTNNDLPVR  ORF286 211 Major head protein
—— < 28 21.5 VAVNNGNKFV ORF199 2-11 Major tail protein

Figure 4. Analysis of the phage ®JL-1 structural proteins. SDS-PAGE profile is shown on the left. Lane M, molecular
mass marker; lane 1, proteins from ®JL-1 heads; lane 2, proteins from the intact ®JL-1 particles. The N-termina amino
acid sequences of the 6 structural proteins were determined. The position of the N-terminal sequence in the corresponding
@JL-1 ORF and the proposed function of the ORF are indicated.
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Figure 5. Multiple sequence alignment of the major head proteins from Lactobacillus plantarum phage ®JL-1 and Lactococcus
lactis phage ul36 with ORF36 of Streptococcus pneumoniae phage MM 1. Residue numbers of the proteins are given on the right.
Perfectly conserved residues are highlighted in black boxes. Residues that are conserved in 2 of the aligned sequences are shaded
in gray. Numbers refer to the amino acid position.
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Figure 6. Comparison of the partial genome of phage ®JL-1 with other Sphovaridae phages. The numbers below the maps refer
to ORFsof ®JL-1 (Table 1), Sfi21 (Desiere et al., 1999), TPO01-1 (Brensted et al., 2001), ul 36 (Labrie and Moineau, 2002), ¢gle
(Kodairaet al., 1997), and gadh (Altermann et al., 1999). Sizes of individual ORFs are reflected by the lengths of the arrows. The
pl values predicted for individual proteins are indicated inside the arrows representing the respective ORFs. Corresponding genes
are indicated with the same color code. ORFs whose structural function has been experimentally verified are indicated by
asterisks.
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Chapter 5

| dentification of Anti-receptorson Bacteriophage ®JL-1

via Phage Display Technology
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ABSTRACT

All tailed phages adsorb to bacteria by their tails. Anti-receptors in tailed phages
are the receptor-binding proteins at the tip of the phage tail, which are responsible for
host specificity. Identification of anti-receptorsis fundamental to the understanding of the
biological processin phage infection. The T7 phage display system was used to clone and
identify tail proteins of phage ®JL-1 which attacks L. plantarum B17 and MU45, starter
cultures for controlled cucumber fermentation and biocontrol microorganisms for
minimally processed vegetable products. Fourteen genes in the genome of ®JL-1,
including 6 structural protein genes, were amplified by PCR and treated with EcoRI and
HindlIl endonucleases. The resulting products were individually subjected to directiona
cloning into T7Select10-3b vector. The result shows that 12 of the display phages
contained inserts with expected sizes. Two large inserts (>2.2 kb) did not appear to be in
display phages. Seven phage clones were obtained after 2-round cell-based panning in
LB medium with display phage mix against L. plantarum MU45 cells. Four of the clones
seemed to contain the inserts of interest. More work is needed to confirm these inserts.
The results from 1-round biopanning in MRS medium with individual display phage or
phage mix were not conclusive. Optimization of biopanning conditions or application of
phage adsorption assay may be needed in order to see if significant difference in binding

affinity or specificity exists among different display phages.

Keywords: bacteriophage, ®JL-1, phage display, cloning, T7Select, Lactobacillus

plantarum
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INTRODUCTION

Most lactic acid fermentations occur under non-sterile conditions. Thus, lactic
acid bacteria are susceptible to infection by lytic phages naturally present in these
environments. Phage infection can create havoc in food fermentations, especialy in the
dairy industry. A virulent phage, ®JL-1, has been recently isolated from a commercial
cucumber fermentation and extensively characterized (Chapters 3 and 4). The phage was
active against two related strains of Lactobacillus plantarum, BI7 and the derivative
mutant MU45, both of which have been evaluated as starter cultures for controlled
cucumber fermentation (McDonald et al., 1993; Passos et al., 1994; Lu et a., 2001,
20023, 2002b), and as biocontrol microorganisms for minimally processed vegetable
products (unpublished data). Electron microscopy revealed that the phage has along non-
contractile tail, belonging to the Sphoviridae family. Like other tailed phages, ®JL-1 had
the genome consisting of a linear double-stranded DNA. The complete nucleotide
sequence (36,674 bp) and N-terminal amino sequences of 6 structural proteins of ®JL-1
have been determined (Chapter 4).

In the phage life cycle, the first step in the infection is the adsorption of the phage
to the host cell. This process involves a very specific interaction between the phage anti-
receptor and the host receptor (Duplessis and Moineau, 2001). All tailed phages adsorb to
bacteria by their tails (Ackermann, 1999). Most adsorb to the cell wall. Some tailed
phages adsorb to cell pili, flagellag, or capsules, but all eventually reach the cell wall by
pilus retraction, diding along the flagellae, or digestion of the capsule (Ackermann,
1999). Once adsorbed, tailed phages digest the cell wall using specialized enzymes
located at the tail tip and inject their DNA through the cytoplasmic membrane. Typicaly,
phage-binding receptors may be outer membrane proteins such as LamB protein on E.
coli (Wang et al., 1998), other proteins (usualy glycoproteins) (Puig et al, 2001),
carbohydrate residues present on glycoproteins or on cell wall (Quiberoni et al. 2000), or
techoic acids (Wendlinger et al., 1996). Anti-receptors in tailed phages are the receptor-
binding proteins at the tip of the phage tail, which confer the molecular specificity in the
recognition of host cells, mediating phage infection (Wang et al., 1998; Weiss and Sidhu,
2000; Schouler et al., 1994). There have been no tail proteins found to be common to all
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tailed phages (Ackermann, 1999). It is of great interest to identify the anti-receptor

proteins on ®JL-1 that specificaly bind to L. plantarum BI7 and MU45. The
identification is important for better understanding the critical early events in virus
infection at the molecular level. The understanding would aid in identifying cellular
receptors, in controlling virus entry, and in designing a strategy to increase phage-
resistance of the starter culture, such as genetically engineering the receptors so that the
phage is no longer able to adsorb to the host. The identified tail proteins may provide a
molecular basis for development of a probe to track and quantify L. plantarum BI7 or
MUA45 in mixed culture systems, such as vegetable fermentation and biocontrol systems.
In addition, the identified tail proteins may be used to mask or block cellular receptor,
thereby preventing phage attachment and subsequent infection.

At present, very few structural and biophysical data on phage-host interactions are
available, the major reason being that both reaction partners (cellular receptor and viral
anti-receptor) are usually water-insoluble and thus difficult to purify (Wang et a., 1998).
Phage-host interactions remain poorly understood in lactic acid bacteria and essentially in
all Gram-positive bacteria. Although several phage tail proteins have been proposed to be
anti-receptors in Lactococcus lactis phages bIL67 and c2 (Schouler et al., 1994; Lubbers
et al., 1995), few anti-receptors have been characterized (Duplessis and Moineau, 2001).
The reported studies mainly used hybridoma technology and neutralization assay to
identify anti-receptors on phages. A phage protein was injected into rabbits or mice for
the production of anti-receptor monoclonal antibodies which were then used in
neutralization assay. If the antibodies recognized and inactivated the phage, the injected
phage protein would be considered as an anti-receptor protein and would be further
confirmed by dot blot or Western blot assay to test its ability to react with purified
receptor (Wang et a., 1998; Krummenacher et al., 2000). Hybridoma technology is a
time-consuming, cumbersome, and costly process (Sheets et a., 1998). A few researchers
have used phage display to identify prokaryotic or eukaryotic receptors. Stricker et
al.(1997) screened ligands with unknown receptors using display phage in an effort to
identify the receptor. Prokaryotic receptor genes have been cloned directly from
chromosomal DNA of Staphylococcus aureus into a phage display system, without any
prior knowledge of the receptor, thus eliminating the need for probes in the identification
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of receptor genes (Jacobsson and Frykberg, 1996). However, using phage display

technology to identify receptor-binding protein of phage has not been reported in

literature.

Phage display is a powerful new technology for the isolation of proteins or
peptides that bind with high specificity and affinity to virtually any target molecule of
interest. The main advantage of phage display is to facilitate the screening of very large
numbers of different molecules by simple selection methods (“panning”), finding a
needle in a vast molecular haystack (Rodi and Makowski, 1999). Vast nhumbers (e.g.
>10% of different proteins or peptides and their coding sequences can be simultaneously
screened. The time required to isolate proteins (e.g. antibodies) from phage display
libraries can take as little as severa weeks compared to the several months required for
conventional methodologies. Bypassing the hybridoma system, phage display can
produce the proteins in large quantities with the ssmple, rapid, and inexpensive process of
vira replication and with no need for extensive purification (Felici et al., 1995).

Phage display of varying formats has been developed and applied successfully in
a large number of studies to identify molecules with desired binding properties for
research, medical, and industrial application. These include A (Santini et al., 1998), T4
(Ren and Black, 1998), T7 (Danner and Belasco, 2001), and phagemid (Bass, S. and
WEells, 1990; Sidhu, 2000) display systems.

T7 phage display system has many attractive features (Novagen, 2002):

* T7replicates very fast (plaques form within 3 hr at 37°C and cultures lyse 1-2 hr after
infection)

 T7 is a lytic phage. Therefore, displayed peptides or proteins do not need to be
capable of export through the cell membrane to the periplasmic space

* Peptides up to 50 aa can be displayed in high copy number (415 per phage)

* Peptides or large proteins up to 1200 amino acids can be displayed in low copy
number (0.1-1 per phage), suitable for the selection of proteins that bind strongly to
their targets

» T7 isvery stable to many harsh conditions, expanding the variety of agents that can
be used in biopanning
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T7 phage display has been used to study drug and gene delivery vehicles

(Sokoloff et a., 2000), to isolate RNA-biding proteins from a complex cDNA
library(Danner and Belasco, 2001), and to determine monoclonal antibody specificity
(Houshmand et al., 1999).

The objective of this study was to identify the gene of ®JL-1 that encodes the tail
protein involved in host recognition via phage display technology. Using the powerful
technology to identify ®JL-1 tail proteins that mediate host recognition can be
instrumental in the study of phage-host interaction in fermentation and biocontrol
systems. The unique approach may be applicable to identify other functional phage
proteins and/or to study other phage-host systems such as phage ecology in sauerkraut

fermentation.

MATERIALSAND METHODS

Bacterial strainsand culture media

Lactobacillus plantarum strain MU45 was obtained from the culture collection of the
USDA Food Fermentation Laboratory (Raleigh, NC). It was propagated in MRS agar or
broth (Difco) and used as the target for biopanning. E. coli BLT5403 purchased from
Novagen (Madison, WI) was propagated in Luria-Bertani (LB) broth or agar (Difco)
supplemented with 50 pg/ml carbenicillin (LB/carbenicillin), and used as the host for
amplifying recombinant T7 phage. All bacterial stock cultures were stored at -84°C in
MRS or LB broth containing 16% or 8% (v/v) glycerol. Soft agar was prepared with LB
broth supplemented with 0.6% agar.

Phage JI-1 and ®JL-1 DNA

®JL-1 DNA was extracted and purified by phenol/chloroform and ethanol
precipitation as described in Materials and Methods in Chapter 3. The DNA was stored at
4°C.
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Growth and storage of T7 lysate

LB/carbenicillin broth was used for preparation of the T7 lysate according to the
method recommended by Novage (2002). The lysate was stored at 4°C for short term or
at -80°C for long term after mixed with 0.1 volume of sterile 80% glycerol.

Titering phages

Phage titers were determined by plague assays using the BLT5403 E. coli strain as a
host, as described in T7Select System Manual (Novagen, 2002) with some modifications.
About 250 ul of host cells and 100 pl of the phage dilution were added to a tube
containing 3 ml molten agar (0.6% LB agar). After a brief mixing, the content was
poured onto a prewarmed (37°C) LB/carbenicillin agar plate. The plate was allowed to sit

for afew min, and then incubated for 4 h at 37°C or overnight at room temperature.

Enzymes and chemicals

All enzymes were purchased from Promega (Madison, WI) and/or Novagen
(Madison, WI) and stored at -20°C until use. T7 Cloning Vector, DNA Ligation Kit, T7
Packaging Extracts, and T7 primers were purchased from Novagen. Chemicals for phage
preparation, DNA extraction and other preparations were purchased from Sigma-Aldrich
(St. Louis, MO).

T7 vector

T7Select10-3b Vector (Fig. 1) was purchased from Novagen and used to display
14 selected proteins from ®JL-1. The vector contains EcCoR | and Hind I11 arms, ready for
directional cloning of appropriately prepared inserts (Fig. 2). The vector displays an
average of 5-15 copies of peptides or proteins up to 1200 amino acids on the surface of
the T7 capsid. The target inserts were fused to the C-terminus of the 10B capsid protein
near amino acid 348, which precedes a series of multiple cloning sites (Fig. 2).
T7Select10-3b phage was grown on a complementing host (BLT5403) that supplies large
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amount of the 10A capsid protein from a plasmid. Capsids thus contain mostly 10A

protein, along with 5-15 copies of 10B fusion protein per virion.

Design of PCR primersfor amplifying the open reading frames of inter est

For the sake of convenience, ORFs discussed in this chapter were designated
along the genome (Table 1). There were 15 ORFs (ORFs 18, 19, 20, 21, 22, 23, 25, 27,
28, 29, 30, 31, 32, 33, and 34) between lysin gene and mgor capsid protein genes
followed by terminase gene (Table 1). Since ORF31 contains more than one Hindlll site
and can not be cloned into T7Select vector, the ORF was not considered in primer design.
Although ORF 25 contains one Hindlll site, the ORF was still considered in primer
design because the first Hindl 1 fragment was big (encoding 342 amino acids). A total of
14 pairs of PCR primers was designed to amplify ORFs 18, 19, 20, 21, 22, 23, 25, 27, 28,
29, 30, 32, 33, and 34 (Table 2). ORFs 21, 23, and 29 encode 3 identified tail proteins
whose N-terminal amino acid sequences had been determined (Chapter 4).

Each forward primer starts with 5 extra nucleotides (in order to enhance the
efficiency of restriction digestion) and an EcoR | restriction site, GAATTC (to provide
compatibility with the vector arms), followed by an extra nucleotide (to ensure the
expression in-frame with the 10B protein such that recombinant fusion proteins are
displayed), the start codon (ATG, TTG or GTG), and gene-specific nucleotides (Table 2).
Each reverse primer starts with 6 extra nucleotides and a Hind Il site, AAGCTT,
followed by TTA (complementary to the stop codon on the top strand), and gene-specific
sequence (Table 2). The 14 pars of primers were synthesized by Genosys
Biotechnologies Inc. (The Woodlands, TX).

Preparinginsertsfor cloning

A total of 14 PCR reactions was performed to amplify the selected ORFs. The
amplification was performed with a thermal cycler (RoboCycler Gradient 96, Stratagen)
in atotal volume of 100-ul. Each reaction mixture contained 80.5 ul water, 2 pl template
®J-1 DNA (8 ng), 10 ul 10X High Fidelity PCR buffer (Invitrogen, Carlsbad, CA), 4 pl
50 mM M@gSQ,, 1 ul of each primer (20 uM), 2 pl of dNTP mixture (10 mM each dNTP),
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and 0.5 pl Platinum Tag High fidelity DNA polymerase (5 Unit/pl, Invitrogen).

Samples were overlaid with 75 pl mineral oil and subjected to an initial denaturation step
(94°C for 5 min), followed by 30 cycles (30 sec at 94°C, 0.5 or 1 min at 55°C, 1 or 2.5
min at 68°C), and a final step of 8 min at 68°C. The PCR products were purified with
QIAquick PCR purification kit (QIAgene Inc., Vaencia, CA). To generate sticky ends,
10 pl purified PCR product was mixed with 70 ul water, 10 pl 10X buffer E (Promega),
5ul BSA(1 mg/ml), and 5pl Hindlll endonuclease (10 U/ul, Promega). After overnight
incubation at 37°C, each reaction was mixed with 5 pl EcoRl (12 U/ul, Promega), and
then incubated for 4 h at 37°C. To check molecular size, the digested PCR products (5 pl
each) were electrophoresed on 1% (w/v) agarose gel in TAE buffer at a constant 85V for
1.2 hr. A 100 bp DNA ladder-size standard (Invitrogen, Carlsbad, CA) was used as a
standard. If a digested PCR product contained extra bands, the band with expected
molecular size was excised and gel-purified with QIAquick Gel Extraction Kit (Qiagen).
After estimation of concentration by measuring absorbance at 260 nm, the concentration
of each digest (also known as insert) was adjusted to 0.04 pmol/ul with nuclease-free

water prior to cloning.

Ligation of insertsand vector arms

After EcoRlI and Hindlll restriction digestion, the insert was ligated into
T7Select10-3b vector. Each ligation reaction contained 1.5 pl diluted digest (0.04
pmol/pl), 1pl T7Select Vector Arms (0.5 pg; 0.02 pmol), 0.5 pl 10X ligase buffer, 0.5 pl
10 mM ATP, 0.5 pl 100 mM DTT, and 1 pl T4 DNA ligase (diluted 10 times in
advance). A positive control contained 1pl positive control insert, whereas a negative

control contained no insert. Each ligation reaction was incubated at 18°C for 16 h.

In vitro Packaging of ligated DNA

An aiquot of ligation reaction was added directly to T7 Packaging Extract
(Novagen) for in vitro packaging at the volume ratio of 1 to 5 (ligation reaction :
packaging extract, total 25ul). For a packaging control, packaging control DNA was

used. After gentle mix, each mixture was incubated at room temperature for 2 h. To stop
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the reaction, 270 pl LB medium was added to the reaction. The packaging reactions

were temporarily stored at 4°C. Plaque assay was performed to determine the titer of each
sample. Packaging efficiency was cal culated based on the following formula:

Packaging efficiency = (Total pfu in the packaging reaction) / (ug of vector used)

Liquid lysate amplification

Recombinant phages were amplified once in liquid culture (50 ml) according to a
modified protocol developed by Novagen. Briefly, a freshly grown BL5403 culture in
LB/carbenicillin medium was infected with recombinant phage at an MOI of 0.001-0.01
and then incubated on a flask shaker at 37°C until cell lysis (3-4 h). After centrifugation
(8,000 x g, 10 min), the supernatant was transferred into a sterile bottle. Plaque assay was
performed to determine the titer of the amplified phage lysate. Each individua amplified
lysate was stored at 4°C for subsequent panning, or at -84°C for long-term storage (>
severa months) after mixed with 0.1 volume sterile 80% glycerol.

The insert sizes of the 14 recombinant phages were analyzed by PCR with a pair
of T7Select primers that flank the site of insert: 5-GGAGCTGTCGTATTCCAGTC-3
(T7SelectUP primer) and 5-GGCTGATACCACCCTTCAAG-3 (T7SelectDOWN
primer, Novagen, 2002). Each PCR reaction contained 76.5 ul water, 3 ul phage lysate
which had been heated in boiling water for 10 min, 10 ul 10X High Fidelity PCR buffer
(Invitrogen), 4 pul 50 mM MgSO,; 2 I T7SelectUP primer (Novagen), 2 ul
T7SelectDOWN primer (Novagen), 2 pl dNTP mix (10 mM each dNTP), and 0.5 pl
Platinum Tag High fidelity DNA polymerase (5 Unit/ul, Invitrogen). Samples were
subjected to an initial denaturation step (94°C for 5 min), followed by 35 cycles of
denaturation (94°C for 50 sec), annealing (55°C for 1 min), and extension (68°C for 1
min), and finished with a final extension step at 68°C for 8 min. The PCR products were
subjected to electrophoresis on 1% agarose gel at 85V for 1.2 hr.



140
Naming system

Inserts and display phages (recombinant phages) were named according to the
corresponding ORF in ®JL-1. For example, if an insert resulted from ORF18, the insert
was designated as insert 18, and the resulting display phage was called display phage 18.

Cell-based biopanning

Phage-binding experiments were preformed with L. plantarum MU45 cells by
using two methods. The first method was based on two alternating rounds of affinity
selection and viral replication, according to the protocol developed by Stephenson et al.
(1998) with some modifications. Phage mix was prepared by mixing the 14 amplified
phage lysates at appropriate ratio so that the phage mix contained 1 x 10° pfu/ml of each
type of recombinant phages. One ml phage mix (total 1.4 x 10° pfu) was mixed with the
target MU45 cell pellet resulting from 1 ml fresh culture (1 x 10° cfu). After vortexing
and 30-min incubation at room temperature, the binding reaction was micro-centrifuged
at 12,000 rpm for 30 sec. After decanting, the cell pellet with bound phages was re-
suspended (by vortex for 10 sec.) in 1 ml LB medium. The washing step was repeated 4
more times (totally 5 times) to remove non-specifically bound phage prior to the
amplification with E. coli BLT5403 in LB medium supplemented with 50 pg/ml
carbenicillin. The amplified phage lysate was used for the next round of panning on
MUA45 cells. After the secondary panning, a plague assay was carried out and 7 individual
phage clones were picked from the plate. To evaluate the effectiveness of the cell-based
panning, the packaging control phage served as a negative control in the panning on
MUA45 cells.

The second method included one round of 16 separate pannings using 14
individual display phage lysates, packaging control lysate, and phage mix. LB medium
was replaced with MRS medium supplemented with 10 mM CaCl, (MRS/Ca). Each
display phage stock was serial-diluted with MRS/Ca medium (from 10™ to 107 pfu/ml).
A phage mix was prepared by mixing 14 diluted display phage lysates and packaging
control phage (the final titer of each phage in the mix was approximately 10" pfu/ml).
One ml of diluted phage lysate (10’ pfu) or packaging control phage or phage mix was
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mixed with MU45 cell pellet resulting from 1 ml fresh culture (2 x 108 cfu). After 30-

min incubation at room temperature, the phage/cell mixture was micro-centrifuged at
12,000 rpm for 30 sec. After decanting, the cell pellet with bound phages was re-
suspended (by a brief vortex) in 1 ml MRS/Ca medium, and micro-centrifuged (at 12,000
rpm for 30 sec). The washing step was repeated one more time. After removing
supernatant, the cell pellet with bound phages was re-suspended in 1 ml MRS/Ca
medium. Thetiter was determined by plaque assay.

Characterization of selected phage clones

The insert size of 7 individual recombinant phage clones were examined by PCR
amplification using T7Select UP and Down primers (see above). A portion of the phage
plaque was dispersed in a tube containing 100 pl of 10 mM EDTA (pH 8.0). After a brief
vortex, the tube was heated in boiling water for 10 min, and then centrifuged at 14,000 x
g for 3 min. The supernatant (phage lysate) was used for direct PCR amplification of the
displayed insert DNA in each clone. The assembly of PCR reaction and PCR condition
were the same as the phage lysate PCR described above.

RESULTSAND DISCUSSION

The 14 genes of interest in ®JL-1 were successfully amplified by PCR. All the
inserts revealed expected molecular sizes (Fig. 3A). After the ligation of inserts and T7
vector arms, the cloned inserts were in vitro packaged. The titer of display phages after
packaging varied between 3.2 x 10° and 2.1 x 10° pfu/ml, higher than that of negative
control insert, but lower than that of packaging control (Table 3). Accordingly, packaging
efficiency was calculated based on the total number of pfu and the pg of vector used in
the ligation reaction. The highest packaging efficiency (1.3 x 10° pfu/g) was obtained by
using Packaging Control DNA, whereas the lowest packaging efficiency (5.2 x 10
pfu/ug) was obtained when a negative control insert was used. Packaging efficiency for
the positive control insert was 1.4 x 10° pfu/ug. The packaging efficiencies for the 14

cloned inserts were similar to or dslightly lower than that of the positive control insert
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(Table 3). Inserts 21, 22, and 23 resulted in lower packaging efficiency because their

initial concentrations used for ligation were lower presumably due to the sample loss in
the extra purification step prior to ligation.

Liquid lysate amplification after in vitro packaging resulted in high phage titer
(10" pfu/ml), regardiess of phage types (data not shown). The PCR products of the
inserts from the 14 display phages are shown in Fig. 3B. All these PCR products, except
insert 21 and 22, had expected sizes which were 98 bp larger than the corresponding ones
in Fig. 3B, because T7Select primers, instead of the primers listed in Table 2, were used
in PCR amplification, resulting in longer sequences. The two largest inserts 21 and 22 (>
2.3 kb) did not appear in PCR products (Fig. 3B), suggesting that they might not be
successfully cloned into the T7Selectl0-3b vector due to their large sizes. The
unexpected much smaller products (< 300 bp) amplified from sample 21 or 22 were
probably from non-specific amplification.

The 2-round affinity selection using display phage mix containing 14 display
phages against L. plantarum MUA45 cells was carried out in LB medium. Each round
included 5 vigorous washes with LB medium. After the 2-round panning, 7 individual
phage clones (c1, c2, c3, ¢4, ¢5, ¢6, and c7) in a LB/carbenicillin plate were picked and
amplified with T7Select primers. The PCR product of c1, ¢2, or ¢3 was around 150 bp in
size, which was smaller than any of the expected inserts, including positive, negative
control inserts, and insert from packaging control (Fig. 4). It was unclear where those
bands originated. The bands from ¢4 and c5 seemed to match the size of insert 18, 27, or
28, whereas c6 band appeared to match the size of insert 30 (Fig. 3 and 4). The c7 band
had the similar size as insert 29, encoding the mgor tail protein. Further work such as
restriction mapping or sequencing is needed to confirm these inserts. The PCR products
from positive, negative control inserts, and packaging control had identical size
(approximately 250 bp), which was different from that of insertsin any display phages.

The result from 1-round panning (with 2 washes) in MRS/Ca medium using
individual display phage, or phage from packaging control, or phage mix plus packaging
control phage is shown in Table 4. There was no significant difference among different
treatments. Perhaps more wash is needed to remove non-specific bound display phagesin
order to see the difference.
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The results from biopanning with phage mix or individual display phage were

not conclusive. More work is needed to optimize the panning conditions in order to see
the significant difference in binding affinity among different display phages (if the
difference redly exists). Since attachment of phages to bacteria cells is a first-order
reaction with respect to the concentrations of both phage and bacteria (Luriaet al., 1978),
higher concentrations of phage and host cells may be needed in biopanning. Phage
adsorption is a very complex, highly coordinated, and reversible process. MOI, the time
allowed for adsorption, panning temperature, ionic strength of the medium, absence of
carbenicillin, vortex speed and time, and number of times of washing al can influence
phage adsorption and retention on host cells. If the binding affinity of phage on host cell
is not very strong, the binding could be easily disrupted during the panning procedure. If
this is the case, phage adsorption assay may be a better approach than the affinity
selection for the identification of anti-receptor proteins. Phage adsorption assay does not
require the washing step which could disrupt phage binding. If a displayed phage
interferes with the adsorption of ®JL-1 on MU45, the displayed protein islikely to be the
anti-receptor protein of ®JL-1 conferring molecular specificity in the recognition of host
receptor site.

There are anumber of possibilities that may make the attempt using phage display
to identify anti-receptor unsuccessful. First of al, not all genes can be cloned into the T7
vector. When an insert is too large, such as inserts 21 and 22 in this study, the cloning
and packaging efficiencies can be very low due to biological intolerance. When an insert
issmall, there is a chance of cloning more than one insert into the same site of the vector,
resulting in displaying a non-natural protein without desired functions. Even if ageneis
fused to a capsid protein gene, the gene product may not be successfully displayed due to
defects in vira particle assembly, stability, and infectivity. Furthermore, a foreign gene
may not be properly expressed because E. coli, L. plantarum, T7 phage, ®JL-1 may use
different codon systems. Thus, the same gene in different biological systems may result
in different proteins. In addition, if a protein is displayed on phage surface, but the
protein is not folded properly, the binding specificity and affinity of the protein would not

be the same as those properly folded. It is unknown how many proteins or how many
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copies of the same protein are involved in phage adsorption process. Currently, phage

display can only display a single type of protein on the same phage particle. In the
T7Select system, the target inserts were fused to the C-terminus of a capsid protein, thus
the displayed protein does not have a free N-terminus. Also, if the recognition of host
receptor requires a free N-terminus on atail protein, other format of display system such
as the phagemid system should be used. So far, no single display format has proven
universally applicable. Each display system has its own advantages and limitations.
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T7Select10-3b sequence landmarks

10B translation start 19363
T7SelectUP priming site 20374-20393
Multiple cloning region (BamHI — Xhol) 20409-20472
T7SelectDOWN priming site 20498-20517
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T7Select10-3b Vector (36,249 bp)

Figure 1. T7Select10-3b vector and its sequence landmarks. (Adapted from Novagen, 2002.)
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T7Select10-3b cloning region

aa3i8 aa369
.. .MetLeuGlyAspProAsnSerProAlaGlylleSerArgGluLeuValAsplLystLeuAlaAlaAlalLeuGiu
... ATGCTCGGGGATCCGAATTCTCCTGCAGGGATATCCCGGGAGCTCGTCGACAAGCTTGCGGCCGCACTCGAGTAA

BamH| EcoR| Sse8387 1| EcoRV Smal Sacl Sall Hird lli Not | Xhol

Reading frame of insert into EcoRI/Hindll1l T7Select10-3b vector arms

gene 10B — insert
left arm...GATCCG AATTXXXX (N) XXXX AGCTT...right arm
left arm...CTAGGCTTAA XXXX (N) XXXXTCGA A...right arm
.. .AspPro AsnPhe. ..

AsnLeu.

AsnSer. .

AsnTyr. ..

AsnCys. ..

AsnTrp. ..

Figure 2. T7Select10-3b cloning region and reading frame. (Adapted from Novagen, 2002.)
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A M 18 19 20 21 22 23 25 27 28 29 30 32 33 #4

bp

2,072 —
1,500 —

600 —

B M 18 19 20 21 22 23 25 27 28 29 30 32 33 3#4

Figure 3. PCR products from 14 inserts before and after cloning. (A) The 14 inserts
generated by PCR amplification followed by EcoRI/Hindl I restriction digestion
before ligation. The primers listed in Table 2 were used to generate these inserts. (B)
PCR products from 14 display phages right after in vitro packaging. T7Select UP
and DOWN primers were used in PCR amplification. Lane M, 100-bp DNA ladder;
lane 18, insert 18; lane 19, insert 19; lane 20, insert 20; lane 21, insert 21; lane 22,
insert 22; lane 23, insert 23; lane 25, insert 25; lane 27, insert 27; lane 28, insert 28;
lane 29, insert 29; lane 30, insert 30; lane 32, insert 32; lane 33, insert 33; lane 34,
insert 34.
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M ¢l ¢c2 ¢c3 ¢4 ¢5 ¢c6 ¢7 (+) (- P ()

bp
2,072 —
1,500 —

Figure 4. PCR products of inserts from the preparations of 7 display phage clones
obtained after the 2-round panning using phage mix in LB/carbenicillin medium.
T7Select UP and DOWN primers were used in PCR amplification. Lane M, 100-
bp DNA ladder; lane c1, insert from phage clone 1; lane c2, insert from phage
clore 2; lane c3, insert fromphage clone 3; lane ¢4, insert from phage clone 4;
lane c5, insert from phage clone 5; lane ¢6, insert fromphage clone 6; lane c7,
insert from phage clone 7; lane (+), positive control insert; lare (-), negative
control insert; lane P, insert from packaging control.



Table 1. Selected open reading framesin ®JL-1 genome
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Predicted Predicted Length

ORF* ORP° star stop innt ORF homology* Organism matched Accession
position  position® no.

16 398 26572 27765 1236 lys Oenaococcus oenos phage 10MC AF049087
18 147 26127 26567 441 P163 Oenococcus oenos phage 10MC AF049087
19 249 25177 25923 747
20 60 24725 24904 180
21 749 22077 24323 2247  host specificity Lactococcus lactis phage bIL170 AF009630
22 738 19871 22084 2214  ORF977 Lactobacillus johnsonii prophage Lj965 AF195900
23 441 18531 19853 1323  tail component protein Lactobacillus casei phage A2 AJ251790
25 1133 15095 18493 3399  tape measure protein Lactococcus lactis phage TP901-1 AF304433
27 140 14669 15088 420
28 139 14367 14783 417
29 199 13746 14342 597 genel7.l Bacillus subtilis phage SPP1 X97918
30 117 13380 13730 351  hypothetical protein
31 125 13006 13380 375 head to tail joining Lactococcus lactis phage TP901-1 AF304433
32 94 12732 13013 282  hypothetical protein
33 113 12391 12729 339 DNA packaging Lactococcus lactis phage TP901-1 AF304433
34 64b 12128 12319 192
35 286 11190 12047 858  hypothetical protein Sreptococcus pneumoniae phage MM 1 AJ302074
36 184 10616 11167 552  scaffold protein Sreptococcus thermophilus phage Sfill AF158600
37 273 9691 10509 819  putative protein Sreptococcus pyogenes prophage M1 GAS AEQ006544
38 506 8223 9740 1518  portal protein Sreptococcus thermophilus phage Sfill AF158600
39 440 6890 8209 1320  putative terminase, large subunit Sreptococcus pyogenes prophage M1 GAS AEQ006544
40 148 6481 6924 444 terminase, small subunit Bacillus subtilis PBSX prophage 799110

%0RFs are designated along the genome.

PORFs are designated according to the number of amino acids of the corresponding coded protein.
“The stop position does not include the stop codon.

Empty cellsindicate no blast hits found.



Table 2. PCR primers used for amplifying the ORFs of interest®

Primer Sequence (5’ to 3')
18-up CGTTGGAATTCCATGAATAACATTTCAGAATTAAT
19-up CGTTGGAATTCTTTGGTTGATTCAACTAATATT
20-up CGTTGGAATTCATTGAGCGACGCTGTTATTAC
21-up CGTTGGAATTCGATGGCAATTAGAACTTATGA
22-up CGTTGGAATTCAATGACGGTGTTCAAAGATAT
23-up CGTTGGAATTCTATGGCGGGCTATTTTTATAT
25-up CGTTGGAATTCTATGGCACAAGTAGCAGCTA
27-up CGTTGGAATTCATTGGACAGACTTAGTGGAAA
28-up CGTTGGAATTCCATGAAGATTGGTAATACCGA
29-up CGTTGGAATTCCATGGTAGCAGTTAATAACGG
30-up CGTTGGAATTCCATGACATTATCAGAATGGTA
32-up CGTTGGAATTCAATGAGATATAACGATCGAGT
33-up CGTTGGAATTCAATGGCATTACTAGATTCGAT
34-up TTTTGGAATTCCGTGTCAGCCGTGCCATC
18-down GATTTGAAGCTTTTATTCCTCCGTTGCTGGTTTG
19-down GATCGGAAGCTTTTATAAACTTTCTAAGAACTTGG
20-down GATCGGAAGCTTTTATTGCTTGCTTTTCTCCTCCT
21-down GATCGGAAGCTTTTAGTTGTCAGTAACCGAAACGT
22-down GATCGGAAGCTTTTAATTGCCATCTACATTACCAC
23-down GATCGGAAGCTTTTACGCGTATAAGTCTTGATAAT
25-down GATCGGAAGCTTTTAACTCATAAAAAACTTACTGCT
27-down GATCGGAAGCTTTTATTCACCTCCGTGATTAAACA
28-down GATCGGAAGCTTTTAGGAGAGACTCTTCTTCATTT
29-down GATTTGAAGCTTTTATGCTCCAGTTGTTCCGGTTT
30-down GATCGGAAGCTTTTAAATTGTGAACGTGACTAAAAA
32-down GATCGGAAGCTTTTATTTGCCACAGATTAACACCG
33-down GATCGGAAGCTTTTATATGAACCTCATTCCAGCAC
34-down GATTTGAAGCTTTTAAGCTGCGGTAACAGTAACG

*The restriction sites (in blue) and start codons (in red) are underlined.
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Table 3. Phagetiter in packaging reaction and packaging efficiency

Display phage Ph;gu? r?] Iter Packagiprflgl‘elf;i ciency

18 1.5x 10° 9.0 x 10

19 1.7 x 10° 1.0x 10

20 1.4x 10° 8.4x 10’

21 4.9 x 10° 2.9x 10°

22 32x10° 1.9x 10°

23 1.5x 10° 9.0x 10°

25 8.0 x 10’ 4.8 x 10

27 1.4x 10° 8.4x 10’

28 1.0x 10° 6.0x 10’

29 1.1x 10° 6.6 x 10’

30 9.0 x 10’ 5.4 x 10

32 9.0 x 10’ 5.4 x 10

33 8.0 x 10’ 4.8 x 10

34 1.3x 10° 7.8x 10’

(+) control insert 2.4 x 10° 1.4x 10
(-) control insert 8.7x 10* 5.2x 10*
Packaging control 2.1x 10° 1.3x 10°
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Table 4. Phagetiter before and after panning in MRS/Ca medium using individual display
phage, phage from packaging control or phage mix plus packaging control
phage

Phage titer (pfu/ml)
Display phage
before panning after panning
18 1.7 x 10’ 5.8 x 10°
19 1.2x 10’ 8.7 x 10°
20 1.6 x 10’ 5.6 x 10°
21 1.4x 10’ 3.8x 10°
22 1.3x 10’ 9.2x 10°
23 6.8 x 10° 43x 10°
25 1.3x 10’ 4.4x 10°
27 1.5x 10’ 7.3x 10°
28 1.6 x 10’ 8.8x 10°
29 1.3x 10’ 6.2x 10°
30 1.6 x 10’ 43x 10°
32 1.5x 10’ 2.0x 10°
33 9.7 x 10° 1.9x 10°
34 1.2x 10’ 3.0x 10°
Packaging control 2.0x 10’ 9.6 x 10°

Mix + packaging control 1.4 x 10° 5.9x 10*
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Appendix 1

Complete genome sequence of

L actobacillus plantarum bacteriophage ®JL -1
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Note: The complete genome sequence of phage ®JL-1 presented hereisin GenBank format.

LOCUS
DEFI NI TI ON
ACCESS| ON
VERSI ON
KEYWORDS

SOURCE
ORGANI SM

REFERENCE
AUTHORS
TI TLE

JOURNAL
VEDLI NE

REFERENCE
AUTHORS

TI TLE

JOURNAL

MEDLI| NE
FEATURES

source

gene

CDS

gene

gene

Phi JL-1 36674 bp DNA i near PHG 19- SEP- 2002

Lact obaci | | us pl ant arum bact eri ophage phi JL-1, conpl ete genone
XXXXXX

XXXXXX

GAMOLA annot ati on; helicase; DNA pol ymerase; DNA primase; |ysin; major
head protein; nmajor tail protein; head to tail jolning; DNA packaging
scaffold protein; portal protein; term nase; DNA bi nding; HNH hom ng
endonucl ease.

Lact obaci | | us pl antarum bact eri ophage phi JL-1
Lact obaci | | us pl ant arum bact eri ophage phi JL-1
Viruses; dsDNA viruses; Caudoviral es; Siphoviridae.

1 (bases 1 to 36674)

Lu, Z., Breidt, F., Fleming, H P., Altermann, E., and Kl aenhanmer, T.R
I sol ation and Characterization of a Lactobacillus plantarum
bact eri ophage, phiJL-1, froma cucunber fernentation

I nternational Journal of Food M crobiology, in press

in press

2 (bases 1 to 36674)

Lu, Z., Altermann, E., Breidt, F., Predki, P., Flening, H P., and
Kl aenhamer, T.R

Sequence anal ysi s of Lactobacillus plantarum bacteriophage phiJL-1
CGene, in review

in review

Location/Qualifiers

1..36674

[ organi sn¥" Lact obaci | | us pl ant arum bact eri ophage phi JL-1"

/ speci fic_host="Lactobacillus plantarunt

345..575

/ gene="ORF77"

345..575

/ not e="hypot heti cal "

/ gene="CORF77"

/codon_start=1

/transl _table=11

/ product =" gpORF77"

/transl ati on=" MDTKKYVDRFRKTI VDYG PNDQVVI APYSNGNSSGVTMFNG SVM
DYMTI CNNQSVKL MAKQVAKDL HVKYRRG GF"

959. . 1552

/ gene=" ORF198"

959. . 1552

/ not e="HNH homni ng endonucl ease, putative; simlar to ell

in Lactococcus |actis bacteriophage bl L170 "

/ gene=" ORF198"

/codon_start=1

/transl _table=11

/ product ="HNH hom ng endonucl ease"

/transl ati on="M NNEKElI WKSLPSVSGVEVSTLGRVRTLDKVVSSEKYTRFQKGRV
LKPFDSCKGYLQVA Q DCKRTMKYVHRL VAQTFI NNL DGL PEI NHKDNNPL NNNVSNL E
WWCTREYNVAYKEKYGT SAKESVPKSPVYAVNLKTQETLWFESQ EASREL GVNQGNI NNV
| KGKONQT GGFLFTSADNNT CEL TSRNNYVER!

1560.. 1775

/ gene="ORF72"

1560.. 1775

/ not e="hypot heti cal "

/ gene=" ORF72"

/codon_start=1

/transl _tabl e=11



gene

CDS

gene

gene

gene

gene

gene

gene
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/ product =" gpORF72"
/transl ati on="MSELTI EEREL L KW/LQEVNSQNSVQPLESLADVCESI| DLGNAPAG
LERPYYGVEYKHQLI FLTEYI MALEE"
2125. . 2415
/ gene=" ORF97"
2125. . 2415
/ not e="DNA bi nding, putative; simlar to orf166 in
Streptococcus thernophilus bacteriophage Sfi 18"
/ gene=" ORF97"
/codon_start=1
/transl table=11
/ product =" DNA bi ndi ng"
/transl ati on="MDYI KSI EAWAI RRGLDKANSDKQLI KLI EEVGEL SEAHNKDWRDK
Q DSVGEDI FWLTI YALQNGLHL DDCVKEAYNT| KDRDGKM DGVFI KEGD'
2390. . 2485
/ gene=" ORF32"
2390. . 2485
/ not e="hypot heti cal "
/ gene=" ORF32"
/codon_start=1
/transl table=11
/ pr oduct =" gpORF32"
/transl ati on=" MACLSRKATNGSSI | SYWWAKTNSNVADNRGVG'
2738..3016
/ gene=" ORF93"
2738..3016
/ not e="hypot heti cal "
/ gene=" ORF93"
/codon_start=1
/transl _table=11
/ pr oduct =" gpORF93"
/transl ati on=" MKYSEAEKQ KALSSKYNVNMADSDFI VNYKNM. VAW/KNNKRYL L
YNDENHFKKI PFSNKLYM LAELAI TQLDERVEKENKYY!I HVLKGEN'
3177..3602
/ gene="ORF142"
3177..3602
/ not e="hypot heti cal "
/ gene=" ORF142"
/codon_start=1
/transl _table=11
/ product =" gpORF142"
/transl ati on=" MKTKEFI EKAEAMGYKVGNGGKAKVVRDSGCGHVLLSVYEGGQYHI D
SDYEI PLTPELFSI AVEYAKTPI SKRSI KYRVG KGLSL STGEKSYLNFDPI NNNYFVSD
LNLFYKNKFTEDEI YELVNDPDFFLQTGNYETEEAE"
3749..3985
/ gene=" ORF79"
3749..3985
/ not e="hypot heti cal "
/ gene=" ORF79"
/codon_start=1
/transl _table=11
/ pr oduct =" gpORF79"
/transl ati on="MNNYDYSPQELKI | MDI ANKHKI PI SLGDSSI TI HSQQRDFKPLMWF
SVNGMVEI FPNI G YYKEI ERNCEI LMCGVAI KS"
3985..5148
/ gene=" ORF388"
3985..5148
/ not e="hypot heti cal "
/ gene=" ORF388"
/codon_start=1
/transl _table=11
/ pr oduct =" gpORF388"
/transl ati on=" MKWINEDKHQ AQLVTMGLSDSKI AERMEKTQSAVKHYRQRHI TDI
Kl EDSKEVTTEANGT QTATVL MRLKHEPDKSPRTMVEL TGYDPDKFDLI SSQYKVYECQHS
TEDGTVPQYSI TVKVRPKSDI SVYELTG | NRDVKQKRLKRTPGAL KHVL VWPMFDLHFG
I NSYDNVKPYLDEI QAl | QTHPFEKI VI EVGGEDI LHSDFLKKTQTVRGTQLDHVDTI KAW
EDSAEFVKA | EPAI ENSESTEL YAl GGNHDFSMQMAFI EMWKARYPQL SVFNPGSYRQVY
FTYGKVAI MVAHGDTAKAKL SQLFASEYPVEWASSVWREEHT GHFHT EVVKDENGAI HRE
FGTPKPSDGYEVKNGFTMEQKTMKVLEYDEQGLLAEFTI KGN'
5703..5801
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/ gene=" ORF33b"
CDs 5703..5801
/ not e="hypot heti cal "
/ gene=" ORF33b"
/codon_start=1
/transl _table=11
/ pr oduct =" gpORF33b"
/transl ati on=" VDLTKQKLRYLGETKLTAADTASVDFVRQVLAG'

gene 6481..6924
/ gene=" ORF148"
CDS 6481. .6924

/note="snal| subunit terminase, putative; sinmlar to xtmA

in Bacillus subtilis PBSX prophage"

/ gene=" ORF148"

/codon_start=1

/transl _table=11

[ product ="smal | subunit term nase"

/transl ati on="LEDNEKI KQLKTFYSLPENQQKAI M_LFSGKQTQGRI AENVGVARV
TLTLVWRQKDKFRKAQDEYNRFM_RDL TNEAI L TMRDLLNSRSEMVRFNAAKDI LDRSMVSY
EQTRKI KADAEL AEL RVKQADGSADSQVVVNVHL PEDGDSNG'

gene 6890. . 8209
/ gene="ORF440"
CDS 6890. . 8209

/ note="| arge subunit termi nase, putative; sinmlar to

orf427 in Streptococcus pyogenes prophage ML GAS"

/ gene=" ORF440"

/codon_start=1

/transl _table=11

[ product ="1 arge subunit term nase"

/transl ati on="MCl FLKMWVI VMANTI DLNVPYI VSKAYYPM-NSRDRYL VYKGSRGS
GKSYATAAKVI | DI MWPYVNWLVTRQYATTQKDSTFATI RKVAHSMGVL DL FKFTKSPL
El TYKQTGKVFFRGVDDPLKI TSI QPVTGFI CRRWCEEAYEL KSLDAFDTVEESMVRGEL
PPGGFYQTVI TFNPWSDRHW. KHEFFDDKTKRNHSRAI TTTYKDNDHL NADYVDSL KEM-
VRNPNRARVAVL GEWG AEGLVFDGL FEQRDFSYDEI ANL PKSVGL DFGFKHDPTAGEFI
AVDQDNRI VYl YDEFYKQHLLTNQ AQELAKHKAFGLPI TADSAEQRM VEL SQQHRVPN
| KPSGKCGKDSVI Q@ QYMQSYRFVVHPRVKGL MEEFNT YVYDIVDKEGNW. NKPKDANNHA
| DALRYAL EKYMFVRAGHYMNYQERVSTLKNLGL"

gene 8223..9740
/ gene=" ORF506"
CDS 8223..9740

/note="m nor head protein, experinental; simlar to portal
protein in Streptococcus thernophilus bacteriophage Sfi11"

/ gene=" ORF506"

/codon_start=1

/transl table=11

/ product ="m nor head protein, also putative portal

protei n"

/transl ati on=" MDYDLTEHKQANLI YQESLENLTPNKI MKFI THHFNYQRPRLEM.D
DYYQGYNLKI L DKQSRRHEDGKADHRATHSFAKYI ADFQTSYSVGNPI NVKLPDDGSNSG
FDTFNKANDVDAENYDL FL DMSRYGRAYEYVYRGEDNEEHL AKLDPLDTFVI YSTDVDPK
Pl MVAVRYHQ ELVDDNQVSTI NYVPETWIADT YTLYNPTPI MGKMQVDTTKPI TTFPVVE
FKNSNFRLGDFENVLPLI DLYDAAQSDTANYMIDLNEAMLI | QGDI DTLFEGSDMWNTI D
PNDEDAVAKL AKDKL EL | KEMKDANM. LLKSGMTVNGT QT SVDAKYI NKTYDVVGSEAYK
KRVAGDI HKFSHTPDL TDENFASNSSGVAMQYKVL GTVELASTKRRMFERGLYARYQ | S
DI ENSI HGDWI FDPQEL TFTFRDNLPADNI SQI KALVQAGATL PQKYL YQQLPGVTNPQD
| VDMVKEQSANGDYSFDONGVI SNDGQTNTTATQTDEEVR!

gene 9691. . 10509
/ gene="ORF273"
CDs 9691. . 10509

/note="putative; sinmlar to SPy0975 in Streptococcus
pyogenes prophage ML GAS and ORF28 in Streptococcus

t her nophi | us bact eri ophage phi 01205"

/ gene="ORF273"

/codon_start=1

/transl _table=11

/ product =" gpORF273"

/transl ati on="MIDKQ QQLRKLMKKFADSKANQSQSDAE! RKI FNGSKKDLLEFW
ALNEKYENYTRANDSQL PDSEL TNWNQQALKNG SI KSPANNDEL | TYAAYVAAAAI Al
GLI DHVSNKLKSEAKL VI NKVSSMYHVKADVSESAI NKLVDGKI DGl NWSDRI WANQDAL
KNDI NRI MKQSLLTHTNPVSQTKLI RDRYNVTEKQARRL L RTESARVMAQQGVDNAKEL G
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YTKVMAWANTAACRI CVPHDGKKYTLNEAEGM Pl HPNDLCSW AVD"

gene 10616. . 11167
/ gene=" ORF184"
CDS 10616. . 11167

/I note="scaffold protein, putative; sinmlar to gpl93 in
Streptococcus thernophilus bacteriophage Sfill "

/ gene=" ORF184"

/codon_start=1

/transl _table=11

/ product ="scaffol d protein”

/transl ati on=" MPEDTTSTETTENTEATESESSI TLTPKEL QAKL DSEADKRSAAAI
EKAKAKVWEAKQKQAI EDAKNEGAKL AKMSEADKL AEEQKOQREEEFKQREAEL NKREL SYS
TKDLLSEQGL PTDVADSL VAL GDADAI KNVVETL KASVDSAVKEQVEKSVQSNPPATGSS
VLGDPEDPFSKI MSQYKK"

gene 11190. . 12047
/ gene=" ORF286"
CDS 11190. . 12047

/ note="maj or head protein, experinental; simlar to ORF287
in Lactococcus lactis bacteriophage ul 36 and ORF36 in

Strept ococcus pneunoni ae bacteri ophage MML "

/ gene=" ORF286"

/codon_start=1

/transl _table=11

/ product ="maj or head protein"

/transl ati on=" MATTNNDLPVRVYSKEFLQLLSTVYQAQSVFTPTFGALQALDGVPN
NATAFSVKTNDVAVVWGEYSTDANTAFGT GT SNSSRFGEMKEVI YADTDVPYTAGWAI HE
GL DQVITVNNDL DAAVADRL NL QAQAKTRL FNVAMGEAL ATAGT DL GAVDDVNAL FESAVE
KYTDLEVI APVRAYVTASVYNAI | DLANVTTAKNSAVNI DTNGMLSFRG Al TKVPTQYM
GGKAVI FAPDNVARVFTGA NI ARTI QAl DFAGVEL QGAGKYGTFI L DDNKKAI FTATPKA

gene 12128..12319
/ gene=" ORF64b"
CDS 12128..12319

/ not e="hypot heti cal "

/ gene=" ORF64b"

/codon_start=1

/transl _table=11

/ pr oduct =" gpORF64b"

[ transl ati on=" VSAVPSDADDASAVVSAVTWSSSDDAKATVSASGVI TGVAEGTATI

TATSGTFTATVAVTVTAA"
gene 12391..12729

/ gene="ORF113"
CDS 12391..12729

/ not e="DNA packagi ng, putative; simlar to ORF38 in

Lact ococcus | actis bacteriophage TP901- 1"

/ gene="ORF113"

/codon_start=1

/transl _table=11

/ product =" DNA packagi ng"

/transl ati on="MALLDSI KLRI G EDTKQDDLLTDI | SDVQARVLAYVNQDGLVQSE
LPNGLDFVI KDVTI Rl YNKI GDEGKESSSEGNVSNTWDTPADL SEYSDVL DVYRKSYKRR

SAGVRFI "
gene 12732..13013
/ gene=" ORF94"
CDS 12732..13013

/ not e="hypot heti ca
/ gene=" ORF94"
/codon_start=1
/transl _table=11

/ pr oduct =" gpORF94"
/transl ati on=" MRYNDRVTLVYLTGPVDELTGEVSKRTVDDVPSTI | Pl TDVQELAT
YGLLKTTAYEVHLKNI VDTPNRVLI DGVEQSI VTSYRQRKVTVLI C&K"

gene 13006. . 13380
/ gene=" ORF125"
CDs 13006. . 13380
/note="head to tail joining, putative; simlar to ORF40 in

Lactococcus | actis bacteriophage TP901- 1"
/ gene=" ORF125"

/codon_start=1

/transl _table=11
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[ product="head to tail joining"
/transl ati on="VANDFNI KFKGVDKLLDEFDI SRKELVPYSVEAMKTSLSRAVEKSK
GLARVDTGYMRNNI QQDEVKEEHGVWTGRYVARADYSSYNEYGT YRVSAQPFMAPSVAAM

TPFFYKAVRDALNKAAKFS"
gene 13380. . 13730

/ gene="ORF117"
CDS 13380..13730

/ not e="hypot heti cal "

/ gene="CORF117"

/codon_start=1

/transl _table=11

/ product =" gpORF117"

/transl ati on=" MILSEWYLSLRDTCTADG. TVKFKQPSTDDAL PL L HVNVHTDSDNS
TKI DTLNQVSQQ DLYCENTI SVI EFETLVNKVKNSI SKTI RADSLTTQTMWDTSTGRDI

RRAMFLVTFTI "
gene 13746. . 14342

/ gene="ORF199"
CDS 13746. . 14342

/note="major tail protein, experinental”

/ gene=" ORF199"

/codon_start=1

/transl _table=11

[ product="major tail protein"

/transl at i on=" MVAVNNGVKFVKDTPYRGKDVWYFL QSVDAPVCGDPAI LPAHQESGD
TSI EGDSLDEQTKMGRI VAPSTNEDSI EVTSYMVPGDEATDAI | KAKHDGKQ KWRVI V
DKRLAVTEDDHSAYPAMFGYA VDSADI SDEDSFSEI DWI'T NI LGKLVDGTFPLTDAEVQ
SLQAL YDYERPGEKTGEFADT SVAGTETGTTGA"

gene 14367. . 14783
/ gene="ORF139"
CDS 14367..14783

/ not e="hypot heti cal "

/ gene=" ORF139"

/codon_start=1

/transl _table=11

/ pr oduct =" gpORF139"

/transl ati on=" MKI GNTEVKFNFKALFRANAL L STQADAKDGASQLW.QFVTGDENE
AVYNALRVLI ADKKDSEI EDL | DSDYSDDDKFEEL YKDL QSEL EKSSFFRRAAKHWI DLV
EKNLKSL PQKTSEEKTQAKAI KDTLEEMKKSLS"

gene 14669. . 15088
/ gene=" ORF140"
CDS 14669. . 15088

/ not e="hypot heti cal "

/ gene=" ORF140"

/codon_start=1

/transl table=11

/ pr oduct =" gpORF140"

/transl ati on="LDRLSGKESEI SPTKDI GREDSSQSNQRYFGRNEEESLLI DFARKG
| FDPEVPFSLYLWEAKAI LDGATLKSI DERRNNLELAAFNAGVTNARKPRTTI KKMQREL
EKEEEQVVQNKKGRKKPNL EALKRI NDL FNHGGE"

gene 15095. . 18493
/ gene="ORF1133"
CDS 15095. . 18493

/ note="tape neasure protein, putative; sinmlar to tnp in
Lactococcus | actis bacteriophage TP901- 1"

/ gene="ORF1133"

/codon_start=1

/transl _table=11

/ product ="t ape neasure protein"

/transl ati on=" MAQVAATFTADI SGYLAAVSRMAESTKSATNSASSFGSKVSSAMST
VGKVTTAAGAATTAMGVSALKSYGTFQQSLNKAAI | AGGTSKDI GEL ADMANKMGAEL PL
SAQDAADAMVSVAQDGASI KT1 TKEFPAI AEAATATGADL QT TAGT VQQSVNI WEDSLKS
PSRAAAI LTQTANLSNASI EDMSGAI ANl GGVAKNAGYGVICDMTESI GLLTNRGFTAQRA
SQDLAHAI | Al QAPSDKAQGVI SDLGLKFTDASGKMKPFPQ LHDI SKATDGVBQSQKVA
ALKTMWGTAGVQAL L PLL DSVNDKTGNTAT SWDAYAKAQDKASSSAAVSNKFL SDQASEM
QKNI GSKI EQl GGNVEESL RNKSLAAKGGYNSAM DM NQTI TWATDSNSSI AKVARGHI G
LSPVI GPAVTATGGFI TAAGKI SGVAI GAAKGLLGLCKSI | GVWPARLLG GSASKKATES
VAPL GKATRTSANAAASSAANFL SMGAAI ALI GAGVLAASTG Al LVQSAI SLAKAGSGA
QNVMAALAFG VAVAGSFALLGPLLTANAVG GVFGAAVLAVGVGVAAFGL GVNQVAKAI
STLSNNVNSI VPVLSALGAGFTAM TSMLTSVVASVPKI ALAFTQVVLKLMTVI SSQAPA
| ATSFSAMLI SLMTAVSVHAPAI ALAFTTM.VSI MNAVTONAPAI | TSFSNMLI ALMTAV
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ATNAPALVASFAAM VSLI NALASAI PSI VEAG NLI VALAAAI GDNANRI VAAG ALI G
QLAEAFVTGLPLLVQ MGATMAAI VAVI ATYI GKFNQLGGVAI EALKAGH TGKKYDAVGA
ATDVI KSAGTAASTNGQAAFKAAGGNAAI QSAKAI ANTKGSHQSAGSSVGKAGASGVSSA
AGYFTSAGSKDGSAAASGLNSKSGSAKSSGT SVGRSGASG KSTSGYFTGAGSSAGSAAA
NGL GSQKGHANSVGRDL GSSSANAVKSGT SGVDL SSNGSSLMSGFLSG RAGFGPVQHFV
SG AGN KAHKGPI SYDAKLL| PAGNAMVNGLNYGL MNSFSTVQHNVSGVADKL SESI NS
VAGDI KTGDLSMQBASYQGGS! DQNI DTNNW/KPTYVVHNEL VGDKI RTI VSQGQADDKY

SSKFFMS"
gene 18531..19853

/ gene="ORF441"
CDS 18531..19853

/note="mnor tail protein, experinental"”

/ gene="ORF441"

/codon_start=1

/transl _table=11

[ product="m nor tail protein"

/transl ati on=" MAGYFY| GGKKMDLLI EKDGKRTYLSRYKVI TTSFEESSPSVKRNN
TQ QYRNGNVDFGGANESKTI DYVGYYRADDLEDEEYLRERI YALLSDPDGYYVTQLKND
NDNSFERPCGET SGDYFDKQVNRPSHKRFYVYASSL ESEL VGSYGGHVL YKI SAKFTTMKL
PYCGESVPRDL DVKPNVPYYGDNLALNTSTPI SI QGNSSAWONVRKLNL SONPAGLTVTFS
CAVTI DRVDSGSMYMFGTKFNPAWGVPI NAQFKNMQAGVKTNI KQTVVFPTFI GCDGNFN
DYMNI GVAHSSAL VKFEDL KVEI GSKNTPWSPAPEDSEYSEWYLNTYYSADSLVI PYSGT
VPCNQLEQGFAI EFTAKEAGSKLVI DVNGTELI YSRQVYSGDVI KLSGYEYTKNDI SI | K
YTNKAYFKLI PG TNTI SSNLHGSI RI LDYQDL YA

gene 19871. . 22084
/ gene="ORF738"
CDS 19871. . 22084

/note="putative; simlar to orf977 in Lactobacill us

johnsonii prophage Lj965"

/ gene="ORF738"

/codon_start=1

/transl _table=11

/ pr oduct =" gpORF738"

/transl ati on="MI'VFKDI NNKEYVADTEI KLTEGYNGEKSLTGT| YFGNDVKKNLAK
GATMVENDEEYAVVTFRYNDTDNTVSFSAVQVFFYTL SI KAFHEKWNGSHPLNEYLNAI F
KDTGYSYNNETSTAAFEKENWGLKDKLTLFNDI | NQ SAEFEVQGTTVYI KDKI GSDLST
VVRQGFNLSTAEI ETDNSSFATYGVGYGAHDNVDDQT SPRLSVEYYSPL YDMYKAKFGT|

EAEPVDDERYTI ADNLLAAVKAKVDNSWSLAI TVSLLDLQNAGYPYAMASAGDSI TI VDE
SLGFEDEVRI | KVWWSSYNI NGERI SVDVTCGDL TMAQTQSASSSVATSTI TDI | NGNSVL
PDAWFSEQVIQLATNSI LDARTELKFTDQA | Al DKSDHNKMI LNSAG GVSTDGGQTFK
TAI TAESI DGONI NI KNLNASNI VGE | NG TYNTVDDETNFRI SLQKGMVEYYYNDDL L
GG YATGDVATGKVNGFAI WNHPGYIT FSI NQANDAGDQSKAVFQ Pl TSTVMDDPKYNLYG
YALSDI ATKSSLYSAKDI YTDGNI | GQSDSAFW KNSNQVI | SGNGGKGNQLNVYGDHVD
VLGDFTVYNGTKNAASVTRDGVRATPAYEMAENWFGDMGESTTDGNCE! TVPVDPI FGDI

VNTSVKYQVFL QSYSSAHVWDERNEDGFVVKSDQPNAKFAVEL KAKRRGYENNRLVKTD
MTLSDVQKI EEGNGT MSNDEYKEYKGGNVDGN'

gene 22077..24323
/ gene="ORF749"
CDS 22077..24323

/note="mnor tail protein, experinental; simlar to ORFlI12
in Lactococcus lactis bacteriophage bl L170 "
/ gene="ORF749"
/codon_start=1
/transl _table=11
/product="minor tail protein, host specificity"
/transl ati on="MAl RTYDI LLDSYNSTI PEPI VGRQGDKNGAVTLHVTI TDRGTAVD
LTGKTVNLMAETANGTAVVADNAGVTL TDTVNGKFDYAI PNALWSESGKI TKAYFSLNDN
DGQQTTYDLI FI VKKAI DVSQKTADDYI TI | DGTLRDLKTKI DAl YAEYQNGTFYSRNEI
DEI | GNLNNVFYTQDEI KNI DNKTRDDAAGYATMHRL GRKYHT PGT TGSVAQGFAGL GGT
KWQYYQN\VI PLDVTKGTL TKFDVETGVEYL SNEI QGYHGNSMI' YNSKDGFL YLAPAEDT
SSCRVELKSI | KI DPETLTI NKTI DLSA TGLPEVHAVGYDNI DDCFVI SDNKTMEFYDS
SVWALKFTI KWEDLI GYDPQYMQGVQVNGT SLYW GGRKSQ WHYDI DFKNQKLTYRTTYI
FDKFQEGLYPTGELEGLAFNDNGKI YVSSENSI GOGWNGAL TQFYETNSSFKI Pl SGSTWS
I QNNDPNTI DFYVGKNDNYNPDGT| SNPFSSMWEACVCI GNPSTAVKQL TLLNNVDGSLT
FI GVDNI MVKTQGSSVNAAVFI NCNNI YVDYLYTSGSSGANNNAL Y1 LHSNVRI NGATCA
DLAGNTSI TEDAH ERSDVFLQDNSNSRI GLYNSTMRSTGNSNGVVKQNI MBKLI GNKI T
GTI TNVTSSNALI TSDFYYYTNI KAKVDVTI SGNTFTFNLAGQVKTGA | DLVGYARSFGV
I YMCVFHFSTDAQONSTLEVYNVPGFTKQTLSSYSI NVSVTDN'

gene 24725. . 24904
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/ gene=" ORF60"
CDs 24725. . 24904
/ not e="hypot heti cal "
/ gene=" ORF60"
/codon_start=1
/transl _table=11
/ pr oduct =" gpORF60"
/transl ati on="LSDAVI TALI TTAGSI WAFLTAYYGAKRHDYSEEDLKRTI EDLKK

QN\DEL RKQEEKSKQ'
gene 25177..25923

/ gene=" ORF249"
CDS 25177. . 25923

/ not e="hypot heti cal
/ gene=" ORF249"
/codon_start=1
/transl _table=11

/ product =" gpORF249"
/transl ati on="LVDSTNI PEMSAYVRLI WVRVYGGTNI HAKFGLG VTHDWSPAPEDK
VTGNHDRTI LQGKTLDI | GDSYVANNGQPVSQTVHYKI ANQHSMKYNNYG NGNGLVTTK
ATA PVWNRVSTMDSSADYI VWVGGKNDYNQQLAI TDFKDALATLI QELVERFVGKKI CF
FTPWSI VESETMNI PLSQYSQAI EDVCGAYSI PCFNSAKRSG LAYSGAFQTKYFQTSTD
RSHL NDAGHNL FVNPATKFLESL"

gene 26127. . 26567
/ gene="ORF147"
CDSs 26127.. 26567

/note="putative; sinmlar to P163 Cenococcu oenos

bact eri ophage 10MC

/ gene="ORF147"

/codon_start=1

/transl _table=11

/ product =" gpORF147"

/transl ati on="MNNI SELI VAI ATALI Pl VFAW GKVLANNKKALSLLDALTPLAEA
AVTAAAQL GVDKYL SGEAKKSTAVQYVI NGLKSLGFTNADETTVKNSVEKAFSNLQDELY
KTYPQATDDTPDSTVDLNAVAQSAAAAAI ESATAAKPATEE"

gene 26572..27765
/ gene=" ORF398"
CDS 26572.. 27765

/note="lysin, putative; simlar to |lys in Oenococcus oenos
bact eri ophage 10MC

/ gene=" ORF398"

/codon_start=1

/transl _table=11

/ product ="1ysi n"

/transl ati on=" MKKKLLLLVASLALFLMPLTAMASKGDQGVDW
ARYQGTNGVFGYSSDKFVI SQLGGTVNGSI YEQSTYPTQVASAI AAGKRAHT YLWGQFGS
SKTQAKAMLDYM_PKVQTPKGS| VALDYEDGASGDKQANTDAI KYALKI | ADHGYTPM.Y
GYLNYFNAHVYLSQ SGTYKLW.GEYPNYKVTPKPNYNYFPSVEENVALFQFTSTY! AGGL
DGNVDLTG TDNGYTSSDNPKNVTTAVKAGKVANNT PKRDI KAGDKVKVKFSAKHWSTGE
Sl PSW/TGQTYKVKSVSGNKVLLSAE NSW SKSNVEI LQTKPVASTVKLPSSVKRESGTF
TANTKLRWWKPGT SYTGVNYYRGESVKYQGY! RNGNYI YAAYQSTGGAVHYVAVRENGY

ALGTFK"
gene 28189. . 28698

/ gene="CORF170"
CDS 28189. . 28698

/ not e="hypot heti cal "

/ gene="ORF170"

/codon_start=1

/transl _table=11

/ pr oduct =" gpORF170"

/transl ati on="M M KAKDLERESLTRYd VNLSSFEQLENGYTRLTAFNLLSQEQR
EFLI KPYHQDHI | VTDLDAGKLFQLTGKGT TPRDVVNVI TGAMSGTALETTI ESI EDLLD
SYCGLDYSENEYKFGLW YVSDKI El SI STAGTVRI Q-SMSFDLDVAQEL| KLAHSI NNKF

YGEA"
gene 28704. . 28802

/ gene="ORF33a"
CDS 28704. . 28802

/ not e="hypot heti cal "
/ gene=" ORF33a"
/codon_start=1
/transl _table=11



gene

gene

gene

gene

gene

164

/ pr oduct =" gpORF33a"

/transl ati on="MWTI DLVSFLFGALCGVWVFYTCl EFKPEGKRK"
28805. . 29206

/ gene=" ORF134"

28805. . 29206

/note="putative; sinmlar to ORF6 in Lactococcus lactis
bact eri ophage phi 31 "

/ gene=" ORF134"

/codon_start=1

/transl _table=11

/ pr oduct =" gpORF134"

/transl ati on=" MEDVKYLLKNRGTVSDSELLDQ TRLM Pl GEVKPLEDYPGYAVTS
EGQVI SLGGTRTTKSGRVFHVKERVLTQTPI KSGNPVAMVDGKT VRVARL VAKAFVPNHS
DYFFVSHI NGNQVDNRACNL RWSKRSAE™

29209. . 29946

/ gene=" ORF246"

29209. . 29946

/ not e="hypot heti cal "

/ gene=" ORF246"

/codon_start=1

/transl table=11

/ pr oduct =" gpORF246"

/transl ati on=" MSKYSFTRI SRYLDNEARAYAHYVLNDPTAYDTKPNDAL VYGKI AH
AELACEEPEL TEDEKKSVYRRG EEAGVKFAFKTLNSSI ELAKHI RSSI | HGDFKTEQNA
YNGLFEGRFDLI SDDAI LDYKFVTVKNFDKVWEPNGYDDW YSTHYLTQALI YLNMVADRE
HYY! VAI DKGSLNYRVYDVANVKYSQDM ESLQTEVNRI EDI ESG | KPVFKNDL SDWSI
KKMRSQPI DI VWPDTFAVNL"

30325. . 30996

/ gene=" ORF224"

30325. . 30996

/ not e="hel i case, NTP-binding, putative; simlar to hel in
Lact obaci | | us pl antarum phage phigle "

/ gene=" ORF224"

/codon_start=1

/transl table=11

/ product ="hel i case"

/transl ati on=" MKKI VNFTDGANI FWWLGQVGSGKTHL TL GHKGKKLVI SFDGSYST
LEGHEDEMTVVEPEI TDYGNPDKLVSEI DDLAKGCDLVVFDNI SAVETSLVDAI TDGKLG
NNTDGRAAYGVVQKL MAKFARWAI HFNGDVL FTLWSEVTEEGKEKPAMNAKAFNSVAGYA
KLVSRTETGFDGYTVVVNPDNRGVI KNRLADKI KKQSI KNDDYWKAVEFAKGSKHENA"
30941..32851

/ gene="ORF627"

30941..32851

/' note="prinase, putative; sinmlar to SpyM3_1442 in

Strept ococcus pyogenes MGAS315"

/ gene="ORF627"

/codon_start=1

/transl _table=11

/ product =" pri mase”

/transl ati on=" MM TGRLLNLQRGVSMKTLREYAI ADNTDNQKFSPRVYRAYRAI QG
LEDDSDKTFAAL AKTAKNVNVAELKLVYGALTAEFTI RELRYDVSQ RDM KDVAYPRTK
KATDEAAEL VHDVL MVI AKKVTEFKDYAPVEEAMIVPCKPLEKFI NYLESETYKGVW\EDI
MKYPFDNQKAGL RKHLM_GFAPSTGKTI | TNALDTLYYRI DANVQT RKSFSFDAGYWNGM
VNGKFLVI TDDDDESQPI SPDFI KNFMNQRMASMI AKQGERDFKT YSGSSVI ATNTEEEY
FASPQVSKRLI LI RLDHTLPEFTFDELNELHNLDVAEI LNYVNYERPTKL FDVKNKWENK
L DSRVEECKKYVNEMGAVKAGL LKKEFGKDI VKLAYPDGPKTKRVDDLVI YGYFAEKANA
GLPEQSSFDEFNI SMLTGLKDTNPKQ KTTFGSMSDNI EAANDTPKEEQAMFGLFTGTGV
KTDElI DKATG VLDI DKSKLKSLKEI KLPYAFI AYETSSSKPENLRYRI VI P ESKDAD
EYRENVI KI GELLKDDI DPTCEAI AHRYFI GGKNI VI NYKPLSASLPRDTSG VDRVSSA
AVGTRNSI TYWGEL KRAQEANDEDL AVEVL KVSQCDEAEI ERFAKRWDENKI "
32916. . 33110

/ gene=" ORF65b"

32916. . 33110

/ not e="hypot heti cal "

/ gene=" ORF65b"

/codon_start=1

/transl table=11

/ pr oduct =" gpORF65b"

/transl ati on=" MQKHANEDI RYMSYRVPYRLI| AEKLGA TTGTYMNM.VKPLKKEKHD
Q VKVI EELKEEI KNGTVR"
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gene 33097. . 33555
/ gene=" ORF153"
CDS 33097. . 33555

/ not e="hypot heti cal "

/ gene=" ORF153"

/codon_start=1

/transl table=11

/ pr oduct =" gpORF153"

/transl ati on="MGELLDKI KENANNRI SNEDL PVGKYDGVLKSI KHGNAADYEVWRFI
YEVEDQNHKPATLVDTMFVNSDPEKNENQL SFRI APYYEAGVI SDTAVEKATSNLEGFFE
YLVKQM GTGVTVKLSEETYKGKTRRNVNLQTVNI DT TKDEDSDAPF"

gene 33573..33764
/ gene=" ORF64a"
CDS 33573..33764

/ not e="DNA pol ynerase, putative"

/ gene=" ORF64a"

/codon_start=1

/transl _table=11

/ product ="DNA pol yner ase"

/transl ati on=" MSNRAQRVLDALNVDYDADNRFDYPI LTI | KFFDNKNI TSVDI DYDN
LTVNEEKQVI QAFLEFAY"

gene 33811.. 35211
/ gene="ORF467"
CDS 33811.. 35211

/I note="helicase, putative; simlar to ORF10 in

Streptococcus thernophilus bacteri ophage phi O1205"

/ gene="ORF467"

/codon_start=1

/transl table=11

/ product ="hel i case"

/transl ati on=" MFKLYDYQQRI VDETRNKLRQGNKGVLI VSPPGSGKSVI | GEI TRL
TTLKKNRVLFTVHRQELVDQ TDTFDAMGVNQDYTTVMIVGRVKNRLDKLEKPDLI | VDE
SQHTRAKTYTDI LDYYSDVPRL GFSGSPVWRMNGQGFDDI YPAMVEGPSVKW.1 DNYHLAP
FTYYAPQT L EGFKKRNGEYDKKSVDEVL GSKI FGDAVSSYL SNANGKQAI L YAHSVEYAK
KYAVAFEEAGVNAASVDGKTPKAERDRI | NDFRSGKLKVLCNNDLI SEGFDVPNCEWVI M
CRPTASLVL YLQQSMRCVRYVNGKQAM | DHVGNYVRFGL PDDDRQASL SGRNSNGKVDA
PDI HT CQHCYQVFYEWT ADNRCPYCGEL KPEADPRTAEGKKQ EQAKM EI ANRKVEKSD
SLI SI YEHFKARKTMNI GNVHRPI NAAI RQKGVCSNEEL I GFADYL GVKKNYVL MLYNHK

gene 35246. . 35542
/ gene=" ORF99"

CDSs 35246. . 35542
/ not e="hypot heti cal "
/ gene=" ORF99"

/codon_start=1

/transl _table=11

/ pr oduct =" gpORF99"

/transl ati on="VI YM KNAPVLEI EDFGYCGYDYRVKKQGGT TFGYL SRDPQGNSQY
MAVFCYGSTTEEAATSDPI WEEYTLNDLKEEL EFEL TNFYI RFG NDCKYEL"

gene 35564. . 35905
/ gene="CORF114"
CDSs 35564. . 35905

/note="putative; simlar to orf106 gp in Streptococcus
t her nophi | us bact eri ophage Sfil19 "
/ gene=" ORF114"
/codon_start=1
/transl table=11
/ product =" gpORF114"
/transl ati on="MI'LKGREAAI QDSI RVALAKAGYVVFRTNVGKVKTADGRWFDTGLP
TGFPDLI GYKPDNGRI FFI EVKTPI GRRRKDQVNFANGLRDKNVI YGVARSAKEAVTI VR
DELKLLED"
gene 35915. . 36055
/ gene="ORF47"
CDS 35915. . 36055
/ not e="hypot heti cal "
/ gene=" ORF47"
/codon_start=1
/transl _table=11
/ product =" gpORF47"
/transl ati on="M EYLSFI TTFNAI ALI | GKYKSPLLLVI VNALI TLVAMAAVEI MG
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CDS

BASE COUNT

ORIG N

1

61
121
181
241
301
361
421
481
541
601
661
721
781
841
901
961
1021
1081
1141
1201
1261
1321
1381
1441
1501
1561
1621
1681
1741
1801
1861
1921
1981
2041
2101
2161
2221
2281
2341
2401
2461
2521
2581
2641
2701
2761
2821
2881
2941
3001
3061
3121
3181
3241
3301

12120 a

agtt aat aat
attgttcaag
tatttattta
agt aaaggag
ggaagagt at
aat aaagtta
acgt cgat cg
ttgcaccgta
t ggatt at at
at ct gcat gt
gaggttt gat
acaagt acgg
cttatccatg
agagatattt
cagaaact ga
gccacagaaa
gatt aat aat
cacgttggga
ccaaaaagga
t caaatt gat
taat aacctt
t gt at ct aac
gacgt cagct
agaaacatta
aaat at caac
t gccgat aac
t gagt gaact
gtcaaaattc
gcaat gcacc
tttttctaac
t agt at t gat
aagcact aac
gt gat t gt gt
tt gat aat ga
at gggaaatc
catatttata
cgt cgt gggc
ggt gaat t at
gacatcttcg
gt caaagaag
at caaggaag
t at ggct gat
tatttattga
gtattttgat
aaaaagt cgt
cgttaaccgt
acagatt aaa
taattacaaa
t gat gaaaac
acttgcgatt
att aaaagga
cagtttat at
caagcaacgt
aaact aaaga
aagct aaagt

36039. . 36233

/ gene=" ORF65a"
36039. . 36233

/ not e="hypot heti cal "
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/ product =" gpORF65a"
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6342 c

ttactcgt at
ccaatctacg
aaaataattg
gacaaaaat a
ct aaaact ca
gt caat gaat
ctttcgaaaa
ttcgaat gga
gacat gcaac
t aagt acaga
ttt gaaagat
gactgtcatc
ct at aaaaac
aaaaagt gat
ggcagatt ac
ttattgggaa
gaaaaagaaa
agagt acgga
cgggttttaa
ggaaaaagga
gat ggcttgce
ct agagt ggt
aaagaat ccg
tggttt gaat
aatgttatta
aatacttgtg
aact at t gaa
agttcagcca
tgctggattg
t gaat at at t
tgttttattc
tatgtatgtg
gttt aaaaag
acatttagaa
agaagt t aaa
ggagaaaat a
t agacaaagc
ct gaagcaca
ttgtattgac
cgtacaat ac
gcgact aatg
aat aggggcg
ctatttatta
gaggat aacg
tcagat caca
tctttataaa
gcattgtcaa
aatatgcttg
catttcaaaa
acccagct ag
gaaaat t gat
gaaacacaca
gacgatattc
atttattgag
t gt acgt gat

8091 g 10121 t

agct cagt gg
agt at aacgt
ttgactttgt
t gt caaagaa
aatcgttaaa
tattagaaaa
acaattgttg
aacagttctg
aat cagt cag
cgaggtattg
aatt at agaa
ctcatgaata
gagtatgctg
attaacgttc
aaagct cggc
aaaagt aaat
tct ggaaatc
cattagat aa
agccattcga
ct at gaaat a
ctgaaattaa
gt acacgt ga
taccaaagtc
cacaaattga
aaggaaagca
agttaacaag
gaacgt gaac
tt agaaagtc
gagcgcccat
at ggcattgg
gt gt cgat gg
ctgattgctg
cgt aaaggat
ttacggatta
aaaattaatt
aaaaat ggat
gaact ct gac
t aacaaggat
aatttacgca
gat caaagat
gaagttctat
ttggttaaca
agt gggagt a
aagattttga
acgaat gaca
t aatt ggagg
gcaagt at aa
ttgcgt ggat
aaat accat t
at gagcgggt
atttaaat at
ttcttaaaac
cattggattg
aaagcagaag
agt ggcgggce

aataccatat tgattccgat tatgaaattc

tagagcactc
atgttctcge
ggt acagt gc
at cagt cacg
agaacagt at
ggat at gaaa
at't at ggcat
gagt gacgat
t aaagtt aat
ggttctaaca
aattact agc
at cgt gaacg
at ct aaacaa
gccaattagc
tttacaggac
aaaat gaat t
act acccagt
agtggtat cc
t agcggcaag
t gt gcat agg
t cacaaggac
at at aacatg
acctgtttat
agct agccga
aaat caaact
ccgaaat aat
tgctgaaat g
t ggcagacgt
at't at ggaat
aggaat gaat
tatttgaaga
ggt t aat gat
gcaagtactg
tttattataa
attgcccgtt
tatattaaat
aagcagttaa
tggcgt gaca
ttacaaaacg
cgcgat ggt a
tatatctgtt
gttctgtttt
at aaaaaat t
taaccgtgta
ttatcagcac
aataatcatg
tgttaacatg
t aaaaacaat
cagt aat aag
t gaaaaagaa
cagtatttca
taaattcaca
gaat aaagt a
caat gggat a
acgttctttt
cattaacgcc

aactt at aat
cgaaaggt gg
cact at aat a
ccaagtattc
ggaatttctt
aagaat ggac
t ccaaacgat
gtt caat ggc
ggct aaacaa
gagtt aaaaa
ctacgttcaa
taactacatg
gt acgaaat a
atattatttg
t ggacggt at
aaatt aggag
gtttcgggag
agt gaaaaat
ggttatctgc
ctggtagctc
aacaat ccat
gcat acaaag
gcggttaatt
gaact t ggag
ggcggatttt
tact gggaga
ggttttacaa
at gcgaat ca
gtcttacaaa
cat gt ggagt
caccaact ac
ctcaatgatg
cat gagaaga
cgagttaaca
ttgtgggcgt
ct at cgaggc
tt aaact aat
agcagat t ga
gcctacactt
agat gat cga
t gggct aaga
ctggttatta
aaaat t aaaa
aatgatttta
t gacaacat t
aaat at agt g
gcagat agcg
aaaagat at t
ctttacatga
aat aagt at't
aat ggt aat a
aat aaagct a
aaatt ggagg
t aaagtt gga
atcggtttat
tgaactattc

t gaggggt cg
gaactttttt
at at acat ca
gt at gaat ga
ggaacaagct
act aaaaaat
caagttgtga
attagcgt ca
gt t gccaagg
caaat t agag
aaaat cgaaa
ttaaaattat
acgattatca
ggcgggat ca
gaact aact a
gaat cgt aat
tggaagtttc
atacgcggt t
aggt gggaat
aaacgttt at
t gaat aacaa
aaaaat at gg
t aaagacgca
tt aat caagg
tgttcacaag
gat gat aaga
gaagt aaaca
at cgact t ag
catcaattaa
tatgtttttc
gaattttgga
t aat gggaga
ttgccgatta
tttaatttta
aaactt at gt
ct gggcgat t
t gaagaagt t
cagtgttggc
agat gattgc
tggcgt gttt
cgaat agcaa
ggaat att gc
cgtttgaaca
ttaaattaaa
tgcgtgcata
aagcggaaaa
atttcattgt
tattatataa
ttttagcaga
at at ccacgt
ttacgat aga
t cgaacaact
aagccgat ga
aat ggaggaa
gaaggt ggt ¢
tcgattgctg
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3361
3421
3481
3541
3601
3661
3721
3781
3841
3901
3961
4021
4081
4141
4201
4261
4321
4381
4441
4501
4561
4621
4681
4741
4801
4861
4921
4981
5041
5101
5161
5221
5281
5341
5401
5461
5521
5581
5641
5701
5761
5821
5881
5941
6001
6061
6121
6181
6241
6301
6361
6421
6481
6541
6601
6661
6721
6781
6841
6901
6961
7021
7081
7141
7201
7261
7321
7381
7441
7501

t agaat at gc
gattatcatt
attttgtttc
aattagt caa
aat aat at gg
gcatggctta
atcgtgtatc
aaaaattatt
aat cacaat t
ggaaattttt
aat gt gt ggg
caattagtta
tcggctgtca
gaagt cacga
gaaccagat a
gatttaattt
ccacaat aca
act ggt at aa
aaacacgt gt
at gaagccgt
gt gat t gaag
cgcggaactc
gtt aaaggaa
ggaggcaat c
ccgcaatt at
gcaat cat ga
gaat at ccag
accgaggt cg
agt gacggat
gaat at gacg
ct at gaaagg
ct acgct agg
ct at t aaagg
ttccagttgg
tacctaat cc
at gt cgaaaa
gt gaggcaca
tcccat caca
ttgttaatgg
ccgt ggat ct
at acagcgag
cgccagcagt
gt act at aaa
tt agaaaat a
t gt t agaaaa
ttacttttct
agggatttgt
t at aaaat aa
cggaggt gt t
act gaaagac
gat at acaac
cgttcat ggt
tt ggaagaca
cagaaagct a
gt t ggggt cg
caagat gaat
cgtgacttgt
gaccgct cga
ttgcgtgtca
cctgaagatg
t aaggcgt at
tggttcagga
at acgt caat
aaccattcgt
accgcttgaa
tccgttaaag
agaagcat at
cgaact acca
tcattggcta
cacaaccacg

caaaacacct
at caact ggg
tgatttgaac
t gat ccggat
caacatttct
tcagaccgtt
t agt aaggag
at ggat at cg
cacagccagc
cctaat at cg
gtagctatta
ct at gggact
agcattaccg
ct gaagcgaa
agt cgccacg
catctcaata
gcat cacggt
ttaaccgtga
tagtcgttcc
atttagat ga
tt ggaggaga
aacttgatca
t cat cgaacc
atgatttttc
cagtgtttaa
t ggcacat gg
t cgagt gggc
t aaaggacga
at gaggt caa
aacagggat t
aaaaacagaa
cagagttaga
gcatgttttg
t agaaagt gg
taacggtttc
tttggaat gg
agggcaccca
aatt gaagcc
caaacaaaaa
aact aagcaa
tgttgatttt
gttatcatta
atacaacttt
aaat t caact
at at cgaggt
tacaacagta
ccaaat at ac
t ct aacgcgc
ttttaat gat
tgtttaat gt
gcttccgtga
gcggatt cag
acgaaaaaat
ttatgetttt
cacgggt aac
at aaccggt t
taaattctag
tgagttacga
aacaggccga
gt gat agt aa
tatccgat gt
aagtcatatg
t ggct agt ga
aaggttgcac
at aacat aca
attacttcga
gaat t aaaat
cctggtggtt
aagcat gagt
t at aaagat a

atttcaaaac
gaaaaat cat
ttattttaca
ttctttttgce
atcatttatc
aattaaacca
at t aaaacat
ct aacaaaca
aagattttaa
gcatttacta
aat cat gaaa
atctgattca
t caacgacac
t ggcacgcaa
caccatgatg
t aaagt t t at
taaagttcgt
cgttaagcaa
aat gttt gat
aatt caagct
tattctgcat
t gt cgacact
agcaatt gaa
gat gcaat gg
cccaggat ct
t gat act gct
tagcagtgtg
gaacggagcg
aaat gggttc
gct ggct gaa
at ct ggagga
acattggata
aaacaat gt a
aacgt aaaaa
ccaat aat ca
tgcgacaatt
ttgttcgcag
agcagaattc
tat gcgcaca
aaact acgtt
gttagacaag
ctgtatacca
aggt gcactg
caaacacggt
t ct caagaaa
tatatatata
aat gct ggag
attttttcett
aaagatttat
ggcaaacgt t
acagggcttt
accggattta
taagcagttg
attttcaggc
attaaccttg
tat gct acgg
aagcgaaat g
acaaact cgc
cgggt cggct
t ggct aacac
t caat agt cg
cgact gct gc
cacgccaat a
at agcat ggg
agcagacagg
t ccaacccgt
cattagat gc
tttatcagac
tcttcgatga
acgatcattt

ggt caat caa
accttaattt
aaaat aaat t
aaaccggaaa
at cat ggcgg
gttgtgggta
gaat aat t at
caaaattcca
accgttgatg
caaagagat t
t ggacaaat g
aagattgctg
attaccgata
acagcaacgg
gaat t aaccg
gagcaacact
cct aagagcg
aagcgcttaa
ttacacttcg
at cattcaaa
agtgattttt
att aaagcat
aatt cagaga
gcatttatag
taccgccaag
aaagcaaaac
t ggcgcgaag
attcacagag
acaat gggac
tttaccatta
aacacccaga
gattgacgtc
acgacaaaga
tagttcatcg
at cacaggga
cct at aat gt
tcaacttaaa
ttggactttt
gctactggtt
acct cggaga
tattggccgg
t at gaggat t
ccat gcacct
tcttacttac
aaaat aaat t
t at aagat at
tgtgtgtgtt
acaaaat cca
gat acgaaga
gattttgagg
caatcttatc
att aaaaagg
aagacttttt
aaacaaacac
t ggcggcaga
gat ct gacaa
gtacgtttta
aaaat aaagg
gat agt caag
aatcgattta
agat aggt at
caaagtcatt
tgcaaccacg
cgtgcttgat
gcaaaaggt g
aactggtttt
gttcgacacg
agt aat cacg
t aagacaaag
aaacgct gat

at at cgecgt t
tgaccctatt
cacagaagat
tt at gaaacc
caat cttcat
cggct ggaat
gattactcgc
atttcacttg
gtattttcag
gaaagaaact
aagat aaaca
aacgt at ggg
ttaagattga
ttcttatgcg
gttatgatcc
caaccgaaga
at at aagcgt
aacgaacgcc
ggatt aat ag
cacacccgtt
t gaaaaagac
gggaagattc
gt acagaat t
aaat ggt aaa
tattcacata
tatcgcagtt
aacacacagg
agtttggaac
agaaaaccat
aagggaatta
at acacagaa
aaat ggaagg
tggttatttg
acttgtagct
ct gcaat aga
gcagt at cgt
aacact ggaa
tt gacaacac
cgt aaat gca
aact aaatta
gt gaact gct
at agt aat aa
cagacat aaa
tcccacaacg
tttcttgagg
ttgtttattt
agaaaaat gt
ttcgt gat at
attgtgctaa
tcgttaagcc
cggttgttga
t ggt aggagg
act cact gcc
aaggacgcat
aagacaaat t
at gaagccat
at gcagct aa
ct gat gcaga
tagt cgt gaa
aacgtacctt
ctggtttaca
attgatatta
caaaaggat a
ttgtttaagt
ttcttccgty
at ct gccgca
gt cgaagaat
tttaacccgt
cgt aat cact
tacgtcgatt

ggaat caaag
aacaat aatt
gaaatttatg
gaggaggcecg
gcggattatc
tatcgcactg
cacaagaat t
gcgat agctc
t aaacggt at
gcgaaatttt
t caaat cgca
gaaaacccaa
ggat t ccaag
tttaaagcac
cgat aaattc
tggt acagt ¢
ttat gaacta
aggtgcgtta
ct acgat aat
t gaaaaaat ¢
acagactgtt
tgctgaattt
at at gccatc
agcgcgtt at
cggaaaggt t
atttgccagt
gcattttcat
gccgaagecg
gaaagt cct a
ggagt ggcga
attgaagttt
ggaacgtatt
gtagttagtg
caaacgttca
gct aacaat a
gagaaat at g
gtttcacgtt
gttagcaatg
gat gat aacg
acagcggcag
t gt aaaat aa
t agct gggac
t gt t agaaag
gtt gt aagaa
gettttttta
attgttatat
t agaaaat gt
aattttaact
at gt cggct g
t cat aat ggt
aacacccgat
t gt at aagcc
agaaaaccag
agct gaaaat
caggaaagcc
cttaactatg
agacatttta
acttgccgaa
tgtgcatctt
acatcgtttc
aaggctctcg
tgat gtaccc
gtacgtttgce
tcaccaagtc
gcat ggat ga
gat ggt gt ga
ctatgcgt gg
ggt ct gaccg
cacgagct at
cact gaaaga
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7561
7621
7681
7741
7801
7861
7921
7981
8041
8101
8161
8221
8281
8341
8401
8461
8521
8581
8641
8701
8761
8821
8881
8941
9001
9061
9121
9181
9241
9301
9361
9421
9481
9541
9601
9661
9721
9781
9841
9901
9961
10021
10081
10141
10201
10261
10321
10381
10441
10501
10561
10621
10681
10741
10801
10861
10921
10981
11041
11101
11161
11221
11281
11341
11401
11461
11521
11581
11641
11701

aatgcttgta
t gaaggctta
t aacct gcct
atttattgct
gcatttatta
gat cacagct
gcct aacat c
gcagtcttat
atacgtttat
ccatgcaatc
tt at at gaac
gcatggatta
aaaatttaac
cacgat t aga
aat cacgt cg
atattgcgga
at gat ggcag
act at gat ct
gt gaagat aa
cgact gacgt
acgat aat ca
cgctttacaa
caacgttccc
ttctaccatt
atttaaacga
at at gat gaa
agct agaat t
ctgttaatgg
t ggggt caga
ctgacttaac
t att gggcac
cacgctatca
cacaggaat t
aagcgt t agt
gt gt aacgaa
attcattcga
aaact gat ga
cggaaaat at
aaat acgaaa
atggttaatc
gaactgatta
cat gt at cca
tatcatgtca
gacggtatta
aaccgtatta
attcgtgatc
gcgegtgtta
atgtgggttg
acatt aaacg
gctgtcgatt
at agcgt aat
agaagat act
aat cacgtta
tgccgcet get
agacgccaag
ggaacagaaa
attatcatac
ttcactcgtt
ttcggtt gat
tactggttcc
caaaaaat aa
gcgtttactc
t cacgcct ac
tcagcgttaa
ctgcattcgg
acgcagat ac
tgaccgttaa
ccaagacgcg
t aggcgcggt
tt gaagt aat

cgtaatccta
gtatttgatg
aagt cggt cg
gtt gat caag
acaaaccaga
gat agt gccg
aaaccatctg
cgcttcgttg
gat at ggaca
gacgctttac
t at caggaac
cgatttaacc
gcct aat aaa
aat gct ggac
acacgaagat
cttccaaacg
caacagcgga
gtttttggat
cgaagaacac
tgatcct aaa
agt at caacg
tccaacaccg
agttgttgag
gatcgatctt
agccatgctg
tact at cgat
gatt aaggaa
tacacaaacg
ggcgt at aag
cgat gagaac
tgttgaattg
gatt at cagt
aacgttcacg
t caggct gga
t ccacaagat
ccagaacggg
agaagttcgc
t caat ggatc
attatacgag
agcaagcgct
cgtacgctgc
at aaatt aaa
aagct gacgt
att ggagt ga
t gaaacaat c
gat at aacgt
tggcgcagca
ccaat acggc
aggcggaagg
aaaaat aaaa
tgggattgca
act agcaccg
acgccgaaag
at t gaaaaag
aat gaaggt g
caacgt gaag
agcacgaaag
gcact aggcg
tcagcggtta
tccgtgcttg
aaaaacgagg
taaggaattc
att cggt gct
gact aacgac
cact ggt act
tgacgttcct
caacgattta
tttatttaac
tgat gacgtt
tgctccggta

atcgtgctcg
gactgtttga
gcttggactt
at aaccgaat
tt gcacaaga
agcagcgt at
gaaaaggt aa
tacacccacg
aagaaggcaa
gttatgcact
gcgt at caac
gaacacaaac
at cat gaaat
gattattatc
ggcaaggccg
tcttattcag
tt cgat acgt
at gt cgcgct
tt ggct aagc
ccaat cat gg
attaattacg
attat gggaa
tt caaaaat a
tacgat gcag
attat ccaag
cctaacgatg
at gaaagacg
tcagttgatg
aagcgt gt ag
ttcgcaagta
gctagcact a
gacat t gaaa
ttccgcgat a
gcaacgttgc
attgttgata
gtaattagta
t gacagcaag
t aagaaagat
agccaacgat
aaaaaat ggc
gt at gt cgct
aagcgaagct
at cggaat cg
ccgcat ct gg
gttgctcaca
cacagaaaag
aggcgt t gat
tgcttgt cgt
aatgattcca
aaacatcgtg
taattaatta
aaacaact ga
aatt gcaagc
ccaaagcaaa
ctaagcttgc
aagaattcaa
atctgttatc
at gccgat gc
aggaacaggt
gt gat cccga
tttaaaatta
ttacaattac
ttacaagcgt
atggctgtcg
tctaactcaa
tacactgctg
gacgct gccg
gttgcaat gg
aacgcgct at
cgtgcat acg

tgtagctgtg
gcagcgcgac
tggtttcaag
cgtttatatt
attggccaag
gatcgttgaa
ggat tcagtt
agtt aaaggg
ttggtt gaat
t gagaagt ac
act gaagaat
aggctaattt
ttattactca
aaggat acaa
accat cgcgc
ttggtaaccc
tt aacaaagc
at ggt cgggc
ttgatccgcet
ccgtgegtta
tt ccagaaac
agat gcaagt
gtaacttccg
cgcaat caga
gtgacattga
aagacgccat
ccaacat gct
ct aagt acat
ccggagat at
at agct cagg
agcgccgt at
actcaattca
acttgccagc
cacagaaat a
t gat gaaaga
at gacggaca
gct aat cagt
ttgttagagt
t cacagct gc
at at caat ca
gctgctgcaa
aagttagt aa
gcgattaata
gct aaccaag
cat acaaacc
caagcacgca
aacgcaaagg
atctgtatgc
attcacccga
at ggggat aa
tccgt gt cgg
aaat act gaa
caaact agat
gt gggaagcc
aaaaat gt ct
acagcgt gaa
t gaacagggc
aatt aaaaac
ggaaaaat cc
agatccattc
t ggcaact ac
t at caact gt
t agat ggt gt
t ggt cggt ga
gcecgtttcgg
gct gggct at
ttgctgatcg
gcgaagcat t
tcgagtctgc
ttactgcgtc

tt aggcgaat
ttctcttatg
cat gacccga
t acgat gagt
cacaaagcat
ttgtcacagc
at ccaaggaa
tt gat ggaag
aagccgaaag
atgtttgtge
tt aggact at
gatttatcag
tcattttaat
cctaaagat t
tactcactcg
gattaacgta
t aat gat gt t
ttacgaat at
ggat acgttc
tcaccagatc
at ggacagct
cgat acaaca
tttaggtgac
tacagccaat
tacattattt
ggcaaagct t
gttattgaag
t aat aaaacg
tcacaagttc
tgtggctatg
gttcgaacgt
tggcoat t gg
cgacaat at 't
tctatatcaa
acaat cagct
aacaaat aca
cacagagt ga
tct ggt at gc
cggacagcga
aat caccggc
tcgcaat t gg
tt aat aaggt
aact ggttga
acgcattaaa
cggtttcaca
gattattgcg
aattaggat a
cccacgat gg
atgatttatg
ttgattgatc
gat aggagga
gcaacggaat
t ccgaagccg
aaacaaaagc
gaagct gaca
gccgaact ga
ttgccaacag
gttgttgaaa
gt acaat caa
agtaagatta
aaat aat gat
ttatcaagca
acct aacaac
at acagcact
t gaaat gaaa
t cacgaaggt
gctgaactta
ggct act gcc
ggtt gaaaag
t gt ct acaat

ggggt at t gc
at gagat t gc
ccgct ggega
tttataagca
tcggattacc
agcaccgcgt
t ccaat acat
aatttaacac
at gcgaacaa
gt gcggggea
aggaggctta
gaat cgct ag
t accaacggc
ct t gacaagc
tt cgcaaaat
aagct gcccg
gacgcagaaa
gtttatcgtg
gtcatttatt
gaact ggt ag
gacacgt at a
aaaccgatta
ttcgagaat g
tacat gactg
gaaggat cag
gccaaagat a
t caggcat ga
tacgat gt gg
agt cat acac
cagt acaaag
ggattatatg
acatttgatc
agccaaatta
cagttgcctg
aat ggcgatt
acagct acgc
t gccgagat t
gtt aaat gaa
act aaccaat
caacaat gat
at t gat t gac
cagttcgatg
t ggcaagat c
aaat gatatt
aaccaagct g
aact gaaagc
tact aaagt c
caagaaat at
tagttggatt
gtgattgtgc
ttaccatgcc
cagaaagttc
acaagcgttc
aagcaattga
aact agccga
acaagcgt ga
acat ggcaga
cat t gaaagc
at ccgect gc
t gagccaat a
ttaccagt ac
caat ccgt gt
gccact gecat
gacgccaaca
gaagtt at ct
ttagat caga
caagcacaag
ggtact gatt
tataccgatc
gctattattg
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11761
11821
11881
11941
12001
12061
12121
12181
12241
12301
12361
12421
12481
12541
12601
12661
12721
12781
12841
12901
12961
13021
13081
13141
13201
13261
13321
13381
13441
13501
13561
13621
13681
13741
13801
13861
13921
13981
14041
14101
14161
14221
14281
14341
14401
14461
14521
14581
14641
14701
14761
14821
14881
14941
15001
15061
15121
15181
15241
15301
15361
15421
15481
15541
15601
15661
15721
15781
15841
15901

atttggct aa
tatcgttccg
ttatcttcge
t ccaagct at
tcttagacga
tgctaccggg
tattaccgtg
tacat ggt cg
t gt ggccgaa
cgttact gtt
tttatttata
attggaattg
gcacgcgt at
ttagactttg
aaggaat ct t
gaatattctg
aggt t cat at
at gaact aac
cgat t acgga
tacatttaaa
cgattgttac
aacatt aaat
ttagttcctt
aaagggcttg
aaagaagaac
aatgaatatg
at gacaccgt
tgacattatc
taaaatttaa
ctgattccga
tatattgtga
act cgat cag
gt acagggcg
aaaacat ggt
aagatgtttg
cagcacat ca
agat gggacg
tggttcctgg
ttaaagtatg
cat acccagc
cgttttctga
cattaact ga
aaaagacagg
cat aat caat
tt aaagcgct
caagccaat t
tgcgcgtgtt
attcagat ga
cgtctttttt
ctctcccaca
aagaaat gaa
ggttcccttt
aagt at cgac
t gct aggaaa
acaagt agtt
taatgatttg
agct gacat t
aaccaat agc
agt aacaacg
cggtacgttc
tattggt gag
agat gcagcc
taaagaattt
t gccggaaca
tgcagcagca
tggt gct at t
gacagaat ca
tttagct cat

tgatttaggg
acat gacat a

cgt aaccact
t ggt at cgct
gcct gacaac
tgacttcgcet
t aacaagaag
att gagact t
t cagccgt gc
t caagt gatg
ggaact gcta
accgcagctt
t acgaaaagg
aagacacaaa
tagcgt at gt
t aatt aaaga
caagcgaagg
acgtgttaga
aat gagat at
tggcgaagtt
tgttcaggaa
aaatatcgtc
ttcgtatcga
tt aaaggt gt
at agcgt aga
cgagagttga
at ggagt agt
gcact tacag
ttttctacaa
agaat ggt at
gcagccaagt
caat t caact
gaat acaat t
caagacgat t
t gacat aagg
agcagtt aat
gtatttttta
agaat ct ggc
gattgttgct
t gat gaagca
gcgtgttatc
gatgttcggc
aat cgat t gg
tgctgaagtt
cgaatttgct
aggaggat aa
gttccgtgct
gtggttacaa
aatt gct gat
tgat aagt tt
ccgt cgcgece
aaagacat cg
gaagagtctc
tctttatacc
gagaggcgca
ccgagaacaa
caaaat aaaa
tttaatcacg
agtgggtatc
gcat caagt t
gct gct ggag
caacaat cgc
ttagcagat a
gat gccat gg
cctgcaattg
gtt caacaat
atcttaactc
gccaat at cg
attgggttat
gcaatcattg
cttaaattta
t ccaaagcca

gct aagaact
attaccaaag
gttgctcgtg
ggt gt t gaat
gcaatcttta
ct caaaaaac
cat ct gacgc
acgccaaggc
ccattactgc
aaacatgata
aagt gattaa
acaagat gat
caat caagat
tgttactatt
caat gt at ct
cgt at at cgt
aacgat cgag
agcaagcgaa
ttggcaactt
gacacgcct a
cagcggaaag
ggat aagct t
agccat gaag
tact ggat at
tact ggt aga
aat gagt gct
ggct gt aaga
ttatccctaa
acagatgatg
aagat cgat a
tctgttattg
cgttgggata
cgagcaat gt
aacggt gt ga
caat cagt ag
gacacat caa
ccat caacga
accgacgcaa
gtt gacaaac
tatggcattg
acgattaaca
caatcattac
gat act agcg
cgagacat ga
aatgcattac
ttcgtaaccg
aaaaaggat t
gaagaacttt
gcgaaacat t
gaagagaaga
tcctaattga
t at gggaggc
ataatttaga
caat caaaaa
aaggccgt aa
gaggt gaat a
t agcagcaat
ttggcagcaa
cagcaacaac
tt aat aaggc
tggct aacaa
tttcaatggc
cagaagcggc
ct at gaacat
aaacagct aa
gt ggt gt agc
t aacaaaccg
ccat acaagc
cagat gct ag
cagat ggcat

ctgctgtcaa
tacctacaca
tgttcact gg
t acaaggt gc
ccgcaacccc
ggccagcat t
agat gat gct
tactgtgtca
aacgagt gga
taattagcgt
at ggcattac
ctacttaccg
gggttagttc
cggatttaca
aacacat ggg
aagtcgtata
taacgttggt
ctgtcgatga
atggattatt
at cgggt at t
tgacggtgtt
ttagacgaat
acgtcatt at
at gagaaat a
tacgttgcge
caaccattca
gatgctttaa
gagacacatg
ccct accact
cgcttaacca
aatttgaaac
gcct aact ac
ttttagtcac
aattcgttaa
at gcgccagt
t cgaaggcga
at gaagattc
t cat caaggc
gatt ggccgt
ttgatagtgc
tcttaggcaa
aagcattata
t ggcaggt ac
agattggt aa
ttagtacgca
gt gat gaaaa
ctgaaattga
acaaggat ct
ggacagact t
ct caagccaa
ctttgcacgt
aaaagctatc
gttagccgceg
aat gcaaaga
aaagcct aat
at at at ggca
gt cacgaat g
ggtttctagt
t gcaat gggt
cgctattatt
gat gggcgct
gcaagacgga
cacagcgact
tt ggggagac
cttgtctaac
t aaaaacgct
tgggtttaca
t ccaagt gac
t ggcaagat g
gt cgcaaagc

t at cgat act
at acat gggt
tatcaatatt
t gggaagt at
aaaagcgt ag
aaagt aggcg
agtgctgttg
gct agt ggcg
acgtttactg
agt cagacgt
tagat t cgat
atattatttc
agt cggaact
at aagat t gg
acacaccggc
aacgt cgcag
ttatttaact
tgttccgtcc
aaaaact acg
gatt gat ggt
aat ct gt ggc
ttgacatttc
cgcgagcggt
acatt caaca
gcgctgatta
tggcaccatc
at aaggcggc
tacagct gat
cttgcatgtt
agttagccaa
attggtt aat
gcaaacaat g
gttcacaatt
agat acacca
cggt gat cct
ttcactt gat
gatt gaagta
t aagcat gat
tact gaagac
tgacatttca
gctagttgac
cgattat gaa
t gaaaccgga
taccgaggtt
agcagacgca
cgaagccgtg
ggatttgatt
t cagt cagaa
agt ggaaaag
agcaat caaa
aagggaat ct
ctt gat gggg
ttcaatgctg
gaat t agaaa
cttgaagcac
caagt agcag
gct gaaagca
gccat gagt a
gttagtgcgt
gctggt ggt a
gaattaccac
gcttctatta
ggtgctgatt
agcctt aaat
gcaagcat cg
ggttatggca
gctcaacgtg
aaagct caag
aaaccattcc
cagaaggttg

aat ggt at gt
ggcaagget g
gctcggact a
ggtacgttta
cgccgaat aa
at act cgt aa
t at cagcggt
taattaccgg
ctaccgttgc
gact gcgcett
t aagt t gaga
cgatgttcaa
gcct aacggg
t gat gaaggc
cgatttatct
tgctggaatg
ggcccagttg
acaattatcc
gcat acgaag
gt cgagcaat
aaatgatttt
aagaaaagag
t gaaaagt ca
agat gaagt a
tt caagct at
agt agcggct
gaagttttca
ggact aacag
aacgttcata
caaattgatt
aaagt t aaaa
gttgacacaa
t aaggaggat
tatcgtggta
gctattttac
gaacaaact a
acgtcttaca
ggcaagcaga
gat cacagt g
gacgaagat t
gggacgttcc
cgt ccaggcg
acaact ggag
aaatttaatt
aaagat ggcg
tacaat gcgt
gacagt gat't
ct cgaaaagt
aat ct gaaat
gatactttgg
tcgat ccgga
caact ct aaa
gggt aaccaa
aagaagaaga
tt aaacggat
ctacttttac
ctaaatctgc
cagttggaaa
tgaaatctta
cttctaaaga
ttagtgcgca
agacgattac
t acaaacaac
caccat cacg
aagacatgtc
t gggagat at
cttcacaaga
gggt cat cag
cacaaatttt
cagcatt aaa
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15961
16021
16081
16141
16201
16261
16321
16381
16441
16501
16561
16621
16681
16741
16801
16861
16921
16981
17041
17101
17161
17221
17281
17341
17401
17461
17521
17581
17641
17701
17761
17821
17881
17941
18001
18061
18121
18181
18241
18301
18361
18421
18481
18541
18601
18661
18721
18781
18841
18901
18961
19021
19081
19141
19201
19261
19321
19381
19441
19501
19561
19621
19681
19741
19801
19861
19921
19981
20041
20101

aacaat ggt t
t aaaacaggg
tagttcagct
cattggatct
tgctgccaaa
ggcgaccgac
agttattgga
aggtgttgca
gccagcacgt
att aggaaag
at caat gggc
tgccatttta
gat ggct gca
actattaact
cgttggcgta
tt caaat aac
aat gat aact
tactcaaatg
atcgttctcg
tgcattagca
agctattatt
t gcaccagct
ttctgcaatc
aat cggggac
agaagcattc
aatcgttgct
tgaagcttta
t gt aat aaag
t ggt ggt aat

at cggcaggg
tttcacgtca

t ggaagcgca
gact tct gga
aggaagt caa
cgcagtt aaa
tggtttcctt
tgccggttgg
t gct ggt aat
t cagcacaat
t gacat t aaa
t cagaacat c
t ggcgacaag
gttttttatg
atttttatat
atctt agt ag
gt aacaat ac
ct aaaacaat
t acgt gaaag
agaat gat aa
aacaggt aaa
aattggttgg
t gaaact gcc
att at ggt ga
gt gcttggca
cttttagctg
gaact aaat t
cgggt gt aaa
attttaatga
atttaaaggt
aat at agt ga
ccggaact gt
aagct ggatc
tttattcggg
t cat aaaat a
cttctaattt
tgactaatta
aat caagct a
t aat gacgt a
tgctgtcgtt
aatgtttttt

ggtactgctg
aacacggct a

gctgtatcta
aagat t gaac
ggcggcegt aa
agcaacagca
ccagctgtca
attggagctg
ttgttgggga
gct act agaa
gctgcaattg
gt acaat ccg
ttggcatttg
gccaat gccg
gcggettttg
gttaacagca
agcatgttaa
at gt t aaaac
gcaat gct ca
ttcacgacaa
acgtcatttt
ttggttgett
ccttcaat ag
aatgct aata
gt cacagggc
gtaattgcta
aaagct ggga
tct gcaggca
gcagctattc
tcttcagttg
gctggttcaa
aaat cgt cag
tactttactg
aaaggccacg
tccggaactt
tcggggattc
at aaaagccc
gct at gat ga
gt at ctggca
actggcgat t
gat act aaca
attagaacta
agtt aaaaat
aggagggaaa
at at aaagt a
acaaat ccaa
cgattatgtc
aatttatgcg
t gat aat agt
cagaccaagc
at cgt at ggc
ttatggcgaa
taatcttgca
gaat gtt agg
tgct gt aacg
caat ccagct
aacaaat at t
ct at at gaac
t gagat t ggt
atggtacctt
gcctt gcaat
aaagct agt t
cgatgttatt
t accaacaag
gcacgggt ca
at gacggt gt
act gaaggcg
aagaaaaat c
acat ttagat
tacacgttaa

ggat gcaagc
cttcatggga
acaagttttt
aaat t ggcgg
acagt gcaat
gcat agcaaa
cagcaaccgg
ct aaaggact
t cggt agt gc
caagt gcgaa
cgttaattgg
caat cagt ct
gaat cgttgc
ttggcattgg
gat t aggcgt
ttgtaccagt
cgt cggt aat
t aat gacagt
taagctt aat
tgctcgtttc
ct aat at gct
cattcgcagc
tt gaagccgg
gaat cgttgc
ttccgttatt
cttacattgg
ttact ggaaa
cagctgcttc
aat ct gct aa
gt aaggccgg
aagat ggt ag
ggacat cagt
gcgctggatc
ccaattctgt
ct ggagt aga
gagct ggat t
at aaaggccc
atggtttaaa
tggct gat aa
t at caat gca
attgggttaa
ttgttagcca
gt agt at aat
aagat ggat t
attacaacct
taccgcaatg
ggttattacc
ttgttatctg
tt cgagcgcec
cacaagcgat
ggccacgt at
agtgtgcctc
ttaaat acaa
aagct aaact
at agacagag
tggggcat gc
aaacaaact g
attggtgttg
agcaaaaaca
aat acgt act
cagt t ggaac
attgacgtta
aagtt gt cag
gcttatttta
at t agaat at
t caaagat at
tt aat ggt ga
tt gct aaggg
at aat gat ac
gt at t aaggc

gttgctgeca
cgcttatgct
at cagaccaa
t aact gggaa
gattgatatg
agt agcaaga
tggttttatc
act cggactt
aagcaaaaag
tgct gcageg
t gcaggt gt t
agcaaaagct
cgt agct gga
ggt attcggt
t aaccaagt c
at t gt cagcg
ggcttcagtt
tatatcatca
gacagcagt g
tattat gaat
aattgcatta
aatgattgtt
aattaatttg
tgct ggaat t
agt ccaaat a
caaatttaat
aaagt at gat
t acgaat ggt
agcgat t gcc
tgcttctggt
t gct gct get
tgggcgttcc
ttctgct ggt
t ggt agagat
tcttagtagc
tggacctgtg
t at cagct at
ttatggtttg
gct at ct gaa
agccgcaagc
accaacat at
aggacaagca
gaat t aaagc
tact aat cga
catttgaaga
gtaatgttga
gggct gat ga
at ccagat gg
ct ggcgaaac
tctatgtata
t at at aaaat
gtgatttaga
gt accccaat
t gt ct caaaa
t ggat agcgg
cgat aaat gc
ttgtttttcc
ctcattctag
cgccat ggag
acagt gct ga
aaggtttcgce
acggaacaga
gat at gaat a
aattgattcc
tagattatca
t aat aat aaa
gaagt cact a
ctggacgatg
agat aacacg
atttcatgaa

ctattagatt
aaagcacaag
gct t cagaaa
tcactacgta
att aaccaaa
ggttttattg
actgctgctg
ggaaaaagt a
gcaact gaat
tcttcagcag
ttagctgctt
ggt agt ggcg
tcatttgcac
gct geggt gt
gct aaagct a
ttaggcgctg
cct aaaat ag
caagcaccag
tctgtacatg
gccgt aactc
at gact gct g
agcttgat aa
att gt agcgt
gcattaatcg
at gggggct a
caattaggtg
gct gt aggt g
caggcggegt
aacaccaaag
gttagttctg
agt ggact ga
ggagcttctg
agt gcggeceg
tt gggaagt a
aacggt agt t
caacatttcg
gat gct aagt
at gaat agct
agcattaatt
tat caaggtg
gtagttcata
gat gacaaag
ct gccagt gt
aaaagacggc
aagttcgcca
tttcggcggt
tttagaagac
atattatgtc
gagt ggcgat
tgctagttca
cagt gct aag
tgttaaaccg
tagtattcaa
t ccagct gga
tt caat gt at
acaatttaaa
aacatttatt
tgcattagtt
t ccggcacca
cagcct agtt
tattgagttc
att aat at at
t acaaaaaac
tggaattacc
agacttatac
gaat acgt cg
acgggaacga
gtattcaatg
gtatcttttt
aaat ggaat g

cggttaatga
at aaagcaag
t gcaaaaaaa
acaagt cact
ctatcacatg
ggttatcgcce
gt aaaat atc
ttattggaat
cagt agcacc
ctaacttttt
cgact ggt at
cacaaaat gt
tattagggcc
tagccgttgg
tatctacact
gatttactgc
cattagcatt
caattgctac
caccagccat
aaaat gcacc
ttgcaact aa
atgctttage
tagct gcage
gccaact cgc
cgat ggcgge
gt gt t gct at
ct gccacaga
tt aaagcagc
gat ctcatca
ccgectggtta
acagcaagtc
gtattaagtc
caaacgggt t
gt agt gct aa
ctttaat gag
tt agt ggaat
tgttgatccc
tttcgacagt
cggt agccgg
gaagt att ga
acgaat t ggt
t cagcagt aa
at ggcggget
aagcgcact t
t cggt aaaac
t ggaat gaat
gaagaat at t
acacaattaa
tatttcgata
tt agaat cag
tttacaacga
aatgtgcctt
ggcaattcca
ctaacagt aa
atgcagtttg
aat at gcaag
ggt gat ggt a
aaat ttgaag
gaagact cag
attccgtatt
act gccaaag
agt agacaag
gat att agca
aatacaattt
gcgt aggagg
ct gat act ga
tttattttgg
at gaagaat a
cagccgttca
gat cacaccc
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20161
20221
20281
20341
20401
20461
20521
20581
20641
20701
20761
20821
20881
20941
21001
21061
21121
21181
21241
21301
21361
21421
21481
21541
21601
21661
21721
21781
21841
21901
21961
22021
22081
22141
22201
22261
22321
22381
22441
22501
22561
22621
22681
22741
22801
22861
22921
22981
23041
23101
23161
23221
23281
23341
23401
23461
23521
23581
23641
23701
23761
23821
23881
23941
24001
24061
24121
24181
24241
24301

gttaaacgaa
gt cgacagca
tgatattatc
agat aaaat t
t gaaat cgaa
taacgttgac
t at gt at aaa
aatt gct gat
aattaccgta
tggcgattca
taaagttgtc
t gacct aact
agacattatc
ggccact aac
cgct att gat
gt caacagat
aaacatt aac
cactt at aat
ggaat act ac
tggcaaggtt
ggcaaacgat
ggat gat cct
tttatactcg
tttctggatt
act gaacgt t
caagaacgcg
agaaaact gg
accagtt gat
acaaagct at
aaaat ccgat
t gaaaacaat
aggaaat ggt
caat t agaac
t agggcgt ca
ggact gcggt
cggct gt cgt
att at gct at
cgcttaatga
caat cgacgt
gagatttaaa
gccgt aat ga
aaat aaaaaa
gact t ggaag
gat t aggt gg
aagggacact
aaggct acca
cagccgaaga
aaacacttac
at gccgt ggg
aattttatga
at gat ccaca
ggcgaaaat c
gaacgacct a
ggcttgcatt
ggggt ggact
caact gtt gt
atgataatta
gcgtttgt at
atggatcgtt
t gaat gcagc
gttcttcggg
gctggacatg
gttctgat gt
tgcgttctac
gcaat aaaat
atttttatta
ttaccttcaa
gatcttttgg
caacgttaga
taaacgtttc

tatttaaacg
gcgtttgaaa
aat caaattt
ggatctgatc
accgacaaca
gaccagacat
gctaaatttg
aatttgttag
tcattgttag
attacaattg
agttcgtata
at ggcgcaga
aat ggcaat t
agtattttag
aaaagtgatc
ggcggccaga
at caaaaacc
acggt t gacg
t at aat gat g
aacggttttg
gccggtgatc
aaat acaat t
gct aaagat a
aaaaactcta
tacggt gatc
gccagegtta
ttcggcgat a
ccgatattcg
agt agt gcac
caaccaaacg
cggctggtta
acaat gagt a
ttatgacatc
aggagat aaa
tgacttgaca
agct gacaac
tcctaatgca
t aacgat ggg
ttcccagaaa
aact aaaat t
aatt gat gaa
cattgataac
aaagt at cat
aact aaagt t
aacaaagttt
t ggt aat agt
tacttcaagt
t at aaacaaa
ct at gacaac
ttcttcatgg
gt at at gcaa
t caaat at gg
tatatttgac
t aacgat aat
gacgcagttc
ttctatccaa
t aacccagat
aggaaat cca
aacatttata
cgtttttatt
at ggaat aat
tgctgactta
atttttgcag
tggaaattca
taccgggact
ttacact aac
tct agcagga
tgttatttat
agt at acaac
ggttactgac

ctatttttaa
aagaaaattg
cggccgaat t
t at caact gt
gctcgttcge
caccgcggt t
gaact att ga
ccgcggttaa
atttacaaaa
tagacgaatc
at at caacgg
cacaat cagc
ct gt gct acc
at gct agaac
acaacaaaat
catttaaaac
ttaacgccag
at gaaacaaa
atcttttagg
ctat ctggaa
aat caaaagc
tatacgggt a
tttatactga
accaagtt at
acgt t gat gt
cgcgt gacgg
t gggagaat c
gt gat at t gt
at gttt gggt
caaaatttgc
aaact gat at
at gacgaat a
ttacttgata
aacggcgctg
ggaaaaacag
gct ggagt aa
ctgtggtctg
cagcaaacaa
acagccgat g
gat gcaat ct
attattggca
aaaacccgtg
act ccaggaa
gtccagtatt
gat gt agaaa
at gacgt aca
ggccgagt tg
act at cgacc
attgatgatt
aatttaaagt
ggcgtt caag
cattatgata
aaatttcaag
ggt aaaat at
t at gaaacaa
aataatgatc
ggtact atca
t caact gcag
ggcgttgata
aact gt aaca
aatgcgcttt
gctggcaat a
gat aact caa
aat ggcgt ag
attacgaacg
at aaaagcaa
caagt aaaaa
at gt gt gt at
gt ccccggat
aact gaggtg

agat act ggc
ggggt t gaaa
t gaagt gcag
tgttcgccaa
tacttacggt
at cagttgaa
agct gaacca
ggct aaggt t
tgct ggtt at
gctaggattt
cgaacgt at t
tagttcgtca
t gacgcct gg
agaat t gaag
ggttatttta
agcgat cacg
caacattgtc
tttcagaatt
cggtatttat
ccaccct gga
tgtttttcaa
tgcattaagt
tggtaatatc
tattagcggt
tttaggcgac
tgtgcgt gct
aaccaccgat
t aacaccagt
t gat gaacgc
ttgggagttg
gacattatca
caaagaat at
gttataactc
ttacgttgca
ttaat ct gat
cgttaaccga
aat caggaaa
cttatgattt
attatattac
at gct gaat a
atcttaacaa
at gat gcagc
caactggttc
at caaaat gt
ccggcgt cga
act ct aaaga
agct aaaaag
t at ct ggaat
gttttgtcat
tcacaattaa
t aaat ggcac
ttgatttcaa
aaggtttata
atgtatcttc
atagctcttt
caaat act at
gcaacccatt
t aaaacagct
at at t at ggt
atatttatgt
acattttaca
cgagtattac
att cgaggat
t caagcaaaa
ttacgagttc
aagt t gat gt
ct gggat aat
ttcacttttc
ttact aaaca
aat aaaaaat

tattcataca
gacaagttaa
ggcact accg
ggat t caacc
gtaggatatg
tattacagtc
gttgatgatg
gacaat agct
ccgt atgcca
gaagat gaag
tcggttgatg
gt cgccacca
tt cagt gaac
ttcaccgacc
aattctgctg
gcagaat cga
ggcggtatta
tcattgcaaa
gctactggtg
tatatcttta
attccaatca
gatattgcaa
at cggccaaa
aacggtggta
tttactgtgt
acgcct gcgt
ggtaattgtg
gttaaatatc
aat gaagat g
aaagccaaaa
gacgt gcaga
aaaggtggta
gacaattccc
t gt aacgatt
ggccgaaaca
t acagt aaac
aat cacaaag
aatttttatc
t at cat t gat
ccaaaacgga
tgtcttttac
tggat at gca
agttgct cag
cattccgtta
atatttatca
tggattccta
cattattaaa
tactggccett
t agt gat aat
at ggt cagat
gagctt gt at
aaat caaaaa
cccaact ggc
t gaaaacagt
taaaattcct
cgacttttat
ttctagtatg
aaccttgctg
t aagacacaa
tgactattta
ttctaacgtt
agaagat gct
aggact at at
t at aat gt ct
gaacgcatta
tacgat at ca
tgacttagta
aaccgat gct
aacgcttagc
gct caat aat

acaacgaaac
ccctattcaa
tttatatcaa
t at caacggc
gt gcacacga
cgttgtatga
agcgct acac
ggagttt ggc
tggct agt gc
tgcgt at t at
t aacgt gt gg
gt acaat cac
agat gcaat t
aagggat t at
gt at cggcgt
ttgacggaca
ttaacggt at
aaggt at gat
acgtagct ac
gtattaacca
cttctacaat
ct aaaagt ag
gt gat agt gc
aaggaaacca
acaat ggt ac
at gaaat ggc
aaat cact gt
aagtgttttt
gattcgtt gt
gacgt ggat a
agat t gaaga
at gt agat gg
gagcct at cg
acagaccgtg
gccaat ggaa
ggaaaatttg
gcttacttct
gtt aaaaaag
ggt acact aa
acgttttata
actcaagat g
act at gcaca
ggat t cgcag
gatgttacaa
aacgagattc
tatttagcac
at agacccgg
ccagaagt ac
aaaacgat gg
tt gat cggat
tggattggtg
ctaacttaca
gaact agaag
at cggt ggt t
at at caggat
gt t gggaaaa
gt agaagcgt
aat aacat gg
gggtcctctg
tacacatccg
agaat t aacg
cat at agaac
aact caacaa
aaactgattg
attacaagcg
ggt aat acat
ggat at gcga
cagcaaaat t
agttattcaa
ttaaagcat a
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24361
24421
24481
24541
24601
24661
24721
24781
24841
24901
24961
25021
25081
25141
25201
25261
25321
25381
25441
25501
25561
25621
25681
25741
25801
25861
25921
25981
26041
26101
26161
26221
26281
26341
26401
26461
26521
26581
26641
26701
26761
26821
26881
26941
27001
27061
27121
27181
27241
27301
27361
27421
27481
27541
27601
27661
27721
27781
27841
27901
27961
28021
28081
28141
28201
28261
28321
28381
28441
28501

accgattttg
ggcaaaacac
cgccatttat
at at aaat aa
tgtttttcat
gtatgtatgc
at aat t gagc
ttttcttacc
gacgatt gaa
gcaat gagt a
ct aaatt cgt
tatcattatc
agtat cgctt
tcggttacga
gaaat gt cag
aagtttgggc
ggt aaccat g
gtagctaata
agcat gaaat
ggt at accag
gt cggcggea
gcaaccct ga
ccat ggt cga
attgaagatg
attttggegt
cacttaaatg
tt at agaggt
tctagttgaa
t caagcacga
t gagtt aaga
ccacggcgct
aagcattgtc
cacaatt agg
atgtgattaa
attccgttga
caaccgat ga
cagct gct at
aagttattac
t caaaaggcg
t at agcagcg
gaacaat caa
acttatct at
atgctgccta
gct agt ggag
gaccat ggtt
cttagccaga
act cct aagc
accagt acgt
aacggat ata
gt cgct aaca
agt gct aagc
aaagtt aagt
aaat caaacg
agcgt caagc
ccaggaacgt
tatatccgca
tatgtagctg
gt cact cgac
at t aact agt
cgaacact ga
taaggtcgtc
taatgttata
gccatt aact
gacat aacaa
aaagct aaag
tt cgaacaat
cagcgcgaat
gccggcaagce
at aaccggag
ttagat agt t

gctttggaaa
aatctcgttt
atttttaatt
cttagcct at
agtgtttctt
cgcattcgtg
gacgctgtta
gcat act acg
gatttaaaaa
gt gaaaat gt
at t cgcaaga
agactt ggat
tct at gat aa
ttcct ggaat
cgtatgttcg
ttggaatt gt
at aggact at
acggt cagcc
acaacaact a
t ggt caat cg
agaatgatta
tt caagagct
ttgtcgagtc
tct gt ggcgce
at agcggt gc
acgccggaca
gat caat aaa
gat aagcaga
cagt at gaag
aagcaggaaa
aattccaatc
gct att agat
tgtt gacaaa
t ggat t aaag
aaaagcattc
cacaccagac
t gaat cagca
tgtt agt agc
at caaggagt
acaagt t cgt
cat at cccac
gggggeagt t
aggt t cagac
at aagcaagc
acacgccaat
tttcgggaac
ct aact at aa
at at cgct gg
cgtcttcaga
at acacct aa
at t ggt cgac
cagt gagt gg
ttgagatt ct
gt gaat ct gg
cat at acggg
acggcaatta
ttcgt gagaa
ggagt ggcct
aaccagct ct
acttttacaa
ccgt aact cg
at t gact aca
tggcggt gt t
aat't at gagt
at tt agaacg
t agagaat gg
ttttgattaa
ttttccagct

caat gggagg
at ggccttga

gcgt t agaaa
tacccaccaa
ggaattgttg
aagt caat ca
ct at gggat t
ct ggcat caa
ttaccgcatt
gt gcaaagcg
aacagaacga
cgat agct at
acaaacat cg
agaaattgca
agacaagt cc
ttat cat aat
gttgatctgg
tacacat gat
tcttcaaggt
ggtttcacag
cggt at caat
ggttagcacg
caaccagcaa
ggt cgagegg
t gagacgat g
gtactctatc
gttccagacg
caatttgttt
tggaaatttt
acttaaacgt
atttaaagcg
at aat cat ga
gt gttcgcat
gcattaacac
tatttatctg
tcatt agggt
tccaatttac
agcacagttg
acagcagcca
gt cattagca
t gact gggcc
t at cagccaa
gcaagt ggct
cggt agcagt
acct aaagga
t aacact gac
gct at at ggc
gtataaatta
ttatttccca
t ggtt t agat
taat cct aag
acgcgat at t
t ggcgaaagt
t aat aaagt a
gcaaact aag
tacgtttacc
ggttaattac
tatctatgca
tggggt t gcg
ttttatttgce
cgct aaaaac
aagcctt gag
ccaaagttac
ccgagggaac
tttttacgta
gt agt at agc
agaatcatta
at at acacga
gccgt accac
gact ggcaag
aact gcactt
ct acagt gaa

cat at ggaat
gaccat cgct
gaacgtttac
tgacaggat t
gggagcaggg
tcattaatga
aat cacaacg
ccacgattac
t gaat t gaga
gtggatttac
gaatatatta
gcagt aact g
tatattagcc
gattatttgg
cgagtgtatg
t ggt caccag
aagacact gg
acgt ggcatt
ggcaat gggt
at ggacagt t
cttgcaatta
tttgtcggta
aat at cccgt
ccatgtttca
aagtacttcc
gt aaacccag
aacat tt aat
ttattttcat
ggcaatt gaa
ataacatttc
ggat t ggt aa
cgct ggct ga
gt gaagct aa
ttacgaat gc
aagat gaat t
atttaaatgc
aaccagcaac
ctgttcttaa
cgat accaag
ttaggcggoa
agtgcaattg
aagacacaag
tcgatcgttg
gcaat t aaat
taccttaact
t ggct gggag
t cat gggaaa
gggaatgttg
aat gt aact a
aaagctggtg
attccaagtt
ttgttatctg
ccagt agcaa
gct aacacga
taccgtggtg
gcct accaat
ttaggaacgt
aat aaattaa
at ggat agt t
caatggctta
aaat cggggc
tacctttcat
t aaaat aaaa
aaccat agaa
acgcgat acg
ct gaccgcat
caggat caca
ggaacaactc
gaaacaacca
aat gaat aca

tggcgcaat g
attaatgtac
gattgtctac
actgacgttt
gatcgttatc
aatcgtggtg
gct ggat cga
agcgaagaag
aagcaggagg
at gacggcaa
agat cgattc
at agt at aat
aactttcaaa
ttgattcaac
gt ggaact aa
cacct gagga
acat cat cgg
at aagattgc
tagt cact ac
cggccgatta
ccgactttaa
agaagatttg
tatctcagta
attcagct aa
aaaccagt ac
ctaccaagtt
gttgacttgg
gact caaaat
gatttgaaga
agaattaatc
ggtacttgct
agcggcagt t
gaagt caacc
cgat gaaacg
at acaaaact
cgttgcgcag
ggaggaat ag
tgccattaac
gcacaaat gg
cagttaacgg
ctgct ggcaa
ct aaggct at
cgcttgatta
atgctttaaa
atttcaatgc
aat at cct aa
acgt agcgct
accttacagg
cggcagttaa
at aaagt caa
gggt aacagg
gaat caat ag
gcact gt aaa
aattacgcgt
agagtgttaa
caact ggt gg
ttaagtaata
ttatgatgta
ttgatattat
gaaacgaaca
ggctttttat
acct cgct aa
aaacttttaa
aggaagt aat
gtattgtaaa
ttaatttgtt
ttattgtcac
ccagagacgt
t agaat ct at
aattcggatt

tttattatcc
ttcgatgatc
gcgct gt gga
gt gt ggt t at
ggat t cgaaa
aggggct gaa
ttgtagtggce
attt gaaacg
agaaaagcaa
catacttaac
aact aaaaca
aat caggt ct
tt gat at aat
taatattcca
tattcatgca
t aaggt gacg
t gacagct ac
taaccagcat
gaaggcaacg
catcgttgtt
agacgggttg
cttcttcaca
ttcgcaggca
acgcagt ggg
t gaccgcagce
ctt agaaagt
at aagt gaaa
acgct t ggat
agcagaat ga
gtagccattg
aacaat aaaa
acagctgctg
gcagt t caat
acggt aaaaa
t at ccacaag
tctgct gcgg
t at gaaaaag
t gcaat ggct
tgtgttcgga
ttcgatttac
acgt gcccat
gcttgattac
t gaagacggt
aataattgcc
tcatgtttat
ttataaggta
gttccaattc
gat cact gat
agct ggt aaa
agttaaattc
acaaacgt ac
ttggatctca
gctgcct age
ct ggaacaag
at accaagga
t gcat ggcac
atgaacattg
taatgtattt
gttcagt gct
at at caaaga
ttatctgatt
ccttcacatc
agt aatcat t
gattatgatt
tctgtcatcg
at cacaagaa
agat ttagac
ggttaacgtt
t gaagacct g
atggattt at
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28561
28621
28681
28741
28801
28861
28921
28981
29041
29101
29161
29221
29281
29341
29401
29461
29521
29581
29641
29701
29761
29821
29881
29941
30001
30061
30121
30181
30241
30301
30361
30421
30481
30541
30601
30661
30721
30781
30841
30901
30961
31021
31081
31141
31201
31261
31321
31381
31441
31501
31561
31621
31681
31741
31801
31861
31921
31981
32041
32101
32161
32221
32281
32341
32401
32461
32521
32581
32641
32701

gt at cggaca
atgtcgtttg
aaattctacg
cgct gt gt gg
aat aat ggaa
gct ggat caa
tccgggtt at
t aagt ct gga
t ggt aat cca
agcatttgtt
ggat aaccga
agttttacga
ct aaacgacc
gcccat gcag
taccgtcgtg
at agagct cg
aacgcat at a
gat t acaaat
gactggattt
cgt gagcatt
gt ggccaacg
at cgaagat a
t caat caaaa
aacct gt aat
gaagt t agaa
gaat gtt aga
tctaactttc
agtgatgttt
attattgtta
caagt t gaaa
attttcgtcg
ggcaaaaagc
gaaat gacag
gaaattgatg
gaaacat cac
gctgcgtatg
aacggt gat g
gctatgaat g
gaaacaggt t
aatcgccttg
gttgaatttg
caccgacaat
ggaagacgac
ggccgaattg
atacgat gtt
ggcaaccgat
tactgaattt
agaaaaattt
gaaat at ccg
accat caact
cgctaatgtt
t aat ggaaag
tttcatcaaa
tgattttaaa
tgcttctccg
atttacattt
cgttaattac
cgacagt cga
gttgttaaaa
gact aagcgt
att gccagaa
cact aat cct
t aacgat aca
gaccgacgaa
at cat t gaaa
accagaaaac
at at cgcgaa
cgaagcaat c
tttgagtgct
agt cggcact

aaat t gaaat
atttagat gt
gggaggcat a
cgtgottotg
gat gt aaaat
attact cggt
gct gt cacgt
cgcgtttttce
gttgcgat gg
ccgaaccatt
gctt gcaact
gaatttcaag
ccacggctta
aatt ggct gg
gaat t gaaga
ccaagcacat
at gggct at t
tcgttaccgt
acagcacgca
attatatt gt
t aaaat acag
tt gaat cagg
aaat gcgcag
t gt agt at at
aaact aaaaa
gttttttget
t aacaaacat
gt at aat aca
ttacaaaat g
ggtgat gttt
tattaggtca
tcgtgattag
tcgttgagec
at ct ggct aa
t ggt cgat gc
gtgtcgttca
tgctattcac
ctaaggcttt
tcgatggtta
cggacaaaat
caaaggggag
caaaaatttt
agcgat aaaa
aagct ggt at
agccagattc
gaggcaget g
aaggattatg
attaattatc
tttgataacc
ggt aaaacga
caaacacgta
ttcttagtta
aacttcatga
acgtatagtg
caggtttcaa
gacgaat t ga
gagaggccaa
gt t gaagagt
aaagaatttg
gtcgatgatc
cagagtt cat
aagcagatta
cct aaggaag
at t gat aagg
gaaat caagc
ttacgctatc
aacgtgatta
gcgcaccggt
tcact gccac
aggaattcaa

cagcatctca
tgct caagaa
aacatggtta
ttttatacgt
atttgctcaa
tgatgattcc
cagaaggcca
acgt aaaaga
t agat ggt aa
cagattactt
tgcgatggtc
at attt agat
cgat accaag
agaagagcca
agcgggegt t
ccgcagttca
t gaaggacgc
taaaaacttc
ttatttaacg
tgccatt gat
ccaggatatg
aat aat caag
tcagccaatt
tattggtaca
aact ct aaca
at at at at aa
aat aaat aaa
actaatttta
ggttgacttt
tt aaat gaaa
ggtt ggat ct
tttcgacgga
agaaat caca
agggt gcgac
catt accgat
aaagct aatg
gttat ggagc
taattcagtc
taccgttgta
t aaaaagcaa
t aagcat gaa
caccacgcgt
cattcgcagc
acggtgcatt
gcgacat gat
aattaatgca
caccagttga
tt gaat caga
aaaaggct gg
ttattacaaa
aatcattcag
t caccgat ga
accaacgcat
gat cat cggt
agcggt t gat
acgagcttca
ctaagttgtt
gcaaaaagt a
gaaaagat at
tggtgattta
tcgat gaatt
aaaccacgtt
aacaggccat
caaccgggat
tgccatatgc
gaat t gt aat
agat t ggcga
attttattgg
gt gacacgag
ttacttactg

acggct ggaa
ct aattaaac
caatcgattt
gtattgaatt
gaat cgcgga
gat t ggagag
agt gat cagt
acgcgttctg
gacggt t agg
ttttgtcagt
aaaaaggagt
aacgaagcac
ccaaacgat g
gaact tacag
aaat t cgcat
attatccacg
tttgatttaa
gat aaagt at
caagcact ga
aaaggaagct
at t gaat cgc
ccagtattta
gatattgttg
gacat aacaa
cttgtaaccc
aatttattta
t aaaagtt gt
attttgtgtt
aacaaaacat
aaaattgtta
ggcaaaacac
tcgtatagta
gattat ggca
ttagt ggt gt
ggcaaacttg
gctaagtttg
gaagt caccg
gcaggctatg
gttaatccgg
tcaattaaaa
aacgcttaga
at at cgcgcg
attagct aaa
aact gct gaa
caaagatgtc
cgatgttcta
ggaggccat g
gacgt at aaa
att gcgt aag
tgcgcet ggac
ttttgatgec
t gat gacgaa
ggctagtatg
tattgctacc
tttaattcga
taatttggac
tgatgttaaa
cgt gaat gaa
t gt aaaactt
tggttatttt
taacatttca
t ggcagcat g
gtttggacta
tgtactt gat
gtttattgcc
tccaggaatt
attattgaaa
t ggt aagaat
tggtattgtt
gggat t aaaa

cagt t aggat
ttgcacattc
agtttcgttt
t aaaccagaa
accgt at cag
gt caaaccgc
tt aggt ggaa
acacaaacac
gttgctcgec
cacattaatg
gct gaat aat
gagcct at gc
ctttggtcta
aagacgaaaa
tt aagacact
gtgactttaa
t cagt gat ga
ggggaccgaa
tctatttaaa
taaattatcg
t gcaaaccga
aaaat gat ct
tgcct gat ac
atttcctcca
tactctccca
caaaaaagca
tgtttatata
agaaaacgtg
tagggttata
atttcacaga
atttgacgtt
catt ggaagg
at cct gat aa
t cgat aat at
gt aat aacac
cacgt t gggc
aggaaggcaa
ct aagct ggt
at aaccgt gg
atgatgatta
gagt acgcaa
tacagagcca
accgct aaga
tttacgatta
gcttatccge
at ggt aat cg
acagt cccat
ggt gt ct ggt
catttaatgc
acgct gt act
ggagt tt gga
t cgcaaccga
acagccaagc
aat acggaag
ttggatcata
gt ggct gaaa
aacaagt gga
at gggt gcag
gcat at ccag
gccgaaaaag
at gct gacag
t cggat aaca
ttcaccggaa
att gat aagt
tacgaaactt
gaaagcaaag
gat gacat cg
atcgttatta
gat cgt gt gt
agagcacagg

tcaatttagt
aat caat aat

ttattcgggg
gggaagcgt a
acagt gagt t
tggaagatta
cacgaacaac
cgat aaaatc
t agt ggcgaa
gt aat cagat
gt caaaat ac
gcattatgtg
t gggaagat ¢
gaagt ccgt t
taacagct cg
aacagagcag
tgcgattctg
t ggat acgat
cat ggccgat
cgt gt acgat
agtt aaccgg
gt cagat t gg
gtttgcagta
aggtttgtta
agggtt gt aa
ttgaaaattc
tact at at ag
tt agaaaaat
att at cacat
cggagcaaat
aggccacaaa
ccacgaagat
gt t ggt cagt
ttcggctgtt
cgacggccgce
aatccacttt
agagaaacca
tagt cggaca
t gt aattaag
ct ggaaggct
ttgcagat aa
tacagggctt
acgt aaacgt
gggaat t aag
gt act aagaa
ct aaaaaggt
gcaagccact
cggat at t at
ttggattcge
at cggat cga
acggt at ggt
tttcaccaga
aaggt gaacg
aagaatattt
cattgccaga
ttctgaacta
gcaat aagct
ttaaagct gg
at ggt cct aa
caaacgct gg
gatt aaaaga
tt gaagct gc
caggtgttaa
caaaact aaa
caagcagt aa
acgct gacga
at ccaacat g
attacaaacc
cttcagcggce
aagccaat ga
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I

32761
32821
32881
32941
33001
33061
33121
33181
33241
33301
33361
33421
33481
33541
33601
33661
33721
33781
33841
33901
33961
34021
34081
34141
34201
34261
34321
34381
34441
34501
34561
34621
34681
34741
34801
34861
34921
34981
35041
35101
35161
35221
35281
35341
35401
35461
35521
35581
35641
35701
35761
35821
35881
35941
36001
36061
36121
36181
36241
36301
36361
36421
36481
36541
36601
36661

tgaagatctg
tttcgccaaa
ataattatca
t cagat acat
cagggactta
t aaaagtt at
gaaaacgcaa
tt aaaaagca
gt t gaagacc
ccagaaaaga
at cagtgat a
gtt aagcaga
aaaacgcggc
agt gacgcac
atgcgt t gat
aatttttcga
acgaagaaaa
aaaagccctt
attgttgacg
ccgccaggat
aagaatcgtg
tttgatgcaa
aacaggct gg
agggct aaaa
tcaggttctc
gaaggccct a
gcaccgcaaa
gat gaagt gt
aat ggt aaac
gcgtttgaag
cgcgat cgga
ttgatttccg
gcttcgttag
caagcaat ga
cgccaat gga
acat gccagc
t gcggcgage
caggct aaga
atttacgaac
aacgct gcaa
tatttaggtg
aatactaata
aatt gaagat
gttt ggat at
t ggt agcacg
aaacgat ctt
taacgattgc
agaggct gcg
cagaacaaac
gactgggttc
agtt aaaaca
agat aagaat
agatgaattg
cacatttaac
tgttaatgcg
gagggat aaa
ccgtt at aag
tgttagtaac
gagt gaat ca
at aggagat a
ttgcgacgcg
ctgttctagt
t acaaaggaa
gagggct aaa
ttatcctgta
taccaagcac

gcaat ggaag
agat gggat g
cataaagttg
gtcttatcga
tatgaatatg
t gaagaact c
acaaccggat
t caagcacgg
aaaat cat aa
at gaaaat ca
cagcggt cga
t gatt gggac
gaaat gt caa
cgttctaatg
ggat t at gat
t aat aaaaat
acaagt gatt
ttattgtagg
aaaccagaaa
ctggtaagtc
tattattcac
tgggt gt caa
at aaatt gga
cat acaccga
cgt ggcgceat
gcgt gaaat g
cgct t gaagg
t gggaagt aa
aggcaat ct t
aagccggagt
taattaat ga
agggtttcga
tactttattt
t aat cgacca
gctt at cagg
attgctatca
ttaaaccgga
t gatt gagat
atttcaaagc
t caggcagaa
t caaaaaaaa
t att aagaaa
tttggatatt
ttaagccgtg
acagaagaag
aaagaagaac
aagt acgaat
att caagaca
gt aggcaaag
cctgatctga
ccaat t gggc
gtgatttatg
aaact gt t gg
gct attgcat
ttaat cacgt
aat gagt at't
tctattagga
tttagcatta
gat gaat caa
acaaat gctt
tatagttaga
ttattattta
tgcgggttcg
act gt at aac

cggggct agc
at at

t at t gaaagt
aaaacaaaat
aaggaggtta
gtaccatatc
ttagttaagc
aaggaggaaa
t agt aacgag
t aat gcggcece
gccggcaaca
attatcattc
aaaggccacg
t ggagt gacg
t ct gcaaacc
ggagat gat t
gctgat aat a
at cacat cgg
caagcgtttt
gagaaat agt
caagcttcgc
agttataatc
cgttcaccgt
ccaagattac
aaaaccagat
tattttagac
gaat ggt cag
gtt gat t gat
ttttaaaaaa
gat attcgga
at acgcccac
taatgctgca
ttttcgcagc
tgttcct aat
acagcagt cg
t gt t ggt aat
aagaaattca
agt att ct at
agct gat ccg
tgct aaccgt
acgt aagacg
aggt gt at gc
ttatgtatta
ggtt agt gat
gcggat at ga
at cct caagg
cggct accag
ttgagtttga
t at aaagaaa
gt at cagggt
tt aaaacagc
ttggat at aa
ggcggegt aa
gcgtagegeg
aggact aat a
t aat aat cgg
tagttgct at
agaaat aaaa
tttatggcaa
gtttcaggcg
t agaat ggat
tttatattat
gat agt ccaa
tattgacaga
aatcctgcca
gt gt gct t gt
caat acggca

ttcacagt gt
ttagggttta
gct aaat gca
gattaattgc
cgtt gaagaa
tt aaaaat gg
gatttaccag
gatt at gaag
ttggttgaca
cggattgcac
agtaaccttg
gttaaatt at
gtaaatattg
aaat gagt aa
gatttgacta
ttgatataga
tagaatttgc
atgtttaaac
caaggaaaca
ggcgaaatta
caggaact cg
acaact gt ca
ttgattatcg
tattacagtg
gggt t cgat g
aactatcatt
cgt aat ggcg
gacgccgt ca
t cggt agaat
agtgttgatg
ggaaaat t ga
tgcgaagttg
atgcgttgta
tatgttagat
aat ggt aagg
gaat ggacag
cgtactgctg
aaagt cgaaa
atgaacattg
agt aat gaag
atgctttaca
at at at gat't
ttatcgagtt
aaacagccaa
tgatccaatt
actt acaaat
ggat aggt aa
agcgttggca
t gat ggaaga
gcct gat aac
agat caagt t
at cagct aaa
aattatgatt
aaaat acaag
ggct gcggt t
ttgggcttgg
ttatttcaaa
cagtattagc
cttaagccaa
cgtttatttt
aaaaatgttg
tcggttatcg
gcgat at agt
ggt ggaat ag
ctggatttaa

gacgaagcag
caagct gaaa
gaaacat gct
agaaaagttg
agaaaagcat
gactgttaga
t aggcaagt a
tatggcgttt
cgatgtttgt
cat attacga
aaggattctt
ccgaggaaac
at act act aa
t cgagcacag
tccaatctta
ttacgacaat
at att aaaaa
tttacgatta
agggegtttt
cgcgt ct aac
t agaccagat
t gaccgt ggg
ttgacgaat c
atgttccaag
atatttaccc
tagcgccatt
aat acgat aa
gct cgt at ct
acgct aaaaa
gt aagacacc
aagtgctatg
tcatcatgtg
t gcgcet at gt
ttggcttgee
t cgat gcgce
cagacaat cg
aaggcaagaa
aaagt gacag
gcaacgttca
aat t gat t gg
accacaaat a
aaaaat gcac
aaaaagcaag
tacat gt gga
t ggt at gaag
ttttacatca
agcat gacgc
aaggcaggct
tggttcgaca
ggccgaat at
aattttgcga
gaggccgt aa
gaatatcttt
tcaccgtt gt
gaaat t at gg
aataatattt
atttggaaca
gt gt cggoag
ttggcacagg
ttcagcagta
ggtgtcgatt
ctgtgggcta
t at gcagcat
gt agacgct a
t cat gt aggg

aaat cgagcg
cattagtatt
aacgaagat a
gggattacga
gatcaaattg
t aagat t aag
tgacggt gt g
catttatgaa
t aacagcgat
agct ggagt a
tgaatatttg
ct acaaaggt
agat gaagac
cgagt att ag
actattatta
cttacggtta
ttaagggct g
ccaacaaaga
aatt gt cagt
gactttgaaa
tacagat acg
gcgt gt aaaa
tcaacat acg
attaggcttt
agcaat ggt t
cacgtattac
gaagt cagt t
aagcaat gct
gtacgctgtg
t aaagcagaa
caat aat gat
ccggcect act
caat ggcaag
agat gat gat
agat att cat
ttgccegtac
gcagat t gag
cctgatttcg
ccgaccgat t
att cgcagat
ttagtattat
ctgtattaga
gt gggacaac
tgttttgcta
aatacacatt
gatttggt at
tt aaaggaag
acgttgtttt
cgggattgcc
ttttcattga
at ggctt gag
cgattgtgcg
cgtttattac
tgctt gt gat
gatactaatg
tgtgtttcgg
atttcaatcg
gatt aaaaat
catgctagtg
tgggcact ga
gctttaat gt
att ggt aagc
ggct act cat
acat gt aaga
tgcaaatccc
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