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PREFACE

And I tell you,

Ask, and it will be given you;
Seek, and you will find;

Knock, and it will be opened to you;
for everyone who asks receives,
everyone who seeks finds,

and to everyone who knocks, the door
will he opened.

Matthew 7:7-8
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BACTERIOPHAGES FOR LEUCONOSTOC OENOS:

A SURVEY OF OREGON WINERIES

INTRODUCTION

Science today is playing an essential role in many
food fermentation processes.

Until recently, many of

these fermentations were left to tradition and, more
often than not, chance.

The fermentation of fruit juices

is no exception. Microbiological studies and
manipulations have led to many improvements over these
less than reliable processes and have effectively
transformed them into more consistent procedures.

The

manufacture of wine and spirits is an art form that is
nearly as old as civilization.

Wine and beer production

is described in the most ancient of Egyptian
hieroglyphics and is cited as a major source of drink in
both the Old and New Testaments of the Bible.

It is

clear that any improvements in this ancient and
traditional form of food preservation would be beneficial
to man.

Science, in the form of microbiological

manipulations, can accomplish these improvements and help
convert chance into predictability in the winemaking
process.
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One such manipulation of wine today is a process
known as the malolactic fermentation (MLF).

It is a

process that, like many, occurs naturally or
spontaneously but has been recognized only recently as
useful.

Basically, MLF is the bacteriological

decarboxylation of L-malic acid to yield lactic acid and
carbon dioxide in table wines.

It is brought about by

certain lactic acid bacteria (35).

It occurs during, or

more usually, after the primary yeast alcoholic
fermentation and results in a reduction in acidity,
equivalent to one-half of the malic acid decomposed.

The

mechanism of MLF appears to he a direct decarboxylation
of L-malic acid mediated by the "math-lactic enzyme"
(malate-carboxy-lyase), manganese ions, and nicotinamide
adenine dinucleotide, (NAD+) (35).

Subsequently, there

occurs a reduction of pyruvic acid to L-lactic acid
catalyzed by L-lactate dehydrogenase with reduced
nicotinamide adenine dinucleotide as a cofactor.

Pyruvic

acid itself is found only in trace amounts in the
reaction mixture and thus, it is thought to be bound in a
complex involving the two enzymes (33, 24).
TALE occurs in all wine-producing countries.

It is

usually thought of as being important in cold climatic
areas to decrease the acidity of otherwise unpalatable
wines and in the warm areas where the pH of the wine is
so high that it is difficult to prevent the fermentation
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Considering the climate of Oregon's valleys and

(26).

principal grape-harvesting areas, the production of wines
having undergone MLF is most desirable and the wine
industry of the state would benefit therefrom.

Because

of this, the MLF has become the focal point for this
study.

The climate of Oregon is, as noted, generally cool
during the grape growing months in the mid to late summer
and remains cool and rainy in the harvesting times of the
early fall.

Such conditions are conducive to the

development of a wine grape which contains a high
residual amount of L-malic acid.

Such grapes, when

allowed to ferment by natural yeast fermentation alone,
yield a high acid wine with a low pH (less than 3.2),
which is harsh to the palate.

The microorganisms involved in MLF are lactate
fermenting bacteria which are capable of multiplying in
wine under anaerobic conditions.

One principally

encounters lactobacilli, (L. brevis, L. hildegardi, L.
tricodes, L. plantarum. L. casei ), Leuconostoc,
(L.oenos)

,

and Pediococcus species (45)

.

In 1968 a

survey was made of MLF in red table wines by Rankine et
al.

(34) and it was found that 71% of the wines tested

had undergone a MLF at six months of age.

Table one

illustrates the genera of bacteria found in that

4

TABLE 1.

DISTRIBUTION OF BACTERIA IN RED TABLE
WINES AT SIX MONTHS.

Bacteria
Type

Number of
Wines

% of Total
Wines

Nil

16

3.4

Leuconostoc

178

38.2

Lactobacillus

19

4.1

Pediococcus

2

0.4

Leuconostoc & Lactobacillus

202

43.4

Leuconostoc &Pediococcus

12

2.6

Lactobacillus & Pediococcus

0

0

Leuconostoc, Lactobacillus,

37

7.9

466

100

& Pediococcus

Total

Taken from Rankine, et al. (34).

5

sampling (34, 35,

4,

5, 21).

MLF may occur spontaneously during vinification but
it is difficult to stimulate it consistently.

Also, it

may be advantageous to control malolactic bacteria
causing the fermentation by the use of a pure culture
inoculation rather than to rely on the natural microflora
discussed above (8).

Consequently, there have been

several studies concerning the use of a pure culture
inoculation of malolactic bacteria so that winemakers may
have more control over the final character of their
wines.

Along with the increasing need to study these

bacteria came the importance of precise identification of
the genus and species.

As early as 1960 Ingraham et al.

(22) had isolated an organism from red wines of the Napa
Valley in California.

This bacterium was capable of MLF,

and was subsequently labeled "UCD Enology ML 34".

The

organism was soon used by many wineries in that region as
the principal strain for MLF (32).

Ingraham conducted

research into the bioenergetics of the organism and
subsequently placed it in the genus Leuconostoc (22).
was not until 1966 that Pilone et al.

It

(31) characterized

the organism as Leuconostoc citrovorum, according to the
best comparison possible based on the Seventh Edition of
Bergey's Manual (31, 32).

Reorganization of the genus

Leuconostoc by Garvie in 1967 led to the use of a greater
number of new characteristics to separate the genus into
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six species (15, 16).

She placed Leuconostoc strains

isolated from wine varieties into one group and proposed
She found

a new species designation, Leuconostoc oenos.

the Leuconostoc genus to have a set of similar
biochemical characteristics and devised species
differentiations on finer biological points.

From her

work we now accept that the Leuconostoc genus contains
bacteria that are Gram positve, catalase negative, which
form pairs or chains of cocci.

They form gas from

glucose, do not produce ammonia from arginine and are
inert in litmus milk.

They form D(-)--Lactic acid. The

major difference used to separate L. oenos from other
species is that they are capable of growth at a much
lower initial pH value

(

i.e. 3.7

)

and grow well at pH

4.2, while other Leuconostoc will not grow in media with
Acid tolerance is

an initial pH value of 4.2 or less.

not the only property which separates the wine strains
from all the other species.

Failure to ferment sucrose

and maltose excludes them from all species except
Leuconostoc cremoris, while failure to ferment lactose
and usually galactose together with the ability to form.

acid from fructose, aesculin, melibiose and salicin
excludes them from L. cremoris (16)

.

Garvie also

concluded that L. oenos was not a homogeneous group and
that some strains were considerably easier to grow than
others.

With Garvie's research came the onset of a great
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deal more work into the energetics of the malolactic
bacteria, particularly L. oenos.

It became apparent that

the further taxonomic classification of this species
would allow for a better understanding of how to maximize
its use in the fermentation process.

Garvie had noted

that difficulties in growing the bacteria in a laboratory
setting are common.

Because of the fastidious growth and

biochemical properties of L. oenos it remained difficult
to harvest them using existing media specific for lactic
acid bacteria.

Through the work of Imamoto et al. (21)

this stumbling block was somewhat alleviated through the
discovery and characterization of what came to be known
as the Tomato Juice Factor (TJF)

.

This was found to be

4'-Ortho-(Beta-D-glucopyranosyl)-D-pantothenic acid (4,
5,

21).

Through the addition of TJF to a medium

developed by Rogosa et al.

(37)

,

one arrived at a

modified medium that allowed for the improved growth of
these bacteria and their subsequent further
characterization.

With the taxonomic ground work completed, numerous
studies were conducted on L. oenos in an attempt to
isolate new strains, ones that were, or would prove to
be, more advantageous to the wine industry for MLF
research.

As with any fermentation product, the use of

the most efficient starter culture would presumably lead
to the most desirable result.

Pilone (32) found that the
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bacterium formerly designated "UCD Enology ML 34

(22)

"

,

could now be classified as Leuconostoc oenos strain
ML-34, in agreement with the classification provided by
Garvie (16).

In addition he found that malic acid

provided energy to ML-34 during MLF due to an
interrelationship between malolactic and glucose
fermentations.

It was also found that malic acid in some

way stimulated the organism so that there was an
increased formation of lactic acid.

It was assumed

therefore, that this manipulation would be desirable in
reducing the acidity and raising the pH of wine.

In

1977, Beelman et al. (8) at The Pennsylvania State

University isolated a strain of malolactic bacteria
identified as L. oenos PSU-1.

It appeared distinct from

and superior to ML-34 as a strain to induce MLF in red
wines made from French-hybrid grapes grown in
Pennsylvania (8)

.

A trend which has developed is the isolation and
characterization of a number of previously uncharacterized strains of L. oenos and their subsequent use in
various winemaking processes.

These strain variants

appear to be advantageous in a regional manner,

benefiting most the grape juice of the area from which
they were isolated.

What is of interest to the

microbiologist is the production and supply of pure
culture strains of malolactic bacteria on a commercial
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basis.

This would provide an opportunity for new or

established companies and a needed service to the
winemaker.

Therefore, the winemaker could be supplied

with a consistently homogeneous starter culture which may
be used to begin a MLF.

The result would be a more

consistent and predictable fermentation outcome.

Currently, there are a number of wineries that use MLF to
control the character of their wines on a large scale.

Some of these winemakers are supplied with a pure culture
of a laboratory isolate, others use a commercially
supplied starter culture, and still others rely on the
old method of transfer of wine from a previous batch to
serve as the inoculum for a new one.

Both ML-34 and

PSU-1 are available as commercial starter cultures today.

Currently, in Oregon wineries, the majority using MLF are
supplied with two L. oenos strains isolated and refined
at Oregon State University.

These strains, namely ER-1A

and EY-2D, are the principal MLF starter cultures for
this region. Their biochemical and energetic advantages
in grape juices harvested in Oregon have already been
detailed (14, 19, 23).

With the advent of the malolactic

starter culture industry comes a concern with problems
that plague fermentation starters.

In this regard,

extensive research has been conducted on dairy starter
cultures, especially their growth media, to provide a
product which will be free of starter problems.
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The most thoroughly researched starter culture
systems are those for cheese manufacture.

Cheese making

in the United States traditionally employs mixed strain
starters of unknown composition (13).

These starters are

responsible for cheese quality, or lack of it as the case
may be.

The most critical step in the cheese making

process is acid production by the starter. Success or
failure is measured

by the starter's ability to produce

sufficient acid for a high quality cheese.

The primary

inhibitor of the starter in cheese is bacteriophages.

Bacteriophages are viruses which replicate on host
bacteria.

Once a bacteriophage has attached and

penetrated a host cell, several detrimental effects
occur.

These include a disorganization of the cell

plasma membrane, reduced metabolism, an intracellular
reorganization of the host DNA and, eventual cell lysis
as a result of bacteriophage (phage) replication.

Figure

1. illustrates a graphic description of the bacteriophage
replication cycle from infection through host cell death.
Bacteriophages have been isolated which are specific for
a great variety of bacterial host genera (1, 2, 11, 18,
38, 39, 44, 46).

documented

(

Their presence in starters is also well

13, 29, 43)

.

With the increasing discovery

of phages specific for various bacterial species comes
the need for research into other areas of starter culture
management and the prevention of phage problems.
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Researchers have taken steps to combat the problems
caused by phage and subsequent starter culture failure.

The development of phage inhibitory media has greatly
reduced these risks in the cheese industry (36, 49).

Rapid screening methods for the presence of phage in milk
and whey samples have aided in the isolation and
characterization of phages for cheese starters (49, 44,
41, 40, 39, 38, 30, 29). A process which has now become
central to the starter culture industry is the use of a
defined multiple starter system (13).

Using such a

system a processor rotates a number of strains of a
bacterial species to achieve proper acid production.

If

one or more of these strains falls victim, to a phage, it

may be removed from the vat thus eliminating the
problematic strain and leaving others to continue the
process.

The strain may then be replaced by a phage

resistant mutant (13).

Bacteriophage also have the ability to exist within
the host bacterium without lysing or destroying the cell.
This is known as lysogeny and a phage in this state is
called a prophage.

The phage may later be induced

(released as an intact particle) by outside or

environmental conditions and begin a new cycle by lysing
the host cell.

This phenomenon is also hazardous in a

starter culture system.

An otherwise phage-free strain

may appear as phage sensitive quite suddenly and be lost
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as a useful starter.

The ability of certain

environmental and or chemical stimuli to produce such
occurrences in bacteria is well documented (20, 27, 30,
38, 39, 41).

The ability to recognize this potential

danger is essential to any starter industry.

With the recognition of the bacteriophage problem
and its effects on a starter system, we turn again to
malolactic starter cultures and MLF.

It is clear that

the wine industry may be exposed to the same potential
hazards in terms of phage problems in a starter culture
system.

Bacteriophage for L. oenos were first studied by

Sozzi et al. in 1975 (42).

Recognizing the inconsistency

of the MLF process, Sozzi attempted to screen several
problematic malolactic wines for the presence of phage.
Phages of three morphological types

were observed: (a)

phage with a long non-contractile and slightly flexible
tail, Bradley type B;

(b) small phage encased in a layer

of mucopolysaccharide, no visible capsomers, Bradley type
E;

(c) small phage, elongated head, non-contractile tail,

relatively flexible, Bradley type ML.

Sozzi was unable,

however, to get the phage he observed to lyse the host
cultures and produce plaques.

Therefore, only physical

evidence of their existence was available (42).

In 1982,

Sozzi et al. (45) reported the isolation of

bacteriophages specific for and capable of lysing various
strains of L. oenos.

These phage were isolated from
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"problematic" malolactic wines, ones that were
experiencing MLF inhibition.

He was able to show the

actual lysis of host cells by the phages, isolate the
viruses, and describe them using electron microscopy.
The phages observed were similar in morphology to those
reported earlier (42, 45).

In doing so, this opened the

avenue of investigation to a better understanding of
starter problems in MLF.

It is hoped that with the

continued success of this research we may be able to
apply the same technologies of phage manipulation
currently in use in the cheese industry to the MLF.

In

doing so, we may use science to improve upon nature with
the hope that a better fermentation process may be the
end result.

The focal point of this study has been the

isolation and characterization of phages specific for
known strains of L. oenos, especially those used in
Oregon for MLF (ER-1A and EY-2D ).

It is hoped that this

research may benefit the wine industry in Oregon as well
as the industry at large.

With an understanding of these

phages the potential problems of starter cultures for MLF
may be minimized.
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MATERIALS AND METHODS

BACTERIAL CULTURE SOURCE

All strains of malolactic bacteria (L. oenos) used
in this study were from the culture collection maintained
by the Department of Microbiology at Oregon State University.

The commercial strains used were ML-34,

obtained from the University of California at Davis,
PSU-1 obtained from Tri-Bio Laboratories, State College,
Pennsylvania, and MLT-kli, a European culture, provided
courtesy of Microlife Technics, Sarasota, Florida.

Strains ER-1A and EY-2D were isolated previously by
Izuagbe et al. (23) at Oregon State University.

During the latter phases of this study, L. oenos,
strain 23 (Lco 23) was obtained courtesy of T. Sozzi
(46), Societe' D'Asistance Technique Pour Produits
Nestle', Switzerland.
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CULTURE MEDIUM

Modified Rogosa Medium

The medium used for the growth of all L. oenos
strains used

was a modified Rogosa Medium (22, 32)

The medium consisted of Tryptone (Difco), 20.0 g
extract 5.0 g

;

Baker), 5.0 g

;

.

yeast

anhydrous dextrose (glucose; J. T.

D(-) fructose (Sigma), 3.0 g

acid (Sigma), 2.0 q
Scientific), .05 g

;

.

;

L- malic

Tween 80 (Polysorbate 80; BBL
This medium was combined with 250

ml of filtered V-8 juice (Campbell) and 750 ml of
distilled water.

The V-8 juice was first centrifuged in

200 ml aliquots in Nalgene (250-ml capacity) bottles at
5000 rpm, 5°C, for 30 minutes to remove the pulp.

The

supernatant was filtered through a Schleicher and Schuell
11.0 cm. paper filter (# 597) and the resulting filtrate
filtered through a glass microfiber filter ( Whatman GFA
11.0 cm.

)

and sterilized at 121°C, for 15 minutes.

The

pH of the medium was adjusted to 5.5 using 6N NaOH as
measured with a Corning model 125 digital pH meter,
calibrated to pH 7.0.

The same medium was used when

plating with the addition of 20.0 g/L of agar (Difco).
This medium was also used as a base for top agar when
phase plaque assays were performed; agar concentrations
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varied according to procedure.

CULTURE MAINTENANCE

Bacterial strains were maintained in log phase by
transferring a 2.0 % inoculum into 10.0 ml of Rogosa
broth bi-weekly and incubating at 28°C.

Cultures were

streaked on agar plates periodically to check for the
maintenance of a pure culture.

Plates were incubated

under CO2 tension using a Gas Pak system (BBL) at 28°C,
for 7-10 days.

BACTERIAL CHARACTERISTICS

Growth Curves

Growth curve experiments for each of the L. oenos
strains used in this study were conducted.

A 36-hour

culture was used and a 2.0% inoculum was made into 150 ml
of Rogosa broth in a 250-ml capacity flask.

At specified

time intervals a 1.0-ml aliquot of bacterial suspension
in broth was added to 4.0 ml of cold (5°C) sterile saline
(

0.85 % NaC1

)

in a spectrophotometer tube.

The tube
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was vortexed at low setting and read at 600 nanometers in
a Perkin Elmer model 35 digital spectrophotometer.

The

absorbance under visible light setting was recorded.

A

1.0-ml aliquot of Rogosa broth in 4.0 ml of cold sterile
saline served as a control.

Bacteria were allowed to

incubate at 28°C for up to 72 hours or until stationary
phase was obtained.

Malo-Lactic Confirmation
of Host Bacterial Strains

All strains of L.oenos used in this study were
tested for their ability to carry out the MLF using the
method described by Subden et al. (48).

Bacterial

36-hour suspensions were filtered through a 0.45
micrometer pore size filter using a Millipore apparatus.
The membranes were placed on modified Rogosa medium,
bacterial filtrate side up, and incubated for 48 hours
until colonies were visible.

Filters were then placed on

malolactic detection medium plates.

Detection medium

contained 6.7 g of yeast extract, 5.0 q of anhydrous
dextrose (Baker), 4.0 g of L-malic acid (Sigma), 200 ml
of filtered and sterile V-8 juice (Campbell), 20 g of
agar (Difco) with the pH adjusted to 6.8 using 6N NaOH.
Filters were incubated at 37°C for 48 hours.

An overlay
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consisting of 2.0 ml of soft agar and 2.0 ml of detection
solution was poured over the plates at room temperature
(25°C) in the dark under a 40 W (General Electic) red

dark room light according to manufacturer's
specifications (Sigma).

Plates were transferred to a

37°C incubator and allowed to develop in the dark for 25
minutes.

After 25 minutes an intense blue color had

developed and intensified over an hour indicating the
presence of an MLF organism.
negative control.

E. coli was used as a

The soft agar consisted of 2.0 g per

liter of agar (Difco) dissolved in Tris-HC1 buffer
solution, pH 8.3.

The reaction mixture consisted of

three separate solutions.

In the first solution 0.15 ml

of L-lactate dehydrogenase (L-LDH, 455 units/g protein)
type IX beef heart (H4 isoenzyme from Sigma) was
dissolved in 6.5 ml of Tris HC1 buffer, pH 8.3,
containing 75 mg of Beta-nicotinamide adenine
dinucleotide (Sigma).

The second solution contained 5.0

g of phenazine methosulphate (Sigma) per liter of
distilled water.

The third solution contained 10.0 g of

crystalline nitro blue tetrazolium chloride (Baker) per
liter of distilled water.

The solutions were mixed in

the following concentrations; 1.4 ml of solution 1, 0.6
ml of solution 2, and 60.0 microliters of solution 3.
This method was superior to the method described by
Barker (6)

in both ease and time considerations.
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ELECTRON MICROSCOPY

Numerous samples of wines, grapes, grape musts,
starter cultures, and treated cultures were screened
using the electron microscope.

Each sample was handled

according to the nature of its composition as described
below.

Sample Isolation: Grapes

Fresh grape samples were obtained from the OSU
Department of Food Science, and were identical to those
used for MLF in Oregon wineries.

Grape varieties

included; Pinot Noir, Chardonnay, and White Riesling.
Samples were blended using 250-ml capacity Nalgene
blenderettes at medium speed for two minutes.

The slurry

was placed in a 250-ml capacity Nalgene centrifuge bottle
and centrifuged in a Beckman model J2-21 centrifuge for
30 minutes at 5000 rpm under vacuum.

The supernatant was

then filtered through a Schleicher and Schuell 11.0 cm
filter paper (#597) and then through a glass microfiber
filter (Whatman GFA 11.0 cm ).

The filtrate was then

recentrifuged in 50-ml capacity Nalgene Oak Ridge tubes
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in a Beckman model J2-21 centrifuge operating at 3000
rpm, 5°C, for 30 minutes.

The resulting supernatant was

filtered through a 0.45 micron diameter pore size Gelman
filter using a Millipore apparatus.

Sample Isolation: Grape Musts

Fresh grape musts were obtained from the OSU
Department of Food Science and Technology, which
corresponded to the grape samples provided previously.

Must samples were treated identically to the grape
samples with the exception that blending was done for 30
seconds.

Sample Isolation: Wines

A number of actively alcoholic and malolactic
fermenting wines were obtained from Knudsen Erath and
Sokol Blosser wineries of Oregon.

The samples were

obtained directly from the fermentation vessel during the
fermentation process.

The wines were first centrifuged

in 250-ml capacity Nalgene bottles in the Beckman model
32-21 centrifuge operating at 7500 rpm, 5°C, under
vacuum, to remove cells and sediment.

The supernatant
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was passed through a glass microfiber filter
GFA 11.0 cm.), under vacuum.

(

Whatman

The filtrate was then

passed through a Gelman 0.45 micrometer diameter pore
size filter using a Millipore apparatus.

Sample Isolation: Bacteria

Bacterial cultures for observation were grown in
10.0 ml of modified Rogosa broth at 28°C for 48 hours.

Cultures were centrifuged in 50-ml capacity Nalgene Oak
Ridge tubes in a Beckman model J2-21 centrifuge using a
JA-17 rotor, for 45 minutes, at 5°C, under vacuum.
Sample supernatant was decanted and the pellet allowed to
resuspend in 10.0 ml of cold saline
for one hour at 5°C.

8.5 g NaCl per L

Samples were re-centrifuged under

the previous conditions.
three times.

(

Cells were washed and spun

After the last washing the pellet was

allowed to resuspend in 0.1 M ammonium acetate, pH 7.0
overnight.

)
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Concentration of Wine and Grape
Samples For Electron Microscopy

Filtrates of the sample grape juice were centrifuged
in 10.0-ml aliquots using a Beckman model L8-70
ultracentrifuge.

Samples were spun in a Beckman SW T1-41

swinging bucket rotor at 250,000 rpm (100,000 X G ),
w 2 t = 3.01 X 10 10

,

5

0 C, for 2 hours and 30 minutes.

After centrifugation, the supernatant was decanted and
the pellet allowed to resuspend for 16 hours at 5°C in
0.1 M ammonium acetate.

Resuspended particles were

subjected to simple negative staining using a 1.0 %
solution of phosphotungstic acid (PTA), pH 7.0.

Samples

were viewed and photographed under a Philips model 30
transmission electron microscope.

Concentration of Bacterial Samples
For Electron Microscopy, Negative Stains

Bacterial samples that were previously held
overnight in 0.1 M ammonium acetate were stained using a
1.0 % PTA simple stain pH 7.0 or, 2.0 % Sodium Silico
Tungstate.

Bacterial suspensions which were too dense

were diluted using ammonium acetate.

Samples were placed

on copper grids and viewed using a Philips model 30
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transmission electron microscope.

Concentration of Bacterial Sa pies
For Electron Microscopy, Shadow Casting

Bacterial samples for shadow casting were subject to
the procedures detailed previously for bacterial
isolation. with the following modifications: after the

third saline wash, bacterial cells were fixed using
glutaraldehyde at pH 7.2 for one hour.

The fixed cells

were centrifuged at low speed (5000 rpm) for 30 minutes
at 5°C.

The pellet was allowed to resuspend for one hour

in sterile distilled water. One drop of the resuspended
cell suspension was placed on a Formvar copper grid (300
mesh size), allowed to sit for 60 seconds, blotted dry
and stained with one drop of 1.0% PTA, pH 7.0, or 2.0%
Sodium Silico Tungstate.

The stain was removed after 60

seconds with filter paper and viewed under a Philips
model 30 transmission electron microscope.
micrographs were taken.

Shadow cast
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BACTERIOPHAGE SCREENING METHODS

Sample Characteristics

Various samples of fresh grapes, grape musts, wines,
starter cultures, and "problematic" wines, were screened
for the presence of phage using various microbiological
methods.

The grape and wine samples used were identical
Bacterial

to those screened for electron microscopy.

starter culture strains L. oenos PSU-1, ML-34, MLT-kli,
EY-2D, ER-1A served as hosts for the detection of phage.
L. oenos strain Lco 23 (46) obtained from Sozzi was used
at a later point in the study as a host.

L. oenos strain

44-40 was used at the onset of this study but was later
abandoned due to difficulties in growth and manipulation.
"Problematic" wines were obtained from Sokol Blosser and
Knudsen Erath wineries, both of Oregon.

These wines were

inoculated with strains EY-2D or ER-1A supplied by Oregon
State University Department of Microbiology.

These wines

were labeled as "problematic" if, after inoculation, they
did not perform a satisfactory MLF as determined by the
winemaker.

All wine samples were collected directly from

the fermentation vats at the winery and placed into
sterile 1000-ml containers and maintained at 5°C until
their screening.
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BACTERIOPHAGE IN THE LYSOGENIC STATE
EXISTING IN MALO-LACTIC BACTERIA

Induction of Prophage Using
Ultra-Violet Light.

The lysogeny or prophage existing in host bacteria
was tested for each of the MLF strains in this study.
Prophage existence was tested using the methods of
Active

Huggins and Sandine (20) and Mc Kay et al. (27).

24-hour cultures in mid-log phase from a 2.0% inoculum
were centrifuged at 5000 rpm, 5°C, under vacuum using a
Beckman model J2-21 centrifuge for 10 minutes.

The

resulting pellet was resuspended in 5.0 ml of cold (5°C)
sterile 0.1 M MgSO4 for 10 minutes.

Cells were

transferred to a sterile Pyrex petri dish (10 by 90 mm)
on a Junior Orbital Shaker (Lab Line Instrument Inc.)
with continual swirling at low setting (100 rpm).

The UV

source was a 15-watt germicidal lamp (General Eletcric)

which emitted 16 ergs/mm 2 at a distance of 40.0 cm.
Cells were irradiated under UV for 5, 10, 15, 20, 25, 30,
45, and 60 second intervals.

Irradiated cells were

transferred to 5.0 ml of double strength Rogosa broth and
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incubated at 28°C.

Turbidity readings were taken every

hour using a Perkin Elmer model 35 digital spectrophotometer and recorded.

All cultures that were exposed

to UV light were centrifuged in 50-ml capacity Nalgene
tubes using a Beckman J2-21 centrifuge operating at 5000
rpm, 5°C, under vacuum.

The supernatant was filter

sterilized to remove bacteria using a 0.45 micrometer
diameter pore size Gelman filter in a Millipore
apparatus.

After filtering, the filtrates were treated

as phage samples and tested for plaguing against host
strains using the method described by Huggins and Sandine
(20).

Serial 10.0 % dilutions were made of the UV

treated solutions in sterile 9.0 ml phosphate buffer, or
Ringer's solution dilution blanks.
using the two agar layer method.

Plaguing was tested

The bottom agar

consisted of 15 ml of Rogosa media, 2.0 % agar (Difco).
The overlay consisted of 0.1 ml of a 24-48 hour host, 0.1

ml of suspected phage dilution, 3.5 ml of Rogosa medium
(0.75%) agar, 1 drop of sterile Tween 80, and 1 drop of

sterile 1.0 M CaC12.

The bacteria were exposed to the

potential phage source and the CaC12 and incubated at
37°C for 45 minutes prior to the addition of overlay
agar.

The overlay solution was vortexed at low setting

and poured over the bottom agar.

After setting, the

plates were incubated under CO2 tension using a Gas Pak
system (BBL) at 28°C for 48 hours and observed for plaque
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formation.

UV Induced Bacterial Filtrates And
Lysogeny Against Non-Homologous Host

Each of the UV induced bacterial filtrates was
tested against the remaining strains for their ability to
produce cell lysis.

The filtrates were tested against

the host using the spot plate method for bacterial phage
determination.
served as host.

A 24-48 hour culture from a 2.0% inoculum
The two layer agar method was also used.

The bottom layer consisted of 2.0% agar Rogosa media.
The top layer consisted of 0.1 ml of host,
Tween 80,

1 drop of

1 drop of 1 M CaCl2, and 3.5 ml of 0.75% agar

Rogosa medium.

The overlay agar solution was vortexed on

low setting and poured over the bottom agar; the surface
was allowed to dry for 1 hour.

The host plate was

divided into 4 equal sectors to which 1 drop each was
added of UV filtrate in the follwinq dilutions, 10°,

l01,

10 -2

,

and 10 -3

.

The plates were allowed to dry for

one hour and were incubated at 28°C, under CO2 tension,
for 48 hours.

Each filtrate was also tested for phage

plaguing using the method discussed by Huggins and
Sandine (20).

Each host was screened against each of the

UV induced filtrates discussed above.
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Induction of Prophage
Using Mitomycin C

The induction of prophage using Mitomycin C
(Mutamycin) was conducted using the methods described by
Shin and Sato (38, 39, 40, 41) and Huggins and Sandine
(20).

A 24-48 hour culture grown in 10.0 ml of Rogosa

broth at 28°C of all strains was exposed to Mitomycin C
(Sigma) in final concentrations of 1.0, 2.0, 3.0 and 4.0
micrograms per ml.

Due to the mutagenic properties of

Mitomycin C, extreme caution was observed and all
procedures were conducted under a hood.

Rubber Platex

gloves, goggles, disposable coat and mask were used at
all times.

Spectrophotometer readings were taken at the

time of inoculation and continued until. 24 hours after
the addition of the Mitomycin.
at 600 flirt,

Readings were conducted

under the visible light setting using a Perkin

Elmer model 35 digital spectrophotometer.

All Mitomycin

induced strains were treated identically to the UV
induced strains.

described earlier.

Induced strains were filtered as
Filtrates were assayed against hosts

using the spot plate method, and the plaque technique
described for UV induction.
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SCREENING OF WINE SAMPLES FOR THE
PRESENCE OF PHAGE: PLAQUING TECHNIQUES

Double Layer Agar Methods

Wine samples which were inoculated with L. oenos
strains EY-2D and ER-IA were obtained from Knudsen Erath
winery.

Certain samples were in the late stages of MLF

and had completed alcoholic fermentation.

These samples

were tested for phage using the methods described by
Huggins and Sandine (20) and Accolas and Spillman (1, 2).
Sample wines were centrifuged and filtered as described
for sample wine isolation for electron microscopy with
the exception that initial centrifugation was done at an
operating speed of 10,000 rpm.

Plaque assays were

conducted using the two layer agar method described
earlier (20).

Spot plate assays were conducted also

using the methods described earlier.

Wine filtrates were

treated as phage samples and were tested against strains
PSU-1, ML-34, FR-1A, EY-2D, and MLT-kli.

Later in the

study, "problematic" wines obtained from Sokol Blosser
and Knudsen Erath wineries were screened using plaque
assay and spot plate methods.

These wines were subject

to the same methods discussed for other wines.
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Phage Plaque Assays Using Sample Wines
And Growth of Host At Cool Temperatures

Phage screening was conducted at low temperatures
(10°C and 15°C) using the methods described by Greer
(18).

Wine samples and problematic wine samples

described previously were assayed by these means.

ER-1A

and EY-2D starter cultures maintained by Knudsen Erath
winery were tested.

MLF starters maintained by the

wineries are stored in grape juice and left at room
temperature.

It is from these stocks that the winery

inoculates their vats for MLF.

Bacterial starters were

centrifuged in a Beckman model J2-21 centifuge in 50-ml
capacity Nalgene Oak Ridge tubes operating at 7,500 rpm,
5°C, under vacuum for 30 minutes to remove cells.

The

supernatant was filtered through a 0.45 micrometer
diameter pore size Millipore filter apparatus.

The

resultant filtrate was treated as a phage suspension.
Supernatants, from wine and starters, suspected of
containing phages were spotted on overlays containing 0.1
ml of each 36-hour host strain PSU-1, ML-34, MLT-kli,
ER-1A or EY-2D and incubated under CO2 for 14 days at 10
and 15°C.

Suspected phage-containing samples were also

subject to the two layer plaque assay described
previously (20).

Plates were incubated under CO2 at 10
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and 15°C for 14 days.

Plaque Assays; The Sozzi Method

Additional samples of wine, starter cultures, grapes
and their musts were screened for the presence of phages
using the methods described by Sozzi et al. (43, 44, 45,
46).

All samples were filtered as described for previous

phage assays and spot assays.

A 0.5-ml aliquot of

suspected filtrate was added to a 24-hour culture of each
of the host strains growing in 10.0 ml of MRS broth
(Sigma) adjusted to pH 5.5 using D-lactic acid (Sigma).

The cultures were monitored for 48 hours using a
spectrophotometer at 600 nm under the visible light
setting.

Cultures were centrifuged and filtered as

described previously.

An aliquot (0.1 ml) of filtrate

was added to 10 ml of fresh MRS broth containing a 2.0%
inoculum of homologous host strain and incubated at 28°C
for 48 hours.

The resulting cultures were centrifuged

and filtered as described earlier.
treated as phage suspensions.

These filtrates were

Ten-fold dilutions of the

suspected phage suspension were made using sterile
Ringer's solution.
assay was conducted.
of MRS, pH 5.5.

A modified two-agar layer plaque
Bottom agar consisted of 1.5% agar

The top agar consisted of 3.0 ml of the
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following solutions; 2.5 ml of Ringer's solution, or 2.5
ml of 2.5% CaC12, 3.0 ml of phage solution, and 1.0 ml of
36-hour old host strain.

The solution was allowed to

incubate at 25, 28, or 37°C for 45 minutes.

A 2.5-ml

solution of a 1.5% agar of MRS medium was added to the
solution and vortexed at low speed; the resulting
solution was poured over the bottom agar.

Upon setting,

the plates were incubated at 28°C for 48 hours under CO2
tension.

Identical procedures were conducted using a

modified Rogosa medium in both the top and bottom agars.
All other conditions remained the same.

This method was

repeated for all samples and strains at cool temperatures
(10 and 15°) as described earlier using both MRS and
modified Rogosa media.

BACTERIOPHAGE CHARACTERISTICS

The Effects of A Known Bacteriophage On OregonDerived And Commercial Malo-Lactic Strains

Bacteriophage lco 23 (46) supplied courtesy of T.
Sozzi was tested against all MLF strains.

The

lyophilized sample was resuspended in 10.0 ml of modified
Rogosa broth and added to 150 ml of a 24-hour culture of
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Lco 23 host strain growing in modified Rogosa broth
containing 5.0 ml of 1 M CaC12 from a 2.0% inoculurn of a
24-hour culture.

The resultant suspension was allowed to

incubate further for 72 hours to allow for phage
replication within the host.

A 30-ml suspension of phage

and host was dispensed to 50-ml capacity Nalgene
centrifuge tubes and placed in a Beckman J2-21 centrifuge
operating at 5000 rpm, 5°C, for 30 minutes.

The

supernatant was filtered through a 0.45 micrometer
diameter pore size filter using a Millipore apparatus.

The filtrate was treated as a phage suspension and
subject to all methods of phaqe assay described earlier
(18, 20, 46).

The phage suspension was tested against

all strains of L. oenos employed in this study.

Electon

microscopy was performed. using the methods outlined for
bacterial electron microscopy.

The Effects of Ethanol On
The Bacteriophages For L. oenos

The effect of increasing ethanol concentrations on
the bacteriophage lco 23 was tested.

Ethanol was added

to 10 ml of a 10-1 dilution of phage suspension in
Ringer's solution to final concentrations of 1.0%, 5.0%,
10.0%, or 15.0%.

The tubes were held at 25°C for two
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hours and then subject to spot plate assays against 36

and 24-hour cultures, respectively, of host strains Lco
23 and FR-1A.

Tubes containing the same ethanol

concentrations without phage served as controls.

Spot

plate assays were repeated using the phage and ethanol
suspensions after 24 and 72 hours.

The Effects Of Low Temperatures
On Bacteriophages For L. oenos

The effect of low temperatures on the activity of
phaqe lco 23 was tested by the method described by Greer
(18).

The spot plate and the double agar layer (20)

methods were used at 10° and 15°C using 36 and 24-hour
old cultures respectively, of host strains Lco 23 and
ER-1A

.

The plates were allowed to incubate for 10 days

at the two temperatures.

The Effects Of Grape
Juices On Bacteriophages

The effects of grape juices used for the
fermentation of two Oregon wines was tested on the
bacteriophage lco 23.

Frozen samples of Pinot Noir and
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Chardonnay grape juices were allowed to thaw.

Serial

dilutions of each juice were added to 10 ml of a 10-1
dilution of phage ico 23 in Ringer's solution so that the
final juice concentration was 1%, 5%, 10%, or 15%.

A

10-ml sample of undiluted juice was also used and phage
added to a final concentration of 10-1 per mi.

Phages

were exposed to the juices for two hours and were
subsequently spot tested on lawns of Lco 23 and ER-1A.

Plates were allowed to incubate for 48 hours at 280C
under CO2 tension.

The phage and juice suspensions were

retested at 24 and 72 hours against Lco 23 and ER-1A by
the spot plate method.
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RESULTS

BACTERIAL CHARACTERISTICS

Bacterial Growth Curves

Bacterial growth curves at 28°C for all six strains
of L. oenos used in this study can be seen in Figures 2
through 4.

Strains EY-2D, ER-1A, ML-34, MLT-kli, and

PSU-1 all reached log-phase growth at 24 hours and
reached stationary phase between 38 and 42 hours.

Strain

Lco 23 was more retarded in its growth, reaching the
log-phase at approximately 42 hours and stationary phase
at 66 hours.

From these results it was possible to

determine an appropriate time to add phage or possible
phage-containing material so that bacterial suspensions
would be most susceptible.

All strains, excluding Lco

23, were exposed to potential phage sources between 24
and 48 hours.

Lco 23 strain was exposed to phage between

32 and 48 hours.
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Figure 2.

The growth response of L. oenos strains
EY-2D and ER-1A at 280C in modified
Rogosa broth.
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Figure 3.

The growth response of L. oenos strains
MLT-kli and ML-34 at 287C in modified
Rogosa broth.
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Figure 4.

The growth response of L. oenos strains
PSU-1 and Lco 23 at 28°C in modified
Rogosa broth.
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Confirmation of The Malo-Lactic
Nature of Host Bacterial Strains

All strains of L. oenos used in this study proved to
be malo-lactic positive when tested by the method of
Subden (48).

Figures 5 through 8 demonstrate the ease

with which one can demonstrate MLF.

The E. coli control

was negative for MLF, producing no color change in the
reaction mixture.

Positive results were seen as a deep

blue coloration of the bacterial culture, the
filter-disk, and the surrounding medium.

Color developed

within 25 minutes and intensified over an hour.

Electron Microscopy of Bacteria
Strains ER-1A And EY-2D

Figure 9 shows the electron micrographs of L. oenos
strains ER-1A and EY-2D.

Cells of both strains are

approximately 1.50 micrometers in length and 0.75
micrometers in width.

These bacteria are

cocco-bacilliary in morphology.
clearly visible.

Their outer membrane is
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EW-1/6\

Figure 5.

Response of L. oenos strains ER-1A and
EY-2D to the MLF test of Subden (48); A
deep blue color is a positive reaction.
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Figure 6.

Response of L. oenos strains MLT-kli and
ML-34 to the MLF test of Subden (48); A
deep blue color is a positive reaction.

Figure 7.

Response of L. oenos strains Lco 23 and
PSU-1 to the MLF test of Subden (48); A
deep blue color is a positive reaction.

Figure 8.

Response of control organism F. coli
to the MLF test of Subcien (48); The lack
of a color chance is a negative reaction.
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Figure 9.

An electron
ER-1A and EY-2D.

of L. oenos strains
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ER-1A

Figure 9.

0. 75 um
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BACTERIOPHAGE ISOLATION
FROM POTENTIAL SOURCES

Grape Samples

Screening of all grape samples supplied provided no
evidence of bacteriophage.

All grape sample filtrates

were negative for spot plate assay, double layer agar
plaguing techniques, and electron microscopy.

The grape

filtrates also showed no evidence of inhibition of host
lawn on the spot plate assays.

Host lawns grew well and

no effects were seen at the point of contact between the
drop and the host.

When using either the double agar

layer method described by Sozzi (46) or Huggins and
Sandine (20), no plaques were seen when host strains were
exposed to the grape filtrates. Host lawns grew well with
no inhibition occurring as a result of exposure of the
host to the grape juice.

were negative as well.

Electron microscopy results
Grape juice filtrates subjected

to ultra-centrifugation produced no phage particles under
either simple negative staining or shadowcasting
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techniques.

Log phase host bacteria that were allowed to

grow in the presence of grape juice were observed under
the transmission electron microscope as well, using both
simple negative staining and shadow casting.

Bacterial

suspensions exposed to the juice for 36 hours produced no
evidence of phage particles attached to host or in the
surrounding bacterial environment.

Must Samples

Results with the must samples were identical to
those produced by the grape juices.

Phage presence could

not be demonstrated in the samples provided.

There was

no evidence of phage presence when tested by the spot
plate, double agar layer method, or electron microscopy.
Bacterial hosts allowed to grow in the presence of must
filtrates were also negative when examined with the
electron microscope.

There was no evidence of phages

present on the bacterial surface or in the surrounding
environment.

Wine Samples

A survey of the wines taken from both the Knudsen
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Erath and Sokol Blosser wineries provided no direct
evidence of bacteriophage presence.

Table 2 lists the

wine type, lot number and years for those screened.

All

samples tested were negative by the spot plate and double
layer agar methods described earlier (20, 46).

Electron

microscopy of wine filtrates proved to be negative as
well.

Bacterial suspensions grown in the presence of

wine filtrates provided no evidence of phage either on
the cell surface or in the environment surrounding the
cell.

Problematic Wine Samples

One of the "problematic" wine samples showed
evidence of bacteriophages; all others were negative.

The positive sample was obtained from a 1982 Chardonnay
that had been inoculated with L. oenos strain ER-1A
(originally provided by OSU Department of Microbiology)

which had been maintained by the brew master at Knudsen
Erath winery.

The sample had been described as having

completed alcoholic fermentation but had failed to
undergo a satisfactory MLF.

Spot plate and double layer

agar methods described earlier (20, 46) provided no
evidence that phages were present.

Under the electron

microscope, however, the sample revealed a large number
of phage particles which were similar in morphology to
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TABLE 2.

WINE SAMPLES USED FOR
BACTERIOPHAGE SCREENING

Wine Variety

Year

Chardonnay

1982

-

Knudsen Erath

Chardonnay

1983

316 E

Sokol Blosser

Chardonnay

1983

317 R

Sokol Blosser

Chardonnay

1983

318 H

Sokol Blosser

Chardonnay

1983

320 E

Sokol Blosser

Pinot Noir

1983

306 R

Sokol Blosser

Pinot Noir

1983

308 B

Sokol Blosser

Pinot Noir

1983

307 R

Sokol Blosser

Pinot Noir

1983

310 H

Sokol Blosser

Cuve'e

1983

Pinot Noir

1983

302 PG

Knudsen Erath

Chardonnay

1983

311 CH

Knudsen Erath

Chardonnay

1983

310 CH

Knudsen Erath

Chardonnay

1983

315 CH

Knudsen Erath

Pinot Noir

1983

307 PN

Knudsen Erath

Pinot Noir

1983

305 PN

Knudsen Erath

Lot Number

Winery

Knudsen Erath
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Figure 10.

Electron micrographs of phage particles
isolated from white wine samples. Photo A
is a reproduction of Sozzi (42), photo B
is from this study.
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Figure 10.
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Figure 11.

An enlarged view of phage particles found
in the 1982 Chardonnay. The arrows point
to phage tails "T".
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Figure 11.
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those described by Sozzi (42).

Photo A in Figure 10 is

a reproduction of his phage micrograph, while photo B is
an electron micrograph of the particles found in the 1982
Knudsen Erath Chardonnay used in ths study.

The viruses

appeared to be Bradley type E. bacteriophages (3).

They

possessed cubic symmetry, had no envelope, and appeared
to be encased in a layer of mucopolysaccharide.

These

particles measured approximatly 0.05 micrometers in
diameter and some tails could be visualized attached to
the phage heads.

Figure 11 is an enlarged view of the

particles found in the Knudsen Erath Chardonnay.

This

micrograph demonstrates, in more detail, the phage
particles and their tails, "T".

Bacterial suspensions,

in log phase, exposed to this sample showed no evidence

of bacteriophage infection under the electron
microscope.

Starter Cultures

A screening of MLF strains ER-1A and EY-2D supplied
to wineries in 1982 and 1983 and maintained by Knudsen.

Erath and Sokol Blosser wineries provided no evidence
that bacteriophages were present.

Spot plate and double

layer agar methods (20, 46) were negative also.
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Examination of mature starter filtrates showed no
evidence of phage under the electron microscope; direct
examination of starter cultures and bacterial suspensions
exposed to starter filtrates also provided no evidence of
phage on the cell surface or in the surrounding cell
environment.

Isolation of Bacteriophages At Low Temperatures;

A Survey of Potential Bacteriophage Sources

A survey of all samples previously subject to phage
screening was tested by the method of Greer (18).

The

results at both 10 and 15°C were negative for all
samples.

There was no evidence that filtrates of grape

juices, grape musts, wine samples, problematic wine
samples, or starter cultures contained phages to which
our strains were susceptible.

Both spot plate and double

agar layer methods (20, 46) produced no inhibition of
host strains or produced plaques.

Host strains grew well

at low temperatures and produced good lawns in 10-14
days.

Lawns, although good, were slightly less dense

than those grown at ambient temperature or at 28°C.
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INDUCTION OF PROPHAGE

FROM MALO-LACTIC BACTERIA

Induction Of Prophaqe Using
Ultra Violet Light

All L. oenos strains which were exposed to UV light
showed no evidence that prophage were being induced.

Figures 12 through 16 show the growth responses when the
various strains of L. oenos were UV treated for 30
seconds and suspended in growth medium; non-treated.
controls are also shown.
gave similar results.

All other times of UV exposure

There appeared to he no difference

between the growth rates of the controls and the UV
induced cultures.

The UV induced cultures continued to

grow without any interruption in their growth cycle as
compared to the control cultures.

There was no relative

decrease in absorbance seen in the UV induced cultures as
would be expected with the induction of prophage from the
host strain.

There was no evidence of phages present in

the induced strains when tested by the methods described
earlier (20, 46)

against the host strain.

Spot plate

examination against homologous hosts were also negative.

Induced strain filtrates when tested against
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Figure 12.

Response of L. oenos PSU-1 to attempted
UV light induction; the absence of a decrease in absorbance after induction suggests absence of prophage.
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Figure 14.

Response of L. oenos ML-34 to attempted
UV light induction; the absence of a decrease in absorbance after induction suggests absence of prophage.
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UV light induction; the absence of a decrease in absorbance after induction suggests absence of prophage.
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Response of L. oenos MLT-kli to attempted
UV light induction; the absence of a decrease in absorbance after induction suggests absence of prophage.
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non-homologous hosts also provided no evidence of phage
and produced no lysogenic effects.

The results of the UV

induction times of 5, 10, 15, 20, 25, 45, and 60 seconds

were similar to those produced by the 30 second exposure;
no evidence of phage was seen.

Induction Using

Mitomycin C

The results obtained using Mitomycin C as an
inducing agent were similar to those of the UV induction.

Mitomycin C, at all concentrations tested, produced no
decrease in absorbancy as compared to the control
cultures.

Mitomycin exposed filtrates also produced no

evidence that phages were present for homologous hosts or
non-homologous hosts.

Here also, the effects of

Mitomycin were similar at all concentrations tested.
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BACTERIOPHAGE CHARACTERISTICS

The Effects of Known Bacteriophages On
Oregon-Derived And Commercial MLF Bacteria

The effect of bacteriophage leo 23 (46) on L. oenos
strains was tested.

Strains EY-2D, PSU-1, ML-34, and

MLT-kli were not susceptible to the phage.

Spot plate

assays and both double agar layer methods (20, 42)
provided no evidence of infection of these strains by the
phages.

Lawns grew well without any inhibition and no

plaques were seen.

Strains ER-1A and Lco 23, however,

were both susceptible to the phages.

Spot plate assays

produced clear areas of inhibition, approximately 2.0 to
3.0 cm in diameter.

The surrounding lawn outside of the

contact point grew well without inhibition.

Figures 17

and 18 show the effects of bacteriophage lco 23 on host
lawns of L. oenos strains ER-1A and Lco 23 respectively.
Both double agar layer methods (20, 42) produced plaques.
Filtrates of the phage-host suspension produced plaques
approximately 0.1-cm in diameter.

Dilution of the phage

to extinction was easily and consistently achieved.

The

growth of host and subsequent plaguing produced by the
phage were more easily visualized on modified Rogosa
medium with similar overlay than with the MRS double
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Figure 17.

The effects of phage lco 23 on L. oenos
strain FR-1A (spot-plate). The circle of
inhibition indicates attack by phage.
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Figure 18.

The effects of phage lco 23 on T.L. oenos

strain Lco 23 (spot-plate). The circle of
inhibition indicates attack by phage.
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ER-1A HOST
ICO 23 PHAGE

PLAQUE ASSAY

ER-1A HOST
CONTROL
PLAQUE ASSAY

Figure 19.

Plaques formed on a host lawn of L. oenos
strain ER-1A by bacteriophage lco 23.
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LCO 23 HOST
ICO 23 PHAGE

PLAQUE ASSAY

Figure 20.

Plaques formed on a host lawn of L. oenos
strain Lco-23 by bacteriophage lco 23.
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agar method.

MRS, as a growth medium, was later

abandoned in favor of the Rogosa medium for all
subsequent procedures.

Figures 19 and 20 show the

plaques produced by phage lco 23 when exposed to host
strains ER-1A and Lco 23.

Filtrates from phage grown in

the presence of bacterial host strain Lco 23 when exposed
to log-phase ER-1A gave a filtrate that was equally
effective in plaguing and infection of ER-1A and Lco 23.

The Effects of Bacteriophage
At Low Temperatures

Bacteriophage lco 23 (46) was tested against all
strains at low temperatures.

Strains PSU-1, EY-2D,

ML-34, and MLT-kli were not sensitive to the phage at
these temperatures.

Spot plate assays produced no

inhibition of these strains and the double agar layer
methods (20, 46) also produced no plaques.

Bacterial

lawns were dense, and experimental and control plates
were identical.

Strains ER-1A and Lco 23 were both

sensitive to the phage at these temperatures.

Spot plate

assays produced an area of inhibition between 2.0 and 2.5
cm in diameter at both temperatures.

These areas were

similar in size and shape to those produced at ambient
temperature and at 28°C.

Inhibition was seen as a clear
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area against a dense lawn.

Plaguing was seen. using both

methods described earlier (20, 46).

Bacteria grew better

and produced more dense lawns on modified Rogosa than on
MRS medium.

The double agar layer method described by

Huggins and Sandine (20) was therefore superior to the
method of Sozzi (46) for visualizing the plagues produced
by these bacteriophages.

Plaques were easily seen at

dilution concentrations of phage filtrates from 100
through 10-5 phage particles per ml.

Plaque size did not

appear to be different at 10° and 15°C; plague sizes at
both cool temperatures were no different from those
produced at 28°C.

The Effects of Ethanol On
Bacteriophages For L. oenos

Ethanol levels as low as 1.0 % had a marked effect
on the ability of phage lco 23 to lyse strains ER-1A and
Lco 23 after exposure for two hours.

At 1.0 % ethanol

concentration spot plate assays indicated. that host

inhibition was definite but significantly less defined
than for controls without any ethanol.

Levels of 5 %,

10 %, and 15 % ethanol were completely inhibitory to the
phage's ability to lyse host strains.

Control inoculum

exposed to the same levels of ethanol alone grew well and
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produced good lawns.

Results for the spot plate assay of

the phage and ethanol solution at 24 and 72 hours were
identical to results obtained after two hours.

The Effects Of Grape
Juices On Bacteriophages

Both Pinot Noir and Chardonnav grape juices had an
inhibitory effect on the bacteriophages for ER-1A and
Lco 23, but a marked difference could be seen between the
effects of each variety.

The Pinot Noir juice was

slightly inhibitory to the phages at a level of 15 %.
The control phage suspensions, at a concentration of
10-1 phage per ml, were capable of producing plaques

using the spot plate assay.
of

1

%,

5

At Pinot Noir concentrations

% and 10 %, the phages were as effective in

attacking host cells as was the control.

At 15 %

concentration there was a 25 % reduction in the number of
plaques produced on the host lawns.

In the undiluted

sample of Pinot Noir juice there was a total inhibition
of the phages and no plaques were seen.

At this

concentration, a stimulatory effect on the growth of both
bacterial hosts was seen.

At the point of contact

between the host and the juice there was a much greater
density of growth of the host lawn.

This

denser area
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was 1.5 cm in diameter, the approximate size of the drop
placed on the host lawn.

The Chardonnay juice was

inhibitory to phage only in the undiluted concentration.

Although inhibitory, there was only a slight difference
in the number of plaques produced; this amounted to a 10%
reduction as compared to the control.

The Chardonnay

juice was not stimulatory to either strain of host at the
contact point between host and juice.

The results

obtained at both 24 and 72 hours of phage contact with
the juice were identical to those obtained after two
hours.

Figure 21 shows the stimulatory effect of Pinot

Noir juice on the host strains ER-1A and Lco 23.

Electron Microscopy Of Bacteria? ages

Electron microscopy of strains Lco 23 and ER-1A
exposed to phages was conducted.

Phages attached to the

bacterial surface and in the surrounding environment
could be visualized for both strains.

Figure 22

demonstrates host Lco 23 in the presence of three
bacteriophages P1, P2, and P3.

These phages can be

classified as Bradley type B particles (3), consisting of
long slightly flexible non-contractile tails.

Phage

particles Pl, P2, and P3 although similar in morphology
appear to be in different phases of the infection cycle.
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Figure 21.

The stimulatory effect of Pinot Noir -juice
on the host strains ER-1A and Lco 23. The
lack of inhibition of host indicated the
loss of phage infectiousness.
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Figure 22.

An electron micrograph of bacteriophage
infection of Lco 23 by three phage
particles P1, P2, and P3.
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Figure 22.
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Figure 23.

An enlarged view of phage particle P1 from
Figure 22.
The head (H), tail (T) and
base-plate (BP) are easily visualized.
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Figure 23.
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Figure 24.

An enlarged view of phage particles P2
and P3 from Figure 22. The tail (T) is
seen within the head of phage P3.

Figure 24.
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Figure 25.

An electron micrographd of phage particles
P4 and P5 infecting L. oenos strain ER-1A.
The base-plate (BP) of P5 is easily
visualized.

Figure 25.
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Figure 26.

An electron micrograph of phage particle
Lco 23 (P) infecting strain ER-1A. The
phage tail can be seen extending into the
head region.
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Phage P1 is not attached to the host bacterium.

Its

head, tail and infection base plate are fully visible.
Phages P2 and P3 are both attached to host Lco 23.

Each

phage is approximately 55 nanometers in diameter at the
head.

Phages measure approximately 150 nanometers from

head to tail.

Figure 23 is an enlarged view of phage P1

from Figure 22.

The head (H) and Tail (T) of this phage

are more easily visualized as is the base plate (BP).

Figure 24 is an enlarged view of phage particles P2 and
P3 from Figure 22.

More detailed morphology of the heads

and tails can be seen.

The tail extends into the head of

phage P3 and is labeled (T).

Figures 25 and 26 are

electron micrographs of phages infecting host ER-1A.

These phages measure approximately 50-60 nanometers in
diameter at their head region and 150-200 nanometers in
length from head to tail.

In Figure 25 phage P4 appears

to be attached to host ER-1A while phage P5 has not yet
attached to the host.
clearly visible.

The base plate (BP) of phage P5 is
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DISCUSSION

Malolactic fermentation (MLF) as a means of
controlling the deacidification of wine is a tool which
can be of great help to the winemaker.

Through the

careful manipulation of malolactic bacteria this
fermentation can be conveniently and economically
achieved.

Reason dictates that any process that can he

carried out naturally, as by bacteria, easily can surpass
a man-made or controlled manipulation if it achieves the
same end with less cost or with reduced product
manipulation.

Indeed, MLF has these characteristics.

Unfortunately, as in any natural process, there are risks
of outside disturbances, also usually of a natural
character.

The attack of starter cultures for MLF by

bacteriophages is such a potential problem which has been
examined in this study.

MLF starter cultures, L. oenos

strains specifically, are not excluded from the
difficulties experienced by

other industrial

fermentation starters, and must be treated with the same
care as these starters.

By characterization of

bacteriophages specific for MLF starters, we may better
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understand how to properly manipulate our bacteria and
thereby reduce the risks associated with phages.

The ability of bacteriophages to attack host strains
of L. oenos has been demonstrated in this study and
previously (46).

Like the first study in this area (42),

but unlike a later study (46), the isolation of active
phages capable of attacking commercial MLF strains from a
variety of potential sources was not achieved.
Previously-isolated phage types (46), however, were both
capable of attacking commercial and Oregon-derived
strains and causing their demise.

Several manipulations

and environmental considerations point to some possible
explanations as to why the isolation of active phages
from potential sources was not achieved.

These

conditions may subsequently prove to aid in the final
manipulation of starter cultures so that the risk of
attack by bacteriophage may be greatly reduced or
eliminated.

These will be discussed later.

A complete screening of potential phage sources
provided no direct evidence of their presence.

Grape

samples and their musts were negative for the isolation
of active phages.

This would seem contrary to what one

would consider natural for these viruses.

For example, a

natural habitat for lactic starter cultures used for milk
fermentation is milk.

Bacteriophages specific for lactic

starter cultures used in cheese making are easily
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isolated from milk, whey, cheese by-products and the end
products of milk fermentation (38, 43, 44).

Problems in

achieving the proper activity of the starter, as well as
defects in the resulting cheese product, have been
directly attributed to these phages.

Since the natural

habitat for the Leuconostoc strains used in MLF is the
grape and their skins; it seems that the habitat for
phages specific for them would be here also.

No evidence

for this was found either by physical (electron
microscopy) or biological means (host attack).

One may

conclude therefore that some characteristic(s) of the
grape or its must may inhibit phages; alternatively the
phages may have a natural habitat other than the grape or
its must.

The study of aging wines also produced no indication
that an environment existed which was conducive to the
propagation of phages or for the attack of MLF starter by
phages.

Experimental results gave neither physical nor

biological indication of phage presence in the
environment of the winery and the wines fermented
therein.

Again, using the dairy industry as an example,

the results obtained in this survey were not what would
be expected in a manufacturing environment which
encourages the proliferation of phages.

Phages specific

for lactic starters have been isolated from numerous
cheese plants and the surrounding environment.

Although,
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as mentioned earlier, the natural environment for phages
specific for lactic starters would appear to be milk and
or green growing plants, phages specific for these
lactics can easily be isolated from the cheese making
environment.

This has led to the design of specially

equipped and isolated rooms designated as starter-making
facilities.

In such rooms starter cultures may be

maintained efficiently, thus reducing the risk of phage
attack.

Through the development of methodology to use

phage-resistant starter cultures for cheese (13), such
precautions can be minimized in the industry, but extreme
care must always be maintained to monitor starter
activity and efficiency.

It would appear that this risk

is not as critical in the environment of the winery, yet
the continued study of this should not be abandoned.
Study of another potential source of bacteriophages,
namely the starter cultures maintained by the wineries,

provided no conclusive evidence that this was an
important source of malo-lactic phages.

Extensive work

has been done on the development of phage resistant
lactic starter cultures (13, 36, 49), so that after
starter addition to cheese milk phage attack would be
virtually non-existent.

As a result, a problem that

plagued the dairy starter industry for years, causing
untotalled economic damage, was eventually controlled.
It would seem then, that phage attack of MLF starters is
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most certainly possible.

However, results of this study

indicate phage infection of malolactic bacteria is not
crucial concern for the wine industry.

a

The induction of

phages has also been shown for lysogenic lactic starter
cultures and unveiled the source of many starter failures
(20, 27, 29, 30, 39, 40, 41).

Such phage, when induced

and released into the environment of the starter medium,
may easily cause the demise of the entire starter process
leading to great economic loss.

Of the malolactic

strains tested here, however, there was no evidence that
phage existed in a prophage state within the hosts when
treated with the inducing agents ultra-violet light or
mitomycin C.

Positive results indicating the attack of MLF
starter cultures used in Oregon wineries was provided by
the screening of the problematic wine sample provided by
Knudsen Erath wineries.

Although no direct biological

evidence of phage existence was achieved with this
sample, there was conclusive physical evidence of phage
in the electron micrographs (Figures 10 and 11

).

The

same results were obtained by Sozzi (42) in his first
study of problematic MLF wines in Switzerland.

He was

able to produce direct evidence of bacteriophages in wine
samples, isolating three morphological types.

He was not

able, however, to produce inhibition of host MLF strains
using these phage filtrates.
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The bacteriophages isolated from our problematic
Chardonnay appeared to be of the Bradley type E in
agreement with those phage observed previously (42).

It

can be assumed that the problem associated with this
sample was most likely due to phage attack of the
starter, leading to an unsatisfactory MLF.

When this

attack occurred, and why active phage could not be
isolated from the sample, are not known.

It seems that

phage attack occured at an early stage of the MLF, most
likely in the early stages of the alcoholic fermentation.
The vat from which the sample was taken was reinoculated
with MLF strain ER-1A at a later point during the
alcoholic fermentation.

This wine then completed a

satisfactory MLF with no further reported problems.

It

is likely that the original must supported phage
development but that the resultant wine, with the high
alcohol and SO 2 contents, would not allow the viruses to
replicate.

Thus, a satisfactory MLF was completed when

the wine was later inoculated.

From the preliminary screening of potential phage
sources, it seems that bacteriophages specific for MLF
strains employed in this study are not present in Oregon
grapes and wines or they are difficult to isolate from
these sources.

With the use of the bacteriophage lco 23

provided by T. Sozzi (46),

explanations of the

aforementioned difficulties can he offered.

Availability
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of this phage allowed us to better understand the
infectious cycle of bacteriophages for L. oenos and to
examine what environmental conditions may effect the
phages and their ability to attack MLF hosts.

A great deal of information concerning the
biological characteristics of these phages can be
concluded from the electron micrographs.

Figure 22 gives

the most complete visualization of the changes associated
with the phage in various stages of its infection.
process.
Lco 23.

Phage particle P1 has not yet attached to host
Figure 23 is an enlarged view of the same phage.

It can be seen that the phage in the non-infecting state
possesses an icosohedral symmetry in its head.
appears to be rigid and striated.

The tail

It appears that the

proximal end of the tail is fixed outside the capsomer of
the phage. The infecting base-plate of the phage is
located at the distal end of the tail and appears to be
semi-circular with a triangular point at the extreme
distal end.

The head itself is non-enveloped and is

clearly surrounded by a capsomer most likely composed of
a dense protein matrix.

It appears from both Figures 22

and 23 that a tight coil of DNA exists within the head.

The DNA forms a crescent-shaped dense area which can be
visualized.

It is likely that the DNA coil is in direct

contact with the capsomer at this point, thus allowing
for its visualization.
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Phage particle P2 appears to be in the early stages
of active infection of the host.

This phage has attached

to the host cell Lco 23 and has begun to undergo definite
physical and morphological changes.

The primary change

seen in particle P2 is in its head.

It appears that

after infection (attachment), the head region becomes
less rigid in its configuration.

The capsomer appears to

remain complete but more eliptical.

Figure 24 affords a

better visualization of the head and its subsequent loss
of density inside the capsomer upon infection.
point the tail can be seen within the capsomer.

At this
It is

likely that at this stage of infection the phage is
actively injecting its DNA into the recipient host.

The

tail has become less rigid and much more flexible at this
point.

This change is most likely due to the attachment

of the baseplate to the host membrane, signaling the
start of the infection process.

A change can be seen in

the striations of the tail as well.

Striations are less

distinct than in the phage Pl.

Phage particle P3 is in the last stage of infection
and appears to be a ghost phage.

The morphological and

physical changes found here are equally distinct as in
the previous two phages.

The head appears to have lost

all rigidity and has become almost circular in shape.

The capsomer is much less distinct and appears to be in
the early phases of disintegration.

It can be seen that
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it is much less dense than the previous phages at this
point.

It appears the the phage DNJ\ has totally entered

the host at this stage.

The proximal end of the phage

tail can be seen extending approximately 17-20 nanometers
into the head of the phage at this point.

The tail

itself is extremely flexible and also appears to be in
the process of disintegration.

This series of micrographs allows us to visualize
the possible mechanism of the infection of this
particular phage type.

Prior to infection or attachment

to the host, this phage possesses an icosahedral head
with a rigid capsomer coating.

The rigidity of the phage

appears to be directly linked to the amount of phage DNA.

remaining in the head; as the DNA is injected into the
host the head becomes less rigid.

The phage tail is

rigid, possessing a triangular base-plate for infection.
Upon infection, the base plate penetrates the host.

At

this point, or shortly thereafter, the proximal end of

the tail extends into the phage head, allowing for DNA to
pass through the tail into the host.

Subsequently, the

tail becomes less rigid facilitating DNA passage.

When

the phage has completed its infection cycle, it remains

attached to the host but may disintegrate at a later
point.

Intracellular replication of phage DNA by the

host and assembly of new phages occurs until host
membranes are destroyed, causing the death of the cell
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and the release of infective phages into the surrounding
environment.

Figures 27, 28, and 29 give a graphic

representation of these phages' morphology and the change
associated with them during infection.

Figures 25 and 26 demonstrates the ability of phage
lco 23 to infect L. oenos strain ER-1A.

Many of the same

morphological changes discussed above can be seen in both
figures.

In Figure 25 the baseplate, (BP), is more

easily visualized in the preinfection state (phage P5).
The change in tail and head rigidity is also apparent
between the attached phage (P4) and the unattached phage
(P5).

The extension of the tail into the capsomer can

also be seen in phage P4.

Figure 24 offers a clear

visualization of the extension of the proximal end of a
phage tail into the head region.

This also suggests that

the phage DNA has already entered the host, thus allowing
a view of an empty head.

The use of phage for inhibition of host, by the spot
plate and double agar laver methods, has been discussed
and can be visualized in Figures 17 through 20.

The

phages, as noted, were unable to infect and produce
plaques on strains Lco 23 and ER-1A.

Lco 23 is a strain

of L. oenos isolated by Sozzi from Swiss white wine (46).
L. oenos strain ER-1A is an Oregon-derived. strain

currently used exclusively in Oregon wineries, but will
most likely be available commercially in the fall of
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Figure 27.

A graphic representation of bacteriophage
lco 23 in the free state (pre-infection).
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FIGURE 28.

A graphic representation of bacteriophage
lco 23 in the process of host infection
and injection of phage genetic material.
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Figure 29.

A graphic representation of bacteriophage
lco 23 in the post-infection (ghost phage)
form. Note the change in head and tail.
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1984.

The relative ease with which ER-1A can be

infected with a known phage race reminds us of our
inability, during this study, to isolate phages capable
of infecting commercial and Oregon-derived MLF strains.
What characteristics of the phages or the environment has
prevented the isolation of viruses for the Oregon
malo-lactic bacteria?

Examination of the environmental

effects surrounding wine fermentation has provided
reasons for this failure as well as an interesting way of
controlling these phages in the wine industry today.

If

virulent phages can be manipulated to render them
incapable of host attack, then the MLF can become less of
a chance process and more of a reliable and consistent
one.

The effects of the cool temperatures on phages
specific for both Lco 23 and ER-1A indicate that the
phages are just as capable of attacking hosts at 10°C and
15°C as they are at 28°C (experimental conditions).

This

is a significant result when viewed in consideration of
the natural environment of must fermentation in the vats
of the wineries.

With little exception, it is between

these two cool temperature extremes that both alcoholic
and malo-lactic fermentations occur.

It has been

demonstrated for phages specific for Bromothrix species
(18), in raw meat, that the infection capability and
plaguing increased as temperatures decreased to 0°C.

The
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ability of the phages specific for our MLF strains to be
infective at these same low temperatures is cause for
concern,

The MLF occurs in a cool environment and

therefore, these phages are capable of attacking
malo-lactic hosts during the fermentation.

For the

winemaker this could mean disaster from starter attack
and phage induced MLF failure.

These results emphasize

the need for careful starter manipulation and phaqe
control.

The effects of increasing ethanol levels on the
phage's ability to infect and lyse the host are quite
significant.

Ethanol levels as low as 1 % decrease this

ability, with levels of 5 %, 10% and 15
completely inhibitory.
significant variable.

being

To the winemaker, this is a most

Numerous studies have been

conducted on the temporal considerations surrounding the
inoculation of wine in the vat with MLF starters (9,
51).

17,

Inoculation times vary from simultaneous

inoculation of grape juice with MLF starters and yeast,

to mid-alcoholic fermentation inoculation, and post
alcoholic inoculation with MLF starters.

Positive

results have been achieved in all phases of the
inoculation process, leading to a satisfactory MLF.

The

choice of the time for inoculation is generally left to
the discretion of the winemaker.

The results of this

study indicate that it would be best to inoculate the
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grape juice with MLF starters after inoculation with the
yeast.

This would allow for the production of ethanol to

inhibit, the phages.

The staggering of yeast and MLF

inoculation can be easily achieved;
benefit from such a process.

winemakers.would

Since ethanol levels in a

completed alcoholic fermentation range from 11 to 14 %,

depending on the wine and yeast characteristics, it may
be wise to inoculate the wine with MLF starters at or
towards the end of the alcoholic fermentation.

Such

precautions may allow the winemaker increased protection
of his MLF.

Both Pinot Noir and Chardonnay juices had an
inhibitory effect on phages for MLF bacteria.

Although

there was a difference in the effectiveness of these
grape juices, their inhibitory activity was important in
our inability to isolate active phages.

For the Pinot

Noir, concentrations of 15 % juice decreased the
infectivity of the phages by 25 %.

In the undiluted

form, this juice was completely inhibitory for the phages
but stimulatory for the host.

The Chardonnay juice was

virotoxic only in the undiluted form.
are encouraging for the winemaker.

These results also

There is a property

of these juices, as yet mechanistically unknown, that
renders the phages non-infectious.
has been shown (47) that some

In this regard, it

wine varieties are toxic

to viruses known to affect human hosts.

These
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researchers found that many fruits possess antiviral
activity.

They found that this activity apparently

results from the presence of tannins and other naturally
polymerized phenols.

They found red wine is much more

effective than white wine in producing this toxicity,

presumably because grape skins, which contain most of the
phenols, are used in the fermentation of red wines but
not for the whites.

Plain grape juice was even more

active than both fermented wine types.

The phenolic

content of white wines is approximately 260 mg/liter,

whereas that of red wine is about 2200 mg/liter and that
of grape juice (Concord) is 3300 mg/liter.

In wine

production, undiluted grape juices are used for
production of different varieties.

It would therefore

seem that at these juice concentrations bacteriophages
specific for MLF starters would be inhibited.

It should

be noted that these results do not imply that all races
of bacteriophages will be inhibited by these grape
varieties.

The effects are most likely as variable as

the phage races themselves.

The stimulatory effect of

the Pinot Noir juice on the malolactic bacteria can be
easily explained.

The residence for the MLF strains is

the grape skin and adhering juices.

It is likely that

this natural grape juice is more growth supportive for
these organisms than man-made growth media.

From the combined effects of ethanol levels above 5%
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and undiluted grape juices, we can understand reasons for
our failure of this study to isolate phages capable of
attacking MLF bacteria.

All the phaqe-source samples,

employed in this study, had either one or both of these
characteristics.

Grape varieties and their musts were

the same as those used for juice effects.

Wine samples

were in the final stages of the alcoholic fermentation so
the ethanol levels were above 10 %.

Likewise, these

samples were fermented from the same grape varieties
already mentioned.

The problematic wine sample with

which we observed bacteriophage support our results.

The

wine was supplied by the winery as being problematic.
The existence of the phages, in the wine filtrates,
suggests a cause for the failure.

Although the alcoholic

fermentation continued, the MLF did not.

Increased

ethanol levels most likely fixed the phages, rendering
them non-infectious.

This effect was also passed to the

filtrate so that it possessed inactive phages.

Upon

secondary malolactic bacterial inoculation of the vat, a
successful and satisfactory MLF was achieved.

The MLF

starter was not effected when re-inoculated because the
phages present were neutralized by the ethanol present.
It is, therefore, likely that phage attack occurred only

at the beginning of the initial inoculation and not after
the inoculation.

Bacteriophages specific for L. oenos strains used in
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MLF have been demonstrated in this study.

Their

existence in fermenting wines has been shown.

The

infectious cycle has been observed and one race has been
shown to attack two separate L. oenos hosts, Lco 23 and
ER-1A.

Other commercial strains, and an Oregon-derived

strain, were not susceptible to this phage.

These phages

have the ability to infect and destroy host at
temperatures ranging from 10°C to 28°C.

They are

sensitive to ethanol levels as low as 1 % and are
inactivated

at concentrations of 15 %.

Juice from grape

varieties employed in MLF were also shown to have an
inhibitory effect on these phages.

To the winemaker the

results of this study give further support to the
existence of phages capable of destroying MLF starter.
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