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Summary
Importance: Lactobacillus kunkeei, also known as the “ferocious lactobacilli”,
causes fermentation arrest during wine production1 . L. kunkeei co-evolved
with honeybees and is an important probiotic for bee and hive health2 . In the
bee ecosystem, L. kunkeei is one of a suite of lactic acid bacteria that protect
the bee and hive from pathogens as well as aid in preservation of sugar-rich
hive resources. The protection of sugar-rich resources probably uses similar
mechanisms to those inhibiting yeast during grape juice fermentation.
Key Observations:

• The probiotic role of L. kunkeei

• Unique aspects of L. kunkeei metabolism enabling rapid growth in grape juice
• Proposed mechanisms of inhibition of yeast fermentation by L. kunkeei

• The environmental incentive for [GAR+] prion induction by yeast in the presence of L kunkeei and fermentation arrest

Impact and Significance: The essential role of L. kunkeei in prevention of bee
colony collapse disorder limits the options available to winemakers for control
of this pervasive spoilage agent. L. kunkeei can be controlled by sulfur dioxide
(SO2) addition3. However, although this organism is sensitive to SO2 , our data
suggest that other microbes present in juice at the same time may reduce the
effective concentration of SO2 , thereby enabling growth of L. kunkeei. Clues
from the mechanism of arrest of fermentation may help explain the role of L.
kunkeei in bee health.
Key words: acetic acid bacteria, fermentation arrest, [GAR+] prion, Lactobacillus kunkeei

Overview

1

Department of Viticulture and
Enology, University of California,
Davis, One Shields Ave, Davis, CA
95616.
*Corresponding author
(lfbisson@ucdavis.edu;
tel: 530-752-3835;
fax: 530-752-0382)

Manuscript submitted Mar 2016,
revised May 2016, accepted Jun
2016
Copyright © 2017 by the
American Society for Enology
and Viticulture. All rights
reserved.

doi: 10.5344/catalyst.2016.16002

The existence of “ferocious lactobacilli” has been recognized for some time1.
These lactic acid bacteria proliferate quickly in grape juice and rapidly produce
high levels of acetic acid, attaining levels normally found only within the acetic
acid bacteria3. The amount of acetic acid produced is inhibitory to fermentation
progression4. One of these types of lactic acid bacteria was isolated from wine,
identified as a new species, and named Lactobacillus kunkeei5 . L. kunkeei has
been shown to be present in vineyards and comes in on the grapes at harvest,
generally at low population numbers6. Since this organism can grow efficiently
in grape juice, the population increases significantly within the first few days7.
The natural habitat of L. kunkeei is the honeybee gastrointestinal tract, and this
organism is particularly dominant in the foregut or crop of the bee8. Thus, honeybees present in vineyards are probable vectors of L. kunkeei. It is also possible
that bees present around grapes at harvesting, if accidentally processed along
with the fruit and crushed, could release L. kunkeei to the juice or must, but this
has not been investigated.
Given the economic impact of loss of managed bee populations due to colony collapse disorder (CCD)9 there is much scientific interest in determining
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the mechanisms by which honeybees normally resist
pathogen invasion and hive decline. The cause of the
widespread CCD phenomenon is not known precisely,
but factors that have been implicated include transport
stress, hive accumulation of agrochemicals, presence
of mites, presence of pathogens, and lack of resistance
or immunity toward those pathogens10. Analysis of the
honeybee microbiome revealed a highly-conserved
population of largely lactic acid bacteria11. The same
profile of bee-associated microbes was found in bees
worldwide and across bee species, suggesting an early
co-evolution of honeybees and these bacterial symbionts11. Approaches to forestall collapse of hives such as
use of antibiotics against larval pathogens have been
met with limited success12.
Subsequent research has shown that the community
of microorganisms associated with honeybees, hives,
and bee products plays an important role in minimizing or inhibiting the growth of deleterious microbes
both within the bee and in hive food sources13 . The
failure of antimicrobial agents targeting bee pathogens
to stabilize hives against CCD is likely due to the simultaneous inhibition of beneficial microbes. Thirteen
microbial species or subtypes are commonly found associated with healthy hives14. L. kunkeei is the dominant species commonly isolated across these analyses.
Each of these 13 organisms has been evaluated for
their ability to inhibit the growth of bee pathogens,
as well as environmental organisms including yeast,
that could easily use hive food sources as growth
substrates15 . The greatest levels of inhibition of target bacteria or yeast are seen when a combination of
these organisms are present, suggesting that the bacteria collectively possess a broad array of inhibitory
characteristics16. When tested individually, L. kunkeei
emerged as one of the most inhibitory members of the
consortium, particularly toward yeast17. In one study
that evaluated inhibition of flower and pollen residents
including yeast and fungi, L. kunkeei was able to inhibit the growth of both the yeasts and fungi tested,
as well as many of the bacteria18. Thus, L. kunkeei has
evolved to play a major role in inhibition of microbial
contaminants of bees and bee products, and its ability
to inhibit yeast fermentation of grape juice likely uses
similar mechanisms.

Discoveries

The probiotic role of L. kunkeei. It is now generally
believed that a primary hive defense against pathogens
and bee food spoilage is the creation and maintenance
of an actively inhibitory community of microorgandiscovery into practice 1:1 (2017)

isms19. These microbes enhance the innate immune
system of the bee and in combination have the capacity to inhibit the growth of a variety of pathogenic
and non-pathogenic organisms. The foraging lifestyle
and communal hive habitation characteristics of bees
means that potentially deleterious environmental microbes will constantly be introduced to the hive. The
role of lactic acid bacteria symbionts in the defense
against these detrimental organisms and the pivotal
role played by L. kunkeei has only recently become appreciated20.
L. kunkeei is found in adult bees and throughout the
hive, present in larvae and in larval food or beebread.
It is the dominant organism in the crop or foregut
where the nectar is stored in the bee for delivery to
the hive21. This population of L. kunkeei plays a critical role from the onset of bee feeding in protection
of sugar-rich nutrient sources. One of the pathogens
that can lead to colony collapse is Paenibacillus larvae,
which infects bee larvae leading to a high mortality of
the larvae22. P. larvae is found in hives not undergoing
CCD23, suggesting that its proliferation and ability to
cause disease is kept in check in the hive. In addition,
P. larvae can form resistant spores, making it challenging to control using chemical agents compatible with
bee hive biota24. L. kunkeei has been shown to directly
protect larvae from P. larvae in feeding studies, as well
as from other pathogens when present in the hive and
in hive food sources, and is now recommended to be
used in commercial bee foods25. Thus, the presence of
L. kunkeei and other bacteria within the hive comprise
a natural biocontrol system.
Researchers have investigated the factors responsible for the broad-spectrum inhibition of other microbial species by L kunkeei. One important factor
is its ability to rapidly produce high levels of acetic
and lactic acid which, in combination with formic acid
produced by hive resident bifidobacteria, create a
high acid/low pH environment 26 . In addition, L. kunkeei and other resident microorganisms make a host
of other inhibitory substances27. Fatty acids known to
be inhibitory to Saccharomyces are also released by
L. kunkeei 27. Inhibitory peptides or proteins are also
made as protease treatment of L. kunkeei spent medium reduces, and in some cases, eliminates inhibition
of some sensitive bacteria 28 . The array of inhibitory
compounds produced by L. kunkeei in natural bee habitats may also be responsible for the inhibition of yeast
fermentation.
Unique aspects of L. kunkeei metabolism enabling rapid growth in grape juice. L. kunkeei is a
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heterofermentative lactic acid bacterium, meaning
that it belongs to the group of lactic acid bacteria that
produce acetic acid, ethanol, and lactate as end products of hexose metabolism29. This mode of metabolism
yields energy when lactic or acetic acid are made, but
not when ethanol is produced (Figure 1). Ethanol is
formed solely to regenerate oxidized cofactors. During
metabolism, the cofactor NAD+ is reduced to NADH.

Figure 1 Diagram of the pathway for heterolactic fermentation of
fructose by lactic acid bacteria. A: the end products of the pathway
are lactic acid, acetic acid, ethanol, and CO2. Energy (ATP) is made
in the conversion of glyceraldehyde-3-phosphate to lactate and in
the conversion of acetylphosphate to acetic acid. The reduction of
acetylphosphate to ethanol regenerates NAD+ from NADH, but is
not energy generating. B: fructophilic lactic acid bacteria produce
greatly reduced levels of ethanol and instead use the conversion of
fructose to its alcohol form mannitol to regenerate NAD+.

discovery into practice 1:1 (2017)

NAD + must be regenerated to sustain carbohydrate
metabolism. The production of ethanol is a common
biological strategy for the regeneration of NAD+ from
its reduced form NADH via the transfer of an electron
from the cofactor to acetaldehyde forming ethanol. Molecular oxygen can also be used to regenerate NAD+,
and many heterofermentative lactic acid bacteria will
produce high levels of acetic acid and little to no ethanol in the presence of oxygen.
L. kunkeei uses a different mechanism to regenerate
NAD+. Analyses of end products formed from sugars
showed that L. kunkeei produces more acetic acid and
less ethanol than is typical for heterofermentative lactic acid bacteria under anaerobic conditions, but also
produced high levels of mannitol when fructose is
available30. The formation of mannitol from fructose
regenerates NAD+, enabling metabolism to continue. L.
kunkeei is categorized as “fructophilic”, meaning that
it prefers to utilize fructose over glucose and can do
so quickly30. Growth of L. kunkeei on glucose requires
a co-substrate such as pyruvate perhaps because of
the loss of ability to regenerate cofactors via ethanol
production30. L. kunkeei has evolved to use fructose itself as the agent for regeneration of cofactors, thus explaining its preference for fructose and the formation
of mannitol (Figure 1B). Fructose is directly reduced
to its alcohol, mannitol, in an equimolar ratio to the
consumption of fructose for energy30. Thus, growing
on fructose in the absence of oxygen, L. kunkeei can
produce energy levels equivalent to those of the other
heterofermentative lactic acid bacteria growing in the
presence of oxygen. This bacterium can grow rapidly
in juice simply because of the high fructose content.
Because nectar and honey are high in fructose, L kunkeei likely evolved this specialized mode of metabolism as a bee symbiont. However, the initial isolate and
strain type of L. kunkeei from wine showed a reduced
ability to use fructose for cofactor regeneration31.
Although found primarily associated with bees, L.
kunkeei has also been isolated from a variety of sources
in nature visited by bees32 . It was the most dominant
fructophilic lactic acid bacterium isolated in a survey of fruits and flowers, and strain differences were
observed among the isolates. These findings suggest
that there is routine exchange of L. kunkeei between
bees and the surfaces they visit. The observations of
L. kunkeei on the surfaces of grapes in vineyards is
consistent with the primary source and vector of this
organism being honeybees.
Proposed mechanisms of inhibition of yeast fermentation by L. kunkeei. Although the existence of
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“ferocious lactobacilli” had been known for decades,
these organisms were challenging to isolate and study3.
Edwards and colleagues succeeded in isolating an inhibitory lactic acid bacterium from stuck and sluggish
wines33 and subsequently identified it as a new species
that they named L. kunkeei34. L. kunkeei is able to grow
quickly in juice when populations are not kept in check
by low pH and use of SO23. Because acetic acid is known
to be inhibitory to Saccharomyces 35, the high level of
production of acetic acid by L. kunkeei was thought to
be the reason for the arrest of fermentation during
wine production36 . L. kunkeei can produce 4 to 5 g/L
of acetic acid when inoculated into juice36 . When fermentations were dosed daily with acetic acid to mimic
the conditions of production during co-cultivation with
L. kunkeei, the level of inhibition of fermentation depended upon the strain used and the starting sugar level36. Although acetic acid additions can mimic arrest of
fermentation, the kinetics and extent of arrest did not
completely match that seen with L. kunkeei. Mannitolproducing heterofermentative lactic acid bacteria also
produce n-propanol and 2-butanol 37, and these substances may also be inhibitory perhaps especially in
combination with the high acidity.

The effect of acetic acid on fermentation progression has been investigated and the mechanism of inhibition of fermentation established38 . The impact of
acetic acid is more severe if the exposure to the acid
occurs during the growth phase of the yeast 39. Acetic
acid also acts synergistically with ethanol, meaning
that fermentation arrest occurs only after a high level
of ethanol has developed in the medium38. The explanation for this effect is that acetic acid is transported
into the cell in a protonated or neutral (uncharged)
form, but soon loses a proton within the yeast cell,
thus acidif ying the cytoplasm 38 . The presence of
ethanol increases passive proton entry into the cell.
The pH of the cytoplasm is maintained via the action
of the plasma membrane ATPase or proton pump. As
fermentation progresses and higher levels of ethanol
are present in the environment, the cell struggles to
maintain cellular pH homeostasis in the presence of
acetic acid because the capacity of the pump to remove
protons becomes saturated. Consequently, fermentation is arrested. Acetic acid, which may have been produced in the juice prior to fermentation, thus does not
display an inhibitory effect until the latter stages of
fermentation when ethanol is present in high concentration and the capacity of the proton pump becomes
saturated. Although protonated or undissociated acetic acid would be present in higher concentrations at
discovery into practice 1:1 (2017)

lower pH, at higher pH, the membrane is more permeable to undissociated acids, leading to a greater level
of inhibition at higher pH values40. Thus, the presence
of acetic acid reduces the maximum ethanol tolerance
level of the yeast.
Acetic acid also impacts growth of the cells, decreasing specific growth rate and biomass formation41.
A 20% reduction in biomass occurred when 1 g/L acetic acid was present at the onset of fermentation 39. Fermentation rates were inhibited by 80% when 7.5 g/L
of acetic acid was present 39. The impact of acetic acid
is pH and strain dependent, with some Saccharomyces
strains more sensitive to inhibition than others36. The
presence of L. kunkeei in juice and ability to rapidly
utilize fructose and produce acetic acid can account for
the subsequent inhibition of fermentation. However,
because the level of inhibition seen with acetic acid
addition does not match that seen with L. kunkeei, it
is likely that other mechanisms for the reduction in
fermentation rate exist.
L. kunkeei is sensitive to SO2 and should be controllable by appropriate use of this antimicrobial agent.
However, in our analyses of arrested fermentations
in the 2013, 2014, and 2015 California vintages, we
noticed a common microbial profile among problematic wines. Juice microbial profiling data generated
by commercial laboratories showed low numbers
of L. kunkeei in the original juice, but the wines also
contained high levels of acetic acid bacteria, which
we subsequently identified as Gluconobacter oxydans,
G. cerinus, and Acetobacter pasteurianus. These three
species of acetic acid bacteria when growing in juices
make several oxidation products from glucose and
fructose that form adjuncts with SO2, reducing its effective concentration42 . We confirmed the ability of
the acetic acid bacteria that we isolated from these
arrested fermentations to tolerate typical usage levels
of SO2, presumably via their well-known ability to produce compounds that will bind to SO243. These bacteria
are present in higher numbers in late harvest fruit and
when higher incidence of rot is present in vineyards44,
and levels may increase during winemaking operations
such as cold soaks45. Thus, the combination of acetic
acid bacteria and L. kunkeei is likely responsible for the
appearance of the arrested fermentations. The titering
out of added SO2 by the metabolic end products of the
acetic acid bacteria enables rapid growth of L. kunkeei
in the juice and subsequent inhibition of fermentation.
The environmental incentive for [GAR+] prion induction by yeast in the presence of L. kunkeei and
fermentation arrest. We discovered that many wine
A Publication of the American Society for Enology and Viticulture
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spoilage bacteria that lead to the inhibition of fermentation can fundamentally alter the metabolic state of
Saccharomyces through the induction of prions46. The
term “prion” is used to describe a biological situation
in which the conformational form of a protein or protein complex is heritable, meaning that subsequent
progeny will express the phenotype (Figure 2)47. The
central dogma states that phenotypes or the traits of
organisms are due to the combined action of proteins
that are encoded by the DNA. The presence or absence
of the trait is directly correlated with the presence or
absence of the required protein activities, which, in
turn, is directly correlated with the presence of the
gene in the genome.
In some cases, however, a protein can exist in more
than one conformational state and these different states
lead to different expressed traits or phenotypes within
the cell. In this case, there is only one gene, but the
protein product of that gene can lead to different traits
depending upon its conformation within the cytoplasm.
Under some circumstances, the conformational state
of the protein can be inherited by progeny cells. When
this occurs, the mode of inheritance is called a prion
or prion-like mechanism48. The existence of prion-like
modes of inheritance of phenotypic traits enables the
population to sample a phenotype before making the
commitment to a mutational change in the genome 49.

Figure 2 The mechanism of protein-based inheritance. The central
dogma of DNA makes RNA makes protein is presented with cellular
traits or phenotypes due to the expression of specific proteins. In the
case of a prion, a protein may exist in more than one conformational
state or form with each form conferring a different trait or phenotype.
The conformation is dictated by proteins called chaperones that fold
the target proteins in specific ways. Prions are distinguished by having
a conformation that is dominant in hybrid cells and that is inherited
by progeny cells; progeny cells do not display the other wild-type
(WT) phenotype or protein conformation unless “cured” of the prion.
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The [GAR+] prion alters the ability of the yeast cells to
exclusively consume the hexose sugars glucose and
fructose50. This prion alters the binding properties of
regulatory proteins that normally suppress growth on
other substrates in the presence of glucose and that target metabolism for the exclusive use of hexose sugars.
In the prion conformation, cells can use substrates in
addition to hexoses, and the inhibition of use of those
compounds by glucose is eliminated.

Our data show that L. kunkeei can induce the formation of the [GAR+] prion in wine strains of Saccharomyces under winemaking conditions. We inoculated
a Chardonnay juice with a low population size of L.
kunkeei in the absence of SO2 and obtained an arrested fermentation. We then plated the surviving
yeast to determine if the prion had been induced. We
also evaluated the level of induction across the yeast
population. Roughly 40% of the yeast isolated were
[GAR+], showing that the presence of L. kunkeei during
fermentation can lead to prion induction 50. We have
also isolated yeasts displaying the [GAR+] phenotype
from commercial wines that have arrested fermentation again at frequencies less than 100% within the
viable yeast population51. Thus, this prion is induced
during grape juice fermentation and higher percentages of [GAR+] yeasts can be found in wines arrested
due to the presence of inhibitory bacteria.

Induction of the [GAR+] prion leads to several metabolic changes in the yeast cells. The consumption of
glucose and fructose is reduced, simultaneous use of
other carbon sources such as galactose is enabled, cell
surface composition (both plasma membrane and cell
wall) is altered, transport and other cell membrane
functions are altered, higher levels of amino acids are
released by the cells, and cell viability is enhanced52 .
The yeast consume oxygen at lower rates, which is of
benefit to bacteria, and the release of higher levels of
amino acids is also advantageous to bacteria.
Why have the yeast evolved to respond to the presence of bacteria in this way? Clearly enhanced viability in the presence of inhibitory levels of acetic acid is
beneficial to the survival of the yeast, but the levels
of acetic acid produced are usually below a toxic level
in the absence of ethanol. What is the benefit of use of
alternative carbon sources in the presence of high concentrations of glucose and fructose? The answer to this
question may be associated with the high mannitol production of L. kunkeei. Most strains of Saccharomyces can
use mannitol as a carbon and energy source, but only
in the presence of other substrates53. The utilization of
A Publication of the American Society for Enology and Viticulture
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mannitol necessitates the re-oxidation of mannitol to
fructose. The enzyme mannitol dehydrogenase uses
NAD + to convert mannitol back to fructose53 and in
the process NADH is produced. Similar to the process
outlined in Figure 1, this NADH must be reoxidized to
NAD+ for use of mannitol to continue within the cell,
meaning that another substrate must be reduced so
that metabolism can continue. The level of production
of mannitol by L. kunkeei is noteworthy and 1 mole of
mannitol is produced per mole of fructose catabolized
for energy by the bacterium 54 . Based on analysis of
acetic acid levels in juice, there may be on the order
of 10 to 15 g/L or more of mannitol formed during the
rapid growth phase of L. kunkeei55. Because mannitol
transport occurs via the same transporters for glucose
and fructose and is competitive with uptake of those
substrates56, the cells may have no choice but to also
co-metabolize the environmental mannitol.
To test this idea, we evaluated the ability of [gar-]
and [GAR+] cells to utilize mannitol in rich medium conditions (Figure 3). The [GAR+] cells efficiently utilized
the mannitol in the medium. Thus, the yeast rationale
for inducing the [GAR+] prion might be to manage usage of a mixed substrate environment. This metabolic
change has other consequences for the cells in terms
of reduction of fermentative capacity for sugar substrates, but likely helps the cell maintain cofactor balances and to continue metabolism at a reduced level
rather than shut down metabolism completely.
In addition, the commercial strain EC1118 was
shown to catabolize mannitol during Sauvignon blanc
fermentation, but this was observed only in a single
vintage57. In other vintages, the authors noted that
mannitol instead appeared to be made by the yeast.
Mannitol can also be made by plants directly from photosynthesis and its production is thought to be associated with stress to the plants. Infection of grapevines
by Uncinula necator, the causative agent of powdery mil-

Figure 3 Strains carrying the [GAR+] prion are able to use mannitol as compared to their [gar-] controls. Cells of UCD932 induced
(UCD932 [GAR+]) or not induced (UCD932gar) for the prion were
plated on rich medium (yeast extract peptone) in the presence of
glucosamine (0.05%) with mannitol (2%) as the sole carbon and energy source. Samples were processed as described in reference 45.
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dew, resulted in mannitol being produced in the leaves
from photosynthesis58. Thus, mannitol exists in the fermentation environment, will be a competitive inhibitor
of glucose and fructose uptake, and, if not consumed,
may negatively impact yeast metabolism, because accumulation of mannitol has been shown to be inhibitory to fermentation59. Mannitol is synthesized by yeast
and fungi as a protectant against oxidative damage, and
when taken up by cells, associates with cell components
in a form that is not readily extractable60.

The biological impetus for induction of the [GAR+]
prion may be to metabolize an alternative substrate
present in the fermentation. This adaptation to the
presence of mixed substrates that can enter the cell
via the glucose/fructose transporter system may also
explain why only a fraction of the population induces
the prion during fermentation. As the prion is induced
and cells consume an alternative substrate such as
mannitol, the levels of that alternative substrate in the
fermentation will drop. This decrease of alternative
substrate upon induction of the prion likely limits the
fraction of the population that will eventually induce
the prion based upon starting levels of the mixed substrates. This strategy assures a heterogeneous population of Saccharomyces with the level of [GAR+] induction
tailored to the level of the bacteria present and the
synthesis of the alternative substrate.
We have also observed that induction of the [GAR+]
prion leads to sustained viability of the yeast cells in
the fermentation61. The changes in cell surface composition that accompany induction of the prion make
the cell more resistant to the accumulation of toxic
substances during the fermentation, thereby assuring
survival of a subset of the population if environmental
stress remains unabated.

Outcomes

The ability of L. kunkeei to lead to arrest of wine fermentations and the importance of this organism in bee
and bee colony health are well established. Researchers have proposed enhancing the antimicrobial activity of L. kunkeei to combat CCD62 . Such efforts could
prove disastrous to the wine industry because modified strains will be vectored by bees to vineyards. The
creation of super strains of yeast able to resist bacterial arrest has been proposed for the wine industry63.
This could be equally as devastating to agricultural
industries reliant on bees for pollination. Likewise, the
grape industry should reconsider use of any chemical agents that would negatively impact hive health.
The discovery of the mechanisms by which L. kunkeei
A Publication of the American Society for Enology and Viticulture
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inhibits yeast fermentation may enable other more sustainable practices for control of this organism within
the winery. L. kunkeei can be controlled by use of SO2
at crush, but the utility of SO2 is dependent upon the
pH of the juice and the presence of other microorganisms that produce SO2-binding compounds. Members
of the acetic acid bacteria are prodigious producers of
metabolites that reduce the concentration of the free
form of SO2 , and we have found these organisms in
conjunction with L. kunkeei in arrested fermentations.
Higher than typical levels of SO2 may need to be added
in these circumstances. While L. kunkeei is vectored by
bees, the acetic acid bacteria appear to be increasing
due to the practice of late harvest and the incidence of
rot in the vineyard, both of which are independent of
bee vectoring. Cluster sorting at crush to reduce the
numbers of acetic acid bacteria may also be of benefit.
However, no solution should be considered that runs
the risk of negatively impacting bee and hive health.
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