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Resistance to hops is a prerequisite for lactic acid bacteria to spoil beer. In this study we analyzed
mechanisms of hop resistance of Lactobacillus brevis at the metabolism, membrane physiology, and cell wall
composition levels. The beer-spoiling organism L. brevis TMW 1.465 was adapted to high concentrations of hop
compounds and compared to a nonadapted strain. Upon adaptation to hops the metabolism changed to
minimize ethanol stress. Fructose was used predominantly as a carbon source by the nonadapted strain but
served as an electron acceptor upon adaptation to hops, with concomitant formation of acetate instead of
ethanol. Furthermore, hop adaptation resulted in higher levels of lipoteichoic acids (LTA) incorporated into
the cell wall and altered composition and fluidity of the cytoplasmic membrane. The putative transport protein
HitA and enzymes of the arginine deiminase pathway were overexpressed upon hop adaptation. HorA was not
expressed, and the transport of hop compounds from the membrane to the extracellular space did not account
for increased resistance to hops upon adaptation. Accordingly, hop resistance is a multifactorial dynamic
property, which can develop during adaptation. During hop adaptation, arginine catabolism contributes to
energy and generation of the proton motive force until a small fraction of the population has established
structural improvements. This acquired hop resistance is energy independent and involves an altered cell wall
composition. LTA shields the organism from accompanying stresses and provides a reservoir of divalent
cations, which are otherwise scarce as a result of their complexation by hop acids. Some of the mechanisms
involved in hop resistance overlap with mechanisms of pH resistance and ethanol tolerance and as a result

enable beer spoilage by L. brevis.

Resistance to hops is a prerequisite for the ability of lactic
acid bacteria to grow in beer and thus cause beer spoilage. Hop
compounds, mainly iso-a-acids, were described as ionophores
which dissipate the pH gradient across the cytoplasmic mem-
brane and reduce the proton motive force (PMF). Conse-
quently, the low intracellular pH (pH;,) interferes with essen-
tial enzyme reactions and PMF-dependent nutrient uptake is
hampered, resulting in the death of cells of hop-sensitive
strains (34, 37, 49).

Several mechanisms involved in the hop resistance of lacto-
bacilli have recently been characterized (13, 34-36, 38, 24-44,
47, 48). The proteins contributing to hop resistance include
multidrug resistance (MDR) transporters that excrete the hop
compounds into the outer medium (35, 45) and proton export
systems that maintain the intracellular pH. HitA is a putative
divalent cation transporter present predominantly in beer-
spoiling lactobacilli (13). An alteration of the teichoic acids in
the cell wall (50) and a changed lipid composition of the
cytoplasmic membranes (34) might additionally contribute to
the hop resistance. However, the role of these hop resistance
mechanisms in beer-spoiling lactobacilli is not fully under-
stood, especially because as none of them confers high levels of
hop resistance in the absence of other mechanisms of hop
resistance.
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Some potentially hop-resistant strains cannot grow in beer
unless they have first been exposed to subinhibitory concen-
trations of hop compounds, but the mechanisms of adaptation
are not understood (39). Apparently, hop resistance of lacto-
bacilli requires multiple resistance mechanisms. This is consis-
tent with the stress conditions acting on bacteria in beer, which
mainly consist of acid stress (40) and the antimicrobial effect of
the hop compounds in addition to ethanol stress and starva-
tion. For analytical convenience, however, the whole cell is
usually separated into cytoplasm, membranes, and cell wall,
and the dedicated functions of these parts are explored; in the
living cell one part shades into another, and all parts are
interdependent in terms of function and formation (33). Con-
sequently, the challenge in hop resistance research is to reas-
semble the various defense mechanisms at all cellular levels to
see the overall functions. In this work we investigated the
diversity of metabolism and various aspects of hop resistance in
a potential beer-spoiling strain of Lactobacillus brevis and an
adapted hop-resistant variant of this strain in order to establish
a model for the interaction of the multiple resistance mecha-
nisms and their roles in hop adaptation.

MATERIALS AND METHODS

Microorganisms, media, and culture conditions. L. brevis TMW 1.465 was
selected as the most potent beer-spoiling organism among 31 strains of lacto-
bacilli considered. A variant of this strain adapted to hop stress (see below) was
designated L. brevis TMW 1.465A. The properties of L. brevis TMW 1.465A
reflect those of L. brevis TMW 1.465 except that the MIC of iso-a-acids was
higher, >100 wM (the highest concentration tested was 103.2 pM), at pH 4.0
after 48 h. L. brevis TMW 1.465 was grown in mMRS4 (41). A growth medium
containing fructose was chosen because mannitol was detected by high-perfor-
mance liquid chromatography in spoiled beer, indicating that there was a reduc-
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tion in the level of fructose. Furthermore, mMRS4 was optimal for growth of L.
brevis TMW 1.465 at pH 6.0 (reference conditions) or at pH 4.0 (acid stress
conditions). L. brevis TMW 1.465A was grown at pH 4.0 in the presence of
isomerized hop extract (Isohop; Nateco2 GmbH u. Co. KG, Mainburg, Hallertau,
Germany) added at an iso-a-acid concentration of 86 WM. Cultures were grown
at 30°C. Unless indicated otherwise, cells were harvested by centrifugation for
each condition at an optical density at 590 nm (ODsgy) of 0.4 in the early
exponential growth phase.

Determination of MDR transport activity. MDR transport activity of L. brevis
TMW 1.465 and TMW 1.465A was assessed with ethidium bromide, Hoechst
33342, and Calcein AM as substrates using previously established protocols (21,
35, 48).

Adaptation conditions and measurement of hop resistance. Cultures of L.
brevis TMW 1.465 were subcultured in media with increasing concentrations of
iso-a-acids. The inoculation density in each case was an ODsg, of 0.4. The
concentrations of iso-a-acids were increased from 17.2 pM to a final concentra-
tion of 86 M within 60 days. Growth curves were determined at days 15, 30, and
60 during the adaptation period. Growth challenges were carried out in micro-
titer plates with a hop extract dilution series using concentrations of iso-a-acids
ranging from 17.2 puM to 103.2 uM in 8.6 pM steps. Media were inoculated to
obtain an ODsg, of 0.15. A layer of sterile paraffin was used to ensure anaerobic
conditions, and the ODsq, was measured for 200 h. One-half of the cultures did
not survive the adaptation procedure. The hop-resistant variant of L. brevis
TMW 1.465 adapted to 86 M iso-a-acids was designated L. brevis TMW 1.465A.

Acquisition of metabolic data. Cultures were grown to stationary phase under
reference, acid stress, and hop stress conditions, and the culture supernatants
were obtained by centrifugation (5,000 X g, 10 min). Metabolite contents were
determined by high-performance liquid chromatography. Maltose, glucose, fruc-
tose, mannitol, lactic acid, acetic acid, and ethanol were separated on a Polyspher
OA KC column (Merck, Darmstadt, Germany), and amino acid contents in the
supernatants were determined using an AminoPac PA10 column (Dionex,
Idstein, Germany) as previously described (19, 46). Two external amino acid
standards containing arginine, ornithine, lysine, citrulline, glutamine, asparagine,
alanine, threonine, glycine, valine, serine, proline, isoleucine, leucine, methio-
nine, histidine, phenylalanine, glutamate, aspartate, cystine, cysteine, and ty-
rosine were used. Norleucine was used as an internal standard. Samples from
independent cultures were prepared in duplicate, and the means were calculated.

Growth challenges in the presence of amino acids. L. brevis TMW 1.465 and
TMW 1.465A were incubated in mMRS4 (pH 4.0, 86 pM iso-a-acids) supple-
mented with different concentrations of arginine, ornithine, alanine, asparagine,
leucine, glutamate, methionine, and phenylalanine. The amino acids were added
at concentrations ranging from 20 mM to 35 mM in 5 mM steps, and the pH was
adjusted to 4.0. Growth challenges were carried out in microtiter plates. The
inoculation density used was an ODsq, of 0.15. A layer of sterile paraffin was
used. The growth was measured photometrically at 590 nm.

Contribution of membrane-associated transport proteins to hop resistance.
The contribution of membrane-associated transport proteins to hop resistance
was determined by selective inactivation of membrane transport systems by
high-pressure treatment (4, 47). Cells of L. brevis TMW 1.465 and L. brevis TMW
1.465A were subjected to a pressure treatment at 300 MPa and 20°C for 0 to 30
min as previously described (47). The treated cells were subsequently incubated
at 30°C in mMRS4 (pH 4.0) containing 0 to 68.8 wM iso-a-acids, and the ODsq
of the cultures were determined at 1-h intervals for 28 days. The detection times
were obtained by determining the incubation times required to increase the
ODsq by 0.2.

Determination of membrane composition. Cells were grown under reference,
acid stress, and hop stress conditions as described above in 50 ml of mMRS4 to
the stationary growth phase. Cells from each preparation were lyophilized,
packed under an N, atmosphere, and sent to Deutsche Sammlung von Mikro-
organismen und Zellkulturen (Braunschweig, Germany) for analysis. Membrane
fatty acids were extracted, transesterified, and analyzed by gas chromatography.

Measurement of membrane fluidity. The membrane fluidity of L. brevis TMW
1.465 grown under reference and acid stress conditions and the membrane
fluidity of L. brevis TMW 1.465A grown under hop stress conditions were de-
termined by Laurdan fluorescence (27). The cells were washed twice with phos-
phate buffer (50 mM phosphate [pH 6.5], 10 mM glucose) and resuspended to an
ODysy of 1.0 in the same buffer. A stock solution of Laurdan (2 mM in ethanol)
was added to obtain a Laurdan concentration of 40 uM. Cells were stained at
30°C for 30 min in the dark. After this the cells were washed twice with phos-
phate buffer (50 mM phosphate [pH 6.5], 10 mM glucose) and resuspended again
in phosphate buffer (50 mM phosphate [pH 6.5], 10 mM glucose). The fluores-
cence spectra (excitation wavelength, 360 nm; emission wavelengths, 380 to 550
nm) were determined with an LS 50B luminescence spectrometer (Perkin-Elmer,
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TABLE 1. Primers used for analysis of expression of hop
resistance genes by LightCycler PCR

. , , Annealin
Primer Sequence (5 to 3") temp (QC§
hitA_V TAGCACGGTCGGGCGATTCGTTG 59
hitA_R CCTGACAGCGTCCCGGTAATCGTG 59
arcA 'V  CAAGAGTCATTTTGACAAGGTTATTG 52
arcA_ R GAATCAAATCTAAATCGTCAAGGTTC 52
arcB 'V AAATTACTTGTTACCGACGACTTAGC 52
arcB_R CCATTTCAGTAATACCGTACTTTTCC 52
arcC_V GACCACAAGTTGGTAATTTACTGTTG 52
arcC_R CTTAATCTCAGCTTCTGTGTAGAACG 52
keto_V TTCTACATTGGTGGTCCTGGTC 52
keto_R GTTGCGTGGGAAAGTGAGTAAC 52

Rodgau-Jiigesheim, Germany) using 1-nm steps at 5, 10, 15, 20, 25, and 30°C.
The Laurdan general polarization (GP) was calculated as follows: GP = (I,49 —
L400)/ 1440 + L400), Where 1,4, is relative fluorescence at 440 nm and 149, is relative
fluorescence at 490 nm (27). To measure the effects of the hop compounds on the
membrane fluidity, the phosphate buffer was replaced with sodium acetate buffer
(50 mM, pH 4.0) containing 86 pM iso-a-acids. The measurements were ob-
tained at 30°C.

Preparation and analysis of lipoteichoic acids. Cells were grown under refer-
ence, acid stress, and hop stress conditions as described above to the stationary
growth phase. Cells were harvested by centrifugation (5,000 X g, 20 min, 4°C),
washed once with cold 0.01 M sodium acetate (pH 4.7) containing 0.9% NaCl,
and resuspended at a concentration of 0.4 g cells/ml (15). Cells were broken by
an ultrasonic treatment (HD-70/Bandelin; five 30-s cycles; power, 90%; cycle,
30%; intermediate cooling). The dry weight of the broken cell suspension from
each preparation was determined and used to normalize analytical data. The
lipoteichoic acid (LTA) was extracted and purified on an octylsepharose column
essentially as described previously (9, 15). The purification of lipoteichoic acid
was controlled online (BioLogic Optics module II OM-11; Bio-Rad, United
States) for protein and DNA contamination photometrically. Lipoteichoic acids
were concentrated by lyophilization. For characterization, the LTA was chemi-
cally deacylated to obtain chemically deacylated LTA (cdLTA) by mild alkali
treatment with 0.1 M NaOH for 1 h at 60°C (30), and the cdLTA was analyzed
by polyacrylamide gel electrophoresis (PAGE) as described previously (28). The
c¢dLTA was visualized by combined alcian blue and silver staining (24). For
determination of the glycerolphosphate content, the cdLTA was hydrolyzed with
2 M HCI for 2 h at 100°C, the buffer was neutralized with NaOH, and the
glycerolphosphate concentration was determined enzymatically (26).

Analysis of expression of hop resistance genes at the mRNA level. For the
analysis of expression of hop resistance genes, total RNA was extracted from
cells subjected to all three stress conditions (see above) as described by Aiba et
al. (1). The RNA was purified, and reverse transcription was performed with
random primers and murine leukemia virus reverse transcriptase, using the
instructions of the supplier of the reagents (Promega, Mannheim, Germany).
The nucleotide sequences of arcA, arcB, arcC and the phosphoketolase gene
were determined by the U.S. Department of Energy Joint Genome Institute
(http://www.jgi.doe.gov/). The primers for the hop resistance genes were con-
structed with the Dnasis software (Hitachi Software Engineering Co, Yokohama,
Japan) according to the instructions of the manufacturer of the LightCycler
(Roche Diagnostics GmbH, Mannheim, Germany). The cDNA was quantified
using the QuantiTect SYBR green Mastermix (QIAGEN, Hilden, Germany).
The efficiency of each primer pair was determined with a dilution series of
chromosomal DNA (22). The expression analysis results (29) were normalized
for each experiment using the phosphoketolase gene as a housekeeping gene.
Template RNA was included in the LightCycler runs to exclude contamination
of the RNA preparation with DNA. The primers and annealing temperatures for
the amplification reactions are shown in Table 1.

Evaluation of resistance mechanisms and their roles in hop resistance. The
roles of the hop resistance mechanisms in the phenotype of L. brevis TMW
1.465A were evaluated by measuring changes in the intracellular pH of cells that
were exposed to different concentrations of hop compounds in order to study
energy-independent hop barriers, as well as HorA-independent transport pro-
cesses (45). L. brevis TMW 1.465A was grown under hop stress conditions as
described above. The effect of hop compounds on the intracellular pH can be
measured only in cells with a “normal” starting pH;,,. Accordingly, the cells were
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FIG. 1. Adaptation of L. brevis TMW 1.465 to increasing concentrations of iso-a-acids. The growth curves were determined at days 15 (A), 45
(B), and 60 (C) of adaptation. The cultures were inoculated onto mMRS4 (pH 4.0) containing 17.2 @, 28.8 O, 34.4 ¥, 43.0 V, 51.6 m, 60.2 [J, 68.8
@, 774 O, 86.0 A, 94.6 A, or 103.2 @ pM iso-a-acids. The values are the means and standard deviations of four independent experiments.

subcultured once in the same medium without hop compounds to restore their
intracellular pH in order to obtain measurements. Cells were harvested by
centrifugation, washed twice with phosphate buffer (50 mM, pH 6.5), and resus-
pended in the same buffer at an ODsq of 1.0. The intracellular pH was measured
with the fluorescent dyes cFDASE (pK, 6.5) using a previously described method
(23) and with Calcein AM (Invitrogen GmbH, Karlsruhe, Germany). Calcein
AM exhibits pK, values (pK,; 2.1, pK,, 2.9, pK,5 4.2, pK,4 5.5, pK,5 10.8, and
pK. 11.7) which make it suitable for measuring pH in the range from pH 3.0 to
6.5. Four micromolar Calcein AM was added to the samples. After 3 h of
incubation at 30°C to allow dye internalization and hydrolysis by cellular ester-
ases, the cells were washed twice with sodium acetate buffer (50 mM, pH 4.0),
resuspended at an ODsq,, of 1.0, and cooled to 4°C to achieve low permeability
of the bacterial membrane for hop compounds until measurement was started
(37). Hop compounds were added to the samples to obtain iso-a-acid concen-
trations of 0, 2, 20, and 80 uM. For energized samples 10 mM arginine or glucose
was added. The ionophores valinomycin (1 wM) and nigericin (1 pM) were used
as controls. The fluorescence (excitation wavelength, 485 nm; emission wave-
length, 520 nm) was measured using black microtiter plates with a Spectrafluor
microtiter plate reader (Tecan, Grodig, Austria) at 30°C for 120 min with shaking
before and between measurements. For calibration the pH;, and extracellular
pH were equilibrated by addition of valinomycin (1 wM) and nigericin (1 uM)
(23) (data not shown). We verified that hydrolyzed Calcein AM is not a substrate
for MDR transport in L. brevis TMW 1.465A (data not shown). Furthermore, we
excluded the possibility that the divalent cations Ca?*, Mg?*, and Mn?", the
latter of which is known to be present at high concentrations in lactic acid
bacteria (2), affected hydrolyzed Calcein AM fluorescence when they were added
to the buffer at concentrations ranging from 16 uM to 10 mM (data not shown).
To take into account the fact that no pH-independent fluorescence could be
measured for calibration, we ascertained that a loss of dye was not responsible
for the decrease in fluorescence. The rate of recovery of fluorescence for pHj, 6.5
equilibrated cells quantified before and after each measurement (as described
above) was 97% * 3%.

RESULTS

Adaptation of L. brevis TMW 1.465 to hop compounds. The
MIC of iso-a-acids for the unadapted L. brevis TMW 1.465
strain was 17.2 uM at pH 4.0 after 48 h of incubation. This
strain has a functional hit4 gene (13). It exhibited MDR trans-
port activity when Calcein AM was used as the substrate but
not when ethidium bromide and Hoechst 33342, which are
accepted as substrates by HorA, were used. To check HorA
functionality in this strain, its hor4 gene (DDBJ accession no.

AB167897) was cloned and sequenced to reveal a deletion in
base 99, which leads to a stop codon after amino acid 36 and
renders the protein nonfunctional. To document the progress
of adaptation of L. brevis TMW 1.465 to high concentrations of
hop compounds, the hop resistance was measured at three
stages of adaptation. The starting iso-a-acid concentration,
17.2 uM, reflected the hop resistance of the unadapted strain
L. brevis TMW 1.465. At day 15, the hop resistance had in-
creased to 51.6 pM iso-a-acids, and after 45 days it had in-
creased to the maximum concentration tested, 103.2 uM (Fig.
1). Upon adaptation, the lag phase and the growth rate of L.
brevis TMW 1.465A were nearly independent of the iso-a-acid
concentration in the growth medium. Adaptation to even
higher hop levels was investigated, and L. brevis TMW 1.465A
grew with up to 172 uM iso-a-acids; however, the cultures had
a extended lag phase and exhibited poor growth compared to
the growth of cultures grown under acid stress and optimal
conditions.

Metabolism of L. brevis TMW 1.465 and L. brevis TMW
1.465A under reference and stress conditions. The metabolites
from maltose, glucose, and fructose of L. brevis TMW 1.465
grown under reference and acid stress conditions and of L.
brevis TMW 1.465A grown under hop stress conditions are
shown in Table 2. A major change in metabolism was observed
when the reference conditions (pH 6.0) were compared to the
acid stress conditions (pH 4.0). This trend continued with the
higher levels of stress caused by additional hops, although to a
lesser extent. Fructose was used predominantly as a carbon
source under reference conditions but was used predominantly
as an electron acceptor under stress conditions, and there was
a concomitant increase in mannitol and acetate production.
Lactate production and ethanol production were reduced un-
der stress conditions. One-third of the maltose was not fer-
mented under acid stress and hop stress conditions.

The amino acid metabolism under reference, acid stress, and
hop stress conditions was also examined. No detectable differ-
ences in the amino acid compositions of fermented superna-
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TABLE 2. Sugar metabolism of L. brevis TMW 1.465 under reference
and acid stress conditions and of L. brevis TMW 1.465A under hop
stress conditions, as determined by high-performance
liquid chromatography analysis

Concn (mM) in:

Compound Reference Acid stress Hop stress
mMRS4 conditions conditions conditions
(TMW 1.465)  (TMW 1.465)  (TMW 1.465A)
Maltose 31.5 1.1 21.4 22.1
Glucose 28.0 0.0 1.8 7.3
Fructose 28.4 0.0 1.8 1.2
Mannitol 0.0 8.6 19.6 24.3
Lactate 0.0 74.8 42.1 24.2
Acetate 0.0 11.1 13.2 18.8
Ethanol 0.0 80.2 31.6 10.8

tants and fresh growth medium were observed except for or-
nithine, which was formed from arginine. Ornithine was not
detectable in fresh mMRS4. L. brevis TMW 1.465A accumu-
lated 3.1 mM ornithine under hop stress conditions; after in-
cubation under reference and acid stress conditions, 1.4 and
1.7 mM ornithine were produced, respectively.

To evaluate a possible role of arginine metabolism in hop
resistance, L. brevis TMW 1.465 and L. brevis TMW 1.465A
were incubated in mMRS4 (pH 4.0) containing 86 uM iso-a-
acids and supplemented with various amino acids. L. brevis
TMW 1.465 grew only in medium supplemented with arginine,
and higehr arginine concentrations resulted in higher growth
rates. Hop-containing medium that was supplemented with the
other amino acids remained lethal for L. brevis TMW 1.465.
The hop-adapted strain L. brevis TMW 1.465A exhibited

cell growth detection (h)

cell growth detection (h)
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slightly faster growth with increasing concentrations of any of
the amino acids.

Inactivation of membrane-associated transport proteins by
high pressure and determination of the resulting decrease in
hop resistance. To determine the relevance of membrane-
associated transport proteins for hop resistance, the transport
proteins were inactivated by treatment of L. brevis with suble-
thal pressure as described previously (48) and the hop resis-
tance of pressure-treated L. brevis was assessed by determina-
tion of detection times in media containing various levels of
iso-a-acids. Pressure-treated samples were diluted to obtain
the same level of viable cell counts independent of the pressure
holding time (data not shown). This ensured that there was a
constant inoculation density for all preparations in the growth
experiment. Figure 2 shows that addition of hop iso-a-acids to
the growth medium delayed the growth of pressure-treated
cells. However, for L. brevis TMW 1.465 and TMW 1.465A, 15
min and 24 min (lethal level), respectively, at a pressure of 300
MPa were needed to inhibit the growth. For inactivation of
MDR transport activity a 30-s pressure holding time was suf-
ficient (4).

Determination of membrane composition. The fatty acid
compositions of the membrane of L. brevis TMW 1.465 under
reference and acid stress conditions and of L. brevis TMW
1.465A under hop stress conditions were determined (Fig. 3).
Acid or hop stress strongly affected the membrane composi-
tion. The most prominent shift upon acid stress was an in-
creased level of C,, cyclopropane fatty acids at the expense of
18/1 unsaturated fatty acids. Upon adaptation to hop stress, the
content of palmitic acid (19% of the total fatty acids) was
strongly increased relative to the content under reference and
acid stress conditions (8%). Simultaneously, the 16/1 and 18/1

FIG. 2. Effect of treatment with sublethal high pressure on growth during subsequent storage in hop-containing media. L. brevis TMW 1.465
(A) and L. brevis TMW 1.465A (B) were treated at 300 MPa and 20°C for 0 to 30 min and subsequently incubated in mMRS4 (pH 4.0) containing
different concentrations of iso-a-acids. No-pressure controls (c¢) were included. Cell growth detection times were calculated by determining the

time required for the ODsq, to increase 0.2 U.
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FIG. 3. Fatty acid compositions of L. brevis TMW 1.465 grown under reference and acid stress conditions and of L. brevis TMW 1.465A

cytoplasmic membranes.

fatty acid contents were decreased. The ratio of 16/0 fatty acid
content to 16/1 fatty acid content, which is considered a “magic
number” in proton ionophore resistance (20), increased from
1.0 to 4.75 upon hop adaptation.

Membrane fluidity. To evaluate the change in fatty acid
membrane composition, the fluidity and polarity of the cyto-
plasmic membrane of L. brevis TMW 1.465 grown under ref-
erence and acid stress conditions and the fluidity and polarity
of the cytoplasmic membrane of L. brevis TMW 1.465A grown
under hop stress conditions were determined by using Laurdan
fluorescence. An increase in the GP value correlates with re-
duced fluidity of the membrane (52). The influence of the hop
compounds on the membrane fluidity was determined at 30°C.
Addition of hops resulted in an increase in the GP value of
approximately 0.06 = 0.01 U, indicating that there was a de-
crease in the fluidity of the membrane (data not shown). The
effects of adaptation to acid stress and hop stress on membrane
fluidity are shown in Fig. 4. The cells grown under acid stress
conditions showed a marked decrease in the membrane fluidity
at temperatures ranging from 10 to 30°C compared to cells
grown under reference conditions. Upon hop adaptation, the
membrane fluidity was reduced further. At 5°C, a temperature
at which the membrane is in the gel phase, the highest GP was
observed in reference cells.

Lipoteichoic acids. The changes due to the presence of hop
compounds in the growth media in the lipoteichoic acid con-

tent of the cell walls were measured under reference, acid
stress, and hop stress conditions. For qualitative analysis, the
lipoteichoic acid was isolated, chemically deacylated, and sep-
arated by native PAGE (Fig. 5). As expected based on its
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FIG. 4. GP values for Laurdan incorporated into the cytoplasmic
membrane of L. brevis TMW 1.465 and L. brevis TMW 1.465A. Cells
were grown to stationary phase under reference and acid stress con-
ditions (TMW 1.465) or in the presence of hops (TMW 1.465A). The
data are representative of two independent experiments.
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FIG. 5. Analysis of LTA isolated from L. brevis TMW 1.465 and L.
brevis TMW 1.465A: electrophoretic separation of cdLTA purified
from L. brevis TMW 1.465 grown under reference conditions (lane 1)
or acid stress conditions (lane 2) and from hop-adapted L. brevis TMW
1.465A (lane 3). The samples loaded represented equivalent cell dry
masses for the different conditions, and the results are representative
of two independent LTA isolations.

heterogeneity, the cdLTA migrated as a smear. Under refer-
ence conditions almost no cdLTA was detected on the gel. The
cdLTA from acid-adapted cells were visible as a smear in the
middle of the gel. The cdLTA from hop-adapted cells formed
a thick band in the upper third of the gel and a slight smear
comparable to smear observed for cells grown under the acid
stress conditions. To obtain quantitative information on the
c¢dLTA levels, the cdLTA was hydrolyzed and the amount of
glycerolphosphate, which forms the backbone of LTA, was
measured. In agreement with the PAGE analysis, the glycer-
olphosphate content of the cdLTA increased from 0.6 = 0.0
mmol g (dry weight) ™! t0 2.9 = 0.2 mmol g (dry weight) ! and
finally to 6.4 = 0.1 mmol g (dry weight) ~* with increasing stress
levels.

Analysis of expression of hop resistance genes at the mRNA
level. To determine the regulation of mechanisms contributing
to hop resistance, the expression of the previously character-
ized hop resistance gene hitA was measured at the mRNA
level. As the metabolite analysis of L. brevis TMW 1.465A
indicated that arginine metabolism has a role in hop resistance,
the genes of the arginine deiminase (ADI) pathway (arcA,
arcB, and arcC) were also quantified. Gene expression was
normalized to expression of the phosphoketolase housekeep-
ing gene. The profile of expression of the target genes is shown
in Fig. 6. The gene expression under the reference conditions
was defined as 1.0. Acid stress resulted in 1.2- to 1.8-fold
overexpression of all four genes, whereas arcB and arcC were
overexpressed 2.5- to 4-fold upon adaptation to hops.

Evaluation of resistance mechanisms and their roles in hop
resistance. The intracellular pH of L. brevis TMW 1.465A was
measured by the cFDASE method and with Calcein AM in
order to determine whether barrier functions, transport, or
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FIG. 6. Analysis of the expression of hop resistance genes hitA,
arcA, arcB, and arcC of L. brevis TMW 1.465 (reference and acid stress
conditions) and L. brevis TMW 1.465A (hop-adapted cells). mRNA
levels were quantified by LightCycler PCR using cDNA as the tem-
plate and pta as the reference. The values are the means and standard
deviations of four independent experiments.

metabolism plays the major role in the high level of resistance
of L. brevis TMW 1.465A to hops. Measurements by the
cFDASE method and with Calcein AM generally provided
consistent results; however, based on the pK, values of the two
dyes, Calcein AM was the more appropriate choice. Therefore,
only the values obtained from Calcein AM measurements are
shown in Fig. 7. As a reference for the experiments, cells of L.
brevis TMW 1.465A incubated without an energy source and
hop compounds were used. The decrease in fluorescence in
these controls was caused mainly by a decrease in the pH;,
upon the shift from the pH 6.5 phosphate buffer to the pH 4.0
acetate buffer. After 40 min, equilibrium was reached. Figure
7A shows the rapid decrease in the intracellular pH in de-
energized cells mediated by hop compounds. Even in hop-
adapted cells, addition of 80 WM a-iso-acids strongly decreased
the intracellular pH, indicating that the alterations in the cell
envelope failed to protect cells against hop compounds in
the absence of a source of metabolic energy. Figure 7B
shows the intracellular pH of cells that were energized with
glucose or arginine concomitant with their exposure to iso-
a-acids. No differences in the curves for deenergized and
energized cells were observed for the first 40 min of mea-
surement (Fig. 7A and B). In cells energized with arginine,
but not in cells energized with glucose, a slow increase in the
intracellular pH was detected after 40 min.

DISCUSSION

L. brevis TMW 1.465 can express a variety of hop resistance
mechanisms that act at various cellular levels, including me-
tabolism, membrane physiology, and cell wall structure. These
mechanisms are not necessarily all used at the same time but
can be distinguished to confer low-level or high-level resistance
to hops, the latter of which develops only upon prolonged
adaptation. To delineate these resistance mechanisms and to
study their roles in hop resistance and adaptation, cells were
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FIG. 7. Measurement of intracellular pH changes in cells of L. brevis TMW 1.465A after addition of different concentrations of hop compounds.
(A) Exposure of deenergized cells to 0 to 80 wM iso-a-acids or 1 pM valinomycin and nigericin. (B) Exposure of cells to 2 and 20 pM iso-a-acids
with concomitant addition of glucose or arginine as an energy source. The data are representative of two independent experiments. RFU, relative

fluorescence units.

grown under optimal, acid stress, and hop stress conditions.
For the investigation of hop stress conditions L. brevis TMW
1.465 had to be adapted to increasing concentrations of iso-a-
acids (31, 39). Thus, the responses to three different growth
conditions of variants of one strain that strongly differed in hop
resistance could be compared. The experimental design al-
lowed differentiation between acid stress and hop stress.

The high level of hop resistance of L. brevis TMW 1.465A
could not be attributed to an MDR transport system. It could
be demonstrated that there were significant changes in the
metabolic products and that the arginine deiminase pathway
supported the hop resistance and the adaptation to hops. Fur-
thermore, the altered fatty acid composition of the cytoplasmic
membrane and the modified cell wall contributed to the high
level of hop resistance of L. brevis TMW 1.465A.

The adaptation of L. brevis TMW 1.465 to 86 uM iso-a-acids
was a time-consuming process, which was associated with the
loss of several cultures that could not cope with the increasing
hop stress conditions. However, after 60 days the hop-resistant
variant of L. brevis TMW 1.465 exhibited a lag phase and a
growth rate that were nearly independent of the iso-a-acid
concentration. L. brevis TMW 1.465A, which grew with 86 uM
iso-a-acids, was considered to be comparable to strains that
grew under the other conditions and was chosen for the ex-
periments.

Sugar metabolism. In heterofermentative lactic acid bacte-
ria, like L. brevis, the phosphoketolase pathway generates 1
mol of ATP and 2 mol of NADH + H™ from 1 mol of glucose
or 2/3 mol of ATP and 2 mol of NADH + H* from 1 mol of
fructose. The NADH + H™ can be restored by the formation
of ethanol from acetyl-P, to maintain the redox balance of the
cells. If acetate is formed from acetyl-P instead of ethanol, one
additional mol of ATP is created by the acetate kinase. In this
case the cellular redox balance has to be maintained by the use
of external electron acceptors like fructose, which is converted
to mannitol. The sugar metabolism in L. brevis TMW 1.465 and
1.465A changed from the reference conditions at pH 6.0 to the
acid stress conditions at pH 4.0. With an increasing stress level
(lower pH) the production of lactate and the production of

acetate decreased and increased, respectively. This metabolic
change was also reflected by elevated mannitol production
under acid and hop stress conditions. This way, the formation
of ethanol was avoided, allowing the energetically favorable
formation of acetate. At a high pH value the fructose acts more
as a C source, and only one-third of the fructose is used as an
electron acceptor. Thus, L. brevis avoids the formation of eth-
anol and uses the energetically favorable acetate kinase path-
way. The remaining maltose and the decreased lactate produc-
tion are caused by the fact that a growth-limiting environment,
principally a low pH, occurs earlier under acid stress and hop
stress conditions.

Amino acid metabolism. The hop adaptation of L. brevis
TMW 1.465A increased the conversion of arginine to ornithine
via the ADI pathway (42). The observations concerning the
levels of metabolites were substantiated by quantification of
the expression of the enzymes of the ADI pathway. Significant
increases in arcA and arcC expression and even more signifi-
cant increases in arcB expression under hop stress conditions
were apparent, indicating that the arcB step could be the met-
abolic rate-limiting step in the arginine deiminase pathway.
The conversion of arginine to ornithine, ammonia, and CO, is
coupled to production of ATP and also contributes to the
generation of the PMF and an increase in the extracellular pH.
Accordingly, arginine metabolism is recognized as an impor-
tant factor in bacterial acid resistance (5) and contributes to
nisin resistance in Lactococcus lactis (18). Glucose transport
in L. brevis is PMF dependent (51), and the dissipation of
the PMF by hop compounds inhibits sugar uptake (34). An
increase in the extracellular pH reduces the activity of hop
compounds, which is dependent on the pH (40).

L. brevis TMW 1.465 tolerated hop stress (86 pwmol iso-a-
acids/liter) only in media supplemented with arginine. In con-
trast, L. brevis TMW 1.465A grew nearly independent of amino
acid supplementation. This indicates that L brevis TMW
1.465A developed additional resistance mechanisms during ad-
aptation, whereas L. brevis TMW 1.465 requires the arginine
deiminase pathway for survival. Utilization of this pathway
thus appears to be an inducible early step in the adaptation to
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hop compounds, transiently conferring resistance until full ad-
aptation is achieved.

Role of MDR transport. Whenever HorA activity was ab-
sent, MDR transport activity mediated by other transporters
was observed in L. brevis TMW 1.465 and in L. brevis TMW
1.465A. Inactivation of membrane-associated transport pro-
teins via high-pressure treatment and a subsequent growth
challenge under hop stress conditions were used to further
assess the role of MDR transport proteins in hop resistance
(35, 48). Treatment of lactic acid bacteria with sublethal
pressure is known to inactivate the F,F, ATPase, as well as
ATP-dependent and PMF-dependent MDR transport en-
zymes, such as LmrP in L. lactis (23). The glutamate-depen-
dent acid resistance system of Escherichia coli is pressure
stable (17). The ability to grow in the presence of hops of L.
brevis TMW 1.465A and TMW 1.465 was nearly unchanged
after inactivation of the membrane-associated transporters.
Measurement of the ionophore effect of iso-a-acids by mon-
itoring the intracellular pH indicated that the efflux rate
mediated by possible transport mechanisms other than
HorA (e.g., HorC) was far less than the minimum iso-a-acid
concentration tested (2 wM). As membrane-bound MDR
transporters are easily inactivated by high pressure (10) and
hop transport activity was not detectable, the hop resistance
of L. brevis TMW 1.465 and its variant TMW 1.465A ap-
pears to be based mainly on attributes other than mem-
brane-associated transport proteins.

Role of membrane composition. Both acid stress and hop
adaptation resulted in an altered fatty acid composition of
the cytoplasmic membrane. Upon acid stress, the level of
cyclopropane fatty acids increased at the expense of the
level of long-chain unsaturated fatty acids. Methylation of
unsaturated fatty acids to cyclopropane fatty acids is cata-
lyzed by cyclopropane-fatty-acyl-phospholipid synthase (11).
In E. coli, cfa expression is up-regulated as part of the
stringent response and upon acid and oxidative stress (7, 8).
Substitution of monounsaturated fatty acids with cyclopro-
pane fatty acids decreases membrane fluidity (11), as ob-
served in our work with acid-stressed L. brevis TMW 1.465.
Adaptation of L. brevis TMW 1.465A to hops had an effect
on membrane fluidity similar to that of acid stress but re-
sulted in a different membrane composition. The most im-
portant change was the increased content of the 16/0 fatty
acid at the expense of 16/1 and 18/1 monounsaturated fatty
acids, resulting in a strongly elevated ratio of 16/0 fatty acid
to 16/1 fatty acid. The ratio of 16/0 to 16/1 was also strongly
increased in proton ionophore-resistant Bacillus subtilis
strains (12, 20). It was hypothesized that the increase in the
ratio of 16/0 fatty acid to 16/1 fatty acid underlies other
membrane-associated changes that are less obviously related to
protonophore resistance (20).

Role of lipoteichoic acids and divalent cations. As the stress
level increased, the LTA content in the cell wall of L. brevis
TMW 1.465A increased. In cells grown under optimal growth
conditions, almost no LTA could be detected. Inserted LTA
creates a polyanionic matrix in the cell wall (25). Hughes et al.
(14) concluded that in whole cells the ordered array of anionic
wall and membrane teichoic acids (LTA) provides a constant
reservoir of bound divalent cations that the membrane prefer-
entially interacts with. According to Simpson (37), the ability
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of hop bitter acids to simultaneously bind to two or more
cations may be crucial to the antibacterial action of the acids,
and the antibacterial activity of hop bitter acids is strongly
reduced by divalent cations. On the other hand, the findings of
Archibald and Duong (2) indicate the importance of divalent
cations (Mn?") for the survival of lactobacilli. Thus, the lack of
divalent cations mediated by complexation with hop com-
pounds efficiently eliminates growth of lactobacilli. To ensure
a sufficient supply of divalent cations, LTA plays an important
role in “trafficking ions” (25). LTA may therefore enable hop-
resistant cells to establish a larger reservoir of divalent cations
in the cell wall than hop-sensitive cells establish. This also
could lead to a higher divalent cation content near the mem-
brane (2).

The overexpression of hitA by L. brevis upon hop adaptation
further supports the hypothesis that the homeostasis of diva-
lent cations plays an important role in hop resistance. Al-
though the biochemical activity of HitA has not been demon-
strated yet, this molecule is a homologue of the NRAMP
proteins of Salmonella enterica and E. coli, which are PMF-
dependent transport proteins that accumulate manganese in
response to oxidative stress (16).

The LTA-mediated acquisition of divalent cations could
contribute to the altered decrease in membrane fluidity of L.
brevis, which decreased upon acid stress and hop adaptation.
Divalent cations interact with the negatively charged head
groups of membrane phospholipids and decrease the fluidity of
the membrane (3, 32). This effect cannot be assigned to the
lipid part of the LTA, which is a very small amount compared
to the of membrane phospholipids.

Mechanism of hop adaptation. Hop adaptation appears to
be a multifactorial process, which involves changes in metab-
olism and in membrane and cell wall composition. The mech-
anisms involved in hop resistance overlap with the mechanisms
involved in pH resistance and as a result enable spoilage of
beer. The ADI pathway contributes to hop resistance by gen-
eration of energy and additional PMF and appears mainly to
ensure the survival of L. brevis TMW 1.465 at the initial stage
of hop adaptation. In combination with a higher energy yield
from hexose metabolism, the increased ATP yield provides
enough survival time to enable adaptation of a small fraction of
the population that establishes structural improvements in all
the cellular defense mechanisms. Moreover, hop adaptation
was attributed to altered membrane composition and the func-
tion of LTA, which may act as a divalent cation sequestrant. In
contrast to MDR transport and proton extrusion systems,
which provide protection against hop compounds at the ex-
pense of ATP or the PMF, the structural alterations of the cell
envelope can be considered “passive,” i.e., operating largely
independent of metabolic energy. However, deenergized cells
of L. brevis TMW 1.465A failed to maintain a high intracellular
pH when they were exposed to subinhibitory concentrations of
iso-a-acids. Consequently, the growth rate of hop-adapted L.
brevis TMW 1.465A was virtually independent of the concen-
tration of iso-a-acids, and hop resistance was not eliminated by
treatment with sublethal pressure.

As some of the mechanisms involved in hop and pH resis-
tance involve regular metabolic and structural responses that
have also been reported for the acid tolerance of Oenococcus
oeni (6) and the nisin resistance of L. lactis (18), it is likely that
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many (e.g., arginine-positive) strains of lactobacilli will develop
into beer-spoiling bacteria, although they are considered
“harmless” at this time. At the same time, arginine-containing
media can also be useful for accelerated detection of present
and future beer spoilers. A long-term adaptive response en-
ables growth at hop concentrations greater than those used in
any beer and must be avoided by the development of preven-
tive measures.
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