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Oxidative Stress at High Temperatures in Lactococcus lactis Due to an
Insufficient Supply of Riboflavin

Jun Chen, Jing Shen, Christian Solem, Peter Ruhdal Jensen

Department of Systems Biology, Technical University of Denmark, Kongens Lyngby, Denmark

Lactococcus lactis MG1363 was found to be unable to grow at temperatures above 37°C in a defined medium without riboflavin,
and the cause was identified to be dissolved oxygen introduced during preparation of the medium. At 30°C, growth was unaf-
fected by dissolved oxygen and oxygen was consumed quickly. Raising the temperature to 37°C resulted in severe growth inhibi-
tion and only slow removal of dissolved oxygen. Under these conditions, an abnormally low intracellular ratio of [ATP] to [ADP]
(1.4) was found (normally around 5), which indicates that the cells are energy limited. By adding riboflavin to the medium, it was
possible to improve growth and oxygen consumption at 37°C, and this also normalized the [ATP]-to-[ADP] ratio. A codon-opti-
mized redox-sensitive green fluorescent protein (GFP) was introduced into L. lactis and revealed a more oxidized cytoplasm at

37°C than at 30°C. These results indicate that L. lactis suffers from heat-induced oxidative stress at increased temperatures. A
decrease in intracellular flavin adenine dinucleotide (FAD), which is derived from riboflavin, was observed with increasing
growth temperature, but the presence of riboflavin made the decrease smaller. The drop was accompanied by a decrease in
NADH oxidase and pyruvate dehydrogenase activities, both of which depend on FAD as a cofactor. By overexpressing the ribo-
flavin transporter, it was possible to improve FAD biosynthesis, which resulted in increased NADH oxidase and pyruvate dehy-
drogenase activities and improved fitness at high temperatures in the presence of oxygen.

Lactococcus lactis is a mesophilic bacterium with an optimum
growth temperature around 30°C (1) that is widely used in the
dairy industry for production of cheese and buttermilk, where it
plays a crucial role in flavor and texture formation. During cheese
production, L. lactis is frequently exposed to a variety of stresses,
such as heat stress (2). Superoptimal temperatures cause the de-
naturation of macromolecules and induce chaperone proteins,
such as DnaK, GroEL, and GroES, which then help proteins to fold
correctly (2). The chaperones are essential for growth at elevated
temperatures, and mutants with defects in chaperone activity dis-
play a pronounced temperature-sensitive phenotype (3). The op-
posite effect is sometimes seen when overexpressing chaperones,
and in L. lactis this results in improved fitness and lactic acid
production at high temperatures (4, 5). The viability of some L.
lactis strains at high temperatures is also improved by an incorpo-
ration of high concentrations of NaCl into the medium or a pre-
adaptation prior to inoculation (6), and this phenomenon was
demonstrated to be correlated with an induction of several chap-
erones (7). Meanwhile, metabolic responses are regarded as im-
portant factors in handling heat stress. It has been demonstrated
that genes in several metabolic pathways are important for han-
dling heat stress (8), and a recently recognized c-di-AMP-specific
phosphodiesterase in L. lactis was also found to be important for
heat tolerance (9).

Besides heat stress, there has also been a lot of focus on oxida-
tive stress in L. lactis. As a facultative anaerobic bacterium that
generally is unable to respire and that is catalase negative, L. lactis
is more vulnerable to oxidative stresses imposed by reactive oxy-
gen species. The damage from oxidative stress can be alleviated
when heme, which enables respiration in L. lactis, is added or
heterologous catalase is introduced (10, 11). Several disulfide-re-
ducing systems, such as the thioredoxin or glutathione systems,
have been demonstrated to be important for handling oxygen
stress (12, 13), where, albeit glutathione is not self-synthesized by
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L. lactis, the incorporation of glutathione into the medium im-
proves fitness under oxidative conditions.

The defense mechanisms for handling heat and oxygen stress
are often overlapping, e.g., a recA disruption mutant is also sensi-
tive to oxidative stress derived from hydroxyl radicals (14). It has
been demonstrated that the intracellular phosphate and guanine
nucleotide pools, such as ppGpp, play a central role in the multiple
stress response in L. lactis (15).

Lactic acid bacteria inhabit nutritionally rich environments,
which often results in accumulation of various auxotrophies (16),
and a factor that generally has not been studied in depth is the
effect from limitations in nutrients on heat tolerance, such as
those observed for Escherichia coli starved for methionine (17).
For this study, we report that L. lactis starves for riboflavin, which
is the precursor of the biologically important cofactor FAD, at
superoptimal temperatures in the presence of oxygen, and we
characterize how growth and important enzyme activities are af-
fected. By adapting a previously described GFP redox sensor (18)
to L. lactis, we were able to substantiate the existence of a more
oxidized cytoplasm at high temperatures. Finally, we have dem-
onstrated that riboflavin starvation can be alleviated by overex-
pressing the riboflavin transporter (19).
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MATERIALS AND METHODS

Strains and growth conditions. E. coli strains were grown aerobically in
Luria-Bertani (LB) broth (20). L. lactis MG1363 (21) was cultivated in
300-ml flasks, 1-liter bioreactors, or 96-well microplates on a Tecan Infi-
nite 200 Pro microplate reader in M17 (22) or in a modified SALN me-
dium (23) without riboflavin, containing 0.2% glucose and an extra 40
mM morpholinepropanesulfonic acid (MOPS). When needed, 15 mM
acetate was added.

Under static conditions in bioreactors, atmospheres were kept sterile
by using 0.22-pm filters (Millipore). When required, stirring was used,
and the speed of stirring was 100 rpm. Aerated cultures were obtained by
shaking in flasks or by airflow and stirring in fermentors (dissolved oxy-
gen > 90%). Dissolved oxygen was monitored using a Hamilton Oxyferm
FDA 160 oxygen sensor, calibrated using airflow with stirring at 100 rpm
(100%) and a saturated sodium sulfite anhydrous solution (0%). The
totally anaerobic condition was maintained using N, in the headspace of
the bioreactors.

Analytical methods. (i) End product formation and glucose con-
sumption. The concentrations of glucose and lactate were determined
using an Ultimate 3000 high-pressure liquid chromatography system
(Dionex, Sunnyvale, CA) equipped with an Aminex HPX-87H column
(Bio-Rad, Hercules, CA) and a Shodex RI-101 detector (Showa Denko
KK, Tokyo, Japan). The column oven temperature was set to 30°C, and
the mobile phase consisted of 5 mM H,SO, with a flow rate of 0.5 ml/min.
For flux calculations, the cell density was correlated to the corresponding
dry cell mass of L. lactis MG1363 at 30°C (1 optical density unit at 600 nm
[ODgy0l = 0.35 gfliter) and 37°C (1 ODg, unit = 0.34 g/liter), respec-
tively.

(ii) Hydrogen peroxide. For the supernatant assays, statically grown
cultures were collected at an ODg,, of 0.5 and subsequently filtered using
0.22-pm filters.

The assay was carried out as previously described (24). In a 1.5-ml
cuvette, 1 ml sample, 5 pl 2,2"-azinobis (3-ethylbenzthiazoline sulfonic
acid) (35 g/liter), and 5 pl of horseradish peroxidase (500 U/ml) were
mixed thoroughly, and the absorption was immediately measured at 433
nm (¢ = 17.1 mM/cm). No background in the extraction buffer was
detected.

(iii) Enzyme assays. Statically grown cultures were collected at an
0Dy, 0f 0.5 and centrifuged at 5,000 rpm for 10 min at 4°C. Then, pellets
were washed twice in 0.2% cold KCI and resuspended in the extraction
buffer (45 mM Tris, 15 mM tricarballylate, 20% glycerol, 4.5 mM MgCL,,
1 mM dithiothreitol [DTT]; pH = 7.2) and kept at —80°C until needed.

Cells were disrupted using FastPrep with acid-washed glass beads (106
pm; Sigma). Supernatants were separated from debris by centrifuging at
20,000 rpm for 5 min at 4°C. The supernatant was directly used in follow-
ing enzyme activity assays. The protein concentration was measured using
the Bradford method (25).

The reaction mixture for fructose-1,6-P, aldolase contained trietha-
nolamine-HCI buffer (100 mM; pH 7.2), KCI (200 mM), NADH (0.3
mM), glycerophosphate dehydrogenase (2 U), and triosephosphate
isomerase (5 U) and was initiated by the addition of fructose-1,6-P, (30
mM) (26). The reaction mixture for glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) contained triethanolamine-HCI buffer (125 mM;
pH 7.2), NAD™ (2 mM), sodium arsenate (5 mM) and cysteine-HCI (5
mM) and was initiated by the addition of pL-glyceraldehyde-3-phosphate
(2 mM) (27). The reaction mixture for pyruvate dehydrogenase (PDH)
contained phosphate buffer (100 mM; pH 7.2), MgCl, (5 mM), 2-(p-
iodophenyl)-3-p-nitrophenyltetrazolium chloride (0.6 mM), bovine se-
rum albumin (1 g/liter), lipoamide dehydrogenase (0.1 mg/ml), dithio-
threitol (0.3 mM), coenzyme A (CoA) (0.2 mM), thiamine
pyrophosphate (0.2 mM), and NAD" (2 mM) and was initiated by the
addition of pyruvate (5 mM) (27). The reaction mixture for pyruvate
kinase contained Tris-HCl buffer (100 mM; pH 7.2), MnSO, (5 mM), KCl
(10 mM), NADH (0.3 mM), lactate dehydrogenase (10 U), and GDP (3
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mM) was initiated by the addition of phosphoenolpyruvate (PEP; 6 mM)
(26).

For the lactate dehydrogenase assay, a special low-pH extraction buf-
fer was used (50 mM triethanolamine, 10 mM KH,PO,, 10 mM EDTA,
and 20% glycerol; pH 4.7). The reaction mixture for lactate dehydroge-
nase contained triethanolamine-HCI (90 mM; pH 6.9) and NADH (2
mM) and was initiated by the addition of fructose-1,6-biphosphate (10
mM) (28).

When NADH oxidase activity was measured, the cells were resus-
pended in potassium phosphate buffer (50 mM; pH 7.2) and disrupted as
mentioned above. The reaction mixture for NADH oxidase contained
potassium phosphate buffer (50 mM; pH 7.2) and EDTA (0.3 mM) and
was initiated by the addition of NADH (0.3 mM) (29).

All enzyme assays were carried out at 30°C, and the reaction was fol-
lowed spectrophotometrically at either 340 nm, for the assays involving
NADH (g = 6,220 M~ "' -cm™"), or at 500 nm, for the PDH assay. For the
latter assay, reduction of the electron acceptor 2-(p-iodophenyl)-3-p-ni-
trophenyltetrazolium chloride (INT) (¢ = 12,400 M ™' - cm ™ ') was mon-
itored. One unit of enzyme activity is defined as the amount of enzyme
which catalyzes the oxidation of 1 wmol NADH or reduction of INT per
hour at 30°C.

(iv) ATP/ADP. Statically grown cultures (5 ml) atan ODg,, 0f 0.5 were
quenched with 1 volume 80°C phenol. After being centrifuged at 4,000 X
g for 10 min at room temperature, the water phase was transferred into a
new tube and extracted with 1 volume of chloroform twice. ATP was
measured using a BioThema ATP kit HS, and ADP was converted into
ATP by 1 mM PEP and 1 U pyruvate kinase as previously described (30).
The luminescence was subsequently measured on a Tecan Infinite 200 Pro
microplate reader.

(v) Flavin adenine dinucleotide. Aerobically grown cells were col-
lected at an ODg,, of 0.3 at 4°C. After washing two times with cold 0.9%
NaCl, FAD was extracted using 1 ml 10% trichloracetic acid on ice for 60
min. After centrifugation at 20,000 rpm for 5 min at 4°C, 400 wl superna-
tant was immediately neutralized by adding 100 pl 4 M K,HPO,, and a
second 400-pl supernatant was incubated at 37°C overnight away from
light. After the FAD in the second supernatant had been completely hy-
drolyzed to flavin mononucleotide (FMN), it was neutralized by adding
100 pl 4 M K,HPO, as well. Measurements were based on the different
fluorescences (F) of FAD, FMN, and riboflavin (Fyy, = 0.15 Fpp = 0.15
Fliboflavin) under a high-salt condition (31). Riboflavin was used as the
standard, so the content of FAD was defined as the amount of riboflavin
with the same intensity of fluorescence. FAD was calculated using the
following equation: FAD = (R, — R,)/0.85, where R, was the resulting
amount as riboflavin from the first supernatant and R, was from the
second one. Fluorescence was measured on a Tecan Infinite 200 Pro mi-
croplate reader at an excitation wavelength (\,) of 450 nm and an emis-
sion wavelength (\.,,,) of 530 nm. No background fluorescence was de-
tected in this method.

Construction of redox-sensitive GFP and measurement of fluores-
cence. A codon-optimized redox-sensitive GFP, roGFP1-R12 (18), was
used. The gapB promoter region in L. lactis MG1363 was amplified using
the following primers: JC0013, CCGGAATTCGAATAAAAATTACTGA
CAGC; JC0014, CGCGGATCCTAGTAGTTTCCTCCTTATAG. The
groESL terminator region from L. lactis MG1363 was amplified using the
following primers: JC0009, CTAGTCTAGATAAAAAAAAGAACCCGA
GTG; JC0010, AAAACTGCAGTTTGGGACACTTAAGTCTAA. These
three fragments were ligated into the multiple cloning site of the vector
pCI372 (32) and transformed into L. lactis MG1363, which led to the
roGFP-containing strain JCO13R12.

JCO013R12 was cultivated in SALN medium with 5 pg/ml chloram-
phenicol, where all the nucleotides and riboflavin had been removed and
an additional 120 mM MOPS and 0.5% glucose had been added, with
shaking at 30°C or 37°C. At the end of the exponential phase, 50-ml
samples were centrifuged at 7,000 rpm for 5 min at room temperature.
The pellet was resuspended in 1 to 2 ml prewarmed fresh medium. The
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FIG 1 The effect of exogenous riboflavin on growth and oxygen consumption of L. lactis MG1363 under static conditions at different temperatures. (A) Growth
at 30°C with exogenous riboflavin. (B) Growth at 30°C without exogenous riboflavin. (C) Growth at 37°C with exogenous riboflavin. (D) Growth at 37°C without

exogenous riboflavin.

excitation spectrum was determined using a Shimadzu RF-5301PC spec-
trofluorometer, where the emission wavelength was fixed at 508 nm (slit
width,, = 10 nmy; slit width,,, = 5 nm). The background reduction was
carried out using cells not expressing roGFP.

Construction of the strain with site-specific integration of an addi-
tional ribU allele on the chromosome. The gene encoding the riboflavin
transporter, ribU, was fused to a library of synthetic promoters using a
previously published method (33) and the following primers: forward,
CTAGACTAGTGGATGCATNNNNNAGTTTATTCTTGACANNNNN
NNNNNNNNNTGRTATAATNNNNAAGTAATAAAATATTCGGAG
GAATTTTGAAATGTCTAAAACACGTCGGATG; reverse, ACGCGTC
GACTTAAGCATTGTAAAATTTTAC. The resulting PCR product was
digested with Spel and Sall and ligated to pLB85 digested with the same
enzymes and electroporated into L. lactis expressing the TP901-1 inte-
grase, which allows pLB85-type plasmids to site-specifically integrate into
the chromosome (34). After electroporation, cells were plated on GM17
plates containing 5 pg/ml of erythromycin and 100 pg/ml 5-bromo-4-
chloro-3-indolyl-B-p-glucuronic acid (X-Gluc). In this way, strains with
different expression levels of RibU were obtained (33). Strain JC034 ex-
presses RibU strongly, as estimated from the intensity of the blue-green
color. Growth appeared to be unaffected by the overexpression of RibU.

The original ribU promoter region of L. lactis MG1363 was also in-
serted into the chromosome by using the same approach and the follow-
ing primers: forward (Xbal), CTAGTCTAGATGCGCAAGGAAAATAG
TTTA; reverse (Pstl), AAAACTGCAGAATTAATACCATCCGACGTG.
This resulted in strain JC045.

B-Glucuronidase activity assay. 3-Glucuronidase activities were de-
termined by using the procedure described by Miller (35) and modified by
Israelsen et al. (36), except that para-nitro-B-glucuronic acid (Biosynth
AG) was used as the substrate (37). The activity is given in Miller units per
mg cell dry weight and calculated as described by Miller (35).

RESULTS
Effect of riboflavin on growth and fluxes at high temperatures.
Riboflavin was discovered to have a positive effect on growth of L.
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lactis at high temperatures in static cultures (with dissolved oxy-
gen introduced during preparation but without further aeration).
A thorough characterization of growth at various temperatures
was carried out, where several parameters deemed to be important
were investigated. First, L. lactis was grown at different tempera-
tures in defined medium with or without riboflavin. At 30°C, the
dissolved oxygen was rapidly consumed, irrespective of the pres-
ence of riboflavin (Fig. 1A and B). Raising the temperature to 37°C
resulted in a modest decrease in the specific growth rate (~15%)
with riboflavin (Fig. 1C), but in its absence growth was severely
hampered and dissolved oxygen was consumed only slowly (Fig.
1D). It was found that riboflavin-containing medium could sup-
port growth up to 38°C.

At 37°C, two growth phases were apparent, coinciding with the
presence and absence of oxygen, respectively, and it was clear that
oxygen affected growth negatively (Fig. 1C and D). After rapid
depletion of oxygen, the specific growth rate accelerated in the one
with riboflavin and approached that at 30°C (Table 1).

Two additional growth experiments were carried out at 37°C to
analyze the effects from oxygen in the medium. It was found that
under anaerobic conditions, without riboflavin, growth was un-
affected by the high temperature (Table 1). Adding riboflavin did
not affect growth. To further assess the effect of oxygen, a fully
aerobic growth experiment with riboflavin was carried out. The
result was a 30% reduction in the specific growth rate (Table 1)
compared to that with static cultivation, but the growth rate was
still two times higher than that without riboflavin.

In addition to the growth rate, we also determined the glucose
consumption rate and product formation rates. Compared to re-
sults for cultures at 30°C, intriguingly, at 37°C with riboflavin, the
static cultures showed increases in the glucose and lactate fluxes of
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TABLE 1 Specific growth rate, glucose and lactate fluxes, and ratio of ATP to ADP obtained for cultures grown under static (first four columns),

fully aerated, or anaerobic conditions

Value for condition”

Parameter 30°C 30°C,R™ 37°C 37°C,R™ 37°C, Aera 37°C, R, Ana
w1 1.12 + 0.01 1.11 *= 0.01 0.95 + 0.06 0.31 * 0.05 0.61 + 0.00 1.13 * 0.09
Glucose flux (mmol-g~'-h™") 22.3 0.7 23.7 0.5 26.0 * 0.6 13.0 = 1.4 175 * 1.1 31.9 + 0.9
Lactate flux (mmol-g~'-h™") 40.6 + 2.7 43.6 + 0.0 47.6 0.1 25.6 + 3.0 29.8 + 1.0 57.7 * 0.6
ATP/ADP ND ND 49+ 0.5 14+0.2 ND 5.1 +0.8

@ The specific growth rates are the averages obtained from at least two independent experiments. The regression lines are shown in Fig. 1.
b Abbreviations: R™, without exogenous riboflavin; Aera, with aeration; Ana, anaerobic condition with N,; ND, not determined.

17% (Table 1). Under anaerobic conditions at 37°C, the effect was
even larger, and the glucose and lactate fluxes had increased by
42%.

The intracellular ratio of [ATP] to [ADP] was also determined
as an indication of the energy state of the cells. Under static con-
ditions at 37°C with riboflavin, the [ATP]/[ADP] ratio was around
5, which is close to what is normally found at 30°C for L. lactis (38),
whereas at 37°C without riboflavin, the ratio was found to be 1.4.
Under anaerobic conditions at 37°C, where growth was fast, a
ratio around 5 was found.

Comparison of key enzyme activities at 37°C. Due to the
strong effect of riboflavin and oxygen on the metabolic fluxes and
[ATP]/[ADP] ratio at 37°C, the activities of a selection of glyco-
Iytic enzymes and pyruvate dehydrogenase (PDH) were deter-
mined in cells grown with and without riboflavin. PDH was
included because this enzyme is required for formation of acetyl-
CoA when oxygen is present (39). The relative activities found can
be seen in Fig. 2. No significant differences in glycolytic activities
were found, but the PDH activity was about 1.5 times higher with
riboflavin.

Incorporation of exogenous acetate. The lower activity of
PDH without riboflavin could limit the supply of acetyl-CoA,
which is essential for fatty acid biosynthesis, and thereby limit
growth. One way to overcome this limitation is to add acetate to
the medium, which can be taken up and converted into acetyl-
CoA (40). Indeed, by adding acetate (15 mM), it was possible to
stimulate growth in the absence of riboflavin at 37°C (Fig. 3).
Faster growth and a higher final ODy,, were observed when ace-
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FIG 2 The effect of riboflavin on selected central enzyme activities. The ratio
of the activity found in the presence of riboflavin to that without riboflavin is
shown. ALD, aldolase; GAPDH, glyceraldehyde-3-phosphate dehydrogenase;
LDH, lactate dehydrogenase; PDH, pyruvate dehydrogenase; PFK, phospho-
fructokinase; PK, pyruvate kinase. All activities were determined using three

independent samples. *, P > 0.05; **, P < 0.01.
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tate was added, and the [ATP]/[ADP] ratio was found to be 2.5 *
0.7 here.

Using a redox-sensitive GFP to assess redox status at high
temperature in L. lactis MG1363. The deleterious effects that
oxygen has on L. lactis at high temperatures could be the result of
a change in the redox status of the cytoplasm. To determine
whether the redox status had changed, a redox-sensitive GFP,
roGFP1-R12, was constructed and introduced into L. lactis
MG1363 (resulting in strain JCO13R12), thus allowing real-time
intracellular assessment of the redox status using fluorescence.
Since a long folding time is needed for GFP (41), all the nucleo-
tides were removed from the medium to slow down the growth.
By treating the live bacteria with either 10 mM H,O, or 10 mM
DTT, it was possible to get excitation spectra corresponding to the
fully oxidized and reduced conditions (Fig. 4A). The ratio of emis-
sion intensities at the two excitation wavelengths 400 nm and 475
nm are used to estimate the redox state (4), and this ratio was
found to be 1.45 = 0.05 and 1.93 = 0.25 at 30°C and 37°C, respec-
tively, while the fully oxidized and reduced standards were 3.09
and 0.52 (Fig. 4B). Thus, by comparing spectra from bacteria at 30
and 37°C, it was possible to conclude that the cytoplasm was more
reduced at 30°C than at 37°C.

Analysis of temperature- and riboflavin-dependent FAD,
NADH oxidase, and pyruvate dehydrogenase activities. Ribofla-
vin does not have biological functions per se but is the precursor
for FAD, which is an important cofactor involved in several flavo-
proteins, such as NADH oxidase and pyruvate dehydrogenase (42,

8 OD(37°C); © ODgyy (B7°C Ace™); —0— pO2 (37°C ); —0— pO2 (37°C Ace™)
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FIG 3 The effect from adding acetate on growth at 37°C without riboflavin.
Ace™, with exogenous acetate; ,, the specific growth rate without acetate; .,
the specific growth rate with acetate.
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FIG 4 The excitation spectra of redox-sensitive GFP in L. lactis MG1363 at the
different temperatures. (A) excitation spectrum; (B) excitation ratio for 395
nm/475 nm. The standard deviations were calculated from three independent
samples.

43, 56). To substantiate whether riboflavin and heat stress affect
the biosynthesis of FAD, the intracellular FAD content was mea-
sured (Fig. 5). At 30°C, the incorporation of riboflavin hardly
affected the total intracellular FAD content, which was 66.9 = 1.2
(g/g wet weight) with riboflavin and 63.5 = 0.8 (pg/g wet
weight) without riboflavin. However, when the temperature
was raised to 37°C, there was a significant reduction in the FAD
content to 33.2 £ 2 (pg/g wet weight) with riboflavin in the
medium. If riboflavin was removed, the FAD content dropped
to 19.6 = 1.1 (ng/g wet weight). A direct correlation between
FAD content and the activities of NADH oxidase and pyruvate
dehydrogenase was observed (Fig. 5). Increasing the tempera-
ture or removing riboflavin both lead to reduced activities, and
temperature especially had a profound effect. Exogenous FAD
was added to see if it could relieve the intracellular FAD defi-
ciency and thereby recover the activity of NADH oxidase, but
this was not found to be the case.

Overexpression of the riboflavin transporter RibU in L. lac-
tis MG1363. At high temperatures, a low riboflavin transport ac-
tivity may limit formation of FAD, since riboflavin is a precursor
for FAD. To substantiate this, we constructed an L. lactis strain
(JC034) overexpressing the riboflavin transporter, RibU, using a
strong synthetic promoter (SP). In JC034, the overexpressed ribU
gene is transcriptionally fused to the reporter gene gusA, thus al-
lowing easy estimation of expression. In order to be able to com-
pare the strength of the synthetic promoter with that of the native
ribU promoter, a strain containing the ribU promoter in front of
gusA was also constructed. The synthetic promoter resulted in an
almost 15-fold increase in RibU expression at 38°C (-glucuroni-
dase activity of JC034 was 70.08 * 2.98 [Miller units per mg cell
dry weight], whereas the strain with the ribU promoter resulted in
an activity of 5.12 = 0.31 [Miller units per mg cell dry weight]).
Under fully aerated conditions at 38°C, an increase in the specific
growth rate of more than 20% was observed when RibU was over-
expressed. More specifically, the specific growth rate of JC034 was
0.62 = 0.02 (h™"), compared to 0.52 + 0.03 (h™") for the wild
type. At 37°C, the FAD content of this strain was found to be 47.3
* 1.44 (pg/g wet weight), and the NoxE and PDH activity were
11.32 £ 1.59 (U/mg) and 11.07 = 0.63 (U/mg), respectively.
Compared to the wild-type strain grown under the same condi-
tions, this is an increase of 50% in FAD content and NoxE activity
and a 30% increase in PDH activity.
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FIG 5 The intracellular FAD contents and NoxE and PDH activities from
aerobically grown MG1363 under different conditions. The data shown are the
averages obtained from at least three independent samples. R, without exog-

enous riboflavin; F", with exogenous FAD. PDH activity was measured only at
30°C and 37°C with riboflavin.

Importance of riboflavin for high-temperature growth of
other L. lactis strains. L. lactis can be found in different niches and
consists of two major subspecies, namely, L. lactis subsp. lactis and
L. lactis subsp. cremoris, that display different phenotypes (e.g.,
temperature and salt tolerance and substrate utilization) (44). L.
lactis subsp. cremoris MG1363, which was used in this study, is a
well-characterized plasmid-free derivative of a dairy strain. It is
possible that the effect of riboflavin at high temperatures is specific
to MG1363 which is why we decided to investigate its effect on a
selection of other L. lactis strains. Both subspecies as well as two
plant isolates (KF147 and 10-1) were investigated. It was found
that riboflavin was important for all the strains investigated (Table
2). With the exception of I0-1 and KF147, all L. lactis strains were
affected at 37°C, and FHCY-1 and 337 were unable to grow with-
out riboflavin at this temperature. The latter two strains were even
affected at 30°C. The plant isolates KF147 and IO-1 were not af-
fected at 37°C but were strongly affected at 40°C, where IO-1 grew
more slowly and KF147 was unable to grow without riboflavin.
We also tested another commonly used laboratory strain, IL1403
(L. lactis subsp. lactis) (61), and this strain was unable to grow
without riboflavin at 30°C (data not shown).

TABLE 2 Effect of riboflavin on high-temperature growth for diverse L.
lactis strains

Growth at indicated

. temp (°C)“
Strain (source or p )

reference) L. lactis subspecies  Origin 30 37 40
10-1 (45) lactis Nondairy ND” + -
KF147 (46) lactis Nondairy ND  + - -
FHCY-1 lactis Dairy - —— ND
(CHCC)®
C2 (47) lactis Dairy + - ND
TC-1 (CHCC) cremoris Dairy + — ND
MB324 (CHCC) cremoris Dairy + - ND
337 (CHCC) Uncharacterized Dairy — - — ND

a « «_»

+,” normal growth without riboflavin; , reduced growth without riboflavin; “—
—,” no growth without riboflavin. The detailed growth profiles are shown in Fig. S1 in
the supplemental material.

? ND, not determined.

¢ CHCG, Chr. Hansen Culture Collection.
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DISCUSSION

In this study, the importance of riboflavin for growth of L. lactis at
high temperatures in the presence of oxygen was demonstrated.
An inability to grow without exogenous riboflavin at 38°C exactly
indicates its necessity for survival at high temperatures, even
though a sufficient biosynthesis capacity has been proven to exist
atlower temperatures (48). When riboflavin was removed at 37°C,
the bacteria had difficulties removing the dissolved oxygen, and
this caused a dramatic decline in the specific growth rate, and only
close to stationary-phase anaerobic conditions were reached.
With supplementation of riboflavin, a slow-growth phase was also
observed, but it was shortened drastically, and after the oxygen
had been depleted, the growth rate accelerated and approached
that at 30°C, whereas at 30°C under static conditions, the presence
of dissolved oxygen did not have any effects on growth. This dem-
onstrates that high temperatures can induce oxidative stress that is
seen even in the presence of riboflavin, but riboflavin apparently
can alleviate the stress by enabling rapid consumption of oxygen.
In lactic acid bacteria, oxidative stress is generally derived from
hydrogen peroxide, which can result in production via the Fenton
reaction of reactive hydroxyl radicals, which are considered far
more toxic and that can damage cell components such as DNA,
protein, and the cell membrane (49). However, the accumulation
of H,0, was not observed here (data not shown). It was speculated
that the oxidative stress was derived from oxygen itself, which is
known to be able to cause less-reactive oxidative damage (49). The
fact that oxygen was indeed at play was further substantiated by
the observation that growth was accelerated after depletion of ox-
ygen (Fig. 1C and 1D) and that an anaerobic fermentation without
riboflavin at 37°C was unaffected by the high temperature (Table 1).

On the other hand, it was observed that the glucose consump-
tion and lactate production fluxes were enhanced by the elevated
growth temperature (Table 1). Indeed, several studies have shown
increased glycolytic flux at high temperatures for L. lactis, while
growth is uncoupled (50, 51). It is not surprising that heat stress
imposes an energy burden and stimulates ATP recycling via gly-
colysis to fulfil the energy demand for survival (52). In this study,
due to the presence of oxygen at 37°C, however, a negative effect
on glycolysis was observed, and the fluxes were below what was
found at 30°C. This is similar to what happens under acid stress,
where inhibition of glycolytic enzymes leads to a catabolic repres-
sion and decreased energy production (53). Because L. lactis lacks
oxidative phosphorylation and depends on substrate phosphory-
lation to fulfil the ATP demand via glycolysis (54), the response is
expected to be particularly severe. The low glycolytic flux was re-
flected in a low ATP-to-ADP ratio of only 1.4, which is known to
be insufficient for normal growth of L. lactis (38). However, under
anaerobic conditions, the ratio returned to a normal value around
5. This indicates that glycolysis might be affected by oxygen. It is
known that some glycolytic enzymes, such as glucokinase (GK),
GAPDH, and aldolase (ALD), are targets for oxidative attack (24,
49), and lactate dehydrogenase is also strongly inhibited by oxida-
tive stress rather than heat stress (55). However, measuring the
activities of several glycolytic enzymes did not reveal any obvious
differences (Fig. 2). The PDH activity was also measured, and here
a large drop in activity was found. In the presence of oxygen, L.
lactis relies on PDH rather than pyruvate formate lyase (PFL) to
supply the acetyl-CoA which is needed for biosynthesis of lipids
(40) and thereby also for growth. Acetyl-CoA can, however, be
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derived from acetate, and it has previously been shown that under
conditions where PDH is inhibited, adding acetate can help re-
cover growth (40). We also found that growth at 37°C without
riboflavin was partially improved by adding acetate. In this case,
lack of riboflavin may cause the deficiency of FAD, which is in-
volved in the pyruvate dehydrogenase complex E3 (dihydrolipoyl
dehydrogenase) as a cofactor (42), which in turn will result in
reduced PDH activity. That acetate has this beneficial effect clearly
demonstrates that PDH is affected severely.

To verify the deficiency of FAD, the intracellular FAD content
at different growth conditions was measured (Fig. 5), and some
interesting phenomena were uncovered. First, at 30°C, we found
that adding riboflavin did not affect the intracellular FAD content
significantly, which confirms that riboflavin biosynthesis indeed is
sufficient to support optimal growth (48). However, at 37°C, this
seemed not to be the case, and biosynthesis of FAD was dependent
on exogenous riboflavin. Second, even with riboflavin in the me-
dium, the intracellular FAD content was much lower than that at
30°C, and it appears that either the riboflavin transporter or FAD
biosynthesis is less active at 37°C. The PDH and NADH oxidase
activities, which also depend on FAD (42, 56), correlated nicely
with the intracellular FAD content (Fig. 5). NADH oxidase, which
converts O, into H,O using NADH, is the main enzyme involved
in oxygen consumption in L. lactis (57). The higher FAD and
NoxE activity in the presence of riboflavin at 37°C could appar-
ently provide the explanation for the difference in oxygen con-
sumption (Fig. 1C and 1D). It has been shown that a general
NADH oxidase activity, which efficiently consumes dissolved ox-
ygen, is not important for L. lactis as a protection against oxidative
stress under normal growth conditions (57). Indeed, this was con-
firmed in our study, since the residual O, did not affect exponen-
tial growth at 30°C. At the higher temperature, on the contrary,
there were notable effects on growth caused by the presence of
oxygen in the medium, and under these conditions a high NADH
oxidase activity is definitely an advantage (Fig. 1C).

The results obtained strongly indicate that oxygen has negative
effects on growth at high temperatures, but additional indicators
of the intracellular redox state are useful for substantiating this
conclusion. For this purpose, we adapted a redox-sensitive GFP
(roGFP1-R12, a fast-responding roGFP mutant), enabling real-
time assessment of the intracellular redox state (18). This system,
to our best knowledge, has never been used in L. lactis before and
did indeed reveal a more oxidized cytoplasm at high temperatures.
An oxidized cytoplasm could have multiple consequences, and
formation of disulfide bonds in various proteins is inevitable. This
will most likely affect the activities of many enzymes, and for in-
stance phosphofructokinase is inactivated rapidly in the presence
of oxygen (data not shown). Maintaining a reduced cytoplasm, via
glutathione and thioredoxin reductase (flavoprotein disulfide re-
ductase [FDR]), is probably essential for L. lactis in order to sur-
vive aerobic conditions (12, 13). The activities of FDR depend on
the incorporation of FAD during enzyme synthesis, and the
bound FAD is involved in transfer of electrons from NADPH to
oxidized glutathione or thioredoxin. This step is essential for the
recycling of these thiol-containing molecules so that they can be
functional in the thioredoxin-thioredoxin reductase and glutathi-
one-glutathione reductase systems, which maintain the reduced
state of the cytoplasm (58). Previous research indicates that the
activities of FDR depend on the FAD concentration during cofac-
tor incorporation (59). In this study, the low FAD content at the
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high temperature could result in a less-active FDR, which causes
the oxidative stress.

In principle, it could be either riboflavin biosynthesis or FAD
biosynthesis that was affected by the high temperature. Overex-
pression of riboflavin transporter rather than biosynthesis was
chosen here to avoid an additional metabolic load. Overexpress-
ing the riboflavin transporter was proven to alleviate FAD starva-
tion and improve aerobic growth at high temperatures. As ex-
pected, both NADH oxidase and PDH activities were increased.

The current work was carried out using L. lactis subsp. cremoris
MG1363 as a model organism, and in order be able to generalize
the findings, additional L. lactis strains had been tested. We found
that riboflavin had beneficial effects on all the strains examined at
elevated temperatures (Table 2) and for some even at 30°C. The
effect was found to be independent of subspecies and therefore
cannot explain the better thermotolerance displayed generally by
L. lactis subsp. lactis (44). Some of the dairy strains examined were
found to be quite temperature sensitive without riboflavin, and
this may be a result of adaptation to growth in milk which is rich in
riboflavin (43).

To sum up, at high temperatures L. lactis suffers from oxidative
stress primarily caused by riboflavin starvation, which reduces
NADH oxidase and pyruvate dehydrogenase activities. The find-
ings could have industrial interest because growth at high temper-
atures leads to a larger lactate flux, which could speed up the
fermentation process or alternatively reduce starter culture costs.
If dissolved oxygen is removed prior to inoculation, the benefits
would probably be even greater and lead to a more consistent
fermentation, since we have demonstrated that different L. lactis
strains, and in particular dairy strains, can indeed be very sensitive
to high-temperature oxidative stress. The advantage of high-tem-
perature cultivation of lactic acid bacteria has also been stated in
the literature previously (60). Although this study has identified
the importance of riboflavin for growth at high temperatures, fur-
ther research is needed in order to be able to fully understand the
molecular basis of heat-induced riboflavin starvation and oxida-
tive stress.
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