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The roles of the two Idh genes of Enterococcus faecalis were studied using knockout mutants. Deletion of ldh-1
causes a metabolic shift from homolactic fermentation to ethanol, formate, and acetoin production, with a high
level of formate production even under aerobic conditions. Ldh-2 plays only a minor role in lactate production.

Carbohydrate metabolism in economically important lactic
acid bacterial species, such as Lactococcus lactis, has been
extensively studied. However, in lactic acid bacterial species
such as Enterococcus faecalis, with less industrial value, re-
search focus has so far been mostly on medical aspects. E.
faecalis has two lactate dehydrogenase (/dh) genes (3, 17), with
high similarity to IdhA and ldhB of Lactococcus lactis, respec-
tively (2). In L. lactis, ldhA is responsible for all lactate pro-
duction, while IdhB remains unexpressed. To understand the
role of these genes in E. faecalis, and to gain more insight into
energy metabolism, we made and characterized three Idh
knockout mutants in E. faecalis V583, removing either Idh-1
(EF_0255), ldh-2 (EF_0641) or both.

To achieve the construction of deletion mutants, we made a
new shuttle vector based on the thermosensitive replicon of
pG host4 (12). Phusion DNA polymerase (Finnzyme, Espoo,
Finland) was used for PCR in accordance with the manufac-
turer’s recommendations. A part of pG*host4 was amplified

with PCR using primers pgh41 and pgh42 (Table 1) and cloned
in the HinclI site of pBluescript SK+ to produce the plasmid
pAS221. The tetM gene of Lactobacillus plantarum 5057 (4)
was amplified by PCR using primers Dbd43f and Dbd44r (Ta-
ble 1) and cloned in pCR2.1 (Invitrogen, United Kingdom),
subsequently excised from the recombinant plasmid with
EcoRI, and cloned in pAS221 cut with the same enzyme to
yield pAS222 (Fig. 1). The various parts of the vector were
verified by restriction enzyme analysis.

Gene replacement was achieved by double-crossover homol-
ogous recombination, using pAS222 as cloning vector. Dele-
tion of about one-third of each Idh gene was done by two-step
PCR (7) using the outer primer pairs MJ1-MJ2 for Idh-1 and
MJ5-MJ6 for ldh-2 (Table 1). The inner primer pairs carrying
regions of homology for the fusion step were MJ3-MJ4 for
Aldh-1 and MJ7-M1I8 for Aldh-2 (Table 1). The constructs were
cloned into the Snabl site of pAS222 and propagated in Esch-
erichia coli cells. To replace the genes on the chromosome with

TABLE 1. Primer sequences and their locations on the V583 chromosome

Primer

i Sequence Positions Orientation
name
MIJ1 GAATACGTACTTGGCGGAAAATCAGCC 230328-230346 Forward
MJ2 ATTACGTATGGCGCGTTCCTGTTGTC 233258-233241 Reverse
MJ3 ACCAGGCGAAACTCGTTTAGACTTAGTTCATCGGTTGCACTAGCGCGTATC 231989-231959, 231537-231518“  Reverse
MJ4 ATGAACTAAGTCTAAACGAGTTTCGCCTGGTTTTTGAGGCGCACCAGCTG  231959-232008 Forward
MJ5 TTGGTACGTATAGGTTAAGGTGG 595643-595665 Forward
MJ6 TCATACGTACAATACTTCCTTCTC 598586-598553 Reverse
MJ7 CTGCCAAGATGCCGATATCGTCGTGATTACTGAGTACTGCACGCATTG 597301-597272, 596798-596781¢  Reverse
MIJ8 GTAATCACGACGATATCGGCATCTTGGCAGTCTTGATAGTCGCCAGCCCG  597272-597321 Forward
Dbd43f® GTCTAGATTTGAATGGAGGAAAATCACATGA NA“ Forward
Dbd44r® GGCATGCTGTCCGAACAGCGTTCGGATT NA Reverse
Pgh41 AACCCTCTTTAATTTGGTTATATGA NA Forward
Pgh42 CACGCATAAAATCCCCTTTCA NA Reverse

“ Deletion primers spanning the gap.

b Primers for amplification of the TetM gene, which is not located on the E. faecalis chromosome.

¢ NA, not applicable.

* Corresponding author. Mailing address: Department of Chemis-
try, Biotechnology and Food Science, The Norwegian University of
Life Sciences, P.O. Box 5003, N-1432 As, Norway. Phone: 47 6496
6248. Fax: 47 6496 5901. E-mail: maria.jonsson@umb.no.

¥ Published ahead of print on 22 May 2009.

4901



4902 JONSSON ET AL.

AmpR

PAS222 repA-pG+host4

BamHI | 7555 bp

Pstl
EcoRlI

tetM EcoRlI

FIG. 1. Plasmid map of pAS222. Resistance genes and origins of
replication are indicated by arrows. Restriction sites used in cloning
are marked.

the constructs, these were transformed into electrocompetent
V583 cells, where electrocompetence was achieved as de-
scribed by Holo and Nes (8), with 4% to 6% glycine in the
growth medium. Selection for double-crossover events was
done as described by Biswas et al. (1), and tetracycline-sensi-
tive mutants could be detected after approximately 50 to 100
generations at 28°C. The double mutant was made by using the
Aldh-2 construct in Aldh-1 cells. The mutants were verified by
DNA sequencing. No enzymatic lactate dehydrogenase activity
could be detected in the double mutant.

All strains were grown overnight (22 h) at 37°C in batch in
filled, tightly capped tubes (anaerobic) or in Erlenmeyer flasks
with vigorous shaking (aerobic) in a chemically defined me-
dium with 61 mM glucose as the carbon source (16, 19), sup-
plemented with 0.283 mM adenine, 0.666 mM asparagine, 1.37
mM glutamine, 0.181 mM guanine, 0.208 mM L-cystine, 0.196
mM uracil, and 23.6 mM sodium bicarbonate (14).

The growth rate of the mutants was similar to that of the
wild-type strain, V583. This result is similar to observations
regarding, for example, L. lactis (2), where little or no differ-
ence in growth rate between wild-type strains and /dh knockout
mutants could be observed. The mutants did not show reduced
growth yields compared to the wild type.

Metabolic end products in the medium were analyzed using
high-performance liquid chromatography and headspace gas
chromatography (13, 15) (Table 2). As shown in Table 2, the
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ldh-2 mutant showed hardly any differences in growth and
metabolism in comparison to the wild type. The two mutants
lacking Idh-1, on the other hand, produced much less lactate
than the wild type but grew to higher cell densities and had
higher final pHs (Table 2). Mutants lacking Idh-1 produced
lactate levels about 25% relative to those of the wild type. This
indicates that the /dh-2 gene is not completely silent, as has
been reported for L. lactis (6), but contributes to the total
lactate production in E. faecalis. Some residual lactate produc-
tion was seen in the double /dh mutant. Small amounts of
lactate can be formed in other pathways (5). The residual
lactate was not due to a large increase in p-lactate production.

The wild-type V583 strain converted glucose almost exclu-
sively to lactate under anaerobic conditions. With aeration, this
strain made the same amounts of lactate as was observed
during anaerobic growth but also produced considerable
amounts of acetate, resulting in a lactate/acetate ratio of 2:1
(Table 2).

The metabolic profile of mutants lacking ldh-1 showed large
differences from the wild type. Without aeration, the metabolic
end products from Aldh-1 and Aldh-1 Aldh-2 were mostly for-
mate, ethanol, and acetoin (Table 2). With aeration, Aldh-1
and Aldh-1 Aldh-2 produced acetate but also considerable
amounts of ethanol and formate, indicating high activity levels
for both pyruvate formate lyase (Pfl) and pyruvate dehydroge-
nase (Fig. 1). The data imply that these two enzymes made
fairly equal contributions to metabolism of pyruvate under
aerobic conditions. Like Pfl from other sources, the E. faecalis
enzyme has been reported to be readily inactivated by oxygen
(11, 22). However, citrate synthase-deficient E. coli can pro-
duce formate by using Pfl under aerobic conditions (10).

The Idh-1 mutants detoxified excess pyruvate by converting
it to acetoin (Fig. 2), which can play a useful role in maintain-
ing intracellular pH by affecting the proton motive force (9,
23). We observed no butanediol production (Table 2). The E.
faecalis mutants produced the same amounts of acetoin during
anaerobic and aerobic conditions, in contrast to L. lactis, where
acetoin production increases in the presence of oxygen, and
butanediol production can be observed under certain condi-
tions during anaerobic growth (2, 18).

In the Aldh-1 cultures, acetate and citrate were consumed
under anaerobic conditions, indicating that E. faecalis can use
these compounds as external electron acceptors. We measured
citrate and glucose utilization in wild-type V583 cells and in

TABLE 2. Metabolites in supernatants from batch-grown E. faecalis V583 and the Idh mutants”

Metabolite concn (mM)

Strain or . Final Final
Aeration
genotype ODgoo pH Glucose Citrate Lactate Formate Acetate Ethanol Acetoin
V583 - 1.7 4.5 25.5 2.2 60.1 6.5 16.5 32 0.3
+ 2.6 4.4 4.9 1.8 56.3 3.9 45.4 0.2 7.2
Aldh-1 - 2.7 5.5 4.8 0.7 16 28.2 71 39.2 23.9
+ 3.0 6.3 0.2 0.4 11.4 17.4 32 154 21.1
Aldh-2 - 1.7 4.6 25.6 2.2 59.9 6.5 16.6 33 0.5
+ 2.7 4.4 4.3 1.8 55.0 2.5 44 0.3 8.7
Aldh-1 Aldh-2 - 2.8 5.9 4.0 0.2 5.3 27.3 8.5 41.7 21.1
+ 2.7 6.3 0 0.2 3.5 20.8 33.1 11.4 24.6

“ Values are averages of results from three separate experiments. The composition of the growth medium was as follows: glucose, 61 mM; citrate, 2.20 mM; lactate,
0.3 mM; formate, 1.4 mM; acetate, 15.7 mM; ethanol, 0.1 mM; and acetoin, 0.1 mM. ODy,, optical density at 600 nm.
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FIG. 2. Glucose metabolism in Enterococcus faecalis. LDH, lactate
dehydrogenase; ALS, acetolactate synthase; PFL, pyruvate formate
lyase; PDH, pyruvate dehydrogenase.

Aldh-1 Aldh-2 at 1-h intervals during growth by using K-CITR
and K-GLUHKR kits from Megazyme (Bray, Ireland). Unlike
the wild type, the mutant showed concomitant consumption of
citrate and glucose (data not shown). Citrate utilization is
regulated by catabolite repression in E. faecalis (20), so appar-
ently, one effect of Aldh-1 is to relieve, at least in part, catab-
olite repression.

In conclusion, we have shown that although Ldh-2 contrib-
utes to lactate production, Ldh-1 plays the major role in energy
metabolism in E. faecalis. We show that Ldh-2 alone is not able
to handle the large amounts of pyruvate formed in glycolysis.
This leads to production of mixed acids, as is also observed in
ldh knockouts in other lactic acid bacterial species. Further
metabolic studies of the Idh mutants will provide valuable
insight and maybe keys to regulation of pathogenicity and
virulence (21).

This work was supported by the SysMO project, funded by the
Norwegian Research Council.
Thanks to Kari Olsen for analyzing metabolic samples.
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