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Abstract
Lactic acid (LA) fermentation requires a neutralizer for a physiologically acceptable range. However, a neutralizer generates a
large amount of gypsum, an environmental pollutant. Furthermore, the downstream processing is complicated and expensive,
comprising 50–70% of the total cost. We previously developed a Lactobacillus delbrueckii FM1, which can produce undisso-
ciated LAwithout neutralizer. Here, we improved FM1 by adaptive evolution at pH 4.5, which generated Adp FM1 showing an ~
1.80-fold increase in LA production compared to FM1. The LA production via fed-batch fermentation yielded 36.2 g/L of LA,
with a productivity of 0.500 g/L/h. However, cell viability was reduced due to the acidic pH and/or end-product inhibition.
Therefore, an in situ LA recovery process using an extractive solvent was employed tomaintain cell viability. Adp FM1 produced
49.2 g/L of LA via in situ LA-extractive fed-batch fermentation, which was ~ 1.4-fold higher than that without LA extraction.
Adp FM1 provided a total LA productivity of 0.512 g/L/h in 96 h. Among the tested strains, Adp FM1 exhibited the highest H+-
ATPase activity and a 415-fold increase in H+-ATPase gene expression compared to the parent strain. These results suggest that
the in situ LA extractive fermentation process will ease downstream processing and prove to be a more economical and
environmentally friendly option compared to the present fermentation. To our knowledge, this is the first report on the production
of undissociated L-LA by Lactobacillus using an in situ recovery process, with high LA production levels and productivity.
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Introduction

Lactic acid (LA) has a long history of use for the preservation
of human foodstuffs (Davison et al. 1995). In addition, the
demand for LA production has increased due to its consider-
able potential for use in biotechnological applications in var-
ious fields such as the food, cosmetic, pharmaceutical, and
chemical industries (Wee et al. 2006). LA is also an important
platform chemical (Akerberg and Zacchi 2000; Datta and
Henry 2006), as it can be converted into other chemicals, such
as acrylic acid, propylene glycol, acetaldehyde, and 2,3-

pentanedione, and it serves as a main feedstock in the manu-
facture of biodegradable polymers and green solvents, which
has further increased the demand for LA, especially L-lactic
acid (LA) (Datta et al. 1995; Sodergard and Stolt 2002; Tsuji
2002). LA can be produced by both chemical and microbial
fermentation methods. However, the chemical synthesis of
LA always leads to a racemic mixture, which is a major draw-
back. Therefore, most of the LA is produced via bacterial
fermentation, which offers several advantages over chemical
synthesis (Benninga 1990). We have improved various strains
of lactic acid bacteria (LAB) which produced high amounts of
D- or L-LA from hydrolyzed sucrose (Kadam et al. 2006;
Joshi et al. 2010) and from sugarcane bagasse-derived cellu-
lose (Adsul et al. 2007; Singhvi et al. 2010) at neutral pH.

For the industrial production of LA, the main objective is to
develop a cost-effective fermentation process that would re-
duce the cost of production. However, during a typical LA
fermentation, the low pH of the broth (due to LA production)
inhibits the metabolic activities of the microbial cells (Hongo
et al. 1986). One method that is commonly used to minimize
the negative effects of undissociated LA accumulation on pH
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is the addition of neutralizers, such as CaCO3, to the fermen-
tation broth to react with the LA to form calcium lactate salt.
However, after fermentation, the calcium lactate needs to be
hydrolyzed by corrosive sulfuric acid to regenerate undissoci-
ated LA, generating calcium sulfate (gypsum), which is cur-
rently disposed of as solid waste. The co-production of large
amounts of gypsum (1 ton per 1 ton of LA) is a prominent
environmental issue related to conventional LA production, as
the gypsum has to be discarded (Abdel-Rahman et al. 2013)
and could eventually become an unbearable burden to the
environment. In addition, the LA extraction process is intri-
cate and costly because of the resulting high calcium lactate
content. LA fermentation using acid-tolerant strains would
make the process of LA recovery simpler and easier. Hence,
there is a need to develop acid-tolerant microbial strains that
can produce LA under acidic conditions. Several efforts have
been made to improve the acid tolerance of Lactobacillus
(Patnaik et al. 2002; Wang et al. 2007) and S. cerevisiae
(Suzuki et al. 2013; Kawahata et al. 2006) strains, either by
using rational design based on known mechanisms of LA
tolerance or by using gene deletion or knock-down libraries.
However, the limited knowledge and complexity of acid-
tolerance mechanisms have made it difficult to generate LA-
tolerant strains by modifying a few target genes. Therefore,
adaptive evolution may be an effective strategy for improving
the LA tolerance of individual, shuffled/engineered strains of
different genetic and metabolic backgrounds (Baek et al.
2016).

There are a number of product recovery techniques, such as
solvent extraction, adsorption, chromatographic methods, dif-
fusion dialysis, membrane use, and electrodialysis. Among
the possible separation techniques, reactive extraction is a
promising method with a high recovery ratio that can be ap-
plied in situ (Krzyzaniak et al. 2013). In situ recovery during
fermentation could not only recover LA from the broth but
also relieve end-product (LA) inhibition (Abdel-Rahman et al.
2013). Reactive extraction using organic acids with amines
and ammonium salts has been very well studied, and LA ex-
traction using trioctylamine (TOA) dissolved in decanol and
dodecane was previously reported, and LAwas shown to have
a high distribution coefficient (Yankov et al. 2004). Major
obstacles in extractive fermentation are the toxicity of the
solvent system to the microorganism and the difference in
the pH optima of the fermentation and extraction with com-
monly used tertiary amines. The use of polar diluents and low
pH increases the extractability, as these conditions often sta-
bilize the LA-amine complex through hydrogen bonding or
solvation (Yankov et al. 2005). One method to overcome the
difference in pH optima is to develop an acid-tolerant organ-
ism. Another method is to remove the LA in situ via a chem-
ical or physical method without pH control (Singhvi et al.
2015).

We previously isolated a mutant strain, L. delbrueckiiUc-3,
which produces L-LA with high productivity (Kadam et al.
2006). The acid tolerance of strain Uc-3 was then improved
via intergeneric protoplast fusion between Uc-3 and an acid-
tolerant Acetobacter pasteurianus strain followed by UV mu-
tagenesis of one of the fusants (Singhvi et al. 2015). In the
present study, we further adapted the resulting mutant FM1 by
continuous transfer to medium with an acidic pH to improve
its acid tolerance. This adaptive evolution method generated
an improved strain, designated as Adp FM1, which showed a
1.80-fold increase in LA production compared to that of FM1.
We also evaluated Adp FM1 for LA fermentation by batch
and fed-batch fermentation without a neutralizing agent. The
free LA could be extracted from the broth in a single step by
an in situ recovery process using a solvent system consisting
of TOA dissolved in decanol and dodecane. In the present
study, Adp FM1 produced maximum a total LA concentration
of 49.2 g/L, with a productivity of 0.512 g/L/h in 96 h by in
situ extractive fermentation. To our knowledge, this is the first
report of LA fermentation employing an acid-tolerant
Lactobacillus strain producing free LA and its simultaneous
recovery from the broth using in a single-step reactive extrac-
tion. All strains were then validated for their acid tolerance via
enzymatic, physiological, and genetic analyses. Adp FM1 ex-
hibited higher H+-ATPase activity and gene transcription
levels compared to other strains. Such acid-tolerant strains
will be very useful for developing environmentally and eco-
friendly LA production processes, without the generation of
gypsum waste.

Materials and methods

Strains, culture media, and composition

L. delbrueckii Uc-3 (NCIM 5219), a high L-LA-producing
strain generated by UV mutagenesis, and Acetobacter
pasteurianus (NCIM 2314) were obtained from NCIM
Resource Centre, NCL (Pune, India). The fusant, F3, was
previously generated by protoplast fusion of Uc-3 and A.
pasteurianus; F3 was then mutated to obtain FM1 (Singhvi
et al. 2015). Stock cultures of all strains were maintained at −
80 °C in 2 mL vials containing a 30% glycerol solution. A.
pasteurianus was grown in Acetobacter medium containing
(g/L) sorbitol (20.0 g) and yeast extract (5.00 g), pH 4.5. All
Lactobacillus strains were cultivated in MRS broth and mod-
ified MRS (mMRS) broth containing different glucose con-
centrations. All experiments were performed in MRS broth at
an initial pH of 7.0 without any neutralizing agent for F3, FM1
and Adp FM1.

6426 Appl Microbiol Biotechnol (2018) 102:6425–6435



Improvement of acid tolerance by adaptation

The acid tolerance of strain FM1 was improved by adaptive
evolution, which was carried out by growing the strain in
MRS medium at an initial pH of 4.5 and continuously trans-
ferring after every 48 h for approximately 40 subcultures.
During cultivation, the growth rate and metabolite titers were
measured to characterize the evolved strains. After the final
subculture, acid-tolerant colonies were isolated on solid MRS
medium, pH 4.5, and the most efficient strain, Adp FM1, was
selected based on its LA production and glucose consumption
levels at acidic pH.

L-lactic acid production without a neutralizing agent
by batch and fed-batch fermentation at flask level

One milliliter of each glycerol stock culture was inoculated
into 10.0mL ofMRS broth (initial pH 7.0) in a screw-cap tube
and incubated for 24 h at 42 °C. A portion of this 24-h culture
(~ 5.00 mL) was transferred to 100 mL of MRS broth in
250 mL screw-cap conical flasks, and the flasks were incubat-
ed at 42 °C with shaking at 150 rpm. Cells from this culture
were used as the inoculum (5% v/v) for fermentation medium
(mMRS) containing 25.0 g/L (G25), 50.0 g/L (G50), and
100 g/L (G100) of glucose. The fermentation experiments
were carried out in screw-cap conical flasks containing
100 mL of fermentation medium at 42 °C with shaking at
150 rpm. Culture samples were harvested and centrifuged at
7000×g for 10 min. Batch and fed-batch fermentation exper-
iments were performed in mMRS medium containing 20.0 g/
L glucose. For fed-batch fermentation, 20.0 g/L glucose was
fed into the flask every 24 h for 96 h. Then, the sugar, LA, and
pH of the supernatant were analyzed.

LA extraction from fermentation broth

A solvent system consisting of TOA (as an extractant),
decanol (as modifier), and dodecane (as diluent) was standard-
ized by testing different concentrations to achieve maximum
LA extraction from the broth. Batch LA fermentation by Adp
FM1 was carried out in mMRS medium containing 25.0 g/L
glucose at 42 °C for 48 h. The fermentation broth was centri-
fuged at 7000×g for 10 min, and the supernatant was used as
an aqueous solution for the extraction experiment. Equal vol-
umes (25.0 mL) of aqueous solution containing LA (20.2 g/L)
and the standardized solvent system were shaken at 150 rpm
for 15–30 min at ambient temperature to attain extraction
equilibrium. Then, the phases were allowed to settle in a
separatory funnel for 15–30 min at room temperature. After
the two phases were separated, the LA concentration in the
lower aqueous phase was analyzed, and the concentration in
the solvent phase was calculated from the mass balance. After
phase separation, the distribution coefficient (Kd) was

determined for LA extraction using this solvent system ac-
cording to the following formula,

Kd ¼ Cs=Caq

where

Cs is concentration of LA in the solvent phase at
equilibrium

Caq is concentration of LA in the aqueous phase at
equilibrium

Intermittent LA extractive fermentation
by the fed-batch method at flask level

The Adp FM1 strain was evaluated for fed-batch extractive
fermentation in mMRS medium containing 100 g/L glucose.
A 24-h culture (~ 5.00mL) was transferred to 100mL ofMRS
broth in 250 mL screw-cap conical flasks. The flasks were
incubated at 42 °C with shaking at 150 rpm. These cells were
then used as the inoculum (5% v/v) for the fermentation me-
dium (mMRS) in screw-cap flasks, and the flasks were incu-
bated anaerobically at 42 °C with shaking at 150 rpm. Every
24 h, up to 96 h, LA was extracted from the fermentation as
follows. The fermented broth was centrifuged to separate the
cells, and the cell-free broth was mixed with the standardized
solvent (20%TOA, 10% decanol, and 70% dodecane) in a 1:1
(solvent/broth) ratio for 15–30 min with shaking. During this
incubation, the separated cells were suspended in saline and
stored at 4 °C. After shaking, the solvent and broth mixture
was transferred to a separatory funnel and allowed to settle for
15–30 min. Then, the phases were separated, and the lower
aqueous phase (the medium) was used to continue the fermen-
tation by re-inoculation with the stored cells. Intermittent LA
extraction was conducted as described above using fresh
solvent.

In situ LA recovery by extractive fermentation at 1 L
jar fermenter level

The Adp FM1 strain was cultivated in 10.0 mL of MRS broth
for 24 h at 42 °C. A portion of this 24-h grown culture (~
5.00 mL) was transferred to 100 mL of growth medium in
250 mL screw-cap conical flasks, and the flasks were incubat-
ed at 42 °Cwith shaking at 150 rpm. This pre-culture was then
inoculated (at 5%, v/v) into a 1-L jar fermenter (Biott, Tokyo,
Japan) containing 250 mL of mMRS medium fed with 20.0 g/
L glucose every 24 h until 96 h. LAwas extracted after 48 h of
fermentation by adding 250 mL of the solvent system (20%
TOA, 10% decanol, and 70% dodecane). During fermentation
in the fermenter jar, the solvent phase was continuously agi-
tated with the fermented broth. The solvent-saturated broth
samples were removed after every 24 h, and the phases were
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allowed to separate. The lower aqueous phase was analyzed
for cell growth, sugar, and LA content.

H+-ATPase activity determination

All the test Lactobacillus strains were grown inMRS medium
under anaerobic conditions, and A. pasteurianus NCIM 2314
was aerobically cultivated in Acetobacter medium at an initial
pH of 4.5 (except for parent strain, L. delbrueckiiUc-3, which
was grown at pH 7.0). After 24 h, samples were centrifuged at
7000×g to separate the cells. The harvested cells were washed
thrice with Tris–HCl buffer (50 mM, pH 7.0) and re-
suspended in the same buffer (5 mL) containing 20 mM
EDTA, 10 mM MgCl2, 100 μg/mL lysozyme (Wako, Osaka,
Japan), and 1 mM phenyl methyl sulfonyl fluoride (PMSF).
The cell suspension was incubated at 37 °C for 30 min and
sonicated. The sonication was performed at 60% amplitude
(125 μM) for 5 min with a 2-mm probe under cold conditions.
Almost 90% of the cells were disrupted by using this method.
The sonicated samples were centrifuged at 7000×g for 10min,
and the supernatant was used as a cell-free extract to analyze
H+-ATPase activity.

H+-ATPase activity was determined by measuring the in-
organic phosphate (Pi) liberated from ATP according to the
method of Fiske and Subbarow (1925)). The enzyme was
assayed in a standard reaction mixture consisting of 50 mM
Tris–HCl (pH 6.0), 3 mM MgCl2, and 2.5 mM Na-ATP in a
final volume of 3 mL. The reaction was initiated by addition
of 100 μL of cell-free extract and incubated at 37 °C for
15 min. The reaction was terminated by the addition of
1 mL of 12% (w/v) trichloroacetic acid and centrifuged at
8000×g for 5 min. Then, the supernatant was used to deter-
mine inorganic phosphate. The absorbance at 510 nm was
measured against a backgrounds sample of the corresponding
reaction mixture without cell-free extract. One unit of ATPase
activity (IU) was defined as the amount of enzyme required to
liberate 1 μmol of Pi from ATP per min. Specific activity was
expressed as IU per mg of protein (IU/mg). The total protein
concentration in the cell-free extract was determined with the
Pierce BCATM Protein Assay kit (Thermo, Rockford, IL,
USA).

Analysis of H+-ATPase gene expression by one-step
quantitative real-time PCR

All tested Lactobacillus strains, including L delbrueckii Uc-3,
fusant F3, mutant FM1, and Adp FM1, were grown in MRS
under anaerobic conditions at 42 °C, and A. pasteurianus
NCIM 2314 was grown in Acetobacter medium aerobically,
at pH 4.5 with shaking at 150 rpm. Then, these strains were
inoculated (at 5%) into fermentation medium. After 24 h of
fermentation, 2 mL of the broth was collected into an
Eppendorf tube and centrifuged at 10,000×g for 10 min. The

pellet was suspended in 200 μL of solution A (containing
20 mM sodium acetate, 1 mM EDTA, and 0.5% SDS,
pH 5.0) and phenol saturated with 20 mM sodium acetate
(pH 5.0) and then mixed well by pipetting. The tubes were
then incubated at 60 °C with shaking for 10 min and then
centrifuged at 15,000×g for 5 min. After centrifugation, the
upper aqueous phase was placed into a new tube. Cold, 100%
ethanol (250 μL) was added, mixed well, and then centrifuged
at 15,000×g for 5 min. The supernatant was decanted, and
375 μL of cold 70% ethanol was added to rinse the pellet,
and then centrifuged at 15,000×g for 30 s. The supernatant
was removed, and the RNA pellet was suspended in 50 μL of
RNase-free water. Contaminating genomic DNAwas digested
with DNase I (Takara Bio, Inc., Ohtsu, Japan) for 30 min at
37 °C according to the manufacturer’s instructions as previ-
ously described (Singhvi et al. 2017). The samples were stored
at − 20 °C. The integrity of the total RNAwas determined by
electrophoresis on a 2% (w/v) agarose gel, and the RNA con-
centration and purity (A260/A280 ratio) was determined using a
Nanodrop spectrophotometer. This purified RNAwas used for
quantitative real-time PCR (qRT-PCR) to quantify the expres-
sion levels of the H+-ATPase gene.

One-step qRT-PCR was performed by using the One-step
SYBR® PrimeScript™ RT-PCR Kit II (Perfect Real Time,
TaKaRa Bio Inc.) on an Mx3000P Q-PCR Detection
System. With the One-step SYBR® PrimeScript™ RT-PCR
Kit II, cDNA was synthesized from the purified RNA using
PrimeScript Reverse Transcriptase, and the cDNAwas ampli-
fied by PCR with TaKaRa Ex Taq HS DNA Polymerase in a
single tube. The PCR amplification products were monitored
in real time by SYBRGreen I detection. Reverse transcription
was carried out under the following conditions: 5 min at 42 °C
and 10 s at 95 °C. Then, the PCR was performed in 40 cycles
of 5 s at 95 °C, 34 s at 57 °C, and 30 s at 72 °C. The primers
used for qRT-PCR verification were designed with Primer 3
software based on the available DNA sequences of L.
delbrueckii and A. pasteurianus (Table 1). The 2−△△Ct method
was used to quantify levels of the target gene, H+-ATPase, and
16S rRNAwas used as an internal reference. Since the parent
strain, L. delbrueckii Uc-3, could not grow under acidic con-
ditions without a neutralizing agent, it was used as a control,
whereas all other strains grown at acidic pH were the test
strains. Based on these results, the ratio of the target mRNA
in the sample was calculated. The data obtained, i.e., the CT,
were analyzed using the comparative critical threshold
(ΔΔCT) method, according to the following equations.

ΔCT ¼ CT Target−CT reference

ΔΔCT ¼ ΔCT Test−ΔCT control

Relative expression level = 2−ΔΔCT
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Analytical methods

Cell growth was analyzed spectrophotometrically (UV-1600
visible spectrophotometer; BioSpec, Shimadzu, Tokyo, Japan) at
a wavelength of 660 nm. LA and sugar were determined using an
HPLC system (US HPLC-1210; Jasco, Tokyo, Japan) equipped
with a SUGAR SH-1011 column (Shodex, Tokyo, Japan). The
culture samples (1 mL) were centrifuged at 7000×g for 10 min at
4 °C. Then, the supernatant was diluted in ultrapure water, filtered
through a membrane filter (Dismic-13HP, 0.45 μM; Advantec,
Tokyo, Japan), and finally injected in the HPLC system under
the following conditions: column temperature, 50 °C; mobile
phase, 3 mM HClO4; flow rate, 1.0 mL min−1; and injection
volume, 20μL. The concentrations of residual sugars and fermen-
tation productswere calculated using calibration curves of standard
solutions. The optical purity of LA was measured using a BF-5
biosensor (Oji Scientific Instruments, Hyogo, Japan) according to
the manufacturer’s instructions as described previously (Abdel-
Rahman et al. 2011). LA in the aqueous and solvent phases was
analyzed at different time intervals during fermentation. The total
LA produced in the fermentation system was calculated by deter-
mining the LA concentration in the aqueous and solvent phases
according to the following equation:

Σ LA½ � ¼ Caq

� �
Vaq

� �þ Cs½ � Vs½ �

where

Σ[LA] total LA produced (g)
Caq concentration of LA in aqueous broth (g/L)
Vaq volume of aqueous broth phase (L)
CS concentration of LA in solvent (g/L)
VS volume of solvent phase (L)

The total LA concentration, productivity, and yield were
defined according to the following equation:

CLA ¼ Σ LA½ �=Vaq

where

CLA total LA concentration (g/L)
Σ[LA] total LA produced (g)
Vaq volume of aqueous broth phase (L)

PLA ¼ CLA=F:T:

where

PLA total LA productivity (g/L/h)
CLA total LA concentration (g/L)
F.T. fermentation time (h)

YLA ¼ Max CLA=CGlu

where

YLA yield of LA at maximum total LA based on glucose
consumed (g/g)

Max
CLA

maximum total LA concentration (g/L)

CGlu maximum glucose consumed (g/L)

Results

Comparative LA fermentation by Lactobacillus strains

We used L. delbrueckii Uc-3, F3, FM1, and Adp FM1 for LA
fermentation and compared LA production and growth in
mMRS medium containing G25 at pH 7.0 without any neutral-
izing agent. Also, the optical purity was checked using biosensor
device for all the fermented broth samples which was approxi-
mately 99.9% L-LA. Among the tested strains, Adp FM1 pro-
duced the highest amount of LA (18.1 g/L) within 24 h of fer-
mentation (Table 2). Adp FM1 also showed LA productivity of
0.750 g/L/h which was ~ 1.80-fold greater than that of the im-
proved mutant FM1. Based on its superior performance in LA
fermentation, Adp FM1 was selected for further studies.

Lactic acid production by batch and fed-batch
fermentation

In batch fermentation with G50, Adp FM1 produced 23.1 g/L of
LA,with a productivity of 0.320 g/L/h and a yield of 0.780 g/g in
72 h (Fig. 1a). However, in the fermentation with G100, cell
growth (as measured by the OD660) was inhibited due to the
higher sugar concentration, which resulted in low LA production
(Fig. 1b). The maximum LA produced was 10.2 g/L, with a
productivity of 0.141 g/L/h in 72 h. In contrast, in fed-batch
fermentation, cell growth was not inhibited, and 36.2 g/L of

Table 1 Primers used for qRT-PCR analyses of H+-ATPase gene expression in Acetobacter and L.delbrueckii Uc-3, fusant, mutant, and AdpFM1

Gene name Organism Accession nos. Primers 5′-3′(forward, reverse)

ATP synthase F1 subunit (target gene) A. pasteurianus WP_003629790.1 GATATTACCCCGACCCGCTG
TTTATCCGCCTGATCCCACG

F0F1 ATP synthase subunit C (target gene) L. delbrueckii WP_002880065.1 AGCACCACCATTGAAAGCAT
GAATCGGCACCGCTTCAATC
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LAwas produced, with a productivity of 0.502 g/L/h and a yield
of 0.872 g/g in 72 h (Fig. 1c). We determined the cell viability of
Adp FM1 during fed-batch fermentation. The percentage of via-
ble cells started to decrease after 48 h of fermentation, which
could be due to inhibition by the acidic pH/end product (Fig. 1d).

Extractive fermentation of LA by fed-batch method
at flask level

Firstly, the solvent system for extracting LA from the broth
was standardized, and 20% TOA (as an extractant), 10%
decanol (as a modifier), and 70% dodecane (as a diluent)

was found to be optimal for LA extraction and was also
non-toxic to the cells (data not shown). The Kd for LA was
estimated to be 3.55 ± 0.123.

Adp FM1 was evaluated for LA extractive fermentation in
mMRSmediumwithout using neutralizing agent by fed-batch
method. Initially, intermittently LA extractive fermentation
was carried out on a flask-culture scale. LA extraction started
after 48-h fermentation, and after every 24-h time interval, the
broth was centrifuged and cells were separated out. LA was
extracted by adding standardized solvent system at the ratio of
1:1 (v/v). In case of, product removal started after 48 h of
fermentation, a maximum total LA concentration of 52.2 g/

Table 2 Comparative profiles of
lactic acid and growth between
parent L. delbrueckii Uc-3, fusant
F3, mutant FM1, and Adp FM1 in
mMRS medium at initial pH 7.0
without neutralizing agenta

Strains Lactic acid (g/L) Growth (OD660) pH

L. delbrueckii Uc-3 0.911 ± 0.020 0.410 ± 0.039 6.71 ± 0.320

Fusant F3 7.10 ± 0.210 3.09 ± 0.130 3.91 ± 0.201

Mutant FM1 10.2 ± 0.390 5.31 ± 0.220 3.79 ± 0.180

Adp FM1 (This study) 18.1 ± 0.510 8.21 ± 0.391 3.41 ± 0.152

a The sample cultures were grown under anaerobic conditions at 42 °C with shaking (150 rpm). The glucose
concentration in mMRS medium was 25.0 g/L. The samples were removed after 24 h of fermentation and further
analyzed for growth and lactic acid. The values are the means of triplicate experiments ± standard deviation
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Fig. 1 Lactic acid (LA) production by the Lactobacillus adapted mutant
Adp FM1 in mMRS medium by batch fermentation containing 50.0 g/L
(a) and 100 g/L (b) glucose and by fed-batch fermentation (c) at pH 7.0
(initial) without neutralizing agent. Cell viability of Adp FM1 in mMRS
medium during fed-batch fermentation (d). Symbols: open circles,

glucose; closed circles, LA; open triangles, pH; and closed triangles,
cell growth (OD660). The data points represent the means and standard
deviations of results from three independent experiments. The standard
deviation is less than the size of symbols if no error bars are seen
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L, with a total productivity of 0.543 g/L/h and a yield of
0.883 g/g was obtained in 96 h (Fig. 2a). LA production by
extractive fermentation was nearly 1.4 times higher than that
of the control, without extraction (Fig. 1c). The sugar utiliza-
tion rate was also improved by extractive fermentation. We
determined the viability of Adp FM1 during extractive fer-
mentation, with extraction starting at 48 h of fed-batch fer-
mentation. As shown in Fig. 2b, cell viability decreased with
fermentation time but was improved compared to that of the
control (Fig. 1d) and was correlated with increased LA pro-
duction. Similar results were obtained when product removal
started after 24 h of fermentation (data not shown).

In situ LA recovery in one step by extractive
fermentation

Fed-batch extractive LA fermentation by the Adp FM1 strain
was evaluated by in situ LA recovery. The maximum total LA
concentration was 49.2 g/L, with a productivity of 0.512 g/L/h
and a yield of 0.870 g/g in 96 h (Fig. 3a). LA production (49.2 g/
L) was improved nearly 1.4 times as compared to the control, a
fed-batch fermentation without LA extraction (36.2 g/L). We
determined the cell viability profile of Adp FM1 during in situ
LA extractive fermentation. As shown in Fig. 3b, the cell

viability decreased with fermentation time but was improved
compared to that of the control (Fig. 1d), which is correlated with
increased LA production. The pH of the broth had a marked
effect on the amount of LA extracted from the broth. Table 3
shows the kinetic parameters of in situ LA recovery as compared
to those of other fermentation conditions.

H+-ATPase activity and transcription levels
under acidic condition

At acidic pH, cells exhibited exportation protons and acid
anions through the H+-ATPase and efflux pumps, respectively,
which leads to high ATP consumption (vanMaris et al. 2004).
Therefore, we attempted to detect the H+-ATPase activities of
all strains grown at acidic pH 4.5 (except for the parent strain
L. delbrueckiiUc-3, which was grown at pH 7.0). As shown in
Table 4, among the tested Lactobacillus strains, Adp FM1
exhibited higher H+-ATPase-specific activity (0.255 IU/mg-
protein). The Adp FM1 strain, which showed higher LA pro-
ductivity, exhibited correspondingly high H+-ATPase-specific
activity when grown in MRS at pH 4.5.

The effect of acidic conditions on the expression of H+-ATPase
during LA fermentation, leading to the enhanced production of
LA, was examined by qRT-PCR. Among the tested Lactobacillus
strains, Adp FM1 exhibited the highest transcriptional levels of the
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AcetobacterATPsynthase F1 subunit, whichwas found to be 415-
fold higher than that of the parent strain, L. delbrueckii Uc-3. The
F3 and FM1 strains showed 138- and 359-fold higher gene ex-
pression, respectively, at pH 4.5, which was considerably higher
than the expression levels at pH 7.0 (Fig. 4). In all strains, H+-
ATPase gene expression was higher at pH 4.5 than at pH 7.0. In
addition, the transcriptional levels of Lactobacillus F0-F1 ATP
synthase subunit C was examined in all strains; however, the ex-
pression levels were lower than that of the Acetobacter ATP syn-
thase F1 subunit gene (data not shown). The parent strain, L.
delbrueckii Uc-3, showed very negligible levels of H+-ATPase
gene expression, whereas the fusant (F3) exhibited comparatively
higher H+-ATPase gene expression, as was observed in
Acetobacter. These results suggest that the H+-ATPase gene was
transferred during protoplast fusion; hence, F3 acquired the acid
tolerance property of the parent Acetobacter strain. Further, as F3
was UV mutagenized and adapted to enhance LA production,
generating FM1 and Adp FM1, these strains also showed in-
creased H+-ATPase gene expression under acidic conditions. The
enzyme activities of all tested strains were well correlated with the
mRNA expression profiles.

Discussion

Currently, LA production by conventional processes requires
the addition of a neutralizing agent, such as CaCO3, due to the

acid sensitivity of LA-producing Lactobacillus strains, mak-
ing the downstream processing more complicated and costly.
Hence, there is a need to develop robust strains for commer-
cial LA production under acidic conditions. Previously, we
improved the acid tolerance of an L-LA-producing
Lactobacillus strain by protoplast fusion of A. pasteurianus
and L. delbrueckii Uc-3 (Singhvi et al. 2015). In the present
study, we further improved the acid tolerance of a mutant
strain, FM1, derived from the fusant by adaptation under acid-
ic conditions, which generated an adapted strain, Adp FM1,
with enhanced free LA production. LA production from
cheese whey using low pH-tolerant LAB strains is currently
being studied, which showed that test strains with differing
acid tolerances required different neutralizing agent contents
(Juodeikiene et al. 2016). Baek et al. (2017) improved the acid
tolerance of genetically modified yeast by adaptive laboratory
evolution, which yielded strains with higher LA tolerance and
D-LA production. In this study, the adapted strain, Adp FM1,
produced more LA (18.1 g/L) than the parent L. delbrueckii
Uc-3 strain (0.911 g/L), the fusant F3 (7.10 g/L), and the
mutant FM1 (10.2 g/L) within 24 h of fermentation (Table
2). Hence, strain Adp FM1 was used for further batch and
fed-batch fermentation studies. Although a high glucose con-
centration caused substrate inhibition in batch fermentation
(Fig. 1a, b), fed-batch fermentation enabled a maximum LA
production of 36.2 g/L, with a productivity of 0.502 g/L/h and
a yield of 0.872 g/g (Fig. 1c). During fed-batch fermentation,
nearly 50% of the sugar was not utilized; hence, cell viability

Table 3 Comparison of kinetic parameters of different fermentation methods in mMRS by adapted mutant Adp FM1 at initial pH 7.0 without
neutralizing agent

Conditions Time (h) Max CLA (g/L) PLA (g/L/h) YLA (g/g) CGlu (g/L)

Batch fermentation 72 10.2 0.141 0.563 18.1

Fed-batch fermentation 72 36.2 0.502 0.872 41.5

Intermittently LA extractive fermentation by fed-batch method 96 52.2 0.543 0.883 59.1

In situ LA extractive fermentation by fed-batch method 96 49.2 0.512 0.870 56.5

Time fermentation time at the maximum total LA produced,Max CLAmaximum total LA concentration, PLA total LA productivity, YLAyield of lactic acid
at maximum total LA based on glucose consumed, CGlu maximum glucose consumed

Table 4 Comparison of H+-ATPase activities of all the strains in MRS
media at pH 4.5 without neutralizing agenta

Samples H+-ATPase activity (IU/mg-protein)

L. delbruekii Uc-3 (parent)b 0.0011 ± 0.00030

Fusant F3 0.076 ± 0.0011

Mutant FM1 0.193 ± 0.0018

Adp FM1 0.255 ± 0.0021

a The samples were removed after 24 h of fermentation and further ana-
lyzed for protein and H+ -ATPase activity determinations
b The parent strain, L. delbruekiiUc-3 was grown at pH 7.0 in presence of
neutralizing agent. The values are the means of triplicate experiments ±
standard deviation
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was examined (Fig. 1d). After 48 h of LA fermentation, Adp
FM1 showed a loss of viability, which might be due to acidic
pH/end-product (LA) inhibition.

Marinova and Yankov (2009) studied the toxicity of sol-
vents to Lactobacillus casei, and most of the tested alcohols,
including 1-octanol, showed high phase toxicity. It is known
that the toxicity of alcohols decreases with increasing alkyl
chain length, and n-alkanes are practically non-toxic (Playne
and Smith 1983; Martak et al. 1997). Hence, we optimized a
solvent system to maximize LA extraction and minimize tox-
icity to the microbial cells, and the optimal system comprised
20% TOA, 10% decanol, and 70% dodecane (data not
shown). We conducted in situ LA recovery by extractive fer-
mentation using the optimized solvent system. Using this sys-
tem, the cells were largely unaffected, and 70–75% of the LA
could be extracted from the fermentation broth in one step.
Compared to previously reported strains, our strain, Adp
FM1, produced a higher amount of total LA (49.2 g/L), with
a productivity of 0.512 g/L/h and a yield of 0.870 g/g in 96 h
(Fig. 3a). However, Adp FM1 produced only 10.2 g/L of LA,
with a productivity of 0.141 g/L/h by batch fermentation.
Thus, LA production was improved almost fivefold using
fed-batch fermentation with in situ LA recovery as compared
to that with the batch fermentation.We compared the results of
the present study to previously reported extractive fermenta-
tions. Table 5 shows that, until now, there were no studies
reporting the production of undissociated LA with high pro-
ductivity using an in situ recovery process. It is also known
that the acidic pH of the fermentation broth aids in direct LA
extraction using solvent systems without the need for acidify-
ing the broth in downstream processing.

When the pH of the medium is below the pKa of LA (3.86),
extracellular LA can diffuse into the cytosol, passing through
the plasma membrane, where it dissociates into lactate and
protons (van Maris et al. 2004). Cells counteract this intracel-
lular acidification through proton extrusion by increasing H+-
ATPase activity, which results in a significant loss in available
energy for growth and other essential metabolic functions.

However, over time, it will no longer be possible for the cell
to maintain its pH within a physiologically acceptable range,
which leads to growth inhibition and ultimately cell death. We
investigated the H+-ATPase activities of both parental strains,
the fusant F3, and the mutant FM1 and Adp FM1 strains. A.
pasteurianus exhibited the highest H+-ATPase-specific activ-
ity (0.431 IU/mg-protein), whereas, among the Lactobacillus
strains, the Adp FM1 mutant strain exhibited the highest H+-
ATPase-specific activity (0.255 IU/mg-protein; Table 4). It
was reported that high levels of H+-ATPase correspond to high
acid tolerance in batch culture (Shobharani and Halami 2014).

Further, the acid tolerance of the test strains was confirmed
using a genetic approach, qRT-PCR analysis of H+-ATPase
expression levels at pH 4.5 and 7.0. The parent strain, A.
pasteurianus, showed the highest levels of Acetobacter ATP
synthase F1 subunit transcription at pH 4.5 and pH 7.0, which
were 526- and 302-fold higher than that of L. delbrueckiiUc-3
cells grown in MRS. Among the Lactobacillus strains, F3,
FM1, and Adp FM1 also expressed the AcetobacterATP syn-
thase F1 gene, at levels 138-, 359-, and 415-fold higher than
that expressed by L. delbrueckii Uc-3 cells, respectively, at
pH 4.5, which was considerably higher than that expressed
at pH 7.0 (Fig. 4). However, H+-ATPase expression was
higher in the Acetobacter strain than in all tested
Lactobacillus strains at pH 4.5 and pH 7.0. These results in-
dicated the presence of the H+-ATPase gene in all the fusant
and mutant strains, which is expressed under acidic conditions
during LA fermentation. It is known that H+-ATPase expres-
sion corresponds to high levels of acid tolerance; hence, we
think that the fusant strain acquired the acid tolerance property
from Acetobacter through protoplast fusion, and it was main-
tained in FM1 and Adp FM1.

In conclusion, we employed adaptive evolution at acidic
pH to improve the LA tolerance of a mutant strain (FM1)
derived from a fusant (F3). The obtained strain, Adp FM1,
showed a 1.80-fold increase in LA production under acidic
conditions (without the addition of CaCO3) compared to the
mutant FM1. Adp FM1 has the advantage of being more acid

Table 5 Comparison of present data with the reported work on extractive fermentation by lactic acid recovery process

Strain Conditions Solvents/membranes used Time (h) Max CLA (g/L) PLA (g/L/h) YLA (g/g) Ref

L. delbrueckii
NRRL-B-445

pH uncontrolled in situ
extractive fermentation

Alamine 336 with oleyl
alcohol

48 10.2 0.212 – Tik et al. (2001)

L. fructivorans NRIC0224
immobilized cells

pH uncontrolled in situ
extractive fermentation

TOA in 1-decanol 56 17.5 0.312 0.731 Matsumoto
et al. (2016)

S. cerevisiae OC-2 T T165R pH uncontrolled
two-stage
extraction

Activated carbon as an
adsorbent

72 60.0 0.833 0.701 Gao et al.
(2011)

L. delbrueckii Adp FM1 pH uncontrolled one-step
in situ extractive
fermentation

TOA containing n-decanol
and dodecane

96 49.2 0.512 0.870 This work

Time fermentation time at the maximum total LA produced,Max CLAmaximum total LA concentration, PLA total LA productivity, YLAyield of lactic acid
at maximum total LA based on glucose consumed
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tolerant, which means that it can grow and ferment sugars
under acidic conditions without the need for a neutralizing
agent. In contrast to other reported Lactobacillus strains,
Adp FM1 produced higher amounts of free LA (~ 49.2 g/L)
using extractive fermentation with an in situ recovery process.
To the best of our knowledge, this is the first description of
free LA production by in situ extractive fermentation, with the
highest reported productivity by a Lactobacillus strain under
acidic conditions without a neutralizing agent. Production of
free LA from glucose by Adp FM1 is feasible and efficient, as
the downstream processing is easier and more cost effective.
The development and use of such acid-tolerant strains will
provide new methods for commercial LA fermentation.
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