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Abstract
High-quality environmentally-friendly bioplastics can be produced by mixing poly-L-lactate with poly-D-lactate. On an 
industrial scale, this process simultaneously consumes large amounts of both optically pure lactate stereoisomers. However, 
because optimal growth conditions of L-lactate producers often differ from those of D-lactate producers, each stereoisomer 
is produced in a specialised facility, which raises cost and lowers sustainability. To address this challenge, we metabolically 
engineered Lactobacillus gasseri JCM  1131T, a bioprocess-friendly and genetically malleable strain of homofermenta-
tive lactic acid bacterium, to efficiently produce either pure L- or pure D-lactate under the same bioprocess conditions. 
Transformation of L. gasseri with plasmids carrying additional genes for L- or D-lactate dehydrogenases failed to affect 
the ratio of produced stereoisomers, but inactivation of the endogenous genes created strains which yielded 0.96 g of either 
L- or D-lactate per gram of glucose. In this study, the plasmid pHBintE, routinely used for gene disruption in Bacillus 
megaterium, was used for the first time to inactivate genes in lactobacilli. Strains with inactivated genes for endogenous 
lactate dehydrogenases efficiently fermented sugars released by enzymatic hydrolysis of alkali pre-treated wheat straw, an 
abundant lignocellulose-containing raw material, producing 0.37–0.42 g of lactate per gram of solid part of alkali-treated 
wheat straw. Thus, the constructed strains are primed to serve as producers of both optically pure L-lactate and D-lactate 
in the next-generation biorefineries.
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Introduction

Lactic acid is a platform chemical indispensable for the 
production of foodstuffs, pharmaceutics, and bioplastics 
(Oliveira et al. 2018). It can be made through environmen-
tally harsh petrochemical processes which create both L- 
and D-lactate, but such racemic mixture is unfit for many 
uses. Thus, lactic acid is today mostly supplied by modern 
bioprocesses. Although both Bacillus and Rhizopus genera 
have robust lactate producers (Alexandri et al. 2019; Maz-
zoli 2019), in most bioprocesses optically pure lactate is 
made by lactic acid bacteria (LAB) (Abdel-Rahman et al. 
2013; Castillo Martinez et al. 2013).

Historically, researchers strived to produce optically 
pure L-lactate, which human body metabolises easily and 
which could thus be readily used in food industry and 
medicine (Hofvendahl and Hahn–Hägerdal 2000). How-
ever, nowadays the bioplastic sector is also aware of the 
superior properties of isotactic stereocomplexes, which are 
made by polymerising optically pure L-lactate and opti-
cally pure D-lactate separately and then mixing the result-
ing poly-L-lactate with poly-D-lactate (Tsuji 2005). Thus, 
it became attractive to produce both lactate stereoisomers 
in their optically pure form, often in comparable amounts.

At the same time, environmental concerns drove the con-
struction of biorefineries (Moncada et al. 2016). As such 
facilities are impaired by a location-limited availability of 
a substrate (Hassan et al. 2019), they would benefit from 
bioprocesses that could produce large quantities of both opti-
cally pure lactate stereoisomers from the same substrate, 
ideally by using almost isogenic producer strains of LAB.

LAB often express several L- and D-lactate dehydroge-
nases (Feldman-Salit et al. 2013), as well as lactate race-
mases (Desguin et al. 2017), thus fermenting sugars to both 
L- and D-lactate. Certain Lactobacillus species at the begin-
ning of fermentation, produce firstly L-stereoisomer of lactic 
acid, by enzyme L-lactate dehydrogenase, which then leads 
to induction of racemase enzyme (e.g. Lactobacillus curva-
tus, L. plantarum) and, consequently, conversion of L-lactic 
acid to D-lactic acid (Gottschalk 2012; Okano et al. 2018). 
Lactobacillus gasseri JCM 1131 belongs to the group of 
Lactobacillus species that, instead of racemase, have both 
lactate dehydrogenases. LAB produce lactate to restore cell’s 
redox balance (Liang et al. 2018), metabolise it when nutri-
ents are scarce (Liu 2003), and some even embed traces of 
D-lactate into their cell wall (Chapot-Chartier and Kulakaus-
kas 2014). Although the precise physiological role of each 
stereoisomer remains unclear, the simultaneous production 
of both L- and D-lactate prevents many isolates from being 
used as the producing strains, as the manufactured racemate 
can be separated into pure stereoisomers only on costly chi-
ral chromatographic columns.

In addition to producing optically pure lactate, an ade-
quate microbial producer should possess several other traits 
as well. If it exhibits most but not all of them, the missing 
ones could be introduced by genetic modification. However, 
such an intervention requires an efficient transformation 
protocol, an established plasmid toolbox (Karlskås et al. 
2014), and the available whole genome sequence (Sun et al. 
2015). To be genetically malleable, the strain should also 
lack restriction-modification (Forde and Fitzgerald 1999), 
as well as CRISPR/Cas9 systems (Crawley et al. 2018), and 
its plasmid toolbox should include both a high-copy-number 
replication origin that stably maintains the circular plasmid 
and a thermosensitive replication origin that is needed for 
gene inactivation. Regrettably, only a few LAB fulfil these 
conditions (Bosma et al. 2017).

Another difficulty in the biotechnological production of 
lactate is that LAB grow only on a complex mix of nutrients. 
Today, most bioprocesses utilise glucose- and starch-rich 
crops, thus drawing on an already scarce supply of animal 
feed and foodstuffs (Townsend et al. 2017). A more sustain-
able bioprocess would instead be based on lignocellulose-
containing raw materials (Passoth and Sandgren 2019; Yuan 
et al. 2018), e.g. on 1.04 billion tonnes of wheat straw that 
were produced in 2019 (Food and Agriculture Organization 
of the United Nations 2019; Montane et al. 1998; Saha et al. 
2005), and that were mostly ploughed back into the soil or 
burned (Talebnia et al. 2010). Yet, with an appropriate pre-
treatment, LAB could have fermented this agricultural by-
product into lactate (Cubas-Cano et al. 2018; Garde et al. 
2002).

In this study, Lactobacillus gasseri JCM  1131T (Lauer 
and Kandler 1980) was identified as a promising, geneti-
cally malleable lactate producer which yields 0.96 g of 
racemic lactate per 1 g of glucose. To construct strain 
which produces only L-lactate and a strain which produces 
only D-lactate under similar bioprocess conditions, two 
approaches were used. First, L. gasseri was transformed 
with plasmids carrying additional copies for each of the 
three lactate dehydrogenases that the wild type encodes 
for. Second, each of the three endogenous genes for lac-
tate dehydrogenases was inactivated using the plasmid 
pHBintE (Barg et al. 2005), showing for the first time that 
this plasmid, initially developed for gene disruption in 
Bacillus megaterium, can be employed for gene inactiva-
tion in lactobacilli. The increased number of genes coding 
for lactate dehydrogenases did not change the final ratio 
of produced L- and D-lactate, and the plasmids carrying 
these genes were frequently integrated into the homolo-
gous locus of the L. gasseri genome. However, inactiva-
tion of either D-lactate dehydrogenase or one L-lactate 
dehydrogenase created strains that produced optically pure 
lactate from the complex medium MRS, with a yield equal 
to that of a wild type. Moreover, these strains efficiently 
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fermented enzymatic hydrolysate of alkali-treated wheat 
straw, which further highlighted their biotechnological 
potential.

Materials and methods

Media composition and growth conditions

Escherichia coli was grown in 2xYT medium (16 g l−1 bacto 
tryptone, 10 g l−1 yeast extract, 5 g l−1 NaCl) at 37 °C and 
150 rpm. Strains that contained plasmids were grown in 
medium supplemented with ampicillin (50 mg l−1 in broth, 
100 mg l−1 on solid media).

The entire construction of L. gasseri strains, i.e. L. gasseri 
transformation, genetic analyses, and initial measurements 
of stereoisomer production, were performed in 15 ml Fal-
con tubes in standard MRS medium (Biolife, Italy) at 37 °C 
without shaking and without air exchange, unless stated oth-
erwise. Strains that contained plasmids were grown in media 
supplemented with erythromycin (10 mg l−1).

All growth curves and bioprocess measurements were 
obtained by cultivating L. gasseri in the laboratory-scale 
stirred tank reactor (STR) (B. Braun Biotech International, 
Berlin, Germany). The bioreactor (V = 2 l) was sterilised 
in situ for 20 min at 121 °C, loaded with 1.5 l of the medium, 
and inoculated with 75 ml of culture suspension freshly 
grown in MRS for 18 h at 37 °C. Modified strains of L. gas-
seri were cultivated in media supplemented with 10 mg l−1 
of erythromycin. Cultivation was performed at 37 °C with 
the stirrer speed of 300 min−1. The pH was maintained with 
5 M NaOH at 5.5.

Wheat straw hydrolysate-based MRS contained all the 
ingredients as the standard MRS, except for glucose, which 
was replaced with enzymatic hydrolysate of alkali-treated 
wheat straw.

Analytical methods

Concentrations of glucose, xylose, mannose, galactose, 
lactate, acetic acid, formic acid, and ethanol were moni-
tored by high-performance liquid chromatography (HPLC) 
using Shimadzu CLASS-VP LC-10AVP (Shimadzu, Kyoto, 
Japan) with Supelcogel H precolumn (5 cm × 4.6 mm, i.d. 
9 mm; Sigma-Aldrich, USA), Supelcogel C-610H column 
(30 cm × 7.8 mm, i.d. 9 mm; Sigma-Aldrich, USA), and a 
refractive index detector, as described previously (Marđetko 
et al. 2018).

Concentrations and ratios of D- and L-lactate were meas-
ured with D-/L-Lactic Acid Assay Kit (Megazyme, Bray, 
Ireland), according to the manufacturer’s instructions.

Statistical analysis

Descriptive statistics were calculated in Microsoft Excel 
(2019). Statistical significance was computed in the R soft-
ware environment (The R Core Team 2019), using two-sided 
Welch’s t-test with Benjamini–Hochberg correction for mul-
tiple testing, or using Fisher’s exact test.

Whole‑genome annotation

The finalised whole genome sequence of L. gasseri JCM 
 1131T (Makarova et al. 2006) (NCBI Reference Sequence 
NC_008530.1) was annotated with RAST (Overbeek et al. 
2014), using ClassicRAST annotation scheme and by allow-
ing for automatic repair of errors, frameshifts, and for back-
filling of gaps. The annotation scheme identified putative 
lactate dehydrogenases through sequence similarity and 
synteny.

Plasmid construction

DNA manipulations and restriction cloning were per-
formed as in Sambrook (2001). Restriction and modification 
enzymes were used as per the manufacturer’s instructions 
(NEB, United States). E. coli was transformed as in Miller 
and Nickoloff (1995), and transformants were selected with 
ampicillin (100 mg l−1).

Shuttle vector pEBO-AMβ1 (Fig. 1), a plasmid which 
can be maintained both in E. coli and in lactobacilli, was 
constructed by inserting both the marker for erythromycin 
resistance ermB (Sørvig et al. 2005) and the lactobacilli-
compatible replication origin AMβ1 (Kleerebezem et al. 
1997) into the standard cloning vector pBlueScript II KS(+) 
(Alting-Mees and Short 1989).

Plasmids carrying genes for each of the three lactate 
dehydrogenases (Fig. 1) were constructed by amplifying 
the genes encoding putative lactate dehydrogenases (ldhD, 
ldhL1, and ldhL2) from L. gasseri JCM  1131 T, using Q5 
polymerase (NEB) and oligonucleotides from Table 1. Oli-
gonucleotides were designed with Perl Primer v1.21 (Mar-
shall 2004) and synthesised by Metabion International AG 
(Germany). PCR products were subcloned into pMiniT 
Vector (NEB) and inserted into pEBO-AMβ1, thus creating 
plasmids pD, pL1, and pL2.

Plasmids for gene disruption (Fig. 2) were constructed by 
inserting the middle third of the lactate dehydrogenase open 
reading frame (ORF) into the plasmid pHBintE (Barg et al. 
2005), which carried lactobacilli-compatible thermosensi-
tive replication origin. pHBintE was a gift from Dieter Jahn 
(Addgene plasmid # 48136; https ://n2t.net/addge ne:48136 ; 
RRID:Addgene_48136). Fragments of the putative lactate 
dehydrogenases were amplified from L. gasseri JCM  1131T 
by Q5 polymerase (Table 1), subcloned into pMiniT Vector 

https://n2t.net/addgene:48136
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and inserted into pHBintE, thus creating plasmids piD, piL1 
and piL2.

Construction of L. gasseri strains

Competent cells of L. gasseri were prepared and electropo-
rated as described previously (Pusch et al. 2006), using 
Gene Pulser Xcell Electroporation System (Bio-Rad, Her-
cules, USA). Strains carrying additional copies of lactate 
dehydrogenase genes were constructed by transforming L. 
gasseri with each of the three plasmids, pD, pL1 and pL2, 
i.e. by electroporating competent cells, incubating them 
in MRS for 3 h at 37 °C, and plating them on MRS with 

10 mg l−1 of erythromycin (MRSe). Colonies of transfor-
mants appeared after a 72-h incubation at 37 °C.

The construction of strains with disrupted lactate 
dehydrogenases had to account for thermosensitivity of 
pHBintE. Following electroporation, cells were incubated 
in MRS for 6 h at 28 °C, plated on MRSe, and incubated at 
28 °C until the colonies appeared. Several colonies were 
inoculated in MRSe, grown at 28 °C until early stationary 
phase, reinoculated into fresh MRSe, and grown at 43 °C 
for 30 generations. Erythromycin-resistant colonies were 
isolated on MRSe plates, and gene disruption was con-
firmed by Southern blot.

Fig. 1  Construction of plasmids carrying genes encoding putative 
lactate dehydrogenases. The diagram shows the restriction enzymes 
and oligonucleotides used during the construction. bla = ampicil-
lin resistance, ori = E. coli replication origin from plasmid pBR322, 

lacZα = sequence containing multiple cloning site, AMβ1 = lac-
tobacilli-competent replication origin from plasmid pAMβ1, 
ermB = erythromycin resistance, ldhD = putative D-lactate dehydro-
genase, ldhL1 and ldhL2 = putative L-lactate dehydrogenases
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Genomic DNA was isolated as described previously 
(Martín-Platero et al. 2007), with modifications. In short, 
the culture of L. gasseri in stationary phase was diluted 
 105 times in 4 ml MRS, grown to OD 0.4, and centrifuged 
(5 min/10,000 rpm). Traces of the media were removed 
completely, cells resuspended in 100  µl of TES buffer 
(10% sucrose, 25 mM Tris–HCl (pH 8.0), 10 mM EDTA, 
10 mg ml−1 lysozyme, 40 µg ml−1 RNase) and incubated 
for 30 min at 37 °C. Next, the suspension was mixed by 
inversion with 600 µl of lysis buffer (100 mM Tris–HCl (pH 
8.0), 100 mM EDTA (pH 8.0), 10 mM NaCl, 1% SDS), 
incubated for 15 min at room temperature, mixed with 10 µl 
of proteinase K buffer (10 mM Tris–HCl (pH 8.0), 5 mM 
EDTA (pH 8.0), 50 mM NaCl, 10 mg ml−1 proteinase K), 
and incubated for 5 min at 60 °C. Proteins were removed 
by phenol–chloroform extraction. DNA was precipitated by 
ammonium acetate and ethanol (1/3 v AmAc (8 M), 2 v 

EtOH), centrifuged (30 min/11 000 rpm/4 °C), and dissolved 
in TE buffer (pH 7.2). Following digestion of genomic DNA 
with restriction enzymes, Southern blot was performed as 
described previously (Štafa et al. 2017).

Pre‑treatment and enzymatic hydrolysis of wheat 
straw

Wheat straw was treated with 2% w/w NaOH for 20 min at 
180 °C in a high-pressure reactor, as described previously 
(Marđetko et al. 2018). Solid part of alkali-treated wheat 
straw was neutralized by washing out with water until it 
reached pH 7, and its composition was determined (61.7% 
glucan, 33.0% xylan, 1.6% arabinan, and 1.6% lignin). The 
50 g of neutralized solid part of wheat straw was resus-
pended in 1 l of 60 mM sodium acetate buffer (pH 4.78), 
mixed for 24 h at 50 °C with 0.6 g of cellulase enzyme 

Table 1  List of strains, plasmids and oligonucleotides

Strain, plasmid or oligonucleotide Characteristics or sequence (5′-3′) Source or reference

Strains
 Escherichia coli DH5α Standard cloning strain Hanahan et al. (1991)
 L. gasseri JCM  1131T Type strain Lauer and Kandler (1980)

Plasmid
 pBlueScript II KS(+) Standard cloning vector Alting-Mees and Short (1989)
 pSIP411 Source of ermB Sørvig et al. (2005)
 pNZ9530 Source of AMβ1 replication origin Kleerebezem et al. (1997)
 pHBintE Integrative vector Barg et al. (2005)
 pEBO E. coli vector conferring resistance to ampicillin and 

erythromycin
This study

 pEBO-AMβ1 E. coli-Lactobacillus shuttle vector This study
 pD Replicative plasmid carrying ldhD gene This study
 pL1 Replicative plasmid carrying ldhL1 gene This study
 pL2 Replicative plasmid carrying ldhL2 gene This study
 piD Integrative vector targeting ldhD This study
 piL1 Integrative vector targeting ldhL1 This study
 piL2 Integrative vector targeting ldhL2 This study

Oligonucleotide
 o1 actagtccgcggtacctggatttcctaaacctg This study
 o2 actagtccgcgggttacgacgaactaattcacc This study
 o3 actagtccgcggttagagacagagttaaggcga This study
 o4 actagtccgcgggtcatatctaaacagcgagca This study
 o5 actagtccgcgggcaggtgtagcaattaacgg This study
 o6 actagtccgcggatgaaagagcaagaccaccag This study
 i1 cacaggatccagttatttctgctggtgctc This study
 i2 cacaggatccaacttctgggtgagc This study
 i3 cacaggatcctagctccatttgttgg This study
 i4 gagaggatccggtttatggtcgatgatgg This study
 i5 actagtggatccgttcctgtatactctcctgac This study
 i6 actagtggatccttacctgagtctaaaccacgg This study
 b cacagagctcgtctgacagttaccaatgc This study
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blend “Cellic CTec2” (Sigma-Aldrich, Germany), then 
mixed with additional 0.3 g of the enzyme blend for 24 h 
at 50 °C to increase hydrolysis yield, and finally filtered 
through the Buchner funnel. The obtained filtrate was stored 
at − 20 °C until use. Average composition of the solid part 
of alkali-treated wheat straw was detected by HPLC and its 
sugar composition was as follows: glucose, 21.07 g l−1 and 
together xylose, manose and galactose, 3.80 g l−1. Arabinose 
and cellobiose were not detected.

Calculation of bioprocess efficiency parameters

Biomass yield coefficient  (YX/S = ΔX/ΔS) was calculated by 
dividing the grown biomass (ΔX = X − Xo) with consumed 
substrate (ΔS = S0 − S) concentration in the bioprocess. 
Product yield coefficient  (YP/S = ΔP/ΔS) was calculated by 

dividing the produced lactate (ΔP = P − P0) with the con-
sumed substrate (ΔS) concentration. Biomass productivity 
 (PrX = ΔX/t) and lactate productivity  (PrP = ΔP/t) indicate 
how much biomass and lactate were produced per hour, 
from the beginning of the cultivation until the substrate was 
depleted (t). Product formation rate  (rP), substrate consump-
tion rate  (rS), and specific growth rate (µ) were calculated by 
standard procedures (Marđetko et al. 2018):

lnS = lnS
0
+ r

S
t

lnP = lnP
0
+ r

P
t

lnX = lnX
0
+ �t

Fig. 2  Construction of plasmids used to disrupt genes encoding 
putative lactate dehydrogenases. The diagram shows the restric-
tion enzymes and oligonucleotides used during the construction. 
bla = ampicillin resistance, ori = E. coli replication origin from plas-
mid pBR322, ori194ts = lactobacilli-competent thermosensitive 

replication origin derived from plasmid pE194, ermC = erythromy-
cin resistance, ldhD = putative D-lactate dehydrogenase, ldhL1 and 
ldhL2 = putative L-lactate dehydrogenases, in-ldhD, in-ldhL1, in-
ldhL2 = middle thirds of the ldhD, ldhL1, and ldhL2 ORFs
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where X and X0 are biomass concentrations at the end and 
the beginning of bioprocess; P and P0 are product concentra-
tions at the end and the beginning of bioprocess and S0 and 
S are substrate concentrations at the beginning and the end 
of bioprocess.

Results

Preliminary cultivation of Lactobacillus gasseri JCM 
 1131T in the stirred‑tank reactor (STR)

This study focused on L. gasseri JCM  1131T (Lauer and 
Kandler 1980), both a promising lactate producer and a 
genetically malleable lactic acid bacterium. In standard 
MRS medium, L. gasseri JCM  1131T fermented 17.2 g l−1 
of glucose to 17.2 g l−1 of lactate in less than 11 h (Fig. 3, 
Table 2), producing lactate at a rate of 1.62 g l−1 h−1, in 
the D:L stereoisomer ratio of 0.51:0.49, with lactate con-
centration remaining unchanged throughout the stationary 
phase. In addition, L. gasseri JCM  1131T can grow between 
28 °C and 43 °C, prefers anaerobiosis, ferments cellobiose, 
mannose, and galactose (Azcarate-Peril et al. 2008), lacks 
CRISPR/Cas9 system (Sanozky-Dawes et al. 2015), lacks 
endogenous plasmids (Makarova et al. 2006), can be trans-
formed (Wegkamp et al. 2004), and is amenable to gene 
inactivation (Francl et al. 2010).

Genetic modification of L. gasseri JCM  1131T

To construct derivatives of L. gasseri JCM  1131T that pro-
duce optically pure lactate, we first searched its genome 

Fig. 3  Cultivation of L. gasseri JCM  1131T in standard MRS in the 
stirred-tank reactor (STR). The diagram shows changes in concen-
trations of glucose (open circle), lactate (closed circle), and biomass 
(open square). Data points indicate mean values of duplicate fermen-
tations
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for genes involved in pyruvate metabolism. Whole-genome 
annotation revealed that the strain encodes two putative 
L- and one D-lactate dehydrogenases (ldhL1, ldhL2, and 
ldhD). Lactate racemase was not detected. In attempt to 
overexpress the identified lactate dehydrogenases genes, 
they were placed, together with their native promotes, 
on the E. coli-Lactobacillus shuttle vector pEBO-AMβ1 
(Fig.  1) and transformed into L. gasseri JCM  1131T. 
However, both untransformed and transformed L. gasseri 
strains produced 17 g l−1 of lactate, in the D:L ratio of 
0.55:0.45 (Fig. 4a), suggesting that the presence of addi-
tional copies of putative lactate dehydrogenases did not 
result in their overexpression, or that overexpression failed 
to affect the final concentration of D- and L-lactate.

As the presence of additional copies of genes failed 
to change the stereoisomer ratio, the strains with inacti-
vated endogenous genes for each lactate dehydrogenases 
were constructed. For this purpose, middle thirds of ldhD, 
ldhL1, and ldhL2 ORFs were placed on the E. coli-Bacil-
lus thermosensitive shuttle vector pHBintE (Fig. 2), such 
constructs were introduced into L. gasseri JCM  1131T, 
integrands selected for, and the gene disruptions verified 
by Southern blot (Fig. 5). The disruptions produced two 
inactive copies of the targeted genes, one lacking the start-
ing third of the ORF and one lacking the final third of the 
ORF. On MRS, the strain without functional ldhD (which 
we refer to as i-ldhD) produced only L-lactate, while the 

strain without functional ldhL1 (i-ldhL1) produced only 
D-lactate (Fig. 4b).

Overexpression plasmids should have maintained several 
copies of lactate dehydrogenase genes in the cells, yet the 
transformants that carried them produced the same ratio of 
stereoisomers, as did the wild type. To uncover why, the 
transformants were analysed with Southern blot. Unexpect-
edly, the transformants that carried plasmids with additional 
copies of lactate dehidrogenase (pD, pL1, and pL2) read-
ily integrated them into the homologous chromosomal loci 
(Fig. 6), and such integrands prevailed in their respective 
populations within fifty generations.

Additionally, in 8 out of 26 analysed transformants, 
Southern blot of digested genomic DNA uncovered another 
band, the size of which matched the size of the linearized 
plasmid. In seven cases this band marked multiple plasmid 
integration while in one case it originated from the circular 
plasmid, which we confirmed by Southern blot of the undi-
gested DNA (data not shown). Plasmids pL1 and pL2 inte-
grated in multiple copies significantly more often (4/8 and 
3/9 transformants, respectively) than plasmid pD (0/9 trans-
formants; p < 0.03, Fisher’s exact test). On the other hand, 
chromosomal integrations of plasmid pEBO-AMβ1 (plasmid 
which did not carry regions endogenous to L. gasseri) were 
not detected (data not shown). Thus, the only plasmids that 
integrated into the chromosome were those that carried both 
AMβ1 replication origin and a homologous region.

Fig. 4  The amount and the ratio of D- and L-lactate produced a by 
strains of L. gasseri that carry plasmids pD, pL1, and pL2 and b by 
strains with disrupted ldhD, ldhL1, and ldhL2 (i-ldhD, i-ldhL1, and 
i-ldhL2, respectively). D-lactate is shown in white, L-lactate in grey. 

Error bars denote standard deviation. The ratio of stereoisomers is 
given under strain labels, as is the significance of its change com-
pared to the wild type JCM  1131T (two-sided Welch’s t-test with Ben-
jamini–Hochberg correction for multiple testing)
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Likewise, in ldhD and ldhL1 disruptants, Southern blot 
uncovered additional bands, the size of which matched the 
size of the linearized plasmids (Fig. 5). Southern blot of the 
undigested DNA confirmed that these bands originated from 
multiple plasmid integrations (data not shown), which were 
likely selected for during prolonged growth in MRS with 
erythromycin. Such multiple integrations further stabilised 
gene disruptions in the constructed strains as multiple inte-
grated plasmid copies were unlikely to excise from chro-
mosomal DNA in one recombination event. Thus, similarly 
to pEBO-AMβ1 derivatives, pHBintE derivatives also inte-
grated homologously and in tandem.

Cultivation of modified L. gasseri strains in the STR 
on media containing either glucose or wheat straw 
hydrolysate

In our further research, modified L. gasseri strains were 
cultivated in the STR to evaluate their fermentation capaci-
ties. In standard MRS, i-ldhD fermented 17 g l−1 of glu-
cose to 16.5 g l−1 of optically pure L-lactate, while i-ldhL1 
fermented 16.8 g l−1 of glucose to 17 g l−1 of D-lactate 
(Fig. 7a). Other fermentation parameters were also similar to 
those of the wild type (Table 2), except that i-ldhL1 suffered 
from lower productivity, which was caused by its prolonged 
lag phase.

In a wheat straw hydrolysate-based MRS, strains 
performed similarly (Fig.  7b). Strain i-ldhD produced 
18.7 g l−1 of lactate with a productivity of 1.92 g l−1 h−1, 
while i-ldhL1 produced 21.0 g l−1 of lactate with a produc-
tivity of 1.67 g l−1 h−1. Although glucose comprised over 
80% of the available sugars, the strains fermented glucose, 

mannose, and galactose simultaneously, thus modestly 
improving several fermentation parameters (Table  2). 
As expected, xylose was not metabolised. Thus, the con-
structed strains fermented the hydrolysate of wheat straw 
efficiently, producing 0.37–0.42 g of lactate per 1 g of the 
solid part of alkali-treated wheat straw.

Interestingly, in the wheat straw hydrolysate-based 
MRS, i-ldhD continued to generate optically pure L-lac-
tate, but i-ldhL1 no longer produced optically pure D-lac-
tate. Rather, it produced the mixture of lactate stereoiso-
mers in the D:L ratio 0.87:0.13 (Table 3). We investigated 
this anomaly by cultivating strains i-ldhL1 and i-ldhL2 
in MRS in which glucose was replaced with mannose or 
galactose. In such media, D:L ratios suggested that ldhL1 
is expressed constitutively, while ldhL2 is expressed only 
in the presence of mannose or galactose (data not shown). 
Thus, in the wheat straw hydrolysate, i-ldhL1 produced 
both D- and L-lactate because mannose and galactose 
induced the expression of ldhL2. Furthermore, the maxi-
mal lactate concentration was observed in both media 
(MRS supplemented with pure glucose or wheat straw 
hydrolysate) around 12 h of cultivation. Thus, the growth 
of L. gasseri is not inhibited by the wheat straw hydro-
lysate although it was expected. In this study, wheat straw 
hydrolysate was generated by the alkali-based hydrolysis 
which produces fewer fermentation inhibitors (e.g. phe-
nolic compounds and furans) compared to the acid-based 
hydrolysis. Moreover, the produced solid part of alkali-
treated wheat straw was washed with water to pH neutral 
what significantly decreased the content of inhibitory com-
pounds in this substrate (Zhao et al. 2008; Ivančić Šantek 
et al. 2018).

Fig. 5  Genetic analysis of transformants with disrupted lactate dehy-
drogenases. a The diagram shows the disruption of targeted genes, 
enzymes used for digestion of DNA, and the size of expected bands 
when digoxigenin-labelled bla and phage λ DNA is used as a probe. 
b Southern blot of L. gasseri disruptants, with the used restriction 
enzymes indicated above the membranes, and the bands pointing to 

homologous and multiple plasmid integrations marked by black and 
grey arrows, respectively. M = marker (phage λ DNA digested with 
HindIII), piD, piL1, piL2 = plasmids piD, piL1, and piL2, respec-
tively; C = genomic DNA of untransformed strain JCM  1131T; iD, 
iL1, iL2 = genomic DNA of i-ldhD, i-ldhL1, and i-ldhL2, respectively
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Discussion

In this study, strains of L. gasseri were constructed that 
produce 0.96 g of either optically pure L-lactate or opti-
cally pure D-lactate per gram of glucose under identical 
bioprocess conditions. During their construction, it was 
noticed that plasmids regularly integrate into homologous 

chromosomal loci, and we demonstrated that thermosensi-
tive plasmid pHBintE is functional in L. gasseri. Strains 
with inactivated ldhD and ldhL1 fermented glucose in 
MRS to optically pure lactate, but only the strain with 
inactivated ldhD produced optically pure lactate from the 
undetoxified alkali pre-treated wheat straw hydrolysate.

Fig. 6  Genetic analysis of transformants in which the plasmids pD, 
pL1 and pL2 homologously integrated into the chromosomal DNA. a 
The diagram shows the integration of one and two copies of the plas-
mid into homologous chromosomal loci, enzymes used for digestion 
of DNA, and the size of expected bands on the Southern blot when 
digoxigenin-labelled ermB and phage λ DNA is used as a probe. 
Gene labels are identical to those in Fig. 1. b Southern blot of L. gas-
seri transformants, with the used restriction enzymes indicated above 

the membranes, the plasmids used to obtain the transformants indi-
cated below the membranes, and the bands pointing to homologous 
and multiple plasmid integrations marked by black and grey arrows, 
respectively. M = marker (phage λ DNA digested with HindIII); pD, 
pL1, pL2 = plasmids pD, pL1, and pL2, respectively; C = genomic 
DNA of untransformed strain JCM  1131 T; 1–26 = genomic DNA of 
transformants
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Fig. 7  Cultivation of strains with inactivated D-lactate dehydroge-
nase (i-ldhD) or L-lactate dehydrogenase (i-ldhL1) in the stirred-tank 
reactor (STR) a on standard MRS and b on MRS supplemented with 
the hydrolysate of the solid part of alkali-treated wheat straw. The 

diagram shows the concentrations of glucose (open circle), lactate 
(closed circle), biomass (open square), and the total concentration of 
mannose, galactose, and xylose (open triangle). Data points indicate 
mean values of duplicate fermentations

Table 3  Concentration and the ratio of D- and L-lactate produced during cultivation of L. gasseri in the STR

Strain Medium D-lactate [g  l−1] L-lactate [g  l−1] Total Lactate [g  l−1] D:L-lactate ratio

JCM  1131T Standard MRS 9.29 ± 0.12 9.05 ± 0.25 18.34 ± 0.13 0.51:0.49
i-ldhD Standard MRS 0.24 ± 0.09 17.91 ± 0.04 18.15 ± 0.13 0.01:0.99

MRS (wheat straw) 0.00 ± 0.00 21.07 ± 1.28 21.07 ± 1.28 0.00:1.00
i-ldhL1 Standard MRS 16.93 ± 0.07 0.53 ± 0.21 17.46 ± 0.16 0.97:0.03

MRS (wheat straw) 17.60 ± 0.07 2.71 ± 0.16 20.31 ± 0.13 0.87:0:13
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Lactate production by L. gasseri JCM  1131T

Although L. gasseri ferments sugars rapidly, it is currently 
not used in industrial lactate production. Overlooked as a 
fastidious organism that produces racemic lactate, it remains 
neglected despite its efficient and high-yielding homofer-
mentative LAB metabolism, the advantages of which could 
outweigh common bioprocess difficulties (Sauer et al. 2017). 
Our results confirm its potential, as the strain L. gasseri JCM 
 1131T grew fast (0.84 h−1), as well as maintained high pro-
ductivity (1.62 g l−1 h−1) and lactate yield (0.96 g g−1), irre-
spective of the employed medium.

The main shortcoming of L. gasseri JCM  1131T and 
related homofermentative LAB is their inability to ferment 
xylose. To remedy this problem, several studies turned to 
heterofermentative lactobacilli, such as L. pentosus (Garde 
et al. 2002; Puah et al. 2013). However, while L. pentosus 
ferments xylose, it grows slower (0.40 h−1) than L. gasseri 
(Cubas-Cano et al. 2019), and it generates unwanted by-
products, such as succinate, acetate, glycerol, and dihydroxy-
acetone. These by-products lower lactate yield, complicate 
downstream processes, and build up even if glucose is the 
only carbon source, at rates dependent on the concentra-
tions of oxygen and citrate (Cselovszky et al. 1992). Other 
xylose-fermenting bacteria, e.g. Corynebacterium glutami-
cum, succumb to similar drawbacks (Tsuge et al. 2019). Of 
course, one could metabolically engineer L. gasseri to fer-
ment xylose (Posno et al. 1991), but the constructed strain 
would then produce the same by-products. Thus, none of 
the options available today solve adequately the problem 
of direct xylose-to-lactate fermentation. Furthermore, it has 
to be pointed out that the solid part of alkali-treated wheat 
straw contains lower xylose content comparing to the acid-
treated wheat straw due to the higher hemicellulose disso-
lution during alkali treatment of lignocellulose containing 
raw materials (Yang et al. 2011). On the other hand, if the 
constructed strains of L. gasseri were used in the biorefiner-
ies, the residual pentose sugars could simply be passed to the 
next refining phase, onto organisms capable of metabolising 
them into other value-added products.

This study also offers some insight into the physiology 
of LAB. Compared to the wild type, transformants with 
integrated pEBO-AMβ1 derivatives had additional copies 
of lactate dehydrogenases, but they produced the same final 
ratio of D- and L-lactate. This result suggests that the stere-
oisomer ratio is important and that the cells actively regulate 
it. Yet, the disruptants that produced optically pure lactate 
suffered no apparent growth defect, although the inactivation 
of ldhL1 did prolong the lag phase. Thus, the lactate ratio 
appears to be strictly regulated, yet only mildly important 
both at the level of the individual cell and at the level of the 
laboratory-grown pure culture. Therefore, as was suggested 
earlier for other LAB (Desguin et al. 2017), L. gasseri seems 

to produce both lactate stereoisomers for reasons that are 
primarily ecological, to affect the makeup of nearby micro-
bial communities.

Our future research of L. gasseri will focus on its growth 
in a sugar-rich medium, as lactobacilli can easily adapt to 
nonelectrolyte stress (Glaasker et al. 1998). For this purpose, 
we will use highly concentrated suspension of cells pre-cul-
tured in the sugar-rich environment in order to increase both 
productivity and final concentration of lactate.

Genetic manipulation of L. gasseri JCM  1131T

This study also explores the stability and mechanisms of 
plasmid integration in L. gasseri. Although previous studies 
have focused on constructing new strains (Bruno-Bárcena 
et al. 2005; Pusch et al. 2006), they did not investigate why 
some strategies succeeded and others failed. Thus, the sci-
entific community is forced to deduce how the plasmid con-
struct interacts with the genome by looking at evolutionary 
distant model organisms. At the same time, the community 
recognizes that only by understanding LAB-specific genetic 
events can it fully and intricately exploit the LAB toolbox.

In our analysis, the plasmids integrated into the chromo-
some, but only when they carried a homologous region. 
Thus, pEBO-AMβ1 derivatives and pHBintE derivatives, 
but not the original pEBO-AMβ1 and pHBintE, integrated 
readily by homologous recombination. In this aspect, L. gas-
seri is similar to most bacteria. Such efficient recombina-
tion facilitates not only ongoing reductive evolution of its 
genome (Makarova et al. 2006) but also the construction of 
new strains, allowing for homologous integration of heter-
ologous genes solely using large homologies, thus bypassing 
the need for temperature-sensitive replication origins. The 
efficient plasmid integration also nullifies the effect of plas-
mid copy number, in which the expression systems often dif-
fer, and implies that the plasmid integration can be avoided 
only by using genes that lack homology to the genome of 
L. gasseri.

This study is the first one to employ pHBintE in lacto-
bacilli, a plasmid which was initially developed for gene 
disruption in Bacillus megaterium (Barg et al. 2005) and 
which carries thermosensitive replication origin derived 
from plasmid pE194. As such, plasmid pHBintE presents an 
alternative to the commonly used lactobacilli two-plasmid 
system pTRK669/pORI28 (Leenhouts et al. 1996; Russell 
and Klaenhammer 2001) which requires two selective mark-
ers and which, as it integrates, produces two repeats spaced 
1.7 kb apart. In contrast, plasmid pHBintE takes up only one 
selective marker and probably generates more stable repeats 
since they are spaced 5.7 kb apart.

In the strains that integrated pHBintE derivatives, genes 
that encode lactate dehydrogenases were disrupted, not 
completely deleted. In general, it is more desirable to delete 
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than to disrupt a gene as the disrupted gene can reassem-
ble into its original form if the integrated plasmid excises 
(Biswas et al. 1993). Although rare, such an event would 
recreate erythromycin-sensitive, racemate-producing cells. 
However, we note that growth rates of constructed strains 
remained similar to that of the wild type, suggesting that 
unlikely revertants would fail to gain selective advantage, 
even in standard MRS. Nevertheless, if the revertants are 
of concern, one could eliminate them by enforcing periodic 
sweeps of erythromycin selection during inoculum cultiva-
tion. Although, in general more desirable than disruption 
strategy, the deletion strategy would entail a more elaborate, 
two-step genetic manipulation, as the plasmids would first 
need to integrate and then excise through crossing-overs 
(Ferain et al. 1994). The deletion strategy would be compli-
cated further by the lack of a convenient negative selection.

Production of optically pure lactate by modified 
strains of L. gasseri JCM  1131T

This study is the first to engineer L. gasseri for the produc-
tion of optically pure lactate. In the related attempts, others 
inactivated D-lactate dehydrogenase in L. helveticus (Kylä-
Nikkilä et al. 2000) and L. parakasei (Kuo et al. 2015), both 
D-lactate dehydrogenase and lactate racemase in L. plan-
tarum (Okano et al. 2018), or one or more L-lactate dehy-
drogenases in L. plantarum (Hama et al. 2015; Okano et al. 
2017, 2009; Zhang et al. 2016).

The selected L. gasseri JCM  1131T proved highly resist-
ant to the perturbations of its central carbon metabolism, 
as the fermentation parameters of the modified strains only 
mildly deviated from the wild type (Table 2). Strains i-ldhD 
and i-ldhL1 performed admirably, even when glucose was 
replaced with enzyme-hydrolysed alkali-pre-treated wheat 
straw, a lignocellulose feedstock which L. pentosus (Garde 
et al. 2002) and B. coagulans (Zhang et al. 2014) can suc-
cessfully ferment to racemic lactate or L-lactate but not to 
both optically pure L- and optically pure D-lactate.

In this study, an L-lactate and a D-lactate producer were 
constructed from the same strain. This strategy is advanta-
geous for bioprocess development as both pure stereoiso-
mers can be made in the same facility under the identical 
bioprocess conditions, using the same equipment but a dif-
ferent producer strain. One of the first attempts to convert 
a microorganism into homofermentative producer of both 
optically pure D-lactate and optically pure L-lactate focused 
on the model bacterium E. coli (Chang et al. 1999), and it 
resulted in a strain yielding 0.9 g of D-lactate per 1 g of 
glucose at a productivity of 1.09 g l−1 h−1. However, to 
obtain such results, Chang et al. (1999) had to inactivate 
two genes involved in pyruvate metabolism and cultivate 
the producer for the first 12 h aerobically to allow for the 
biomass production. To obtain homofermentative L-lactate 

producer, Chang et al. (1999) additionally disrupted native 
D-lactate dehydrogenase and expressed L-lactate dehydro-
genase from L. casei, but the resulting E. coli suffered severe 
growth defect, producing only 0.146 g l−1 h−1 of L-lactate. 
Thus, these experiments pointed to naturally homofermen-
tative lactic acid bacteria as the more suitable producers of 
optically pure lactate which, in as shown in our study, can 
produce up to 1.96 g l−1 h−1 of optically pure lactate, without 
requiring any aerobic conditions.

More recently, Yi et al. (2016) focused on Pediococcus 
acidilactici and employed a strategy similar to one described 
in this work, inactivating species’ ldhD and ldh genes to con-
struct producers of optically pure L- and D-lactate. However, 
modified strains of L. gasseri described in this study outper-
form modified strains of P. acidilactici when the later were 
cultivated in a simultaneous saccharification and fermenta-
tion bioprocess that utilised acid pre-treated but detoxified 
corn stover. More precisely, they surpassed P. acidilactici 
both in product yield coefficient (0.99 vs 0.58–0.65) and 
lactate yield (0.37–0.42 g g−1 of raw material vs 0.31 g g−1 
of raw material).

In a more radical approach, Tsuge et al. (2019) converted 
C. glutamicum from L- to D-lactate producer by inactivating 
ldhA and expressing D-ldhA gene from L. delbrueckii. In 
another example, Zhang et al. (2014) refitted Bacillus coagu-
lans from L- to D-lactate producer by deleting ldhL1 and 
ldhL2 genes, and by expressing LdldhD from L. delbrueckii 
subsp. bulgaricus. Along with them, our study underlines 
the merits of such sustainable approach, and it shows that as 
i-ldhD and i-ldhL1 fermented the hydrolysate, they retained 
the lactate yield (0.99 g g−1) similar to the yield that geneti-
cally modified B. coagulans (Zhang et al. 2017) and C. 
glutamicum (Tsuge et al. 2019) achieved in glucose-based 
media (0.97–0.98 g g−1). Thus, strains i-ldhD and i-ldhL1 
present the next step toward sustainable production of opti-
cally pure lactate.

Conclusion

This study harnessed genetic malleability of L. gasseri in 
order to improve it as an industrial microorganism for lactate 
production. This malleability allowed us to construct strains 
of L. gasseri that carry inactivated lactate dehydrogenases 
and thus ferment glucose to both optically pure L- and D-lac-
tate, under the same bioprocess conditions. In the process, 
we enriched the lactobacilli plasmid toolbox and detailed 
genetic events that occur during genetic manipulation of 
this non-model organism. Constructed strains efficiently 
fermented wheat straw hydrolysate and thus can be used in 
the sustainable bioprocesses that strive towards eco-friendly 
and economical production of both L- and D-lactate.
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