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Xylose-assimilating pathway was constructed in a D-lactic acid producing Pediococcus acidilactici strain
and evolutionary adapted to yield a co-fermentation strain P. acidilactici ZY15 with 97.3 g/L of D-lactic
acid and xylose conversion of 92.6% obtained in the high solids content simultaneous saccharification
and co-fermentation (SSCF) of dry dilute acid pretreated and biodetoxified corn stover feedstock. The
heterologous genes encoding xylose isomerase (xylA) and xylulokinase (xylB) were screened and inte-
grated into the P. acidilactici chromosome. The metabolic flux to acetic acid in phosphoketolase pathway
was re-directed to pentose phosphate pathway by substituting the endogenous phosphoketolase gene
(pkt) with the heterologous transketolase (tkt) and transaldolase (tal) genes. The xylose-assimilating
ability of the newly constructed P. acidilactici strain was significantly improved by adaptive evolution.
This study provided an important strain and process prototype for high titer D-lactic acid production from
lignocellulose feedstock with efficient xylose assimilation.

� 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Optically pure L- and D-lactic acids are important monomers of
the biodegradable plastic polylactic acid (PLA) (Nampoothiri et al.,
2010; Abdel-Rahman and Sonomoto, 2016). When poly D-lactic
acid is blended with poly L-lactic acid to form a stereo-complex
structure, the mechanical strength, thermal resistance, and
hydrolysis resistance could be significantly improved (Tsuji,
2016). Currently, both L- and D-lactic acid is produced from food
crop starch feedstock (Abdel-Rahman et al., 2011). The future per-
spective of PLA as the alternative of petroleum derived polyethy-
lene (PE), polypropylene (PP), and polystyrene (PS) certainly
requires a more reliable feedstock supply other than food crop
starch. In this aspect, lignocellulose biomass provides the best
choice for its availability, great abundance and the post-harvest
pressure of agriculture (Taha et al., 2016).
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Table 1
Strains, plasmids and primers used.

Strains Characteristics Sources

Escherichia coli XLI-blue Host for plasmid construction Stratagene
Amorphotheca resinae ZN1

(CGMCC 7542)
Biodetoxification fungus isolated in our lab Zhang et al. (2010b)

Pediococcus acidilactici DSM 20284 Xylose assimilation genes xylAB_2911, xylAB_3089, tkt and tal contained Stratagene
Pediococcus pentosaceus ATCC 25745 Xylose assimilation gene xylAB_pp contained Stratagene
P. acidilactici ZP26 D-Lactic acid producing strain with L-lactate dehydrogenase encoding gene (ldh) deficiency Yi et al. (2016)

P. acidilactici ZP26::xylAB Integration of the expression cassette PldhD_xylAB_2911 into ldh locus of P. acidilactici ZP26 This work
P. acidilactici ZP26::xylAB-Dpkt pkt deficient of P. acidilactici ZP26::xylAB This work
P. acidilactici ZP26::xylAB-Dpkt::(tkt_tal) Integration of the expression cassette PldhD-tkt_tal into pkt locus of P. acidilactici ZP26::xylAB-Dpkt This work
P. acidilactici ZY15 The adapted strain of P. acidilactici ZP26::xylAB-Dpkt::(tkt_tal) This work

Plasmids Characteristics Sources

pMG36e Expression vector for P. acidilactici, P32 promoter van de Guchte et al. (1989)
pMG36e-

PldhD_xylAB_2911
Expression cassette PldhD_xylAB_2911 replacing P32 promoter of pMG36e This work

pMG36e-Pldh_xylAB_2911 Expression cassette Pldh_xylAB_2911 replacing P32 promoter of pMG36e This work
pMG36e-

PldhD_xylAB_3089
Expression cassette PldhD_xylAB_3089 replacing P32 promoter of pMG36e This work

pMG36e-Pldh_xylAB_3089 Expression cassette Pldh_xylAB_3089 replacing P32 promoter of pMG36e This work
pMG36e-PldhD_xylAB_pp Expression cassette PldhD_xylAB_pp replacing P32 promoter of pMG36e This work
pMG36e-Pldh_xylAB_pp Expression cassette Pldh_xylAB_pp replacing P32 promoter of pMG36e This work
pSET4E Emr replacing Spcr marker of pSET4S, temperature sensitive vector Yi et al. (2016)
pSET4E-Dldh::xylAB Vector for integration of the expression cassette PldhD_xylAB_2911 into ldh locus of P. acidilactici ZP26 This work
pSET4E-Dpkt Vector for deletion of the pkt gene of P. acidilactici ZP26::xylAB This work
pSET4E-Dpkt::(tkt_tal) Vector for integration of expression cassette PldhD_tkt_tal into pkt locus of P. acidilactici ZP26::xylAB-Dpkt This work
Primers Sequences (50–30)

PldhD-F CCGGAATTCTGCTCTGGTGTGCAGACCAGAC
PldhD-R TTTTTTGCGATCAAATAATGACATTGTAATATTACCCCTTTCTTTTTTA
xylAB_2911-F AAAAGAAAGGGGTAATATTACAATGTCATTATTTGATCGCAAAAAAATGG
xylAB_2911-R CTAGTCTAGATTACAACATTTCACGCCGGTAATTC
ldh-up-F AACTGCAGCCTCTGCCGCGATAATCTC
ldh-up-R CGCGGATCCGCGCCGCTCGAGTTATTAGATTATATATTTGGTCCACC
ldh-down-F CGCGGATCCTCATTAAATTTATCAACGAAAGCACC
ldh-down-R CCGGAATTCCACGTCCGCACCATAAGTAG
PldhD_xylAB_2911-F CCGCTCGAGTGCTCTGGTGTGCAGACCAGAC
PldhD_xylAB_2911-R CGCGGATCCTTACAACATTTCACGCCGGTAATTC
pkt-F ATGACAGACTATTCATCTAAAGCTTACTT
pkt-R TTATTTAACGTCTTTCCATACCCAG
PldhD-F-2 CGGAATTCTGCTCTGGTGTGCAGACCAG
PldhD-R-2 TCAATATCTTTTTTAGTAAACACTGTAATATTACCCCTTTCTTT
tkt-tal-F AAAGAAAGGGGTAATATTACAGTGTTTACTAAAAAAGATATTGACG
tkt-tal-R AACTGCAGCTATAAAATTGACAATCCCGATTC
pkt-up-F AACTGCAGCCAAGTGGTTCGTGAATTTGTTG
pkt-up-R GCGTCGACTTAAAGCTTAAAGATTAAACAATAAAAGC
pkt-down-F CGCGGATCCCGTAATCTTCCTTTCGTGAGCG
pkt-down-R CGAGCTCAGCAATGTATTTTAGCACATTGAGC
PldhD_tkt_tal-F ACGCGTCGACTGCTCTGGTGTGCAGACCAG
PldhD_tkt_tal-R CGCGGATCCCTATAAAATTGACAATCCCGATTC

Note: The underline indicates the digestion site. The double underline indicates the homologous sequence of over-lap PCR.
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Xylose takes approximately 30% of the total sugars from ligno-
cellulose biomass. Recently, several wild type Bacillus strains were
found to behave the xylose assimilation capacity in L-lactic acid
fermentation (Hu et al., 2015; Ma et al., 2016; Ouyang et al.,
2013). However, the major industrial lactic acid bacterium (LAB)
strains were found not able to utilize xylose for lactic acid fermen-
tation (Abdel-Rahman et al., 2011). There are two potential path-
ways in LAB for xylose assimilation: pentose phosphate pathway
(PPP) producing only lactic acid and phosphoketolase pathway
(PK) producing both lactic acid and acetic acid (Tanaka et al.,
2002). Okano et al. (2009) constructed a homo-D-lactic acid strain
by disrupting the two phosphoketolase genes (xpk1 and xpk2) and
then introducing a transketolase gene (tkt) in the ldhL1-deficient
Lactobacillus plantarum strain. Then Yoshida et al. (2011)
integrated two copies of heterologous xylAB clusters into the
chromosome of L. plantarum to yield a stable strain for D-lactic acid
production utilizing xylose substrate. Then Hama et al. (2015)
carried out a D-lactic acid co-fermentation using the engineered
L. plantarum strain and a delignified hardwood pulp as feedstock.
In this fermentation, the pulp feedstock from paper manufacture
industry is not the typical agricultural biomass and the process is
different from the typical biorefining chain of pretreatment,
conditioning (detoxification), hydrolysis and fermentation. The
most significant challenge for simultaneous saccharification and
co-fermentation (SSCF) comes from the co-existence of xylose
and inhibitors in the pretreated lignocellulose. This pulp feedstock
was thoroughly washed during the pulp manufacture operation
and the inhibitors were washed out from the pulp feedstock. The
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accompanying drawback was the low xylose content in the pulp
(less than 10% of the total sugars) and the co-fermentation poten-
tial of the engineered L. plantarum was not fully demonstrated.

In this study, the xylose-assimilating pathway was constructed
in a D-lactic acid producing Pediococcus acidilactici bacterium by
introducing four heterologous genes encoding xylose isomerase
(xylA), xylulokinase (xylB), transketolase (tkt) and transaldolase
(tal), and by disrupting the gene encoding phosphoketolase (pkt)
on PK pathway. A long term adaptive evolution method was used
on the newly engineered strain and the xylose assimilation was
significantly accelerated. Adaptive evolution method was fre-
quently used to improve the xylose-assimilating ability in
ethanologenic strains, but never tried in LAB strains (Agrawal
et al., 2011; Dunn and Rao, 2015; Scalcinati et al., 2012). The SSCF
at high solids content of dry dilute acid pretreated and biodetoxi-
fied corn stover feedstock was conducted and a higher D-lactic acid
titer (97.3 g/L) with the yield of 64.7% was obtained. This study
provided an important strain and process prototype for high titer

D-lactic acid production from lignocellulose feedstock with effi-
cient xylose assimilation.
2. Materials and methods

2.1. Strains, media and culture conditions

The strains and plasmids used in this study are listed in Table 1.
The D-lactic acid producing strain P. acidilactici ZP26 is an engi-
neered strain by knocking-out the ldh gene encoding L-lactate
dehydrogenase from the wild D/L-lactic acid producing strain
P. acidilactici DQ2 (Yi et al., 2016). P. acidilactici ZP26 is stored at
Chinese General Microorganisms collection center (CGMCC),
Beijing, China, with the registration number of 8665. The xylose-
assimilating strain P. acidilactici ZY15 constructed in this study
was stored at CGMCC with the registration number of 13612. P.
acidilactici DSM 20284 was purchased from Deutsche Sammlung
von Mikroorganismen und Zellkulturen GmbH (DSMZ, Braun-
schweig, Germany). P. pentosaceus ATCC 25745 was from American
Type Culture Collection (ATCC, Manassas, VA, USA).

Escherichia coli XLI-blue was cultured at 37 �C in Luria-Bertani
(LB) medium. P. acidilactici strains were grown at 42 �C in two
Man-Rogosa-Sharp (MRS) media: (1) the regular MRS medium
containing 20.0 g/L of glucose, 10.0 g/L of peptone, 4.0 g/L of yeast
extract, 8.0 g/L of beef extract, 3.0 g/L of sodium acetate, 2.0 g/L of
ammonium citrate dibasic, 2.0 g/L of dipotassium phosphate,
0.2 g/L of magnesium sulfate heptahydrate, 0.05 g/L of manganese
sulfate monohydrate, and 1.0 mL of Tween 80; (2) the simplified
MRS medium containing 20.0 g/L of glucose, 10.0 g/L of peptone,
10.0 g/L of yeast extract, 5.0 g/L of sodium acetate, 2.0 g/L of
ammonium citrate dibasic, 0.58 g/L of magnesium sulfate heptahy-
drate, 2.0 g/L of dipotassium phosphate, 0.25 g/L of manganese sul-
fate monohydrate. The appropriate antibiotics for screening
positive recombinants were added at the final concentrations:
150 lg/mL of erythromycin for E. coli, 5 lg/mL of erythromycin
for P. acidilactici.

Biodetoxification fungus Amorphotheca resinae ZN1 was stored
in CGMCC with the registration number of 7452 (Zhang et al.,
2010b). The fungus A. resinae ZN1 was maintained on a potato dex-
trose agar medium (PDA) slant containing 200 g of potato extract
juice and 20 g of glucose in 1 L deionized water.

2.2. Enzyme and reagents

Commercial cellulase enzyme Cellic CTec 2.0 was kindly
provided by Novozymes (China), Beijing, China. The filter paper
activity was 203.2 FPU/mL determined using the NREL protocol
LAP-006 (Adney and Baker, 1996), the cellobiase activity was
4900 CBU/mL using the method of Ghose (1987). The protein con-
centration was 87.3 mg total proteins per mL of enzyme solution
determined by Bradford method using bovine serum albumin
(BSA) as protein standard (Bradford, 1976).

DNA polymerase was purchased from Takara, Otsu, Japan.
Restriction endonuclease was purchased from Thermo Scientific,
Wilmington, DE, USA. Chromatographic grade sodium D-lactate
with the purity over 99.9% was purchased from Sigma-Aldrich,
St. Louis, MO, USA. Erythromycin and BSA were from Biosharp
Biotech, Beijing, China. Yeast extract and peptone were purchased
from Oxoid, Hampshire, UK. Other reagents used were from
Lingfeng Chemical Reagent Co., Shanghai, China.
2.3. Plasmid construction

All plasmids and primers used in this study are listed in Table 1.
Promoters PldhD and Pldh were amplified from the 300-bp
upstream from the start codon of ldhD and ldh genes of the P. acidi-
lactici ZP26 genome, respectively. Gene clusters xylAB_2911,
xylAB_3089 and tkt_tal were amplified from P. acidilactici
DSM20284. The xylAB_pp gene was amplified from P. pentosaceus
ATCC 25745.

The two promoters PldhD and Pldh were fused with the three
xylAB clusters xylAB_2911, xylAB_2911, and xylAB_3089 to yield
six xylAB expression plasmids pMG36e-PldhD_xylAB_2911,
pMG36e-Pldh_xylAB_2911, pMG36e-PldhD_xylAB_3089, pMG36e-
Pldh_xylAB_3089, pMG36e-PldhD_xylAB_pp, and pMG36e-Pldh_
xylAB_pp in which the original P32 promoter in pMG36e was
substituted.

For integration of xylAB into the ldh locus of the P. acidilactici
ZP26 genome, a 1000 bp fragment (up-ldh) at the upstream of ldh
and a 1000 bp fragment (down-ldh) at the downstream of ldh were
amplified from the P. acidilactici ZP26 genome. The up-ldh fragment
was inserted into the thermo-sensitive plasmid pSET4E at Pst I and
BamH I, then down-ldh fragment was inserted at BamH I and EcoR I,
expression cassette PldhD_xylAB_2911 was finally inserted at Xho I
and BamH I to obtain the xylAB integration plasmid pSET4E-Dldh::
xylAB.

For substitution of pkt with tkt-tal, a 1000 bp fragment (up-pkt)
at the upstream of pkt and a 1000 bp fragment (down-pkt) at the
downstream of pkt were amplified from the P. acidilactici ZP26
genome. The up-pkt fragment was inserted into plasmid pSET4E
at Sac I and BamH I, down-pkt fragment was then inserted at Pst I
and Sal I to generate the pkt knockout plasmid pSET4E-Dpkt, tkt_tal
was fused with PldhD and the obtained expression cassette
PldhD_tkt_tal was finally inserted into pSET4E-Dpkt at Sal I and
BamH I to generate the plasmid pSET4E-Dpkt::(tkt_tal) for substi-
tution of pkt with tkt_tal.
2.4. Gene integration and disruption

Expression cassette PldhD_xylAB_2911 was integrated into the
ldh locus of P. acidilactici ZP26 chromosome using the method
described in Yi et al. (2016). Integration plasmid pSET4E-Dldh::
xylAB was first transformed into P. acidilactici ZP26 by electropora-
tion machine (Gene Pulser Xcell, Biorad, Hercules, CA, USA) and
cultured at 42 �C in MRS medium with 5 lg/mL of erythromycin
addition. The integration of pSET4E-Dldh::xylAB into the chromo-
some of P. acidilactici ZP26 occurred through the ‘‘up-ldh” region,
and then cultured at 28 �C without erythromycin. The excision at
the ‘‘down-ldh” region generated the target strain P. acidilactici
ZP26::xylAB for assimilating xylose. The similar procedure was
used for the pkt disruption and tkt_tal integration to get the final
engineered strain P. acidilatici ZP26::xylAB-Dpkt::(tkt_tal).
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2.5. Corn stover feedstock and biorefining operations

Corn stover was harvested from Bayan Nur, Inner Mongolia,
China in fall 2015. After collection, the raw corn stover was washed
to remove field dirt, stones and metals. The dried corn stover mate-
rial was milled coarsely using hammer crusher and screened
through a mesh with the circle diameter of 10 mm.

The dry dilute acid pretreatment (DDAP) of corn stover was
carried out according to Zhang et al. (2011) and He et al. (2014).
Briefly, 2% (w/w) of sulfuric acid on dry corn stover weight was
co-currently fed into the pretreatment reactor with corn stover at
a ratio of the solid (the dry materials) to the liquid (the sulfuric acid
solution) of 2:1 (w/w), equivalent to 2 g sulfuric acid per 100 g of
the dried corn stover. The pretreatment was conducted at 175 �C
for 5 min. The virgin corn stover contained 35.4% of cellulose and
24.6% of hemicellulose determined by cellulose analyzer (Cellulose
Analyzer 220, Ankom Technology, Macedon, NY, USA). The
pretreated corn stover contained 37.6% of cellulose and 4.4% of
hemicellulose determined using the two-step acid hydrolysis
according to NREL LAP protocols (Sluiter et al., 2008a, b). The
dissolved sugars in the dry pretreated corn stover included
22.1 mg/g DM of glucose and 138.0 mg/g DM of xylose. The major
inhibitors content were 3.3 mg/g DM of furfural, 2.8 mg/g DM of
5-hydroxymethylfurfural (HMF), 15.3 mg/g DM of acetic acid,
1.5 mg/g DM of vanillin, 1.3 mg/g DM of syringaldehyde and
0.03 mg/g DM of 4-hydroxybenzaldehyde.

Biodetoxification of the pretreated corn stover materials was
carried out according to He et al. (2016). Briefly, The pretreated
corn stover was adjusted to pH 5.5 using 20% (w/w) Ca(OH)2 slurry
and then disk milled to remove the long fibers in the pretreated
corn stover. A. resinae ZN1 seeds were cultured on the pretreated
corn stover materials at 28 �C for 5 days by inoculating spores from
PDA slant. Then the seed solids were inoculated onto the freshly
pretreated corn stover at 10% (w/w) inoculation ratio in a 15 L
bioreactor. Biodetoxification was operated at 28 �C and 0.8 vvm
of aeration for 72 h. After biodetoxification, the dissolved sugars
in the dry corn stover were 8.2 mg/g DM of glucose accounting
for 3.0% of the total glucose sugar loss based on the cellulose con-
tent in virgin corn stover, and 120.1 mg/g DM of xylose accounting
for 6.4% of the total xylose based on the xylan content in virgin
corn stover. The major inhibitors content were reduced to
0.11 mg/g DM of vanillin, 0.05 mg/g DM of syringaldehyde. No fur-
fural, acetic acid, HMF and 4-hydroxybenzaldehyde were detected.

2.6. Adaptive evolution and SSCF

The adaptive evolution of the engineered strain P. acidilatici
ZP26::xylAB-Dpkt::(tkt_tal) was carried out by the continuous
transfer of culture broth into the fresh simplified MRS containing
xylose as the sole carbon source. Briefly, the P. acidilactici strain
was cultured in the simplified MRS with 20 g/L of xylose as the sole
carbon source, then followed by a series transfer of 10% (v/v) cul-
ture broth into the fresh simplified MRS every 36 h. The adaptive
evolution condition was 42 �C, 150 rpm, liquid volume ratio 20%
in 250 mL shaking flasks. 60 g of CaCO3 per 100 g of xylose was
added to control pH in flasks. The successive transfer was repeated
for 27 days until xylose and D-lactic acid concentration in flask
tended to be stable.

The adapted strain was assayed in the simplified MRS medium
containing 35 g/L of xylose as the sole carbon source, or 35 g/L of
glucose and 20 g/L of xylose as the mixed carbon source. One vial
of the adapted strain was inoculated into a 250 mL flask containing
50 mL of simplified MRS medium with 20 g/L of glucose and cul-
tured at 42 �C, 150 rpm for 12 h. Then the cells were transferred
into a 250 mL flask containing 50 mL of the simplifiedMRSmedium
at 10% (v/v) of inoculation, and cultured at the same condition. Cells
were collected every 2 h for measurement of optical density (OD) at
600 nmwithout pH control. Xylose, glucose, D-lactic acid and acetic
acid were measured every 12 h with the pH value controlled by
adding 60 g of CaCO3 per 100 g of sugars. The starting strain P. acidi-
latici ZP26::xylAB-Dpkt::(tkt_tal) was used as the control strain.

The SSCF was conducted in the 5L bioreactor equipped with a
helical ribbon stirrer (Zhang et al., 2010a). The cellulase dosage
usedwas 10 mg total protein per gram of cellulose in the pretreated
corn stover. One vial of the adapted P. acidilactici ZY15 strain was
inoculated into a 100 mL flask containing 20 mL of the simplified
MRS medium and cultured at 42 �C, 150 rpm for 12 h. Then all the
cells were transferred into a 500 mL flask containing 200 mL of
the fresh simplified MRS medium cultured at 42 �C, 150 rpm for
8 h; 1% (v/v) glucoamylase solution was added into the seeds cul-
ture broth to prevent cells flocculation (Liu et al., 2015). The dry
dilute acid pretreated and biodetoxified corn stover was fed into
the bioreactor and the prehydrolysis was performed for 6 h at
50 �C. The SSCF was started by inoculating the seeds broth at 10%
(v/v) of inoculation at 42 �C, 150 rpm and pH 5.5. The simplified
MRS medium ingredients with glucose and sodium acetate
removed were added into the bioreactor. The pH was adjusted by
automatic regulation with 5M NaOH during the SSCF stage.

2.7. Analysis of glucose, xylose, D-lactic acid and acetic acid

Samples were withdrawn periodically from the culture broth
and centrifuged at 13,000g for 5 min and filtered through
0.22 lm filters. Glucose, xylose, D-lactic acid and acetic acid were
analyzed using HPLC (LC-20AD, refractive index detector RID-
10A, Shimadzu, Kyoto, Japan) with a Aminex HPX-87H column
(Bio-Rad, Hercules, CA) at 65 �C and 0.6 mL/min using 5 mM
H2SO4 as the mobile phase.

2.8. Chiral purity assay

The d/l chiral purity of lactic acid was assayed using the Mega-
zyme D-/L-Lactic Acid Kit (Megazyme International Ireland, Bray,
Wicklow, Ireland). The content of D-lactic acid and L-lactic acid
was determined by measuring the increase of NADH at 340 nm
according to the manufacturer’s protocol. All experiments were
carried out in triplicates.

2.9. D-lactic acid yield calculation

The simultaneous saccharification and co-fermentation (SSCF)
is the combination of two steps occurring at the same time: the
hydrolysis of cellulose into glucose, and the fermentation of glu-
cose and xylose into D-lactic acid. Therefore, it is not able to calcu-
late the D-lactic acid yield for the individual steps. In this study, the

D-lactic acid yield is the overall yield of the two steps starting from
cellulose and xylose and ending with D-lactic acid. The theoretical
conversion of cellulose to glucose based on chemical stoichiometry
is to produce 1.111 g of glucose from 1 g of cellulose in the enzy-
matic hydrolysis. Xylose was released from hemicellulose in the
pretreatment step. The theoretical conversion is to produce 1 g of

D-lactic acid from 1 g of glucose or 1 g of xylose, while the conver-
sion of sugars into biomass or byproducts are neglected.

D-lactic acid yield was defined as the ratio of the actually
obtained D-lactic acid to the theoretical D-lactic acid calculated
based on the chemical stoichiometry from cellulose and xylose in
the SSCF:

D� lactic acid yield

¼ ½LA� � V � ½LA�0 � V0

½Biomass� � ð½Cellulose� � 1:111þ ½Xylose�Þ � 1
� 100%



Table 2
D-lactic acid fermentation from xylose using the recombinant P. acidilactici ZP26 strains harboring pMG36e plasmids with different xylAB expression cassettes.

Promoters Gene clusters Cell growth (OD600) Xylose consumed (g/L) D-lactic acid produced (g/L) Acetic acid produced (g/L)

Pldh xylAB_pp 0.48 ± 0.00 0.35 ± 0.12 0.30 ± 0.04 0.68 ± 0.18
Pldh xylAB_3089 1.19 ± 0.11 5.29 ± 0.07 0.95 ± 0.07 3.64 ± 0.30
Pldh xylAB_2911 0.40 ± 0.00 0.21 ± 0.01 0.49 ± 0.00 0.43 ± 0.05

PldhD xylAB_pp 0.41 ± 0.01 1.03 ± 0.12 0.27 ± 0.03 0.58 ± 0.08
PldhD xylAB_3089 0.40 ± 0.00 0.38 ± 0.06 0.43 ± 0.06 0.46 ± 0.09
PldhD xylAB_2911 1.49 ± 0.09 10.09 ± 0.19 2.13 ± 0.03 3.90 ± 0.30

Note: The recombinant P. acidilactici strains were cultured in the simplified MRS medium containing 20 g/L xylose as the sole carbon source with 5 lg/mL of erythromycin
addition. Cell growth was indicated by the optical density (OD) at 600 nm without pH control. Xylose, D-lactic acid and acetic acid were measured with pH controlled by
adding 60 g of CaCO3 per 100 g of xylose. The fermentation was carried out at 42 �C, 150 rpm, the inoculate size 10% in 50 mL medium of 250 mL shaking flasks. All the data
were collected after 48 h fermentation.

Fig. 1. Construction of xylose-assimilating pathway for D-lactic acid synthesis in P. acidilactici. Red arrows represent the heterologous genes integrated into the chromosome
of P. acidilactici ZP26. Blue crosses show the deleted genes of P. acidilactici ZP26. Gray filled box represents the PP pathway. Blue dashed outline indicates the PK pathway. xylA,
xylose isomerase; xylB, xylulokinase; tkt, transketolase; tal, transaldolase; rpi, ribulose-phosphate 3-epimerase; pfk, 6-phosphofructokinase; fba, fructose-bisphosphate
aldolase; tpi, triosephosphate isomerase; pkt, phosphoketolase; ackA, acetate kinase; ldhD, D-lactate dehydrogenase; ldh, L-lactate dehydrogenase; GAP, glyceraldehyde-3-
phosphate; DHAP, 1,3-dihydroxyacetone phosphate. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)
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where [Biomass] is the dry feedstock content at the beginning (g/L),
[Cellulose] is the cellulose fraction of dry feedstock (g/g), 1.111 is the
conversion factor for cellulose to equivalent glucose, [Xylose] is the
xylose content of dry feedstock (g/g), 1 is the conversion factor for
glucose and xylose to D-lactic acid, [LA] is the D-lactic acid
concentration at the end (g/L) and [LA]0 is the starting concentration
(g/L) (comes from the seed inoculation) in the liquid fraction (not
the whole slurry), V is the volume of the SSCF system including
NaOH solution added, V0 is the volume of the SSCF system at the
starting point. The liquid volume was calculated based on the water
mass balance of SSCF operation.
3. Results and discussion

3.1. Construction of xylose-assimilating pathways in D-lactic acid
producing P. acidilactici

The D-lactic acid producing strain P. acidilatici ZP26 is an engi-
neered LAB strain from a wild strain and used as the parental strain
for constructing xylose-assimilating pathway. The heterologous
gene clusters xylAB encoding xylose isomerase (xylA) and xylulok-
inase (xylB) from P. acidilatici DSM 20284 (xylAB_2911, xylAB_3089)
and P. pentosaceus ATCC 25745 (xylAB_pp) under the control of two
endogenous promoters (PldhD and Pldh) from the parental strain
P. acidilatici ZP26 to yield six expression cassettes. Then the cas-
settes were inserted into the plasmid pMG36e by substituting
the P32 promoter to generate six expression plasmids (Table 1)
and then each plasmid was transformed into P. acidilactici ZP26.
The xylose assimilation performance was assayed and the gene
cluster xylAB_2911 under the control of PldhD showed the optimal
xylose assimilation rate and D-lactic acid formation (Table 2).

To obtain a stable xylose-assimilating strain, the expression cas-
sette PldhD_xylAB_2911 was integrated into the chromosome of P.
acidilactici ZP26 at the disrupted ldh locus as described in the
Methods Section 2.4, and an engineered strain P. acidilatici ZP26::
xylAB was obtained. This strain produced 5.05 g/L of D-lactic acid
from 13.43 g/L of xylose within 48 h, but 5.92 g/L of the byproduct
acetic acid was produced. To reduce the acetic acid generation, the
PK pathway was blocked by deleting the phosphokeolase gene



Fig. 2. Adaptive evolution of the newly constructed P. acidilactici strain ZP26::
xylAB-Dpkt::(tkt_tal) in simplified MRS medium containing xylose as the sole
carbon source. A series transfer of 10% inoculation ratio was transferred into the
fresh simplified MRS every 36 h. The initial xylose and acetic acid concentration in
the medium were 20 g/L and 5 g/L, respectively. The fermentation was conducted at
42 �C, 150 rpm, liquid volume ratio 20% in 250 mL shaking flasks. 60 g of CaCO3 per
100 g of xylose was added to fermentation medium for pH control in flasks.
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(pkt) (Fig. 1), and the PP pathway was constructed by introducing
two more heterologous genes transketolase (tkt) and transaldolase
(tal) from P. acidilatici DSM 20284 under the control of PldhD. The
two genes tkt and tal were integrated at the disrupted pkt locus to
yield an engineered strain P. acidilatici ZP26::xylAB-Dpkt::(tkt_tal)
with all heterologous genes in the chromosome of P. acidilactici.
Fig. 3. D-lactic acid fermentation of the xylose-assimilating P. acidilactici strain before a
simplified MRS medium containing 35 g/L of xylose; (c, d) Cell growth and D-lactic acid fe
xylose. The fermentation conditions: 42 �C, 150 rpm, the inoculate size 10%, and liquid
3.2. Adaptive evolution of the xylose-assimilating P. acidilactici strain

The resulting xylose-assimilating strain P. acidilatici ZP26::
xylAB-Dpkt::(tkt_tal) was assayed in the xylose containing MRS
medium, but only 1.33 g/L of D-lactic acid was produce from
4.52 g/L of xylose with the generation of 0.59 g/L of acetic acid
within 48 h. To accelerate the xylose assimilation rate and elevate
the D-lactic acid yield, adaptive evolution method was used by suc-
cessive transfer of the engineered strain every 36 h in the simpli-
fied MRS medium containing 20 g/L of xylose (Fig. 2). After 18
successive transfers (27 days), the xylose-assimilating ability of
the strain was significantly improved with the xylose consumption
rate from 0.05 g/L/h to 0.52 g/L/h and the D-lactic acid titer from
2.31 g/L to 15.14 g/L. The adapted strain was named as P. acidilatici
ZY15 after the xylose-assimilating performance and D-lactic acid
generation tended to stable.

The adapted strain P. acidilatici ZY15 was compared with the
starting strain P. acidilatici ZP26::xylAB-Dpkt::(tkt_tal) in the two
simplified MRS medium containing xylose as the sole carbon
source, and containing mixed glucose and xylose (Fig. 3). In the
xylose only medium, the cell growth, the performance of xylose
consumption and D-lactic acid production of the adapted P. acidi-
latici ZY15 was significantly improved comparing to the starting
strain (Fig. 3a and b). In the mixed glucose and xylose medium,
the cell growth rate of the adapted and the starting strains was
almost the same, but the adapted strain consumed both glucose
and xylose simultaneously and completely within 48 h, while only
75.3% glucose and 39.7% xylose were consumed by the starting
strain (Fig. 3c and d). P. acidilactici is a typical overflow bacterium.
The sugar requirement is limited for its cell growth. The total
glucose and xylose consumption in Fig. 3c and d already exceeds
nd after adaptive evolution. (a, b) Cell growth and D-lactic acid fermentation in the
rmentation in the simplified MRS medium containing 35 g/L of glucose and 20 g/L of
volume ratio 20% in 250 mL shaking flasks.



Fig. 4. Simultaneous saccharification and co-fermentation (SSCF) of D-lactic acid by
P. acidilactici ZY15 using dry dilute acid pretreated and biodetoxified corn stover. (a)
Corn stover solids content at 15% (w/w); (b) Corn stover solids content at 20%
(w/w); (c) Corn stover solids content at 25% (w/w). Corn stover feedstock was pre-
hydrolyzed for 6 h at 50 �C and pH 4.8, then the seed broth was inoculated at 10% of
inoculation ratio to start the SSCF at 42 �C and pH 5.5. pH was maintained by
automatic feeding of 5M NaOH solution. The cellulase dosage was 10 mg total
protein per gram of cellulose in the pretreated corn stover feedstock.
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the upper limit of the cell growth requirement and extra sugars do
not assist the cell growth for both the adapted and the starting
strains. Therefore, the cell growth rate of the adapted and the start-
ing strains maintained similar. The byproduct acetic acid
generation was negligible (less than 0.50 g/L) by the adapted strain
P. acidilatici ZY15. This is the first report of applying the adaptive
evolution method to improve the xylose-assimilating ability of
the newly engineered LAB strains up to our knowledge.

3.3. D-Lactic acid fermentation from corn stover feedstock by SSCF

D-lactic acid fermentation performance of the xylose-
assimilating strain P. acidilactici ZY15 was compared with the par-
ental P. acidilactici ZP26 (without xylose utilization) using the dry
dilute acid pretreated and biodetoxified corn stover as feedstock
(Fig. 4). 68.5 g/L, 82.3 g/L and 97.3 g/L of D-lactic acid were
obtained by P. acidilactici ZY15 at 15%, 20% and 25% (w/w) solids
content corn stover, respectively, with the improvement of 21.5%,
26.4%, and 23.0% than that of the parental strain P. acidilactici
ZP26. Correspondingly, the D-lactic acid yield was 79.7%, 69.6%,
and 64.7% of P. acidilactici ZY15 at the three solids contents and
improved 26.0%, 27.1% and 27.7%, respectively, than that of
P. acidilactici ZP26.

Xylose utilization is crucially important in biorefinery engineer-
ing of lignocellulose, but a general difficulty exists for practical
co-fermentations: both xylose and inhibitors co-exist in the pre-
treated lignocellulose feedstock. Xylose is generally released from
hemicellulose during the pretreatment step and the inhibitor com-
pounds such as furfural, 5-hydromethylfurufural (HMF), acetic acid
are generated simultaneously. Inhibitors significantly depress the
cellulase enzyme activity and fermenting strain viability, but they
are not easily removed selectively by the regular detoxification
(conditioning) methods such as water washing or over-liming,
without the loss of xylose. This dilemma leads a scenario that var-
ious xylose-assimilating strains show efficient xylose utilization in
the mixed medium of pure glucose and xylose, but do not work
well in the practical co-fermentation systems. In this study, the
unique biodetoxification method is applied using a kerosene
fungus A. resinae ZN1. Our previous studies had demonstrated
the priority of inhibitors as substrates to xylose and glucose (He
et al., 2016; Ran et al., 2014; Wang et al., 2015). The present
biodetoxification result on the pretreated corn stover agreed with
the inhibitor priority consumption and only minimum sugars lost
in biodetoxification step. The outcome of the biodetoxification is
that the inhibitors are quickly and selectively removed from the
pretreated corn stover, while the xylose generated during the ear-
lier pretreatment step is maintained without observable loss.

Several studies on the D-lactic acid production from lignocellu-
lose feedstock by the xylose-assimilating LAB were reported
recently. Hama et al. (2015) used the delignified and mechanically
milled hardwood pulp and an engineered xylose-assimilating
strain L. plantarum NCIMB 8826 DldhL1::PxylAB-Dxpk1::tkt-
Dxpk2::PxylAB. High D-lactic acid titer (102.3 g/L) with the produc-
tivity of 0.71 g/L/h was obtained due to the high cellulose content
of the pulp feedstock (110.6 g/kg of the SSCF slurry). However, the
xylose contribution to the overall D-lactic acid (�8.3%) and xylose
conversion (�74.3%) were relatively low due to the low residual
xylose content in the feedstock (15.6 g/kg of the SSCF slurry). The
highly delignified pulp generally requires multiple steps of hot-
water extraction, alkaline treatment, bleaching (Liu, 2010). These
steps may lead to the considerable loss of xylose and low xylose
content in the pulp feedstock, covers approximately 10% (w/w) of
the total sugars while generally 30% in typical lignocellulose
biomass. Zhang et al. (2016) used corn stover after 7.5% (w/w)
NaOH pretreated by sodium hydroxide with water washing and
61.4 g/L of D-lactic acid with a higher productivity of 0.32 g/L/h
was obtained by a recombinant strain L. plantarum NCIMB 8826
DldhL1-pLEM-xylAB due to the relatively low cellulose and xylose
content in the SSCF slurry (40.2 and 25.3 g/kg SSCF slurry). In this
study, 97.3 g/L of D-lactic acid was achieved using 25% (w/w) dry
dilute acid pretreated and biodetoxified corn stover by the
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xylose-assimilating strain P. acidilactici ZY15 with the highest pro-
ductivity of 1.01 g/L/h. The dry dilute acid pretreated corn stover
was biodetoxified to remove the inhibitors while xylose was still
maintained without observable loss (xylose content covered
30.1% of the total sugars). In SSCF, the satisfactory xylose conver-
sion ratio (92.6%) and the contribution to D-lactic acid (28.1%) were
achieved. This study demonstrated a practical co-fermentation
prototype using corn stover feedstock by the engineered strain
P. acidilactici ZY15 with efficient xylose assimilation.

4. Conclusion

The xylose-assimilating pathways were constructed into the
chromosome of P. acidilactici by introducing four heterologous
genes xylA, xylB, tkt and tal, and by disrupting the endogenous gene
pkt. The xylose-assimilating ability of the newly constructed strain
was significantly improved by adaptive evolution and a stable and
efficient xylose-assimilating strain P. acidilactici ZY15 for D-lactic
acid production was obtained. 97.3 g/L of D-lactic acid with the
xylose conversion ratio of 92.6% was achieved by SSCF at 25%
(w/w) solids content of dry dilute acid pretreated and biodetoxified
corn stover with the optical purity of 99.2%.
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