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Abstract

With the reduction in oil reserves and steady increases in the price of oil, alternative carbon sources like methanol are prom-
ising, but an efficient conversion process to fuels and other chemicals is still desired. In this study, we demonstrated for the
first time the production of lactic acid from methanol using a lactate dehydrogenase copy number amplifying strategy in
Pichia pastoris. We engineered methylotrophic yeast (Pichia pastoris) producing p-lactic acid by p-lactate dehydrogenase
gene (p-LDH) integration into the non-transcribed spacer of the ribosomal DNA (rDNA) locus and post-transformational
amplification. The resultant engineered strains GS115/S8/Z3 and GS115/S16/Z3 produced 3.48 and 3.26 g/L of p-lactic acid
from methanol, respectively, in a 96-h test tube fermentation. To our knowledge, this is the first report about p-lactic acid
production from methanol by an engineered P. pastoris strain. The technique of gene integration into the rDNA locus and
post-transformational gene amplification could be useful for metabolic engineering in P. pastoris, and the chemical produc-
tion from methanol by engineered P. pastoris represents a promising industrial technology.
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Introduction

With the exhaustion of oil and steadily rising its prices,
securing an alternative carbon feedstocks for fuel and
chemicals production becomes an important and urgent
issue (Wendisch et al. 2016). Although, renewable and edi-
ble sugar or starch crops are promising alternative carbon
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feedstock, and efficient utilization technology is under devel-
opment (De Bhowmick et al. 2018; Kawaguchi et al. 2016;
Yamada et al. 2013). Methanol is an already important car-
bon source in the chemical industry. Recently, methanol
production facilities are being set up due to abundance of
resources for its production such as natural gas, and the price
of methanol has been estimated to decline (Pfeifenschneider
et al. 2017). Thus, although methanol toxicity may pose a
challenge at large production scales, methods of chemical
production from methanol through both chemical processes
as well as environmentally friendly biochemical process are
highly desired.

There are a limited number of reports that address
chemical production from methanol as a sole carbon
source through biochemical fermentation by microorgan-
isms. Methylotrophic bacteria such as Methylobacterium
extorquens, Methylobacterium organophilum, Methyloba-
cillus glycogenes, and Methylophilus methylotrophus have
been most frequently studied for the production of chemi-
cals such as polyhydroxyalkanoate (PHA) (Kim et al. 1996),
L-serine (Sirirote et al. 1988), L-threonine (Motoyama et al.
1993), and L-lysine (Gunji and Yasueda 2006). However,
genetic and biotechnological knowledge and tools for methy-
lotrophic bacteria are limited (Schrader et al. 2009); there-
fore, production of chemicals other than PHA and amino
acids that can be intrinsically produced is difficult. A limited
number of yeast species belonging to the genera Candida,
Ogataea, Kuraishia, and Komagataella can grow on metha-
nol as the sole carbon source; therefore, they are classified
as methylotrophic yeasts (Fig. 1) (Gellissen 2000; Yurimoto
et al. 2011). Although molecular engineering methods for
some methylotrophic yeasts are established, these have been
largely utilized for recombinant protein production (Gellis-
sen 2000). Thus, novel methods for the production of vari-
ous chemicals from methanol by metabolically engineered
methylotrophic yeasts represent promising technological
breakthroughs.

Among the methylotrophic yeast species, Pichia pas-
toris (Komagataella phaffii) has been most frequently

Fig.1 Schematic illustration
of methanol metabolism in the

methylotrophic yeast P. pastoris Methanol

4

studied, and its genetic engineering tools are well estab-
lished. Thus far, various types of plasmids, including epi-
somal plasmids (Cregg et al. 1985) as well as low- (Cregg
et al. 1985) and multi-copy (Steinborn et al. 2006) integra-
tive plasmids, have been developed for gene recombination
in P. pastoris. Among these, multi-copy integrative plas-
mids for the non-transcribed spacer (NTS) of the riboso-
mal DNA (rDNA) locus are notable for their high mitotic
stability and expression efficiency (Lopes et al. 1989;
Steinborn et al. 2006). Marx et al. (2009) reported a novel
method based on vector integration into the rDNA locus
and post-transformational vector amplification by repeated
selection on media with increasing antibiotic concentra-
tions. They reported that intracellular protein production
is highly correlated with the gene copy number. This tech-
nique would be useful for metabolic engineering in P. pas-
toris, as metabolic engineering often involves modification
of the expression of intracellular proteins.

In this study, we engineered a P. pastoris construct pro-
ducing p-lactic acid, which is a value-added monomer for
the biodegradable polymer with higher mechanical prop-
erties, thermal resistance, and hydrolysis resistance (Tsuji
2005), to enable the chemical production using methanol
through an environmentally friendly biochemical fermen-
tation process (Fig. 1). First, we constructed and intro-
duced a multi-copy integrative plasmid for the expression
of p-lactate dehydrogenase (p-LDH) from Leuconostoc
mesenteroides, which is frequently and effectively used in
yeast (Baek et al. 2016; Ishida et al. 2006), into P. pasto-
ris. The copy number of the integrated p-LDH was ampli-
fied by post-transformational vector amplification, and the
copy number was investigated. Finally, a time course of
cell growth and p-lactic acid production from methanol by
the engineered P. pastoris strains was obtained.
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Materials and methods
Strains and media

Escherichia coli strain HSTO8 (TaKaRa Bio, Kusatsu, Japan)
was used as a host for recombinant DNA manipulation.
Recombinant E. coli cells were cultivated on Luria—Ber-
tani (LB) medium (10 g/L tryptone [Nacalai Tesque, Kyoto,
Japan], 5 g/L yeast extract [Formedium, Norfolk, UK], and
5 g/L NaCl), supplemented with 100 ug/mL ampicillin
sodium salt.

The yeast P. pastoris strain GS115 (Thermo Fisher Scien-
tific, Yokohama, Japan) was used as a host for p-lactic acid
production. P. pastoris cells were cultivated on yeast/pep-
tone/dextrose (YPD) medium (10 g/L yeast extract, 20 g/L
peptone [Formedium], and 20 g/L glucose), yeast/peptone/
methanol (YPM) medium (10 g/L yeast extract, 20 g/L pep-
tone, and 30 g/L methanol), or yeast/peptone/dextrose/sorbi-
tol (YPDS) medium (10 g/L yeast extract, 20 g/L peptone,
20 g/L glucose, and 1 mol/L sorbitol). If necessary, 20 g/L
of agar and/or a predetermined amount of Zeocin antibiotic
(InvivoGen, CA, USA) was added.

Yeast fermentation

Microplate fermentation was performed in 1 mL of YPM
medium, using a 2-mL 96-well deep well plate equipped
with a gas permeable seal placed on a rotary plate shaker
(Mix-EVR; Taitec, Koshigaya, Japan) set to 30 °C and
1500 rpm. Before microplate fermentation, yeast cells
were precultured in a microplate containing 1 mL of YPD
medium for 24 h at 30 °C and 1500 rpm. Cells were then
collected by centrifugation, washed 2 times with autoclaved
water, and used for microplate fermentation.

(A) (B)
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0.1 g/L Zeocin

GS115
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Fig.2 a Plasmid for D-LDH integration into the NTS of the rDNA
locus. 5'NTS and 3'NTS, 5’ half and 3’ half of NTS of rDNA; pAOX1
and tAOXI, promoter and terminator of AOXI; D-LDH; p-lactate

Separated on
1 0 g/L Zeocin

Test tube fermentation was performed in 5 mL of YPM
medium, using a test tube (165 mm in height and 16 mm in
diameter) and a reciprocal shaker set to 30 °C and 150 rpm.
The fermentation was started by inoculation (initial ODg:
5.0) with a preculture grown in a test tube containing YPD
medium for 24 h at 30 °C and 150 rpm.

Plasmid construction and yeast transformation

Primers used for plasmid construction are summarized in
Supplementary Table 1. The multicopy integrative vacant
plasmid pRDZ was constructed as follows. The DNA frag-
ments encoding the 5" and 3’ halves of the NTS of rDNA
from P. pastoris were PCR amplified using the genomic
DNA of P. pastoris GS115 as the template, as well as
SNTSF and 5NTSR or 3NTSF and 3NTSR as the prim-
ers, respectively. In addition, the DNA fragment encod-
ing the Zeocin resistance gene was PCR amplified using
the plasmid pTEF1/Zeo (Thermo Fisher Scientific) as the
template, as well as ZeoF and ZeoR as the primers. The
resultant PCR-amplified DNA fragments were inserted into
the Hindlll/AatIl site of the plasmid PUC19 (Thermo Fisher
Scientific) using the NEBuilder HiFi DNA Assembly master
mix (New England BioLabs, MA, USA).

The multicopy integrative plasmid pRDZ-AO-DLDH
(Fig. 2a) for p-LDH expression was constructed as fol-
lows. The DNA fragments encoding the AOX/ promoter
(pAOX1) and AOX1 terminator (tAOX1) from P. pastoris
were PCR amplified using the pPIC9K (Thermo Fisher
Scientific) and pPPE (Yamada et al. 2016) plasmids,
respectively, as the template, as well as pAOX1F and
pAOXIR or tAOX1F and tAOXIR as the primers, respec-
tively. In addition, the DNA fragment encoding p-LDH
from L. mesenteroides was PCR amplified using the plas-
mid pdU_LibDLDH (Yamada et al. 2017a) as the template,
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gene. b Schematic illustration of the construction of engineered P.
pastoris strains
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as well as DLDHF and DLDHR as the primers. The result-
ant PCR-amplified DNA fragments were inserted into the
EcoRI site of the plasmid pRDZ using the NEBuilder HiFi
DNA Assembly master mix. The resultant b-LDH expres-
sion plasmid pRDZ-AO-DLDH was linearized with the
restriction enzyme Ascl and transformed into P. pastoris
following a previously described electroporation method
(Wu and Letchworth 2004). Transformants were selected
on YPDS medium containing 20 g/L agar and 0.1 g/L of
Zeocin.

Analysis of growth and metabolites

The ODg, of each culture broth was measured as described
previously (Yamada et al. 2017b). The p-lactic acid con-
centration was determined using the p-/L-lactic acid assay
kit (Megazyme, Wicklow, Ireland) and the Multiskan GO
microplate reader (Thermo Fisher Scientific). The detection
limit of p- and L-lactic acid was 0.21 mg/L, according to the
manufacturer.

The methanol concentration was determined by a col-
orimetric method using 4-amino-3-hydrazino-5-mer-
capto-1,2,4-triazole (AHMT) (Avigad 1983). Culture
broths were centrifuged at 14,000xg at 4 °C for 10 min,
and the resulting culture supernatants were diluted appro-
priately. Subsequently, 240 pL of diluted culture superna-
tants were mixed with 10 uL of 250 mM potassium phos-
phate buffer (pH 7.5) containing 0.25 U of alcohol oxidase
(A2404; Sigma-Aldrich Japan, Tokyo, Japan) and incubated
for 20 min at 25 °C. After incubation, 250 uL of 5 mol/L
potassium hydroxide and 250 uL. of AHMT solution (5 g/L
AHMT and 20 g/L hydrochloric acid) were added to the
reaction solutions, which were subsequently incubated for
20 min at 25 °C. Reaction solutions were vortexed follow-
ing the addition of 250 pL of potassium periodate solution
(7.5 g/L potassium periodate and 0.2 mol/L potassium
hydroxide). The absorbance at 550 nm of the solutions was
then measured using the Multiskan GO microplate reader.
The methanol concentrations were calculated following a
standard curve constructed using methanol as the standard.

Real-time PCR analysis

The integrated copy number of each engineered strain was
quantified using real-time PCR as described previously
(Yamada et al. 2017b). Template genomic DNA was iso-
lated from yeast cells cultivated in YPD medium for 24 h
at 30 °C. All primers used for real-time PCR analysis are
also summarized in Supplementary Table 1. The normal-
ized gene copy number was calculated using the actin gene
(ACTI) (GenBank: AF216956.1) as the house keeping gene.

@ Springer

Analysis of intra-cellular o-LDH activity

Yeast cells were cultivated in test tubes containing 5 mL of
YPM medium for 24 h and collected by centrifugation at
10,000xg and 4 °C for 1 min. Collected cells were washed
twice and resuspended in 300 uL of 100 mM potassium
phosphate buffer (pH 7.0). The cell suspension was mixed
with 500 pL of zirconia beads (0.45 mm in particle diam-
eter) and introduced into a bead crusher uT-12 (Taitec) for
900 s. Cell lysates were centrifuged at 10,000xg and 4 °C
for 5 min and the supernatants were then collected as cell-
free extracts.

The p-LDH activity in the cell-free extracts was deter-
mined using D-lactic acid as the substrate, as described pre-
viously (Tokuhiro et al. 2009). One unit of p-LDH activity
was defined as the amount of enzyme that releases 1 pmol
NADH in 1 min at 30 °C. The protein concentration in cell-
free extracts was measured by the Bradford method (Brad-
ford 1976) using bovine serum albumin (Sigma-Aldrich
Japan) as the standard.

Results
Construction of engineered P. pastoris strains

A total of 64 engineered P. pastoris strains were constructed
by transformation and post-transformational vector amplifi-
cation by repeated selection on increased Zeocin concentra-
tions as follows (Fig. 2b). The multicopy integrative plasmid
pRDZ-AO-DLDH expressing b-LDH was transformed into
P. pastoris GS115 and selected on YPDS medium contain-
ing 20 g/L agar and 0.1 g/L of Zeocin. Subsequently, 16
engineered strains with good growth on this medium were
selected by visual inspection and named GS115/S*/Z1 (*:
1-16). These selected strains were streaked on YPD medium
containing 20 g/L agar and 0.5 g/L of Zeocin. Subsequently,
16 engineered strains with good growth on this medium
were selected from each engineered strain (GS115/S*/Z1
(*: 1-16)) by visual inspection and named GS115/S*/Z2 (*:
1-16). This streaking and selection procedure was repeated
twice more using YPD medium containing 20 g/L agar and
1.0 and then 2.0 g/L of Zeocin, and selected transformants
were named GS115/S*/Z3 (*: 1-16) and GS115/S*/74 (*:
1-16), respectively.

Evaluation of engineered P. pastoris strains
for p-lactic acid production

To evaluate p-lactic acid production by the 64 engineered
P. pastoris strains, they were cultivated in YPM medium
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containing methanol as the sole carbon source using a
microplate for 48 h, at which time the p-lactic acid produc-
tion was determined.

As shown in Fig. 3, some engineered strains success-
fully produced p-lactic acid from methanol. The strains
could be categorized into three groups based on p-lactic
acid production and Zeocin tolerance. The first group
(S1/z*, S2/Z*, STZ*, S11/Z*, S12/Z*, S14/Z%*, and
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Fig.3 p-Lactic acid production of 64 engineered P. pastoris strains
from methanol as the sole carbon source in 48 h of fermentation

S16/Z*) had some correlation between p-lactic acid pro-
duction and Zeocin tolerance. The second group (S3/Z%*,
S6/7*, and S8/Z*) had no correlation between p-lactic acid
production and Zeocin tolerance. The third group (S4/Z*,
S5/Z*, S9/Z*, S10/Z*, S13/Z*, and S15/Z*) hardly pro-
duced p-lactic acid. The best and the second-best p-lactic
acid producing strain were GS115/S16/Z3 (5.35 g/L) and
GS115/S8/Z3 (5.27 g/L), respectively.

Correlation between p-LDH copy number, activity,
and p-lactic acid production in engineered P.
pastoris strains

To evaluate the correlation between p-LDH copy number,
activity and p-lactic acid production, 10 engineered strains
(GS115/S1Z1, GS115/S3Z1, GS115/S6Z3, GS115/S8Z1,
GS115/S8722, GS115/S8Z3, GS115/S8Z4, GS115/S147Z1,
GS115/S15Z1, and GS115/S16Z3) with varying levels of
D-lactic acid production were selected and evaluated.

As shown in Fig. 4a, it was confirmed that each strain
had different p-LDH copy numbers just after transfor-
mation (following exposure to 0.1 g/L of Zeocin). In the
case of strains GS115/S8Z* (*: 1-4), the p-LDH copy
number increased with a change in Zeocin exposure from
0.1 to 1.0 g/L, whereas it did not increase following a
change from 1.0 to 2.0 g/L of Zeocin exposure. As shown
in Fig. 4b, the p-LDH copy number and activity were
approximately proportional to each other (correlation coef-
ficient=0.798). We confirmed that p-LDH activity and
D-lactic acid production were also nearly proportional to
each other (correlation coefficient=0.725) (Fig. 4c). The
D-LDH copy number and activity in the GS115/S8/Z3 and
GS115/S16/Z3 strains were 4 and 27.2 U/ug-protein and 9
and 43.5 U/ug-protein, respectively.
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Fig.4 Correlation between a Zeocin resistance and p-LDH copy
number, b p-LDH copy number and p-LDH activity, and ¢ p-LDH
activity and p-lactic acid production in 10 engineered P. pastoris

D-LDH copy number (-)

D-LDH activity (U/ug-protein)

strains. Broken lines represent approximate straight line. Each corre-
lation coefficient is 0.293 (a), 0.798 (b), and 0.725 (c)
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Evaluation of cell growth and p-lactic acid
production from methanol by engineered P. pastoris
strains

To evaluate cell growth and p-lactic acid production from
methanol, engineered strains GS115/S8/Z3 and GS115/S16/
73, as well as their parent strain GS115, were cultivated in
YPM medium with methanol as the sole carbon source, and
a time course of methanol and p-lactic acid concentrations
was obtained.

The time course methanol and p-lactic acid concentra-
tions (based on ODg,, measurements) are shown in Fig. 5,
and the exact values are presented in Table 1. As shown in
Fig. 5a, engineered strains GS115/S8/Z3 and GS115/S16/
73 and their parent strain GS115 demonstrated very simi-
lar methanol consumption rates during the early portion of
the time course (0-120 h). During the latter portion of the
time course, both engineered strains consumed methanol
completely, whereas the parent strain did not. As shown
in Fig. 5b, the parent strain did not produce any measur-
able p-lactic acid. In contrast, although, engineered strains
GS115/S8/23 and GS115/S16/Z3 showed different po-LDH
activity in microplate cultivation (Fig. 4c), they produced
D-lactic acid steadily until 96 h of fermentation with almost
the same titer, productivity, and yield, before reaching a
plateau. After 192 h of fermentation, only GS115/S16/Z3
continued to consume D-lactic acid. As shown in Fig. 5c,

engineered strains GS115/S8/Z3 and GS115/S16/Z3 and
their parent strain exhibited similar levels of cell growth.
However, only GS115/S16/Z3 showed rapid cell growth
after 192 h of fermentation.

Discussion

In the case of strains GS115/S8Z* (*: 1-4), the p-LDH
copy number did not increase following a change from 1.0
to 2.0 g/L of Zeocin exposure (Fig. 4a). Although, the reason
for the phenomenon is not clear, it may be due to the compli-
cated gene loss and amplification mechanisms in the rDNA
locus (Ganley et al. 2009). Similar result in multi-copy inte-
gration and protein production in P. pastoris is also reported
(Marx et al. 2009). The maximum integrated b-LDH copy
number was 9 in GS115/516/73 (Fig. 4a). It was comparable
to results from a previous study on multi-copy integration
into the rDNA locus and post-transformational vector ampli-
fication in P. pastoris. In this prior study, the human serum
albumin (HSA) gene and the human superoxide dismutase
(HSOD) gene were introduced into the rDNA locus in P.
pastoris, and both genes were integrated at a copy number
of around 5-10 (Marx et al. 2009). Multi-copy integration
into the rDNA locus has also been conducted in yeasts other
than P. pastoris. In Hansenula polymorpha, the integration
of approximately 30 gene copies into the rDNA locus was

o
- 3
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g S
E=] ©
S 3
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0 48 96 144 192 240 0 48
Time (h)
0O:GS115

96
Time (h)

96 144 192 240
Time (h)

144 192 240 0 48

O: GS115/S8/Z3  A: GS115/S16/23

Fig.5 Time course of a methanol concentrations, b p-lactic acid concentrations, and ¢ ODg, of engineered and parent P. pastoris strains. Data
are presented as the average of two independent experiments. Error bars represent means + standard deviation

Table 1 Properties of the

. . Strain p-Lactic acid titer D-Lactic acid productivity — p-Lactic acid yield (g
eng}neered and parent stFams (g/L) (mg/L/h) p-lactic acid/g methanol
during 96 h of fermentation consumed)

GS115/S8/23 3.48+0.19 36.3+2.0 0.22+0.02
GS115/S16/23 3.26+0.02 34.0+0.2 0.20+0.00
GS115 0.00+0.00 0.0+£0.0 0.00+0.00
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achieved (Klabunde et al. 2002), and in Saccharomyces cer-
evisiae, over 60 copies of a gene were integrated into the
rDNA locus (Lopes et al. 1991). Although the integrated
gene copy number was found to vary depending on the gene
of interest and species of yeast, the technique of multi-copy
integration into the rDNA locus is useful for the enhance-
ment of copy numbers of genes of interest in various yeast
species.

Although, 6 out of 16 strains showed Zeocin tolerance,
they hardly produced p-lactic acid after post transforma-
tional gene amplification (Fig. 3). It may be due to the
complicated gene loss and amplification mechanisms in the
rDNA locus (Ganley et al. 2009). The rDNA locus in eukar-
yote is consisted by many repeated gene structure and gene
loss and amplification are frequently occurred. Those stains
may lost b-LDH gene in their first transformation. Besides,
although some strains had correlation between p-lactic acid
production and Zeocin tolerance, other strains had no cor-
relation (Fig. 3). This phenomenon may due to the excess
number of integrated p-LDH. Moon et al. (2016) reported
that excess number of integrated tHMGI by rDNA-based
multi-copy integration in S. cerevisiae generates an inhibi-
tory effect on the physiology of host cells and leads to the
reduction of target squalene production. Thus, adequate stain
screening is important for metabolic engineering using gene
integration into the rDNA locus and post-transformational
gene amplification in P. pastoris.

D-LDH copy number and activity were nearly propor-
tional to each other (Fig. 4b). This result is in accordance
with a prior report showing that intracellular protein produc-
tion is tightly correlated with the gene copy number (Marx
et al. 2009). Clearly, there is a limit to the amplification of
the copy number of an integrated gene, and the copy number
of such a gene is not necessarily directly proportional to the
activity of the desired enzyme (Yamada et al. 2010). How-
ever, multi-copy integration into the rDNA locus has useful
applications in metabolic engineering, such as for the over-
expression of intracellular proteins in the yeast P. pastoris.

Both the engineered strains that produced p-lactic acid
(GS115/S8/7Z3 and GS115/S16/Z3) consumed methanol
completely, whereas the parent strain (GS115) did not,
during 192 h of fermentation. Besides, it should be noted
although the p-lactic acid production and cell growth of both
engineered strains reached plateau, methanol was further
consumed steadily after 96 h of fermentation. Although
the methanol assimilation pathway is subjected to exten-
sive regulation and still not fully understood (Celik et al.
2010; Yurimoto et al. 2011), the intracellular maintenance
of NADH/NAD™ levels is thought to play a crucial role.
The intermediate product formaldehyde is highly toxic
to cells (Yurimoto et al. 2011), and over 90 mol% of for-
maldehyde formed from methanol is discarded as carbon
dioxide immediately in the presence of an excess amount of

methanol, in order to reduce its toxicity (Celik et al. 2010).
In the oxidation process of one molecule of formaldehyde
to carbon dioxide, two molecules of NADH are produced
(Fig. 1), causing intracellular redox imbalance. However,
in the formation of p-lactic acid from pyruvate, one mol-
ecule of NADH is consumed, which may contribute to more
rapid methanol consumption in engineered strains. This high
capacity for NADH formation of P. pastoris has been used
for the construction of the yeast cells capable of reducing
acetoin into 2,3-butanediol efficiently (Schroer et al. 2010).
The metabolic engineering strategy taking account for
the high capacity of NADH formation of P. pastoris dur-
ing methanol metabolisation should be important in future
research.

Following the depletion of methanol, only GS115/S16/
7.3 consumed D-lactic acid (Fig. 5). This phenomenon is fre-
quently observed in lactic acid production by engineered S.
cerevisiae strains (Baek et al. 2016; Pacheco et al. 2012). In
S. cerevisiae, two monocarboxylate permeases Jenl (Casal
et al. 1999) and Ady?2 (Paiva et al. 2004) were identified.
Jen1 mediates the transport of lactate, pyruvate, acetate, and
propionate, whereas Ady2 mediates the transport of acetate,
propionate, and formate. Interestingly, Jenl and Ady2 are
involved in lactic acid uptake when major carbon substrates
are depleted, whereas when the acid accumulates within the
cell, they can also mediate its efflux (Pacheco et al. 2012).
In L-lactic acid production from glycerol in engineered P.
pastoris, overexpression of the putative lactate transporter
Pas, which has significant similarity to S. cerevisiae, Jenl,
led to higher levels of L-lactic acid production (de Lima et al.
2016). After transporting lactic acid into the cell, which
could be converted into pyruvate by LDH (Garvie 1980).
Although, why the only one engineered strain could con-
sume D-lactic acid is still unknown, it might be come from
different intracellular NADH/NAD™ level. The expression of
monocarboxylate permeases strongly influences lactic acid
production and consumption in yeast including P. pastoris,
and thus this should be modified appropriately for efficient
production of p-lactic acid from methanol in P. pastoris in
future research.

Although we successfully demonstrated the production
of chemicals from methanol through a biochemical pro-
cess using engineered P. pastoris, the titer, productivity,
and yield of p-lactic acid achieved in this study (Table 1)
should be improved more for its practical application. To
date, L- and p-lactic acid production by various microor-
ganisms from various carbon sources other than methanol
has been reported (Gao et al. 2011; Hofvendahl and Hahn-
Higerdal 2000; Sauer et al. 2008). In general, the efficiency
of lactic acid production from lignocellulosic biomass is
reduced compared to that from sugars such as glucose and
molasses owing to the low efficiency of lignocellulosic bio-
mass decomposition and the formation of toxic compounds
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derived from it. However, even from the lignocellulosic
biomass sugarcane bagasse, Lactococcus lactis achieved
10.9 g/L, 0.17 g/L/h, and 0.36 g/g for the titer, production,
and yield of L-lactic acid, respectively (Laopaiboon et al.
2010). To improve the titer and production of lactic acid by
engineered P. pastoris, the tolerance to methanol, formalde-
hyde, and lactic acid, as well as the methanol consumption
rate should be improved. In addition, to improve the yield
of lactic acid, the formation of carbon dioxide, which may
account for over 90 mol% of carbon distribution (Celik et al.
2010), should be decreased. These improvements represent
opportunities for further research.

Conclusion

In this study, we describe a successful proof of concept for
chemical production from methanol through an environ-
mentally friendly biochemical fermentation process. To our
knowledge, this is the first report about p-lactic acid produc-
tion from methanol by an engineered P. pastoris strain. The
technique of gene integration into the rDNA locus and post-
transformational gene amplification is useful for metabolic
engineering in P. pastoris. Although the titer, productivity,
and yield of p-lactic acid from methanol requires further
improvement, P. pastoris can produce various chemicals
(Schwarzhans et al. 2017), and thus the production of chemi-
cals from methanol by engineered P. pastoris strains repre-
sents a promising industrial technology.
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