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Abstract
We conducted single-cell analyses of the methylotrophic yeast Pichia pastoris to develop a biosensor for the detection of
methanol produced by heterologous enzymes. In this biosensor, methanol and its subsequent metabolism induce expression of
a gene encoding a fluorescent protein that was placed under the control of a methanol-inducible promoter. Using quantitative
analyses of fluorescence microscopy images, a methanol-inducible promoter and a host strain were selected, and preculture and
assay conditions were optimized to improve the methanol detection limit. Fluorescence-activated cell sorting (FACS) analysis of
the distribution and geometric mean of cellular fluorescence intensity against various concentrations of methanol revealed a
detection limit of 2.5 μM. Finally, this biosensor was applied to evaluate the activity of a heterologously expressed pectin
methylesterase (PME). The cellular fluorescence intensity was proportional to the copy number of the PME expression cassette,
the protein level, and the enzyme activity. This biosensor can be used for high-throughput screening of single cells harboring high
methanol-producing activity, and thereby, the development of a bioconversion process using methanol-producing enzymes.

Keywords Single-cell biosensor . Methanol-producing enzyme . Pichia pastoris . Pectin methylesterase . Methanol-inducible
gene expression

Introduction

In bioconversion processes using recombinant enzymes in mi-
crobial cells, the productivity of the target compound depends
largely on the activity and stability of the relevant enzyme being
produced. To be successful, it is critical to develop a high-
throughput system for screening microbial cells with high en-
zyme activity and/or stability. Recently, approaches using
single-cell analyses have enabled us to conduct such high-

throughput screening at a single-cell level. If a biosensor that
produces fluorescence in response to the reaction product of the
recombinant enzyme is created, cells having higher enzyme
activity can be selected at a single-cell level in a high-
throughput manner, e.g., via fluorescence-activated cell sorting
(FACS) technology (DeLoache et al. 2015; Ho et al. 2017; Jha
et al. 2014; Michener et al. 2012; Mustafi et al. 2012).

Methanol is industrially used as a solvent and is a feedstock
for various chemicals and value-added products, e.g., plastic
materials and pharmaceuticals (Schrader et al. 2009). While
methanol is currently produced from syngas (CO/H2), its di-
rect production from biomass or natural gas has been a long-
time focus in industry (Olah et al. 2009). Methanol-producing
enzymes, such as pectin methylesterase (PME) and methane
monooxygenase, are expected to be used for methanol pro-
duction from pectin (in plant biomass) and from methane (a
main component of natural gas), respectively.

To exploit the potential of methanol-producing enzymes
for bioconversion processes, a sensitive method to evaluate
their activities at a single-cell level should be established. So
far, several biosensors for methanol detection have been re-
ported with microbial cells or enzymes immobilized on an
oxygen electrode (Guilbault et al. 1983; Wen et al. 2014).
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However, these biosensors cannot be used for the detection of
methanol endogeneously produced by recombinant enzymes.
We and others previously described biosensors for methanol
detection based on the expression of a fluorescent protein gene
under the control of a methanol-inducible promoter (Abanda-
Nkpwatt et al. 2006; Kawaguchi et al. 2011). In these fluores-
cent biosensors, the fluorescence intensity of single cells was
analyzed with fluorescence microscopy. However, the detec-
tion limit needed to be improved to detect enzymatically pro-
duced levels of methanol for application to high-throughput
analysis such as FACS, and the feasibility for evaluation of
methanol-producing enzyme activity had not been
investigated.

In this study, we first developed a single-cell biosensor for
methanol detection with the methylotrophic yeast Pichia
pastoris (currently reclassified as Komagataella phaffii),
which has been widely used as a host for heterologous protein
production (Ahmad et al. 2014; Gellissen 2000).
Methylotrophic yeasts, capable of utilizing methanol as the
sole carbon and energy source, have methanol-sensing ma-
chinery to respond to widely fluctuating methanol concentra-
tions in nature as well as in laboratory culture (Kawaguchi et
al. 2011; Ohsawa et al. 2017). Figure 1 shows the design of the
new methanol biosensor. Expression of a gene encoding a
fluorescent protein under the control of a methanol-inducible
promoter is induced by methanol in a dose-dependent manner
and completely repressed by the presence of glucose.
Selection of the promoter, optimization of sensing conditions,
and analysis of the distribution of cellular fluorescence inten-
sity by FACS improved the limit of detection for methanol to
the micromolar range.

We applied the methanol sensor cells as the host for pro-
duction of the heterologous methanol-producing enzyme pec-
tin methyl esterase (PME) from Aspergillus niger (Kawaguchi
et al. 2014), and thereby, to the detection of its activity. The
enzyme assay conditions for the methanol sensor would be
quite different from the conditions for detection of exogenous
methanol present at the start of incubation, in that the concen-
tration of methanol may change during cellular metabolism.
We confirmed that the methanol sensor could detect enzyme
activity as a result of methanol formation by PME, even
though the concentration of methanol may not have reached
the detection limit at any point. Our results show the feasibility
of the newly developed methanol sensor for evaluating the
activity of methanol-producing enzymes.

Materials and methods

Strains and media

The yeast strains used in this study are listed in Table 1. P.
pastoris cells were grown at 28 °C on glucose medium (1%

yeast extract, 2% peptone, 2% glucose). The assay media for
the detection of methanol (methanol medium) contained
0.67% yeast nitrogen base without amino acids (YNB w/o
a.a.) and 0–2.5 × 105 μM methanol. The assay medium for
detection of PME activity (PME assay medium) contained
0.67% YNB w/o a.a. and 0.05% pectin (esterified, from citrus
fruit, Sigma, St. Louis, MO). All of the components in these
media other than carbon sources were purchased from Becton
Dickinson (Franklin Lakes, NJ). Cell growth was monitored
by the optical density at 610 nm (OD610).

Plasmid construction and transformation

The oligonucleotide primers used in this study are listed in
Table S1. The plasmids used in this study are listed in
Table 2. pAOX1V was obtained by inserting the 0.7-kb

Peroxisomes

Methanol

Venus-PTS1

Fluorescence microscopy

Quantification
(102 ~ 103 cells / 10 min)

Distribution
analysis

(104 ~ 105 cells / min)

FACS

Fig. 1 Schematic illustration of the P. pastoris single-cell methanol
sensor. The fluorescent protein Venus tagged with peroxisome targeting
signal 1 (Venus-PTS1) is expressed under the control of a methanol-
inducible promoter. These cells show methanol-dependent fluorescence
in peroxisomes. Fluorescence microscopy enables visual assessment of
the cellular response, and the cellular fluorescence intensity can be
determined by image analysis (102~103 cells per 10 min). FACS
analysis enables high-throughput analysis and sorting of single cells
(104~105 cells/min)
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Venus gene (Nagai et al. 2002) fused to the peroxisome
targeting signal 1 (PTS1) sequence (Ser-Lys-Leu) into the
KpnI/BamHI sites of pIB4 (Sears et al. 1998). pDAS2V was
constructed by removing the promoter region of pAOX1V
between the AatII/SacI sites, where the 1.0-kb upstream re-
gion of the DAS2 gene was inserted. pAOX1Vand pDAS2V
were linearized at the StuI site for transformation. To construct
pGAPZPME, a 996-bp DNA fragment corresponding to the
deduced amino acid sequence of the A. niger pmeA gene
(Kawaguchi et al. 2014), which includes an N-terminal secre-
tory signal peptide, was inserted into the EcoRI/NotI sites of
pGAPZB in frame with a C-terminal His6-tag encoding se-
quence in the plasmid. The PME-His6 expression cassette of
pGAPZPME was excised with NsiI and BamHI and inserted
into the PstI/BamHI sites of pTEF1/Bsd to obtain
pGAPBPME. pGAPZPME and pGAPBPME were linearized
at the AvrII site for transformation. P. pastoris cells were trans-
formed by electroporation as described previously (Wu and
Letchworth 2004).

Fluorescence microscopy and image analysis

Non-auxotrophic strains were derived by introduction of the
corresponding auxotrophic gene, and used for image and
FACS analysis. Cells were observedwith a motorized inverted
microscope (IX81; Olympus, Tokyo, Japan) equipped with an
Uplan-Apochromat 100×/1.35 NA oil iris objective lens.
Venus signal was acquired using 500AF20, 455DRLP, and
535AF30 filter sets (Omega Optics, Austin, TX). Image data
were captured with a charge-coupled device camera DP30BW
(Olympus) at a fixed exposure time of 100 ms. For each sam-
ple, one field with at least 100 cells was captured. Data were
acquired and analyzed by using MetaMorph software version
7.0 (Molecular Devices, San Jose, CA) and saved as 16-bit
TIFF files. Quantification of fluorescence intensity was con-
ducted with ImageJ software version 1.51n (https://imagej.
nih.gov/ij/) as follows. The threshold was set from 145 to
4095 to measure the fluorescence intensity of pixels
covering peroxisomes. Fluorescence intensity of the pixels

Table 2 Plasmids used in this study

Plasmid Description Source or reference

pIB4 HIS4; PAOX1-based expression vector (Sears et al. 1998)

pAOX1V Venus-PTS1 inserted into KpnI/BamHI sites of pIB4 This study

pDAS2V 1.0-kb upstream region of the DAS2 gene inserted into AatII/SacI sites of pAOX1V This study

pNT204 ARG4 (Tamura et al. 2010)

pGAPZB ZeocinR; PGAP-based expression vector Invitrogen

pGAPZPME A. niger pmeA inserted into EcoRI/NotI sites of pGAPZB in frame with a C-terminal His6-tag sequence This study

pTEF1/Bsd AmpicillinR, BlasticidinR Invitrogen

pGAPBPME PGAP-PME-His6 expression cassette of pGAPZPME inserted into PstI/BamHI sites of pTEF1/Bsd This study

pACTBmC PACT1-mCherry expression cassette inserted into BamHI/EcoRI sites of pTEF1/Bsd This study

Table 1 Yeast strains used in this study

Strain Genotype Description Source or reference

PPY12 his4 arg4 Wild type ATCC 204163 (Gould et
al. 1992)

PMT1101 PPY12 his4::pAOX1V
(PAOX1-Venus-PTS1 HIS4)

Auxotrophic methanol sensor candidate strain This study

PMT1301 PPY12 his4::pDAS2V
(PDAS2-Venus-PTS1 HIS4)

Auxotrophic methanol sensor strain This study

PMT1102 PMT1101 arg4::pNT204 (ARG4) Non-auxotrophic methanol sensor candidate strain This study

PMT1302 PMT1301 arg4::pNT204 (ARG4) Non-auxotrophic methanol sensor strain This study

PMT1303 PMT1302 PGAP::pGAPZPME
(PGAP-PME-His6 Sh ble)

Methanol sensor strain with a single copy of PME-His6 This study

PMT1304 PMT1303 PGAP::pGAPBPME
(PGAP-PME-His6 Blasticidin)

Methanol sensor strain with two copies of PME-His6 This study

PMT1305 PMT1303 PACT1::pACTBmC
(PACT1-mCherry Blasticidin)

Methanol sensor strain with a single copy of PME-His6
labeled with mCherry

This study

KM71 his4 arg4 aox1Δ::ScARG4 aox1Δ Invitrogen

PMT1401 KM71 his4::pDAS2V
(PDAS2-Venus-PTS1 HIS4)

Methanol sensor strain with aox1Δ background This study
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within the set threshold was averaged to represent the cellular
fluorescence intensity of the image (expressed as arbitrary
units, a.u.). Three independent experiments starting from
distinct single colonies were conducted.

Flow cytometry

Cells were resuspended in ice-cold phosphate buffered saline
(PBS) buffer and kept on ice. Flow cytometry was performed
using FACSAria IIIu (Becton Dickinson). Fluorescent chan-
nel and light scatter were set at log gain. The forward scatter
(FSC) was set at a photomultiplier tube (PMT) voltage of 250
with a threshold of 2000. The side scatter (SSC) PMT voltage
was set at 250. Venus fluorescence was excited with a 488 nm
laser, and the emission at 530/30 nm was detected at a PMT
voltage of 700 or 900. At least 30,000 cells were analyzed per
sample. Cells were gated for forward and side scatter to select
single cells as shown in Fig. 3a–c. Since Venus fluorescence
intensity (Venus-A) was proportional to forward scatter (FSC-
A), which reflects cell size (Fig. 3d), Venus-A normalized to
FSC-A (Venus-A/FSC-A) with 25% scaling was used to rep-
resent the fluorescence intensity of each cell. FACSDiva 8
software (Becton Dickinson) was used for data acquisition
and creation of scatter plots. Bioconductor (www.
bioconductor.org) in the open-source statistical platform R
(www.r-project.org) was used for processing of FCS data,
followed by preparation of histograms.

Immunoblot analysis

Cells were grown in glucosemedium, and the amount of PME-
His6 secreted into the supernatant was analyzed as follows. The
supernatant was mixed with 3× sample buffer (50 mM Tris-
HCl pH 6.8, 30% glycerol, 3% SDS, 3% 2-mercaptoethanol, a
dash of bromophenol blue) and boiled for 5 min. Resulting
samples were electrophoresed on a 12% SDS-PAGE gel.
Proteins were transferred onto a PVDF membrane by semidry
blotting (Bio-Rad, Richmond, CA). The blot was blocked and
incubated with anti-His-tag mAb-HRP-DirecT antibody
(Medical & Biological Laboratories, Nagoya, Japan) at a
1:10,000 dilution for 1 h. The bound HRP-conjugated anti-
body was detected using Western Lightning (Perkin-Elmer
Life Science,Waltham,MA), and the signal was analyzed with
a Light Capture System (ATTO). PME-His6 signal intensity
was quantified using CS Analyzer software (ATTO).

PME enzyme activity assay

PME enzyme activity in the culture broth was determined as
described previously (Anthon and Barrett 2004) with slight
modifications. The reaction mixture contained 10 mM citrate
buffer (pH 4.0), 0.5% (w/v) pectin and an appropriate amount
of culture broth. This mixture was kept at 28 °C, and 100 μL

was sampled at several time points and placed on ice to stop
the reaction. Samples were mixed with an equal volume of
20 U/mL alcohol oxidase (from P. pastoris; Sigma) in
100 mM HEPES-KOH pH 8.0 and incubated at 37 °C for
10 min to oxidize the produced methanol to formaldehyde.
The resulting mixture was mixed with an equivalent volume
of 5 mg/mL Purpald (4-amino-3-hydrazino-5-mercapto-1,2,4-
triazole) dissolved in 0.5 N NaOH. The condensation of form-
aldehyde and Purpald results in the formation of a cyclic
aminal, which is subsequently oxidized to form a purple
tetrazine dye. After 30 min of incubation at room temperature,
absorbance at 550 nm was determined. A standard curve was
generated from known concentrations of methanol. One unit
of activity was defined as the amount of enzyme that produced
1 μmol of methanol per min.

Results

Construction of the Pichia methanol sensor strain
and optimization of assay conditions

P. pastoris strains expressing the yellow fluorescent protein
Venus (Nagai et al. 2002) tagged with peroxisome targeting
signal 1 (PTS1) under the control of strong and methanol-
inducible promoters, PDAS2 (dihydroxyacetone synthase gene)
and PAOX1 (alcohol oxidase gene) (Liang et al. 2012; Stewart et
al. 2001; Vogl et al. 2016) were constructed. Since peroxisome
proliferation is coupled with methanol-induced expression of
peroxisomal enzymes, Venus was targeted to peroxisomes,

�Fig. 2 Development of a P. pastoris single-cell methanol sensor using
fluorescence microscopy. a Comparison of the dose-response of two
methanol-inducible promoters, PDAS2 and PAOX1, using cells precultured
on glucose medium to mid-exponential phase (Fig. S1) and transferred to
medium containing various concentrations of methanol. Cells were
observed after 4 h of incubation. b Similar analyses using cells
precultured on glucose medium to late-exponential phase (Fig. S1). c
Fluorescent images of methanol sensor cells using PDAS2 transferred
from late-exponential phase preculture on glucose medium to the
indicated methanol medium, together with differential interference
contrast (DIC) microscopic images. d Influence of AOX1 gene
disruption on the dose-response of methanol sensor cells. Cells were
precultured and analyzed as in Fig. 2b. e Time-course analysis of the
dose-response. Cells were precultured and transferred into methanol
medium as in b. Cells sampled at 2 h (open circles), and 6 h (closed
triangles) during incubation in methanol medium were analyzed and
compared with 4 h (closed circles) in b. Dashed line indicates the
fluorescence intensity level at 0 h without methanol (145.62 ± 0.05).
Fluorescence intensity data are expressed in arbitrary units (a.u.) and
represent means ± s.d. of three independent experiments. Each
experiment consisted of a glucose culture starting from a distinct single
colony followed by transfer to methanol medium, resulting in one sample
for each concentration. For each sample, the cellular fluorescence
intensity was calculated from the image data of one field containing at
least 100 cells. Statistical significance against the data at 0 μMmethanol
was calculated by a two-tailed paired t test (n.s., p > 0.05; *p < 0.05; **p
< 0.01)
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which could give an intense punctate fluorescence signal dis-
tinguishable from the cytosolic background.

To repress the expression of the reporter Venus-PTS1 pro-
tein, cells were first grown on glucose medium and harvested
at mid- or late-exponential phase (Fig. S1), and the effect of
the growth phase on expression was examined. Harvested
cells were transferred into medium containing various concen-
trations of methanol (0–2.5 × 103 μM) (methanol medium).
After 4 h of incubation, at least 100 cells from each sample
were observed in one field under a fluorescence microscope
and the cellular fluorescence intensity was quantified using
ImageJ software (BMaterials and methods^ section). The de-
tection limit of the strain is defined as the lowest concentration
ofmethanol showing cellular fluorescence intensity statistical-
ly higher than that without methanol.

When the mid-exponential phase cells grown in glucose
mediumwere used for analysis, cellular fluorescence intensity
with PDAS2 at 250 μM methanol, but not 2.5 or 25 μM, was
significantly higher than that without methanol (Fig. 2a (left),
p < 0.05). When PAOX1 was used, the cellular fluorescence
intensity at 2.5 × 103 μM methanol, but not 2.5–2.5 ×
102 μM, was significantly higher than that without methanol
(Fig. 2a (right), p < 0.01). Therefore, the detection limit of the
strain using PDAS2 (2.5 × 102 μM) was lower than that of the
strain using PAOX1 (2.5 × 103 μM).

When late-exponential phase cells were used for analysis,
cellular fluorescence intensity with PDAS2 at 25 μM methanol
was significantly higher than that without methanol (Fig. 2b
(left), p < 0.01) and increased as the concentration of methanol
increased up to 2.5 × 103 μM (Fig. 2b (left) and c). Thus, the
detection limit and dose dependency of methanol was im-
proved by using late-exponential phase cells. A similar exper-
iment using the strain with PAOX1 resulted in a detection limit
of 2.5 × 102 μM, confirming that PDAS2 shows a lower detec-
tion limit under these conditions as in the case using mid-
exponential phase cells (Fig. 2b, right). Accordingly, the strain
expressing Venus-PTS1 under the control of PDAS2 was des-
ignated as the methanol sensor strain, and late-exponential
phase cells were used in subsequent experiments.

We also tested a methanol sensor strain with an aox1Δ
background with the expectation that disruption of the alcohol
oxidase gene would diminishmethanol consumption and result
in an improved detection limit. However, the detection limit of
this strain was 2.5 × 103 μM (Fig. 2d, p < 0.05). This observa-
tion is consistent with results of our previous study with anoth-
er methylotrophic yeast,Candida boidinii, in which deletion of
the alcohol oxidase gene (AOD1) resulted in a decrease in
AOD1 promoter activity (Sakai et al. 1999). Therefore, not
only methanol itself but also its metabolism, yielding metabo-
lites and energy, are considered to be necessary for full induc-
tion of Venus-PTS1 under control of the DAS2 promoter.
Accordingly, the wild-type methanol sensor strain, rather than
the aox1Δ strain, was used in the following analyses.

Finally, we conducted a time-course analysis of the meth-
anol sensor cells to optimize the incubation time prior to ob-
servation. The methanol sensor cells were incubated in meth-
anol medium and observed at 2-h intervals for 6 h. The cellu-
lar fluorescence intensity with 0–2.5 × 102 μM methanol at
2 h was almost the same as that at 0 h, while the cellular
fluorescence intensity at 2.5 × 103 μM methanol was signifi-
cantly higher than that without methanol (Fig. 2e, p < 0.05).
The cellular fluorescence intensity with 25 μM methanol at
4 h was significantly higher than that without methanol (p <
0.01). The cellular fluorescence intensity without methanol at
6 h was distinguishable only from that at 2.5 × 103 μMmeth-
anol (p < 0.05).

Analysis of distribution and dose response
of the cellular fluorescence intensity

Cellular adaptation to methanol is not necessarily homoge-
nous in the population. We applied FACS analysis to examine
the distribution of cellular fluorescence intensity in response
to methanol dose to determine if individual cells with high
fluorescence intensity are indeed sensing a high dose of
methanol.

First, single yeast cells were separated from dividing cells,
multiple cells and other particles through a gating strategy
based on the forward and side scatter (Fig. 3a–c, cf. Fig. 3
legends for details). At least 30,000 cells were analyzed per
sample.We found that Venus fluorescence was proportional to

�Fig. 3 Distribution and dose-response of the cellular fluorescence inten-
sity of methanol sensor cells, revealed by FACS analyses. Cells were
precultured on glucose medium to late-exponential phase and transferred
to methanol medium and analyzed after 4 h of incubation. Single cells
were selected using the gates from a to c in order. a Yeast cells were
selected on the basis of the forward scatter area (FSC-A) and the side
scatter area (SSC-A). b First selection of single cells on the basis of the
forward scatter height (FSC-H) and the width (FSC-W). c Second selec-
tion of single cells on the basis of the side scatter height (SSC-H) and
width (SSC-W). d Plot of the Venus fluorescence area (Venus-A), detect-
ed at a PMT voltage of 700, against FSC-A of the single cells. The Venus-
A of highly fluorescent cells and less fluorescent cells were both propor-
tional to each FSC-A. Hereafter, the Venus fluorescence normalized to the
forward scatter (Venus-A/FSC-A value) was used to represent the fluo-
rescence intensity of the single cells. e, fDistribution and geometric mean
of the Venus-A/FSC-Avalues at various concentrations of methanol mea-
sured at a Venus PMT voltage of 700 (e) or 900 (f). At least 30,000 cells
were measured to generate each histogram and calculate each geometric
mean. The maximum level of the Venus-A/FSC-A value without metha-
nol is defined as the value indicated by dashed lines on the histograms.
Percentages of cells with Venus-A/FSC-A values above the maximum
level without methanol are indicated on the histograms. For f, the histo-
grams represent typical data from three independent experiments starting
from three distinct single colonies, followed by transfer to methanol me-
dium in triplicate. Data from triplicates were averaged for each indepen-
dent experiment, and shown on the plot. Error bars represent means ± s.d.
of three independent experiments. Statistical significance against the data
at 0 μMmethanol was calculated by a two-tailed paired t test (**p < 0.01)
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the forward scatter, which reflects cell size (Fig. 3d). Thus,
Venus fluorescence normalized to the forward scatter (Venus-
A/FSC-A) was considered to represent the fluorescence inten-
sity of a single cell.

Next, we analyzed the distribution of the Venus-A/FSC-A
value of the sensor cells induced by various methanol concen-
trations. Virtually all cells showed a basal level of Venus-A/
FSC-Awithout methanol (Fig. 3e, left). As the methanol con-
centration increased, we observed increasing numbers of cells
with Venus-A/FSC-A values above the maximum level with-
out methanol. Thus, the cellular response to methanol was not
uniform in the population; nevertheless, the number of cells
with an increased Venus-A/FSC-A value was positively cor-
related with the methanol dose. In addition, the mode and the
tail of the distribution shifted to higher Venus-A/FSC-Avalues
as the methanol concentration increased up to 2.5 × 104 μM.
For quantitative evaluation of the dose-response of the popu-
lation, we used the geometric mean of Venus-A/FSC-A
values, and found that this value increased up to 2.5 ×
105 μM methanol (Fig. 3e, right).

To examine the cellular fluorescence intensity at low con-
centrations of methanol, we gained sensitivity of fluorescence
detection by increasing the PMT voltage for Venus fluores-
cence. We found that the mode and the tail of the distribution
of the Venus-A/FSC-A value shifted higher even at 2.5 μM
methanol (Fig. 3f, left), showing a detection limit of 2.5 μM
(Fig. 3f (right), p < 0.01). Thus, FACS analysis of the opti-
mized methanol sensor resulted in the detection of methanol
at micromolar concentrations (Fig. 3e, f).

Application of the methanol sensor for the detection
of methanol-producing heterologous PME activity

The enzyme assay conditions were established as follows.
First, the methanol sensor cells harboring the gene encoding
a methanol-producing enzyme under the control of the consti-
tutive GAP promoter (PGAP) were precultured in the glucose
medium. At this stage, the enzyme is highly produced, but
expression of the Venus-PTS1 gene under the control of
PDAS2 is repressed. The cells were then transferred into the
enzyme assay medium containing the substrate. Methanol
produced from the substrate and its metabolism induce
Venus-PTS1 during 4 h of incubation (Fig. 4a).

The A. niger PME, an extracellular enzyme that hydrolyzes
methyl-esterified pectin to polygalacturonate and methanol,
was selected as the model methanol-producing enzyme. We
constructed expression vectors for the A. niger PME tagged
with 6xHis at the C-terminus under the control of PGAP, and
introduced them into the methanol sensor strain. We obtained
single- and two-copy strains as revealed by Southern blot
analysis (Fig. S2). Next, these strains were grown on glucose
medium to late-exponential phase, transferred to PME assay
medium, and incubated for 4 h. During this period, PME-His6

synthesized before and/or after transfer is secreted into the
PME assay medium. The cell density in the PME assay me-
dium was set below an OD610 of 0.1 to prevent exhaustion of
the substrate, i.e., methylester groups of pectin. According to
FACS analysis, cells expressing PME-His6 showed a cell
density-dependent increase in the geometric mean of the
Venus-A/FSC-Avalue (Fig. 4b). We noted that the host sensor
cells also showed a relatively moderate increase in the geo-
metric mean of the Venus-A/FSC-Avalue, which was ascribed
to the endogenous PME activity (Kawaguchi et al. 2014;
Nakagawa et al. 2005). The two-copy strain showed a higher
geometric mean of the Venus-A/FSC-A value than cells con-
taining a single copy. In addition, the mode and the tail of the
distribution of the Venus-A/FSC-A value increased with in-
creasing amounts of enzyme, i.e., the cell density or the copy
number (Fig. S3). Methanol-sensing cells gave significant
fluorescence not only in response to methanol but also form-
aldehyde and formate, which are downstream metabolites of
methanol; no fluorescence increase was detected with meth-
ane (another C1 compound) or polygalacturonate (another
product of PME catalysis). Therefore, the Venus-A/FSC-A
value was assumed to represent pectin-dependent methanol
formation.

We next biochemically confirmed the production of PME-
His6 in these strains by immunoblot analysis. In both PME-
containing strains, we detected broad bands of 50 to 60 kDa
that were attributed to PME-His6 (Fig. 4c). Although this band
size disagrees with the estimated value from the amino acid
sequence of the processed form of PME-His6, glycosylation
via the secretion pathway was assumed to result in the in-
creased molecular weight. The band of PME-His6 from the
two-copy strain was more intense than that from the single-
copy strain; the two-copy strain produced ca. 1.5 times more
PME-His6 (Fig. 4d). In addition, PME enzyme activity in the
broth of the two-copy strain was about 1.8 times greater than
that of the single-copy strain (Table 3), which is consistent
with the production level of PME-His6. Hence, the PME-
His6 gene copy number reflected the PME-His6 production
and activity level. From these results, we concluded that meth-
anol sensing by single cells was successful for evaluating the
activity of a heterologously expressed methanol-producing
enzyme, and could discriminate the 1.5-fold difference in
PME activity between the two strains.

Discussion

In this study, we developed a P. pastoris single-cell methanol
sensor that can be applied to evaluate the activity of methanol-
producing enzymes. The detection limit for methanol was
improved by selection of the methanol-inducible promoter
and the genetic background, and optimization of the assay
conditions. Application of FACS enabled us to analyze
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fluorescence from ~ 30,000 single cells, > 100 times more
than with fluorescence microscopy. To our knowledge, this
is the first report of the distribution of methanol-induced pro-
tein production at a single-cell level. Through these analyses,
we revealed the relationship between the distribution of cellu-
lar fluorescence and methanol dose, and found that the distri-
butions of cellular fluorescence in the presence and absence of
micromolar amounts methanol were clearly distinguishable.
The detection limit of 2.5 μM is 100-fold lower than that of
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Fig. 4 Production of His6-tagged
A. niger PME in the methanol
sensor host. a Schematic
illustration of methanol sensor-
based evaluation of PME activity.
Cells from glucose medium were
washed and transferred to PME
assay medium. Since PME-His6
is expressed from a constitutive
promoter, PME-His6 synthesized
before and/or after medium shift
is secreted into the PME assay
medium. Secreted PME-His6
hydrolyzes the methylester group
of pectin, producing methanol,
which is expected to increase the
cellular fluorescence intensity. b
FACS analysis of the host
methanol sensor cells (open
circles), the cells harboring one
and two copies of PME-His6
(closed circles and closed
triangles, respectively) incubated
in PME assay medium. Cells
were precultured in glucose
medium to the late-exponential
phase, transferred to PME assay
medium, and incubated for 4 h.
FACS analysis was performed as
in Fig. 3e. c Secretion of PME-
His6 detected by immunoblotting.
Cells were grown in glucose
medium for 30 h, and samples
prepared from equal volumes of
supernatant were loaded in each
lane. d Densitometry of three
biological replicates of
immunoblot analyses as in c. For
d, error bars represent means ±
s.d. of samples from three
independent cultures. Statistical
significance was calculated by a
two-tailed Student’s t test
assuming equal variance (n.s.,
p > 0.05; *p < 0.05)

Table 3 PME enzyme activities in culture broth of the methanol sensor
and transformant strains

PME expression None Single-copy Two-copy

Activitya (U/mL broth) n.d.b 16.2 ± 4.6 29.7 ± 0.4

aMeans ± s.d. of three measurements
b Not detected (< 7.41 × 10−2 U/mL broth)
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a similar fluorescent microscopy-based C. boidinii methanol
sensor (Kawaguchi et al. 2011), and comparable to that of gas
chromatography (Pontes et al. 2009).

This single-cell sensor was used as the expression host for
the heterologous methanol-producing enzyme, PME. The de-
tection limit of the present methanol sensor was confirmed to
be sufficient for evaluation of the produced enzyme activity. It
is unlikely that the methanol concentration rose above the
detection limit soon after the start of incubation of sensor cells
with the substrate. We assume that the methanol sensor cells
not only responded to the methanol concentration at the start
of the enzyme reaction, but also monitored further methanol
metabolism for induction and synthesis of the Venus-PTS1
protein, because aox1Δ cells impaired in methanol metabo-
lism showed lower cellular fluorescence intensity than the
wild-type cells. Indeed, not only methanol but also the down-
stream metabolites formaldehyde and formate induced fluo-
rescence from methanol-sensor cells (Sakai et al. 1999) (data
not shown). These properties are ideal for the detection of very
weak methanol-producing enzyme activity in the
methylotrophic yeast P. pastoris.

Since the level of cellular enzyme activity correlated with
the maximum level of cellular fluorescence, highly active cells
could be selected and isolated by FACS. Indeed, the mixture
of single-copy and two-copy PME-expressing cells was sep-
arated by FACS (Fig. S4). Such screening cannot be achieved
by a methanol sensor constructed with microbial cells
immobilized on an oxygen electrode (Wen et al. 2014). This
study demonstrates the feasibility of a high-throughput screen
for cells with high methanol-producing enzyme activity.

The methanol-inducible promoter affected the detection
limit of the methanol sensor cells. In the presence of glucose,
methanol-inducible genes are completely repressed (Tschopp
et al. 1987). In the absence of glucose or other repressing
carbon sources, the expression level is elevated regardless of
the presence of methanol. This methanol-independent gene
activation is referred to as Bde-repression.^ On the other hand,
methanol-dependent gene activation is called methanol induc-
tion, and results in a greater gene expression level than de-
repression (Yurimoto et al. 2011). The desired characteristics
of the promoter in the methanol sensor are a low level of de-
repression and high level of methanol induction. The levels of
de-repression and methanol induction differ among methanol-
inducible promoters (Sakai et al. 1996; Vogl et al. 2016;
Yurimoto et al. 2000). The level of de-repression with the
alcohol oxidase (AOX)-encoding gene promoter was reported
to be higher than that of the dihydroxyacetone synthase
(DAS)-encoding gene promoter, while the level of methanol
induction of the DAS-encoding gene promoter was higher
than that of the AOX-encoding gene promoter (Tschopp et
al. 1987; Yurimoto et al. 2000). Also, the DAS-encoding gene
is known to be fully activated at an earlier stage during meth-
anol induction than the AOX-encoding gene in another

methylotrophic yeast,C. boidinii (Sakai et al. 1996). Our pres-
ent results confirmed the superiority of the DAS2 promoter
over the AOX1 promoter for use in the methanol sensor.

The physiological state of sensor cells was also found to be
important for the detection of low concentrations of methanol.
Release from glucose repression is a prerequisite for methanol
induction (Yurimoto et al. 2000; Yurimoto et al. 2011). During
preculturing on glucose medium, glucose completely re-
presses methanol-inducible gene expression until the mid-
exponential phase. However, glucose repression is gradually
attenuated as glucose is consumed during growth, so late-
exponential phase cells are assumed to be more de-repressed
than mid-exponential phase cells (Fig. 2a, b). Therefore, the
physiological state of late-exponential phase cells is suitable
for a sensitive response to low concentrations of methanol.

The methanol-sensing system developed in this study will
play a key role in high-throughput screening for cells harbor-
ing high methanol-producing enzyme activity, and thereby,
engineering of an enzyme mutant with high specific activity
and/or stability. One important substrate for this systemwould
be methane. Since functional expression of methane
monooxygenase in heterologous hosts has not been successful
(Clomburg et al. 2017), our system can facilitate the selection
of the cells that express a functional enzyme.

Funding information This research was supported in part by CREST
(JPMJCR15P2 to YS) from Japan Science and Technology Agency. It
was also supported in part by Grant-in-Aid for Scientific Research (B)
(16H02997 to HY) from the Japan Society for the Promotion of Science.

Compliance with ethical standards

Conflict of interest The authors declare that they have no conflict of
interest.

Ethical approval This article does not contain any studies with human
participants or animals performed by any of the authors.

References

Abanda-Nkpwatt D, Müsch M, Tschiersch J, Boettner M, Schwab W
(2006)Molecular interaction betweenMethylobacterium extorquens
and seedlings: growth promotion, methanol consumption, and local-
ization of the methanol emission site. J Exp Bot 57:4025–4032.
https://doi.org/10.1093/jxb/erl173

Ahmad M, Hirz M, Pichler H, Schwab H (2014) Protein expression in
Pichia pastoris: recent achievements and perspectives for heterolo-
gous protein production. Appl Microbiol Biotechnol 98:5301–5317.
https://doi.org/10.1007/s00253-014-5732-5

Anthon GE, Barrett DM (2004) Comparison of three colorimetric re-
agents in the determination of methanol with alcohol oxidase.
Application to the assay of pectin methylesterase. J Agric Food
Chem 52:3749–3753. https://doi.org/10.1021/jf035284w

Clomburg JM, Crumbley AM, Gonzalez R (2017) Industrial
biomanufacturing: the future of chemical production. Science 355:
aag0804. https://doi.org/10.1126/science.aag0804

Appl Microbiol Biotechnol

https://doi.org/10.1093/jxb/erl173
https://doi.org/10.1007/s00253-014-5732-5
https://doi.org/10.1021/jf035284w
https://doi.org/10.1126/science.aag0804


DeLoache WC, Russ ZN, Narcross L, Gonzales AM, Martin VJ, Dueber
JE (2015) An enzyme-coupled biosensor enables (S)-reticuline pro-
duction in yeast from glucose. Nat Chem Biol 11:465–471. https://
doi.org/10.1038/nchembio.1816

Gellissen G (2000) Heterologous protein production in methylotrophic
yeasts. Appl Microbiol Biotechnol 54:741–750. https://doi.org/10.
1007/s002530000464

Gould SJ, McCollum D, Spong AP, Heyman JA, Subramani S (1992)
Development of the yeast Pichia pastoris as a model organism for a
genetic and molecular analysis of peroxisome assembly. Yeast 8:
613–628. https://doi.org/10.1002/yea.320080805

Guilbault GG, Danielsson B,Mandenius CF, Mosbach K (1983) Enzyme
electrode and thermistor probes for determination of alcohols with
alcohol oxidase. Anal Chem 55:1582–1585

Ho JCH, Pawar SV, Hallam SJ, Yadav VG (2017) An improved whole-
cell biosensor for the discovery of lignin-transforming enzymes in
functional metagenomic screens. ACS Synth Biol 7:392–398.
https://doi.org/10.1021/acssynbio.7b00412

Jha RK, Kern TL, Fox DT, MS CE (2014) Engineering an Acinetobacter
regulon for biosensing and high-throughput enzyme screening in E.
coli via flow cytometry. Nucleic Acids Res 42:8150–8160. https://
doi.org/10.1093/nar/gku444

Kawaguchi K, Yurimoto H, OkuM, Sakai Y (2011) Yeast methylotrophy
and autophagy in a methanol-oscillating environment on growing
Arabidopsis thaliana leaves. PLoS One 6:e25257. https://doi.org/
10.1371/journal.pone.0025257

Kawaguchi K, Yurimoto H, Sakai Y (2014) Expression of a codon-
optimized Aspergillus niger pectin methylesterase gene in the
methylotrophic yeast Candida boidinii. Biosci Biotechnol
Biochem 78:718–721. https://doi.org/10.1080/09168451.2014.
891936

Liang S, Wang B, Pan L, Ye Y, He M, Han S, Zheng S, Wang X, Lin Y
(2012) Comprehensive structural annotation of Pichia pastoris tran-
scriptome and the response to various carbon sources using deep
paired-end RNA sequencing. BMC Genomics 13:738. https://doi.
org/10.1186/1471-2164-13-738

Michener JK, Thodey K, Liang JC, Smolke CD (2012) Applications of
genetically-encoded biosensors for the construction and control of
biosynthetic pathways. Metab Eng 14:212–222. https://doi.org/10.
1016/j.ymben.2011.09.004

Mustafi N, Grunberger A, Kohlheyer D, Bott M, Frunzke J (2012) The
development and application of a single-cell biosensor for the de-
tection of L-methionine and branched-chain amino acids. Metab
Eng 14:449–457. https://doi.org/10.1016/j.ymben.2012.02.002

Nagai T, Ibata K, Park ES, Kubota M, Mikoshiba K, Miyawaki A (2002)
A variant of yellow fluorescent protein with fast and efficient matu-
ration for cell-biological applications. Nat Biotechnol 20:87–90.
https://doi.org/10.1038/nbt0102-87

Nakagawa T, Yamada K, Fujimura S, Ito T, Miyaji T, Tomizuka N (2005)
Pectin utilization by the methylotrophic yeast Pichia methanolica.
Microbiology 151:2047–2052. https://doi.org/10.1099/mic.0.
27895-0

Ohsawa S, Yurimoto H, Sakai Y (2017) Novel function of Wsc proteins
as a methanol-sensing machinery in the yeast Pichia pastoris. Mol
Microbiol 104:349–363. https://doi.org/10.1111/mmi.13631

Olah GA, Goeppert A, Prakash GS (2009) Beyond oil and gas: the meth-
anol economy, 2nd edn. Wiley-VCH, Weinheim

Pontes H, Guedes de Pinho P, Casal S, Carmo H, Santos A, Magalhães T,
Remião F, Carvalho F, Bastos ML (2009) GC determination of
acetone, acetaldehyde, ethanol, and methanol in biological matrices
and cell culture. J Chromatogr Sci 47:272–278. https://doi.org/10.
1093/chromsci/47.4.272

Sakai Y, Saiganji A, Yurimoto H, Takabe K, Saiki H, Kato N (1996) The
absence of Pmp47, a putative yeast peroxisomal transporter, causes
a defect in transport and folding of a specific matrix enzyme. J Cell
Biol 134:37–51

Sakai Y, Yoshida H, Yurimoto H, Yoshida N, Fukuya H, Takabe K, Kato
N (1999) Production of fungal fructosyl amino acid oxidase useful
for diabetic diagnosis in the peroxisome of Candida boidinii. FEBS
Lett 459:233–237. https://doi.org/10.1016/S0014-5793(99)01245-4

Schrader J, Schilling M, Holtmann D, Sell D, Filho MV, Marx A, Vorholt
JA (2009) Methanol-based industrial biotechnology: current status
and future perspectives of methylotrophic bacteria. Trends
Biotechnol 27:107–115. https://doi.org/10.1016/j.tibtech.2008.10.
009

Sears IB, O'Connor J, Rossanese OW, Glick BS (1998) A versatile set of
vectors for constitutive and regulated gene expression in Pichia
pastoris. Yeast 14:783–790. https://doi.org/10.1002/(SICI)1097-
0061(19980615)14:8<783::AID-YEA272>3.0.CO;2-Y

Stewart MQ, Esposito RD, Gowani J, Goodman JM (2001) Alcohol
oxidase and dihydroxyacetone synthase, the abundant peroxisomal
proteins of methylotrophic yeasts, assemble in different cellular
compartments. J Cell Sci 114:2863–2868

Tamura N, Oku M, Sakai Y (2010) Atg8 regulates vacuolar membrane
dynamics in a lipidation-independent manner in Pichia pastoris. J
Cell Sci 123:4107–4116. https://doi.org/10.1242/jcs.070045

Tschopp JF, Brust PF, Cregg JM, Stillman CA, Gingeras TR (1987)
Expression of the lacZ gene from twomethanol-regulated promoters
in Pichia pastoris. Nucleic Acids Res 15:3859–3876. https://doi.
org/10.1093/nar/15.9.3859

Vogl T, Sturmberger L, Kickenweiz T, Wasmayer R, Schmid C, Hatzl A-
M, Gerstmann MA, Pitzer J, Wagner M, Thallinger GG, Geier M,
Glieder A (2016) A toolbox of diverse promoters related to metha-
nol utilization: functionally verified parts for heterologous pathway
expression in Pichia pastoris. ACS Synth Biol 5:172–186. https://
doi.org/10.1021/acssynbio.5b00199

Wen G, Wen X, Shuang S, Choi MMF (2014) Whole-cell biosensor for
determination of methanol. Sensors Actuators B Chem 201:586–
591. https://doi.org/10.1016/j.snb.2014.04.107

Wu S, Letchworth GJ (2004) High efficiency transformation by electro-
poration of Pichia pastoris pretreated with lithium acetate and di-
thiothreitol. Biotechniques 36:152–154

Yurimoto H, Komeda T, Lim CR, Nakagawa T, Kondo K, Kato N, Sakai
Y (2000) Regulation and evaluation of five methanol-inducible pro-
moters in the methylotrophic yeast Candida boidinii. Biochim
Biophys Acta 1493:56–63. https://doi.org/10.1016/S0167-
4781(00)00157-3

Yurimoto H, Oku M, Sakai Y (2011) Yeast methylotrophy: metabolism,
gene regulation and peroxisome homeostasis. Int J Microbiol 2011:
101298–101298. https://doi.org/10.1155/2011/101298

Appl Microbiol Biotechnol

https://doi.org/10.1038/nchembio.1816
https://doi.org/10.1038/nchembio.1816
https://doi.org/10.1007/s002530000464
https://doi.org/10.1007/s002530000464
https://doi.org/10.1002/yea.320080805
https://doi.org/10.1021/acssynbio.7b00412
https://doi.org/10.1093/nar/gku444
https://doi.org/10.1093/nar/gku444
https://doi.org/10.1371/journal.pone.0025257
https://doi.org/10.1371/journal.pone.0025257
https://doi.org/10.1080/09168451.2014.891936
https://doi.org/10.1080/09168451.2014.891936
https://doi.org/10.1186/1471-2164-13-738
https://doi.org/10.1186/1471-2164-13-738
https://doi.org/10.1016/j.ymben.2011.09.004
https://doi.org/10.1016/j.ymben.2011.09.004
https://doi.org/10.1016/j.ymben.2012.02.002
https://doi.org/10.1038/nbt0102-87
https://doi.org/10.1099/mic.0.27895-0
https://doi.org/10.1099/mic.0.27895-0
https://doi.org/10.1111/mmi.13631
https://doi.org/10.1093/chromsci/47.4.272
https://doi.org/10.1093/chromsci/47.4.272
https://doi.org/10.1016/S0014-5793(99)01245-4
https://doi.org/10.1016/j.tibtech.2008.10.009
https://doi.org/10.1016/j.tibtech.2008.10.009
https://doi.org/10.1002/(SICI)1097-0061(19980615)14:8<783::AID-YEA272>3.0.CO;2-Y
https://doi.org/10.1002/(SICI)1097-0061(19980615)14:8<783::AID-YEA272>3.0.CO;2-Y
https://doi.org/10.1242/jcs.070045
https://doi.org/10.1093/nar/15.9.3859
https://doi.org/10.1093/nar/15.9.3859
https://doi.org/10.1021/acssynbio.5b00199
https://doi.org/10.1021/acssynbio.5b00199
https://doi.org/10.1016/j.snb.2014.04.107
https://doi.org/10.1016/S0167-4781(00)00157-3
https://doi.org/10.1016/S0167-4781(00)00157-3
https://doi.org/10.1155/2011/101298

	A Pichia pastoris single-cell biosensor for detection of enzymatically produced methanol
	Abstract
	Introduction
	Materials and methods
	Strains and media
	Plasmid construction and transformation
	Fluorescence microscopy and image analysis
	Flow cytometry
	Immunoblot analysis
	PME enzyme activity assay

	Results
	Construction of the Pichia methanol sensor strain and optimization of assay conditions
	Analysis of distribution and dose response of the cellular fluorescence intensity
	Application of the methanol sensor for the detection of methanol-producing heterologous PME activity

	Discussion
	References


