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A B S T R A C T

Erythritol is an important sweetener ingredient and chemical precursor for synthesizing materials with phase
transition behavior. Commercial erythritol is primarily produced by industrial fermentation. Further strain
engineering necessitates the development of high throughput screening method for rapid detection and
screening of mutant strain libraries. In this work, we took advantage of the erythritol-responsive transcription
factor EryD, and constructed a sensor-regulator system for rapid screening and characterization of erythritol
overproducers. We configured the optimal architecture of the EryD sensor-regulator construct with improved
sensitivity, specificity and dynamic response range. Coupled with mutagenesis and strain screening based on
biosensors, we rapidly screened and characterized a strain library containing 1152 mutants derived from
combined UV and ARTP mutagenesis, in a relatively short period of time (1 week). The optimal strain produced
more than 148 g/L erythritol in bench-top reactors. This work provides a reference for other metabolic en-
gineering researchers to develop industrially-relevant strains. The reported framework enables us to rapidly
improve strain performance and engineer efficient microbial cell factories for industrial applications.

1. Introduction

Erythritol has been widely used as a low-calorie sweetener in foods
and beverage industry. Physiochemical characterization indicates its
important phase transition behavior during material synthesis
(Raymundo et al., 2018). In addition, erythritol may serve as precursor
for the production of 1,4-butanediol, 3-butene-1,2-diol and other im-
portant functional materials (Dai et al., 2019; Tshibalonza et al., 2018).
Nowadays, commercial erythritol is primarily produced by fermenta-
tion with Yarrowia lipolytica from glucose (Silva et al., 2018). However,
due to the lacking of high throughput screening method for erythritol,
obtaining high-producing strains is always a challenging task for strain
development and characterization. The highest titer obtained by me-
tabolic engineering in Yarrowia lipolytica reported to date is about
80.6 g/L in bench-top reactors (Carly et al., 2017).

To improve the cost-efficiency, mutagenesis and metabolic en-
gineering are the key components to improve the yield, productivity
and titers of erythritol production (Carly and Fickers, 2018). The

quantification of erythritol mainly depends on HPLC or chemical col-
oration (Zhang et al., 2015). However, the long retention time of HPLC
and the nontrivial derivatization of chemical coloration is time-con-
suming and laborious, which significantly limits strain development
when a large library of mutant was obtained. Periodate oxidation and
thin-layer chromatography (TLC) have been developed for the rapid
detection of erythritol (Wang et al., 2013). Due to complex procedures
and the interference of fermentation substrates, the detection results
vary significantly with big noise, which make this method difficult to be
used in practical work. Therefore, there is a pressing need to develop
high throughput screening methods to accelerate the strain develop-
ment process.

Ery Operon is a functional gene cluster consisting of erythritol
metabolic genes, which is known to be induced by erythritol in Brucella
species (Sangari et al., 2000). The lacks of phosphoenolpyruvate syn-
thase and phosphofructokinase genes in all brucellae confirm previous
evidence that glycolysis is missing (Barbier et al., 2018). Because the
inefficiency of the Entner–Doudoroff pathway to provide energy for the
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proliferation of Brucella, Brucella species have evolved to metabolize
erythritol and takes advantage of pentose phosphate pathway to pro-
duce energy and carbon backbones for cell growth and metabolic
synthesis. Therefore, Ery Operon played an important role to bridge the
gap between erythritol degradation and energy production by pentose
phosphate pathway. This operon is composed of three functional genes
EryA, EryB and EryC, encoding the erythritol-degradation pathways,
and a transcription repressor EryD whose DNA-binding affinity is de-
pendent on the level of erythritol in the cell (Zhang et al., 2014). The
three genes EryA, EryB and EryC encode a putative erythritol kinase, an
erythritol phosphate dehydrogenase and a D-erythrulose-1-phosphate
dehydrogenase, respectively. EryD is a transcriptional factor repressing
the expression of EryABC in the absence of erythritol. But when ery-
thritol appears, erythritol binds with EryD and induce a conformational
change so EryD dissociates from the Ery Operon and allow the EryABC
to be transcribed (Fig. 1). The highly specific response of EryD to ery-
thritol, presumably, provides us an ideal molecular switch for the de-
velopment of high throughput screening tools for erythritol-producing
strains. Inspired by the one-pot two-strain system (Zheng et al., 2018),
we explored the utility of EryD to develop a high throughput screening
method for rapid detection of erythritol and characterization of strain
performance.

In this work, the hybrid T7 system consisting of EryD transcriptional
repressor and putative operator sequence of Ery Operon was optimized
to control T7 promoter activity in E. coli BL21(DE3) and the whole cell
was named as synthetic microbial biosensor (SMB) system. With
fluorescence reporter, we configured the optimal architecture of the
EryD sensor system construct with improved sensitivity, specificity and
dynamic response range. Coupled with mutagenesis and automatic
strain screening, we were able to screen and characterize more than
1152 strains in a relatively short period of time (1 week) (Fig. 2). This is
the first report to develop EryD as high throughput biosensor to

improve strain performance. The chosen strain produced more than
148 g/L erythritol in bench-top reactors. This work expands our ability
to improve strain performance and provides a reference for other mi-
crobial metabolic engineering researchers to develop industrially re-
levant strains for various applications.

2. Materials and methods

2.1. Strains, plasmids, and medium

The strains, plasmids and primers used in this study are listed in
Table 1. E. coli was cultivated in Luria-Bertani (LB) medium (Jira et al.,
2018). Yarrowia lipolytica seed culture was prepared in yeast extract
peptone dextrose (YPD) medium (Albers and Larsson, 2009). High
throughput screening of strains were carried out in HG medium. The
compositions of the mediums are as follows, LB: Tryptone 10 g/L, Nacl
10 g/L, Yeast Extract 5 g/L; YPD: Glucose 20 g/L, Yeast Extract 10 g/L,
Tryptone 20 g/L; HG: Glucose 150 g/L, Yeast Extract 10 g/L, Ammo-
nium Citrate 5 g/L, Magnesium Sulphate 0.5 g/L, Potassium Dihy-
drogen Phosphate 0.25 g/L. In all the solid mediums, 20 g/L agarose
was added.

2.2. Purification of EryD and determination of binding affinity with
Isothermal Titration Calorimetry

EryD was expressed in E. coli BL21(DE3) and cultured in LB
medium. When the optical density at 600 nm (OD600) of culture
reached about 1, 0.5 mM IPTG was added and induced at 16 °C for 9 h.
Then, cells were collected by centrifugation at 5000 rpm. Subsequently,
one tenth volume of deionized water was added to suspend the cell
pellet. High-pressure homogenizer (UH-06, Union-biotech, China) was
used to break up the cells. The crushing pressure was 1000 bar, and the

Abbreviations

HTS High throughput screening
SMB Synthetic microbial biosensor
HPLC High performance liquid chromatography
DBD DNA binding domain
UV Ultraviolet
ARTP Atmospheric room temperature plasma
AMP-IPTG Ampicillin and isopropyl β-D-thiogalactoside
RFI Relative fluorescence intensity
FI Fluorescence intensity
DO Dissolved oxygen

SLM Standard liter per minute
HG Fermentation medium with high glucose
DBS DNA binding sequence
eGFP Enhanced green fluorescent protein
TLC Thin-layer chromatography
RBS Ribosome binding sites
ITC Isothermal titration calorimetry
LB Luria-Bertani
TTC 2,3,5-triphenyl tetrazolium chlorid
OD600 Optical density at 600 nm
UAS Upstream activation sequences

Fig. 1. The structure and visualization of Ery Operon in Brucella abortus.
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sample volume was 100 ml per batch. After two times of crushing, the
liquid was transparent, and the cell debris was removed by cen-
trifugation at 12000 rpm. With protein purification instrument
(AKTA™, GE Healthcare Bio-Sciences, Sweden), the transparent cell
breakup solution was purified with nickel column, impurities were
eluted with 15% imidazole solution, and EryD was eluted with 45%
imidazole solution. The interactions between EryD, DNA-binding sites
and erythritol were measured by Isothermal Titration Calorimetry (ITC)
(NANO ITC. TA Instruments, Germany), following the company's pro-
tocol.

2.3. Construction of synthetic microbial biosensor system

Gibson Assembly (Gibson et al., 2009, 2010) was used to construct
plasmids. EryD gene was synthesized by Genscript Company and ex-
pressed with plasmid PUC57 in E. coli JM109. The SMB reported in this

paper was constructed with the skeleton of pET-22b(+) (Mahmood
et al., 2019). The gene sequence of EryD and its possible DNA binding
sequence (DBS) were used to replace lacO and lacI in pET-22b(+), re-
spectively. E. coli BL21(DE3) was used as the host for the SMB and E.
coli JM109 was used for the storage of plasmids. Competent cells of E.
coli JM109 (Bolognese et al., 2019) and E. coli BL21(DE3) were pre-
pared with High-efficiency Competent Cell Preps Kit (B529305-0200,
Sangon Biotech, Shanghai, China). Plasmids were extracted by SanPrep
Column Plasmid Mini-Preps Kit (B518191-0100, Sangon Biotech,
Shanghai, China).

For transformation, 100 μl competent cells of E. coli BL21(DE3)
were loaded into a 1.5 ml centrifuge tube, immediately mixed with
10 μl plasmid and incubated on ice for 40 min. After hot incubation for
90 s at 42 °C, the mixture was placed on ice for 3 min. Under sterile
conditions, 1 ml LB medium was added into the tube and incubated at
37 °C for 1 h. Most of the supernatant was removed after centrifugated

Fig. 2. The working flowchart of SMB system based on EryD and its application for high throughput screening (HTS) of erythritol-producing strains. a. In the absence
of erythritol, EryD expressed in SMB system binds to the promoter region and represses the expression of eGFP. In the presence of erythritol, EryD tetramer is
decomposed to two dimers. Then the RNA polymerase can proceed with transcription, so that the eGFP gene can express normally to output fluorescence signals. b.
Rapid sorting of erythritol-producing strains by SMB system. Yarrowia lipolytica BBE-18 mutants were fermented in HG medium in deep-well plates and the su-
pernatant was transferred to 96-well plates with peripheral opacity. Then the cultured SMB cells were added and the fluorescence detection was carried out after the
appropriate time of cultivation. According to the relative fluorescence intensity (RFI), the abilities of erythritol-producing strains were sorted.
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at 6000 rpm for 1 min, and only 80 μl was kept for the cells to be fully
suspended. Then the suspension was spread on the LB plate containing
100 μg/ml ampicillin. After cultured at 37 °C for 10 h, single colonies
were selected for polymerase chain reaction (PCR) and sequencing
verification (Nagamani et al., 2019).

2.4. Detection of fluorescence and erythritol

A ring of SMB strains solution was taken from a glycerol tube stored
in refrigerator at -80 °C and inoculated in an aseptic culture tube con-
taining 1 ml LB medium. After 9 h of incubation, 10 μl culture with
OD600 of about 5 was inoculated in each unit of the 96-well plates with
transparent bottom and opaque surroundings (Costa R?R? , REF 3603,
Corning Incorporated). Then 180 μl of erythritol fermentation super-
natant and 10 μl AMP-IPTG solution (Ampicillin 2 mg/ml, Isopropyl β-
D-Thiogalactoside 10 mM) were added into each well. Subsequently,
cultured at 37 °C, 700 rpm for 180 min in the orifice plate shaker, the
whole plate was put into Cell Imaging Multi-Mode Reader (Cytation 5,
Cell Imaging Reader from, BioTek, USA) for fluorescence intensity (FI)
and OD600 detection. For parameters, it was vibrating 10 s to ensure
uniformity and the gain value was set to 60%. The RFI is calculated as
follows: RFI = FI/OD600. There was a positive correlation between RFI
value and erythritol concentration.

Accurate determination of erythritol and glucose in supernatant of
fermentation broth was carried out by HPLC (1260 Infinity, Agilent,
USA). Mobile phase: dilute sulfuric acid (5 mM); Column:

Aminex R?R? HPX-87H Ion Exclusion Column; Column temperature:
40 °C; Flow rate: 0.6 ml/min; Detector: 1260 RID.

2.5. UV and ARTP mutagenesis

Mutant strains were obtained by combing mutagenesis of UV and
ARTP (Guo et al., 2019), and then high-yield strains were screened by
HTS established in this paper. A ring of Yarrowia lipolytica BBE-18
(CCTCC M 2019163, China Center for Type Culture Collection) strain
was taken from a glycerol stock stored in refrigerator at -80 °C and
inoculated in an aseptic culture tube containing 1 ml YPD medium.
After incubation at 35 °C for 28 h, 400 μl of strains were added into
10 ml fresh YPD medium, and then incubated for 20 h. Subsequently,
4 ml strains were taken and centrifuged at 5000 rpm and the super-
natant was discarded. The cell pellets were washed with physiological
saline solution for two times, and then resuspended with 4 ml physio-
logical saline solution and diluted to 40 ml in a 50 ml centrifuge tube as
the initial strains solution for UV mutagenesis. The UV lamp power was
20 W and the irradiation distance is 30 cm. The mutagenesis is carried
out under red light to avoid photorepair of the cells.

The preparation of the initial strains solution for ARTP mutagenesis
is the same as for UV mutagenesis. The filling volume of each carrier is
10 μl. The ARTP irradiation power was 100 W, and the helium flow rate
was 10 standard liter per minute (SLM) (Jin et al., 2018).

Table 1
Strains, plasmids and methods.

Strain or plasmid Characteristics Source

Strains
E. coli BL21(DE3) Sangon Biotech. China
E. coli JM109 Sangon Biotech. China
Yarrowia lipolytica BBE-18 CCTCC M 2019163
Plasmids
pEryD GenScript Biotech Corp.
pDBS GenScript Biotech Corp.
pGFP Based on pET-22b(+)-EryD.
pEDG pET-22b(+) carrying the genes of EryD, GFP and the possible DNA binding sequences of EryD-expressed proteins named

DBS.
This work.

pKEDG Based on pET-22b(+)-EryD-DBS-GFP. This work.
pKEDG-K16 Based on pET-22b(+)-KEryD-DBS-GFP This work.
pKEDG-inRBS Based on pET-22b(+)-KEryD-DBS-GFP This work.
pGLDLE Based on pET-22b(+)-EryD and pUC57-DBS. This work.
pGLDU96-LE Based on pET-22b(+)-GFP-LacO::DBS(1–200)-LacI::EryD This work.
pGKDLE Based on pET-22b(+)-GFP-LacO::DBS(1–200)-LacI::EryD This work.
pGLD_D17LE Based on pET-22b(+)-GFP-LacO::DBS(1–200)-LacI::EryD This work.
pErySensor Core component in SMB This work.
Primers
pGZF ttctcccttacccatatgtatatctccttcttaaagttaaacaaaattatttctag
p181108ZR gaactgtacaaataagatccggctgctaacaaag
DNS_F ttaatttcgcgggatcgtatcaaacgccttcagcaatcctg
DNS_R cttctcccttacccatggctgacacaggctttcataaacat
GFP_F agcctgtgtcagccatgggtaagggagaagaacttttcact
GFP_R tcgagatctttatttgtacagttcatccatgccatgt
Zai_F atggatgaactgtacaaataaagatctcgatcctctacgccg
Zai_R aaggcgtttgatacgatcccgcgaaattaatacgactcac
KE_F ggtggtggtggccatatgtatatctccttc
KE_R tacatatggccaccaccaccaccaccactgagat
KDG_K16F atccggatgtttatgatgggtaagggagaagaacttttcact
KDG_K16R ttctcccttacccatcataaacatccggatttcctcccg
KDG_rbsF tatgaaagcctgaaggagtgtcagccatgggtaagggagaaga
KDG_rbsR ccatggctgacactccttcaggctttcataaacatccggatt
pEryD_F ttcagggtggtgaatatggcagatgcagacgattc
pEryD_R attaattgcgttgcgctcattttccattcggctggccgataaggg
pDBS_F tctccttcttaaagttaaacaaaattatttctagaggggctgacacaggctttcataaacatc
p1-200inDBS_R acgactcactataggccttttagacgtagggtttt
DBSU96_F cgcatgttggagcctatagtgagtcgtattaatttcgc
DBSU96_R aatacgactcactataggctccaacatgcgccatcg
DBSD17_F aattatttctagaggataaacatccggatttcctcccg
DBSD17_R aatccggatgtttatcctctagaaataattttgtttaactttaagaaggagat
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2.6. HTS of erythritol-producing strains of Yarrowia lipolytica

The mutant library of Yarrowia lipolytica BBE-18 was obtained by
combined mutagenesis of UV and ARTP, and then erythritol-producing
capacities of the oleaginous yeasts were sorted by the SMB system
constructed in this work, and high-yield strains were selected. The
specific HTS process is as follows:

The mutant strains obtained by combing mutagenesis were enriched
and cultured to OD600 of 2 under dark conditions. Then the culture was
diluted to 10-5, and 100 μl of diluted strains were evenly spread on each
plate. Then the strains were cultured in a constant temperature in-
cubator at 35 °C for 40 h, 80–120 colonies were grown on each plate
with a diameter of 1–2 mm.

Deep-well plates with each well of 2 ml were used and the fer-
mentation medium HG was aliquoted into them by a liquid transfer
workstation (Freedom EVO 200, TECAN, Switzerland). Then they were
moved to the high throughput automatic microbial colony pick-up
workstation (QPix420, Molecular Devices, USA) together with the
plates full of colonies, and the colonies were quickly picked up and
inoculated into the deep-well plates (Specific operation refers to the
instructions of the equipment manufacturer). After inoculation, the
deep-well plates were sealed with breathing freely cover and incubated
at 35 °C for 10 days in orifice plate shakers. Then, the deep-well plates
were centrifugated for 10 min at 4500 rpm. The supernatant was taken
and used for fluorescence detection by the method described in 2.4.
Then according to the RFI, high-yield strains were selected for further
verification.

2.7. Production of erythritol by bench-top bioreactor

Small-scale fermentation experiments were carried out in 250 ml
flasks with baffles at 35 °C and the speed is 220 rpm. The optimum
strain yliUA8 was further identified in a 3-liter fermenter (T&J
Bioengineering Co. LTD, Shanghai, China). The aeration rate was 1.5
SLM and the rotational speed was 800 rpm. The HG fermentation

medium was used for the production of erythritol with no control of pH
during fermentation.

3. Results

3.1. Characterization of EryD as a novel erythritol sensor

EryD form Brucella abortus has been characterized as an activating
type transcriptional factor and its activity is dependent on the effector
molecule erythritol (Sangari et al., 2000). Previous studies on the
function of EryD lacked mechanistic perspectives, leading to frag-
mented and ambiguous conclusions. In order to understand the me-
chanism, first we used the homology modeling tool SWISS-MODEL
(https://swissmodel.expasy.org) to simulate the three-level structure of
EryD and found that EryD had a high homology region with the L-
sorbose-responsive transcriptional factor SorC (Sanctis et al., 2009).
The homology model shows that EryD undergoes tetramerization and
each of the unit contains a helix-turn-helix DNA binding domain (DBD)
at the N-terminus of EryD. The binding domain of effector molecule
(which is erythritol for this study) is localized in the C-terminus of the
protein (Sanctis et al., 2009). The four subunits of this tetramer are
labeled A, B, C, D, respectively. When erythritol presents, the tetramer
falls apart into AD and BC dimers. Then, the AD dimer is detached from
the DNA binding site, and the transcriptional initiation site is exposed
to RNA polymerase for transcribing the downstream gene (Fig. 3)
(Sanctis et al., 2009).

ITC assay has been reported as the most reliable and sensitive
technique to determine binding constant and thermodynamic para-
meters for protein and nucleic acid interactions (Callies and Daranas,
2016). To experimentally validate the function of EryD, we performed
ITC assay to quantify the binding process. Purified EryD protein (Fig.
S1) was incubated with synthetic oligoes containing the DNA-binding
sites for EryD in the presence or absence of erythritol. The isothermal
titration curve between EryD and DBS at 25 °C is presented at Fig. 4a,
while Fig. 4b represents a plot of the heat flow per injection of EryD

Fig. 3. Homology modeling reveals the
transcriptional regulation mechanism of
EryD. a. Monomeric structure of EryD; b.
Tetramer structure of EryD; c. The EryD
tetramer binds to DNA and forms a road-
block to prevent transcription; d. In the
presence of erythritol, the tetramer falls
apart into two dimers; e. The AD dimer is
detached from DNA-binding site and the
transcription initiation site is exposed for
gene transcription.
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versus the molar ratio of protein and DBS. The data was reported after
subtraction of the background titration. We calculated and summarized
the parameters determined by ITC (Fig. 4b). The values of equilibrium
binding constant Ka and entropy change ΔS indicate moderate binding
affinity between EryD and the operator sequence.

When erythritol appears, EryD will dissociate from the operator.
Erythritol solution was used to titrate EryD and the values of ΔH and ΔS
demonstrated strong negative values, indicating that the binding of
EryD with erythritol is an exothermic reaction, possibly due to hy-
drogen bonding and hydrophobic interaction (Debowski et al., 2016).
The equilibrium binding constant Ka and dissociation constant Kd
confirmed the binding affinity of EryD with erythritol (Fig. 4c and d).

Thermodynamic laws for determining the interaction between bio-
logical macromolecules and small molecules have been well summar-
ized by Ross et al. (Ross and Subramanian, 1981). They found that
when ΔH ≥ 0 and ΔS> 0, the major interaction is hydrophobic force;
when ΔH<0 and ΔS>0, the major interaction is the electrostatic
force; when ΔH<0 and ΔS<0, the major interaction is Van Der Waals
or the hydrogen bond force. On the basis of the ITC data (Fig. 4), the
binding of EryD with DBS sequence is mainly dominated by Van Der
Waals or hydrogen bonding force. However, the interaction between
EryD and erythritol is relatively weak by Van Der Waals force and
hydrogen bonding force, it is possible that electrostatic force plays a
major role considering the highly charged amino acid residue of the C-
terminal domain of EryD. The electrostatic interaction between ery-
thritol and EryD is relatively weak and it is vulnerable to other solutes,
so it is important for us to optimize the fermentation substrates espe-
cially glucose in practical application, which will be described in part
3.3.

3.2. The construction of SMB for the screening of erythritol-producing
strains

We next sought to construct a hybrid promoter-regulator system by

harnessing the versatility of T7 promoter (Xu et al., 2012, 2014). To
explore the optimal genetic configuration of EryD (Table 1), we first
constructed a hybrid T7-EryD system by inserting a 951 bp region that
coding EryD downstream of T7 promoter (Wu et al., 2018). We did not
know the specific length of the Ery promoter, in order to ensure its
complete function, 742 bp upstream of EryA containing the Ery pro-
moter-operator was taken as the hypothetical Ery promoter (Fig. S2)
(Zhang et al., 2016). The green fluorescent protein gene eGFP was
placed downstream of the promoter as a reporter. Upon transformed
into E. coli BL21(DE3) (Fig. S2a), we didn't observe any fluorescence
signals. We speculate there are two possible reasons: one is the leakage
expression of EryD by T7 promoter, which strongly represses expression
of the Ery promoter-operator and the downstream eGFP reporter; the
other is that the Ery Operon promoter failed to start successfully in E.
coli BL21(DE3).

To troubleshoot and test whether this transcriptional repression is
caused by EryD leakage expression, we knocked out EryD from the
plasmid and found that there was still no detectable fluorescent protein
expression (Fig. S2b). So we can rule out the leaky expression. In order
to understand why Ery Operon didn't function in E. coli BL21(DE3), we
speculate that the large distance between ribosome binding sites (RBS)
and the start codon precludes efficient translation initiation, or that the
RBS cannot function properly. To test this hypothesis, we checked the
DNA sequence upstream of the start codon of eGFP and found a GA-rich
possible RBS sequence “GAGGA”, which is about 32 bp upstream of the
initial codon of eGFP. We next knocked out 16 bp upstream of the initial
codon of the eGFP, shortening the distance between the start codon of
eGFP and the presumed RBS. Unexpectedly, we still couldn't detect any
fluorescence signals (Fig. S2c). Then, the RBS sequence “AAGGAG”
(which originates from pET-22b(+) plasmid) was inserted upstream of
the initial codon of the eGFP. There was 8 bp distance from the trans-
lation initiation site “ATG”, still, no fluorescent signals could be de-
tected (Fig. S2d). Finally, we concluded that Ery promoter-operator
sequence could not drive gene transcription in E. coli BL21(DE3), this

Fig. 4. Probing the binding affinity of EryD with putative operator and effector by ITC. (a) EryD to DBS: Raw heat rate changes with titration time. (b) EryD to DBS:
Simulated curve of heat change with titration numbers and relevant parameters. (c) Erythritol to EryD: Raw heat rate changes with titration time. (d) Erythritol to
EryD: Simulated curve of heat change with titration numbers and relevant parameters.
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non-portability maybe indicates the distinct transcription mechanism
between E. coli and Brucella abortus.

On the basis of above experiments, we planned to remove the lac-
tose repressor binding site LacO and installed an EryD binding sequence
and eGFP directly proceeding with the T7 promoter. Generally, the
repressor-binding DNA sequence lies between RBS and promoter se-
quence, and the sequence is not too long. To simplify this, we selected
200 bp upstream of EryA start codon as a possible DBS sequence to
replace LacO. Then, EryD was placed under a constitutive promoter.
After successful construction and transformation of E. coli BL21(DE3),
we still couldn't detect eGFP with the presence of IPTG and erythritol.
We continued to shorten the DBS sequence from the 5′ end. When this
operator (EryD-binding region) was shortened to 104 bp, we detected
strong eGFP expression. Upon induction with erythritol, we detected
much brighter signal than that of non-erythritol induction (Fig. 5), in-
dicating the functionality of the EryD sensor.

3.3. Characterization of the sensor-regulator system

In order to test the effectiveness of the sensor-regulator system, we
quantified the fluorescence signals with different concentrations of er-
ythritol. IPTG was added at the same time to reach the induction
concentration mentioned above. The fluorescence signals were detected
after incubation at 37 °C for 6 h. We found that the sensor-operator
didn't output obvious fluorescence signals with 1–100 mM of erythritol.
Between 250 and 500 mM, we observed that the fluorescence output
was positively correlated with the concentration of erythritol. However,
further increasing erythritol to 1000 mM didn't yield improved fluor-
escence as compared to 500 mM erythritol. This suggest that the input
response range of the sensor-regulator to erythritol was estimated at
250–500 mM (Fig. 6a).

High level of glucose is used as fermentation substrate in the com-
mercial production of erythritol. If the SMB system is going to be used
as a high throughput detection tool, high level of glucose may impact

the dose-response curve of the sensor system negatively. In the ex-
periments of erythritol fermentation with deep-well plates, the optimal
concentration of glucose in fermentation medium is 150 g/L (Fig. 8b),
and the residual glucose concentration after fermentation is normally
maintained at about 100 g/L (Fig. S3). Therefore, we added 100 g/L of
glucose to the medium for SMB strains to simulate the actual fermen-
tation scenario. We next determined the dose-response of the con-
structed sensor with 5 mM, 10 mM, 50 mM, 100 mM, 250 mM and
500 mM of erythritol. Interestingly, the sensor-regulator became more
sensitive to erythritol, with an input erythritol concentration ranging
from 5 to 250 mM (Fig. 6b). Then, we tested erythritol of different
gradients (1 mM, 5 mM, 10 mM, 50 mM, 100 mM, 200 mM, 250 mM,
300 mM, 400 mM and 500 mM) under various concentrations of glu-
cose with the SMB system and found that when the glucose con-
centration was 50–140 g/L, the response interval was basically the
same (Fig. 7). With the addition of glucose, the sensitivity of the mi-
crobial sensing system is improved. The specific mechanism is not yet
clear, and this may be the characteristic of EryD from Brucella abortus
(Sangari et al., 2000).

3.4. Optimizing high throughput fermentation with deep-well plates

High throughput fermentation is the first step to achieve high
throughput screening (Nemeth, 2017). Therefore, we explored the
possibility of using deep-well plates to develop a high throughput fer-
mentation process. Yarrowia lipolytica is an aerobic yeast which requires
higher dissolved oxygen to produce erythritol. The deep-well plates
were sealed with film and stainless steel cover with breathable paper,
respectively. At the same time, we varied the glucose from 300 g/L,
200 g/L, 150 g/L, 100 g/L to 50 g/L. After 10 days of fermentation,
yeast growth was confirmed by detecting OD600. When stainless steel
cover was used and compared with using film, the value of OD600 re-
mained more similar to shaking flask fermentation (Fig. 8a).

Erythritol titer from the deep-well plate was determined by HPLC.

Fig. 5. Optimal sensor construct by using truncated EryD-binding sequeces. With the final SMB, eGFP expressed successfully with the inducement of IPTG and
Erythritol.
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We found that the erythritol level was within the detection range of our
SMB system when the initial glucose was 100–300 g/L (Fig. 8b). When
the initial glucose concentration was 150 g/L, the yield of erythritol
was the highest which was in the conducive to SMB response. Using the
fermentation supernatant containing different levels of erythritol
(Fig. 8b), we cultured the E. coli strains harboring the EryD sensor-
regulator system. We found that the sensor strain (E. coli harboring the
EryD sensor-regulator system) could grow normally with the fermen-
tation supernatant from initial glucose of 100 and 150 g/L, and the
growth presented a typical S-shaped sigmoidal curve (Fig. 8c). Through
the above study, we used the initial glucose concentration of 150 g/L
for high throughput fermentation with deep-well plates. Next, we
added different concentrations of erythritol to the supernatant from
deep-well plate fermentation under this condition to simulate the dif-
ferent erythritol-producing capacities of the mutant library, and then
detected it with SMB system and HPLC, respectively. From the test
results, it can be found that the SMB system and HPLC test results
showed a linear correlation (Fig. 8d). These findings confirmed that the
sensor strain constructed in this work can be used reliably for high
throughput screening of erythritol overproducers.

3.5. Screening of a mutant library to improve erythritol production

UV and ARTP mutagenesis are commonly used for microbial
breeding (Ottenheim et al., 2018; Yamada et al., 2017). Because of the
ease of operation and non-toxicity, both UV and ARTP have been
widely adopted by microbial breeding researchers (Ameri et al., 2019;
Ottenheim et al., 2018). With appropriate exposure time of UV and
ARTP, we first determined the survival rate of Yarrowia lipolytica by
evaluating a gradient irradiation time. In UV mutagenesis, the selected
irradiation time was 60 s, and the fatality rate was 87.4%. The optimal
exposure time for ARTP was 45 s and the fatality rate was 86.6%
(Fig. 10a). By combining UV mutagenesis with ARTP mutagenesis, 12
plates coated with Yarrowia lipolytica mutant strains were obtained.
Then, each single colony on the plates was individually transferred to
deep-well plates with 900 μl/well HG fermentation medium by using
high-throughput microbial inoculation system. In this work, we built a
library containing 1152 mutant strains with UV and ARTP combina-
torial mutagenesis. Each colony of the mutant library was inoculated
and cultured in deep-well plates at 35 °C and 220 rpm for 10 days. High
throughput screening of erythritol-producing strains was carried out
using the SMB sensor-regulator system constructed in this paper, which
was based on the transcriptional factor EryD. Among the mutant li-
brary, the erythritol-producing capacities of 186 strains were higher
than that of the initial strain (Fig. 9).

The fermentation performances of the 1152 strains were sorted for
erythritol production. The specific implementation steps were auto-
mated and can be referred to part 2.4. After sorting, fifteen strains with
better yield were selected for fermentation verification in 250 ml flasks
with 50 ml HG media in each. After 76 h of cultivation, all the glucose
was consumed. Strain yliUA8 produced 103 g/L erythritol, it was 2.4-
fold compared to the initial strain (Yarrowia lipolytica BBE-18 produced
43 g/L erythritol). In order to ensure the accuracy, three parallel ex-
periments were conducted (Fig. 10b). Among the fifteen strains of the
erythritol-producing strains screened, the by-products of yliUA6,
yliUA8, yliUA12 and yliUA14 were significantly lower than that of the
original strain Yarrowia lipolytica BBE-18, which favors industrial ap-
plication due to easy downstream purification (Fig. 10c).

To further verify the fermentation performance of yliUA8, this strain
was cultivated in a 3-liter fermenter (Fig. 10d). During the fermentation
process, the cell density (OD600) increased rapidly from 0.08 to 107 in
20 h, and the pH decreased rapidly from 6.17 to 2.99. At growth phase
of logarithmic mid-term, dissolved oxygen (DO) dropped to lowest
40.6%, and then the DO rebounded rapidly. After entering the stable
period, the OD600 maintained at a stable value. Before the exponential
growth period, erythritol productivity was very low. After entering the
stable growth period, the titer of erythritol was linearly increasing with

Fig. 6. Dose-responses of the SMB to erythritol. a. Fluorescence signals induced by pure erythritol ranging from 1 to 1000 mM; b. Fluorescence signals induced by
varying concentration of erythritol mixed with 100 g/L glucose.

Fig. 7. Response range of SMB to erythritol under different concentrations of
glucose.
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the fermentation time. Then, the value of OD600 decreased gradually,
indicating the occurrence of strain death. After 95 h of fermentation,
the value of OD600 decreased to 57, and the maximum erythritol pro-
duction reached 148 g/L. The initial glucose concentration of the 3-liter

fermenter is 165 g/L. During the fermentation process, 500 ml glucose
solution (500 g/L) was intermittently supplemented to the bioreactor to
maintain enough substrate. Glucose supplementation was carried out in
the stable growth period, because a large amount of glucose had been
consumed during the exponential growth period.

4. Discussion

Transcriptional factor based biosensor is a powerful tool for high
throughput strain screening (Johnson et al., 2017; Wan et al., 2019; Xu,
2018; Yu et al., 2019). Nevertheless, there are few reports on devel-
oping biosensors to detect polyols. Among many biosensors, BmoR can
respond to alkane alcohols, including n-butanol, isobutanol, 3-methyl-
1-butanol, n-pentanol, n-hexanol, n-heptanol and other alcohols et al. It
has been successfully used for screening high butanol-producing strains,
however, no attempt has been made to apply on sugar polyols (Yu et al.,
2019). Park et al. have identified four upstream activation sequences
(UAS), which are involved in transcription induction by erythritol, but
none of the identified UAS has been applied for high throughput
screening of erythritol overproducers (Park et al., 2019). In addition,
Savergave et al. screened erythritol-producing strains by reduced dis-
coloration of TTC. However, the correlation between erythritol pro-
duction and reductase activity is ambiguous and less specific, possibly
due to too many reductases inside the cells (Savergave et al., 2011).

To test whether the SMB system could respond to other sugar

Fig. 8. High throughput fermentation optimization in deep-well plates and the correlation between HPLC and SMB detection of erythritol. a. Comparison of OD600 of
different initial glucose titer that fermented in deep-well plates with shaking flasks. b. Erythritol fermented with gradients of glucose in deep-well plates and detected
by HPLC. Each of three columns represents three different batches under each glucose concentration, and every batch has three parallels. c. Growth curve of the SMB
cells with erythritol fermentation supernatant which is fermented with gradients of glucose as substrate. d. The correlation between SMB and HPLC was determined
by detecting the supernatants of fermentation with different erythritol concentrations.

Fig. 9. Distribution of erythritol-producing capacities of the mutant library
sorted by SMB system.
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polyols, we used sorbitol, maltitol and lactitol to probe the dose re-
sponse. Different gradients of each polyol (10 mM, 50 mM, 100 mM,
250 mM, 500 mM) were used as input concentration range. We ob-
served that the sensor-regulator system could respond to all these
polyols. Among these polyols, the SMB system has a good response to
sorbitol above 50 mM. It is not sensitive to maltitol and lactitol when
they are below 100 mM, but when the concentration is above 250 mM,
they are responded with strong fluorescence signals by the SMB system.
This makes it possible to extend the sensor-regulator system for de-
tection and high throughput screening of other polyol-producing
strains. It is noteworthy that the response of the sensor-regulator system
to these polyols decreases with time (Fig. S4).

In the SMB system we constructed, the repression of EryD on T7
promoter is not complete. In the absence of erythritol, there will be
slight leakage expression when just induced by IPTG (Fig. 5). Although
this does not affect our application in the high throughput screening of
erythritol overproducing strains, it provides us with further research
spaces.

5. Conclusion

We constructed a sensor-regulator system based on the erythritol-
responsive transcriptional factor EryD, and successfully applied it as a
high throughput screening method for the characterization of erythritol
overproducers. With the sensor-regulator system, we rapidly char-
acterized a strain library containing 1152 mutants derived from com-
bined UV and ARTP mutagenesis. We obtained a high erythritol pro-
ducers yliUA8 with few by-products, this strain produced 148 g/L
erythritol in a 3-liter fermenter. Moving forward,we tested the specifi-
city of the sensor-regulator system toward other sugar polyols including
sorbitol, lactitol and maltitol. The reported framework enables us to

rapidly improve strain performance and engineer efficient microbial
cell factories for industrial applications.
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