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Currently, industrial production of L-threonine (Thr) is based on direct
fermentation with microorganisms such as Escherichia coli, which has the
characteristics of low cost and high productivity. In order to elucidate the key
metabolic features of the synthesis pathway of Thr in E. coli to provide clues for
metabolic regulation or engineering of the strain, this study was carried out on
an L-threonine over-producing strain, in terms of analyses of metabolic flux,
enzyme control and metabonomics. Since environmental disturbance and
genetic modification are considered to be two important methods of
metabolic analysis, addition of phosphate in the media and comparison of
strains with different genotypes were selected as the two candidates due to
their significant influence in the biosynthesis of Thr. Some important targets
including key nodes, enzymes and biomarkers were identified, which may
provide target sites for rational design through engineering the
Thrproducing strain. Finally, metabolic regulation aimed at one biomarker
identified in this study was set as an example, which confirms that combined
metabolic analyses may guide to improve the production of threonine in E. coli.

KEYWORDS

Escherichia coli, I-threonine, combined metabolic analyses, metabolic flow, enzyme
control analysis, metabolomics

Introduction

L-threonine (Thr) is one of the eight essential amino acids and mainly used in food
fortification, pharmaceuticals, chemical reagents and feed additives (Komatsubara et al.,
1978; Follettie et al., 1988; Leuchtenberger et al., 2005), with the amount used in feed
additives in particular growing rapidly (Zheng et al., 2020). It is often added to the feed of
immature piglets and poultry and is the second limiting amino acid in pig feed and the
third limiting amino acid in poultry feed. The current methods of producing Thr mainly
include hydrolysis of animal proteins and microbial fermentation. Compared with the
former, the microbial fermentation method has the advantages of low cost and low
pollution (Li et al., 2021;). Among the Thr-producing strains, E. coli is the main host,
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which is ascribed to its simple genetic background and
convenience to modify through metabolic engineering
(Debabov et al,, 1981; Song et al., 2000). In addition, it is of
short growth cycle, high cell intensity and low requirement for
equipments. Efficient synthesis of Thr does not only depend on a
large increase in the efficiency of a particular rate-limiting
reaction, but requires a balance of multiple metabolic
pathways in the biosynthetic network, such as intensification
of the target metabolite flow, weakening the competitive branch
metabolite flow, improvement of the extracellular transport
efficiency, etc. (Dong et al,, 2011; Lee et al.,, 2009).

Metabolic flux analysis (MFA) is a metabolic network
analysis method via the intracellular reaction stoichiometry
model, which is based on the pseudo-steady state assumption
that the metabolic flux distribution of all metabolites is estimated
in a dynamic equilibrium between the rates of production and
consumption in the metabolic pathway (Lee et al., 2003; Park and
Lee, 2010). This method has been successfully applied to the
metabolic analyses of some amino acids and has resulted in
significant savings in experimental costs. Since metabolite
synthesis in the metabolic pathway is controlled by various
enzyme-catalyzed reactions, it is necessary to investigate the
control effect of these enzymes on carbon flux. Metabolic
control theory believes that the change of metabolic pathway
reaction at each step will cause the change of system parameters,
so there is no stable rate-limiting step for biochemical reaction in
metabolic pathway (Toya et al., 2011; Wang et al., 2014; Zhu
et al., 2021). Flux control coefficient (FCC) and elasticity
coefficient constitute the genetic theory of metabolic control
analysis, which describe the global parameters in the whole
metabolic network, and are also the bridge between enzymatic
activities and metabolic fluxes. Another method for cell
metabolic analysis relies on metabonomic technology, which
detects the change of metabolites through GC/MS or LC/MS
and accurately reflects the metabolic change under different
conditions (Yang et al, 2018; Park et al, 202I).
Metabonomics research now penetrated into many fields, such
as medicine (Schmid et al., 2004; Antoniewicz, 2021), food
(Picone et al, 2011; Antoniewicz, 2021) and microbiology
(Luo et al., 2020).

In this study, phosphate was observed as a significant factor
affecting the biosynthesis of Thr (Liu et al, 2020), thus was
selected as an environment disturber to elucidate the biosynthesis
pathway by metabolic flux analysis. The effect of phosphate on
the metabolic flux distribution of Thr biosynthesis was
investigated under fed-batch mode. On the other hand, the
enzyme activities involved in Thr synthesis were measured
and the metabolic control coefficients on fluxes were
calculated by multivariate statistical analysis, which may
provide a theoretical basis for the modification and metabolic
regulation of key enzymes. Furthermore, the influence of genetic
modification on the synthesis pathway of Thr through
metabonomic analysis was investigated. The differential
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metabolites and metabolic pathways were observed in two
strains with different genotypes and some biomarkers were
obtained through multivariate statistical methods. Then
metabolic regulation on a target obtained from the above
metabolic pathway analyses was set as an example to improve
the production of Thr.

Materials and methods
Strains, reagents and instruments

Thr over-producing srain E. coli TWF001 was used for the
metabolic analyses for the biosynthesis pathway of Thr and
W3110 was used as a control (Zhao et al., 2018). Methanol
and acetonitrile with chromatographic grade were used as mobile
phase in the determination by high performance liquid
(HPLQ).
o-phthalaldehyde, sodium hydroxide, ammonia and 10%

chromatography Pre-column derivatizer
trichloroacetic acid were purchased from local market.
Biosensor SBA-40C (Shandong Academy of Sciences, China)
and Agilent HPLC were used for determination of glucose and

other metabolites, respectively.

Culture media

Basic seed medium contained 10 g L' peptone, 5g L' yeast
extract and 10 gL ™" sodium chloride, which was adjusted to
pH 7.0 and sterilised at 115°C for 30 min. Initial fermentation
media (Zhao et al., 2020) contained 20 g L™' glucose, 6.4 g L™
beet molasses, 3 g L' maize pulp, 0.7 g L' betaine HCI, 0.4 g L™
MgSO,, 09gL'KCl, 0.011gL"' MnSO4+H,0, 0.011gL"
FeSO,7H,0 and 0.9 gL' H3PO, at pH 7.0.

Seed culture and L-threonine
fermentation

The conserved strains from the tube were picked out,
streaked onto the prepared activation medium slant, and
incubated at 37°C for 8-10h a 250 ml flask supplemented
with 50 ml of seed medium, which was incubated at 37 °C for
14 h in a shaker with 200 r-min™". For batch fermentation, 250 ml
shake flasks supplemented with 50 ml of fermentation medium
were inoculated with seed culture at 1% pitching rate and
incubated at 37°C for 48 h in a shaker with 200 r min™".

Fed-batch fermentation of Thr was conducted at 37°Cina5L
fermentor by continuous feeding 500 g L' glucose to maintain
its concentration between 5 and 20 g L. Dissolved oxygen was
adjusted by ventilation rate and agitation speed at around 30% of
the solubility saturation and pH was maintained at between
6.8 and 7.2 with 25% ammonia (Wang et al., 2014).
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FIGURE 1

Metabolic network of Thr synthesis. 1) Glc: Glucose; 2) Glc6P: Glucose-6-phosphate; 3) PEP: Phosphoenolpyruvate; 4) Pyr: Pyruvate; 5) Fru6P:
Fructose- 6-phosphate; 6) GAP: Glyceradehyde-3-phosphate; 7) P3G: 3-phosphoglycerate; 8) AcCoA: AcetylcoenzymeA; 9) Ribu5P: Ribulose-5-
phosphate; (10) Xyl5P: Xylulose-5-phosphate; 11) Rib5P: Ribose-5-phosphate; 12) Sed7P: Sedoheptulose-7-phosphate; 13) E4P: Erythrose-4-
phosphate; 14) OAA: Qxaloacetate; 15) a-KG: a-ketoglutarate; 16) NADPH: Nicotinamide adenine dinu-cleotide phosphate; 17) Glu: Glutamate;

18) aKiv: a-ketoisovalerate; 19) Asp: Aspartate; (20) Hom: Homoserine; 21) DAHP: 3-deoxy-d-arabi-noheptulosonate-7-phosphate.

Metabolic flow analysis

According to the literatures (Park and Lee, 2010; Su et al.,
2018), Embden-Meyerhof-Parnas (EMP), tricarboxylic acid
(TCA), hexose monophosphate pathway (HMP), anaplerotic
route and phosphotransferase system (PTS) are present in
E. coli. HMP pathway is important for amino acid synthesis
since large amounts of reducing substances NADH/NADPH are
produced to maintain cytoplasmic redox equilibrium. In
addition, the glyoxalate cycle does not occur in E. coli when
glucose is used as the substrate, indicating that the TCA cycle is

Frontiers in Bioengineering and Biotechnology

still the main oxidative pathway in E. coli. Therefore, pathways of
EMP, HMP and TCA were set as the main network pathways
when constructing the Thr metabolic network.

According to Thr synthesis pathway in the KEGG database,
some references (Schmid et al., 2004; OlafKromera et al., 2006)
and the metabolites detected in strains TWF001, the metabolic
network was established based on the following principles, 1)
Cells in the period of pseudo-steady state are of non-growth and
the biomass changes can be ignored; 2) the total amount of
NADPH consumed in the reaction pathway is equal to the total
amount of NADPH produced by the TCA cycle and the HMP
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pathway, i.e. the balance of NADPH supply and demand; 3) the
glyoxalate cycle does not exist during cell metabolism; 4)
reactions that proceed in a fixed ratio and intermediate
reactions without branching points are simplified to a reaction
equation; 5) during the stagnation phase of cell growth, the total
cellular maintenance energy is not equal to the ATP
consumption due to the presence of a large number of invalid
cycles, so the balance of total ATP is not considered; the network
of Thr biosynthesis metabolism is shown in Figure 1.
According to the assumption that the intermediate
metabolites is in the pseudo-steady state, the change rate of
intracellular metabolites is 0. The accumulation rate of
metabolites is calculated according to the following equation,

M i=N
ri(t) = Zaijrj - Z O (t)
izl izl

In this rate equation, ri(t) is the rate of accumulation of
intermediate metabolite i (mmol-(Lh)™); rj(t) is the reaction rate
of the reaction step j for the synthesis of i (mmol-(Lh)']; ri(t) is
the reaction rate of the reaction step k for the synthesis of i
(mmol-(Lh)™); 9;; is the stoichiometry coefficient of the reaction
step j; Oy is the stoichiometry coefficient of the reaction step k.
The rate equations at the metabolite nodes in the metabolic
network were shown in Supplementary Table S2. The set of rate
equations constructed consists of 21 equations with 26 unknowns
and a degree of freedom of 5. The contents of glucose, Thr,
L-tyrosine (Tyr), L-valine (Val) and L-methionine (Met) were
measured, which were used as known parameters and substituted
into the above set of metabolic rate equations to obtain the
metabolic flow distribution using lingo software.

Determination of enzyme activities

When the cell growth entered stationary phase (under pseudo-
steady state), samples were collected and centrifuged at 10,000 rpm
for 5 min in a refrigerated centrifuge at 4°C. 0.5 g wet weight of the
cells was washed by 10 ml of sterile 0.01 M PBS phosphate buffer
for twice. Then 10 ml enzyme extraction solution were added for
sonication and fragmentation treatment was under the following
conditions, sonication power (PW) of 80%, working time of 2 s,
intervals of 1s, repeated 30 times. The samples were then
centrifuged at 4°C for 5min at 8,000 rpm to remove the
precipitates and the enzyme solution was kept at a low
temperature before determination of enzyme activities. The
activities of pyruvate kinase (PK), malate dehydrogenase
(MDH), fructose 1,6-diphosphate aldolase (FBA), glucose-6-
dehydrogenase  (G6PD),  phosphoenolpyruvate
carboxylase (PEPC) and hexokinase (HK) were determined by

phosphate

kits purchased from Solarbio Biotechnology Ltd. Protein
concentrations were measured using the Coomassie Brilliant
Blue G250 staining method at 595 nm and protein content was
detected according to the increase in peak absorption.

Frontiers in Bioengineering and Biotechnology

10.3389/fbioe.2022.1010931

Principal component analysis

For correlation analysis of the activities of different enzymes in
the Thr synthesis pathway, the complex, multidimensional nature
of the data requires the use of a multivariate data analysis method,
i.e, principal component analysis (Antoniewicz, 2021), when the
correlation between variables is significant. The six enzyme activities
in the Thr synthesis pathway were measured under fed-batch mode
and submitted to principal component analysis, which were set as
initial indicators and noted as in order, X1 to X6. The screening
conditions for principal component analysis were set as follows,
the eigenvalues A > 1, the principal components cumulatively
reflecting more than 85% of the original information. Using
SPSS25.0 software, the equation Fj = aj;X;+ayX,.....+a10X10 (j =
1, 2, 3......10) was obtained, where the coefficients of the expression
of the principal component reflect the combined influence of each
enzyme on the principal (Vo et al,, 2018). This analysis excludes the
effect of enzyme synergy on Thr flux, as the principal component
eliminates the correlation of the initial indicators.

Metabolism quenching and metabolites
pre-treatment

Samples were collected and centrifugated at 4°C, 10,000 rpm for
5 min to remove the precipitates, and the supernatant was mixed
with cold methanol with a volume ratio of 1:3. The mixes were
shaked and precipitates occurred during this process were removed
by centrifugation at 4°C, 10,000 rpm for 5 min. All samples were
kept in an ice box throughout the operation and this process was
repeated twice.

The extracted metabolites were quantified using an internal
standard method (Luo et al., 2020) and the detailed operation steps
are as follows. 500 uL of the extract were added with 30 uL of the
internal standard reagent ribitol (1 mgmL™), and the mixes were
shaken well and blown dry in a nitrogen blower. Then derivatization of
metabolites was conducted by reactions of oximation and silylation.
For the former, the samples were mixed with 350 uL of pyridinium
methoxide hydrochloride solution (20 mgmL™) for 2h at 30°C.
Afterwards, 350 uL of BSTFA-TMCS (99:1, V/V) solution were
added into the solution and the reaction was carried out at 70°C
for 1 h. Then samples were blown dry with a nitrogen blower, and
1 ml of hexane/dichloroacetic acid was added to re-dissolve them. The
samples were treated with a 0.22 um filter membrane and detected on
a gas chromatograph-mass spectrometer (GC-MS) machine (Jonsson
et al., 2004; Koek et al., 2010).

Gas chromatograph-mass spectrometer
condition

Metabolomic detection was conducted on Thermo GC-MS
(TSQ8000; Thermo Scientific, United States) with a column (TG-
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5,30%0.25 mm*0.25 pum), using a helium carrier gas at a flow rate of
1.2 ml min" and operating at splitting ratio of 5.0. Electron energy
and emission current were set to 70 eV and 25 pA, respectively. GC
oven temperature was raised to 65°C, maintained for 2 min and
then increased to 280°C at a constant speed in 13 min. Interface,
transmission line and ion-source were kept at 300°C, 280°C and
300°C, respectively. The mass spectral scan range was set at
35-650 mz.

Data analyses

The metabolites were qualitatively analyzed by searching the
spectrum in the GC-MS database or comparison with standards,
and the relative contents of metabolites were determined according
to the peak area of the internal standard ribitol in the solution.
The data obtained were collated into csv format and imported
into SIMCA-P software for principal component analysis and
discriminant analysis. Cluster analysis made by Origin software
was used to resolve intra- and inter-group relationship.

Metabolite determination by high
performance liquid chromatography and
biosensor

Samples were centrifuged at 10,000 rpm for 2 min to remove
the precipitates and then treated with 10% trichloroacetic acid at
equal volume for 4-8 h to remove proteins from the samples.

The determination of Thr and other amino acids was carried
out by HPLC with a C18 column (5 pm, 250 mm x 4.6 mm) (Luo
et al,, 2021). The mobile phase was divided into two parts, A and B.
The mobile phase A contained 10 mmoL-L™" disodium hydrogen
phosphate and sodium tetraborate, and the mobile phase B
consisted of methanol: acetonitrile: water = 45:45:10 (v/v/v). The
gradient elution program was (volume ratio of mobile phase B) 5%
for 0-0.35min, 5%-57% for 0.35-13.40 min, 57%-100% for
13.40-13.50 min, 100% for 13.50-15.70 min, 100-5% for
15.70-15.80 min and 5% for 15.80-18 min at 40°C with a flow
rate of 1 ml min™" and a detection wavelength of 338 nm.

Glucose concentration was determined using a biosensor (Su
et al., 2018).

Results and discussion

Effect of phosphate concentration on
L-threonine synthesis in fed-batch culture
mode

From the results of the PB experiments in shake flask,

phosphate is the most significant factor affecting Thr synthesis
(Supplementary Table S3). In order to more truly show the
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effect of phosphate on Thr synthesis, effect of addition of
phosphate on Thr accumulation in 5L fermentor was
investigated.

As can be seen from Figure 2A, when 4.8 g L' phosphate
was added, the maximum biomass (ODgg) and Thr
production were 56 and 42.3 gL', respectively. With the
increment of phosphate amounts up to 24.8gL™', the
biomass (ODggp) was improved to 76, while the change of
Thr did not keep increasing (Figure 2E). The optimal
concentration range of phosphate for the maximum Thr
9.8-14.8 gL' 2A-E), which
indicates that the increased phosphate concentration may

production is (Figures
cause the migrating of C metabolic flow to the growth of
biomass rather than the increase of target products.
Phosphorus element is one of the core elements in
microbial growth and metabolism (Anandan et al,, 2014),
which is involved in the composition of nucleic acids, cell
membranes and high-energy phosphate compounds in life
activities, and is also an important player in central metabolic
pathways (Lai et al., 2012). The present study confirms that
the addition of phosphate promotes the growth of cell and
affects the accumulation of Thr. However, the details of
phosphorus affecting metabolic flux are not very clear,
which should be solved by determination of the metabolic
flow distrubution.

Calculation of the metabolic flow at
different phosphate concentration

Cells were cultured under fed-batch mode with different
initial phosphate concentration and samples were collected at
the pseudo-steady state period. Contents of glucose, Thr,
L-Val, L-Tyr and L-Met were measured and the rates of
metabolite consumption and accumulation were calculated
as shown in Supplementary Table S4. Lingo software was used
to estimate the metabolic flow distribution in the metabolic
network and linear programming was performed in Excel to
obtain the ideal metabolic flow distribution for Thr
biosynthesis (Table 1). It can be calculated that the
conversion rates of glucose to Thr are 454% under
9.8 gL' phosphate and 27.9% under 24.8 gL' phosphate,
which are much lower than that value (73.3%) under ideal
condition. With the increase of phosphate concentration, the
flow rate on the branch of Thr synthesis decreases, causing the
increase of by-products.

Metabolic flow analysis of key nodes in
L-threonine synthesis pathway

At GIc6P nodes, when phosphate concentration changed
from 9.8 gL'-24.8 gL', the r8 flow [C/mmol-(Lh)™'] to the
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FIGURE 2

Profile of Thr production under different initial phosphate concentration. (A) (4.8 g L™), (B) (9.8 g L™), (C) (14.8 g L™), (D) (19.8 g L™, (E) (24.8 g L™).

HMP pathway decreased from 24.6 to 15, while the r2 flow [C/
increased from 754 to 85
Considering the ideal metabolic flow (r2 = 0), it is inferred
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(Figure 3A).
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that enhancement of the HMP pathway metabolic flow can lead
to an increase in the target metabolic flow (r26), which causes the
conversion rate of glucose to Thr increased from 28% to 45%. At
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TABLE 1 Metabolic flow distribution of Thr biosynthesis network.

Reaction no. Metabolic flux Theoretical metabolic Reaction no. Metabolic flux Theoretical metabolic
distribution calculated flux distribution distribution calculated flux distribution
[mmol-(L h)™] [mmol-(L h)™] [mmol-(L h)™] [mmol-(L h)™]
9.80gL" 24.80gL™ 9.80gL"' 24.80gL™
rl 100.00 100.00 100.00 rl4 1.08 7.083 0
2 75.40 84.79 0 rl5 1.08 7.083 0
3 91.44 92.57 66.67 r16 0.16 9.72 0
r4 181.80 178.06 166.67 17 0.16 9.72 0
15 181.80 178.06 166.67 r18 46.05 44.17 73.33
16 134.67 126.81 93.33 r19 134.52 117.08 93.33
7 134.52 117.08 93.33 20 134.36 107.36 93.33
8 24.60 15.208 100 21 134.36 107.36 93.33
9 16.04 7.78 66.67 22 46.05 44.17 7333
r10 8.56 743 33.33 23 45.89 34.44 7333
rl1 8.56 7.43 3333 r24 45.89 34.44 73.33
r12 7.48 0.35 3333 125 0.54 6.53 0
r13 8.56 7.43 3333 126 4535 27.92 73.33
A GLc GLc GLc
100 100 l 100
100
GLo6P 246 | pon b GLe6P __ 15 | RiBusp GLc6P » RiBu5P
75.4l 85 l 0 l
Fru6P Fru6P Fru6P
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FIGURE 3

Metabolic flux distribution at Glc6P node (A), PEP node (B) and a-KG node (C) under different conditions; (A) 9.8 g L™ phosphate, (B)
24.8 g L™* phosphate, (C) ideal condition. Enzyme control analysis for metabolic flux in Thr biosynthesis network.
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TABLE 2 Correlation analyses between variable enzymes.

Enzyme PEPC

PEPC Pearson correlation coefficient 1
Sig. (2-tailed)
Number 6

HK Pearson correlation coefficient -0.706
Sig. (2-tailed) 0.117
Number 6

FBA Pearson correlation coefficient -0.066
Sig. (2-tailed) 0.901
Number 6

MDH Pearson correlation coefficient -0.421
Sig. (2-tailed) 0.405
Number 6

PK Pearson correlation coefficient 0.915°
Sig. (2-tailed) 0.010
Number 6

G6PD Pearson correlation coefficient 0.776
Sig. (2-tailed) 0.070
Number 6

“Denotes significance at 0.05 level (two-tailed).

PEP node (Figure 3B), 74.1% and 71% of the carbon flux (100%
PEP) went to Pyr in the presence of phosphate at 9.8 gL' and
24.8 gL', respectively. However, metabolic flow distribution
under the ideal condition is 44% of the carbon flux going into
OAA and 56% going to the Pyr, indicating that reduction of the
flux to the TCA may help improve the synthesis of Thr. An
increase in the metabolic flow of aromatic amino acid synthesis
through overexpression of phosphoenolpyruvate synthase has
been reported (FARMER and LIAO, 1997), thereby indirectly
increasing Thr production and reducing by-product production.
From Figure 3C, it can be seen that 25.5% and 5% of a-KG are
catalyzed by L-glutamate dehydrogenase and L-glutamate
synthase to form L-glutamate in the presence of phosphate at
9.8 gL and 24.8 gL', respectively. The remaining 74.5% and
95% of a-KG enters the TCA cycle under the above conditions,
respectively. However, 56% metabolic flow enters the TCA cycle
(r20) and 44% is used for the synthesis of L-glutamate (r22) under
the ideal condition. Thus, L-glutamate is a key intermediate to
provide sufficient substrate for the transamination required for
the synthesis of the aspartate group of amino acids, the precursor
of Thr.

Firstly, correlation analysis was performed for the six enzyme
in Thr biosynthesis network and correlation coefficients were
calculated for them (Table 2). The correlation coefficient between
PK and PEPC is 0.915, which shows statistically significant.

To avoid the overlap of information between these enzymes,
their activities of six enzymes selected in Thr metabolic network
were subjected to principal component analysis (Table 3). The
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HK FBA MDH PK G6PD
—-0.706 -0.066 —-0.421 0.915* 0.776
0.117 0.901 0.405 0.010 0.070
6 6 6 6 6
1 0.008 0.602 -0.673 -0.390
0.989 0.206 0.143 0.445
6 6 6 6 6
0.008 1 0.669 -0.133 -0.077
0.989 0.146 0.801 0.885
6 6 6 6 6
0.602 0.669 1 -0.370 0.019
0.206 0.146 0.470 0.972
6 6 6 6 6
-0.673 —-0.133 -0.370 1 0.804
0.143 0.801 0.470 0.054
6 6 6 6 6
-0.390 -0.077 0.019 0.804 1
0.445 0.885 0.972 0.054
6 6 6 6 6

12

cumulative contribution of the first three principal components
reached 95.9%, thus they are able to represent the information of
all the initial indicators.

To illustrate the range of the respective original variables
represented by each principal component, an analysis was
performed using the principal component matrix, as shown in
Table 4. PEPC, PK and G6PD show higher indices on the first
principal component, indicating that information on these
enzymes in the first principal component may act as
descriptive indicators of Thr flux; Fructose-1,6-bisphosphate
aldolase and MDH show higher indices on the second
principal component, indicating that information on these
enzymes in the second principal component may act as
descriptive indicators of Thr flux. The higher indices shown
for HK on the third principal component indicate that the
information of this enzyme on the third principal component
is able to serve as a descriptive indicator of Thr flux. These three
linearly unrelated principal components mainly cover the full
range of information and are able to replace the initial six
variables.

Each score in the score coefficient matrix only represents the
correlation coefficient between the principal component and the
corresponding variable, which cannot represent the control effect
of each enzyme on Thr flux. Under these circumstances, the
coefficient matrix corresponding to each indicator in the
principal component can be obtained by dividing the data in
Table 5 by the corresponding eigenvalue of the principal
component and opening the square root. Then the proportion
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TABLE 3 Principal ingredient extraction.

10.3389/fbioe.2022.1010931

Ingredients Initial eigenvalue Extraction of sum of squares of loads
Total Percentage variance Cumulative % Total Percentage variance Cumulative %
1 3.408 56.799 56.799 3.408 56.799 56.799
2 1.549 25.824 82.623 1.549 25.824 82.623
3 0.797 13283 95.906 1.549 13283 95.906
4 0.159 2653 98.559 0.159 2.653 98.559
5 0.086 1.441 100.000 0.086 1.441 100.000
6 ~5.053E-16 ~8421E-15 100.000 ~5.053E-16 ~8.421E-15 100.000
TABLE 4 Matrix of principal components. constructed based on quantitative genetic methods reflects the
. metabolic regulation of Thr flux by the six enzymes.
Enzyme Ingredients
1 2 3 . . .
Metabolomic analysis of L-threonine
PEPC 0.946 0.198 ~0.007 synthesis pathway
HK ~0.808 0.051 0533 . . . .
FBA 066 0815 0507 Differential metabolite analysis
MDH 0580 0.778 0218 With the detection of GC-MS, the metabolites were
PK 0.941 0.198 0,099 determined by qualitative and quantitative analyses (Table 7).
G6PD 0.754 0.446 0.445 Organic acids, amino acids, sugars and alcohols represent the
main part of metabolites on the aspect of contents. An
unreplicated two-way ANOVA was performed to determine
whether  significant  differences exist between strains
TABLE 5 Matrix of principal component scoring coefficient. TWFO001 and W3110 in terms of the contents of each metabolite.
] Principal component analysis was carried out for the
Enzyme Ingredients experimental strain (sample T) and the control strain (sample
W) and Figure 4A shows that the differences between the two
1 2 3 groups of metabolites are significantly obvious. The principal
component interpretation rate R*(X) = 0.868 > 0.5 indicates a
PEPC 0278 0.128 -0.008 5 o ;
good model fit, and Q* = 0.5651, which is less different from
HK -0.237 0.033 0.669 o e o . .
R*(X), indicating the stability of the fitted equations. PCA is an
FBA -0.078 0.526 -0.636 ] ] ;
unsupervised analysis method that cannot ignore the errors of
MDH -0.170 0.502 0273 o o
each group and eliminate random errors, so it is necessary to
PK 0276 0.128 0.125 . T
adopt a supervised approach to identify differences between
G6PD 0221 0.288 0.558

of the eigenvalue corresponding to each principal component to
the sum of the total eigenvalues of the extracted principal
components was used as the weight to calculate the
comprehensive expression coefficient of each principal
component, which integrates the control effect of each
enzyme on Thr flux. Their values were normalized and
recorded as the control coefficient (CCP), as shown in
Table 6. G6PD played the most dominant role in controlling
Thr flux, while fructose-1,6-bisphosphate aldolase negatively

regulated Thr flux. In conclusion, the control coefficients
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groups. Orthogonal partial least squares discriminant analysis
(OPLS-DA) is a supervised analysis method that combines
partial least squares and discriminant analysis. OPLS-DA
classifies the sample variable matrix X as both correlated and
uncorrelated with Y, and removes the irrelevant variation
variables, which enables a comprehensive analysis of between-
and within-group variance. From Figure 4B, here R*(X) and
R*(Y) describe the explanatory rate of the model, and Q* =
0.899 represents the predictive power of the model. These three
indicators are close to 1, indicating a good reliability of this model
(Li et al., 2021). The samples in the Figure 4B are all within the
95% confidence interval and the two class of samples are
significantly differentiated with the dispersion in the T sample
being greater than the dispersion in the W sample.
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TABLE 6 Comprehensive express coefficient matrix and control coefficients based on principal component analysis.

Enzyme

matrix

Al
PEPC 0.151
HK -0.128
FBA —0.0423
MDH -0.0921
PK 0.15
G6DH 0.12

A2

0.103
0.265
0.422
0.403
0.103
0.231

Principal component expression coefficient

A3

-0.009

0.749

-0.712

0.306

0.140

0.625

TABLE 7 Metabolite distribution in experimental and control strains.

Retention time

(min) metabolites
7.79 Carbamic acid
8.02 Lactic acid

831 Glycolic acid
8.49 Valine

8.96 Alanine

9.75 Acetic acid
10.49 Pentanoic acid
10.65 Leucine

11.42 Ciniic acid
13.75 Thr

13.98 Succinic acid
14.49 Glycolic acid
14.93 Homoserine
15.40 Malic acid
17.52 Citric acid
18.20 L-Glutamic acid
18.44 Sucralose alcohol
21.57 Arabinose
24.48 Tartar

27.60 Palmitic acid
27.79 Aspartic acid
28.82 Inositol

30.56 Stearic acid
32.80 Mannitol

35.37 Monopalmitin
37.72 Glyceryl monostearate

Note: Metabolite contents are g L™".
“Refers to p < 0.05.
PRefers to p < 0.01.

12h

W3110

0.0423 + 0.016
0.3162 + 0.027
0.0061 + 0.00029
0.0454 + 0.01764
0.0477 £ 0.01
0.0876 + 0.008
0.004 + 0.0006
0.0164 + 0.015
0.0047 + 0.00056
0.1033 + 0.038
0.0238 + 0.00247
0.0188 + 0.00654
0.5801 + 0.05
0.0136 + 0.0037
0.0475 + 0.0056
0.0067 + 0.00028
0.1378 + 0.201
0.0281 + 0.0035
0.4538 + 0.15
0.1493 £ 0.02
0.0152 + 0.00072
0.2889 + 0.12
0.0124 + 0.0008
0.2102 £ 0.039
0.1450 + 0.018
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TWF001

0.0843 + 0.015
1.8662 + 0.26"
0.0114 + 0.00304"
0.0468 + 0.024
0.0527 + 0.01
0.1356 + 0.02
0.0688 + 0.014°
0.0148 + 0.022
0.0344 + 0.00714°
573 + 1.16°
0.8841 + 0.07°
0.1003 + 0.00472
0.0913 + 0.005
0.0067 + 0.001°
0.0248 + 0.002
0.0129 + 0.00412
0.0243 + 0.037°
0.0556 + 0.043
0.0052 + 0.001
0.3034 + 0.09
0.0029 + 0.00026°
0.0088 + 0.0005
0.1933 + 0.06
0.56 + 0.11°
0.2334 + 0.063
0.1636 + 0.022

14

24h

W3110

0.0668 + 0.017
53+ 047
0.0534 + 0.007
0.0218 + 0.015
0.1164 + 0.033
0.0628 + 0.011
0.0189 + 0.0027
0.012 + 0.002
0.0073 + 0.0018
0.1058 + 0.046
0.9643 + 0.098
0.2145 £ 0.036
0.0362 + 0.0078
0.1563 + 0.01
0.8073 + 0.103
0.1337 + 0.14
0.0472 + 0.011
0.4939 + 0.127
0.1425 + 0.12
0.0347 + 0.007
0.2829 + 0.15
0.045 + 0.007
0.2153 £ 0.11
0.1193 + 0.03

Principal component control
expression coefficients

0.116

0.1
—-0.01045
0.096
0.136
0.22

TWEF001

0.0468 + 0.005°
4.1+ 0.66
0.0357 + 0.006
0.0826 + 0.031
0.0203 + 0.012
0.1007 + 0.016
0.081 + 0.011°
0.0095 + 0.007
0.0804 + 0.0272°
14.64 + 1.03°
1.4598 + 0.128
0.2412 + 0.02°
0.2784 + 0.05
0.2784 + 0.05
0.0383 + 0.007
0.0512 + 0.007°
0.0168 + 0.003
0.0717 + 0.068
0.0237 + 0.002"
0.1728 + 0.08
0.0152 + 0.005"
0.0173 + 0.006
0.1345 + 0.039"
0.148 + 0.013
0.1428 + 0.07
0.1281 + 0.03

36 h

W3110

0.0667 + 0.027
4.4571 £ 0.33
0.061 + 0.0037
0.0372 + 0.1302
0.124 + 0.03
0.0752 + 0.0025
0.0144 + 0.0028
0.0127 + 0.0022
0.0557 + 0.05
0.9193 + 0.035
0.2056 + 0.03
0.0528 + 0.0025"
0.1640 + 0.01
1.5650 + 0.52
0.1197 + 0.03*
0.0418 + 0.0042
0.4113 + 0.188
0.2632 + 0.05
0.0237 + 0.003
0.2882 + 0.143
0.3133 £ 0.017
0.3178 £ 0.1
0.5383 + 0.063

CCP

0.058
0.05
-0.005
0.048
0.068
0.11

TWF001

0.0542 + 0.005"
2.1569 + 0.47
0.0474 + 0.01°
0.0329 + 0.011
0.03449 + 0.005"
0.0794 + 0.017
0.0340 + 0.006
0.0945 + 0.016"
0.0477 + 0.006
12.1 + 1.48°
0.7538 + 0.1129°
0.1332 + 0.02
0.2620 + 0.065
0.0399 + 0.014
0.0322 + 0.006°
0.0753 + 0.016°
0.0234 + 0.002
0.0437 + 0.004"
0.0315 + 0.011
0.3219 + 0.114
0.0201 + 0.0022"
0.0177 + 0.0032
0.2281 + 0.03°
0.3995 + 0.026
0.1639 + 0.1062
0.1409 + 0.07
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Metabolite difference in strain TWFOO01 and W3110. (A) Score plot of metabolite principal component analysis. (B) OPLS-DA score plot of
metabolite principal component analysis. (C) OPLS-DA displacement test plot. (D) Cluster analysis of the two strains. Red represents the zone of low
concentration of differential metabolites and blue represents the zone of high concentration of differential metabolites.

An OPLS-DA model with good predictability and fit has been
developed, while a 200-response permutation test model was also
necessary to be constructed to prevent the model from over-
fitting (Figure 4C). Here R*(Y) (interpretability of the Y variable)
and Q* (model predictability) are important parameters for
model evaluation, and their regression lines are crossed with
the horizontal coordinates or less than 0, which indicates that the
model is relatively accurate. The R*(Y) value (0.94) in the OPLS-
DA model is approximately equal to 1, indicating that the model
is relatively reliable and is able to reflect the real situation of the
sample data. The intercept of Q* on the Y-axis is negative, and the
R*> =0.218 and Q* = -0.483 obtained from the replacement test
are smaller than the initial values of R* and Q* in the OPLS-DA
model, which suggests that the model is not over-fitted.

The data set was scaled by the heatmap package in Origin
2018 and a cluster analysis was made based on the differential
metabolites and their contents to further reflect the metabolic
differences between the two strains. Figure 4D shows that the
same strain is more correlated even at different culture times,
while the metabolic differences between TWF001 and W3110 are
high, which is consistent with the results of the principal
component analysis.
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Difference analysis of L-threonine
metabolic network and potential
biomarkers

Figure 5A shows that the main metabolites contents that
differed between TWEF001 and W3110 include amino acids,
organic acids, fatty acids, sugars, alcohols and other substances.
The contents of 1-alanine, L-glutamic acid, L-aspartic acid and fatty
acid compounds were significantly lower in TWF001 when
compared with the control strain. TWF001 produced higher
content of Thr with less carbon metabolic flow to other by-
product amino acids. However, L-glutamate plays an important
role in the pathway of L-aspartate, the precursor of Thr synthesis,
thus up-regulation of the relative genes of glutamate synthesis has
several sets of effects on Thr synthesis (Zhao et al., 2020). As a by-
product, the increased concentration of 1-leucine is detrimental to
Thr synthesis, so Lee (Lee et al., 2007)et al. weakened the enzyme
activity by site directed mutation of ilvA (encoding Thr
dehydratase), and thereby reducing r-isoleucine and 1-leucine
concentrations to prevent Thr degradation. In addition, the
higher C flow to by-product amino acids and fatty acid branched
pathways in W3110 eventually led to lower Thr level in that strain.
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(A) Difference in metabolic level between TWF001 and W3110. (B) Load plot for metabolite principal component analysis between TWF001 and

W3110.

When the intracellular environment is disturbed by the
external factors, the metabolic change will occur to adapt to
this disturbance and a new metabolic equilibrium is achieved. In
PCA analysis, the load diagram represents the magnitude of the
contribution made to differentiate between experimental and
control groups, with the further away from the origin simply
indicating that the metabolite is making a more significant
contribution and can be regarded as a biomarker. As shown
in Figure 5B, citric acid, L-glutamic acid and inositol are the
furthest from the origin, and the levels of these metabolites are
proportional to the synthesis of Thr within a certain range.
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Therefore, these metabolites can be good biomarkers to be
added in the medium to regulate the synthesis of Thr.

A case of metabolic regulation based on
metabolic analysis of Thr biosynthesis
pathway

From above analyses, some key nods, enzymes and biomarkers

have been identified as important targets for the production of Thr.
Here, we selected addition of L-glutamic acid as an example to verify
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| Profile of Thr production under fed-batch mode with the
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the reliability of the biosynthesis pathway analyses. L-glutamic acid
was added into medium and fed-batch fermentation was conducted
to evaluate the performance. As can be seen from Figure 6, the
highest ODgg value of was not improved, but the Thr production
was promoted up to 77 g L™, 10% higher than that without addition
of L-glutamic acid. This fact indicates that r-glutamic acid may
function by migrating the metabolic flow to Thr rather than
enhancing biomass.

Some metabolic regulators, such as glycine, sodium nitrate
and sulphate, are activators or inhibitors of key enzymes in the
pathway. However, addition of them is often not sufficient to
effect.
disturbance, some key enzymes need to be engineered to

achieve the desired In addition to environmental

change the flow of metabolic flux in order to achieve the most
reasonable flux distribution for Thr synthesis.
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D-Allose is a potential alternative to sucrose in the food industries and a useful
additive for the healthcare products in the future. At present, the methods for
large-scale production of D-allose are still under investigation, most of which
are based on in vitro enzyme-catalyzed lzumoring epimerization. In contrast,
fermentative synthesis of D-allose has never been reported, probably due to the
absence of available natural microorganisms. In this work, we co-expressed
D-galactose: H* symporter (GalP), D-glucose isomerase (DGI), D-allulose 3-
epimerase (DAE), and ribose-5-phosphate isomerase (RPI) in Escherichia coli,
thereby constructing an in vivo lzumoring pathway for yielding D-allose from
D-glucose. The carbon fluxes and carbon catabolite repression (CCR) were
rationally regulated by knockout of FruA, PtsG, Glk, Mak, PfkA, and PfkB involved
in the pathways capable of phosphorylating D-fructose, D-glucose, and
fructose-6-phosphate. Moreover, the native D-allose transporter was
damaged by inactivation of AlsB, thus driving the reversible Izumoring
reactions towards the target product. Fermentation was performed in the
M9 medium supplemented with glycerol as a carbon source and D-glucose
as a substrate. The results show that the engineered E. coli cell factory was able
to produce approximately 127.35mg/L of D-allose after 84h. Our
achievements in the fermentative production of D-allose in this work may
further promote the green manufacturing of rare sugars.
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frontiersin.org
19


https://www.frontiersin.org/articles/10.3389/fbioe.2022.1050808/full
https://www.frontiersin.org/articles/10.3389/fbioe.2022.1050808/full
https://www.frontiersin.org/articles/10.3389/fbioe.2022.1050808/full
https://www.frontiersin.org/articles/10.3389/fbioe.2022.1050808/full
https://www.frontiersin.org/articles/10.3389/fbioe.2022.1050808/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fbioe.2022.1050808&domain=pdf&date_stamp=2022-10-20
mailto:fanlh@fzu.edu.cn
mailto:youngman@fzu.edu.cn
https://doi.org/10.3389/fbioe.2022.1050808
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#editorial-board
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#editorial-board
https://doi.org/10.3389/fbioe.2022.1050808

Zheng et al.

Introduction

D-Allose is a rare hexose sugar with ultra-low energy and 80%
sucrose sweetness (Iga et al,, 2010; Mooradian et al., 2017). Many
researches have reported that D-allose shows certain efficacy in
inhibiting  cancers,
carcinoma, pancreatic cancer, prostate cancer, and cervical cancer
(Naha et al., 2008; Yamaguchi et al., 2008; Yokohira et al., 2008).
Moreover, it can also act as an anti-inflammatory agent to alleviate

such as ovarian cancer, hepatocellular

cisplatin-induced nephrotoxicity (Miyawaki et al, 2012), as an
antioxidant to prevent oxidative damage caused by reactive
oxygen species (ROS) (Sun et al, 2006; Ishihara et al, 2011;
Nakamura et al, 2011), and as an immunosuppressant in
cryoprotection of biological cells and tissues. These beneficial
physiological properties make D-allose a potential sweetener in
food and healthcare products, and the production of D-allose has
been gradually becoming a research focus (Lim and Oh, 2011).
The routes for D-allose synthesis are either chemical or biological,
of which chemical process normally generates a variety of by-
products, and the harmless disposal of the resulting waste also
remains a challenge (Wang et al, 2020; Morimoto et al, 2022;
Vigo et al,, 2022). In contrast, biosynthesis has the advantages of

10.3389/fbioe.2022.1050808

high specificity, mild conditions, and environmental friendliness, and
is in line with the concept of green manufacturing. Currently, most of
the studies on D-allose bioproduction are based on the Izumoring
enzymatic cascade (Granstrom et al.,, 2004; Izumori, 2006). Izumoring
was proposed in 2004 as a strategy to synthesize rare sugars through
enzyme-catalyzed between
(Granstrém et al,, 2004). Although reversible epimerization leads
to the low conversion of substrates, this method is still the best choice

epimerization monosaccharides

for preparation of rare sugars, and has been successfully applied in the
industrial production of D-allulose, a stereoisomer of D-fructose (Zhu
et al, 2012; Su et al,, 2018). However, it is interesting that Izumoring
synthesis of rare sugars is basically achieved through in vitro
biocatalysis rather than cell factories (Kim et al,, 2006; Zhu et al,
2012). The reason may be that the substrate for Izumoring is usually
D-fructose or D-glucose, which can be efficiently phosphorylated by
cells, thus being allowed to enter the central metabolic pathways as a
carbon source for growth (Guggisberg et al., 2014; Luo et al,, 2014).
Therefore, although fermentation has more cost-reducing potential
than enzymatic catalysis for D-allose production, metabolic
engineering of cell factories is quite important, especially the
phosphorylation pathways of substrate and intermediates should
be rationally reprogrammed.
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FIGURE 1

Schematic of E. coli cell factory for synthesizing D-allose from D-glucose based on Izumoring cascade epimerization. DGI: D-glucose
isomerase; DAE: D-allulose 3-epimerase; RPI: ribose-5-phosphate isomerase; GalP: D-galactose H* symporter; Glucose PTS: the
phosphoenolpyruvate transferase system of D-glucose; Fructose PTS: the phosphoenolpyruvate transferase system of D-fructose.
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TABLE 1 Strains and plasmids used in this study.

Name

Strains

coli M109 (DE3)
coli (Empty A)
coli (Empty B)

E.

E.

E. coli (
E. coli (DGI)

E. coli (DAE)

E. coli (RPI)

E. coli (DGI, DAE, RPI, GalP)

E. coli (DGI, GalP)

E. coli (DGI, GalP, AFruA)

E. coli (DGI, GalP, AFruA, APtsG)
E

. coli (DGI, GalP, AFruA, APtsG, AGlk, AMak, APfKA,
APfkB)

E. coli (DGI, DAE, RPI, GalP, AFruA, APtsG, AGlk, AMak,
APfKA, APfkB)

E. coli (DGI, DAE, RPI, GalP, AFruA, APtsG, AGlk, AMak,
APfkA, APfkB, AAlsB)

Plasmids
pETDuet-1
PRSFDuet-1
pETDuet-dgi
pETDuet-dae
pETDuet-rpi

10.3389/fbioe.2022.1050808

pETDuet-galP-dgi
pRSFDuet-dae-rpi
pKD46, pCP20, pKD13

Here we designed and constructed an Escherichia coli cell
factory capable of synthesizing D-allose from D-glucose (Figure 1),
thereby demonstrating that it is possible to produce rare sugars by
use of in vivo Izumoring cascade epimerization (Lim and Oh, 2011;
Chen etal., 2018). Briefly, to ensure that D-glucose was available in
cells as a substrate in its unphosphorylated form, the
phosphoenolpyruvate: ~ carbohydrate ~ phosphoenolpyruvate
transferase system (PTS) that can transport and concomitantly
phosphorylate D-glucose were replaced with GalP, a D-galactose:
H* symporter involved in D-glucose uptake (Luo et al., 2014).
D-Glucose isomerase (DGI) (Liu et al., 2015; Jin et al., 2021),
D-allulose 3-epimerase (DAE) (Kim et al., 2008), and ribose-5-
phosphate isomerase (RPI) (Park et al., 2007; Yeom et al., 2011)
were co-expressed to perform the reactions from D-glucose to
D-allose, in which D-fructose and D-allulose were intermediates of
the The the
phosphorylation of D-glucose and D-fructose were knocked
out, and the Embden-Meyerhof-Parnas (EMP) pathway was
blocked, with the purpose to maximize the titer of the target

cascade epimerization. kinases catalyzing

product. In this work, our achievements provide an alternative
strategy for D-allose synthesis, and may promote the research on
fermentative production of rare sugars.
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Relevant characteristics References
Wild type E. coli LMAI Bio
E. coli JM109 (DE3) harboring pETDuet-1 this study
E. coli JM109 (DE3) harboring pETDuet-1 and pRSFDuet-1 this study
E. coli JM109 (DE3) harboring pETDuet-dgi this study
E. coli JM109 (DE3) harboring pETDuet-dae this study
E. coli JM109 (DE3) harboring pETDuet-rpi this study
E. coli JM109 (DE3) harboring pETDuet-galP-dgi and pRSFDuet-dae-rpi this study
E. coli JM109 (DE3) harboring pETDuet-galP-dgi this study
E. coli JM109 (DE3) harboring pETDuet-galP-dgi with fruA deleted this study
E. coli JM109 (DE3) harboring pETDuet-galP-dgi with fruA and ptsG deleted this study
E. coli JM109 (DE3) harboring pETDuet-galP-dgi with fruA, ptsG, glk, mak, pfkA, and pfkB  this study
deleted

E. coli JM109 (DE3) harboring pETDuet-galP-dgi and pRSFDuet-dae-rpi with fruA, ptsG,  this study
glk, mak, pfkA, and pfkB deleted

E. coli JM109 (DE3) harboring pETDuet-galP-dgi and pRSFDuet-dae-rpi with fruA, ptsG,  this study
glk, mak, pfkA, pfkB, and alsB deleted

T7 promoter, ampicillin resistance Novagen
T7 promoter, kanamycin resistance Novagen
pETDuet-1 expressing dgi this study
pETDuet-1 expressing dae this study
pETDuet-1 expressing rpi this study
pETDuet-1 co-expressing galP and dgi this study
pRSFDuet-1 co-expressing dae and rpi this study

Guo etal. (2021)

Materials and methods
Strains and media

The strains used in this study were listed in Table 1. E. coli
JM109 (DE3) purchased from LMAI Bio (Shanghai) was the host
for D-allose production. Luria-Bertani (LB) medium was
composed of 10 g/L sodium chloride, 10 g/L tryptone, and 5 g/
L yeast extract. The M9 medium for fermentation contained (per
L): 4.78 g Na,HPO,, 2.99 g KH,PO,, 0.5 g NaCl, 0.12 g MgsO,,
33 mg CaCl,, 1 pg Thiamin, 1 ug Biotin, 50 mg EDTA, 0.1 mg
H;BO;, 0.13 mg CuCl,, 0.84 mg ZnCl,, 8.3 mg FeCls, 0.1 mg
CoCl,, and 16 pug MnCl,. D-Glucose and glycerol were added in
M9 medium for D-allose synthesis and cell growth, respectively.

Plasmid construction

The plasmids of pRSFDuet-1 and pETDuet-1 for co-
expressing protein were purchased from Novagen (Table 1).
The genes of dgi (GenBank: AAA26838.1) (Jin et al, 2021),
dae (GenBank: AAK88700.1) (Li et al., 2020), and rpi (GenBank:
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TABLE 2 Primers applied in gene amplification and knockout.

10.3389/fbioe.2022.1050808

Name Primer sequence (5'-3') Gene
Gene amplification
galP-F CATGCCATGGCGATGCCTGACGCTAAAAAACAGGGG galP
galP-R CCAAGCTTCCTTAATCGTGAGCGCCTATTTCGCGC
dgi-F GGCATATGAACTACCAGCCGACCCC dgi
dgi-R CTCGAGTTAGCCACGGGCACCCAGC
dae-F CAATTGCATGAAGCACGGCATTTATTACAGC dae
dae-R GGGGTACCTTAGCCGCCCAGAACAAAACGG
rpi-F CGGGATCCGATGAAAATTGGCATTGGCAGCGATC rpi
rpi-R CGGAAGCTTTCACTTGCTGTACTTTTTTTCAATTTCGCC
Gene deletion
fruA-F GGCATAATGAAAACGCTGCTGATTATTGACGCTAATCTCGGTCAGGCACGATTCCGGGGATCCGTCGACC fruA
fruA-R ATTACGCTGCTTTCGCTACTGCGTCCACTTCCGGACGTTTCAGGAAGGCAAGCGATTGTGTAGGCTGGAGCTGC
ptsG-F CCCATACTCAGGAGCACTCTCAATTATGTTTAAGAATGCATTTGCTAACCATTCCGGGGATCCGTCGACC ptsG
ptsG-R AGTCTCCCCAACGTCTTACGGATTAGTGGTTACGGATGTACTCATCCATCAGCGATTGTGTAGGCTGGAGCTGC
pfkA-F GTTCAGAGGTAGTCATGATTAAGAAAATCGGTGTGTTGACAAGCGGCGGTATTCCGGGGATCCGTCGACC pfkA
pfkA-R CGAAATCATTAATACAGTTTTTTCGCGCAGTCCAGCCAGTCACCTTTGAAAGCGATTGTGTAGGCTGGAGCTGC
pfkB-F CTGATTCGGTGCCAGACTGAAATCAGCCTATAGGAGGAAATGATGGTACGTATCATTCCGGGGATCCGTCGACC pfkB
pfkB-R GTTGGTGATGATTCCCCCAATGCTGGGGGAATGTTTTTGTTAGCGGGAAAGGAGCGATTGTGTAGGCTGGAGCTGC
glk-F CTTTAGCGGAGCAGTTGAAGAATGACAAAGTATGCATTAGTCGGTGATGTGGGCATTCCGGGGATCCGTCGACC glk
glk-R CCCGATATAAAAGGAAGGATTTACAGAATGTGACCTAAGGTCTGGCGTAAATGTGCAGCGATTGTGTAGGCTGGA

GCTGC
mak-F CTACGCTATTGATATTGAAAAAAATAAGGAGAGTACCGTGCGTATAGGTATCATTCCGGGGATCCGTCGACC mak
mak-R CATGATGCGCCAATTGCCTACGTTTTTTACTCTTGTGGCCATAACCACGCAGCGATTGTGTAGGCTGGAGCTGC
alsB-F GCATCATCATCCGGCATCATTCAGTTTTATTGAGTGACCAGGATTGAATCAGCGATTGTGTAGGCTGGAGCTGC alsB
alsB-R CTCGGCAAGAATATTACAACTAACTTTGCTGGACGCTTTTTTTGTCTCTGATTCCGGGGATCCGTCGACC

ABN53797.1) (Yeom et al, 2011) were optimized and
synthesized by Beijing Genomics Institute (BGI, Beijing),
which were then amplified by use of PrimeSTAR DNA
polymerase (Takara). The genes of dgi, dae, rpi, and galP were
cloned using primers dgi-F and dgi-R, dae-F and dae-R, rpi-F and
rpi-R, galP-F and galP-R (Table 2), respectively, then digested
with Nde I and Xho I, Mfe I and kpn I, BamH 1 and Hind III, Nco
I, and Hind III (NEB, Beijing) at 37°C for 1 h. The obtained DNA
fragments were ligated to pETDuet-1 or pRSFDuet-1 with the
help of T4 DNA ligase (NEB, Beijing) at 16°C for 12 h, resulting
in pETDuet-dgi, pRSFDuet-dae, pRSFDuet-rpi, pETDuet-galP-
dgi, and pRSFDuet-dae-rpi, respectively.

Gene knockout

The genes of fruA, ptsG, glk, mak, pfkA, and pfkB located on
the E. coli genome were knocked out by a A red homologous
recombination system (Datsenko and Wanner, 2000). The kan®
gene with two FRT sites were amplified by use of pKD13 as a
template, and then electrotransferred to E. coli strains harboring
pKD46. After the replacement of the target gene by the kan® gene
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with the FRT sites, plasmid pCP20 was employed to express the
DNA recombinase (FLP) for eliminating the kan® gene (Baba
etal,, 2006; Dugar et al., 2016; Yang et al., 2018). The primers for
gene knockout were shown in Table 2.

Enzyme analysis

E. coli strains were cultured in 100 ml LB medium with
ampicillin (100 pg/ml) at 37°C and 220 rpm for 4 h. Protein
expression was induced by the addition of 0.2 mM isopropyl-
B-D-thiogalactoside (IPTG) when the cell density (ODggo)
reached =0.6. DGI, DAE, and RPI were expressed at 37°C and
220 rpm for 12h, respectively. Then, E. coli strains were
centrifuged at 8,000 g and 4°C for 10 min, which were washed
with Tris-HCl (50 mM, pH 7.0) for two times, and finally
suspended with 15 ml Tris-HCI (50 mM, pH 7.0). The cells
were broken by ultrasonic crushing instrument JY92-IIN
Jingxin co., Itd. (Shanghai) with ice-water bath for 5min (3 s
on and 3 s off). The cell debris was removed by centrifugation at
8,000 ¢ and 4°C for 10 min. Protein in the supernatant was
analyzed by use of 12% PAGE protein prefabricated gel
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FIGURE 2

Expression and functionality of DGI, DAE, and RPI. (A) SDS-PAGE analysis of DGI. Lane 1: Marker, Lane 2: E. coli (Empty A), Lane 3: E. coli (DGI). (B)
Activity of crude DGI. The supernatant of disrupted E. coli (Empty A) was used as a control. (C) Conversion of D-glucose to D-fructose by crude DGI.
(D) SDS-PAGE analysis of DAE. Lane 1: Marker, Lane 2: E. coli (Empty B), Lane 3: E. coli (DAE). (E) Activity of crude DAE. The supernatant of disrupted
E. coli (Empty B) was used as a control. (F) Conversion of D-fructose to D-allulose by crude DAE. (G) SDS-PAGE analysis of RPI. Lane 1: Marker,
Lane 2: E. coli (Empty B), Lane 3: E. coli (RPI). (H) Activity of crude RPI. The supernatant of disrupted E. coli (Empty B) was used as a control. (I)
Conversion of D-allulose to D-allose by crude RPI. Error bars indicated standard error (n = 3).

(KeyGEN Biotech, Nanjing). Proteins were analyzed by
MicroSpectrophotometer K5500PLus from Kaiao Technology
co. Itd. (Beijing). The activity analysis was carried out at 30°C
in a reaction system (500 pl) containing 400 pl Tris-HCI buffer
(50 mM, pH 7.0), proper sugar (10.8 g/L D-glucose, 10.1 g/L
D-fructose, or 7.8 g/L D-allulose), and 100 uL crude enzyme.
After the system was preheated at 30°C for 5 min, crude enzyme
was added. The reaction was terminated by boiling at 2, 5, 8, 10,
15, 30, 60, 90, and 180 min, respectively. The supernatant was
obtained by centrifugation at 6,000 ¢ for 10 min, and then
detected by high performance liquid chromatography (HPLC).
One unit of DGI, DAE, or RPT activity (U/mg) was defined as the
amount of producing 1umol of D-fructose, D-allulose or
D-allose per minute, respectively.

Fermentation
E coli strains were incubated in 4 ml LB medium overnight at

37°C and 220 rpm, then cultured in 50 ml M9 medium
containing appropriate D-glucose and glycerol with 100 pg/ml

Frontiers in Bioengineering and Biotechnology

23

ampicillin and 50 pug/ml kanamycin. After the cell density
(ODggp) reached 0.6, IPTG (0.2 mM) was added for induction,
and the fermentation temperature was adjusted to 30°C.
Fermentation samples were taken at an interval of 12h. The
cell density was measured with ultraviolet spectrophotometer.
D-Glucose, glycerol, D-fructose, D-allulose, and D-allose were
analyzed by a high-performance liquid chromatograph (HPLC,
HITACHI) with a refractive index detector monitor. A column of
Sugar-Pak™ I purchased from Waters was employed with a
mobile phase (deionized water) flow rate of 0.5 ml/min at 85°C.
The injection volume of the sample was 10 pl, with a retention
time of 20 min. The peaks of D-glucose, glycerol, D-fructose,
D-allulose and D-allose appeared at 9.7, 13.1, 11.3, 14.9, and
12.6 min, respectively. The target product D-allose was further
verified by use of liquid chromatography-mass spectrometry
(LC-MS) with Agilent 6,520 and Agilent 1,260 instruments.
The conditions of LC were the same as HITACHI The
conditions of MS were as follows: mode, ESI (-); scan range,
100-310 m/z; capillary voltage, 3.5KkV; fragmentor voltage,
140 V; 40 psi; gas, Ny and gas
temperature, 350°C. The standard substance of D-allose

atomization pressure,
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FIGURE 3

Synthesis of D-allose by fermentation using E. coli (DGI, DAE, RPI, GalP). E. coli (DGI, DAE, RPI, GalP) was cultured in M9 medium with D-glucose
and glycerol at 30°C. (A) Recombinant plasmids of pETDuet-galP-dgi and pRSFDuet-dae-rpi. (B) D-Glucose, D-fructose, D-allulose, and D-allose.

(C) Glycerol and cell density. Error bars indicated standard error (n = 3).

(purity >97%) was purchased from Yuanye Biotechnology
(Shanghai).

Results and discussion

Rational design of an izumoring pathway
for converting D-glucose to D-allose

As shown in Figure 1, the route designed for in vivo
generation of D-allose was based on a three-step cascade of
Izumoring reactions by use of D-glucose as a substrate.
D-Glucose
D-glucose to D-fructose. This enzyme is also called D-xylose

isomerase (DGI) was employed to convert
isomerase, and has been widely applied in industrial production
of High-Fructose Corn Syrup (HFCS) (Liu et al., 2015), especially
the DGI of Streptomyces rubiginosus. Although S. rubiginosus
DGI exhibits good thermal stability, its activity is fully activated
under alkaline conditions and rapidly decreases below pH 7.5,
which is not conducive to its application in D-glucose
isomerization in E. coli cells. Therefore, a S. rubiginosus DGI
mutant with D56N and E221A was used in this work, whose
catalytic efficiency has been reported to be significantly improved
around neutral pH (Jin et al., 2021). The reaction from
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D-fructose to D-allulose can be carried out by D-tagatose 3-
epimerase (DTE) or DAE. Compared with DTE, DAE has higher
substrate specificity but lower thermal stability. Despite that,
DAE is theoretically amenable to mild fermentation conditions,
so we selected a DAE from Agrobacterium tumefaciens, which
has been shown to be well expressed in E. coli (Kim et al., 2006).
The synthesis of D-allose from D-allulose can be accomplished
by L-rhamnose isomerase (LRhI), galactose-6-phosphate
isomerase (GPI) or RPI, of which LRhI and GPI normally
catalyze the formation of D-altrose (> 8%) as a byproduct
(Yeom et al,, 2011). Therefore, here we used a Clostridium
thermocellum RPI with a RI132E mutation, which has been
reported to have a higher specific activity and catalytic
efficiency for D-allulose than the wild-type enzyme (Lim and
Oh, 2011; Yeom et al., 2011).

Expression and functionality of the
enzymes involved in cascade
epimerization

In order to confirm that the cascade epimerization from

D-glucose to D-allose could be realized in vivo, we heterologously
expressed DGI, DAE, and RPI in E. coli, respectively, resulting in
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FIGURE 4

Effects of the phosphorylation acting on D-glucose and key intermediates. E. coli cells were cultured in M9 medium with D-glucose and
glycerol at 30°C. (A) Schematic of the cell factory for D-fructose generation. (B) E. coli (DGI, GalP), (C) E. coli (DGI, GalP, AFruA), (D) E. coli (DG, GalP,
AFruA, APtsG), (E) E. coli (DGI, GalP, AFruA, APtsG, AGlk, AMak, APfkA, and APfkB). Error bars indicated standard error (n = 3).

the strains E. coli (DGI), E. coli (DAE), and E. coli (RPI). Genes
were expressed under T7 promoter with IPTG as an inducer at
37°C. Then, the catalytic function of each enzyme was tested. As
shown in Figures 2A,D,G, the clear bands in SDS-PAGE indicate
that DGI, DAE, and RPI could be produced in cells in soluble
forms with molecular masses of around 45, 35, and 15 kDa,
respectively, which are in good agreement with the values (43, 32,
and 17 KDa) deduced from the amino acid sequences. When
D-glucose (Figure 2B), D-fructose (Figure 2E) or D-allulose
(Figure 2H) was used as a substrate, the crude DGI, DAE,
and RPI were able to yield D-fructose, D-allulose, and
D-allose in Tris-HCl buffer (50 mM, pH 7.4) at 30°C, with
activities of 98.96 mU/mg, 3.61 U/mg, and 17.39 mU/mg,
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respectively. These data suggest that the designed route for
cascade epimerization of D-glucose to D-allose by E. coli was
basically feasible under fermentation conditions, and the
conversion of D-allulose to D-allose should be the rate-
limiting step since the expression level and the activity of RPI
were both lower than those of DGI and DAE.

After that, we co-expressed DGI, DAE, RPI, and GalP,
resulting in the strain E. coli (DGI, DAE, RPI, GalP). GalP is
known as a D-galactose: H" symporter, which is also able to
transport D-glucose in E. coli. This passage is not accompanied
by phosphorylation (Luo et al., 2014), so that the D-glucose taken
up by GalP can serve as a precursor for D-fructose synthesis. The
mutant was cultivated in M9 medium containing 6.52 g/L
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FIGURE 5

Deletion of D-allose transporter to improve the performance of cell factory. E. coli cells were cultured in M9 medium with D-glucose and
glycerol at 30°C. (A) and (B) E. coli (DGI, DAE, RPI, GalP, AFruA, APtsG, AGLk, AMak, APfkA, and APfkB). (C) and (D) E. coli (DGI, DAE, RPI, GalP, AFruA,
APtsG, AGLlk, AMak, APfkA, APfkB, and AAlsB). (E) LC-MS analysis of D-allose standard and the fermentation sample by using E. coli (DGI, DAE, RPI,
GalP, AFruA, APtsG, AGLk, AMak, APfkA, APfkB, and AAIlsB) at 60 h. Error bars indicated standard error (n = 3).

D-glucose and 8.23 g/L glycerol, with the aim of allowing cells to
utilize D-glucose as a substrate for D-allose synthesis as much as
possible, rather than a growth carbon source, thereby improving
the yield of the product. The intermediates of D-fructose and
D-allulose began to appear in the medium after 12h of
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fermentation (Figure 3B). The D-fructose level first increased
and then decreased, reaching a peak of 0.21 g/L at 36 h, while
D-allulose gradually increased with time, reaching 0.04 g/L after
84 h. Unfortunately, we did not find the generation of the target
product D-allose, and the utilization of glycerol might be limited
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by carbon catabolite repression (CCR), since glycerol level
remained unless D-glucose was depleted (Figure 3C).

Blocking of the phosphorylation acting on
D-glucose and key intermediates

Because the activities of DGI, DAE, and RPI under
fermentation conditions have been confirmed, we suspected
that sugar phosphorylation might be the main reason for the
failure of D-allose production, which has also been reported to be
responsible for causing CCR (Fox and Prather, 2020). As an
whether could be
continuously generated in cells was the key to synthesizing
D-allose. We thus utilized the strain E. coli (DGI), which had
a pathway capable of yielding D-fructose from D-glucose, to

important  intermediate, D-fructose

optimize the pathways related to the sugar phosphorylation in
order to enhance D-fructose generation.

E. coli has been reported to take up D-glucose primarily
through the glucose phosphoenolpyruvate transferase system
(PTS) (Phue et al.,, 2005), which transports and concomitantly
phosphorylates D-glucose to glucose-6-phosphate, thus allowing
D-glucose to enter the EMP pathway as a carbon source for
growth. However, expression of GalP in E. coli (DGI) did not
obviously improve D-fructose production and glycerol co-
utilization (Figure 4B) when compared with the data in
Figure 3. Fructose PTS is the major route for uptake of
D-fructose by E. coli. It is able to phosphorylate D-fructose to
fructose-1-phosphate, followed by entering the EMP pathway as
a carbon source, which can explain that the produced D-fructose
would be gradually consumed in the middle and late stages of
fermentation (Figure 4B). Also, CCR still occurs in theory due to
the presence of fructose PTS, thus inhibiting the use of glycerol by
cells. Therefore, we then deleted the gene of fruA involved in the
fructose PTS, resulting in the strain E. coli (DGI, GalP, AFruA).
As illustrated in Figure 4C, inactivation of fructose PTS
effectively reduced the consumption of D-fructose, which
could be maintained at 0.11 g/L even after 90 h. Meanwhile,
the consumption of glycerol by E. coli (DGI, GalP, AFruA) was
increased when compared with that of E. coli (DGI, GalP), which
might be because the extracellular D-fructose could not be
utilized without FruA, forcing the cells to use glycerol as a
carbon source. We observed that the ability of E. coli (DGI,
GalP, AFruA) to metabolize glycerol was severely inhibited by
D-glucose, suggesting that the expression of GalP was not able to
relieve glucose CCR. Therefore, the gene of ptsG involved in the
glucose PTS was further deleted, resulting in the strain E. coli
(DGI, GalP, AFruA, APtsG). The data in Figure 4D show that
D-glucose consumption for growth was reduced and glycerol
utilization was further increased after the glucose PTS was
inactivated. More importantly, D-fructose level was increased
nearly 4-fold to approximately 0.48 g/L. However, the yield of
D-fructose on D-glucose was still quite low, which was less than
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0.06 g/g. We then further knocked out the genes of glk, mak,
pfkA, and pfkB to block the phosphorylation of D-glucose and
D-fructose in the cytoplasm and the EMP pathway (Figure 1). As
a result, the obtained strain had a significant improvement in
D-fructose synthesis, with a D-fructose level of 1.81 g/L and a
yield of 0.37 g/g on D-glucose (Figure 4E).

Regulation of D-allose transport to
enhance the forward epimerization
reactions

Next, we co-expressed DAE and RPI in the optimized strain,
resulting E. coli (DGI, DAE, RPI, GalP, AFruA, APtsG, AGIk,
AMak, APfkA, and APfkB), and cultivated the mutant in the
M9 medium supplemented with around 6.00 g/L D-glucose and
9.00 g/L glycerol (Figures 5A,B). The data show that D-allose
started to appear after 24 h of fermentation, and reached its
maximal level of 16.57 mg/L at 48 h, then decreased to around
12.19 mg/L. Similarly, the intermediate D-allulose also had a
slight decrease in the late stage of fermentation, finally reaching
0.19 g/L at 84 h. At the same time, the D-fructose produced was
0.67 g/L, while the consumption of D-glucose was about 3.21 g/L.
These data indicate that the total level of the target and
products than 0.99 g/l when
fermentation was completed, which was much lower than the

intermediate was  less
amount of the substrate consumed. There are no differences in
the molecular masses of D-glucose, D-fructose, D-allulose and
D-allose. Thus, it suggests that most of the consumed D-glucose
flowed to other pathways rather than the designed pathway for
yielding D-allose, probably due to the existence of unknown
pathways in E. coli that could bypass the genes we deleted to
utilize the hexoses involved in D-allose synthesis.

Here, the three reactions involved in the Izumoring cascade
epimerization were all reversible, so one of the ways capable of
further improving D-allose production was to make the effluxed
D-allose unable to enter the mutant cells, thereby continuously
driving the reversible reactions to the forward direction. It has
been reported that the D-allose transport system of E. coli is
composed of AlsA, AlsB, and AlsC (Kim et al., 1997; Poulsen
et al,, 1999), wherein AlsB is responsible for the specific binding
of D-allose, followed by the transmembrane passage with the aid
of AlsA and AlsC. We thus knocked out the gene of alsB to
damage the D-allose transport system of E. coli (DGI, DAE, RP],
GalP, AFruA, APtsG, AGIk, AMak, APfkA, and APfkB), and
cultivated the mutant in M9 medium under similar conditions to
our previous experiments (Figures 5C,D). It is observed that the
D-allose produced, which was further confirmed by high-
performance liquid chromatography-mass spectrometry (LC-
MS) (Figure 5E), was 10-fold higher than that of the strain
without AlsB deletion (Figure 5A), reaching 127.35 mg/L after
84 h, with a yield of over 0.045 g/g on D-glucose. More excitingly,
the level of D-allose rose dramatically in the middle and late
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stages of fermentation, and maintained an obvious upward trend
even at the end of the experiment. To the best of our knowledge,
this work is the first report of D-allose production from
D-glucose by microbial fermentation. However, it is similar to
enzymatic methods that the D-allose yield through fermentation
was quite low. In this work, three reversible isomerization
reactions were involved in the pathway synthesizing D-allose,
which might seriously affect the yield of D-allose on D-glucose.
In the future, we plan to introduce the phosphorylation-
dephosphorylation pathway to convert D-glucose into
D-allulose (Li et al., 2021), and then use RPI to isomerize
D-allulose into D-allose, so as to further optimize the

biosynthetic pathway.
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Increasingly complex synthetic environmental pollutants are prompting further
research into bioremediation, which is one of the most economical and safest
means of environmental restoration. From the current research, using microbial
consortia to degrade complex compounds is more advantageous compared to
using isolated bacteria, as the former is more adaptable and stable within the
growth environment and can provide a suitable catalytic environment for each
enzyme required by the biodegradation pathway. With the development of
synthetic biology and gene-editing tools, artificial microbial consortia systems
can be designed to be more efficient, stable, and robust, and they can be used to
produce high-value-added products with their strong degradation ability.
Furthermore, microbial consortia systems are shown to be promising in the
degradation of complex compounds. In this review, the strategies for
constructing stable and robust microbial consortia are discussed. The
current advances in the degradation of complex compounds by microbial
consortia are also classified and detailed, including plastics, petroleum,
antibiotics, azo dyes, and some pollutants present in sewage. Thus, this
paper aims to support some helps to those who focus on the degradation
of complex compounds by microbial consortia.

KEYWORDS

microbial consortia, degradation, complex compounds, plastic biodegradation,
petroleum biodegradation

Introduction

In recent years, increasingly serious pollution has been a major threat to public health,
and more and more people are putting forward higher requirements for environmental
restoration. Microbial environmental remediation is cleaner and more economical than
the traditional burning landfill, which causes subsequent environmental pollution. The
use of microbial consortia to degrade various pollutants into non-toxic or less-toxic
compounds is a better option (Azubuike et al., 2016). At present, research on
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value-
added

FIGURE 1
Microbial consortia bioremediation and reuse of complex compounds.

bioremediation by microbial consortia has practical significance,
and it has already been applied in some cases. As shown in
Figure 1, microbial consortia can degrade complex compounds,
including plastics, petroleum, antibiotics, azo dyes, and some
pollutants present in sewage. Furthermore, it also can be used in
consolidated bioprocessing (CBP), which is a great solution to
energy shortages. Petroleum hydrocarbons and plastics can also
be used as raw materials for the production of high-value-added
products. Because of the excellent degradation ability of
microbial consortia for complex compounds, they are more
commonly used than the single stain in environmental
remediation. For example, they can well degrade the complex
compounds in soil and sewage. Furthermore, shrubs and trees
can be planted on the treated soil, and the treated sewage can be
used as irrigation water for non-edible commercial crops (Biswas
et al., 2021).

Creating an artificial microbial consortia system distributes
the desired multiple catalytic enzyme expression pathways to
different strains, and then co-culturing all strains to complete the
task (Zhang and Stephanopoulos, 2016; Li Z. et al., 2019). The
microbial consortia can degrade complex compounds that
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cannot be decomposed by a single bacterial system, such as
starch and cellulose. Some complex compounds are difficult to be
degraded due to their complex structures. However, some strains
can break down these complex substrates into small-molecule
sugars that can be used as carbon sources for other strains in the
system (Wang S. et al,, 2019; Tondro et al., 2020). For strains in
the consortia, the rational division of metabolic pathways can
reduce cross-reactions and thus the metabolic burden of each cell
(Said and Or, 2017; Shen et al., 2020). Compared with a natural
microbial consortia system, the composition of an artificial
microbial consortia system is simpler, the division of labor is
clearer, and it can be further modified for different target
products (Qian et al., 2020; Zhang and Hong, 2020). Thus, a
microbial consortium can be constructed to degrade a wide range
of complex compounds precisely, which can enable the modular
assembly and optimization of metabolic pathways by modulating
the microbial consortia structure (Jones et al., 2017; Jones and
Wang, 2018; Roell et al., 2019). Cross-feeding between bacteria
can also be used to eliminate feedback inhibition and remove
products or by-products, which is important for improving the
degradation efficiency of complex compounds (Zhou et al,
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2015). Microbial consortia also have strong adaptability to, and
stability within, complex environments (Kaeberlein et al., 2002).
After a variety of cells with different functions are fused, the
dynamic balance is maintained through complex interactions
between cells, making the entire system more adaptable and
stable when facing environmental fluctuations (McCarty and
Ledesma-Amaro, 2019). The synergistic development of systems
both a
understanding and a rational engineering of these complicated

and synthetic biology will provide thorough
consortia for novel applications (Song et al., 2014).

The advantages described above are inspiring more and more
researchers to explore the ability of microbial consortia to
degrade complex compounds. In this paper, to provide a
reference for the construction of microbial consortia, those
that are currently used to degrade complex compounds are
and future their

construction are discussed.

summarized, research directions for

Construction strategy of microbial
consortia for degradation

Artificial microbial consortia systems have been developed
and studied based on natural microbial consortia systems. There
are usually two principles for the design of artificial microbial
consortia systems: the top-down approach and the bottom-up
approach. The top-down approach uses carefully selected
environmental variables that force an existing microbiome
(naturally occurring or inoculated) through ecological
selection to perform the desired biological processes. This
requires us to conceptualize the microbial consortia as a
system model and determine the inputs and outputs of the
system, including physical and chemical conditions, known
abiotic and biological processes, environmental variables, and
how operations on the microbial consortia promote or inhibit the
biological processes being optimized (Lawson et al., 2019). The
most commonly used method is to artificially enrich and screen
functional microbial consortia. Although the conventional top-
down approach offers a framework and has been widely
successful for wastewater treatment and bioremediation, it
often ignores processes that depend on intricate interactions
between consortia members. Recent advances in synthetic
biology have enabled researchers to develop bottom-up
approaches and focus on engineering the microbiome’s
metabolic network and microbial interactions. The general
design process is to obtain the genomes of individual
members of the microbiome and then reconstruct the
metabolic networks. The individual populations’ reactions and
metabolites can be compartmentalized and metabolic fluxes
within and between populations can be simulated using
optimality principles (Orth et al, 2010). These models can
also simulate steady-state flux distributions over time and
space. Such bottom-up tools provide a platform for rationally
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designing microbiomes with specific properties such as
distributed
community resistance and resilience, and spatiotemporal

pathways, modular  species interactions,
organization that optimize ecosystem function and stability.
Therefore, extending these designs to systems with non-model
organisms of tens to hundreds of different species will require
deeper insights into their metabolism and the principles
their

(Lawson et al., 2019). Most microbial consortia that degrade

governing interactions and higher-order behavior
complex compounds are constructed with the top-down
approach.

When constructing microbial consortia to degrade complex
compounds, one of the important issues is to select suitable
chassis strains with suitable catalytic performance; whether they
can coexist with other strains also needs to be considered (Jawed
et al., 2019). Therefore, in the selection of chassis strains, strains
with low mutation rates, non-toxic by-products, and high
tolerance are generally selected. The next issue that needs to
be considered is the division of degradation pathways. Long
degradation pathways can be rationally divided into several
strains, and different degradation pathways can be responsible
for different strains (Lu et al, 2019). Although an artificial
microbial consortia system can reduce the metabolic burden
of cells, excessive segmentation of metabolic pathways will also
lead to confusion and reduce the efficiency of mass transfer
(Goers et al., 2014). In recent years, it has been discovered that
the ordered spatiotemporal distribution of strains can improve
the efficiency of microbial consortia to degrade complex
compounds. In this way, each strain in the microbial
consortia is provided with a suitable environment for
degradation and a spatial position corresponding to the time
sequence in the degradation pathway. Strain immobilization is a
commonly used spatio-temporal distribution application, and
plays an important role in promoting the biodegradation of
complex compounds. It can be implemented through an
ambient medium. Some researchers developed a special
hydrogel as a new carrier to be used in the immobilization of
artificial microbial consortia systems. This kind of hydrogel not
only does not affect the material exchange of bacteria but also has
a preservation effect on bacteria, which is conducive to the
stability of their function. Strains with different environmental
requirements in the microbial consortium can be preserved in
different hydrogels, and the mixing of hydrogels does not
change their individual properties (Johnston et al., 2020). The
design of the culture device is also helpful to the spatio-
temporal distribution and control of strains in an artificial
microbial consortia system. Microfluidic technology achieves
the fine regulation of different strains and improves the
control of the microbial consortia system (Wang C. et al,
2019). Some researchers designed a ventilated biofilm reactor
based on the gradient distribution of oxygen in space to
the
complementarity of

functional
which

coexistence and

kinds

reasonable
three

achieve
of Dbacteria,
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effectively improved the efficiency of the microbial consortia
(Shahab et al., 2020).

During the degradation of complex compounds, the carbon
source required for the growth of microbial consortia is generally
a complex compound itself, but not all microorganisms in the
microbial consortia can utilize complex compounds as carbon
sources. A common solution is to construct sequential utilization
patterns of substrates and intermediates. Applying this model
can not only avoid substrate competition but also eliminate the
negative feedback inhibition caused by some by-products (Park
etal., 2020). However, this sequential utilization pattern does not
have well-defined material and energy flow paths like most
microbial consortia for synthesize compounds de novo. The
material and energy flow pathways in microbial consortia for
degrading complex compounds are more reticular in structure.
Material and energy are transferred repeatedly between strains
and may in any case be consumed rather than eventually pooling
in a product. This complex interaction network of material and
energy is beneficial for degrading complex compounds because it
can make the structure of the microbial consortium more stable
In this

strains

and more resistant to environmental fluctuations.
the
becomes more complex as the number of strains increases.

microbial consortium, relationship  between
For microbial consortiums with many strains, it might be
critical to consider higher-order interactions (HOIs) to ensure
stable coexistence and function (Mayfield and Stouffer, 2017).
For example, in a three-member consortium, a third population
the

antagonistic populations. The consortia can also be stable

could attenuate negative interaction between two
even if the third species is antagonistic to the two species so
long as each population modulates the inhibitory interactions
between the remaining two members (Kelsic et al., 2015). Thus,
the presence of an additional population could synergize with an
existing community, resulting in a more stable consortium. The
HOISs can also extend to more population network topologies
(Grilli et al., 2017). Furthermore, the importance of HOIs
increases with the number of populations in the microbial
consortium (Friedman et al., 2017).

Cross-feeding and quorum sensing (QS) are two commonly
used artificial design approaches to maintain complex stability.
Symbiotic relationships in microbial consortia with few strains
are primarily based on single metabolite cross-feeding, such as an
amino acid (Harcombe et al, 2018). For example, amino acid
auxotrophies can create complex interdependencies between
microorganisms. These relationships promote stability and
robustness by allowing for metabolic redundancy among
community members (Embree et al, 2015). However, the
secretion of a single metabolite is often insufficient to support
the normal growth of all strains in a big microbial consortium,
limiting its robustness and stability. In a microbial consortium
degrading complex compounds with many strains, developing a
multiple-metabolite cross-feeding strategy is closer to the reality,
which is used to strengthen the correlation between microbial
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entities. Central to this strategy is the selection of appropriate
metabolic branches for cross-feeding, which involve multiple
metabolites that are critical for cell growth and translocate across
cell membranes. Amino acid anabolism and energy metabolism can
often be selected to establish close cell-cell correlations resulting in a
very stable co-culture system (Li et al, 2022). The social and
gregarious behavior of single-celled organisms such as bacteria is
usually accomplished through intercellular communication, which
can occur through QS. QS primarily regulates collective features that
involve energetically costly “public goods” and are most effective or
even only functional if performed by a microbial consortium.
Bacterial traits controlled by QS include genetic phenotypes,
biofilm formation, promoting or inhibiting function, and
virulence (Mashruwala et al, 2022; Piitz et al, 2022; Ramsay
et al, 2022). QS even can be a driver and target of other
functions (Striednig and Hilbi, 2022). However, one challenge in
incorporating more members within microbial consortia that
degrade complex compounds is that many QS systems are not
completely orthogonal, and one solution is to design a new QS
system. Recently, a sophisticated QS circuit with high dynamic
ranges, low leakiness, and the ability to simultaneously regulate
multiple sets of genes in 1 cell was designed and was used to
autonomously and temporally regulate three metabolic fluxes
involved in a pathway (Ge et al, 2022). This was a big step
forward but not sufficient to deal with the more complex
situation in microbial consortia. It was also discovered that QS
systems can be used for cell-cell communication between distant
populations (Luo X. et al,, 2015). QS systems may play a key role in
microbial consortia that degrade complex compounds, just as they
now play an important role in synthetic microbial consortia with
fewer strains, but they must be studied further.

Current status of biodegradation of
complex compounds by microbial
consortia

Complex compounds are usually difficult to be efficiently
degraded by natural microorganisms due to the complexity of
their structures. Many researchers use microbial consortia to
degrade complex compounds, especially common environmental
pollutants. The current research progress on the degradation of
complex compounds by microbial consortia is shown in Table 1.
Common types of waste plastics such as polyethylene
terephthalate (PET), polyethylene (PE), polystyrene (PS), and
polyurethane (PU) have been degraded by microbial consortia.
The study of strain interaction in natural microbial consortia is a
necessary prerequisite for their construction. In fact, some
isolated natural microbial consortia have the ability to degrade
plastics. On this basis, researchers can add microorganisms to an
isolated microbial consortium according to the relationships of
the consortium to improve its efficiency, or build a simple
microbial consortium to better understand degradability, gene
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TABLE 1 An overview of recent advances in the degradation of complex compounds by microbial consortia.

Substrate Achievement
Plastic PET the weight loss of PET film reached 23.2% in
7 days
PE demonstrated 81% + 4% of weight reduction
for LDPE strips over a period of 120 days
PS demonstrated 12.4% of weight reduction PS,
a weight loss of 23% of HIPS film in 30 days
PU 50.3% of proprietary aromatic PE-PU-A
copolymer was consumed in 25 days
Petroleum n-alkane synergistic rate of biodegradation of diesel oil
hydrocarbons was 85.54% * 6.42%
Polycyclic aromatic ~ nearly completely degraded fluorene and
hydrocarbons phenanthrene after 5 days
Antibiotic 78.3% of Sulfonamide antibiotics had
degraded after 4 weeks
All sulfamethoxazole (5 mg/L) had degraded
in3h
After 28-day incubation at 25°C, the
ciprofloxacin loss was nearly 100%
Azo dyes 98.2% decolorization
All Orange II (250 mg/L) had been
decolorization
Wastewater NH,-N removal (100%) was observed within
7 days
the removal efficiency of acetoacetanilide
(3200 mg/L) achieved 69.28 + 0.42% within
14 days
Lignocellulose produced 3.94 g/L butanol, which was five

times higher than the control

7.61 g/L of butanol was generated from
untreated corncob

0.44 g/g bioethanol production in biological
pretreatment of the lignocellulosic cotton
stalk

Co-culture strains

Rhodococcus, Pseudomonas putida, and two metabolically
engineered Bacillus subtilis species

Enterobacter sp. bengaluru-btdsce01, Enterobacter
sp. bengaluru-btdsce02, and Pantoea sp. bengaluru-
btdsce03

Bacillus spp. and Pseudomonas spp.

Rhodobacterales, Rhizobiales, Burkholderiales,
Actinomycetales, Sphingobacteriales

Pseudomonas stutzeri, Dietzia sp.

Sphingomonas, Pseudomonas, Sphingobium, Dokdonella
and Luteimonas

Firmicutes and Bacteroides, represented by Bacillus and
Flavobacterium

nitrifying sludge (e.g., Nitrosomonas, Dokdonella,
Defluviicoccus, Pseudomonas, Zoogloea, Thauera, and
Pseudomonas)

Classes Gammaproteobacteria, Bacteroidia,
Betaproteobacteria and Leucobacter

A halophilic bacterial consortium from textile wastewater

Vanrija humicola, Meyerozyma caribbica, Debaryomyces
hansenii, and Meyerozyma guilliermondii

Chlorella vulgaris and nitrifier-enriched-activated-sludge

Paenarthrobacter, Rhizobium, Rhodococcus, Delftia and
Nitratireductor

C. cellulovorans and C. beijerinckii

Thermoanaerobacterium thermosaccharolyticum and
Clostridium acetobutylicum

Saccharomyces cerevisiae YPH499 and Pachysolen
tannophilus 32691
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regulation, or enzymatic activities. For example, about 90% of

n-alkanes and aromatic hydrocarbons in petroleum
hydrocarbons can be degraded by reconstructed microbial
consortia (Bacosa and Inoue, 2015; Hu et al,, 2020). Another
obvious improvement is the treatment of sewage microbial
consortia. Adding microalgae to activated sludge (a natural
microbial consortium) can improve the adsorption and
degradation efficiency of various compounds and even heavy
metals in sewage (Sepehri et al., 2020). Alternatively, a microbial
consortium can be constructed based on the interaction
relationship between microorganisms, whose substrates are
more targeted and generally can only degrade one or several
specific types of complex compounds. At the same time, fewer
strains are needed in the consortium, as each has its own clear
mission. In artificial microbial consortia, the degradation process

can be clearly represented and easily studied and even regulated.
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A representative example is the artificial two-strain consortium
for CBP. One strain degrades complex cellulose into small
molecular compounds, and another strain uses those small
molecular compounds as substrates to synthesize the desired
products (Wen et al., 2020). For complex compounds, especially
pollutants in the environment (due to their refractory
degradation and the complexity of the environment), the
best choices for

microbial consortium is one of the

bioremediation.

Degradation of petroleum hydrocarbons
by microbial consortia

Petroleum hydrocarbons are important energy resources and
raw materials for all walks of life. Petroleum hydrocarbon
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Biodegradation of petroleum hydrocarbons.

pollutants, such as normal paraffin, cycloalkanes, and aromatics,
are recalcitrant compounds and are listed as priority pollutants
(Holliger et al., 1997; Costa et al., 2012; Sajna et al., 2015; Li et al.,
2020; Qian et al,, 2021). They can usually be degraded in the
presence of several natural microorganisms, each of which can
decompose a specific set of molecules. Thus, microbial consortia
have advantages in crude oil bioremediation (Zanaroli et al.,
2010). Microbes in oil-contaminated areas adapt to the
environment, resulting in genetic mutations in offspring that
enable them to degrade petroleum hydrocarbon compounds
(McDonald et al,, 2006; Varjani and Upasani, 2016). Many
novel species of microorganisms such as Anaerobaculum,
Desulfacinum infernum, Methanococcus thermolithotrophicus,
Thauera phenylacetica, and Geobacillus subterraneus have
been isolated from sites of contamination
Oliveira, 2013).

The top-down approach is often used to construct microbial

(Garcia and

consortia for the degradation of petroleum hydrocarbons. The
degradation efficiency can be improved or the substrate range
can be broadened by adding new strains to natural microbial
consortia. The bioremediation capacity of microbial consortia in
oil-contaminated areas is often limited due to the poor
biodiversity of native microbial consortia, where the presence
of microorganisms with complementary substrate specificities to
degrade different hydrocarbons is lacking (Ron and Rosenberg,
2014). Microbial consortia with the potential to degrade
petroleum hydrocarbon compounds can be screened out from
oil-contaminated areas, before improving the degradation ability
or substrate extensiveness of the microbial consortia system by
artificial compounding or adding artificially engineered bacteria.
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There are reports showing that microbial consortia are superior
to single bacteria in utilizing hydrocarbon contaminants in
petroleum crude oil as the sole carbon source (Varjani et al.,
2013). Such consortia show an increased degradation rate of
diesel and polycyclic aromatic hydrocarbons (PAHs) when
cultured under laboratory conditions (Varjani and Upasani,
2013). Ibrar and Zhang (2020) constructed a microbial
consortium containing Lysinibacillus, Paenibacillus, Gordonia,
and Cupriavidus spp. that could produce biosurfactants to
enhance the ability of other bacteria to degrade petroleum
hydrocarbons. Their results showed that the microbial
consortia could use common polycyclic aromatic hydrocarbon
pollutants (naphthalene and anthracene) as the sole carbon
source. Therefore, artificial microbial consortia systems are a
potential research direction to improve bioremediation efficiency
in oil-contaminated areas (Varjani et al., 2015).

The bottom-up approach can also be used to construct
microbial consortia based on the degradation pathway of
petroleum hydrocarbons, which has been elucidated in the
literature. As shown in Figure 2, the biodegradation of
petroleum hydrocarbon can be divided into several processes
(Li and Ding, 2021). In the first step, microorganisms enhance
the bioavailability of petroleum hydrocarbon pollutants by
chemotactic movements and secreting surfactants (Ahmad
et al., 2020). These surface-active materials increase the
surface area and bioavailability of hydrophobic and water-
insoluble substrates, thereby increasing the speed at which
petroleum hydrocarbons can approach microorganisms. Then,
the petroleum hydrocarbons enter the cell through the transport
process, mainly by free diffusion, passive transport, active
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transport, and endocytosis (Gu et al., 2016). Finally, the
the The
degradation pathways of petroleum hydrocarbon compounds

petroleum hydrocarbon is degraded in cell.
mainly include aerobic degradation and anaerobic degradation.
Common pathways for the degradation of linear alkanes include
the initial degradation of alkanes and the oxidation of methyl
groups, leading to the formation of alcohols, followed by the
dehydrogenation of aldehydes to form their corresponding
carboxylic acids. Then, the fatty acids are metabolized by the
B-oxidation pathway (Abbasian et al., 2015). The degradation of
cycloalkanes and aromatic hydrocarbons is more difficult than
that of linear alkanes, as the former needs to be sequentially
opened by hydrolase or isomerase and then degraded through
degradation pathways that are different from those of linear
alkanes (Gupta et al., 2015; Ghosal et al., 2016; Dhar et al., 2020;
Li and Ding, 2021). Furthermore, each degradation pathway of
petroleum hydrocarbons is relatively long, which will bring
greater growth pressure to cells. Under the condition of
ensuring degradation strain  cannot
all the

degradation and biosurfactant production at the same time.

efficiency, a single

undertake functions of petroleum hydrocarbon
Therefore, many studies are using microbial consortia to
degrade petroleum hydrocarbons, where different bacterial
species undertake different functions in the degradation
process. This can not only reduce the growth pressure of
individual cells but also improve the tolerance of bacterial
groups to harsh environments through cooperation between
different the

degradation system stable and robust.

bacterial species, thereby making entire

The degradation efficiency of petroleum hydrocarbons can
be improved by modifying engineered bacteria according to the
degradation pathway. Such genetically modified engineered
microorganisms can degrade or assist in the degradation of
complex compounds. Luo Q. et al. (2015) constructed oil
biodegradation bacteria to promote the biodegradation of
diesel. The alkane hydroxylase (alkB) gene was introduced
into Escherichia coli, giving it the ability to degrade diesel fuel.
The diesel-induced expression of the AlkB protein increased the
diesel degradation rate from 31% to 50% after 24 h. Enhancing
surfactant production is conducive to improving the accessibility
of petroleum hydrocarbons to the strains, which is beneficial for
improving their degradation efficiency. Wu et al. (2018)
engineered B. subtilis 168 by integrating surfactant synthesis
activators, knocking out competing pathways, and enhancing
the supply of fatty acid precursors, resulting in a significant
increase in surfactant yield. Furthermore, different bacteria with
auxiliary functions and petroleum hydrocarbon-degrading
bacteria can be combined to form a consortium.

There is a way to improve the ability of the microbial
consortia which is by adjusting the interspecific relationship of
microbial consortia. Shuang et al. (2019) constructed a three-
bacteria system with, a significantly improved degradation
efficiency of phenanthrene obtained through the synergistic
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effect between the bacterial species. Ghorbannezhad et al.
(2018) created a microbial consortium using eight fungi, three
yeasts, and four bacteria, and an oil degradation assay for various
combinations, including a bacterial mixed culture, a fungal
mixed culture, a fungal-bacterial mixed culture, and a
sequential fungal-bacterial mixed culture. The experimental
results showed that the repair effect of the synergistic
microbial consortia was generally significantly higher than
that of a single strain. The results demonstrate that
communication between different microorganisms in the
microbial consortia may improve the degradation ability of
petroleum hydrocarbons.

As one of the advantages of a microbial consortium, strains
with additional functions can be added without affecting the
degradation pathways of complex compounds. The most
economically valuable strategy is to add a microbial that can
use degradation products as carbon sources or substrates for the
biosynthesis of high-value products. In addition, the depletion of
degradation products favors the forward progression of the
degradation pathway. Thus, the synthesis of high-value
the
consortia for degrading complex compounds (Wang et al., 2022).

products increases economic benefits of microbial

Degradation of plastics by microbial
consortia

A large amount of plastic is produced globally every day, but
only 21% of plastics are recycled or incinerated, and most of the
remainder is discarded or buried, greatly polluting the
environment (Law, 2017). Under natural conditions, the
whole process of plastic degradation requires a timeframe of
more than 50 years (Webb et al, 2013). Plastic waste can be
degraded through physical processes, chemical processes, or
biodegradation (Andrady, 2011). Microbial degradation has
been increasingly studied due to its safety, rapidity, and low
cost. Many plastics are biodegraded by microbial consortia rather
than individual strains, possibly because of the limited metabolic
capacity of individual microorganisms (Qi X. et al.,, 2021). Yu
et al. (2019) found that microorganisms in a consortium had
higher biodegradation efficiency than individual strains because
the potentially toxic intermediates can be removed by other
microorganisms present.

Many have investigated the degradation mechanism of
microbial consortia constructed by top-down approaches.
Vargas-Sudrez et al. (2019) selected microbial consortia from
degraded foam blocks collected in landfills. They found that in
the presence of microbial consortia, the carbon utilization
efficiency of their strain was more efficient in degrading
multiple types of complex plastics than when it was
independent because of the interspecific interaction. To
elucidate the mechanism by which landfill microbial consortia
attack PU plastics, Gaytan et al. (2020) investigated the
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degradation of a microbial consortium selected from a municipal
landfill, which was able to disperse PU in water as the sole carbon
source of growth. The study showed that the degradable enzyme
gene of selected microbial consortia has great potential in the
After these
microbial be

direction of bioremediation. understanding

cooperative  relationships, consortia  can
constructed to achieve plastic degradation.

The bottom-up approach can be used to construct microbial
consortia based on the different degradation pathways of plastics,
whose steps are relatively clear. As shown in Figure 3, the whole
process of microbial degradation can be summarized into three
stages: biodeterioration, biofragmentation, and biodegradation
(Zhang et al., 2022). The biodeterioration stage refers to the
degradation of plastic polymer surfaces by biofilms that are
formed (Ru et al, 2020). In general, biofilms of microbial
consortia exhibit a better ability to degrade plastics than those
of single bacteria at this stage. Due to the natural hydrophobicity
of plastics, it is necessary to introduce hydrophilic functional
groups on the surface of plastics to facilitate the attachment of
microorganisms (Nauendorf et al, 2016). For example, the
biosurfactant-producing module in the microbial consortium
system for petroleum hydrocarbon degradation described
above can also be used in microbial consortia for plastic
degradation. Tribedi et al. (2015) demonstrated that biofilm-
promoting compounds, such as mineral oil and surfactants for
biofilm attachment, enhanced the biodegradation of plastics.
Fungi can also play an important role in the degradation of

plastics, as they can attach to plastic surfaces via their hyphae and
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provides an attachable platform for other microorganisms
(Sdnchez, 2020). Biofragmentation is a depolymerization step
that convert plastic polymers into smaller units by the action of
extracellular enzymes and free radicals (Jenkins et al, 2019).
Plastic-degrading enzymes are divided into two broad categories:
extracellular enzymes and intracellular enzymes. These different
groups of enzymes have been found to act similarly to microbial
laccases, peroxidases, lipases, esterases, and cutinases (Gan and
Zhang, 2019), and they are mainly involved in depolymerizing
the long carbon chains of plastic polymers to form mixtures of
these
monomers are then processed by different strains. Once these

oligomers, dimers, and monomers. Subsequently,
plastic monomers are successfully transported into cells, they
undergo a series of enzymatic reactions that lead to their
complete degradation into oxidative metabolites (Ho et al,
2017). The complete degradation of plastic requires the
participation of a variety of enzymes, and the enzymes
required for the degradation of different plastics are different.
Therefore, microbial consortia are a suitable choice to increase
the rate of plastics degradation, especially for a mixture of various
plastics.

For artificial microbial consortia constructed by bottom-up

approaches, the consortium can indirectly improve
biodegradation through metabolic cross-feeding or the
production of metabolites that induce co-metabolic

degradation (Hu et al., 2020). The degradation pathways of
plastics can be divided into different modules according to
key rate-limiting enzymes and intermediates, and each module
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can be assigned to different strains. These strains constitute the
initial microbial consortium. This approach has the advantage of
reducing the metabolic burden of each strain and increasing the
tolerance of the microbial community to harsh environments
through strain-to-strain interactions. Qi X. H. et al. (2021)
constructed a microbial consortium consisting of Rhodococcus,
Pseudomonas putida, and two engineered B. subtilis species for
the degradation of PET. The two engineered B. subtilis secrete
PET hydrolase and monohydroxyethyl terephthalate hydrolase
to achieve the initial degradation of plastics. Then, R. jostii and
Pseudomonas putida were added to degrade terephthalic acid and
ethylene glycol. The final microbial consortia could completely
degrade 23.2% of a PET film at room temperature. Furthermore,
as a result of in-depth research on the degradation pathways of
synthetic plastics, it has also become possible to build a microbial
community degradation platform to degrade and convert
synthetic plastics into high-value products (Qi et al, 2022;
Sullivan et al., 2022).

Degradation of antibiotics and azo dyes by
microbial consortia

Antibiotics have been widely used as an effective class of
effective drugs, and their presence has been reported in sewage
treatment plant effluent, sewage treatment plant biosolids,
surface ~ water,  groundwater, and  drinking  water
(Barancheshme and Munir, 2018; Zhang et al, 2018). Such
antibiotic contamination has posed a major global threat.
Some scholars claim that future bioremediation work will
focus on enzymatic remediation, and biotechnology should be
prioritized over chemical treatment to minimize contamination
after treatment (Kumar et al., 2019). Microbial consortia showed
excellent degradability in studies on the biodegradation of
antibiotics. There are many types of antibiotics, and each
antibiotic biodegrades in different ways. Some antibiotics are
so complex that they require the cooperation of several strains to
be completely degraded. Thus, microbial consortia also have
advantages in degrading antibiotics.

Using the top-down approach to construct microbial
consortia for the degradation of antibiotics is common at
present. Firmicutes and Bacteroides, represented by Bacillus
and Flavobacterium, are the main bacteria in sulfa-degrading
consortia. These microbial consortia obviously can degrade
sulfonamides, and almost half of the antibiotics can be
degraded after 1week, with an average degradation rate of
78.3% after 4 weeks (Liao et al., 2016b). Activated sludge is a
common research object in natural microbial consortia for the
degradation of antibiotics at present. Many researchers have used
bacterial liquids in the activated sludge of sewage treatment
the
of
antibiotics degradation. For example, two microbial consortia

plants to conduct experiments aiming to study

degradation characteristics and influencing factors
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isolated from activated sludge were constructed to degrade
sulfamethoxazole (Larcher and Yargeau, 2011). And their
degradation rates increased after sulfamethoxazole was
pretreated with ozone (Larcher and Yargeau, 2013). Dominant
bacteria for antibiotic degradation were screened out from the
activated sludge, and a dominant microbial consortium was
the drugs, which
Microbacterium sp. BRI, Rhodococcus sp. BR2, Achromobacter
sp. BR3, Ralstonia sp. HRI, Ralstonia sp. HR2 and Tsukumurella
sp. HR3. The microbial consortia degraded sulfamethoxazole
with a mineralization rate of 58.0% + 1.3% (Bouju et al., 2012).

Based on the above research results, a bottom-up approach

constructed to  degrade included

can be used to construct artificial microbial consortia. Su et al.
(2018) built a microbial consortium containing Streptomyces sp.
and Bacillus licheniformis with a high degradation capacity
toward B-cypermethrin, where 88.3% of B-cypermethrin could
be removed within 72h. Further, the results of the artificial
microbial consortia have excellent stability and can be used in
environmental restoration. Wu et al. (2020) constructed a co-
culture system that could be applied to actual sewage for
bioremediation, which degraded more than 80% of the
tetracycline after 10 days.

Azo dyes are the most widely used synthetic dyes in textile
and garment printing and dyeing. In the production and use
processes of the dyes, about 10%-15% is discharged into the
environment without treatment, which seriously affects the
health of the contacts. These dyes have a strong solubilizing
ability in water and are difficult to be removed by traditional
approaches (Lellis et al., 2019). There are many approaches to
treating azo dye sewage, among which microbial decolorization is
considered to be the most effective and environmentally friendly.
The first step in the bacterial degradation of azo dyes is to destroy
the azo bonds in the dye molecules. The decolorization of azo
dyes by fungi begins with hyphal adsorption, followed by the
secretion of extracellular enzymes to break chemical bonds. Azo
bond cleavage reactions can occur both extracellularly and
intracellularly, which is favorable for the cooperation of
microorganisms to degrade azo dyes. Most importantly, a
single microorganism will produce toxic aromatic amines
during the degradation of azo dyes, whereas microbial
consortia will not (Joshi et al, 2008). This is why such a
decolorization approach with microbial consortia is promoted.

However, the underlying molecular mechanism of synergistic
metabolism in the microbial consortia system has not been
revealed. Therefore, the current microbial consortia are mainly
constructed by the top-down approach. Shanmugam et al. (2017)
explored this mechanism through molecular biotechnology,
finding that their microbial consortia system could biodegrade
and mineralize azo dyes to a higher degree due to the synergistic
relation and division of labor in the consortia. Microbial
consortia have also shown excellent performance in practical
applications of azo dye degradation. For example, Selim et al.
(2021) isolated 21 fungi that could degrade azo dyes from
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contaminated soil. Textile sewage treated with microbial
consortia systems can be used to irrigate non-edible plants
and alleviate the global water shortage. Although the use of
azo dyes has been limited, their environmental impact is still
serious. Therefore, the ability of microbial consortia to degrade
azo dyes deserves further study and contributes to environmental
protection stategy.

Treatment of sewage by microbial
consortia

With the rapid development of modern industrialization and
economic globalization, the large amount of sewage discharged
by various industries is becoming a serious global environmental
problem (Kong et al, 2018; Sierra et al., 2018). Traditional
treatment systems are usually expensive, demand massive
amounts of energy, and are often still incapable of solving all
challenges associated with sewage. Using microbial consortia to
treat sewage is a relatively clean and efficient approach, especially
in the treatment of sewage eutrophication (Plohn et al., 2021).
The microbial consortia often studied for wastewater treatment
are bacto-algae consortia developed from activated sludge.
Microalgae can switch autotrophic and heterotrophic
metabolism depending on the availability of carbon sources
and nutrients in the surrounding environment. Therefore,
microalgae are a popular candidate for building microbial
consortia in water (Raja et al, 2008; Kumar et al, 2010;
Subashchandrabose et al., 2013; Wijffels et al., 2013; Li et al,,
2016). Microbial consortia for wastewater treatment constructed
by the top-down approach have showed good stability, but with
less screening process than the bottom-up approach. Therefore,
they will not be discussed much here.

For microbial consortia constructed by the bottom-up
approach, the combination of microalgae and bacteria showed
a beneficial promoting effect. The oxygen and carbon dioxide in
algae and bacteria is beneficial for growth, where algae secretions
are the main carbon sources (carbohydrates, proteins, and fats)
for bacteria. The metabolites of bacteria can be used as promoters
for algae growth. In addition, the cell surface of microalgae can
provide a stable habitat for bacteria (Ramanan et al., 2016).
Bacteria break down organic matter into mineral forms and
secrete extracellular metabolites such as auxin and vitamin B12,
which are necessary for the growth of microalgae (Salim et al,
2014). Thus, compared with individual microorganisms, those
combined with microalgae are more efficient in detoxifying
organic and inorganic pollutants and removing nutrients from
sewage (Subashchandrabose et al., 2013; Wijffels et al., 2013;
Xiong et al., 2017). One study experimentally compared the
arsenic accumulation and transformation of Chlorella vulgaris,
Aspergillus oryzae, and bacto-algae pellets under different
concentrations of arsenic and phosphorus. Among all the
treatments, the removal efficiency of the bacto-algae ball was
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the highest and its ability to accumulate arsenic was the strongest
(Li B. et al,, 2019). Similarly, constructed microbial consortia
have shown advantages in treating wastewater eutrophication.
Mujtaba et al. (2017) studied the simultaneous removal of
nutrients (ammonium and phosphate) and COD in a co-
culture system of Chlorella vulgaris and P. putida. They found
that the removal of nutrients and COD by the co-culture system
was higher than that of each individual culture system, indicating
that the nutrient absorption capacity of Pseudomonas putida was
improved in the consortia. Thus, the combined use of microalgae
and microbial consortia has broad prospects in sewage treatment.

Consolidated bioprocessing by microbial
consortia

Consolidated bioprocessing (CBP) is considered one of the
most potent and cost-effective ways to produce biofuels and
other high-value products. It can complete the production of
the of

fermentation one

lignocellulose-degrading  enzymes, hydrolysis

lignocellulose, and  microbial in
step. However, it is difficult to find a suitable microorganism
to produce all the enzymes required for the degradation of
the

products. A promising alternative is bioprocessing based on

lignocellulose  and production of high-value-added
microbial consortia. Most of the current approaches for

constructing CBP  microbial consortia are bottom-up
approaches due to their remarkable controllability.

For the microbial consortia constructed by the bottom-up
approach, some experiments verified that microbial consortia
can indeed improve the efficiency of CBP. Zuroff et al. (2013)
found that consortia of C. phytofermentans and S. cerevisiae
produced ethanol from a-cellulose more efficiently than
monocultures. If an artificial microbial consortium is
constructed according to the division of labor among strains,
the efficiency of CBP could be greatly improved. For example, the
microbial consortia of Zymomonas mobilis and Candida
tropicalis can convert enzymatically hydrolyzed lignocellulosic
to ethanol with a yield reaching 97.7% (Patle and Lal, 2007). In
addition to the production of ethanol, CBP can be used to
produce other compounds such as halomethanes and lactic
acid. Bayer et al. (2009) used a microbial consortium of
engineered yeast and the cellulolytic bacterium Actinotalea
fermentans to produce halomethanes from raw switchgrass,
corn stover, bagasse, and poplar. Shahab et al. (2018)
assembled an artificial microbial consortium of the cellulolytic
enzyme-secreting aerobic fungus Trichoderma reesei with
facultative anaerobic lactic acid bacteria. The results showed
that the theoretically maximal lactic acid yield was obtained in
the experiment.

Many experimental results show that substrate degradation
efficiency is the rate-limiting step in CBP. Therefore, it is

necessary to increase the substrate degradation rate to further
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provide higher monosaccharide concentrations. The activity of
enzymes in microbial consortia may be additionally activated and
improved, thereby improving the efficiency of the CBP system
(Kuhar et al., 2015). To further investigate the factors affecting
the secretion of degradative enzymes in microbial consortia,
Puentes-Tellez and Salles, 2018 applied a reductive screening
approach based on molecular phenotype, identification, and
metabolic characterization to select the desired microbial
consortia. They found a minimally active microbial
consortium with efficient lignocellulose-degrading ability. The
degradation potential of the least active microbial consortia
reached 96.5%. The enhanced degradation efficiency of
lignocellulose by the mixed bacteria was more obvious in
another experiment, which established a microbial consortium
of Serratia sp. and Arthrobacter sp. to improve cellulose
degradation. The enzymatic activity was increased by 30%-
70% after co-cultivation. In addition, the degradation rate of
the microbial consortia was increased by more than 30%. In
another application direction, the use of microbial consortia with
ligninolytic degradation ability can significantly increase the
lignocellulose degradation rate in a fixed fluidized bed reactor
(An et al,, 2022). When the problem of the degradation efficiency
of lignocellulose is solved, the construction of microbial consortia
becomes much clearer. When isolated cellulose-degrading
microbial consortia were co-cultured with Clostridium
acetobutyricum, the utilization rate of cellulose was greatly
improved, and a relatively high butanol product concentration
was obtained (Wang et al., 2015).

Conclusion

Most current research on complex-compound-degrading
microbial consortia has focused on native microbial consortia
isolated from the environment. However, we believe that
artificial microbial consortia are the direction of future
research. With the help of metabolic engineering and
synthetic biology, the construction of microbial consortia
systems shows a strong degradation potential, which serves
a new approach for the efficient utilization of complex
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Zymomonas mobilis is a promising microorganism for industrial bioethanol
production. However, ethanol produced during fermentation is toxic to Z
mobilis and affects its growth and bioethanol production. Although several
reports demonstrated that the RNA-binding protein Hfg in Z mobilis
contributes to the tolerance against multiple lignocellulosic hydrolysate
inhibitors, the role of Hfg on ethanol tolerance has not been investigated. In
this study, hfq in Z. mobilis was either deleted or overexpressed and their effects
on cell growth and ethanol tolerance were examined. Our results demonstrated
that hfg overexpression improved ethanol tolerance of Z mobilis, which is
probably due to energy saving by downregulating flagellar biosynthesis and
heat stress response proteins, as well as reducing the reactive oxygen species
induced by ethanol stress via upregulating the sulfate assimilation and cysteine
biosynthesis. To explore proteins potentially interacted with Hfg, the TEV
protease mediated Yeast Endoplasmic Reticulum Sequestration Screening
system (YESS) was established in Z. mobilis. YESS results suggested that Hfq
may modulate the cytoplasmic heat shock response by interacting with the heat
shock proteins DnaK and DnaJd to deal with the ethanol inhibition. This study
thus not only revealed the underlying mechanism of enhanced ethanol
tolerance by hfg overexpression, but also provided an alternative approach
to investigate protein-protein interactions in Z. mobilis.

KEYWORDS

Zymomonas mobilis, ethanol tolerance, Hfg, ROS-reactive oxygen species, protein-
protein interaction (PPI), sulfate assimilation, cysteine biosynthesis, yeast endoplasmic
reticulum sequestration screening system (YESS)
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Introduction

With the increasing demand for unsustainable fossil fuel
reserves, the production of biofuels from renewable resources
has become increasingly important and attracted considerable
attentions such as bioethanol production by a variety of
microorganisms, such as Saccharomyces cerevisiae,
Escherichia coli, and Zymomonas mobilis by fermenting
renewable resources such as lignocellulosic biomass.

Z. mobilis is a natural ethanologen exhibiting advantages of
high sugar uptake, high specific ethanol productivity and yield, as
well as high ethanol tolerance up to 16% (v/v) in batch
fermentation (Rogers et al, 2007; Yang et al, 2013; Yang
et al., 2016). Moreover, it does not require controlled oxygen
addition during the fermentation process (He et al., 2014; Zhang
K. et al, 2019). In addition, Z. mobilis has been genetically
modified to enhance its robustness against different stresses
including lignocellulosic hydrolysate inhibitors such as acetate,
vanillin, and furfural (Yang Y. et al., 2018; Wang et al., 2018;
Zhang K. et al., 2019). These advantages make Z. mobilis to be a
promising microbial cell factory for industrial lignocellulosic
bioethanol production.

However, the accumulation of ethanol produced during
fermentation is still toxic to Z. mobilis, which is a bottleneck
for bioethanol production improvement. Ethanol is a
chaotropic compound that can promote changes in
membrane composition and influence the structure and
function of macromolecules such as proteins, nucleic acids,
and lipids. At high concentrations, ethanol impedes the
specific cell growth rate and viability of Z. mobilis cells and
ultimately results in the death of the microorganism
(Thanonkeo et al, 2007; Tan et al, 2016). To better
understand and address these limitations, it is essential to
obtain Z. mobilis mutant strains with improved ethanol
tolerance.

Previous studies on molecular response to ethanol stress in
Z. mobilis by transcriptomics and proteomics approaches
demonstrated that multiple genes involved in different
cellular processes were differentially regulated against
ethanol stress such as membrane biogenesis, respiratory
chain, DNA replication and recombination, transcriptional
regulation, and general stress responses (He et al., 2012; Yang
et al., 2013). Recently, Pallach et al. reported that one of the
two cell surface exopolysaccharides in Z. mobilis, the galactose
containing polymer (PS1), may have a crucial role in ethanol
tolerance (Pallach et al., 2018). Another study in two ethanol-
tolerant mutants exhibited that clpP, spoT/relA, and cIpB
genes seem to contribute to the ethanol tolerance in Z.
mobilis (Carreon-Rodriguez et al., 2019).

Several global regulators including transcription factors
were related to ethanol stress. For example, the heterologous
expression of a global regulator gene irrE from Deinococcus

radiodurans conferred high ethanol tolerance to Z. mobilis
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(Zhang et al., 2010). The random mutagenesis of gene
encoding the native global transcription sigma factor (¢7°,
RpoD) via global transcription machinery engineering
(gTME) enhanced ethanol resistance through modulating
the transcriptional level (Tan et al., 2016). In addition, many
efforts have also been focused on distinguishing the
transcriptional regulators and transcription machinery,
including small RNAs and RNA chaperones.

Hfq is a ubiquitous conserved Sm-like RNA-binding
protein, which was originally identified as a host factor
required for bacteriophage QP RNA replication in E. coli.
Like eukaryotic and archaeal Sm/Lsm proteins, Hfq plays
several roles in bacterial RNA metabolism, particularly to
stabilize sRNAs (small non-coding RNAs) and promote
their interactions with mRNAs leading to modulating
stability and/or translation of these targets (Vogel and
Luisi, 2011; Updegrove et al., 2016; Dos Santos et al,
2019). Beyond its sRNA-mediated regulation, Hfq was
recently found to bind rRNA acting as a new ribosome
biogenesis factor, and to bind tRNAs involved in the
accuracy of protein synthesis. Moreover, Hfq is also
capable to establish many protein-protein interactions
(Yonekura et al., 2013; Dos Santos et al., 2019).

Given the central role played by Hfq in sRNA-mediated
gene regulation in many bacteria, the protein has been widely
recognized as a pleiotropic regulator of cell physiology, which
particularly affects the cell response to multiple stresses. For
example, at least three sSRNAs, DsrA, RprA, and ArcZ interact
with Hfq to positively regulate the rpoS transcript, which
the S
controls >10% of all protein-coding genes in E. coli (Soper
and Woodson, 2008; Frohlich and Gottesman, 2018).

Hfq in Z. mobilis, encoded by ZMO0347, was also
discovered to contribute to multiple stress responses such

encodes stress response sigma factor o¢° and

as lignocellulosic hydrolysate inhibitor tolerance (Yang et al.,
2010). Overexpression of hfg enabled the recombinant Z.
mobilis an improved resistance to acetic acid, furfural and
sugarcane bagasse hydrolysate compared to the parental strain
(Nouri et al., 2020). Moreover, the 5’ untranslated regions (5’
UTRs) of hfg gene as the regulatory element was revealed to
downregulate downstream gene expression under ethanol
stress in Z. mobilis (Cho et al, 2017). These findings
suggested an important role of Hfq in dealing with ethanol
stress in Z. mobilis. However, the full repertoire of Hfg-
dependent gene regulation response to ethanol has not
been elucidated, although omics efforts have been carried
out to understand ethanol stress responses in Z. mobilis
(Zhang et al., 2010; Tan et al., 2016; Han et al., 2020). In
this study, the role of hfg on ethanol tolerance in Z. mobilis
was investigated by constructing mutant strains of hfg
deletion or overexpression, and their molecular responses
were  characterized and

using  genetic  approaches

transcriptomic study.
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Materials and methods
Strains, media, and growth conditions

Bacterial strains and plasmids used in this study are listed in
Supplementary Table S1. Z. mobilis ZM4 (ATCC 31821) was
used as the parental strain in this study. Generally, ZM4 and its
derivative strains are cultured at 30°C with shaking at 100 rpm in
RM medium (50 g/L glucose, 10 g/L yeast extract, 2 g/L KH,PO,,
and 1.5% agar for solid). To avoid the effect of other amino acid
nutrients in RM medium, MM medium (50 g/L glucose, 1 g/L
KH,PO,, 1 g/L K,HPO,, 1 g/L (NH,),S0,, 0.5 g/L NaCl, 0.42 g/L
MgCl, 6H,0, 0.001 g/L calcium pantothenate, and 1.5% agar for
solid) was used in this study for Na,SO, supplementation
and 4g/L Na,SO, was added. The final
concentration of exogenous ethanol added to the RM and

experiments,

MM medium is 8% and 3% (v/v), respectively.

E. coli DH5a was used for plasmid construction in this study.
AlL E. coli strains were cultured in LB medium (10 g/L tryptone,
5 g/L yeast extract, 10 g/L NaCl, and 1.5% agar for solid) at 37°C,
250 rpm. When required, 100 and 200 ug/ml spectinomycin was
added for E. coli or Z. mobilis, respectively.

Genetic manipulation and recombinant
strain construction

The shuttle plasmid pEZI5A was used for hfg
overexpression in Z. mobilis ZM4 with its native promoter
and the recombinant strain named ZM4-hfq. The plasmid
pL2R was used for hfg deletion using the native Type I-F
CRISPR-Cas system of Z. mobilis (Zheng et al., 2019). Plasmid
pEZ15A was transformed into the wild type and the hfg
deletion strain, which named ZM4 and ZM4-Ahfq,
respectively.

For the gene-deficient mutant construction, interference
plasmids were initially constructed with spacer. The spacer
was designed to bear the entire 32-bp sequences containing a
5'-CCC-3' PAM. The editing plasmid pL2R was digested with
Bsa I at 37°C overnight. Oligonucleotides were annealed by
first heating the reaction mixture to 95°C for 5min and
subsequently cooling down gradually to room temperature.
The annealed spacer and the digested linear DNA vector were
enzymatically linked with T4 ligase at 18°C overnight, and
then transformed into DH5a competent cells to generate
genome engineering plasmids.

For all plasmid construction, primers were designed to
contain a region of 15-25 nucleotides that overlap with
adjacent DNA fragments and synthesized by TsingKe
(Beijing, China) (Supplementary Table S2). All plasmids
were assembled by Gibson assembly method (Gibson et al,,
2009). Gene and vector fragments amplified by primer pairs
were purified and then ligated through the T5 exonuclease
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(NEB, WA, United States). The gene fragment was mixed with
the vector at a 3:1 M ratio, 0.5 U T5 exonuclease (NEB, MA,
United States) and 0.5 pl buffer 4 (NEB, MA, United States)
were then added, with ddH,O added to the final volume of
5 pl. All reagents were mixed and incubated on ice for 5 min
before being added to chemically competent E. coli cells. After
ice incubation for 30 min and heat-shock for 45 s at 42°C, held
it on ice for 2 min before 100 ul NZY medium (5.0 g/L yeast
extract, 5g/L NaCl, 1.2 g/L MgCl,, 1.5 g/L MgSO,, 3.6 g/L
glucose, 10 g/L casein enzymatic hydrolysate NZ amine®)
were added to the mixture above, and recovered at 37°C,
250 rpm. The cells

containing 100 pg/ml spectinomycin, the recombinant was

were plated on LB agar plates

screened by colony PCR and confirmed by Sanger

Sequencing (TsingKe Biotechnology, Beijing, China).

After identification, the recombinant plasmid was
transformed into Z. mobilis competent cells via
electroporation (0.1-cm electrode gap, 1600V, 200 Q,

25 uF) using a Gene Pulser® (Bio-Rad, CA, United States)
following the method developed for Z. mobilis (Okamoto and
Nakamura, 1992). The correct colonies were selected by
colony PCR. After three to five generations purification on

RM  agar plates with 200 pug/ml  spectinomycin
supplementation, the correct recombinant was stored
at -80°C.

Cell growth and fermentation analysis

Seed culture of Z. mobilis was prepared by reviving the
frozen glycerol stocks in 50 ml flasks containing 40 ml RM
medium. After culturing overnight without shaking to the
mid-exponential phase, the seed culture was harvested and
inoculated in 50 ml shake flasks containing 40 ml RM or MM
medium with an initial ODggp nm value of 0.1. During the
fermentation, cell growth in terms of the absorbance value
(ODggp) was measured at 600 nm by a spectrophotometer
(UV-1800, AOE, China) at different time points. Samples
12,000 rpm  for
supernatants were passed through 0.22-um filters and
stored at —80°C for subsequent HPLC analysis if needed.

were centrifuged at 2 min, collected

Glucose and ethanol in the culture supernatant were
determined using a HPLC system LC-20AD (Shimadzu,
Japan) with an Aminex HPX-87H column (300 x 7.8 mm,
Bio-Rad, CA, United States) at 65°C. Elution was performed
with 5 mM H,SO, at 0.5 ml/min.

RNA-seq and statistical analyses
Cell culture samples in different conditions were collected at the

mid-exponential phase. According to standard Illumina protocols,
RNA-Seq was carried out by GENEWIZ (Suzhou, China) with a
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The cell growth, glucose consumption and ethanol production of Z. mobilis strains in the absence (A,B) or presence of 8% (v/v) ethanol (C,D). Z.

mobilis wild-type (ZM4), hfq overexpression (ZM4-hfq). hfg deletion (ZM4-Ahfq) strains were cultured in RM medium at 30°C. The error bars indicate
standard deviations based on three replicates. Glu: glucose, EtOH: ethanol produced from glucose with the exogenous ethanol supplemented into
the medium subtracted from the total ethanol amount in the medium.

library construction kit (NEBNext® Ultra™ Directional RNA
Library Prep Kit for Ilumina®) and an Illumina HiSeq
2000 instrument. After RNA-seq fastq data quality was evaluated
by FastQC software (Babraham Bioinformatics, United Kingdom).
Data were filtered and those passed the quality control were
imported to the CLC Genomics Workbench (version 14.0) for
reads trimming and RNA-Seq analysis to get the RPKM value
(reads mapping to the genome per kilobase of transcript per million
reads sequenced) of each gene. Genome sequence of Z. mobilis was
used as the reference for RPKM calculation (Yang S. et al., 2018).

Gene expression normalization, analysis of variance
(ANOVA), and hierarchical clustering analysis were
conducted using JMP Genomics (Ver. 9.0, SAS Inc., NC,
United States) to identify differentially expressed genes at
different conditions. Significantly differentially expressed
genes were identified with p-value <0.05 and log,-fold
<-1

change >1 (significant induction) or (significant
inhibition) as selection thresholds. The one-way ANOVA
analysis was performed by JMP Genomics and only those
with p-value <0.05 were considered for further analysis.

Measurement of intracellular ROS

Intracellular ROS levels were measured by 2',7'-

dichlorodihydro-fluorescein diacetate (H,DCF-DA)
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(Beyotime Biotechnology, Hangzhou, China) (Yan et al.,
2022). Cells were collected at the mid-log phase (total
ODgoo was 1.0) at 12,000 rpm for 1 min, washed with
phosphate buffer saline (PBS) and then resuspended in
500 ul PBS with the final concentration of H,DCF-DA at
100 uM. After incubating in darkness for 1h at 30°C,
100 rpm, cells were collected, washed three times with PBS
and resuspended in 300 pl PBS. The CytoFLEX FCM flow
cytometry (Beckman Coulter, CA, United States) was used to
detect the DCF fluorescence with excitation and emission
wavelength of 488 nm and 525 nm, respectively. Cells with
fluorescence intensities ranging 10°-10° were selected and
counted, and 20,000 cells were analyzed for each sample.

Yeast endoplasmic reticulum
sequestration screening system

The plasmid pESE which is modified from pESD (Yi etal.,
2013) was used and the TEV protease mediated Yeast
Endoplasmic Reticulum Sequestration Screening (YESS)
system was construction in Z. mobilis for the Protein-
Protein interaction detection (Supplementary Figure S1).
For the recombinant plasmid construction, two target
genes and the vector fragment were PCR amplified and
purified, and then assembled by the Golden gate assembly
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TABLE 1 List of significantly differentially expressed genes in different functional categories between strain comparisons under 8% (v/v) ethanol treatment.

Locus ID  Gene Product ZM4-Ahfq ZM4-hfq ZM4-Ahfq vs.

vs. ZM4 vs. ZM4 ZM4-hfq

Flagellar proteins

ZMO0602 motBl  Flagellar motor protein Motb — — —

ZMO0603 motAl | Flagellar motor protein Mota — — _

ZMO0604 flgL Flagellin domain protein — — 1.21
ZMO0605 flgk Flagellar hook-associated protein FlgK — — 1.11
ZMO0606 - Flagellar rod assembly protein Flg] 1.34 — 1.79
ZMO0607 flgl Flagellar P-ring protein — — 1.13
ZMO0608 flgH Flagellar L-ring protein — — 1.08
ZMO0609 flgG Flagellar basal-body rod protein FlgG — — 1.05
ZMO0613 flgC Flagellar basal-body rod protein FlgC — — 1.08
ZMO0614 flgB Flagellar basal-body rod protein FlgB 1.32 — —
ZMO0629 fliC Flagellin domain-containing protein 2.19 — 2.47
ZMO0631 - Fis family sigma54-specific regulator 1.28 — 1.34
ZMO0632 fUE Flagellar hook-basal body complex subunit FIiE 1.49 — 2.10
ZMO0634 fliF Flagellar M-ring protein FIiF 1.24 — 2.06
ZMO0635 fliG Flagellar motor switch protein FliG 1.46 — 2.06
ZMO0636 fliH Negative regulator of Flil ATPase — -1.03 1.90
ZMO0637 Sflil Flagellum-specific ATP synthase Flil — — 1.34

Sulfur metabolism

ZMO0003 cysC Adenylyl-sulfate kinase — — -2.21
ZMO0004 cysN Sulfate adenylyltransferase large subunit — 2.11 -2.70
ZMO0005 cysD Sulfate adenylyltransferase small subunit — 1.92 —-2.68
ZMO0007 cysH Phosphoadenosine phosphosulfate reductase — 1.59 -1.73
ZMO0008 cysl Sulfite reductase hemoprotein beta-component — 1.64 -2.03
ZMO0009 cys] Sulfite reductase flavoprotein alpha chain — — -1.89
ZMO1000 metE 5-methyltetrahydropteroyltriglutamate--homocysteine — 2.12 -2.56

S-methyltransferase

ZMO1684 serC Phosphoserine aminotransferase — 1.09 —1.28

ZMO1685 serAl D-3-phosphoglycerate dehydrogenase — 1.55 —1.83

Heat shock response

ZMO0016 grpE GrpE protein — -1.10 1.06
ZMO0246 hslV ATP-dependent protease subunit HslV — -2.06 221
ZMO00247 hslU Heat shock protein atpase subunit Hs|U — -1.77 1.76
ZMO0376 lonl Endopeptidase La — -1.21 1.62
ZMO0405 clpA ATP-dependent Clp protease subunit ClpA — — 1.62
ZMO0660 dnaK Chaperone protein DnaK — -1.51 1.60

(Continued on following page)
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TABLE 1 (Continued) List of significantly differentially expressed genes in different functional categories between strain comparisons under 8% (v/v) ethanol

treatment.
Locus ID Gene Product ZM4-Ahfq ZM4-hfq ZM4-Ahfq vs.
vs. ZM4 vs. ZM4 ZM4-hfq
ZMO0661 dna] Chaperone protein Dna] — -2.08 1.65
ZMO00948 clpp ATP-dependent Clp protease subunit ClpP — — 1.27
ZMO0949 cpX ATP-dependent Clp protease subunit ClpX — — 1.17
ZMO0989 ibpA Heat-shock protein IbpA — -2.96 3.06
ZMO1424 clpB ATP-dependent chaperone ClpB — -2.05 2.53
ZMO1704 lon2 Protease La (LON) substrate-binding domain — -1.65 222
ZMO1928 groES Chaperonin Cpn10 — -2.06 2.39
ZMO01929 groEL Chaperonin GroEL — -2.20 228

a, gene expression represented the log,-fold changes; —for not differentially expressed; red or blue for up-regulated or down-regulated, respectively.

strategy. The reaction included 0.05 mol gene fragments,
20ng pESE, 1pul T4 ligase buffer (Thermo), 0.2yl
T4 ligase (Thermo), 0.3ul Bsa I (NEB), 0.1pul BSA
(Takara), and with ddH,O added to a final volume of
10 pl. All reagents were mixed and incubated on 37°C for
3 h before being added to chemically competent E. coli cells.
After being incubated on ice for 30 min, heat-shocked for
45 sat42°C, and held on ice for 2 min, 100 pl of NZY medium
was added into above mixture and recovered for atleast 1 h at
37°C with shaking at 250 rpm. The cells were plated on LB
agar plates containing 50 ug/ml ampicillin, the recombinants
were then screened by colony PCR and confirmed by Sanger
Sequencing (TsingKe Biotechnology, Beijing, China).

The correct recombinant plasmids were transformed to S.
cerevisiae EBY100 competent cells and then plated on SD-UT
agar plates (2% galactose, 0.67% yeast nitrogen base w/o
amino acids, 1% casamino acids, 1.5% agar) at 30°C. Single
colony was selected and cultivated in 25 ml tube containing
5 ml SD-UT medium for 14 h with shaking at 200 rpm. The
seed culture was then harvested and transferred into 25 ml
tube containing 5 ml SD-DT medium (2% glucose, 0.67%
yeast nitrogen base w/o amino acids, 1% casamino acids,
1.5% agar) with an initial ODgyp nm value of 0.8. After
induction at 30°C for 8h, 10° cells were collected by
centrifugation, washing two times with 150 ul PBS buffer
at 3,000 rpm, 4°C for 1 min, and finally resuspended in 20 ul
PBS. For Fab display analysis, cells were incubated with 0.1 ul
anti-HA-FITC 0.1 pl anti-FLAG-iFlor647
(GenScript, Nanjing, China) at 4°C for 15 min in darkness.
After washed three times with PBS (pH 7.4) supplemented
with 0.5% BSA at 3,000 rpm, 4°C for 1 min, the sample was
resuspended in 300 ul PBS (pH 7.4) with 0.5% BSA. Flow
cytometry analysis was performed by the Beckman Coulter
CytoFLEX (Brea, CA) equipped with 488 and 633 nm lasers
and 525/40 and 660/20 nm band-pass filters.

and/or
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Results and discussion

Hfq overexpression enhanced ethanol
tolerance in Z. mobilis

To investigate the effect of hfg on ethanol tolerance in Z.
mobilis, recombinant strains with hfg overexpression (ZM4-hfq)
or hfq deletion (ZM4-Ahfg) were constructed and evaluated in
terms of cell growth, sugar utilization, and ethanol production.
As shown in Figure 1A, the hfq overexpression strain ZM4-hfg
grew normally without ethanol treatment and achieved a final
ODgqp value of 4.92 that was similar to the wild-type with ODg0
value of 4.84. While, the hfq deletion strain ZM4-Ahfq grew
slightly slower than wild type with a final ODgq, value of 4.20.
Corresponding to the slower cell growth, ZM4-Ahfq exhibited
slower glucose consumption and ethanol production than the
control and ZM4-hfq (Figure 1B). These results indicated that
Hfq plays roles for normal cell growth even without ethanol
stress inhibition.

Fermentation performance was further evaluated with 8%
exogenous ethanol added into the media. Cell growth of ZM4 was
effectively improved with hfg overexpression. ZM4-hfq grew into
the stationary phase around 24 h and achieved a final ODgg,
value of 3.10, while wild-type strain had an ODgyy value of
2.33 only after 56 h (Figure 1C). Consistently, hfg deletion in Z.
mobilis significantly decreased the ethanol tolerance. The
maximum biomass of strain ZM4-Ahfq exposure to 8%
ethanol was quite lower than that of the control with ODgg
of 1.78 vs. 2.33. Corresponding to the cell growth, ZM4-hfq strain
accelerated the glucose consumption and ethanol production,
while strain ZM4-Ahfg was in reverse. As shown in Figure 1D, all
glucose was consumed by ZM4-hfg to achieve a maximum
ethanol titer of 25.82 g/L within 24 h, almost 6 h faster than
that of control, while 6.83 g/L residual glucose was still detected
at 36 h by strain ZM4-Ahfq. All these results indicated that hfg in
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Z. mobilis contributes to the ethanol tolerance, just as its positive
roles responding to other stresses such as furfural and acetic acid
(Yang et al,, 2010; Nouri et al., 2020).

Multiple genes regulated in the hfg
recombinant strains under ethanol stress

Previous reports have shown that Hfq is associated with the
regulation of numerous cellular pathways (Vogel and Luisi, 2011;
Sharma et al., 2018; Han et al., 2019). To gain insights into the
genes regulated by Hfq, and to illustrate the molecular
mechanism of the positive role of Hfq overexpression on
ethanol tolerance in Z. mobilis, RNA-Seq was employed to
explore the global transcriptional differences of ZM4 and its
hfq derivatives ZM4-hfq and ZM4-Ahfq under different
of EO0 (control,
and E8 (8%
(Figure 1). Differentially expressed genes (DEGs) between

conditions without exogenous ethanol

treatment) exogenous ethanol treatment)
different strains across different growth conditions were
analyzed through analysis of variance (ANOVA) with a total
of 628 DEGs identified (Supplementary Tables S3, S4).

The expression of hfg gene was examined first. As expected,
the transcript of hifq was not detected in ZM4-Ahfg, while the
expression of hfg in ZM4-hfg had a 3.2-fold upregulation
the ZM4 <0.05)
(Supplementary Tables S3, S4). The gene expression of hfg
confirmed that recombinant strains ZM4-Ahfqg and ZM4-hfq

were both constructed successfully, and the global gene

compared  with wild-type (p-value

expression was then further analyzed.

Consistent with previous studies (He et al., 2012; Yang et al.,
2013), the presence of ethanol made many genes differentially
E0)
61 downregulated genes, which were mainly associated with

expressed (E8 vs. including 92 upregulated and
cell wall/membrane biogenesis, metabolism, transcription, and
general stress response. The effect of ethanol stress on three
strains ZM4, ZM4-hfq, and ZM4-Ahfq were further compared
and analyzed. The results showed that exogenous ethanol stress
all three
(Supplementary Table S3). This result suggested that despite

regulated more than 200 genes in strains
of hfg overexpression, Z. mobilis remained challenged by the
ethanol stress, which was consistent with the decreased cell
growth and reduced biomass accumulation of ZM4-hfq in the
presence of 8% ethanol compared with that without ethanol
treatment (Figures 1A, C).

The detailed gene expression information of different strain
comparisons was analyzed as well (Supplementary Table S4).
Unlike the dramatic transcriptomic changes in response to
ethanol stress, less differentially expressed genes
Under EO
exogenous ethanol treatment, 58 genes were differentially
expressed in ZM4-Ahfq compared with ZM4, and 143 genes

were differentially expressed when compared with ZM4-hfq.

were

observed among strains. condition without

Frontiers in Bioengineering and Biotechnology

50

10.3389/fbice.2022.1098021

Meanwhile, only 30 genes were detected to be differentially
regulated in ZM4-hfg compared with ZM4. When 8%
exogenous ethanol was supplemented into RM (E8 condition),
more differentially expressed genes were identified. Eighty genes
were differentially expressed in ZM4-hfq compared with ZM4,
while 77 genes and 181 genes were differentially expressed in
ZM4-Ahfq compared with ZM4 and ZM4-hfqg, respectively. The
result of more genes differentially expressed under E8 condition
was consistent with the fermentation performance analyses that
hfq recombinant strains were obviously different from the
strain  ZM4 under
All  these
comparisons could be closely associated with the positive role

parental ethanol stress conditions

(Figure 1). genes identified between strain

of Hfq on ethanol tolerance in Z. mobilis.

Hfq negatively regulated flagellar proteins
in Z. mobilis

Bacterial flagellum is a complex and dynamic nanomachine
appended on the cell body that provides motility (Soutourina and
Bertin, 2003). Recent studies reported that these complex
organelles also play an important role in bacterial survival,
reproduction, and pathogenicity, such as adhesion to a variety
of substrates, secretion of virulence factors, and formation of
biofilms (Nedeljkovic et al., 2021). Gene expression without
ethanol supplementation (EO) showed that 20 flagellar related
genes (total 34 genes in Z. mobilis), including flgBCEGHIJKL,
flhA, fliCEFGHIKL, and motAB encoding flagellar structure
proteins, motor proteins and biosynthesis proteins were
upregulated in ZM4-Ahfq compared with the wild-type
ZM4 or ZM4-hfgq, and most of these genes were upregulated
as well in the presence of 8% ethanol (E8) (Table 1,
Supplementary Table S4).

Moreover, the expression of fliA, which encodes an
alternative sigma factor specific for the flagellar regulons
including flgK and fliC (Ohnishi et al., 1990), was two folds
upregulated in ZM4-Ahfg compared with the wild-type
ZM4 with or without ethanol presence. These
that Hfq in Z  mobilis
constitutively mediate through the sigma factor FLA to

results
collectively suggested might
negatively regulate the expression of flagellar proteins, which
has been reported in other Gram-negative microbes, such as
Cronobacter sakazakii (Kim et al., 2015). Previous transcriptomic
analyses in Z. mobilis reported that flagellar related genes were
downregulated to help conserve energy from cell motility for
survival in the stressful conditions (He et al., 2012; Yang et al,,
2013). Therefore, the less ethanol tolerance in ZM4-Ahfq might
be attributed to the limited energy resulting from the
upregulation of the energy-costly flagellar assembly process
without the negative regulation of Hfq.

In addition, gene expression in response to ethanol stress
showed that above flagellar related genes were downregulated in
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FIGURE 2

Transcriptional changes of genes involved in the sulfate assimilation and cysteine biosynthesis in Z. mobilis cultured in different conditions. Red
and blue in the gene expression represent up-regulation and down-regulation respectively. Red arrows indicate the genes were significantly
upregulated in ZM4-hfq compared with ZM4. APS: adenosine 5'-phosphosulfate, PAPS: 3’-phosphoadenylyl sulfate.

all three strains, especially in ZM4-Ahfg with more than 2-fold
repression (Supplementary Table S3). The downregulation of
flagellar proteins in ZM4-Ahfq indicated that other mechanisms
of flagellar regulation may exist in Z. mobilis especially under the
ethanol stress condition, and further study is needed to unravel
the underlying mechanisms. Altogether, the gene expression data
suggested that the negative regulation of Hfq on these flagellar
related genes is beneficial but may not be sufficient for the
ethanol tolerance in Z. mobilis.

Hfg mediated sulfur metabolism to
eliminate the oxidative stress induced by
ethanol stress

A gene cluster involved in sulfate assimilation and cysteine
biosynthesis pathway was identified by comparing gene
expression among strains under ethanol stress. Gene
expression under ethanol treatment (E8) showed that all six
genes associate with sulfate assimilation, cysCND (ZMO0003-
0005) and cysHIJ (ZMO0007-0009), were upregulated in ZM4-
hfq compared with ZM4-Ahfq or ZM4. Similar upregulation of
gene expression in ZM4-hfq was observed in other genes

involved in cysteine biosynthesis, including serAl (ZMO1685)
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and serC (ZMO1684) (Table 1; Figure 2, Supplementary Table
S4). However, such upregulated gene cluster was not induced
under the condition without ethanol stress (E0). These results
indicated that the sulfur metabolism including the cysteine
biosynthesis was induced under the ethanol stress condition
by hfq overexpression in Z. mobilis. Previous study confirmed
that cysteine supplementation enhanced the tolerance in Z.
mobilis to different inhibitors including ethanol (Yan et al,
2022). Therefore, hfg overexpression in ZM4-hfg might
regulate the sulfate assimilation and cysteine biosynthesis for
enhanced ethanol tolerance.

To evaluate the hypothesis that hfq overexpression enhanced
sulfur metabolism and therefore played a protective role against
the ethanol stress, 4 g/L Na,SO, as the substrate for sulfate
assimilation was supplemented into the medium and the cell
growths of ZM4 and its hfq recombinant strains were detected
(Figure 3). To avoid the effect of other sulfur-containing
nutrients in RM medium, MM medium was used (Yan et al,,
2022). Consistent with the result in rich medium (Figure 1), hfq
overexpression strain ZM4-hfq exhibited an enhanced tolerance
to 3% ethanol in MM media and achieved a final ODgg, of 1.51,
clearly higher than the wild-type with ODg of 1.33. While, the
hfq deletion strain ZM4-Ahfq had the lowest cell growth with the
final ODgg of 0.93 among three strains (Figure 3A). When
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Effects of Na,SO4 addition on cell growth of hfg recombinant strains and wild type. 4 g/L Na,SO4 was added in the MM media and cell growths
of Z. mobilis hfq recombinant strains were compared with the wild-type strain with (A) or without (B) 3% (v/v) ethanol treatment. EtOH represent

ethanol.

Na,SO, was added in the media, the cell growth of ZM4-hfg
under ethanol treatment was further improved to a final ODggg of
1.65, while no influence was observed for hfg deletion strain
ZM4-Ahfq.

Moreover, an improvement responding to ethanol stress
was detected as well in the wild-type ZM4 with the Na,SO,
supplementation, which suggested that the native gene
expression of hfg in ZM4 would effectively regulate the
sulfate assimilation process with Na,SO, as the substrate.
that MM medium
environment for Z. mobilis (Yang et al, 2014), Na,SO,

Since is regarded as a stressful

supplementation also slightly improved the cell growth of
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FIGURE 4

The effect of Hfq overexpression on reactive oxygen species
(ROS) accumulation induced by ethanol in Z. mobilis. Z. mobilis
strains were cultured in MM media with or without 3% (v/v) ethanol
treatment, and EtOH represents the ethanol treatment. One-

way ANOVA analysis was conducted for ROS detection with ZM4
(black asterisk, p-value <0.05) or ZM4-EtOH (red asterisk,
p-value <0.05) condition as the control.

Frontiers in Bioengineering and Biotechnology

52

ZM4-hfq and ZM4 without ethanol treatment (Figure 3B).
However, there is still no improvement observed for ZM4-
Ahfq. Taken together, Na,SO, supplementation results
suggested that the hfg overexpression in ZM4-hfg positively
regulated the sulfate assimilation process, and Na,SO, could
be assimilated to deal with the stressful condition.

Previous studies in E. coli, S. cerevisiae, and Z. mobilis
demonstrated that the sulfate assimilation was induced in
response to (Miller al., 2009;
Matsumura, 2015; Zhang Y. et al., 2019). Recent study in Z.
mobilis 8b further confirmed that cysteine supplementation in

stresses et Kanna and

the growth media boosted glutathione synthesis or H,S release
effectively leading to the reduced accumulation of reactive
oxygen species (ROS) induced by inhibitor stress (Yan et al,
2022). To evaluate the impact of upregulated sulfur metabolism
on ROS for ethanol tolerance improvement in ZM4-hfg, the
cellular ROS levels in hfq recombinant strains under ethanol
treatment were further examined.

As shown in Figure 4, the intracellular ROS accumulation
was detected in the wild-type ZM4 with ethanol treatment
(10.19%-15.53%, p-value <0.05). Corresponding to the cell
growth performance responding to ethanol stress (Figure 3),
the intracellular ROS level was decreased by hfg overexpression
in ZM4-hfq compared with the wild-type control ZM4 (15.53%-
6.42%, p-value <0.05), while increased by hfq deletion in ZM4-
Ahfg (15.53%-26.07%, p-value <0.05). Similar alterations were
detected in strain comparisons without ethanol presence
(Figure 4).
overexpression in Z. mobilis was involved in the positive

Collectively, the results suggested that hfg

regulation of sulfate assimilation and cysteine biosynthesis,
and thus contributed to the effective elimination of the ROS
induced by ethanol inhibition and finally enhanced the ethanol
tolerance of Z. mobilis.

The major stress sigma factor RpoS of E. coli and
Salmonella is the master regulator of oxidative stress
response, and depends on Hfq for translation (Frohlich and
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FIGURE 5

Protein-protein interactions of Hfg-DnaK and Hfg-Dnad
detected by the TEV protease mediated Yeast Endoplasmic
Reticulum Sequestration Screening system. D-value: the
difference of mono fluorescence signal between

experimental samples and control pESE; PurF-RpiB, PurF-HisZ:
negative control of protein-protein interaction; HisG-HisZ, Prs-
HisZ, Prs-RpiB; Prs-PyrE: positive control of protein-protein
interaction.

Gottesman, 2018). Z. mobilis does not possess a rpoS gene, but
its genome contains other five sigma factors genes. RpoE
(sigma E) in Z. mobilis potentially is a RpoS-like regulatory
factor, and plays a critical role in various stress conditions
including ethanol stress responses (Seo et al., 2005). Recent
study in the facultative phototrophic bacterium Rhodobacter
sphaeroides demonstrated that sigma factor RpoE is involved
in a specific photo-oxidative stress response, and sRNA
RSs0019 controlled by the sigma factor RpoE contributes to
the balance of sulfate uptake and biosynthesis of sulfur-
containing amino acids to guarantee appropriate cysteine
and glutathione levels under the given environmental
conditions (Hess et al., 2014). These evidences suggested a
potential role of rpoE in the regulation of sulfur metabolism
against the oxidative stress in Z. mobilis.

In this study, the gene expression of rpoE (ZMO1404) was
not influenced in both hfg recombinant strains. However, Hfq
may only influence the RpoE activity without affecting its
protein levels just as observed in R. sphaeroides (Berghoff
et al,, 2011). In addition, recent study in Z. mobilis identified
two sRNAs, Zms4 and Zms6, that might affect a wide range of
sRNAs through modulating hfg expression indirectly and
specifically co-regulate some pathways important to ethanol
stress, including sulfate assimilation and cysteine biosynthetic
processes (Han et al., 2020). All these results support the role
of Hfq on sulfur metabolism in response to ethanol stress.
However, considering the versatile function of Hfq (Dos
Santos et al.,, 2019), further studies are necessary to define
the regulation of Hfq in Z. mobilis.
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Hfq involved in modulating RpoH-
mediated cytoplasmic heat shock
response

Z. mobilis can regulate general stress-response genes
especially those in heat shock response to protect proteins
from the damage caused by the stressful environments (Yang
et al., 2014; Yi et al,, 2015; Yang et al., 2020). Consistent with
previous studies (He et al., 2012; Yang et al., 2013), many genes
involved in the heat shock response were significantly
upregulated in response to ethanol stress in ZM4, such as
grpE (ZMOO0016), groES (ZM O 1928), and groEL (ZM O
1929) (Supplementary Table S3). Further analysis discovered
that more general stress response genes were induced by
ethanol in ZM4-Ahfq, including 11 genes involved in protein
remodeling and reactivation, six genes involved in DNA
replication and repair, and three genes responsive for
oxidative stress. This was in accordance with the cell growth
performance that ZM4-Ahfq was more sensitive to ethanol stress
(Figure 1). However, most of these stress response genes were
significantly repressed by ethanol in strain ZM4-hfq.

Moreover, the gene expression in the strain comparisons
showed that these stress response genes, especially genes
encoding the heat shock protein (HSP) including grpE
(ZM0O0016), dnaK (ZMO0660), dnaJ (ZMOO0661), groES
(ZMO1928), (ZMO1929)
downregulated in ZM4-hfg compared with the wild-type
ZM4 or ZM4-Ahfq under 8% ethanol (Table 1; Supplementary
Table S4). These results collectively suggested that the stress

and groEL were  significantly

responses induced by ethanol might be effectively alleviated by
hfq overexpression in ZM4-hfq. Therefore, the strain did not have
to upregulate its energy-costly protein repair system to conserve
energy for ethanol stress responses and cell growth.

In many bacteria, RpoH (Sigma 32) is associated with the
stress responses especially the heat shock proteins (HSPs)
(Krajewski et al, 2014; Roncarati and Scarlato, 2017).
Corresponding to the upregulation of HSPs, the expression of
rpoH (ZMO0749) was induced two folds in ZM4-Ahfq compared
with ZM4 under ethanol treatment (Supplementary Table S4).
Interestingly, recent study in Z. mobilis reported that rpoH
overexpression led to a decrease in ethanol tolerance (Benoliel
et al., 2020). Such evidence suggested that RpoH as well as HSPs
at specific concentrations is required for Z. mobilis to respond to
ethanol stress, and rpoH upregulation could make Z. mobilis
sensitive to ethanol stress as observed in ZM4-Ahfq (Figure 1).

Different from the upregulation of rpoH in ZM4-Ahfq, the
expression of rpoH was not affected in ZM4-hfg compared with
ZM4 under ethanol treatment, even though the RpoH-
shock
(Supplementary Table S4). As a result, Hfq was speculated to

transcribed  heat regulons were downregulated
be involved in the regulation of heat shock response via the
alternative sigma factor RpoH. Previous studies demonstrated

that RpoH activity is modulated via the DnaK/J-mediated
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Proposed molecular mechanism of enhanced ethanol tolerance associated with hfg overexpression in Z. mobilis. Hfg overexpression helps
negatively regulate the flagellar related genes and conserve energy for ethanol stress response and cell growth. Moreover, Hfg overexpression
enhances sulfate assimilation and cysteine biosynthesis and eliminates the oxidative stress induced by ethanol inhibition. In addition, Hfq indirectly
modulates the RpoH through interaction with DnaK/J and appropriately regulates the RpoH-mediated heat shock response under ethanol
stress. ED pathway, Entner-Doudoroff pathway; ROS, reactive oxygen species. The orange arrows and orange bars represent upregulate and
downregulate, respectively. Solid lines in this figure represent the confirmed regulations and dotted lines represent that are not yet confirmed.

negative feedback loop (Roncarati and Scarlato, 2017; Yura,
2019). In addition, Hfq was recently discovered to be capable
to establish many protein-protein interactions in bacterial species
(Yonekura et al.,, 2013; Dos Santos et al., 2019). Collectively, we
speculated that hfg was associated with the indirect influence to
RpoH activity via interaction with DnaK and/or Dna] to help
alleviate the cytoplasmic stress responses in Z. mobilis under
ethanol stress.

Different methods have been developed to characterize the
protein-protein interactions, such as co-immunoprecipitation
(Co-IP), bacteria/yeast two-hybrid (B2H/Y2H), affinity-based
techniques, and split protein complementation assays (Miura,
2018; Pichlerova and Hanes, 2021). Recently, Yi et al. (2013)
developed a TEV protease mediated Yeast Endoplasmic
Reticulum Sequestration Screening (YESS) system which can be
easily applied in eukaryotic and prokaryotic species to explore the
protein-protein interactions. In this system, the intracellular protein-
protein interaction is converted to quantitative fluorescence signals
through a split TEV protease-mediated proteolytic reaction, which
possesses many advantages such as signal amplification, clean
background and high efficiency. To illustrate the hypothesis
above, the YESS system was established in Z  mobilis
(Supplementary Figure S1) and then applied to detect the
interaction between Hfq and DnaK/J.
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As shown in Figure 5 and Supplementary Figure S2, the
protein-protein interaction in YESS system was quantized by
the D-value with flow cytometry. If the D-value >0, the protein
pair has interaction, otherwise without interaction. Firstly,
several known protein pairs of negative (PurF-RpiB, PurF-
HisZ) and positive (HisG-HisZ, Prs-HisZ, Prs-RpiB, Prs-
PyrE) ones were selected based on the UniProt and String
database, and further evaluated. As expected, all the negative
ones (PurF-RpiB, PurF-HisZ) displayed D-value <0, while the
positive ones (HisG-HisZ, Prs-HisZ, Prs-RpiB, Prs-PyrE)
showed D-value >0 (Figure 5 and Supplementary Figure
S2). The results confirmed the YESS system was
successfully established in Z. mobilis.

The protein pairs of Hfqg-DnaK and Hfq-DnaJ were then
characterized, which were linked with N-TEV or C-TEV
respectively to avoid the structure interference in the
protein interaction. Our results showed that the Hfq
protein had direct interactions with DnaK and Dna] in Z.
mobilis, even though the interaction was not very strong with
D-value from 8.45 to 22.98. The data indicated that Hfq was
associated with the modulation of RpoH by direct interaction
with DnaK/]. Taken together, the regulation of the RpoH-
mediated cytoplasmic stress responses by Hfq contributed to
the ethanol tolerance in Z. mobilis.
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Conclusion

The accumulation of ethanol produced during fermentation
is a bottleneck for bioethanol production improvement in Z.
mobilis. This study exhibited that hfg overexpression enhanced
ethanol tolerance and increased cell biomass in Z. mobilis.
Combining transcriptomic analysis, biochemical, and genetics
studies, the results identified that the improved ethanol tolerance
by hfg overexpression is probably due to energy saving by
downregulating flagellar biosynthesis and heat shock stress
response proteins as well as reducing the ROS induced by
ethanol stress via upregulating the sulfate assimilation and
cysteine biosynthesis (Figure 6). This study gave a promising
start for the characterization of the detailed regulatory
mechanisms of Hfq in the stress responses in Z. mobilis. In
addition, the YESS system established in this study provided an
alternative approach to investigate the protein-protein
interactions in Z. mobilis.
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A plasmid-free Zymomonas
mobilis mutant strain reducing
reactive oxygen species for
efficient bioethanol production
using industrial effluent of xylose
mother liquor

Binan Geng?, Shuyi Liu?, Yunhao Chen?, Yalun Wu?, Yi Wang?,
Xuan Zhou!, Han Li*, Mian Li? and Shihui Yang™*

IState Key Laboratory of Biocatalysis and Enzyme Engineering, Environmental Microbial Technology
Center of Hubei Province, School of Life Sciences, Hubei University, Wuhan, China, ?Zhejiang Huakang
Pharmaceutical Co., Ltd., Quzhou, Zhejiang, China

Genome minimization is an effective way for industrial chassis development. In
this study, Zymomonas mobilis ZMNP, a plasmid-free mutant strain of Z mobilis
ZM4 with four native plasmids deleted, was constructed using native type I-F
CRISPR-Cas system. Cell growth of ZMNP under different temperatures and
industrial effluent of xylose mother liquor were examined to investigate the
impact of native plasmid removal. Despite ZMNP grew similarly as ZM4 under
different temperatures, ZMNP had better xylose mother liquor utilization than
ZM4. In addition, genomic, transcriptomic, and proteomic analyses were
applied to unravel the molecular changes between ZM4 and ZMNP. Whole-
genome resequencing result indicated that an S267P mutation in the
C-terminal of OxyR, a peroxide-sensing transcriptional regulator, probably
alters the transcription initiation of antioxidant genes for stress responses.
Transcriptomic and proteomic studies illustrated that the reason that ZMNP
utilized the toxic xylose mother liquor better than ZM4 was probably due to the
upregulation of genes in ZMNP involving in stress responses as well as cysteine
biosynthesis to accelerate the intracellular ROS detoxification and nucleic acid
damage repair. This was further confirmed by lower ROS levels in ZMNP
compared to ZM4 in different media supplemented with furfural or ethanol.
The upregulation of stress response genes due to the OxyR mutation to
accelerate ROS detoxification and DNA/RNA repair not only illustrates the
underlying mechanism of the robustness of ZMNP in the toxic xylose

Abbreviations: AhpC, Alkyl hydroperoxide reductase subunit C; ANOVA, analysis of variance; DEGs,
differentially expressed genes; DEPs, differentially expressed proteins; ED, Entner-Doudoroff; Gor,
glutathione reductase; Grx, glutaredoxin; GSH, glutathione; GSSG, glutathione (oxidized); LdH, actate
dehydrogenase; NdH, NADH dehydrogenase; NGS, next-generation sequencing; OR, open reading
frames; PHB, poly-3-hydroxybutyrate; ROS, reactive oxygen species; SNPs, single nucleotide
polymorphisms; SOD, superoxide dismutase; TGS, third-generation sequencing; Ung, Uracil-DNA
glycosylases; WGR, whole-genome resequencing.
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mother liquor, but also provides an idea for the rational design of synthetic
inhibitor-tolerant microorganisms for economic lignocellulosic biochemical
production.

KEYWORDS

Zymomonas mobilis, plasmid-free, whole-genome resequencing (WGR),
transcriptomics (RNA-Seq), proteomics, reactive oxygen species (ROS), oxyR, xylose
mother liquor

Introduction increase compared to the control strain (Li et al., 2016).

The production of sustainable, eco-friendly biofuels has
become increasingly important in recent years due to the
exhaustibility of fossil fuels and global climate change caused
by excessive use of fossil fuels (Agarwal, 2007; Mills et al., 2009;
Yang et al., 2018a). Bioethanol is an environmentally friendly and
renewable liquid biofuel, and is one of the most promising
fuels (Yang Y. et 2018).
Lignocellulosic biomass is the most abundant, low-cost
feedstock for bioethanol production (Balat et al., 2008; Zhang
and Geng., 2012). However, these natural recalcitrant feedstocks

alternatives to fossil al.,

are difficult to be directly utilized, therefore the processes of
pretreatment and subsequent enzymatic hydrolysis are required
to release sugars for microbial fermentation (Erdei et al., 2010;
Yang Y., et al, 2018). During these processes, various toxic
furfural, HMF (5-
hydroxymethyl-2-furaldehyde) are generated, which inhibit
the growth,
production (Yang et al, 2018a). However, removal of these

compounds such as acetic acid,

substrate utilization, cell and Dbioethanol
inhibitors isn’t economically feasible due to the increased cost
caused by additional processing steps and the potential loss of
sugars for fermentation during this process (Parawira and
Tekere, 2011; Jonsson et al., 2013). Therefore, it is crucial to
develop and employ inhibitor-tolerant robust microorganisms
against

inhibitory compounds within the lignocellulosic

hydrolysates for economic bioethanol production from
lignocellulosic materials.
Microbial

important strategies for constructing promising cellular

genome reduction and modification are
chassis (Leprince et al, 2012). The removal of many non-

essential regions from a bacterial genome conferred
beneficial traits such as genotypic stability and phenotypic
validity (Li et al, 2016). For example, E. coli strain
MDS42 with a 663kb region of the genome deleted
displayed two orders of magnitude higher electroporation
efficiencies (Posfai et al., 2006). The mutant strain E. coli
DGF-298 had a more stable genome, improved growth rate
and cell density after deleting a 1,670 kb region of the genome.
For the production of bioproducts, the genome-reduction strain
B. subtilis BSK814G2 (814.4 kb deleted) accumulated 115.2 mg/
L of guanosine which was 4.4-fold increase than the control
and B. BSK756T3 (756.8 kb deleted)

accumulated 151.2 mg/L thymidine, showing a 5.2-fold

strain. subtilis
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Additionally, after deleting 7.7% of the genome of P.

mendocina NK-01, the medium-chain-length
polyhydroxyalkanoates (PHAMCL) and alginate
oligosaccharides (AO) yields of the resulting strain

NKU421 increased by 114.8% and 27.8%, respectively (Fan
et al., 2020). Therefore, genome reduction could be a viable
approach to obtain inhibitor-tolerant strains for efficient
utilization of lignocellulosic hydrolysates.

Zymomonas mobilis, a non-model ethanologenic Gram-
has
characteristics. For example, Z. mobilis has a highly specific

negative  bacterium, many desirable industrial
rate of sugar uptake, exhibits very high ethanol tolerance (16%
v/v) and high ethanol productivity (5.67 g/g/h), and can grow
under a broad range of growth temperature (24-45°C) and
pH (4.0-8.0) (Wang et al., 2018; Yang et al., 2021). Z. mobilis
strains naturally use the anaerobic Entner-Doudoroff (ED)
pathway efficiently to consume glucose for the production of
ethanol and other biochemicals such as gluconic acid, levan,
and sorbitol (Erzinger and Vitolo, 1996; Silbir et al., 2014). In
addition, gene editing tools have been continuously developed
in Z. mobilis including exogenous and native CRISPR-Cas
genome editing tools (Shen et al.,, 2019; Zheng et al., 2019),
and Z. mobilis has become a promising chassis for the
economic production of lignocellulosic biofuels and
biochemicals such as 2,3-butanediol, isobutanol, and poly-
3-hydroxybutyrate (PHB) (Yang et al., 2016; Qiu et al., 2020;
Li et al., 2022).

Since the first transcriptomic and metabolomic study on the
effects of oxygen on Z. mobilis fermentation (Yang et al., 2009b),
transcriptomics has been widely used to study the stress
responses of Z. mobilis to ethanol, furfural, acetate, phenolic
compounds, and other inhibitors (He et al., 2012b; Yang et al.,
2014b). It is also used to explain the molecular mechanism of
mutants obtained through mutagenesis or adaptative laboratory
evolution such as acidic-pH-tolerant mutants (Yang Q et al,
2020), and reveal metabolic pathway changes, such as the
cysteine biosynthesis pathway after cysteine supplementation
(Yan et al, 2022). In addition, proteomics strategy has also
been applied to provide an in-depth understanding of the
stress responses of ethanol, acetate, and other inhibitors in Z.
mobilis (Yang et al., 2013; Yang et al.,, 2014b; Chang et al., 2018).
Multi-omics approaches including transcriptomic, proteomic,

and whole-genome resequencing have also been widely
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applied to investigate the changes and interrelationships of
molecular components.

The genome of Z. mobilis model strain ZM4 includes a
chromosome (2Mb) and four native plasmids pZM32,
PZM33, pZM36, and pZM39, which are 32-39 kb (Seco et al,,
2005; Yang et al.,, 2009a; Yang et al., 2018b). These plasmids
contain protein-coding genes involved in cellular defense,
metabolism, and regulation (Yang et al., 2018b). For example,
several genes involved in restriction and modification systems
exist in pZM32. And genes encoding enzymes for metabolic

functions are present in pZM33 including amidase,
dehydrogenase,  Acyl-CoA  N-acyltransferase, ~NADPH-
dependent oxidoreductase, and nucleoside triphosphate

hydrolase. pZM36 contains several phage structure proteins.

And genes encoding membrane-associated transporters,
symporters, and porins are also identified in these plasmids,
especially in pZM39. Addiction modules including toxin-
antitoxin systems which have been reported to regulate stress
adaptation and replicon persistence exist in all four plasmids
(Unterholzner et al., 2013; Goeders & Van Melderen, 2014).
Although Z. mobilis is an excellent industrial microorganism
for economic biochemical production from lignocellulosic
materials, the capability of inhibitor tolerance can be further
improved (He et al., 2012b; Yang et al,, 2014a; Yi et al,, 2015;
Yang S et al., 2020). To examine whether the deletion of four
native plasmids is beneficial for lignocellulosic ethanol
production, we knocked out the cassette TetR-Ptet-casi2a in
ZMNP-Casl2a, a mutant with four native plasmids cured in
previous work, to generate a plasmid-free mutant strain ZMNP
in this study, and the ability of ZMNP to utilize lignocellulosic

hydrolysate was further investigated.

Materials and methods
Strains, media, and culture conditions

Escherichia coli DH5a was cultured in Lysogeny Broth (LB,
10 g/L NaCl, 10 g/L tryptone, 5 g/L yeast extract) at 37°C with
shaking at 220 rpm. Z. mobilis ZM4 (ATCC 31821) was cultured
in Rich Medium (RM, 50 g/L glucose, 10 g/L yeast extract, 2 g/L
KH,PO,) and Minimal Medium (MM, 50 g/L glucose, 1g/L
KH,PO,, 1g/L K,HPO,, 1g/L (NH,),50, 0.5g/L NaCl,
0.42 g/L. MgSO,-7H,0, 0.001 g/L calcium pantothenate) at
30°C with shaking at 100 rpm. When required, 50 pg/ml of
chloramphenicol was added to the LB and RM medium,
respectively. The final concentration of furfural or ethanol
added to the RM medium was 2.60 g/L (RMF) and 47.36 g/L
(RME), respectively. The final concentration of furfural or
ethanol added to the MM medium was 1.25 g/L (MMF) and
20 g/L (MME), respectively.

Xylose mother liquor used in this study was provided by
Zhejiang Huakang Pharmaceutical Co., Ltd. (Kaihua, Zhejiang,
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China). The original hydrolysate contained 216.87 g/L glucose,
103.98 g/L xylose, 4.44 g/L furfural, and 1.18 g/L acetic acid. The
hydrolysate was diluted with x10 RM™ medium (100 g/L yeast
extract, 20 g/L KH,PO,) for ethanol fermentation.

Genetic manipulation and recombinant
strain construction

Plasmid pL2R (Zheng et al., 2019) was used to knock out
cas12 gene in the chromosome. Meanwhile, gene ZM0O0038 was
complemented at this position using the native Type I-F
CRISPR-Cas system of Z. mobilis (Zheng et al., 2019). The
spacer was 32 bp sequence which was immediately after a 5-
NCC-3" PAM in cas12a. The oligonucleotides (TsingKe, Beijing,
China) of spacer were 36 bp with 4 bp protruding sequences in
5-end. The editing plasmid was constructed following the
previous description(Zheng et al., 2019). Briefly, the targeting
gRNA sequence was constructed by annealed two single-
stranded oligonucleotides (Casl2a-gR-F: 5’-gaaatgcgttttgaactg
attccgeagggtaaaacc, Casl2a-gR-R: 5°-gaacggttttaccctgeggaatcagtt
caaaacgca). Specifically, two single-stranded oligonucleotides
were first heating at 95°C for 5 min and subsequently cooling
down gradually to room temperature. Then the annealed spacer
was ligated into Bsal-linearized pL2R by T4 ligase at 22°C for 3 h.
The resulting plasmid was named as pL2R-cas]2a.

Gibson assembly method as described before (Li et al., 2022)
was utilized for donor construction. Donor sequences including
extra ~800 bp upstream sequence and downstream sequence of
the candidate gene were amplified using Primer STAR
polymerase (Takara, Japan) from the genomic DNA of Z.
mobilis ZM4. The upstream sequence was amplified using the
oligonucleotide primer pair 0038-US-F (5’-ggtcaccagctcaccgtctgt
taggcgagaagggaaaggg) and 0038-US-R (5’-gttgggttgagccgegatagt
the
sequence was amplified using the oligonucleotide primer pair

cgttaaatattcagatagacggagataataaacg), and downstream
0038-DS-F (tcacgcccgacgecag) and 0038-DS-R (getcgagatctgata
tcactcaccctctggtgattgtcgat). The oligonucleotide primer pairs
pL2R-FK-F (agtgatatcagatctcgagctcggtacccgg) and pL2R-FK-R
(agacggtgagctggtgacct) were used to amplify the pL2R-casl2a
vector. The upstream sequence and downstream sequence were
then cloned into pL2R-cas12a vector by T5 exonuclease (NEB,
WA, United States). The resulting plasmids were named as
pL2R-cas12aD. The editing plasmid pL2R-casl2aD verified by
colony PCR and Sanger sequencing were transformed into Z.
mobilis ZMNP-Cas12a to construct the final strain ZMNP.

Electroporation transformation and
recombinant strain selection

The editing plasmid pL2R-cas12aD was then transformed
into Z. mobilis ZMNP-Cas12a competent cells (100 ng DNA with
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50 ul competent cells) via electroporation using a Bio-Rad Gene
Pulser (Bio-Rad, CA, United States). the
electroporated cells were transferred to 1 ml mating medium

Immediately,

(50 g/L glucose, 10 g/L yeast extract, 5g/L tryptone, 2.5g/L
(NH,4),SO4, 0.2 g/L K,HPO,, 1 mM MgSO,), and recovered at
30°C for 3 h. The cells were then spread on RM agar plates
containing 50 pug/ml of chloramphenicol at 30°C for 2 days to
isolate single colonies.

Flask fermentation and analytic methods

For the seed culture preparation, glycerol stock solution of Z.
mobilis strains ZM4 and ZMNP were inoculated into 5-ml RM
medium and then cultured at 30°C. The cultures were then
transformed into 200 ml RM medium which was in 250-ml
flasks, and then cultured at 30 C without shaking. The seed
culture of mid-log phase was then inoculated into 50-ml shake
flasks containing 40 ml RM, MM, RMF, MMF, RME, MME
medium, 1/3 xylose mother liquor with an initial ODsg value of
0.1. During the different time points of fermentation, the ODgq
value of cell culture was determined by an ultraviolet
UV 1800 (AOE, China).
Simultaneously, samples collected at different time points

spectrophotometer Shanghai,
were centrifuged at x12,000g for 2min, and then the
supernatants were filtered through a 0.22-um filters and
stored at —80°C for measuring the concentrations of glucose
and ethanol by HPLC analysis.

For HPLC analysis, HPLC (LC-20AD, Shimadzu, Japan)
with HPX-87H (Bio-Rad, CA,
United States) were used to measure the glucose and ethanol

an Aminex column
concentrations at 65°C. At the same time, 5 mM H,SO, was as

mobile phase at a flow rate of 0.5 ml/min.

Whole-genome resequencing analysis

The sample ZMNP for whole-genome resequencing was
collected and entrusted to GENEWIZ (Suzhou, China). The
paired-end sequencing technology according to standard
Mumina protocols by IgeneCode, Inc. (Beijing, China) was
used in this work. The paired-end reads quality was checked
using FastQC program (http://www.bioinformatics.babra.ham.
ac.uk/projects/fastqc/). Data that passed the quality control were
then mapped to the reference genome sequences of Z. mobilis
ZM4 ATCC 31821 (GenBank accession No. of chromosome:
NZ_CP023715, and plasmids: NZ_CP023716, NZ_CP023717,
NZ_ CP023718, and NZ_CP023719) using the CLC Genomics
Workbench (version 11.0) to identify the genomic variations.
The objective mutations of the mutant strain ZMNP were
obtained with the parental wild-type strain ZM4 as control.
The mutation frequency which was more than 30% would be
filtered.
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RNA-Seq transcriptomic analysis

The method of transcriptomic study is the same as reported
previously (Yang et al,, 2018b; He et al., 2018). Briefly, cell cultured
under RM and MM medium were collected at the mid-log phase.
Then total RNA extraction was using TRIzol reagent (Invitrogen,
CA, United States). Then rRNA was removed from total RNA by
using Ribo-off rRNA Depletion Kit (Bacteria NR407). Subsequently,
mRNA was interrupted to short fragments by adding the
fragmentation buffer. After synthesizing the first strand cDNA
using random hexamer-primers, the second-strand ¢cDNA was
synthesized using buffer, INTPs, RNase H and DNA polymerase
I, respectively. The sequencing library were constructed by
And the
transcriptome data were sequenced based on the Illumina
NovaSeq 6000 System.

RNA-Seq fastq data which passed the quality control by

connecting fragments and sequencing adapters.

FastQC program were imported into CLC Genomics Workbench
(version 14.0) for reads trimming and RNA-Seq analysis to get
the RPKM values of each gene with Z. mobilis ZM4 ATCC 31821
(GenBank accession No. of chromosome: NZ_CP023715, and
plasmids: NZ_CP023716, NZ_CP023717, NZ_CP023718, NZ_
CP023719) and four native plasmids as the reference genome.
JMP Genomics (version 9.0) was used to normalize gene
expression, analyze variance (ANOVA) and hierarchical
clustering to identify differentially expressed genes at different
conditions. Differentially expressed genes were determined with
a selection threshold of p-value < 0.01 and log,-fold change> + 1
(significant induction).

Protein sample preparation

The cells cultured in MM medium were collected and
suspended into a 1 x RIPA buffer (x10: 150 mM NaCl, 10%
NP40, 10% sodium deoxycholate, 10% SDS, 250 mM Tris-HCI,
pH 7.6) at mid-log phase. Samples were grinded under low
temperature for 5min, and then ultrasonication on ice for
5 min. Subsequently, samples were kept at 4°C for 2h and
then centrifuged for 15min at 4°C and x12,000g. 20 pl
supernatant liquor containing extracted proteins of each
sample was added into 96-well plate containing BCA buffer
(Thermo Scientific, Rockford, United States). Then 96-well
plate was shock at 37°C for 30 min, and the absorbance was
detected at 562 nm (Thermo Scientific, CA, United States). The
standard curve was then fitted, and the protein concentration of
the corresponding sample is calculated. 100 pg of each sample
was diluted to ~1 mg/ml with 1 x RIPA lysis buffer.

Then each sample was precipitated by acetone overnight
at —20°C. Subsequently, the protein precipitation was collected by
centrifugation for 10 min at 4°C and x12,000g and then
rewashed with pre-chilled 80% acetone two times. The protein
precipitation was re-dissolved, reduced, and alkylated. The

frontiersin.org


http://www.bioinformatics.babra.ham.ac.uk/projects/fastqc/
http://www.bioinformatics.babra.ham.ac.uk/projects/fastqc/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2022.1110513

Geng et al.

sequencing grade trypsin was then added at the ratio of 1:50 (wt:
wt), and the digestion was run overnight at 37°C. The final
protein precipitation was treated by sodium deoxycholate (SDC)
cleanup and peptide desalting.

Nano-LC-MS/MS analysis

1 pg total peptides of each sample were separated and analyzed
with a nano-UPLC (EASY- nLC1200) coupled to a Q Exactive
HEX Orbitrap instrument (Thermo Fisher Scientific, CA,
United States) with a nano-electrospray ion source. A reversed
phase column (100 um ID x15cm, Reprosil Pur 120 C18-AQ,
1.9 um, Dr. Maisch) was used to separate different sizes of
peptides. Mobile phases were H,O with 0.1% FA, 2% ACN
(phase A) and 80% ACN, 0.1% FA (phase B). Each ample was
separated by executed with a 120 min gradient at 300 nL/min flow
rate. Gradient B: 2%-5% for 2 min, 5%-22% for 88 min, 22%-45%
for 26 min, 45%-95% for 2 min, 95% for 2 min. Data dependent
acquisition (DDA) was performed in profile and positive mode
with Orbitrap analyzer at a resolution of 120,000 (@200 m/z) and
m/z range of 350-1,600 for MS1; For MS2, the resolution was set to
15,000 with a dynamic first mass. The automatic gain control
(AGC) target for MS1 was set to 3E6 with max IT 50 ms, and
1E5 for MS2 with max IT 110 ms. The top 20 of most intense ions
were fragmented by HCD with normalized collision energy (NCE)
of 27%, and isolation window of 1.2 m/z. The dynamic exclusion
time window was 45 s, single charged peaks and peaks with charge
exceeding six were excluded from the DDA procedure.

Proteome Discoverer database search

Proteome Discoverer (PD) software (Version 2.4.0.305) and
the built-in Sequest HT search engine were used to process
Vendor’s raw MS files. MS spectra lists were searched against
their species-level UniProt FASTA databases (uniprot-Mus +
musculus-10090-2020-10.fasta). Here, carbamidomethyl (C) as a
fixed modification, oxidation (M) and acetyl (N-term) as variable
modifications, and trypsin as proteases. A maximum of two
missed cleavage(s) was allowed. The threshold of false discovery
rate (FDR) was 0.01 for both PSM and peptide levels. Peptide
identification was performed with an initial precursor mass
deviation of up to 10 ppm and a fragment mass deviation of
0.02 Da. Unique peptide and Razor peptide were used for protein
quantification and total peptide amount for normalization. All
other parameters were reserved as default.

Measurement of intracellular ROS

Here, the measurement of intracellular ROS levels were using

2, 7-dichlorodihydrofluorescein ~ diacetate  (H,DCF-DA)
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(Beyotime Biotechnology, Hangzhou, China). When cells are
cultured to mid-log phase, 0.6 ODgqg cells were collected, and
then washed with I1xphosphate-buffered saline (PBS) once. The
pellets were re-suspended with 500 ul PBS, then added H,DCF-
DA at a final concentration of 100 uM. The mixture then
incubated in darkness for 1h at 30°C, 100 rpm. After that,
cells were collected and washed three times with 1 x PBS.
300 ul 1 x PBS were used to re-suspended the pellets. The
mixture then detected by the DCF fluorescence using
CytoFLEX FCM flow cytometry (Beckman coulter, CA,
United States). The excitation and emission wavelength were
set up at 488nm and 525nm, respectively. Cells with
fluorescence intensities ranging 10°-10° were selected and
counted, and at least 20,000 events were collected for each
sample.

Results and discussion

Construction of Z. mobilis ZMNP and cell
growth under different conditions

We previously constructed a mutant strain ZMNP-
Casl2a that contains a cassette of TetR-Ptet-casl2a that
replaced ZMOO0038 locating between ZMOO0037 and
ZMO00039. Compared to wild-type ZM4, ZMNP-Casl2a
also lacks four native plasmids that were cured by
CRISPR-Cas system. Here, we further constructed the
mutant ZMNP with the cassette TetR-Ptet-casI2a replaced
with the native ZMO0038 by native type I-F CRISPR system
(Figure 1). The final mutant strain ZMNP only lacks four
native plasmids compared to ZM4.

Temperature is one of the common physical factors
affecting cell growth and microbial fermentation.
Moreover, high-temperature ethanol fermentation has
advantages of reduced pollution risk as well as cooling
costs making it suitable for large-scale bioethanol
fermentation (Li et al., 2021). Substrate is another factor
that restricts the cost of microbial fermentation. Corncob is
abundant with ca 250 million tons produced each year,
which is an excellent cellulosic material for commercial
xylose and xylitol production. However, the industrial
effluent of xylose mother liquor accompanying the xylose
and xylitol production becomes a problem. We evaluated cell
growth and fermentation performance of ZM4 and ZMNP
under different temperatures and different media including
xylose mother liquor.

Cell growth and fermentation performance of ZMNP
using glucose under different temperatures or using the
xylose mother liquor were compared with ZM4, and the
results demonstrated that ZMNP performed similarly to
ZM4 using glucose with a growth rate of 0.525h™"' s

0.512h™" as well as ethanol productivity of 2.44 g/Lh™" vs
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FIGURE 1

The scheme of ZMNP mutant construction by replacing cassette TetR-Ptet-cas12a with ZMOO0038 in Z. mobilis ZMNP-Cas12a using the native

type I-F CRISPR system.
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The effect of different temperatures and xylose mother liquor of Z. mobilis ZM4 and ZMNP. Growth, glucose consumption and ethanol
production of ZMNP and ZM4 under 30°C (A) and 40°C (B). Fermentation performance between ZMNP and ZM4 using xylose mother liquor (C).
Strains were cultured in 50-ml shake flasks containing 40 mlrich medium RM at 100 rpm. Three replicates were performed for the experiment. B:

biomass, G: glucose, E: ethanol.

2.38 g/L h™' when cultured under 30°C (Figure 2A), and with
a growth rate of 0.395h™" vs 0.399h™" as well as ethanol
productivity of 2.66 g/Lh™' vs 2.67 g/Lh™" when cultured
under 40°C (Figure 2B). However, ZMNP did exhibit better
than
ZM4 when the toxic xylose mother liquor was used. The
glucose utilization in ZMNP was 24 h faster than that
observed for ZM4, and the maximum ethanol titers of
39.13g/L and 36.91 g/L were achieved by ZMNP and
ZM4, respectively (Figure 2C).

glucose consumption and ethanol production

The normal growth and fermentation performance of ZMNP
at high temperature and its excellent fermentation performance
using xylose mother liquor exhibited that ZMNP could be an
ideal chassis for biochemical production from lignocellulosic
materials.
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Genetic determinants of ZMNP for
enhanced hydrolysate utilization

To determine the potential genetic determinants of ZMNP
for increased utilization of xylose mother liquor, next-generation
sequencing (NGS) and third-generation sequencing (TGS)
technology were applied to identify the potential genetic
changes in ZMNP. Combining the data collected from NGS
and TGS, we assembled the genome of ZMNP to explore the
potential genetic determinants for native plasmid deletion
through comparative genomic analysis using the genome of
parental strain ZM4 (ATCC 31821) as the reference (Yang
et al, 2018b). The genome of ZMNP contains one circular
chromosome of 2,058,754 bp only without plasmids that exist
in the wild-type ZM4.
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TABLE 1 Single-nucleotide polymorphisms (SNPs) in ZMNP compared to ZM4.

10.3389/fbioe.2022.1110513

Locus Gene SNP Frequency (%) AA change Product
225216 ZMO00228 C-T 100 Synonymous putative polisoprenol-linked O-antigen translocase
481847 ZMO0487 C->T 99.64 Synonymous HpcH/Hpal aldolase
641565 ZMO0651 G—A 99.74 D172N Flagellar hook protein FliD
934794 ZMO0915 C—A 99.88 Synonymous Copper-translocating P-type ATPase
1780057 ZMO1733 T-C 99.51 S267P Transcriptional regulator OxyR

FIGURE 3

Overlay of the 3D structures of predicted OxyR mutant (Red) and wild-type OxyR protein (Green).

The whole-genome resequencing (WGR) results identified a
total of five single nucleotide polymorphisms (SNPs) that
occurred in open reading frames (ORF) in ZMNP (Table 1).
Among these mutations, two missense mutations were
identified in ZMNP located in the coding sequence region of
ZMO0651 (D172N) and ZMOI1733 (S267P), respectively.
ZMO0651 encodes a flagellar hook protein FliD, which is a
flagellar cap at the distal end of the flagellar filament protecting
the tip of the flagellum (Nedeljkovic et al., 2021). FliD also helps
insert flagellin proteins repetitively to grow the flagellar
filament (Cho et al,, 2019). It was observed that the motility
was defective in fliD mutants because the flagellin monomers
were shed into the outside of cell causing the failure of flagellin
polymerization and the form a functional flagellum, revealing
that fliD was an essential factor in cell motility (Arora et al.,
1998; Kim et al., 1999). We simulated the 3D structure of the
FliD mutant, and it showed that this missense mutation didn’t
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cause changes in the 3D structure (data not shown). Therefore,
we speculate that this point mutation D172N mayn’t affect its
protein function.

The S267P mutation of OxyR is in LysR-substrate binding
domain (IPR005119, 93-295 aa), which probably changes the
binding affinity with its substrate (H,0,) due to the amino acid
change from serine to proline, resulting in a protrusion at the
267 aa (Figure 3). Previous research reported that residue 266 aa
was an important residue in reduced monomer conformation of
OxyR (Anand et al.,, 2020), and beneficial to stabilize reduced
tetramer via side-chain interactions (Anand et al., 2020). We
speculated that the mutation at the 267 aa might affect the
stabilization of the OxyR reduction state, making it more
prone to transition to the oxidation state by altering the
transcription initiation, and further respond to intracellular
oxidative stress signals (Figure 1). This may be one of the
reasons that ZMNP is better at utilizing xylose mother liquor.
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Unravel the underlying mechanisms of
hydrolysate tolerance of ZMNP through
transcriptomic and proteomic studies

Overview of quantitative transcriptomics and
proteomics

To illustrate the underlying genetic basis of the tolerance to
xylose mother liquor in ZMNP, samples of ZMNP and wild-type
strain ZM4 cultured at RM and MM were collected for RNA-Seq
to explore the global transcriptional differences in ZMNP and
ZM4. The differentially expressed genes (DEGs) were identified
through analysis of variance (ANOVA) using strains and
different media as variables. In addition to the genes in native
plasmids, 1020 genes were identified by comparing both strains
and media with p-value < 0.05 (Supplementary Table SI).
Specifically, there were 55 and 87 DEGs comparing ZMNP
with ZM4 at RM and MM conditions, respectively, reflecting
the difference between strains under different media
(Supplementary Table S2). 776 and 813 DEGs were also
identified comparing MM with RM conditions of ZM4 and
ZMNP, respectively, reflecting the effect of media for different
strains (Supplementary Table S3). In addition to genes on native
plasmids, 48 DEGs on genome were identified when took the
complement of the DEGs under RM and MM media
(Supplementary Table S2). Among these significantly DEGs,
there were 29 genes upregulated and 19 genes downregulated
in ZMNP compared with ZM4 (Supplementary Table S2). All
these genes identified between strain comparisons were supposed
to influence different functions in cell process, and then further
analyzed.

We also used Quantitative proteomics to compare the
differences in protein expression of Z. mobilis ZM4 and
ZMNP in MM medium. We identified 14,801 peptides, which
were matched to 1,425 unique proteins (Supplementary Table
S4). Differentially expressed proteins (DEPs) which had more
than 1.5-fold differences in abundance and less than 0.05 of
p-value were determined and listed in Supplementary Material,
showing the most abundant DEPs with 34 upregulated and
31 downregulated proteins of ZMNP (Supplementary Table S5).

Transcriptomic and proteomic profiling of Z.
mobilis ZMNP compared to ZM4

Gene expression results showed that among the
19 downregulated genes in ZMNP, eight genes (ZMO0383,
ZMO0387, ZMO0388, ZMO00392, ZMO0397, ZMO0398,
ZMO0930, ZMO1787) encode hypothetical proteins, four
(ZMO0374,  ZMO0375),
(ZMO0934) and glycohydrolase
secretase (ZMO0064), and two genes encode transporters
(ZMO0916, ZMOI1457) (Supplementary Table S2). Among
the genes
(ZMO0374) that catalyzes sucrose hydrolysis to glucose and
fructo-oligosaccharides, and sacC (ZMO0375) that hydrolyzes

genes  encode  levansucrase

levansucrase  regulator

them, encoding levansucrase include sacB
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sucrose to glucose and fructose (Gunasekaran et al., 1990). zIliE
(ZMO0934) encodes levansucrase regulator that stimulates the
production of sucrose-hydrolyzing enzymes such as SacB and
SacC (Kondo et al., 1994). zliS (ZM0O0932) is a secretion-
activating factor that contributes to the secretion of sucrose-
hydrolyzing enzymes (Kondo et al., 1994). oprBl (ZMO0064)
encodes a glucose porin that enables glucose entry into the
periplasmic space and transports it to the cytoplasm via an
ABC transport system (del Castillo et al, 2007). The
downregulation of these genes indicate that the capacity of
glycolysis, transport, and secretion of hydrolyzing enzymes
was decreased in ZMNP, especially the hydrolysis of sucrose
and the secretion of sucrose-hydrolyzing enzymes. The
proteomic profiling results also showed that SacB and
ZMO0916 were upregulated (Supplementary Table S5).

In addition, among the 29 upregulated genes in ZMNP,
15 genes were general stress response genes (Figure 4),
especially the genes regulated by OxyR. It mainly includes 1)
enzymes that are regulated by OxyR for synthesis of cellular
antioxidants to remove peroxide; 2) enzymes that regulate and
stabilize intracellular redox potential; 3) enzymes that repair
DNA and RNA; and 4) enzymes associated with cysteine
biosynthesis.

i) Upregulation of cellular antioxidants in ZMNP to remove
peroxide for enhanced inhibitor tolerance. In the presence of
ROS, the reduced form of OxyR could be transformed into
oxidized OxyR by rapid formation of an intramolecular
disulfide bond (Jo et al, 2015). In E. coli, the oxidized
OxyR activates the expression of genes in response to
oxidative stress (Ren et al., 2017) such as sod, ahpC, yhjA,
trx, grx, gor katG, ahpF, and hemF (Charoenlap et al., 2005;
Hishinuma et al., 2006; Zeller and Klug, 2006). The transition
between reduced and oxidized OxyR also involves in the
balance of GSH and GSSG, the multifunctional intracellular
antioxidants with the reduced form and oxidized form,
respectively. The oxidized OxyR is reduce by glutaredoxin
(Grx) accompanied by the consumption of GSH and the
production of GSSG. And GSSG could be transformed to
reduced GSH by glutathione (Gor), thus
maintaining the balance between GSH and GSSG.

reductase

Our RNA-Seq results also demonstrated that six genes that
are regulated by OxyR for oxidative stress response were
upregulated. ZMO1060, encoding superoxide dismutase (SOD)
to convert 0,® to O, and H,0, (Zhao et al, 2021), was
upregulated in ZMNP. This is similar to the results of
previous studies that sod is positively regulated by OxyR
(Zhou et al, 2021) and usually upregulated under stress
conditions (Shatalin et al, 2011; Mironov et al., 2017). In
addition, ZMO1732 (ahpC), ZMO1136 (mauG), and ZMO1097
(trx) that are participated in the direct removal of H,O, were
significantly upregulated in ZMNP compared to ZM4. Alkyl
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Potential molecular mechanism of inhibitor tolerance of ZMNP. AhpC: Alkyl hydroperoxide reductase, Fpr: Ferredoxin-NADP (+) reductase,

Gor: Glutathione reductase, Grx: Glutaredoxin, GSH: Reduced glutathione, GSSG: Oxydized glutathione, G-3-P: Glyceraldehyde 3-Phosphate, Ldh:
Lactate dehydrogenase, MauG: Cytochrome-c peroxidase, Ndh: FAD-dependent pyridine nucleotide-disulfide oxidoreductase, Rnr: Ribonuclease
R, SOD: Superoxide dismutase, Trx: Thioredoxin, Ung: Uracil-DNA glycosylase, XthAl: Exodeoxyribonuclease Il XthA.

hydroperoxide reductase subunit C (AhpC) proteins are the
catalytic of alkyl
(Mongkolsuk et al., 2000), which are members of peroxidases
to protect against H,O,. In ZMNP, the expression of ZMO1732
was 10 folds and 18 folds higher than that in ZM4 when cultured
under RM and MM, respectively. Protein MauG encoded by
ZMO1136 was 44% identity to YhjA of E. coli (NC_002695.2) by
BLASTP analysis. It catalyzes the reduction of H,O, to H,O. The
proteomic profiling results also showed that ahpC and mauG

subunits hydroperoxide reductases

were upregulated. ZMO1097 encoding thioredoxin (¢rx)-domain
containing protein was also upregulated in ZMNP. Thioredoxin
is a key antioxidant system that regulates protein dithiol/disulfide
balance through its disulfide reductase activity to combat
oxidative stress such as H,O, (Lu and Holmgren, 2014). We
speculate that ZMO1097 was involved in the thioredoxin system
and the overexpressed thioredoxin improved the Trx system’s
capacity to scavenge H,0,.

Our RNA-Seq results also demonstrated that the expression
of ZMOO0753 (grx) encoding Grx that catalyzes the reaction of
GSH to GSSG was significantly upregulated in both RM and MM
in ZMNP. Furthermore, the expression of ZMOI211 (gor)
encoding Gor that catalyzes the reaction of GSSG to GSH was
also upregulated in both RM and MM in ZMNP. The proteomic
profiling results also showed that Grx and Gor were upregulated
in ZMNP. The upregulation of both ZM00753 and ZMOI1211
indicates that the fast redox reaction in ZMNP contributes to the
quick ROS removal. All six genes (ZMOI1060, ZMOI1732,

Frontiers in Bioengineering and Biotechnology

65

ZMO1136, ZMO1097, ZMO0753, and ZMOI211) belong to
OxyR regulon regulated by OxyR, revealing that the point
mutation of OxyR in ZMNP might alter its three-dimensional
structure and leads to the upregulation of genes involved in
antioxidant regulation.

ii) Maintained intracellular redox potential in ZMNP for
enhanced inhibitor tolerance. The microbial aerobic
respiratory chain is an important source for cell
metabolism to generate energy and to maintain the
redox balance in vivo, which is related to cell metabolic
processes such as ROS production and resistance to
oxidative stress. Previous studies have shown that Z.
mobilis possess a structural respiratory chain consisting
mainly of type II NADH dehydrogenase (Ndh,
ZMOI1113), coenzyme QI10, cytochrome bd terminal

(CydAB, ZMO1571-ZMO1572) (Kalnenieks

2019), (Ldh,

ZMO0256) to contribute electrons to the respiratory

chain. Our RNA-Seq data showed that ZMOI113 and

ZMO0256 were ZMNP, which

accelerated the electron transport and reduced H,O,

and O, to H,O. ZMO1753 (Ferredoxin) that reduces

NADP" to NADPH is also involved in the balance of

the oxidation potential inside the cell. And the

upregulation of ZMOI753 in ZMNP could help
maintain the intracellular redox potential.

oxidase

et al, and D-lactate dehydrogenase

upregulated in
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Improved macromolecular repair in ZMNP for enhanced
inhibitor tolerance. H,O, produces hydroxyl radicals
that oxidize the base and ribose parts of DNA, causing
a variety of damages (Hutchinson, 1985; Imlay, 2013).
Bacteria actively adopt a variety of oxidative stress
measures to cope with oxidative stress, such as
nucleotide mismatch and DNA

excision, repair,
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double-strand breaks, which are initiated to protect
genomic stability. The transcriptomic results showed
that four genes associated with base excision repair
were upregulated: ZMO1114 (ungl), ZMO1648 (ung2),
ZMO1401(xthAl), and ZMO1096 (rnr). Uracil-DNA
glycosylases (Ung) are enzymes that cleave the bond
between deoxyribose and mismatched wuracil from
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DNA (Krokan & Bjoras, 2013; Schormann et al., 2014).
Two Ung enzyme genes, ZMOI1114 (ungl) and ZMO1648
(ung2), were significantly upregulated in ZMNP, helping
repair DNA damage caused by oxidative stress.
Exonuclease IIT plays a key role in base excision repair
which is a key repair mechanism to neutralize oxidative
stress in DNA (Souza et al., 2006). In Z. mobilis,
ZMO1401 encodes a 3’ to 5 exonuclease (Exonuclease
III), and ZMO1096 encodes a ribonuclease R to degrade
RNA in the 3’-5" direction (Abula et al., 2022). Both
ZMO1401 and ZMO1096 were significantly upregulated
in ZMNP. Proteomic profiling results also showed that
XthAl was upregulated. These results suggested that
ZMNP can protect DNA and RNA from damages
caused by ROS through upregulation of these DNA/
RNA repair proteins.
iv) Enhanced cysteine biosynthesis in ZMNP for inhibitor
tolerance. Cysteine pool is crucial for microorganisms to
defend against inhibitors. For example, cysteine is
usually used for protein and GSH biosynthesis to
protect cells against the oxidative stress (Hicks and
Mullholland, 2018), and cysteine supplementation in
the growth media helped reduce the toxicity of
furfural and hydrolysates (Miller et al., 2009; Nieves
et al, 2011; Yan et al., 2022). Gene expression results
showed that three genes associated with cysteine
synthesis were upregulated in ZMNP, including
ZMO1685 (serAl) and ZMO1684 (serC) for L-serine
synthesis, and ZMO0748 (cysK) that could catalyze
O-acety-L-serine and the sulfur assimilation product
H,S to synthesize L-cysteine. The upregulation of
genes in cysteine biosynthesis pathway might increase
the concentration of cysteine within cells to promotes
GSH biosynthesis against ROS.

Upregulation of stress response genes in ZMNP
helps reduce ROS level

Inhibitors such as furfural and high concentration of
ethanol are well known to induce ROS accumulation. For
example, furfural could damage various cellular components
such as DNA, lipids,
accumulated in cells under stress conditions (Allen et al.,
2010; Kim & Hahn, 2013). Ethanol is also one of the
inhibitors of cell growth and metabolism in Z. mobilis. It

and proteins when ROS was

can affect a wide range of cellular processes, such as DNA
DNA/RNA
transcriptional regulation, carbohydrate metabolism, cell

replication and recombination, repair,

wall/membrane  biogenesis, terpenoid  biosynthesis,
respiratory chain, transport, and universal stress response
(He et al., 2012a). All these inhibitors could contribute to an
increase of intracellular ROS. Z. mobilis ZMNP upregulated
global stress response genes that could help effectively

reduce the intracellular ROS.
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To examine whether the expression of genes related to ROS
detoxification in ZMNP was upregulated, we determined the
growth of ZMNP relative to ZM4 in both RM and MM. The
concentrations of furfural that were supplemented into RM and
MM were 2.60 g/L and 1.25 g/L, respectively, which were 47.36 g/
L and 20g/L for ethanol supplemented into RM and MM,
respectively. Cell growth was similar when ZM4 and ZMNP
were cultured in RM or RM media supplemented with furfural or
ethanol (Figure 5).

Cells cultured in RM, RMF and RME for 3 h, and cultured in
MM, MMF and MME for 12 h were collected to detect the ROS
levels. The intracellular ROS levels were effectively decreased in
ZMNP compared to ZM4 under all culture conditions
(Figure 6). Compared with the control strain ZM4 (47.78%,
8.38%), ZMNP (38.87%, 5.70%) exhibited a slight decrease in
intracellular ROS under RM and MM media, respectively. The
difference of ROS levels between ZMNP and ZM4 were
dramatic when cultured in inhibitor-supplemented media.
ROS accumulation was detected when ZM4 and ZMNP were
cultured in RMF (14.58% vs 1.80%) (0.001 < p-value < 0.01) and
RME (58.97% vs 17.33%) (0.001 < p-value < 0.01), respectively.
And the intracellular ROS levels were effectively decreased in
ZMNP compared to ZM4 in MMF (11.44% vs 0.76%) (0.001 <
p-value < 0.01) and MME (57.82% vs 16.98%) (0.001 <
p-value < 0.01). Based on the result, the mechanism of
efficient utilization of xylose mother liquor in ZMNP could
be due to the overexpression of genes responsive for the general
stress and intracellular ROS reduction.

Conclusion

Robust for biochemical

production from lignocellulosic materials. A plasmid-free

microorganisms are crucial
ZMNP mutant of Z. mobilis was constructed in this study,
which can efficiently utilize xylose mother liquor. Our multi-
omics studies suggested that the S267P mutation of OxyR in
ZMNP may help alter the expression of genes associated with
global stress response under stress conditions, and ZMNP can
reduce its intracellular ROS for efficient lignocellulosic
bioethanol production. In addition, the molecular mechanism
that OxyR regulates downstream genes to respond to the ROS of
Z. mobilis proposed in this study can also guide the development
of synthetic microbial cell factories for efficient lignocellulosic
biochemical production.
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Tyrian purple, mainly composed of 6, 6'-dibromoindigo, is a precious dye extracted
from sea snails. In this study, we found Tyrian purple can be selectively produced by a
bacterial strain GS-2 when fed with 6-bromotryptophan in the presence of
tryptophan. This GS-2 strain was then identified as Providencia rettgeri based on
bacterial genome sequencing analysis. An indole degradation gene cluster for indole
metabolism was identified from this GS-2 strain. The heterologous expression of the
indole degradation gene cluster in Escherichia coli BL21 (DE3) and in vitro enzymatic
reaction demonstrated that the indole biodegradation gene cluster may contribute
to selectively biosynthesizing Tyrian purple. To further explore the underlying
mechanism of the selectivity, we explored the intermediates in this indole
biodegradation pathway using liquid chromatography electrospray ionization
quadrupole time-of-flight mass spectrometry (LC-ESI-QTOF-MS/MS), which
indicated that the indole biodegradation pathway in Providencia rettgeri is the
catechol pathway. Interestingly, the monooxygenase GS-C co-expressed with its
corresponding reductase GS-D in the cluster has better activity for the biosynthesis
of Tyrian purple compared with the previously reported monooxygenase from
Methylophaga aminisulfidivorans (MaFMO) or Streptomyces cattleya cytochrome
P450 enzyme (CYP102G4). This is the first study to show the existence of an indole
biodegradation pathway in Providencia rettgeri, and the indole biodegradation gene
cluster can contribute to the selective production of Tyrian purple.

KEYWORDS

Tyrian purple, Providencia rettgeri, indole biodegradation gene cluster, selective Tyrian
purple producing, monooxygenase

1 Introduction

Tyrian purple, known as royal purple, and mainly composed of 6, 6'-dibromoindigo, is an
ancient dye extracted from the murex shellfish (Ngangbam et al.,, 2015; Lee et al., 2021). Tyrian
purple has a range of striking purple to red, color-fast and resistance to fading, and also has a
promising application in dye-sensitized solar cells, functional polymers, and conductive
materials (Glowacki et al., 2012; Glowacki et al., 2013; Guo et al,, 2015; Kim et al., 2018;
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Schnepel et al,, 2021). It is very difficult to obtain the dye in large
quantities from natural sources as it requires euthanizing 12,000 snails
per 1.4 g of dye (Mcgovern and Michel, 1990). In addition, due to the
difficulty in chemical or biological synthesis, there is still no method
for its industrial production (Wolk and Frimer, 2010). Biocatalysis has
emerged as an alternative for sustainable synthesis of Tyrian purple
from a natural substrate through microbial fermentation, but the
selectivity issue in enzymatic tryptophan and bromotryptophan
degradation becomes an obstacle for large-scale biosynthesis.
Recently, Lee et al. presented an alternative 6, 6 -dibromoindigo
production strategy in E. coli using tryptophan 6-halogenase from
Streptomyces toxytricini (SttH), tryptophanase from E. coli (TnaA),
and monooxygenase MaFMO.

It is often not feasible to obtain pure Tyrian purple by biosynthesis.
As TnaA is effective enough to convert tryptophan or its halogenated
derivative into the corresponding indoles, and MaFMO catalyzes the
hydroxylation of indoles (indole or 6-bromoindole) to 2-
hydroxyindoles and 3-hydroxyindoles (Kim et al, 2019), the
biosynthesis of Tyrian purple using three enzymes in E. coli would
produce indigo and indirubin (isomer of indigo), Tyrian purple, and 6,
(TP isomer, purple isomer),

6’-dibromoindirubin Tyrian

Frontiers in Bioengineering and Biotechnology

simultaneously (Figure 1), that is, TnaA competes with SttH for
tryptophan, both TnaA and MaFMO are lack of selectivity that
lead to the production of many byproducts, which are the
limitations of Tyrian purple biosynthesis. To overcome this TnaA
competes with SttH for tryptophan issue, Lee et al. introduced a
consecutive two-cell reaction system to overproduce regiospecifically
brominated precursors of 6, 6'-dibromoindigo by spatiotemporal
separation of bromination and bromotryptophan degradation (Lee
et al, 2021). These approaches led to 315.0mgL™ 6, 6'-
dibromoindigo production from 2.5 mM tryptophan. However, the
final product is impure and the two-cell reaction process is still too
inefficient and uneconomical to be feasible on an industrial scale for
the biological synthesis of Tyrian purple.

Nevertheless, indoles are a typical class of N-heterocyclic aromatic
pollutants and are widespread in our daily products and natural
environment. In microbial communities, more than 85 bacterial
species, including Escherichia coli, Vibrio cholera, and Providencia
rettgeri, can catalyze tryptophan to indole by tryptophanase (TnaA)
(O’hara et al, 2000; Lee and Lee, 2010; Ngangbam et al., 2015).
However, indole and its derivatives at high concentrations are
mutagens and that exhibit toxic

carcinogens activity on
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microorganisms and animals (Lin et al., 2015; Tomberlin et al., 2017;
Lietal, 2021). To defend against the toxicity of indole, many bacteria
have established enzymatic detoxification systems, which is the
oxidation of indole to insoluble non-toxic indigoid pigments or use
the biodegradation mechanisms (Doukyu and Aono, 1997; Bhushan
etal,, 2000; Kim et al., 2003; Fukuoka et al., 2015; Zhang et al., 2018). A
number of indole-degrading bacterial microorganisms and bacterial
consortia were reported previously. Acinetobacter, Alcaligenes,
Burkholderia, the
extensively investigated indole-degrading bacterial genera (Yin
et al, 2005; Kim et al, 2016). There are several reports on the

Pseudomonas, and Cupriavidus are most

identification of the indole biodegradation gene cluster and using it
for the biological production of indigo in E. coli, but there are few
reports on its application in the biosynthesis of indigoid dyes. Lin et al.
identified an indigo-producing oxygenase iacA in Acinetobacter
baumannii and that the iac gene cluster of A. baumannii is
involved in indole 3-acetic acid degradation (Lin et al., 2012). Qu
etal. isolated and unveiled the biotransformation mechanism of indole
in Cupriavidus sp. strain SHE (Qu et al., 2015a; Qu et al., 2017). Later,
they isolated indole-degrading bacterium Burkholderia sp. IDO3 and
found an iif2 gene cluster for indole degradation and indigo
production (Ma et al., 2019a; Ma et al., 2019b).

Although the indole degradation pathway has been studied for almost
a century, the indole biodegradation gene cluster that can contribute to
the selective Tyrian purple production has not been reported so far. In
this study, we found Tyrian purple can be selectively produced in a
Providencia rettgeri bacterial strain GS-2 from a laboratory environment.
Then, we isolated and obtained the complete genomic sequence of GS-2
and identified an indole degradation gene cluster for indole metabolism in
GS-2. Heterologous expression of these genes is from the indole
degradation gene cluster in Escherichia coli BL21 (DE3). The in vivo
and in vitro reaction results showed that the indole biodegradation gene
cluster may contribute to the selective Tyrian purple production.
Compared with the most reported monooxygenase MaFMO and
cytochrome P450 enzyme CYP102G4, the Tyrian purple-producing
enzyme GS-C co-expressed with its cofactor GS-D in the indole
biodegradation gene cluster have the best activity in the production of
Tyrian purple in E. coli. At last, we tried to unlock the biotransformation
and degradation mechanism of selective Tyrian purple producing in GS-
2. Unveiling the selective Tyrian purple production will open an avenue to
promote the biosynthesis of Tyrian purple.

2 Materials and methods

2.1 Bacterial strains, chemicals, and standard
techniques

Escherichia coli DH5a and BL21 (DE3) strains were used as cloning
and protein expression hosts, respectively. E. coli strains carrying plasmids
were cultivated in a Luria-Bertani (LB) medium supplemented with
antibiotic (50 pg/mL kanamycin). An LB medium was purchased from
Huankai Microbial (China). M9 media salts were purchased from Sangon
Biotech (China). Plasmid DNA was isolated using a Tiangen plasmid
miniprep kit (TIANGEN, Ltd. China). 6-Bromo-tryptophan and 6-
chloro-tryptophan  were purchased from GL Biochem (China).
Tryptophan and NADH were purchased from Sigma (United States).
Indole, 6-bromo-indole, indigo, FAD, and isatin were purchased from
Sigma (United States), Bidepharm (China), and Yuanye Biotech (China),
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respectively. Indirubin was purchased from TCI (Japan). Chemically
synthesized 6, 6'-dibromoindigo was synthesized from Abace Biotech
(China). Gene and oligomer synthesis and sequencing were carried out in
BGI (China), Sangon (China), and Rui Biotech (China), respectively.
Enzymes involved in restriction reaction, ligation, and PCR were
purchased from New England Biolabs (United States), Vazyme
(China), and TAKARA (Japan), respectively. All other chemicals used
in this study were of analytical grade. All media and reagent solutions were
prepared with Milli-Q water (Merck Millipore).

2.2 Genome sequencing and annotation

The bacterial strain designated as GS-2 was isolated from the LB agar
plates supplemented with 6-bromo-tryptophan (containing purple
colonies). To obtain a partial genome sequence, total DNA from GS-2
was isolated using the TTANamp Bacteria DNA Kit (TTANGEN, China).
The genome of GS-2 was sequenced with 15775578 reads of an average
length of 350 bp by using an Illumina HiSeq 4000 system (Illumina, San
Diego, CA, United States) at the Beijing Genomics Institute (Shenzhen,
China). Raw reads of low quality from paired-end sequencing were
discarded. The sequenced reads were assembled using SOAP de novo
v1.05 software. Gene prediction was performed on the GS-2 genome
assembly by Glimmer3 (http://www.cbcb.umd.edu/software/glimmer/)
with hidden Markov models. tRNA, rRNA, and sRNAs recognition
made use of tRNAscan-SE (Lowe and Eddy, 1997), RNAmmer, and
the Rfam database. The best hit abstracted using a BLAST alignment tool
for function annotation. Seven databases which are KEGG (Kyoto
Encyclopedia of Genes and Genomes), COG (Cluster of Orthologous
Groups), NR (non-redundant protein database), Swiss-Prot, and GO
(Gene Ontology), TrEMBL, and EggNOG are used for general function
annotation.

2.3 ldentification of an indole biodegradation
gene cluster

According to the reported microbial indigo-forming enzymes or
indole biodegradation gene cluster and the draft genome sequencing
of GS-2 and bioinformatics analysis of the genome of GS-2 using
NCBTI’s blast* algorithm, blastn algorithm, and the Conserved Domain
Database (CCD), we use the reported microbial indigo-forming
enzymes or indole biodegradation gene cluster as the user’s query
to the database of the GS-2’s draft genome sequences. The prevalence
of indole biodegradation gene cluster as well as genes of indole
oxygenase among available microbial genomes was analyzed by
using the NCBI's blast” algorithm, too. Based on the blastn
algorithm and the gene annotation of Providencia heimbachae
ATCC 35613 in NCBI, seven genes of the GS (A-R) encoded
putative enzymes, as described by conserved domain analysis.

2.4 Heterologous expression of indole
oxygenase genes and indole biodegradation
gene cluster

2.4.1 Plasmid and strain construction

Genes GS (A-E) from genomic DNA of strain GS-2 were amplified
using 2xPhanta” Master Mix (Vazyme, China). The primers for
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TABLE 1 List of oligos used in this study.
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Primer Sequence

pET28a-fwd CACCACCACCACCACCACTGAGATC

pET28a-Rev CATGAATTCGGATCCGCGACCC

GS-C-fwd GTCGCGGATCCGAATTCATGCGTCGTATTGCTATCG

GS-C-rev CAGTGGTGGTGGTGGTGGTGTTAGGCTCGAGCTTCTTC

GS-C + D-fwd AACTTTAAGAAGGAGATATACCATGATGTCTATGATTGCAGAGGATAC
GS-C + D-rev CATCATGGTATATCTCCTTCTTAAAGTTAATTAGGCTCGAGCTTCTTCCATC
GS-D-rev CAGTGGTGGTGGTGGTGGTGCTAAAGGGCTTCATGTAAAG
GS-B-fwd CAAATGGGTCGCGGATCCGAATTCATGAGAGTAAAAAAGAGGATGCCGAAG

GS-B+ C+ D + A-rev

GS-B+ C+ D + A-fwd

CATGGTATATCTCCTTCTTAAAGTTAATTATTCAGCAAGACGGGGAATTG

AACTTTAAGAAGGAGATATACCATGATGAACCAGCCAGCATTGATG

GS-A-rev GATCTCAGTGGTGGTGGTGGTGGTGTCACCCCACCAGCGCTAG
GS-O-fwd GTCGCGGATCCGAATTCATGACAACACACTCTCACCC

GS-O-rev CAGTGGTGGTGGTGGTGGTGTTATGTCCTACGTTTGAC

GS-O + E-rev TGGTATATCTCCTTCTTAAAGTTAATTATGTCCTACGTTTGACTGCC
GS-E-fwd TTAACTTTAAGAAGGAGATATACCATGATGGCAGGAAATATGATGAAAAC
GS-E-rev GATCTCAGTGGTGGTGGTGGTGGTGTTAGAATGGAATGGCCGC

GS-B+C+D+ A+ O + E-fwd

CAATTCCCCTCTAGAAATAATTTTGTTTAACTTTAAGAAGGAGATATACCATGATGACAACACACTCTCACCCTCAAG

GS-B+C+D+ A+ O + E-rev

CAAAATTATTTCTAGAGGGGAATTGTTATCCGCTCACAATTCCCCTATAGTGAGTCGTATTATCACCCCACCAGCGCTAG

TnaA-fwd ATGGAAAACTTTAAACATCTCCC

TnaA-rev AACTTCTTTAAGTTTTGCGGTG

MaFMO-fwd GAAGGAGATATACCATGATGGCAACTCGTATTGCGATAC
MaFMO-rev ATCTCCTTCTTAAAGTTAATTAAGCTTCTTTAGCCACAGG

CYP102G4-fwd

TCGAGTGCGGCCGCAAGCTTTCACCCGGCGGCGTACAC

CYP102G4-rev

amplification are provided in Table 1. The PCR products were purified
and ligated with linearized pET28a (+) plasmid using a Gibson One
Step Cloning Kit (New England Biolabs, United States).
Tryptophanase gene (TnaA) from E. coli was amplified from the
genomic DNA of E. coli BL21 (DE3) using primer TnaA_fwd and
TnaA_rev, and it was cloned into pCDF, yielding pCDF:tnaA. To
transform host cells with the fusion constructs, the Gibson reaction
mixture (5 uL) was added to chemical competent E. coli DH5a cells,
and a heat shock (42°C) was applied for 60 s. After overnight growth
on an LB agar plate with kanamycin, colonies were picked and grown
in LB, and then the plasmids were isolated and sent for sequencing
(Rui Biotech, China) to confirm the correct ligation of the genes. Then,
the recombinant plasmid was successfully expressed in strain E. coli
BL21 (DE3).

2.4.2 Growth curve, growth conditions, and protein
expressions

Overnight cultured GS-2 and E. coli were inoculated into a fresh
medium, and the ODggo of bacteria was measured using a smart
microplate reader (Inﬁnite® 200 Pro, Tecan, Switzerland) every
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CGGTGGCAGCAGCCTAGGTTAACCTGCTGCATAAACATC

30 min. The experiment was repeated three times. Expression
plasmids with N-terminally encoded 6xHis tags were transformed
into E. coli BL21 (DE3) for protein expression. A single colony was
inoculated into an LB medium with corresponding antibiotics and
grown overnight at 37°C. Then, 30 uL of the seed cultures were
inoculated into 3 mL of an LB media, and they were grown at 37°C
until the cell density reached an optical density (OD600) of roughly
0.4-0.6. Expressions of proteins were induced by the addition of
0.1 mM isopropyl-p-d-thiogalactoside (IPTG) with subsequent
overnight incubation at 30°C. Expressions of TnaA +
CYP102G4 were induced by 0.1 mM IPTG and 0.25 mM ALA (5-
aminolevulinic acid) with overnight incubation at 30°C.

2.4.3 Purification of proteins and enzyme assays
Expressions of GS-C, GS-D, GS-B, GS-A, GDH, and MaFMO were
induced by 0.1 mM IPTG in 1L of M9 media with overnight
incubation at 18°C. The cells were collected by centrifugation at
9,000 rpm for 10 min and washed with 50 mM Tris-HCI (pH 7.5)
buffer solution. The cells were resuspended in Tris buffer solution
containing 50 mM Tris-HCl (pH 8.0), 500 mM NaCl, and 10% (v/v)
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glycerol. The cell soup was disrupted by ultrasonication in ice-chilled
water for 40 min (2 s turn on and 2 s turn off). The soluble fractions
were collected by centrifugation of the cell lysate at 12,000 rpm for
60 min at 4°C. The soluble fractions of the proteins were purified by
Ni-NTA His-tag protein purification. The total and soluble fraction of
lysates and the elution fractions were loaded into 12.5% sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) at
250 V for 32 min. The elution fractions were concentrated to 3 mL
using an Amicon 50 mL 10 or 30 kDa cutoff centrifugal filter. Protein
concentration was determined by using the A280 feature of a Thermo
Scientific 2000 Nanodrop.

The molecular weight of the purified proteins was detected by
MALDI-Tof MS as follows: 2 pL of the purified protein was transferred
onto an MTP 384 polished steel target (Bruker Daltonics, Billerica,
MA) using a 2.5 pL pipette tip; 1 pL of a-cyano-4-hydroxycinnamic
acid (CHCA) solution (acetonitrile: H,O: trifluoroacetic acid (TFA) =
50:47.5:2.5, v/v) was then spotted. MALDI-ToF mass spectra were
Autoflex MALDI-ToF/ToF mass
spectrometer (Bruker Daltonics) equipped with a frequency tripled
Nd:YAG solid state laser (A = 355 nm). Mass spectrometer calibration
was performed using Peptide Calibration Standard Kit II (Bruker

acquired using a Bruker

Daltonics). Spectral acquisition was performed in positive reflection
mode with pulsed ion extraction and a mass range of
10,000-70,000 Da. The laser footprint was set to “Ultra” at a
~100 um diameter, and 500-1,000 laser shots were fired at
1,000 Hz. Mass spectra were smoothed, baseline-corrected, and
analyzed in FlexAnalysis 3 (Bruker Daltonics).

2.4.4 In vivo reactions

For in vivo substrate reaction, 1 mM tryptophan or 1mM 6-
bromo-tryptophan, 1 mM indole, or 0.25 mM 6-bromo-indole were
added into the overnight induced culture, respectively. For the
identification of the monooxygenase selectivity, feeding 1mM
tryptophan and 1 mM 6-bromo-tryptophan or 1 mM indole and
0.25mM 6-bromo-indole simultaneously. Indigo/Tyrian purple
concentration was determined by LC-MS analysis described as follows.

2.4.5 Enzyme kinetics and in vitro reactions

For the enzyme kinetics reaction, indole oxidation activity of GS-C
and GS-D were determined as a function of indigo/Tyrian purple
formation in the reaction mixture, respectively. Initial indole oxidation
rather than spontaneous dimerization was assumed to be a rate-
limiting step. A typical reaction mixture contained 50 mM Tris-
HCl, pH 8.0, 200uM FAD, 250uM NADH, and various
concentrations  of indole  (10-1,000 uM) or  6-Br-indole
(10-1,000 uM) and 300 ug of GS-C as well as 300 pg of GS-D were
used for the analysis of the enzyme kinetics. A typical reaction mixture
contained 50 mM Tris-HCI, pH 7.5, 250 uM NADH, 0.6% glucose,
and various concentrations of indole (10-1,000 pM) or 6-Br-indole
(10-1,000 uM) and 300 ug of MaFMO as well as 5 U/mL of GDH were
used to analyze the enzyme kinetics. Reaction mixtures were incubated
at 30°C for 120-240 min. One unit of enzyme activity was defined as
the amount catalyzing the formation of 1 pmol of indigo/Tyrian
purple per minute.

Flavin reductase activity of the purified GS-D protein was
determined from the decrease of the absorbance at 340 nm due to
the oxidation of NADH, using a microplate reader and was performed
at 30°C. A total reaction volume of 0.2 mL contained 50 mM Tris-HCI,
pH 8.0, 250 uM NADH, and 100 pM FAD. The reactions were
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initiated by adding 300 pg of GS-D. One unit (U) of enzyme
activity was defined as the amount of enzyme catalyzing the
oxidation of 1 umol of NADH per minute.

For in vitro substrate reaction, indole oxidation activity of GS-A,
GS-B, GS-C, and GS-D were determined as a function of indigo/Tyrian
purple formation in the reaction mixture, respectively. A typical
reaction mixture contained 50 mM Tris-HCI, pH 8.0, 200 uM FAD,
250 uM NADH, and 1,000 uM indole or 1,000 uM 6-Br-indole and
100 pg of GS proteins were used for the in vitro substrate reaction.
Reaction mixtures were incubated at 30°C for 150 min. Indigo/Tyrian
purple concentration was determined by LC-MS analysis described as
follows.

2.5 Identification of metabolite

For qualitative and quantitative analyses of indigo/Tyrian
purple, 0.1 mL of the reaction mixtures were centrifuged at
12,000 rpm, 10 min, and the supernatant was removed. The pellet
was suspended in 1 mL of DMSO followed by vigorous vortexing.
The mixtures were centrifuged at 12,000 rpm, 10 min, and the
supernatant was filtered through 0.22 um filters for LC-MS
analysis. For LC-MS analysis of the solid plate of E. coli strain
expressing different genes by in vivo reactions, the pellet was
resuspended in 1 mL DMSO and the supernatant was sent for
LC-MS analysis after centrifugation. LC connected with tandem
mass spectrometry (Agilent 6470 QQQ) using the C18 reversed-
phase (4.6 x 100 mm, 2.7-Micron). LC-MS data were collected using
the Agilent MassHunter Workstation. The condition for LC gradient
wash was as follows: a gradient of H,O+ 10 mM ammonium acetate
(solvent A) and acetonitrile (solvent B) using the following method:
60%-50% B for 16-40 min, at a flow rate of 0.5 mL min~!. The mass
spectrometry conditions were as follows: column temperature 40°C;
electrospray ionization in negative mode; capillary voltage 3.8 kV;
vaporizer temperature 350°C; capillary temperature 320°C; sheath
gas pressure 30 psi; auxiliary gas pressure 10 psi; and SIM event 2,
mass for the analysis of indigo and indirubin is 261. Mass for the
analysis of 6, 6'—dibr0m0indig0 is Tyrian purple, TP; m/z 417, 419,
and 421 and 6, 6'-dibromoindirubin is TP isomer; m/z 417, 419,
and 421.

For liquid chromatography electrospray ionization quadrupole
time-of-flight mass spectrometry (LC-ESI-QTOF-MS/MS) analysis,
the sample extraction was as follows: 0.2 mL of the sample from each
reaction was collected in a new 1.5 mL centrifuge tube and freeze dried
for 3-5h. The solid was then dissolved in 1 mL ethanol with 0.1%
formic acid and treated with ultrasound for 1.5 h. Each sample was
centrifuged (12,000 rpm, 10 min) to take the supernatant, which was
filtered through 0.22 um filters for analysis. The condition for LC
gradient wash was as follows: a gradient of H,O+ 0.1% formic acid
(solvent A) and acetonitrile +0.1% formic acid (solvent B) using the
following method: 2% B for 1 min, 2%-40% B for 4 min, 40%-70% B
for 5min, 70%-95% B for 3 min, and 95% B for 4 min and re-
equilibration 2% B for 3 min. A volume of 5uL was injected for
each standard or sample and the flow rate was set at 0.3 mL/min.
Nitrogen gas nebulization was set at 45 psi with a flow rate of 10 L/min
at 350°C, and the sheath gas was set at 12 L/min at 350°C. The capillary
and nozzle voltage were set at 4kV and 1,500 V, respectively. A
complete mass scan ranging from m/z 50 to 1,300 was used, and
MS/MS analyses were carried out in automatic mode with collision
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FIGURE 2
Tyrian purple can be selectively produced in GS-2. (A) GS-2 grown on the LB agar plates supplemented with different substrates: a. 1 mM Tryptophan; b.
1 mM 6-chloro-tryptophan; c. 1 mM 6-bromo-tryptophan; d. 1 mM Indole; and e. 0.25 mM 6-bromo-indole. (B) Extracted ion chromatograms for standards
(the upper) of indigo (m/z = 261), indirubin (m/z = 261), Tyrian purple (m/z = 421), and colonies (the lower) were collected from GS-2 grown on the LB agar
plates supplemented with tryptophan or 6-bromo-tryptophan, respectively. (C) Extracted ion chromatograms for the standards (the upper) of indigo (m/
z = 261), indirubin (m/z = 261), Tyrian purple (m/z = 421), and colonies (the lower) were collected from GS-2 grown on the LB agar plates supplemented with
indole or 6-bromo-indole, respectively.

energy (10, 20, and 40 eV) for fragmentation. Peak identification was
performed in both positive and negative modes while the instrument
control, data acquisition, and processing were performed using
MassHunter Workstation software (Qualitative Analysis, version
10.0) (Agilent Technologies, Santa Clara, CA, United States).

2.6 Indole, 6-Br-indole, Tyrian purple,
indirubin, and indigo toxicity test

To test the effects of different concentrations of indole, 6-Br-
indole, Tyrian purple, indirubin, and indigo on the growth of E. coli
BL21 (DE3), 3 mL of overnight LB culture media was collected and
centrifuged. The supernatant was discarded, and the pellet was
resuspended in 1 mL of LB. This aliquot was then transferred to a
flask containing 70 mL of LB and incubated. Thus, after adding
varying amounts of indole, 6-Br-indole (dissolved in absolute
ethanol), Tyrian purple, indirubin, and indigo (dissolved in
dimethylsulfoxide), the culture was incubated at 37°C, 220 rpm for
17 h. The optical density at 600 nm (OD600) was used to determine
the growth of the bacteria under the various conditions. The
experiments were performed in triplicate.
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3 Results

3.1 Tyrian purple can be selectively produced
in a bacterial strain

In a laboratory environment, we accidentally found some purple
colonies as contaminants on Luria-Bertani (LB) agar plates
supplemented with 1mM 6-bromo-tryptophan (6-Br-Trp) or
1 mM 6-chloro-tryptophan (6-Cl-Trp) (Figure 2A). Based on the
previous study on biological synthesis of 6, 6'-dibromoindigo
(Tyrian  purple) tryptophan  (Trp), 6-Br-Trp is an
intermediate in the Tyrian purple biosynthesis pathway (Lee et al.,
2021). Whether these purple colonies were caused by the presence of
Tyrian purple? To confirm our hypothesis, the purple colonies were
collected and dissolved into dimethylsulfoxide (DMSO) and analyzed
by high-performance liquid chromatography mass spectrometry (LC-
MS). The results showed that the purple pigments were Tyrian purple
(Figure 2B). To validate the Tyrian purple biosynthesis pathway from
6-Br-Trp, 6-bromo-indole (6-Br-indole) was evaluated through
substrate reaction. Notably, this strain produced Tyrian purple
when grown on an LB agar plate supplemented with 0.25 mM 6-
Br-indole (Figure 2C). Halo-tryptophan is tryptophan analogs, if a

from
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TABLE 2 Bacteria genome sequencing result of Providencia rettgeri GS-2.

Tax ID

Sample name

Organism

Cover_Len (bp)

10.3389/fbice.2022.1109929

Scaffolds_Len  Coverage (%)  Genomics (%)  Scaffold_N

Mut.GS-2 587 Providencia rettgeri 4266344 4658124 91.59 95.55 50
546 Citrobacter freundii 153186 153186 100.00 3.14 1

1157951 Providencia stuartii 16099 24891 64.68 0.51 2

6239 Caenorhabditis elegans 13263 13275 99.91 0.27 11

333962 Providencia heimbachae 5473 12461 43.92 0.26 2

Tax ID: species tax id, Organism: species name, Cover_aLen: Alignment coverage length, Scaffolds_Len: alignment to the length of the sequenced strain scaffold on this species, Coverage: alignment

length as a percentage of the scaffold length, Genomics: scaffold length as a percentage of the sequence length of the assembly genome of the sequenced strain, Scaffold_Num: the number of scaffolds

aligned to the species.

strain can utilize halo-tryptophan to produce purple pigments, it
should also mediate the indigo and indirubin production from
tryptophan (Namgung et al, 2019; 2021)
(Figure 1). However, we verified there was neither indigo nor

Schnepel et al,
indirubin production in the colonies from LB agar plates
supplemented with the tryptophan or indole (Figure 2). According
to the results, we supposed this strain can produce Tyrian purple
selectively from Trp/6-X-Trp (X = Cl, Br) or indole/6-X- indole (X =
Cl, Br).

3.2 Characterization of strain GS-2

The growth curve of GS-2 based on OD is shown in
Supplementary Figure 1A. The curve shows that GS-2 reached the
stationary phase at about 10 h. To further explore the underlying
mechanism for the selectivity, the bacterial strain found to be a
selectively Tyrian purple producer was isolated and designated as
GS-2. The bacterial genome sequencing analysis predicted that GS-2 is
Providencia rettgeri with tax number 587. The genome size of GS-2 is
4,874,999 bp. The 4,658,124 bp obtained reads were de novo assembled
into 79 scaffolds, with a 95.55% of the assembly genome of the
sequenced strain (Table 2). The alignment length is 4,266,344 bp,
with a 91.59% of the scaffold length. The genome of strain GS-2 had an
overall GC content of 41.52%. A total of 4,565 genes, including
137 RNAs, were predicted in the genome. The genome sequencing
result of GS-2 have been successfully submitted to NCBI (SRA
JAPQLO000000000), the
information of strain GS-2 facilitates the molecular mechanism and

accession number: and genomic
bioremediation study of Providencia rettgeri.

Providencia is a ubiquitous Gram-negative bacterium in the family
of Enterobacteriaceae, which are considered as opportunistic
pathogens (Galac and Lazzaro, 2012; Sadauskas et al, 2017).
Providencia rettgeri is an indole-positive bacterium, which can
produce indole by TnaA from L-tryptophan. According to several
reports on the biological production of indigo itself in E. coli, various
colored indigoid dyes can be generated by feeding appropriate
halogenated indoles as a substrate to oxygenases, naphthalene
dioxygenase, and toluene dioxygenase (Qu et al, 2012; Zhang
et al., 2013; Fukuoka et al., 2015; Heine et al., 2019; Choi, 2020;
Mendoza-Avila et al., 2020; Lee et al., 2021). When the GS-2 strain was
grown on LB agar plates supplemented with Trp, 6-Br-Trp or indole,
and 6-Br-indole, Tyrian purple was the only indigoid product
(Figure 2). These results indicated that there may exist a selective

oxygenase (only oxidize halogenated indole) in strain GS-2.
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Otherwise, there may be a selective indole biodegradation gene
cluster (degrade the indole, but not 6-Br-indole) in strain GS-2.

3.3 Bioinformatics analysis of the genes
involved in indole degradation and oxidation

Bioinformatics analysis of the genome of GS-2 by the NCBI’s
blast" algorithm with the reported microbial indigo-forming enzymes
or indole biodegradation gene cluster allowed the identification of a set
of genes (here designated GS (A-R)) (Table 3) for indole degradation
and oxidation (Ma et al., 2018; Fabara and Fraaije, 2020). These genes
GS (A-R), which were located in a 7-kb genomic fragment of GS-2,
were further analyzed based on the NCBT’s blastn algorithm and the
Conserved Domain Database (CCD) with other Providencia species.
According to the prediction of Providencia heimbachae ATCC 35613,
these genes GS (A-R) involved in the indole degradation and oxidation
were described as the conserved domain predication, such as GS-A
encodes a cyclase family protein, arylformamidase activity. GS-B
encodes a short-chain dehydrogenase/reductase and oxidoreductase
activity. GS-C encodes a styrene monooxygenase. GS-D encodes a
flavin reductase, FMN binding, and monooxygenase activity. GS-E is a
putative MetA-pathway of phenol degradation. GS-O encodes
In addition,
regulator, GS-R occurred.

oxidoreductase. a putative AraC transcription

To further predict the functions of GS (A-R) genes, we analyzed
the prevalence of GS (A-R) and indigo-forming genes among available
microbial genomes (Figure 3). Comparing with those species
(Acinetobacter, A. baumannii and Cupriavidus) have the ability of
indole degradation and indigo formation (Lin et al., 2012; Sadauskas
et al.,, 2017; Ma et al., 2019a; Ma et al., 2019b), the GS-C and GS-D
genes were found to be a common component among different
microbials with high similarity. From previous research, GS-C
homologues genes were identified as indigo-forming enzymes
(monooxygenase activity was detected by oxidizing indole to
indigo) in many microbials (O’Connor et al., 1997; Drewlo et al,
2001; Doukyu et al., 2003; Alemayehu et al., 2004; Lu and Mei, 2007;
Kwon et al., 2008; Ameria et al., 2015; Qu et al., 2015b; Heine et al.,
2019; Fabara and Fraaije, 2020). The GS-D gene encoded a flavin
reductase, flavin adenine dinucleotide (FAD) cofactor, and NAD(P)H,
which supposed that GS-C was possibly a cofactor-independent
oxygenase that catalyzed the transformation of indole to indigo.
GS-A and GS-B genes were involved in the indole degradation
along with GS-C and GS-D genes. It is worth noting that GS-O
encodes oxidoreductase appears only in Providencia, and the
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TABLE 3 Predicted conserved domains and putative functions of proteins encoded in Providencia rettgeri GS-2 according the prediction of Providencia heimbachae

ATCC 35613.
Protein Gene_id Length/bp Identity (%) E_value Accession_id Function and conserved domain
GS-A Mut.GS.2GL000526 782 90 0 AO0A1B7JR90 Arylformamidase activity, cyclase (PF04199)
GS-B Mut.GS.2GL000529 785 92 9.3E77° AOA1B7JRB6 Short-chain dehydrogenase/reductase, oxidoreductase activity
GS-C Mut.GS.2GL000528 1244 94 0 AO0A1B7JR97 Styrene monooxygenase A putative substrate binding domain
GS-D Mut.GS.2GL000527 530 89 6.9E7'" AO0A1B7JR95 Flavin_Reduct (PF01613), FMN binding, and monooxygenase activity
GS-E Mut.GS.2GL000524 908 91 0 AO0A1B7JRB5 Putative MetA-pathway of phenol degradation (PF13557)
GS-R Mut.GS.2GL000523 899 94 0 AOA1B7JR83 AraC family transcriptional regulator
GS-O Mut.GS.2GL000525 1613 90 0 AOA1B7JR88 Oxidoreductase activity (GO:0016491)
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FIGURE 3

Organization and distribution of GS (A-R) genes in different microbial genomes. Genes are represented by arrows (drawn to scale as indicated).
Homologous genes are highlighted in the same pattern according to the scheme in the top line for GS-2. Strains and genomic fragments boxed in solid lines
indicate reported activity of certain GS-homologous proteins; dashed boxes highlight strains for which indole biodegradation activity was reported at the
gene level. Identities (percent) of amino acid sequences between GS proteins of strain GS-2 and homologs are indicated under the corresponding ORFs.

function of GS-O has not been identified. Therefore, GS-O may be a
selective oxygenase in strain GS-2.

3.4 Characterization of the GS proteins in
E. coli

To elucidate the functions of these GS proteins, GS-A, GS-B, GS-C,
GS-D, GS-0, and GS-E genes were successfully overexpressed in E. coli
BL21 (DE3) (which possesses TnaA), with an N-terminal His-tag, GS-
A, GS-B, GS-C, and GS-D were successfully purified, and their activity
toward Trp, 6-Br-Trp, indole, and 6-Br-indole was tested, which were
monitored by LC-MS. Molecular masses of the purified proteins
observed in SDS-PAGE gels and MALDI-TOF mass spectrometry
corresponded well to the theoretical masses (32.8 kDa for GS-A,
32.9kDa for GS-B, 50kDa for GS-C, and 23.4kDa for GS-D)
(Figure 4 A and B).

Bioinformatics analysis of the GS-C gene predicted that GS-C was
possibly an indigo-forming enzyme, so its activities toward indole and
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6-Br-indole were evaluated by in vitro reactions first. When 1 mM
indole was used as the substrate, GS-C produced indigo and indirubin
(Figure 4C). When 1 mM 6-Br-indole was used as a substrate, Tyrian
purple and TP isomer were produced. Though GS-C was found to be
capable of using indole or 6-Br-indole as substrates, indole and 6-Br-
indole were toxic to the growth of E. coli (Lin et al., 2015), so Trp and
6-Br-Trp were added to the culture of GS-C in E. coli BL21 (DE3)
(which possesses TnaA, Trp and 6-Br-Trp can be catalyzed to indole
and 6-Br-indole, respectively) instead. The transformed product of
GS-C in E. coli BL21 (DE3) supplied with 1 mM Trp substrate was a
blue insoluble indigoid pigment, which was identified as indigo and
indirubin by LC-MS (Figure 5). The strain supplemented with 1 mM
6-Br-Trp showed the purple pigment, which was identified as Tyrian
purple and TP isomer by LC-MS. When feeding 1 mM Trp and 1 mM
6-Br-Trp simultaneously, the transformed product of which was a
blue-purple insoluble indigoid pigment (Figure 5A). Hence, we
suggested that GS-C was functional as oxygenase for Tyrian purple
biosynthesis without observable selectivity toward indole or 6-Br-
indole.
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Purification and characterization of indole biodegradation gene cluster. (A) SDS-PAGE analysis of the purified four GS proteins. M, protein marker; A, GS-
A; B, GS-B; C, GS-C; D, GS-D. (B) MALDI-TOF mass spectrometry of the purified four GS proteins. (C) Extracted ion chromatograms for the standards (the
lower) of indigo (m/z = 261), indirubin (m/z = 261), Tyrian purple (m/z = 421), and production of in vitro reactions by different GS proteins supplemented with

indole or 6-bromo-indole, respectively.

The in vitro reaction results of GS-D showed that there was neither
Tyrian purple nor indigo/indirubin, and TP isomer be detected by LC-
MS when 1 mM indole or 1 mM 6-Br-indole was used as substrate.
Based on the properties of two-component FAD-dependent indole
monooxygenases, both protein components are usually encoded next
to each other on the genome in a respective gene cluster (Heine et al.,
2018). Since GS-D was proposed as a cofactor generating enzyme and
located near GS-C in the genome, we were wondering whether the
addition of GS-D to GS-C strain can improve the activity of GS-C, and
the in vivo reaction results showed that with GS-D added, there were
more blue/purple pigments than which produced by GS-C in E. coli
(Figure 5A). It is easy to distinguish the differences between GS-C and
GS-C + D by the results of ion chromatograms (Figure 5B). We also
characterized the flavin reductase activity of the purified GS-D
reductase. As shown in Supplementary Figure 2, the decrease of
the absorbance at 340nm due to the oxidation of NADH
demonstrated the flavin reductase activity of the GS-D reductase.
The catalytic results of GS-C and GS-D are consistent with the
homologous enzymes reported previously (Dai et al., 2019; Heine
et al., 2019).

To identify whether the GS-O is a selectivity oxygenase in the
strain GS-2, GS-O was expressed in E. coli BL21 (DE3) and cultured
with Trp and 6-Br-Trp, there was no colony with any observable blue
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or purple color on the plates (Figure 5A), and none of Tyrian purple,
indigo/indirubin, and TP isomer was identified by LC-MS (Figure 5B).
These results indicated that the GS-O may not work as the Tyrian
purple-producing oxygenase in strain GS-2. To further verify the
hypotheses that GS-O may be capable of using indole as a substrate
only in the presence of GS-E, GS-O and GS-E were co-expressed in
E. coli BL21 (DE3) cultured with Trp and 6-Br-Trp, neither blue
pigment nor purple pigment occurred, too (Figure 5A). These results
indicated that GS-O and GS-E were not the selective Tyrian purple-
producing oxygenase in strain GS-2.

To identify whether the indole degradation gene cluster is involved
in the selective Tyrian purple production in strain GS-2, we added GS-
B to the reaction mixture (GS-C, GS-D, FAD, NADH, and indole), the
indigo formation was abolished, and TP isomer formation increased.
When GS-A was added to the reaction mixture (GS-C, GS-D, FAD,
NADH, and 6-Br-indole), TP isomer formation was abolished. When
the four GS proteins (GS-A, GS-B, GS-C, and GS-D) were used in a
reaction with indole or 6-Br-indole, Tyrian purple was the only target
product. In addition, we co-expressed the genes GS-A, GS-B with GS-
C, and GS-D in E. coli BL21 (DE3) supplemented with Trp and 6-Br-
Trp. The recombinant strain produced a lot of yellow colonies on the
plate cultured with 1 mM Trp. There were purple insoluble indigoid
pigments on the plate cultured with 1 mM 6-Br-Trp. Purple pigment
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Heterologous expression of indole oxygenase genes and indole biodegradation gene cluster in E. coli BL21 (DE3). (A) Engineered E. coli strains with
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was observed when feeding 1mM Trp and 1mM 6-Br-Trp
simultaneously (Figure 5A). LC-MS identified the purple pigment
as Tyrian purple, and the common indole transformation products,
indigo and indirubin were not detected (Figure 5B). These in vivo and
in vitro reaction results showed that the genes GS-A and GS-B may
relate to the indole degradation, and the four GS proteins (GS-A, GS-B,
GS-C, and GS-D) gene cluster may contribute to the selective Tyrian
purple production. Based on the results presented before, GS-C was
the oxygenase for Tyrian purple biosynthesis without observable
selectivity toward indole or 6-Br-indole, and GS-D was a cofactor-
generating enzyme of GS-C. The indole biodegradation pathway
containing the four GS proteins (GS-A, GS-B, GS-C, and GS-D)
may contribute to the selective Tyrian purple production.

3.5 Indole biodegradation pathway

To further investigate the molecular mechanisms underpinning
this selective Tyrian purple-producing performance, we identified the
metabolites involved in the indole biodegradation pathway. A
qualitative analysis of the intermediates from indole-degraded
extracts was achieved by using liquid chromatography electrospray
ionization quadrupole time-of-flight mass spectrometry (LC-ESI-
QTOEF-MS/MS) analysis. Several indole degradation bacteria have
been isolated and characterized for aerobic biodegradation of
indole (Lin et al., 2012; Qu et al., 2015a; Sadauskas et al., 2017; Qu
etal., 2017; Ma et al., 2018; Zhang et al., 2018; Ma et al., 2019a). Three
major pathways for indole mineralization have been proposed, and
these pathways are the catechol pathway, gentisate pathway, and
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anthranilate pathway (Arora et al, 2015). The
compounds related to the indole degradation were tentatively
identified from their m/z value and MS spectra in both negative
and positive ionization modes ([M — H]/[M + H]") using Agilent LC-
MS Qualitative Software and Personal Compound Database and
Library (PCDL). Compounds with mass error < + 5ppm and
PCDL library score more than 80 were selected for further MS/MS
identification and m/z characterization purposes (Zhong et al., 2020).
As shown in Table 4, the metabolite of isatin was identified according
to the comparison with the standard: isatin (Rt = 5.242 min [M-H]~
m/z = 146.0244). Additionally, we identified N-formylanthranilic acid
(Rt = 3.599 min [M-H]™ m/z = 164.0355). 2,3-Dihydroxyindole (Rt =
2.213 min [M + H]* m/z = 150.0555), anthranilic acid (Rt = 3.152 min
[M-H]™ m/z = 136.0406), salicylic acid (Rt = 4.623 min [M-H] m/z =
137.0247), and catechol (Rt = 5.049 min [M-H]™ m/z = 109.0295).
Moreover, we observed little response in indoxyl (Rt = 5.389 min; m/
z = 133.0529 [M + Na]" m/z = 156.0431), and indoxyl is a transient
product, which is difficult to identify, so further investigation will be
needed to identify its chemical structures.

The identified degradation products after indole was completely
degraded are consistent with the reported catechol pathway (Arora
et al,, 2015), so we proposed the indole biodegradation pathway in
Providencia rettgeri GS-2 is the catechol pathway (Figure 6).
Degradation starts with indole oxidation by GS-CD at the C-2 and
C-3 positions, forming indoxyl. This compound is known to be rather
unstable and therefore was not detected. Indoxyl is prone to auto-
oxidation and forms an insoluble indigo pigment. However, the auto-

proposed

oxidation could be prevented by GS-B, the hypothetical short-chain
dehydrogenase. GS-B performs oxidation at the C-2 position to obtain
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TABLE 4 Results of all product ion scan analyses of biotransformation products related to indole degradation by LC-ESI-QTOF-MS/MS.

Proposed Formula lonization Molecular Theoretical Observed  Score IVER MS/MS product
products i (ESI*/ESI") weight (m/z) (m/z) error ions
(ppm)
Indoxyl CH,NO  1.130 133.0522 156.0413 7507  -4.77 156.0431 and 56.0497
2,3-Dihydroxyindole ~ CgH,NO, = 2.123 [M + H]" 149.0471 150.0549 150.0555 97.7 3.64 132.0447, 122.0626,
104.0498, 94.0640,

77.0387, and 56.0487
Isatin CgHsNO, = 4.047 [M - HI" 147.031 146.0236 146.0257 83.14 7.54 118.0301 and 41.9986
N-formylanthranilic CgH,NO;  3.599 [M - H| 165.0420 164.0342 164.0355 99.49 143 92.0506 and 120.0455
acid
Anthranilic acid CH,NO,  3.599 [M - H] 137.0471 136.0393 136.0406 86.55 1.67 92.0502 and 42.0357
Salicylic acid CHeO; | 4.623 [M - HI" 138.0311 137.0233 137.0247 98.65 1.84 93.0354, 65.0393, and

50.0035

Catechol CeHeO,  5.049 110.0362 109.0284 109.0295 85.98 0.19

* Proposed products were detected in both negative [M—H] "~ and positive [M + H]* mode of ionization. RT = stands for “retention time”. Theoretical (m/z) stands for the theoretical m/z under certain

mode of ionization. Observed (m/z) stands for the detected m/z. Mass error stands for the difference between theoretical m/z and observed m/z in ppm.
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Proposed indole biodegradation pathway in Providencia rettgeri GS-2.
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Production of Tyrian purple and TP isomer from 6-Br-tryptophan or 6-Br-indole using E. coli, expressing flavin-containing monooxygenase from
Providencia rettgeri GS-2, Methylophaga aminisulfidivorans (MaFMO), or cytochrome P450 enzyme CYP102G4. (A) Scheme of synthesis of Tyrian purple and
TP isomer from 6-bromo-tryptophan. (B) Production and conversion of Tyrian purple by feeding 250 uM 6-Br-indole substrate in vivo. (C) Production and
conversion of Tyrian purple by feeding 1,000 uM 6-Br-indole substrate in whole-cell reaction. (D) Production and conversion of Tyrian purple by feeding
1,000 pM 6-Br-tryptophan substrate in vivo.
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biodegradation pathway in Providencia rettgeri GS-2 is the catechol
pathway that requires additional experiments to prove the role of
putative catalytic by GS proteins (GS-A, GS-B, GS-C, and GS-D), and
these experiments are underway.

3.6 Production of Tyrian purple in E. coli

Tyrian purple is an expensive dye and has a promising
application in modern times. MaFMO has been reported as an
effective oxygenase for Tyrian purple biosynthesis by the
oxidation of 6-Br-indole (Lee et al., 2021; Schnepel et al., 2021).
The activity of GS-C and the indole degradation gene cluster (four
GS proteins GS-A, GS-B, GS-C, and GS-D) contribute to the
production of Tyrian purple. We synthesized MaFMO and
expressed in E. coli BL21 (DE3) with or without the genes GS-A,
GS-B, and GS-D in the indole degradation cluster (designed as
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MaFMO or GS-BMDA). We further compared the Tyrian purple
and TP isomer production by feeding 250 M 6-Br-indole substrate
in M9 minimal medium. LC-MS-identified GS-CD (GS-C and GS-D)
have the highest Tyrian purple production with 85.9 uM and 68.7%
conversion ratio in vivo (Figure 7B). With GS-BA (GS-A and GS-B),
the production of Tyrian purple decreased to 61.2 uM, and the
conversion ratio was 49%. Meanwhile, no TP isomer has been
detected in the products. The production and conversion ratio of
Tyrian purple by MaFMO was 65 uM and 52%, respectively. With
GS-BA (GS-A and GS-B), the production of Tyrian purple decreased
to 32.5 uM, and the conversion ratio was 26%. Meanwhile, a part of
TP isomer has been detected in the products of MaFMO with or
without GS-BA. These results confirm that the Tyrian purple-
producing enzymes GS-CD have better activity and selectivity
(with GS-BA) in the production of Tyrian purple in E. coli than
MaFMO. When feeding the 1,000 pM 6-Br-indole substrate in a
whole-cell reaction (Figure 7C), the GS-CD has the highest Tyrian
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TABLE 5 Steady-state kinetic parameters for NADH oxidation activity on various
substrates by GS-CD and MaFMO.

Protein Substrate Km/pm Keat/min Keat/Km
GS-CD Indole 217.4 0.05796 0.00027
6-Br-indole 4058 0.1264 0.00031
MaFMO Indole 2422 0.01475 0.00006
6-Br-indole  303.65 0.03129 0.00010

purple production with 330.8 uM and 66.2% conversion ratio in the
M9 medium. With GS-BA, the production of Tyrian purple
decreased by 24% compared with GS-CD in the M9 medium.
Therefore, by taking advantage of the indole degradation gene
cluster in GS-2, we showed that up to 253.4 uM Tyrian purple
could be selectively produced from 1,000 uM 6-Br-indole.

As shown in Supplementary Figure 1B, heterologous
expression of GS-B, GS-C, GS-D, and GS-A from GS-2 in
E. coli have better production of Tyrian purple than GS-2
when 6-Br-Trp was used as a substrate on a solid plate. To
further investigate the biosynthesis of Tyrian purple from 6-
Br-Trp in E. coli, cytochrome P450 enzyme CYP102G4
(Namgung et al., 2019) was synthesized (CYP102G4 was
reported to effectively synthesize indigoid dyes by
biotransform indole derivatives). To produce Tyrian purple
from 6-Br-Trp, each monooxygenase was co-expressed with
TnaA, resulting in three strains, AtnaA TnaA + GS-CD
(designed as GS-CD), AtnaA TnaA + MaFMO (designed as
MaFMO), and AtnaA TnaA + CYP102G4 (designed as
CYP102G4), and their expression conditions were optimized.
When feeding 1,000 uM 6-Br-Trp substrate in vivo, compared
with MaFMO and CYP102G4, the GS-CD has the highest Tyrian

10.3389/fbice.2022.1109929

purple production with 295.4 uM and 59.1% conversion ratio in
vivo (Figure 7D). The production and conversion ratio of Tyrian
purple by MaFMO were 44.3 uM and 8.9%, respectively. The
production and conversion ratio of Tyrian purple by
CYP102G4 were 107.5 uM and 21.5%, respectively. Therefore,
the flavin-containing monooxygenase GS-CD from Providencia
rettgeri GS-2 is an effective Tyrian purple-producing enzyme, and
the indole degradation gene cluster GS-BCDA can be used for the
selective production of Tyrian purple in E. coli.

4 Discussion

In this study, we identified that the indole biodegradation
gene cluster from Providencia rettgeri GS-2 could contribute to
The
mechanisms underpinning this unique performance warrant

the selective Tyrian purple production. molecular
further investigation. We proposed the indole biodegradation
pathway in Providencia rettgeri GS-2, which is the catechol
pathway according to the degradation products of indole.
Notably, the indole biodegradation gene cluster can transform
and biodegrade both indole and 6-Br-indole practically. On the
one hand, the indole oxygenase GS-CD can utilize both indole and
6-Br-indole to form insoluble indigo or Tyrian purple pigment.
On the other hand, the oxidations formed by GS-CD can be
further degraded by GS-B and GS-A (Figure 8). Based on the in
vivo and in vitro results presented before, GS-C and its cofactor-
generating enzyme GS-D are responsible for the Tyrian purple
biosynthesis without observable selectivity toward indole or 6-Br-
indole. The indole biodegradation genes GS-A and GS-B may
contribute to the selective Tyrian purple production. Even though
we have purified GS-A and GS-B, it is difficult to obtain the
standards of 2,3-dihydroxyindole and N-formylanthranilic acid,
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the further investigation of the molecular mechanisms of the
selective Tyrian purple production would jog along.

Furthermore, during our substrate supplement experiments, we
found that 6-Br-indole has a significant influence on the growth of
E. coli. By comparing the effect of indole, 6-Br-indole, indigo,
indirubin, and Tyrian purple on the growth of E. coli, we found 6-
Br-indole has a significant influence on the growth of E. coli even at the
concentration of 100 uM (Figure 9). The toxicity of indole is above
2 mM. Indigo, indirubin, and Tyrian purple have little effect on the
growth of E. coli. Thus, the toxicity of 6-Br-indole may drive the faster
transformation of 6-Br-indole to non-toxic Tyrian purple. Meanwhile,
the catalytic efficiency of GS-CD (k) on 6-Br-indole is faster than
that of indole (about two-folds) (Table 5). The transformation of 6-Br-
indole to Tyrian purple probably is dominant, and the biodegradation
of 6-Br-indole is minor. As the toxicity of indole is much smaller than
6-Br-indole, and the catalytic efficiency of GS-CD (k) on indole is
slow, the strain may maintain a balance between indole
transformation and degradation, that is, indole was catalyzed by
the GS-CD to indoxyl, which was rapidly degraded by GS-B and
GS-A, so indigo/indirubin cannot be synthesized. Therefore, we
identified Tyrian purple, the common indole transformation
product, and indigo and indirubin were not detected when the
indole biodegradation gene cluster reaction in vivo or in vitro took
place (Figures 4C, 5).

In the biosynthesis of Tyrian purple, the formation of TP
isomer, which is a stereoisomer of Tyrian purple, is a major side
reaction. In addition, the indole oxygenase GS-C oxidized the C-2
and C-3 positions of 6-Br-indole, forming the C-2 and C-3 6-Br-
indoxyl, which can be an auto-oxidation to Tyrian purple and TP
isomer simultaneously (Figure 7). As C2-specific hydroxylation
of indole/6-Br-indole leads to the formation of isatin/6-Br-isatin,
which further reacts with indoxyl/6-Br-indoxyl and generates the
asymmetrical form of indirubin/TP isomer (Cooksey, 2001). In
the proposed indole biodegradation pathway, indole
biodegradation genes GS-B and GS-A can degrade C-2 and C-3
oxidations of 6-Br-indole to 6-Br-isatin simultaneously, and
further be degraded (Figure 10), but the amount of C-3
oxidation is far more than C-2’s (Figures 4C, 7C). So the C-2
oxidation-related transformation product TP isomer cannot be
detected. Thus, the
biodegrades

indole biodegradation gene cluster

isatin/6-Br-isatin contribute to the selective
Tyrian purple production.

We also confirmed that the Tyrian purple-producing enzymes
GS-CD have better activity in the production of Tyrian purple in
E. coli than the most reported monooxygenase MaFMO. The steady-
state kinetic parameters for NADH oxidation activity on various
substrates by GS-CD and MaFMO proteins were determined
(Table 5). The catalytic efficiency of GS-CD (k,/K,,) on indole/
6-Br-indole was higher than that of MaFMO. Those results further
prove that GS-CD have better activity in the production of Tyrian
purple in E. coli than MaFMO. The effective enzymes GS-CD that are
found would lay a solid foundation for the promising biosynthesis of
Tyrian purple. Incorporating the indole biodegradation gene cluster
for the production of Tyrian purple would not only allow obtaining a
purer product but also simplify the downstream steps of

biosynthesis.
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SUPPLEMENTARY FIGURE S1

Growth curve and the yields of Tyrian purple-producing strains. (A) Growth
curve of Tyrian purple-producing strains. (B) Yields of Tyrian purple produced
by Tyrian purple-producing strains when feeding different substrates on a
solid plate. GS-2, in the bacterial strain GS-2. E. coli, heterologous expression of
GS-B, GS-C, GS-D, and GS-A from GS-2 in E. coli.

SUPPLEMENTARY FIGURE S2
Flavin reductase activity of the purified GS-D protein.
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Pullulan has many potential applications in the food, pharmaceutical, cosmetic and
environmental industries. However, the yield and molecular properties of pullulan
produced by various strains still need to be promoted to fit the application needs. A
novel yeast-like strain Aureobasidium pullulans BLO6 producing high molecular
weight (Mw) pullulan (3.3 x 10° Da) was isolated and identified in this study. The
remarkable Mw of pullulan produced by A. pullulans BLO6 was the highest level ever
reported thus far. To further regulate the biosynthesis of pullulan in A. pullulans BLO6,
three gene knockout strains A. pullulans BLO6 APMAs, A. pullulans BLO6 Amel, and A.
pullulans BLO6 APMAsAmel, were constructed. The results showed that A. pullulans
BLO6 APMAs could produce 140.2 g/L of moderate Mw (1.3 x 10° Da) pullulan after
120 h of fermentation. The highest yield level of pullulan to date could vastly reduce
its production cost and expand its application scope and potential. The application
experiments in food preservation showed that the moderate-Mw pullulan obtained
in this work could reduce the weight loss of celery cabbages and mangos by 12.5%
and 22%, respectively. Thus, the novel strains A. pullulans BLO6 and A. pullulans BLO6
APMAs possessed unlimited development prospects in pullulan production at various
Mw ranges and pullulan applications in multiple fields.

KEYWORDS

pullulan, aureobasidium pullulans, biosynthesis, high-level production, high molecular
weight, moderate molecular weight, food preservation

1 Introduction

Pullulan, composed of repeating maltotriose units connected by a-(1, 6) glycosidic bonds, is a
linear extracellular polysaccharide (EPS) that is usually produced by the yeast-like fungus
Aureobasidium pullulans (A. pullulans) (Singh et al, 2021; Wei et al, 2021). It exhibits a wide
range of applications in biomedicine, environmental engineering, and food engineering because it is a
renewable, toxin-free, non-immunogenic and non-carcinogenic natural polymer (Singh et al., 2019;
Nishimura et al,, 2020; An et al., 2021; Feng et al., 2022). More specifically, the unique linkage pattern
ofa-D-glucan endows pullulan with excellent solubility, film-forming ability, oxygen barrier ability, and
structural elasticity to meet the requirements for application in drug delivery, gene targeting, tissue
engineering, wound healing, and 3D/4D printing (Duan et al.,, 2020; Ghorbani et al.,, 2020; Moraes et al.,
2020; Shah et al, 2021; Feng et al, 2022). The intramolecular and intermolecular polyhydroxyl
interactions of the linear pullulan molecule are key to its superb material properties. High-molecular-
weight (High-Mw) pullulan could offer stronger mechanical properties due to its longer polysaccharide
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chain and its richer hydroxyl content, which makes it a promising candidate
in biomedical materials and shape memory polymers (SMPs) (Jiang et al,,
2019; Feng et al, 2022). However, pullulan-based hard capsules were
recently manufactured by using commercial pullulan (e.g, Hayashibara
Co., Ltd., Japan) with a mean molecular weight (Mw) of 1.0 x 10° or 2.0 x
10° Da (Liu et al,, 2018; Ding et al., 2020). Besides, to date, the application of
pullulan in various fields has been actually limited due to both the low
production yield and low Mw of pullulan (Liu et al,, 2018). Owing to the
importance of the properties and production cost of pullulan, bioprocessing
and strain modification have been widely studied to enhance the Mw and
yield of pullulan. Additionally, efficient genome editing techniques which
were established in 2019 also provide the assistance to regulate the relevant
enzymes and genes of the pullulan biosynthesis pathway in different strains
of Aureobasidium spp. (Zhang et al., 2019). For example, simultaneous
removal of both duplicated AMY1 genes encoding a-amylase and
duplicated PKSI genes responsible for melanin biosynthesis in A.
melanogenum TN3-1 rendered a mutant AMY-PKS-11 to transform
140.0 g/L glucose to produce 103.50 g/L pigment-free pullulan with a
Mw of 3.2 x 10°Da (Chen et al, 2019; Xue et al, 2019; Chen et al,
2020). A triple mutant DT15 grown at the flask level could produce 46.2 g/L
of pullulan with a Mw of 3.02 x 10° Da and grown in a 10-L fermentor
could yield 58.14 g/L pullulan with the same Mw, while its wild-type strain
P16 produced 65.5 + 3.5 g/L pullulan with a Mw of 0.35 x 10° Da (Liu et al,,
2018). Thus, more efforts should be made to enhance pullulan production
and improve the chemical properties of pullulan via molecular
modifications of the producers by using synthetic biology approaches.

Pullulan produced by A. pullulans fermentation normally
contains byproducts, including melanin, glucan and polymalic
acid (Zeng et al,, 2020; Chen et al,, 2021; Liu et al,, 2021). The
presence of these impurities largely increases the difficulty of
pullulan purification. Due to differences in metabolic pathways
and cell morphology, the biosynthetic mechanisms vary by
different strains and therefore cause the varied product molecular
weight among different strains (Sugumaran and Ponnusami, 2017).
In this work, the high yield pullulan producing strain A. pullulans
BLO06 was screened from the environment. Pullulan synthesized by
this strain showed a molecular weight of 3.3 x 10°Da and a
fermentation yield of 83.4 g/L in a 5L bioreactor. The Mw of the
novel identified pullulan is the highest among those of the pullulan
ever reported. The strain BLO6 combines the advantages of both high
molecular weight and high yield and therefore has a high potential
for commercialization. Furthermore, by knocking out the polymalic
acid (PMA) synthase gene, we obtained another industrial strain A.
pullulans BLO6 APMAs that are capable of producing high purity and
moderate Mw pullulan with a high yield. The fermentation of the
modified strain reached 140.2 g/L yield of 1.3 x 10° Da pullulan in a
5 L bioreactor, free of melanin and PMA impurities. The application
experiments in food preservation of the moderate Mw pullulan
obtained in this work were also performed to evaluate its
developing potential in the food industry.

2 Materials and methods
2.1 Strains, plasmids, and chemicals
All of the wild strains producing exopolysaccharides in this

of the park
institute of

study were isolated from the fallen leaves

(N39°8'E117723') near the Tianjin industrial
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biotechnology, Chinese academy of sciences in September 2020.
All the plasmids used in this work are listed in Supplementary
Table S1. E. coli DH5a was used to preserve and amplify the
recombinant shuttle plasmids. Maltotriose standard, pullulan
standard and pullulanase were purchased from Sigma (St. Louis,
MO, United States). All other chemicals were of analytical reagent
grade purity and obtained from commercial sources.

2.2 Screening of the pullulan-producing
strains

According to previous reports, most of the pullulan producers
were isolated from various plant leaves and flowers (Ma et al., 2014).
Four kinds of fallen leaves from different trees were used as the sources
for fungus isolation in this study. The detailed location information
was described in Section 2.1. The fungal-carrying sample obtained
from the environment was washed and serially diluted with 0.9%
sodium chloride solution and then spread on a potato dextrose agar
(PDA) plate, which was 100 mL of potato extract containing 12.0 g of
sucrose and 2.0 g of agar with a certain amount of bacterial antibiotics
(ampicillin 140 pg/mL, chloromycetin 200 ug/mL), followed by
incubation at 28°C for 24h. After incubation and colony
formation, single colonies which without pigment generation and
showed smooth and moist in the surface were chosen to identify the
production ability of EPS. The yeast-like properties of the single
colonies were referred to the standard colonial morphology as
shown in Figure 1C. The yeast-like fungal single colonies were
further aerobically cultivated in YPD medium (consisting of 1.0%
yeast extract, 2.0% polypeptone and 2.0% glucose) at 28°C for 24 h to
obtain seed culture. A total of 5 mL of the culture was inoculated into a
250 mL flask containing 50 mL of the pullulan producing media and
then incubated at 28°C and 200 rpm for 7 days. After that, the
fermentation broth was centrifuged at 14,000 x g for 30 min to
remove the fungus cells. Then, 30 mL of the supernatant was taken
to detect viscosity using a viscosimeter (DV3T, BROOKFIFLD,
United States) with a 61-64" rotor at 30 rpm for 5 min. Collection
and quantification of pullulan were performed according to the
protocol described below. The pullulan producing media contained
140.0 g/L sucrose, 3.0 g/L yeast extract, 5.0 g/L K,HPO,, 0.2g/L
MgS0,7H,0, 0.01 g/L NaCl.

2.3 Phenotypic and molecular analysis of the
fungal strain

The phenotypic analysis of the colonies formed on the PDA
plates was performed in accordance with the methods described
previously (Jiang et al., 2018; Liu et al., 2020). The genomic DNA
of strain BLO6 was extracted using a TTANamp Yeast DNA Kit
(TIANGEN, Beijing, China). Amplification and sequencing of
the internal transcribed spacer region (ITS) of the rRNA gene
cluster were performed using the common primers ITS1 and
ITS4 (Supplementary Table S2) according to the methods
described by Ma et al. (2014). The obtained ITS sequence of
strain BLO6 was aligned using BLAST analysis (http://blast.ncbi.
nlm.nih.gov/Blast.cgi). The phylogenetic tree was made in
MEGA7.0 by the neighbor-joining method (Kumar et al,
2016; Liu et al., 2020).
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2

Screening and identification of wild strains for high production of EPS. (A) EPS production of the selected wild strains; (B) Viscosity of the fermentation
broth of the selected wild strains; (C) Colonial morphology of strain BLO6 on a PDA plate for 120 h of cultivation; (D) Phylogenetic tree of strain BLO6 and other
yeast-like fungal species relatives based on a neighbor-joining analysis of ITS sequences. All values are expressed as the means + SDs (n = 3).

2.4 Purification and quantification of pullulan

The purification and quantification of pullulan were performed
according to the methods reported by Ma et al. (2014) with slight
modification. The fermentation broth was centrifuged at 4°C 14,000 x g
for 10 min to remove the cell pellet. After that, twice the volume of ice-cold
ethanol was added to the supernatant. The mixture was then incubated at
4°C for 24h to precipitate pullulan. The precipitate was dissolved in
deionized water at 80°C, followed by a repetitive ethanol precipitation
procedure. The collected precipitates were lyophilized to quantify the dry
weight of the purified pullulan from the fermentation products (Figure 2A).

2.5 Characterization of pullulan

To characterize the purified pullulan, high performance liquid
chromatography (HPLC), fourier-transform infrared spectrometer (FT-
IR) analysis (Jiang et al., 2019), right angle light scattering (RALS) (Liu
et al,, 2018), and high performance gel permeation chromatography-
multiangle laser light scattering (HPGFC-MALLS) (Thomsen, 2020) were
performed according to previous reports. The commercial pullulan
(viscosity 100-180 mPa-s) and the experimental pullulan were
dissolved in ddH,O to obtain a 10mg/mL pullulan solution,
respectively. Taken 1 mL of the pullulan solution to be hydrolyzed by
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2 U/mL pullulanase in 50 mM sodium acetate-acetic acid buffer (pH 4.5)
at 60°C for 30 min. Then, the mixture was boiled for 10 min to terminate
the hydrolysis reaction. The samples were then centrifuged at 14,000 x g
for 10 min to collect the supernatant. The supernatant of hydrolysates was
filtrated with 0.22 um syringe filters before HPLC analysis. An Agilent
1260 HPLC with a refractive index detector (RID) and a Bio-Rad Aminex
HPX-87P column was used in the analysis. The mobile phase was ultra-
pure water with a flow rate of 0.6 mL/min at 65°C. In addition, maltotriose
was used as an external standard for analysis of the hydrolysates. The
lyophilized purified pullulan (4 mg) obtained in Section 2.4 was mixed
with 120 mg of 95% potassium bromide powder and then desiccated
overnight at 50°C under vacuum. FT-IR spectra were measured and
recorded using potassium bromide pellets of the purified pullulan and the
pullulan standard over an arrangement of 4,000-400 cm™ at a rate of
16 scans with a resolution of 2 cm ™ using FT-IR (a Nicolet Nexus FTIR
470 spectrophotometer) (Jiang et al, 2019). The Mw of the purified
pullulan was determined using RALS and HPGFC-MALLS, respectively.
The lyophilized purified pullulan was dissolved in 0.1 N sodium nitrate
solution. The sample was measured using RALS (Viscotek TDA305max,
Malvern, UK) with an AGuard +1 x A6000 column. The mobile phase
was 0.1 N sodium nitrate solution with a flow rate of 0.8 mL/min at 30°C
(Liu et al,, 2018). HPGFC-MALLS was specially used to determine the
high Mw pullulan sample with a Mw above 3.0 x 10° Da. The lyophilized
purified pullulan was dissolved in 0.1 N sodium nitrate solution to a final
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concentration of 5 mg/mL. The sample was measured using an HPLC
(Agilent 1260) with a wyatt multiangle light scattering detector and a
Shodex OHpak SB-805 HQ column. The mobile phase was 0.1 N sodium
nitrate solution with a flow rate of 0.5 mL/min at 40°C (Thomsen, 2020).

2.6 Gene knockout of A. pullulans BLO6

The primers AAGSII-5F/5R, AAGSII-3F/3R, Amel-5F/5R, Amel-3F/3R,
APMAs-5F/5R, and APMAs-3F/3R (Supplementary Table S2), used to
amplify the homologous arm sequences of the pullulan synthase (AGSII)
gene, polyketide synthase (PKS) gene, and polymalate synthase (PMAs) gene,
were designed according to the genome sequences of Aureobasidium
P16, pullulans ~ As3.3984,  and
Aureobasidium  melanogenum ATCC62921, respectively. The genome
integration plasmids pSY018, pSY005, and pJQ046 (Supplementary Table
SI and Supplementary Figure S1) depending on homologous recombination

melanogenum Aureobasidium

were constructed by assembling the gene replacement boxes AGSII-5'arm-
Ppgk-NAT-TpolyA-AGSII-3'arm, mel-5'arm-Ppgk-NAT-TpolyA-mel-
3'arm, and PMAs-5'arm-Ptef-HPT-TtefPMAs-3'arm (Figure 3A,B) using
the golden gate method. Nat and Hpt, the codon-optimized nourseothricin
resistance gene and hygromycin B resistance gene, were expressed under the
promoters of Ppgk and Ptef in the gene expression boxes, respectively
(Figure 3AB). The linear DNA was amplified by polymerase chain
reaction (PCR) using AAGSII-5F/3R, Amel-5F/5R, and APMAs-5F/3R as
primers from the templates of pSY018, pSY005, and pJQ046, respectively. The
amplified DNAs (1-2 pg) were transformed into protoplasts of A. pullulans
BLO6 through the electro-transformation method. The recombinant strains
were screened on YPD plates containing NAT or HPT at a concentration of
50.0 pg/mL. The positive engineered strains were determined by PCR and
sequencing of the gene integration site on the genome. The double-gene
knockout strain A. pullulans BLOGAPMAsAmel was constructed by two
transformations in succession and screened for both NAT and HPT
resistance.

2.7 ldentification of polymalic acid content

The engineered strain A. pullulans BLO6 was cultivated in a
pullulan producing medium at 28°C and 200 rpm for 120 h. After
centrifugation at 14,000 x g for 10 min, 1 mL of fermentation
supernatant was mixed with 1 mL of sulfuric acid solution (1 M)
and placed at 90°C for 12 h. The reaction supernatant was centrifuged
at 14,000 x g for 10 min to be filtrated with 0.22 um syringe filters
before HPLC analysis. The Bio-Rad Aminex HPX-87H column was
used to determine the concentration of polymalic acid under an
ultraviolet detector at 210 nm. The mobile phase was 5mM
sulfuric acid solution with a flow rate of 0.6 mL/min at 65°C.

2.8 Fermentation process of A. pullulans
strains for pullulan productionina 5L
bioreactor

The pullulan production of A. pullulans BL06 and A. pullulans
BLO6APMAs were conducted via batch fermentation in a 5L
bioreactor for 120 h. The preserved strains were streaked on YPD
plates and cultured at 28°C for 48-72 h. The single colonies were
picked up and inoculated in 5 mL YPD medium. After cultivation at
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28°C and 200 rpm for 20 h, the culture broth was transferred into
300 mL fresh YPD medium in a shake flask for another 16h
cultivation at the same condition. The obtained 300 mL of seed
culture was then added into a 5L bioreactor at 10% (V/V) of the
dose. The total liquid content was 60% (V/V) of the bioreactor The
cultivation was performed at 28 + 2°C with a stirring speed of 500 rpm.
Once the dissolved oxygen was reduced to 20%, the stirring speed was
increased to 800 rpm and the ventilation was maintained at 3 vvm.
After 36 h fermentation, 800 mL of sucrose liquid (140 g/L) was
feeding at 100 mL/h. During the fermentation, 50 mL of the culture
was harvested at 12 h interval for product detecting. The fermentation
medium components in the bioreactor included 11.6% (w/v) sucrose,
0.28% (w/v) yeast extract powder, 0.07% (w/v) ammonium sulfate,
0.45% (w/v) K,HPO,, 0.02% (w/v) MgSO47H,0, 0.09% (w/v) NaCl.

2.9 Application of the novel moderate Mw
pullulan in food preservation

The solution (30 g/L) of purified pullulan produced by A. pullulans
BL06 APMAs was spread evenly to the surface of celery cabbages and
mangos, respectively. The original weights of the selected samples
were similar. After laying at room temperature (25°C-35°C) with a
relative humidity of 68%-75% for different times (1 day, 2 days,
3 days, to 15 days), the surface state of the samples was observed
and the weight loss of the samples was determined, respectively. The
samples with no pullulan spread were used as controls.

2.10 Analytic methods and data availability

The statistical analysis was carried out using one-way analysis of
variance followed by Duncan’s multiple comparison tests. p values <
0.05 were considered statistically significant. The results are presented as
the mean = the standard deviation (SD) for a replication of # = 3. The ITS
sequence of A. pullulans BL06 was deposited in the GenBank database with
the accession number OP810667. The gene sequences of AGSII, mel, and
PMAs were based on the records in the GenBank database with accession
numbers MH917125.1, KT429644, and MN551082, respectively.

3 Results and discussion

3.1 A high-yield strain of high-Mw pullulan
was screened from the environment

Through morphologically screening of the colonies on the PDA plate,
16 strains forming with smooth, moist, and yeast-like properties, as shown
in Figure 1C, were chosen for further evaluation of their ability to produce
extracellular polysaccharides (EPS). Each of the strains was incubated in a
pullulan producing media at 28°C and 200 rpm for 7 days. As shown in
Figure 1A, all 16 strains showed the ability to produce EPS. Among those,
the strains BL06, BL13 and BL17 produced the relatively highest EPS
amount (>37 g/L). At the same time, the rheological behavior of the
extracellular polysaccharides produced by the 16 strains was determined.
As the results showed in Figure 1B, the viscosity of the EPS produced by
most strains was lower than 1,000 mPa-s, and only strain BL0O6 showed
the significantly highest viscosity of 1,912 mPa-s at 37.9 g/ EPS.
However, similar amounts (39 g/L and 38.3 g/L) of EPS production of
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FIGURE 2

Identification and properties of the EPS of A. pullulans BLO6. (A) The purified EPS produced by A. pullulans BLO6 and A. pullulans BLO6AAGSII; (B) FTIR
spectra of the purified EPS and standard pullulan; (C) HPLC analysis of the hydrolysate of the purified EPS produced by A. pullulans BLO6AAGSII and L-malic
acid standard. (D) Synthetic pathways of pullulan and polymalic acid in A. pullulans.

strains BL13 and BL17 showed viscosities of only 163 mPa-s and
174 mPa-s, respectively (Figures 1A, B). Thus, the remarkably higher
viscosity makes us interested in further identifying the properties of the
EPS produced by strain BL06. Before identifying the EPS properties of
strain BLO6, the ITS sequence of strain BLO6 was determined and
uploaded to the GenBank database. After the search for similarities
between ITSs of the isolate strain BL06 and those of the type strains
in the National Center for Biotechnology Information (NCBI) database, a
phylogenetic tree of ITSs that showed higher than 98% identity with that
of strain BLO6 was constructed, as shown in Figure 1D. The results
showed that many phylogenetically related Aureobasidium spp. were
similar to strain BL0O6 and the most closely related strain was A.
pullulans (Figure 1D). So the newly isolated strain BLO6 was identified
as A. pullulans BLO6 in this study. According to previous reports,
Aureobasidium pullulans species are known to be hosts for high level
production of pullulan (Ma et al., 2014; Liu et al., 2021).

3.2 Production properties of the yeast-like
fungus Aureobasidium pullulans BLO6
In order to further identify the high viscosity EPS produced by A.

pullulans BLO6. The EPS in 3 L of fermentation broth was purified by
the alcohol precipitation method to obtain 90 g white dry powders
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(Figure 2A). The purified EPS was analyzed by FT-IR. As shown in
Figure 2B, in comparison with the commercial pullulan standard as a

control, except for a peak at 1730 cm™

, all of the characteristic peaks of
EPS from strain BLO6 were consistent with pullulan. The intense
absorbance peak appears at 3,325cm™', which was the unique
characteristic of the presence of repeating units of OH groups in
sugars. The peak at 2,918 cm™ showed the presence of C-H stretching.
The absorption at 842 cm™ was attributed to the presence of a-D-

! revealed the

glucopyranoside bonds whereas a band at 752 cm™
presence of a-(1, 4)-D-glucosidic bonds, and a strong absorption at
993 cm ™! was characteristic of a-(1, 6)-D-glucosidic bonds. The strong
peaks at approximately 1640 cm™ and 1360 cm™' were characteristic
of glycosidic linkage O-C-O bonds and C-O-H bending, respectively.
These absorption patterns at various stretching frequencies confirmed
that the purified EPS produced by A. pullulans BL06 had all the
pullulan-like peaks and was identified as pullulan. The Mw of the
purified pullulan was 3.3 x 10° Da determined by the HPGPC-MALLS
method (Supplementary Figure S2). It is significantly higher than that
of the previously reported level (Jiang et al., 2019; Singh et al., 2019).
This result could also explain why the exopolysaccharides produced by
strain 06 showed remarkably higher viscosity at similar EPS
concentration compared with other strains (Figures 1A, B). Because
pullulan as a straight chain polymer, the property of viscosity was
mainly affected by its Mw and concentration (Singh et al., 2021). Thus,
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Construction of engineered strains for gene knockout. (A) Schematic diagram of gene knockout of PMAs in the genome of A. pullulans BLO6; (B)
Schematic diagram of gene knockout of melanin in the genome of A. pullulans BLO6; (C) Identification of the positive transformants for A. pullulans
BLO6APMAs by PCR; (D) Identification of the positive transformants for A. pullulans BLO6Amel by PCR; (E) Identification of the positive transformants for A.
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Batch feeding fermentation of A. pullulans BLO6 (A) and A. pullulans BLO6APMAs (B) ina 5 L bioreactor. The black solid circle and solid square indicate the
pullulan production by A. pullulans BLO6 and A. pullulans BLO6APMAs respectively; the red solid circle and solid square indicate the viscosity of the
fermentation broth of A. pullulans BLO6 and A. pullulans BLO6APMASs respectively; the blue solid circle and solid square indicate the consumption of sucrose
by A. pullulans BLO6 and A. pullulans BLO6APMAs respectively. All values are expressed as the means + SDs (n = 3).

the ability to produce high-Mw pullulan endowed A. pullulans
BL06 with important value in scientific research and industrial
applications.

To determine the purity of extracellular pullulan produced by A.
pullulans BLO6, the pullulan synthase (AGSII) gene (Figure 2D) was
knocked out from its genome. Through weighting the purified
extracellular alcohol precipitation products (Figure 2A) of A.
pullulans BLO6 AAGSII, the pullulan purity produced by A.
pullulans BLO6 was calculated to be no less than 96.9%. Besides,
based on the specific peak at 1730 cm™" of samples produced by A.
pullulans BLO6 revealing the presence of -C = O (Figure 2B) and A.
pullulans strains were also reported to yield a high level of polymalic
acids (Figure 2D) (Zeng et al., 2020), the impurities were estimated as
polymalic acids. To further prove the estimation, the alcohol
precipitation products of A. pullulans BLO6 (Figure 2A) were
identified by HPLC after acid hydrolysis. The results showed that
the peak of the acid hydrolysis products was consistent with the
characteristic peak of the L-malic acid standard (Figure 2C). Though
quantitative calculation according to the methods described in Section
2.7, A. pullulans BLOG6 screened in this study produced a proportion
(3%) of polymalic acids during the production of the high-Mw
pullulan.

3.3 Strain modification of A. pullulans BLO6 for
the production of pullulan

The byproducts (polymalic acid) produced by A. pullulans
BLO06 will affect the purification of pullulan (Figure 2A) from the
fermentation broth to obstruct its application in various fields. Besides,
the synthesis of polymalic acid also competed for the substrate
glucose-6-phosphate (Figure 2D) to reduce the amount of pullulan
in A. pullulans BL06. Thus, an engineered strain A. pullulans
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BLO6APMAs was constructed through knocking out the encoding
gene for the polymalic acid synthase (PMAs) in the genome of A.
pullulans BLO6. Moreover, according to previous reports, A. pullulans
species strains usually synthesize melanin, thereby being named “black
yeast” (Liu et al., 2020). While the melanin production is well known
as an obstacle to pullulan industrial production because it increases the
cost of pullulan purification (Liu et al., 2020). Therefore, a melanin
deficiency strain A. pullulans BLO6Amel and a double gene knockout
strain A. pullulans BLO6AmelAPMAs were also constructed in this
study. All three engineered strains were verified to have the target
genes knocked out correctly (Figures 3C-E). Compare with the titer of
pullulan produced by wild-type A. pullulans BL06, all three engineered
strains showed increase in the titer of pullulan (Figure 4A). In
particular, A. pullulans BLO6APMAs produced pullulan at the
highest yield level of 64.43 g/L after 120 h of fermentation, which
was 1.7 times higher than that of A. pullulans BL06 (Figure 4A). A.
pullulans BLO6Amel and A. pullulans BLO6AmelAPMAs produced
slightly higher amounts of pullulan than A. pullulans BL06, while
taking the growth enhancement of the two strains into account
indicated that melanin deficiency could fail to increase pullulan
production and even reduce it (Figure 4A). As a previous report,
the pullulan biosynthetic genes upt, pgm, ugp, and pul were
downregulated, while the negative regulatory gene (creA) of
pullulan synthesis was upregulated by melanin deficiency (Liu
et al,, 2021). In this study, the melanin deficiency regulation effect
was more significant in A. pullulans BLO6APMAs (Figure 4A). Besides,
melanin deficiency did not affect the viscosity of extracellular pullulan
products, while the viscosity of pullulan (119 mPa-s) was decreased
remarkably due to knocking out PMAs. Based on determining the Mw
(1.3 x 10%) of the extracellular pullulan produced by A. pullulans
BLO6APMAs (Supplementary Figure S3), the decrease in viscosity was
considered as be caused by the reduction of Mw of pullulan. Thus, a
novel engineered strain, A. pullulans BLO6APMAs, showed a high level
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FIGURE 6

of extracellular moderate Mw pullulan was realized in this study.
Through the results, we also conclude that regulating the expression of
PMAs in A. pullulans BLO6 may effectively change the Mw and titer of
pullulan in A. pullulans BLO6. The specific regulatory mechanism
needs to be further revealed.

3.4 The scale-up fermentation of the pullulan
production strains in a 5L bioreactor

A batch feeding fermentation of A. pullulans BLO6 and A.
pullulans BLO6APMAs in a 5L bioreactor was performed to
produce high Mw pullulan and moderate Mw pullulan,
respectively. The highest yield (84.3 g/L) of extracellular high-Mw
pullulan with a high viscosity of 6,270 mPa-s was obtained for A.
pullulans BLO6 at 60 h of fermentation (Figure 5). After 60 h, the high-
Mw pullulan was degraded gradually associating the viscosity
decreases (Figure 5). However, the yield of the moderate-Mw
pullulan produced by A. pullulans BLO6APMAs gradually increased
during fermentation. At 120 h of fermentation, the highest yield of the
moderate-Mw pullulan was up to 140.2 g/L with a viscosity of
340 mPa-s (Figure 5). It is the highest level of pullulan to date.
Besides, the sucrose consumption profiles of the two strains were
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similar, while A. pullulans BLO6APMAs consumed relatively less
sucrose substrate (Figure 5). Thus, the novel engineered strain A.
pullulans BLOGAPMAs could vastly reduce the production cost and
expand the application scope and potential of pullulan.

3.5 The application effect of novel pullulan in
food preservation

Pullulan is an edible polymer and has been certified to be harmless
for usage in food products by food safety regulations in many
countries (Singh et al, 2019). Pullulan solutions can form clear
films or coatings that are oxygen impermeable, oil resistant and
have good mechanical properties (Singh et al, 2019). Owing to
their properties, pullulan films have the potential to be used as
versatile and novel packaging materials. Combined with the high
production level of the moderate-Mw pullulan obtained in this study
will significantly reduce its application cost. Thus, the moderate-Mw
pullulan produced by A. pullulans BLO6APMAs was used as a
protective film smearing evenly to the surface of celery cabbages
and mangos, respectively. After 3 days and 15 days of laying at
room temperature environment (25-35°C and 68%-75% humidity),
the celery cabbages and mangos coated with pullulan remained fresh
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and had a good appearance, while the control group was shrunken and
wrinkled (Figures 6A, B). Further weighting of the samples showed
that the pullulan coating reduced the weight loss of celery cabbages
and mangos by 12.5% and 22.0%, respectively, compared with the
controls (Figure 6C, D). The results indicated that the moderate-Mw
pullulan developed in this study could be used as a food coating to
enhance the shelf-life of vegetables and fruits, which protects them
from dehydration and spoilage.

4 Conclusion

In this study, a novel strain A. pullulans BL0O6 with a high
production level for high Mw pullulan was firstly screened and
identified. By regulating the key synthesis pathway of pullulan
impurities, we found that knocking out the key genes not only
affected the yield and purity of extracellular pullulan but also
affected the Mw of pullulan products. The engineered strain A.
pullulans BLO6APMAs with the highest enhancement in pullulan
production was discovered to produce the extracellular pullulan
with a mean moderate Mw. After scale-up fermentation in a 5L
bioreactor, the highest production of the high-Mw (3.3 x 10° Da)
pullulan was 84.3 g/L with a viscosity of 6,270 mPa-s produced by
A. pullulans BL06, and the highest production of the moderate-Mw
(1.3 x 10° Da) pullulan was up to 140.2 g/L with a viscosity of
340 mPa-s produced by A. pullulans BLOGAPMAs, respectively.
Through the two strains and the key regulated genes obtained in
this study, pullulan products with various Mw ranges will be
synthesized efficiently in further work. Besides, the high
production level of the moderate-Mw pullulan obtained in this
study was certified for use as a food coating to enhance the shelf-life
of vegetables and fruits. However, the application of the various
pullulans developed in this study is definitely not limited to food
preservation.
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Advances in synthetic biology and genetic engineering are bringing into the spotlight
a wide range of bio-based applications that demand better sensing and control of
biological behaviours. Transcription factor (TF)-based biosensors are promising tools
that can be used to detect several types of chemical compounds and elicit a
response according to the desired application. However, the wider use of this
type of device is still hindered by several challenges, which can be addressed by
increasing the current metabolite-activated transcription factor knowledge base,
developing better methods to identify new transcription factors, and improving the
overall workflow for the design of novel biosensor circuits. These improvements are
particularly important in the bioproduction field, where researchers need better
biosensor-based approaches for screening production-strains and precise dynamic
regulation strategies. In this work, we summarize what is currently known about
transcription factor-based biosensors, discuss recent experimental and
computational approaches targeted at their modification and improvement, and
suggest possible future research directions based on two applications:
bioproduction screening and dynamic regulation of genetic circuits.

KEYWORDS

allosteric transcription factors, biosensors, screening, dynamic regulation, metabolic
engineering

1 Introduction

Biosensors are biological devices combining two essential components: a sensing
component that detects a particular input—typically the presence of a chemical—and a
reporter that produces a measurable output after receiving the signal transduced
by the sensing component. Whole-cell biosensors use biochemical
transformations inside living cells to detect and react to different inputs (Fernandez-
Lopez et al., 2015).

One important class of whole-cell biosensors are those based on transcription factors
(TF). TFs are proteins that can control the expression of genes by binding to specific DNA
sequences. Some TFs are triggered after binding to a metabolite or external compound
(known as allosteric transcription factors, aTFs). Once activated, a conformational change
in the TF makes itself release from or attach to the DNA sequence upstream of the target
gene, thereby activating or repressing its expression. TFs can be assembled together with
other DNA parts commonly used in synthetic biology, such as promoters, ribosome
binding sites (RBSs), terminators and reporter genes, to create TF-based biosensor
circuits. These genetic devices can thus be used to sense and react to a range of
intracellular or environmental ligand concentrations (De Paepe et al., 2018). Even

26 frontiersin.org
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TABLE 1 Name, description, bibliographic reference, and web link to some of the most important TF databases. The description information was directly taken from the
website.

Databases

References

Name and description

P2TF (Predicted Prokaryotic Transcription Factors): an integrated and comprehensive database of TF proteins, which contains a
compilation of the TF genes within completely sequenced genomes and metagenomes

Ortet et al. (2012)

JASPAR: an open-access database of curated, non-redundant transcription factor (TF) binding profiles stored as position frequency
matrices (PFMs) and TF flexible models (TFEMs) for TFs across multiple species in six taxonomic groups

Castro-Mondragon et al. (2022)

TF2DNA: database provides comprehensive information about transcription factor binding motifs and their regulated genes for five
model organisms and humans

Pujato et al. (2014)

GRASSIUS: Divided in GrassTFDB which provides a comprehensive collection of transcription factors from maize, sugarcane, Yilmaz et al. (2009)
sorghum and rice and GrassCoRegDB which provides a collection of proteins that are transcriptional regulatory factors but do not bind
DNA in a sequence specific fashion

RegulonDB: the primary database on transcriptional regulation in Escherichia coli K-12 Santos-Zavaleta et al. (2019)

SM-TF database: collects available 3D structures of small molecule-transcription factor complexes from Protein Data Bank (PDB) | Xu et al. (2016)

CollecTF: a database of transcription factor binding sites (TFBS) in the Bacteria domain Kilig et al. (2014)

AnimalTFDB3: a comprehensive database including classification and annotation of genome-wide transcription factors (TFs), and = Hu et al. (2019)

transcription cofactors in 97 animal genomes

PlantTFDB: Plant Transcription Factor Database

comparative genomic approach in a wide variety of prokaryotic genomes

RegPrecise: a database for capturing, visualisation and analysis of transcription factor regulons that were reconstructed by the

Jin et al. (2017)

Novichkov et al. (2013)

SigMol: a repertoire of Quorum Sensing Signalling Molecules in Prokaryotes

unique collection of transcription factor binding sites

Bionemo: stores manually curated information about proteins and genes directly implicated in the Biodegradation metabolism

PRODORIC: a comprehensive database about gene regulation and gene expression in prokaryotes. It includes a manually curated and

Rajput et al. (2016)
Carbajosa et al. (2009)

Dudek and Jahn (2022)

Tools

a specific DNA-binding protein

regulators (TRs)

species or groups of species of interest

DeepTFactor: a deep learning-based tool for the prediction of transcription factors

footprintDB: predicts transcription factors which bind a specific DNA site or motif and DNA motifs or sites likely to be recognized by

CiiDER: a user-friendly tool for predicting and analysing transcription factor binding sites, designed with biologists in mind

BART (Binding Analysis for Regulation of Transcription): a bioinformatics tool for predicting functional transcriptional

PROMO: a virtual laboratory for the identification of putative transcription factor binding sites (TFBS) in DNA sequences from a

Sebastian and Contreras-Moreira (2014)

Gearing et al. (2019)
Wang et al. (2018)

Messeguer et al. (2002)

Kim et al. (2021)

though allosteric transcription factors are suitable building blocks
for the design of biosensors, they might require prior optimization
or changes to their ligand specificity. The literature contains several
examples in which sophisticated directed-evolution strategies were
applied to this end (Wu et al., 2017; Machado et al., 2019; Berepiki
etal., 2020; Snoek et al., 2020), and we will discuss this approach in
more detail in Sections 2, 3.

aTFs can present several architectures. The relationship
between the effector molecule and the aTF defines their mode of
action: repression of activator aTF, activation of repressor aTF,
repression of repressor aTF, or activation of activator aTF (Mannan
et al., 2017). A sizable number of aTFs have been found for each
category, allowing one to build biological circuits with a large
variety of complex functions. However, the use of TF-based
biosensors in complex applications such as the industrial scale-
up of bioproduction processes or intricate biocomputing circuits
has been stalled. This is mainly due to the fact that the number of
metabolite-activated TFs which have been described in the

Frontiers in Bioengineering and Biotechnology

literature (Koch et al., 2018) is rather small compared to the
large number of compounds potentially amenable to
biomanufacturing.  Additionally, biosensing
perform poorly due, for example, to non-specific activity, cross-

circuits  often
talk with native biochemical reactions, leaky expression and
problematic or impossible heterologous expression. It is
therefore becoming increasingly clear that the number of
engineered TF-biosensors and the means for their optimisation
need to keep up with the growing demands of the synthetic biology
community.

Here, we provide a roadmap for the design of new biosensor
circuits based on aTFs that leads from gathering data and theoretical
prediction to experimental validation. We also provide guidelines for
the rapid prototyping of biosensor circuits with improved features
using computational tools and discuss experimental validation
methods best suited for this task. Additionally, we focus on two
crucial applications of biosensors for current synthetic biology
targets, namely production screening and dynamic regulation.
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FIGURE 1

Broad phylogenetic classification of the ten most common bacterial aTF families. Family name and representative UniProt IDs are used as tree labels.
Structure images were obtained using Mol* Viewer (Sehnal et al., 2021) via RCSB PDB. The text boxes detail, in order, the most common aTF-controlled
pathway, the species name of the specific aTF, the representative effector molecule and the PDB identifier of the structure.

2 Determining the design space of
detectable compounds and aTFs

2.1 Exploring the current knowledge of the
biosensor space

For years, researchers have studied the regulatory networks of different
cells and organisms to understand, among other things, how they react to
environmental changes by controlling essential cellular activities through
the expression or repression of their genes. With the advent of genetic
engineering and synthetic biology, this information can nowadays be used
to re-engineer and create fine-tuned genetic circuits for various purposes,
notably biosensors. However, the data is often scattered and incomplete,
and gathering efforts have to be made to organize and make easily available
the current knowledge on the topic. Through literature and database
mining, it is possible to build a dataset of transcription factors triggered
by the binding of molecules as well as other types of inputs (temperature,
light, pH. . .). This valuable dataset can be used to determine the known
detectable input space (Koch et al,, 2018), i.e., the set of molecules that can
be detected by TF-based biosensors. Table 1 describes the main databases
that can be used to generate this space. Note that the databases might gather
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different types of data: TF gene sequence, binding sites, ligands, TF
regulated genes and/or structure, thus restricting data integration.

The databases in Table 1 can be considered as good starting points when
compiling the list of known ligand-responsive TFs. However, some may not
have been recently updated, and thus some important bits of information
may be missing. In order to expand the initial set, Natural Language
Processing (NLP) may be used to mine additional information from the
literature helping to fill in the knowledge gap of the metabolite detectable
space, ie., the set of metabolites that can be detected through TFs-based
biosensors. Bibliographic databases such as NCBI are ideal sources of input
data for this type of text mining algorithm. NLP has successfully been used in
other biotechnology applications, as, for example, in the context of predicting
protein-protein interactions and establishing gene-disease relationships
(Zeng et al., 2015), and could also be used to find aTF-ligand interactions.

2.2 Homology-based prediction to enlarge
the aTFs dataset

The body of experimental data on aTFs, which is currently
available in a curated form, can also be extended through
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homology-based prediction of TF sequences in other species
(Figure 1). Using protein sequence information of well-known
transcriptional regulator families (e.g, LysR, TetR, AraC, etc.)
2015) as a
experiments can be made on target genomes that are publicly

(Fernandez—L(’)pez et al, reference, annotation
available (Deplancke and Gheldof, 2012). Similarly, metagenomes
can be mined (Oliveira Monteiro et al, 2021) to find more
information about, for example, non-culturable species. Some of
the databases described in Table 1 were built, either in their
entirety or in part, by using genomic or metagenomic data.

Protein structure information can also be used to discover and
engineer new biosensors. However, despite the rather large number of
protein structures available for certain aTFs (e.g., TetR, TrpR, AraC),
many candidates still await structural characterization, a problem that
negatively impacts the development of biosensors tailored to recognize
arbitrary compounds of interest. Although many aTFs do show
sufficient homology with existing structures and might therefore be
targeted with homology modeling, the quality of these models can at
times be lacking—especially in the twilight zone of sequence
homology. This, in turn, limits the accuracy with which residues
that are crucial for the binding of effector candidates can be predicted
by docking calculations. Based on the current knowledge of aTF-
ligands (Koch et al., 2018), we calculated that not more than 45% of the
TFs in this dataset share more than 50% of identical residues with
experimentally solved protein structures.

2.3 Al-based prediction of new aTFs

Traditional homology and structural-based methods are not the
only approaches that can be used to predict novel TFs. In recent years,
as in other biotechnology fields, Al-based applications have been
widely adopted (Volk et al., 2020). The predictive power of AI can be
exploited by
aforementioned databases with reference genomic databases such

combining the information available in the
as NCBI, to train the algorithms for predicting new TFs. In 2021,
Kim and others presented DeepTFactor (Kim et al., 2021), which was
able to predict over 300 TFs in the well-studied Escherichia coli K-12
genome, including TFs not previously reported in databases, and
which the authors were able to validate using TF and non-TF protein
sequences as training data. This tool can be used to identify new TF
sequences from known and new genomic and metagenomic
information, in combination with sequence-based annotation tools.
Other Al-based methods that identify DNA binding protein domains
(Eichner et al.,, 2013; Mishra et al., 2019; Li et al., 2021) from sequences
may also be considered for this purpose. The recent progress in the
application of deep learning to the de-novo prediction of nucleic acid/
protein complex structures, such as RoseTTAFold2NA (Baek et al.,
2022) and DeepFoldRNA (Pearce et al., 2022), might make it possible
to structurally validate TF/DNA complex formation and binding for
those TF candidates that show no or only poor homology with known
protein structures.

Protein structures open an extra layer of useful data for researchers
trying to complete the atlas of aTFs. In a milestone research article,
AlphaFold was published in 2021 as a Machine Learning prediction
tool, able to predict protein structure using only the protein amino
acid sequence as input (Jumper et al., 2021). This tool is expected to
provide reliable and fast structure information that would otherwise
take years to be resolved through experimental methods.
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Once a putative TF has been identified, determining the TF
binding site (TFBS) (i.e., the DNA region where the TF attaches
to/detaches from) is the next step. Sequence homology among
TFBSs of the same aTF can be used together with AI (Koo and
Ploenzke, 2020; Chen et al., 2021) to predict new TFBSs. Some of
the databases in Table 1 (Santos-Zavaleta et al., 2019; Castro-
Mondragon et al., 2022) provide this information for each of
their entries. To that end, a structural component that
determines the activity of an aTF is its ligand binding domain
(LBD). The practical applicability of TF-based biosensors is
limited by the relatively small pool of known ligand binding
domains. Designing and experimentally validating new binding
domains has been a long-standing challenge. Thanks to
continued work and recently introduced algorithms (Lucas
and Kortemme, 2020; Polizzi and DeGrado, 2020), a viable
solution seems now within reach but not yet at hand. In
addition to high ligand affinity and specificity, the receptor
system must be activated once bound to the effector molecule,
going through some form of conformational change in order to
trigger the biosensor response (Su and Hammond, 2020). This
activation can be hard to engineer for new molecules and protein
domains. Al might also be able to address this challenge, as it can
be used not only to identify new putative TFs, but also to predict
the pockets (i.e., sites) of allosteric interaction (Figure 2A) with
the ligand in the LBD (Panjkovich and Daura, 2014; Greener and
Sternberg, 2015; Xiao et al., 2021).

Once novel TFs and their TFBSs have been found, it is necessary to
determine their most likely effector molecules. To do this, Hanko and
others (Hanko et al., 2020) described an approach to identify whole
metabolite-inducible systems (i.e., TF, inducible promoter and its
corresponding effector). The method looks at the operon next to
the predicted TF and assigns the effector molecule as the primary
substrate metabolized by the operon-encoded enzymes. A structure-
based solution was also made available in (Huang et al., 2018) where
Huang et al. presented a computer tool that finds allosteric sites inside
a structure and calculates a docking score for each molecule in a
database (Figure 2B).

Allosteric sites can be good candidates for Al-mediated site-
directed mutagenesis experiments (Cadet et al., 2018; Saito et al,
2018; Wu et al., 2019) (Figure 2C) trying to improve the specificity of
the TF towards the ligand or adapting its affinity towards novel
molecules. Machine Learning-centered structural approaches such
as AlphaFold might soon lead to a breakthrough in the field of
transcription factor design, in particular because the most recent
iteration, AlphaFold-Multimer (Evans et al, 2021), is able to
produce multimeric solutions. These can be especially relevant for
the effector binding domains (EBDs) of homodimeric aTFs and are a
prerequisite for predicting binding modes of effector molecules
accurately. Of note are also very recent language-model-based
approaches that appear to be computationally more efficient and
are able to predict multimeric states even though they have not
explicitly been trained on protein complexes (Lin et al., 2022).

The design process of bespoke binding domains for non-cognate
ligands would also benefit from the development of faster and more
reliable in silico docking algorithms. Recent ML-based advances, such
as DiffDock (Corso et al., 2022), might provide a crucial advantage
over classic methods in this context. The computational speed-up
promised by these approaches might also make it possible to explicitly
model water molecules and thereby further increase the predictive
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quality of the docking process, because water-mediated interactions
often play a crucial role in ligand binding sites. The prediction of
binding modes for possible effector molecules is necessary but not
sufficient for the reliable computational design of biosensors due to the
delicately tuned allosteric properties of aTFs. These can make protein
engineering attempts to alter ligand-binding specificity quite
challenging, given the possibility of negatively impacting signal
transduction.

Unfortunately, predicting the dynamic properties of an aTF
upon ligand binding and/or mutation is significantly more
challenging than calculating binding modes and usually involves
long time-scale molecular dynamics simulations. This problem
could, in principle, be addressed with coarse-grained molecular
dynamics methods that approximate fully atomistic simulations,
such as the latest iteration of the Martini model, which has
successfully been applied to ligand binding (Souza et al., 2020).
Crucial for its applicability, however, is the availability of parameters
for the ligands to be studied. For the Martini model, this issue is
being addressed by the creation of a curated ligand database and the
development of automated tools for the generation of coarse-grained
models (Souza et al., 2020; Hilpert et al., 2022). It is, however,
conceivable that the problem of predicting ligand-induced
conformational changes in aTFs can be addressed with deep-
which
breakthrough for the in silico component of biosensor-engineering.

learning approaches as well, could constitute a
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2.4 Experimental validation of predicted
biosensors

Once a putative new aTF has been identified, experimental
validation is necessary to check its DNA binding site, affinity
towards different ligands, and performance. For each of these tasks,
some validation procedures have been defined. Some of the tools
described in previous sections and in Table 1 can be used to predict TF
DNA binding sites. However, for the subsequent development of a
functioning biosensor circuit, it is crucial to experimentally confirm
that the TF actually binds to the effector molecule and to its target
DNA sequence.

(ChIP) is
commonly used to assess the binding sites of the aTF anywhere in

For instance, chromatin immunoprecipitation
the genome, effectively assessing the regulated genes (Figure 2D). To
this end, the cells are lysed, the genome is fragmented and TF-DNA
complexes are isolated thanks to TF-specific antibodies (van Werven,
2006; Grainger et al., 2007). In a further step, the DNA in the complex
can be sequenced to determine the TFBS.

The Electrophoretic mobility shift assay (EMSA) is a standard
procedure that can be used to confirm the DNA binding site of newly
discovered TFs (Alves et al., 2021; Modrzejewska et al., 2021)
(Figure 2E). Basically, the purified TF is mixed with a labelled
DNA probe of the putative binding sequence and ran in an
agarose gel. The TF-DNA complex runs slower compared to the
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free DNA sequence (Gurevich et al.,, 2010). EMSA, however, is not
scalable. Other procedures have been used to determine, using high-
throughput technologies, the DNA binding sequences of hundreds of
TFs annotated in a species. Wang and others (Wang et al., 2021), for
example, determined the binding specificities of 182 TFs of
Pseudomonas aeruginosa. To do this, they purified 371 putative
TFs, mixed them with randomised DNA sequences and ran high-
throughput systematic evolution of ligands by exponential enrichment
(HT-SELEX) (Figure 2F) for four cycles. Both EMSA and the HT-
SELEX require the TF to be previously purified. This can quickly
become a bottleneck. For this reason, a bacterial one-hybrid system
was described in 2005 (Meng et al., 2005). In a nutshell, this procedure
allows researchers to assess the binding specificities of TFs against
random DNA sequences in vivo by linking the TF-DNA binding with
the expression of positive and negative selection markers. This method
does not require proteins to be purified or the availability of antibodies
and provides a low-tech scalable method of finding DNA binding
sequences.

2.5 Extending the biosensor space through
bioretrosynthesis

In the cases where no aTFs are known to be triggered by the target
compound, alternative approaches may be considered. One possibility
is to enlarge the biosensor space is through retrosynthesis approaches
(Delépine et al, 2016). The approach enables modulation of the
specificity and dynamic range of the biosensor by introducing
metabolic conversions as part of the sensing process. In this way,
the number of targets that can be detected can be substantially
increased since any chemical target that can be converted into a
molecule for which an aTF exists becomes potentially detectable. In
order to compute the metabolic pathways that can connect the target
to existing aTFs, bioretrosynthesis-based approaches are used (Lin
etal., 2019). Such algorithms generate a tree-like graph of biochemical
conversions connecting the target to those molecules that can be
detected. SensiPath (Delépine et al., 2016) is an online server that can
compute the alternative extended aTF-based biosensors for any given
target.

This approach has been used for instance to analyse the biosensing
of the production of naringenin that is used for dynamic regulation
through its conversion into kaempferol (Boada et al., 2020). The study
showed how the dynamic range of the resulting biosensor could be
adjusted up to industrial levels of 1 g/L in a bioreactor, in a way that
would have been more challenging by using direct biosensing of
naringenin.

The approach has also been used systematically in order to develop
a protocol for the development of cell-free biosensors through
metabolic and genetic layers (Soudier et al., 2022). The authors
proposed a standard methodology based on computer-aided design
(CAD) that combined the design of a perceptron-like genetic device
(Pandi et al., 2019a) with the automated selection of enzymes for the
metabolic pathway through the Selenzyme algorithm, an online tool
that suggests best candidate enzyme sequences based on the
biochemical conversions in the pathway (Carbonell et al., 2018a).

Other engineering efforts have been showcased which focus on
different areas. Biocomputing, for instance, would also benefit from a
wider range of TF-based biosensors. To that end, Rondon and others
(Rondon et al., 2019) created 27 new synthetic TFs starting from 6 core
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TF domains, 7 DNA recognition domains and 7 operator regions that
are able to detect 5 different ligands.

3 Biosensor design

3.1 Biosensor library characterization and
fine-tuning

The predictions and the in vitro and in vivo validation experiments
provide essential information to biosensor designers. An intermediate
step between prediction and experimental validation and actual
whole-cell biosensor construction can be achieved by cell-free
assays. The technique relies on cell extracts containing all the
necessary cellular components for protein expression. It removes
cellular maintenance, growth, other native processes and all cellular
unknowns from the equation, allowing the experiment to be
essentially focused on the synthetic circuit and behavior designed
by the researchers (Hodgman and Jewett, 2012). Cell-free assays
(Figure 2G) provide a simple and standardizable approach to
quickly test biosensor genetic circuits (aTF, aTF promoter, reporter,
operator. . .) in vitro. Examples of successful cell-free biosensors have
been described, that detect chemicals such as quorum sensing
molecules (Wen et al., 2017), rare sugars such as D-psicose (Pandi
et al., 2019b) and water contaminants (Jung et al., 2020), among
others.

However, building a biosensor circuit that works inside the cell
(Figure 2H) and that provides a measurable output is the litmus test of
the successful functionality of the new aTF. In its most basic form, a
biosensor circuit will express the aTF and a reporter (e.g., a fluorescent
protein). The latter is under the control of a promoter containing the
DNA-binding sequence recognized by the TF. The binding of the
effector molecule with the aTF regulates gene expression of the
reporter gene. Some considerations to bear in mind during the
design of such metabolite-responsive biosensors, specifically for the
aTFs, can be found in (Liu et al., 2017).

Once a circuit has been designed and built, the next step is to
determine how well it works under a range of conditions; that is, to
characterise the biosensor. Characterisation experiments determine,
among other parameters, the dynamic range, the operational range
and the dynamic response of the biosensor (Mannan et al., 2017). It is
likely, however, that the initial biosensor design is not fit for its
intended purpose and tweaks need to be done in the circuit for the
biosensor’s performance to meet the designer’s criteria (e.g., dynamic
range, operational range, specificity, speed of response...). The
dynamic and operational range of the biosensor can be engineered
by changing the expression levels of both the TF and the reporter gene
through RBS (De Paepe et al., 2018) or promoter (Sonntag et al., 2020)
engineering. The number and position of the aTF operator region(s)
can also be used to modulate the dynamic range of the biosensor (Xu
et al.,, 2020). On the other hand, the generation of chimeric aTFs,
obtained by merging the DNA binding domains and ligand binding
domains from different genetic sources has also been successfully
tested to modulate the specificity towards other ligands (De Paepe
etal, 2019). A similar approach based on the high-throughput fusion
of periplasmic binding proteins and DNA binding domains was
presented in Judrez et al. (2018). A complete overview of the
different approaches that can be used to fine-tune the initial
biosensor was provided by De Paepe et al. (2017).
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Apart from poor inherent behaviour of the aTF, the compatibility
of the heterologous host with the transcription factor is often the main
culprit when the performance of the newly generated biosensor is
inadequate. The portability of genetic circuits between species has
been challenging synthetic biology since its early stages. In
bioproduction projects, it may be possible that the best host for the
production of the target compound is not suitable for the expression of
the biosensor circuit. In the native species, transcriptional regulation
often implies a complex regulatory system composed of several
membrane transporters, inhibitors, activators and cofactors
(Carpenter et al., 2018). For well characterised regulators, these
may be known but newly found aTFs may have unknown
necessary components. The challenge is bigger when the aTF
system is transferred from phylogenetically distant species (e.g.,
from plants to bacteria). Steps that can be taken to improve the
performance of biosensor circuits include: optimization of gene
expression, selection of an adequate reporter system (see next
Section) and the incorporation of additional genetic modules which
may entail the addition of compound importers, exporters, leak
dampeners and other types of signal modulation devices (e.g.

amplifiers, inverters. ..) (Miller et al.,, 2022).

3.2 Biosensor reporter selection

An important and often overlooked factor in designing and building
new biosensor circuits is the selection of the reporter gene. Fluorescent
reporters are the most common choice. Classic fluorescent proteins (FPs)
such as GFP and RFP are simple to assemble in genetic circuits, easy to
measure and do not rely on any metabolic substrate (other than oxygen)
to work. Most of the experimental references detailed in this work use FPs
as reporter systems and this type of biosensor is predominantly used in the
field. Different FPs offer different characteristics to the biosensor designer.
One should consider, among other factors, the excitation and emission
wavelength, the maturation time (Shaner et al., 2005) and the half-life of
the matured protein [as the FP can sometimes be too stable and rendered
useless in real-time applications such as biosensing (Andersen et al,
1998)]. Bioluminescent proteins are other alternative reporters
(Nourmohammadi et al, 2020; Hansen et al, 2021) that rely on
biochemical reactions emitting photons as products. Compared to
fluorescent proteins, bioluminescent reporters do not rely on the
measuring equipment to excite a fluorophore, which leads to less
background emission and higher sensitivity.

Nevertheless, there are other alternative reporters that offer different
features that may be more appropriate for specific purposes. Before
fluorescent and luminescent signal ~detection equipment became
ubiquitous in molecular biology laboratories, colorimetry was often the
most efficient way to detect biological processes using the naked eye or
simple absorbance measurements. Biosensors have been developed using the
colorimetric reporters lacZ (Choi et al., 2013; Li et al,, 2017; Hansen et al.,
2021) and the carotenoid pathway (Yoshida et al, 2008; Watstein et al,
2015). In recent years, the violacein pathway has gained popularity as a
tunable route where each intermediate compound can act as a measurable
reporter (Watstein et al.,, 2015; Hui et al., 2020; Guo et al., 2021). Reporters
that utilize electrical signals have also been proposed and are derived from
electrogenic bacteria (Golitsch et al.,, 2013; Webster et al,, 2014; Zhou et al,,
2017) or are obtained via a synthetic electron transport chain (Atkinson et al.,
2022), where the generation of an electric current allows for faster responses
and actuation than can be achieved with protein expression-based systems.

Frontiers in Bioengineering and Biotechnology

10.3389/fbioe.2023.1118702

A thorough consideration of the features and issues of each
reporter category should be taken into account before committing
to a reporter. A comparison of 8 different reporters of three categories
can be found in (Lopreside et al., 2019). In short, enzymatic reporters
(LacZ and bioluminescent reporters) can have the fastest response and
the lowest detection limit for the target metabolite which is perfect for
biosensors requiring precise and quick measurements. However, these
advantages require the cells to be lysed and the enzymatic substrate to
be added to trigger the reporter reaction which does not allow the users
to perform continuous quantification experiments. On the other hand,
fluorescent proteins can present high media- and cellular
autofluorescence and a slower response. Nevertheless, FPs have
managed to become the first choice of many researchers thanks to,
among other things, the possibility to simultaneously use multiple
reporters with different emission patterns (green, red, blue...), the
ease of use and the stability of the proteins.

3.3 Directed evolution of aTFs

Using smart design and predictions can be a good way to
consolidate the design of the biosensor. However, when trying to,
for instance, increase the sensitivity of the aTF towards new ligands, it
may be necessary to apply directed evolution techniques on the gene
sequence. An example can be found in the work of Rottinghaus and
others, where new variants were engineered from promiscuous amino
acid-specific TFs to specifically detect similar amino acids and
neurotransmitters (Rottinghaus et al, 2022). A review on the
evolvability of TF-based biosensors can be found in (Umeno et al.,
2021). This may produce several hundreds of variants, and most of
them may show equal or poorer performance, which requires a faster
and simpler approach that quickly identifies and isolates good
performers and discards variants that do not meet the designer’s
criteria. Several methods have been described for this task.

Fluorescence-activated cell sorting (FACS) isolates cells based on
fluorescence emission detected by a flow cytometer. This technique
allows researchers to select, from a cell population, the individuals that
perform best. FACS has previously been used to reduce the affinity
space of an aTF library, thereby creating a sensor for L-histidine and
L-arginine which is unable to detect L-lysine (Della Corte et al., 2020).
Machado and others changed the specificity of a protocatechuic acid
(PCA)
dihydroxybenzaldehyde using this technique (Machado et al.,, 2019).

The promoter under control of the effector molecule can be put in

biosensor to instead detect vanillin and 34-

front of other types of markers. In Collins et al. (2006), the researchers
managed after several rounds of directed evolution with error-prone
PCR, to select variants of the aTF LuxR by isolating cells that survive
on chloramphenicol and discarding variants that survive on
carbenicillin by controlling the expression of cat gene and the bli
gene (B-lactamase inhibitory protein, inhibits the bla gene) using the
aTF binding site. The new variant managed to respond to new ligands,
but no longer responded to the original effector.

Less common techniques have also been used to evolve aTFs to
One called
compartmentalised partnered replication (CPR) (Ellefson et al,

recognise new ligands. example is a method
2014). In 2018, researchers generated a synthetic phylogeny from
the aTF TrpR using this approach (Ellefson et al., 2018). Very briefly,
CPR can be used to evolve DNA parts via coupling the allosteric

effector activity to the expression of Taq polymerase in vivo. The
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FIGURE 3

Biosensor development by directed evolution of the aTF. (A) Biosensor construct on one plasmid, composed of the sensor component, which, in turn,
contains the transcription factor (TF) gene with a ribosome binding site (RBS) and a consecutively active promoter (P.), and the reporter component,
comprised of a TF-inducible promoter (Pr¢) and a reporter gene (green fluorescent protein, GFP). (B) Biosensor mutagenesis strategies. Depending on the
availability of structural information, a domain of interest of the TF (e.qg., the effector binding domain, EBD, or the dimerisation domain, DD) are inspected

or modeled and residues or sequence stretches for mutagenesis are selected. To guide mutagenesis, ligands can be placed into the EBD with in silico-docking
and side chains can be designed and repacked (e.g., in the DD). (C) Directed evolution strategies. Based on the residues or sequence stretches selected, the
domain of interest is addressed (EBD or DD in the current examples) by rational approaches, i.e., site-directed mutagenesis or random/error-prone PCR.
Alternatively, the complete aTF gene is targeted with random mutagenesis in the absence of structural information, or if hon-intuitive effects should be
probed (e.g., those affecting allostery or DNA binding). During site-directed mutagenesis, combinations of amino acids are generated for selected, fixed
sequence positions (this is represented in the picture by different colors at identical sequence positions). (D) The library of sensor constructs obtained by
directed evolution is transformed into cells, which are then subjected to (usually) multiple rounds of negative selection (non-induced sensor in the absence of
effector) and positive selection (induced sensor in the presence of effector), facilitated by fluorescence-activated cell sorting (FACS) [after (Machado and
Dixon, 2022)]. The best candidates are further optimised with respect to other genetic elements determining the fidelity of the bio-sensor, such as RBS and

promoter sequences.

variants that manage to produce larger concentrations of Taq will then
be amplified using emulsion PCR.

Apart from the methods described so far, also phages have
successfully been applied to evolve TFs. Phage-assisted continuous
evolution (PACE), described in 2011 (Esvelt et al., 2011), can be used
to continuously evolve any gene that can be coupled to pIII production
in E. coli. pIIl protein is required for phage infection. After
mutagenesis, only the gene variants able to induce enough plIII
production will propagate and enter the next cycle. A modification
of this system was applied to the evolution of a TF (Brodel et al., 2020)
that regulated the expression of another gene essential to phage
propagation.

3.4 Automating the design of new biosensors
As we have described, building a new biosensor circuit using a

new aTF requires many experimental steps from ligand and DNA
affinity validation, to parametric characterisation, to fine tuning
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inside the heterologous host. All these steps can quickly become a
bottleneck, especially if several ligands and aTFs are tested at the
same time for different purposes. For this reason, high-throughput
automated construction must be considered by the biosensor
circuit designer. An application is showcased in (Tenhaef et al.,
2021) where researchers rationally designed and characterised a
library of aTF biosensors based on the Lrp regulator. The parts
(promoters, RBS...) can also be engineered using automation,
generating thousands of variants and combinations (Hossain
et al,, 2020). To that end, rapid prototyping strategies through
automated Design-Buid-Test-Learn pipelines (Carbonell et al.,
2018b) such as those implemented in biofoundry facilities
(Tellechea-Luzardo et al., 2022) should
bottlenecks in the design of new biosensor circuits.

alleviate current

The discussion above focuses on general principles related to
biosensor design. In the following section we will explore
that highlight
practical aspects and possible limitations in current biosensor

instructive examples from the literature

projects.
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3.5 Three examples of biosensor design and
optimization

Exemplarily, we will discuss here three biosensors that were
successfully developed by employing current experimental and
computational approaches and which also underline the relevance
of structural insights into the aTF.

3.5.1 Directed evolution strategy for biosensor
engineering

As alluded to above, in order to alter the properties of an aTF (e.g.,
its ligand specificity, dynamic range, efc.) directed-evolution
approaches have proved to be indispensable (see Figure 3 for a
Directed
approaches which, informed by structural insight into the effector

general overview). evolution can include rational
binding domain (or any other domain of interest), apply error-prone
PCR within the whole region, or saturation mutagenesis to residues
identified as crucial for ligand binding or other properties (Figures
3A-C). In the absence of structural or homology information, the
entire protein can be subjected to random mutagenesis as well. This,
however, leads to much larger strain libraries that are still unable to
sample efficiently the larger sequence space, despite the higher
experimental burden. An advantage of this approach is that it can
reveal beneficial mutations that are less obvious than those directly
affecting ligand binding, and might, among other effects, induce subtle
changes in the allostery of the TF. In general, however, it is prudent to
limit the size of the search space with the help of structural
information, not least of all because the development of a complete
bio-circuit requires the optimization of additional genetic elements,
which further increases the combinatorial complexity of the design
problem. This, for example, includes selecting RBS and operator

sequences that perfectly harmonize with the engineered aTF.

3.5.2 Development of biosensors for polyphenols

Machado et al. (2019) describe the development of a biosensor for
detecting protocatechuic acid (3,4-Dihydroxybenzoic acid, PCA) by using
the aTF PcaV from Streptomyces coelicolor. Their setup uses a two-
plasmid approach, with which the expression of a GFP reporter gene is
under the control of the (constitutively) expressed PcaV repressor protein.
In its initial form, the biosensor was responsive to a narrow range of
hydroxyl-substituted benzoate derivatives and displayed only a modest
dynamic range for these effector molecules, which is commonly observed
with aTFs. By applying directed evolution, Machado et al. (2019) were
able to change the selectivity of PcaV so that it was able to recognize the
phenolic aldehyde vanillin (4-Hydroxy-3-methoxybenzaldehyde) instead
of its cognate effectors, which is quite remarkable, given the high chemical
similarity between this compound and the original group of ligands.
Crucial to this approach was the availability of crystal structures for PcaV,
which permitted the authors to restrict the directed-evolution procedure
to seven side chains that, in the PcaV protein, are in close contact with the
effector PCA. To screen the strain libraries for functional mutants, the
researchers developed a fluorescence-activated-cell-sorting (FACS)
counter-selection protocol. This applied several rounds of negative
selection (for variants that remain uninduced in the absence of the
effector) and positive selection (for candidates that are also strongly
inducible by the proper ligand) (see Figure 3D). Further analysis of the
most promising variants revealed that a total of only three mutations
sufficed to change effector recognition from PCA to vanillin and related
aromatic aldehydes.
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This example, in which the specificity of an aTF was successfully
engineered, demonstrates the effectiveness of structure-based,
directed-evolution approaches. But, as noted above, the properties
of a complete aTF-based biosensor are affected by multiple variables,
such as the sequences of operator and ribosome binding sites, which
can turn the optimization of the complete system into a daunting task.
This particular problem was addressed by Berepiki et al.( 2020) while
revisiting the PcaV system just described. To this end, they merged the
constitutively active pcaV gene with a GFP-reporter-gene construct on
a single plasmid in order to facilitate the optimization process, which
involved the systematic variation of the genetic components of the
sensor, i.e., the constitutively active promoter for the expression of
PcaV, the repressible PcaV-regulated promoter of the reporter gene
(GFP), and the ribosome binding site for the translation of the GFP
transcript. By randomizing selected positions in these genetic
elements, the authors obtained three distinct sequence libraries,
whose simultaneous exploration and optimization would have
resulted in more than ten thousand combinations to test. In order
to tame this combinatorial complexity, the researchers applied a
design-of-experiments (DoE) approach which determines the ideal
combination of experiments that most efficiently probe the possibility
space while reducing the experimental effort. With this strategy, the
authors were able to reduce the experimental setup to just thirteen
distinct combinations of the genetic elements.

With the DoE approach employed, the authors assessed the
impact of each variable (constitutive promoter strength of the aTF;
ribosome binding site of the reporter gene; and promoter strength of
the reporter gene) in a semi-quantitative way via statistical modeling,
which even revealed non-linear effects among the parameters, and
derived general design rules for repression-based aTF biosensor
systems. According to the authors, the first step should be to
identify the strongest combination of promoter-operator and RBS;
Then, the regulator (aTF) expression should be fine-tuned by testing a
wide range of expression levels. As a last step, if the dynamic range of
the sensor is still not satisfactory, the RBS, which drives signal output,
should be weakened.

The authors further demonstrated the generalizability of the DoE
approach by optimizing a biosensor for ferulic acid that they had
previously developed. With just twelve experiments, they were able to
improve the maximal output signal of this biosensor by a factor of
32 and the dynamic range by a factor of five.

3.5.3 Biosensor development for monitoring
L-cysteine levels in cells

As discussed, structural or homology information about the aTF
can be crucial for limiting the experimental effort in biosensor-design,
which is also highlighted by the recent work of Gao et al.( 2022). They
present the development of a novel biosensor for L-cysteine, starting
from the L-cysteine-responsive transcriptional regulator CcdR. With
this sensor, the authors wanted to efficiently detect and analyze
cysteine-overproducing strains obtained from rational or random
One bottleneck
strategies is the screening stage, for which the authors devised a
high-throughput screening (HTS) method. Like the PCA biosensor
discussed above, Gao et al.( 2022) developed a construct that

mutagenesis libraries. in  directed-evolution

constitutively expresses the aTF (CcdR), which, in turn, acts upon
a GFP reporter gene under the control of the CcdR-specific operator
ccdA. The initial construct showed proper dose-response behavior and
specificity with respect to the effector L-cysteine, but low sensitivity
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and a narrow dynamic range, which rendered it unsuitable for the
screening of large microbial variant libraries. In order to improve the
initial design, the authors optimized the genetic components of the
sensor system by directed evolution of CcdR, and by combinatorially
optimizing promoter and RBS sequences for its expression.

For improving the properties of CcdR, the authors applied a semi-
rational design strategy, made possible by the high homology of CcdR
with other, structurally resolved, members of the FFRP-like (feast/
famine regulatory protein) aTF family.

Because cysteine is already the cognate ligand for CcdR, the
authors focused not on the effector binding but rather on the
dimerization domain of the aTF, arguing that improving the
dimerization properties of the repressor would increase its
biological activity. Based on homology, the researchers selected
eight sites in the putative dimerization interface of CcdR for
saturation mutagenesis, followed by FACS-based selection, similar
to the strategy described above for the PcaV-based sensor. This
approach eventually led to the identification of a single-point
mutant with significantly increased responsiveness to L-cysteine
and a higher signal-to-noise ratio than the wild type protein. With
the help of an AlphaFold-generated model (Evans et al., 2021), the
authors suggest that these findings are due to improved hydrophobic
interactions in the dimerization interface of the mutant.

Next, the authors tested the ideal combination from two promoter
and two RBS sequence variants in order to further improve the
switching dynamics and the sensitivity of the biosensor, and thus
faced much less combinatorial complexity than was encountered with
the approach discussed above for the PCA biosensor.

In order to facilitate the screening for L-cysteine-overproducing
strains in directed evolution experiments, Gao et al.( 2022)
incorporated their novel L-cysteine biosensor in an HTS platform
that includes the transformation of mutagenesis libraries in cells
containing the biosensor, followed by FACS-screening, colony plate
screening, microplate reader analysis and finally fermentation of
promising candidate clones. The effectiveness of the biosensor was
demonstrated by utilizing this HTS platform in the directed evolution
of L-serine-acetyltransferase, the key enzyme in the biosynthesis of
L-cysteine which catalyzes its rate-determining step. By using this
approach, the authors were able to directly correlate enzymatic activity
with the L-cysteine levels in the cells, thereby circumventing the
normal time-consuming, low-throughput sorting process. Starting
from a mutant CysE library that they produced via error-prone
PCR, they succeeded in identifying a CysE double mutant with a
7-fold increased activity, and a single mutant, whose L-cysteine
producing capability was 2.7-fold higher than wild-type levels.

After demonstrating that the sensor system can in principle be applied
for the screening of strains, the authors assessed its ability to handle large
mutant libraries. To this end, they subjected the biosensor-containing
strain to ARTP (atmospheric and room temperature plasma) mutagenesis
and applied the HTS protocol, which reduced an initial amount of ten
million cells to ten strains that all featured higher production levels for
L-cysteine than the control.

3.5.4 Development of biosensors for
benzylisoquinoline alkaloids: Improving negative
selection with the SELIS procedure

The previous examples relied on FACS for the selection of
biosensor candidates. However, screening for strongly repressing
variants by negative selection can be challenging. d’Oelsnitz et al.
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(2022) describe how this step can be significantly improved by
suppressing the presence of dead or inactive cells, which can
corrupt the cell sorting procedure. This is accomplished by making
cell survival directly dependent on the repression activity of the
biosensor with a method they call SELIS (seamless enrichment of
ligand-inducible sensors). The approach also enables counter-
selection against variants that are activated by non-target ligands,
i.e., screening for repressor specificity and selectivity.

The behind SELIS is to add to the
construct—consisting of the consecutive expression system for the

idea regular
repressor and the repressor-regulated reporter gene (see Figure 3)—
One additional regulatory circuit that prevents cellular growth if the
repressor only incompletely prevents gene expression in the absence of
the effector. This is accomplished by growing cells in the presence of
zeocin during the negative selection step, while resistance against
zeocin is provided by Sh Ble in a way that depends on the full
repression capabilities of the biosensor-candidate. To this end, the
expression of Sh Ble is repressed by A cI, which, in turn, is regulated by
the same repressor-sensitive operator sequence as the reporter gene. If
the repressor is fully active in the absence of an effector (or in the
presence of a non-target ligand), A cI cannot be formed and Sh Ble will
be expressed, which ensures zeocin resistance and cell survival.
Surviving cells can then be positively selected by plating them on
zeocin-free agar plates in the presence of the effector and screening for
strongly fluorescent colonies.

The authors demonstrated the effectiveness of their SELIS
approach by designing sensitive and selective biosensors for a
group of pharmacologically relevant benzylisoquinoline alkaloids
(BIAs), papaverine,
rotundine, and noscapine. As a starting point for biosensor

namely tetrahydropapaverine, glaucine,

development, the approach focussed on multidrug-resistance
regulators that control the expression of multidrug-efflux pumps,
specifically RamR from S. typhimurium.

The authors were able to devise an efficient mutagenesis strategy
due to the availability of a crystal structure of RamR bound to the
alkaloid berberine, which is structurally similar to the BIAs selected for
the study. Based on this structural information, they targeted five
helices surrounding the effector-binding region by creating five
distinct libraries. In each library, three residues were chosen for
site-saturated mutagenesis. In independent experiments, the
authors also applied error-prone mutagenesis to the entire RamR
gene, resulting in libraries with two mutations per gene, on average.

Starting with wild-type RamR, which displays an inherently high
promiscuity for structurally diverse compounds, the authors were able
with just four rounds of directed evolution, to produce highly specific
biosensors that each showed >100-fold preference in binding for their
cognate ligands. At the same time, each biosensor also displayed high
sensitivity (<30 mM) for its target compound.

Having demonstrated the advantages of the SELIS procedure over
the more traditional and purely fluorescence-based selection approach
to biosensor engineering, the researchers showed how their newly
evolved biosensors can be applied to the engineering of metabolic
pathways. They chose the biosynthesis of tetrahydropapaverine (THP)
as an example, which, in plants, involves a complicated multistep
process catalysed by an oxidase and four O-methyltransferases.

Using the previously evolved THP-specific biosensor to screen for
THP-producing strain variants, the authors aimed to evolve a
methyltransferase from Glaucium flavum (GfOMTI1) into an
enzyme that is capable of methylating all four phenolic hydroxy
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groups of the substrate norlaudanosoline (NOR) in a single step to
directly yield THP, thereby circumventing its complex biosynthesis
and allowing for the efficient production of this pharmacologically
relevant compound. To this end, they used error-prone PCR to
generate mutagenesis libraries of the GFOMT1 gene, which resulted
in enzyme variants After
cotransforming plasmids with the THP-specific biosensor and
GfOMT1 into E. coli cells, the researchers then selected strains
based on high fluorescence in the presence of the substrate NOR,

with two mutations on average.

indicating the production of THP. Strikingly, after only three rounds
of directed evolution, variants could be identified that completely
converted the precursor NOR to THP, thus demonstrating the
effectiveness of the biosensor for metabolic engineering projects.

3.5.5 Prerequisites for the successful directed
evolution of aTFs

These examples highlight the significant progress that the
directed
selection methods

combination  of evolution and high-throughput

fluorescence-based have created in the
development of biosensors, but also show, as a recurring theme,
the importance of reliable structural information about the aTF
needed to accelerate the development process or even render the
experimental effort feasible. This is especially true if an aTF needs to be
engineered to recognize a non-cognate ligand for which there is no
natural counterpart.

For the foreseeable future, experimental structure elucidation will
progress at a much slower pace than the discovery of new sequence
information, which emphasizes the need for structure-prediction
methods that are reliable even in the absence of sufficient
homology with solved structures.

Ideally, these efforts will lead to an automated protocol that hides
the details of the modeling process from the synthetic biologist and

automatically proposes mutagenesis libraries for a given objective.

4 Improving bioproduction using
biosensors

aTF-based biosensors have a range of applications (e.g.
diagnostics, environmental pollutant detection, biomaterials,
health wearables. ..) (Moraskie et al., 2021). Arguably one of the
most important applications is the use of biosensors in
bioproduction. The world’s current production of chemicals is
expected to double by 2030 (Nijman and Halpaap, 2019).
Nevertheless, the
pharmaceuticals, fertilisers, foods, and other types of chemicals

production  of  materials, fuels,
is still heavily reliant on traditional chemical synthesis based on
unrenewable, polluting, fossil fuels (Naidu et al., 2021). Using
microorganisms to substitute the chemical synthesis and move
to greener, bio-based processes is a thriving field known as
bioproduction (Zhang et al.,, 2017). The goal here is to improve
the efficiency with which products are produced in comparison to
traditional chemical approaches and to provide pathways for the
production of novel compounds for which no synthetic routes
exist. Bioproduction of chemicals and materials provides a
renewable and economically viable alternative, easing the
transition towards a circular “bioeconomy” (Cann, 2016). Next
we detail two applications of biosensors that aim to improve
bioproduction: screening and dynamic regulation.
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4.1 aTF-based biosensors for screening

One challenge preventing the broader adoption of current
bioproduction strains is that they often perform poorly (low yield,
slow production rate...) in industrial settings. Screening through
hundreds of constructs and selecting the best performers is one of
the most important bottlenecks. Thanks to advances in genetic
engineering and automation, researchers can nowadays create
hundreds of production strain variants in a short period of time.
However, the next step involves screening those strains for production
and yield. This can become a barrier since traditional methods like
HPLC or LC-MS do not scale up easily. Biosensors can provide a
simple, fast and affordable solution to the screening process of
production strains by linking the biosensor output to the synthesis
of the desired molecule (Kaczmarek and Prather, 2021). Biosensor-
based screening can be used to screen for improved enzyme
performance in a newly discovered or an engineered enzyme pool
(Figure 4A) or for the screening of engineered genetic circuits of those
enzymes and DNA parts (Figure 4B).

In order to identify biosensors with the appropriate sensitivity and
dynamic range, several screening assays based on biosensors have been
described. One of the simpler approaches involves the use of well
plates and fluorescence detection to determine the production level of
each variant (Yang et al.,, 2018; Zheng et al., 2018). Automation can
increase the throughput of this assay by handling the library
preparation, transformation and fluorescence measurement in each
of the wells of the assay. Other approaches based on more advanced
equipment [e.g. FACS (Liu et al, 2015), droplet-based screening
(Siedler et al,, 2017)] have also been tested. Tuning the dynamic
range of biosensors via the modification of the promoter driving the
expression of the reporter gene regulated by the aTF has also been
proven possible (Chen et al., 2018). Biosensor mediated screening has
also been described for large, multi-level CRISPRi experiments to fast-
track genomic-level down-regulations that redirect the carbon flux
towards the target metabolic route (Wang et al., 2023).

4.2 aTF-based biosensors for dynamic
regulation

Engineered microorganisms often adapt poorly outside laboratory
conditions, due to external factors originating from the conditions of
production (e.g., large-scale bioreactors), such as pressure, acidity
changes, accumulation of toxic metabolites, agitation, nutrient
availability and heat transfer, among others (Wehrs et al., 2019).
The strains are often unresponsive to external stimuli that may be
present during industrial fermentation. This stress can cause
undesired effects; for instance, the strain might stop producing the
target compound by mutating or expelling the heterologous pathway
(Wu et al,, 2016). These adverse effects will lead to production
processes that perform poorly when tested during the scale-up
phase, thereby preventing the translation of many bioproduction
projects into economically feasible industrial processes (Hartline
et al.,, 2021).

Different approaches have been proposed to overcome those
issues and increase the viability of large-scale cell-factory projects.
Dynamic regulation is one of these strategies for controlling the
production of key molecules, often found in nature and finely
optimised through evolution. Similarly, biosensor-based dynamic
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regulation of microbial production pathways is a strategy that can be
used to control genetic circuits based on a feedback loop that regulates
the production of a target metabolite to keep its concentration at
desired levels (Teng et al., 2022). The biosensor detects the presence of
the metabolite and triggers the activation or inhibition of certain genes
in the metabolic pathway (Figure 4C), making the system more
responsive to possible detrimental conditions (Stevens and
Carothers, 2015; Liu and Zhang, 2018; Hartline et al., 2021). To
the
applications, simple single TF biosensors may not be enough. In

obtain level of precise regulation required for some
this case, more complex circuits can be built, adding extra layers of
complexity. For example, a plausible iteration would be to add another
input molecule needed to trigger the desired reaction. This type of
mechanism has been tested successfully with standard genetic
regulator parts and inducers (Bordoy et al, 2019). Much more
complex architectures are possible, mixing other common DNA
parts (Nielsen et al, 2016). These approaches can be combined
with native chromosomal gene regulation through direct control
(Figure 4D) or by using CRISPRi (Huang et al., 2016; Wu et al.,
2020) or antisense RNAs (Kim and Cha, 2003; Yang et al., 2018) that
bind and repress native genetic pathways.

Growth-coupled production ties the target molecule (or one of its
intermediate compounds) to the production/consumption of some

essential cellular metabolite (Orsi et al., 2021). An example can be
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found in Wang et al. (2019) where the biosynthesis of pyruvate was
limited to the heterologous pathway introduced into the cells. To
accomplish this, the researchers deleted the native biosynthesis routes
known to produce pyruvate. This essentially means that pyruvate will
only be available as a byproduct of the heterologous pathway
producing the target compound. In another example, Zhou and
others (Zhou et al, 2021) built a 3-layer system that produces
(2S)-naringenin, by regulating the essential compound malonyl-
CoA. They used the TF FdeR, which is activated by the presence of
(2S)-naringenin, and PadR TF, which is activated by p-coumaric acid,
as feedback regulators of the (2S)-naringenin pathway. Initial low
concentrations of (2S)-naringenin allow malonyl-CoA to be used in
fatty acid (FA) biosynthesis pathways, favouring cell growth. Higher
concentrations of naringenin, represses these FA synthesis routes,
slowing cell growth and increasing the availability of malonyl-CoA for
the production of more (2S)-naringenin. Through several rounds of
optimization, including directed evolution of biosensors and
optimization of fermentation conditions, titers above 500 mg/L
from glucose were obtained in 5-L bioreactors using an E. coli
chassis. Other strategies decouple the production phase from the
growth phase of the microbial culture. For example, to improve the
production of glucaric acid (GA), the glycolysis pathway can be
repressed using the accumulation of N-Acyl homoserine lactone
(AHL) in E. coli (Doong et al., 2018). Pyruvate-responsive circuits
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were also built in Bacillus subtilis for the regulation of glucaric acid
production (Xu et al., 2020). Pyruvate induces the expression of the
GA pathway and suppresses glycolysis. Finally, malonyl-CoA, another
essential cellular metabolite, can be used as the key regulator. In (Xu
et al., 2014), Xu et al. built a regulation circuit that activates the
synthesis of malonyl-CoA and represses the fatty acid synthesis
pathway that consumes it when the compound is in low
concentrations and vice versa.

Even though the aforementioned examples show that successful
dynamic regulation is possible, true industrial utilisation of dynamic
regulation circuits and scale-up is still rare in bioproduction projects.
Tested under homogeneous laboratory conditions, dynamic regulation
bioproduction circuits are not normally designed to react to environmental
changes and, therefore, the resulting strains adapt poorly to the different
conditions during the scale-up process (Neubauer and Junne, 2010).
Among other reasons we can include the lack of functional and well-
characterised biosensor circuits against a wider range of target molecules
and the inherent difficulty of dynamically controlling complex cellular,
enzymatic, genetic and molecular networks which can show unwanted
crosstalk between different components. In order to address these
shortcomings, a different type of regulation relies on automatically
reacting to these conditions and controlling the production accordingly
(Boada et al., 2020).

5 Conclusions and future perspectives

In this work we reviewed recent advances in the prediction, design
and validation of biosensor circuits focused on aTFs and whole-cell
implementations. This type of biosensor can be used to detect a wide
range of molecules (e.g, ions, sugars, drugs, hormones. . .) for different
uses, including environmental, medical and industrial applications. We
showcased the role of biosensors in the development of new-generation
bioproduction devices, driving forward important steps for bioproduction
advancement such as screening and dynamic regulation of producer
strains. aTF biosensors, however, suffer from certain shortcomings that
will need addressing in future research endeavours. To that end, we detail
some of the possible routes towards better biosensors.

As described in this article, several methodologies can be used to reveal
as-yet-undiscovered aTFs that may behave closely to what a biosensor
designer might expect. However, associated tools and databases only offer
fragmented information and it is up to the designer to gather and trust the
results from different sources. Therefore, a single computational tool that
takes this burden from the researcher and provides confidence metrics is
needed. Even though directed mutagenesis has shown great potential to
improve the performance of a given aTF, it is still not possible to accurately
predict the impact of a mutagenesis experiment on the biosensor
(dynamic range...). Structural
approaches are probably the key to this issue and the recent
development of structural prediction and docking programs may soon
provide researchers with this type of tool (Mullard, 2021). Until recently,
structure-based design was simply impossible in the absence of any

characteristics range, operational

relevant homology. With the advent of Al-based approaches to
protein-structure prediction [e.g, AlphaFold (Jumper et al, 2021)]—
The success stories of which suggest that in silico models at almost
atomic resolution might be within reach—It might be possible to take
the computational design of bespoke binding sites from merely instructing
mutagenesis experiments on an, at best, semi-quantitative basis, to
predictive reliability.
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As shown for several applications in this review, biosensor circuits can
be used to screen for the best performers in a bioproduction experiment
by linking the reporter expression to the production level. High-
throughput FACS or the less-scalable but more affordable plate-
reader-based approach can be used to select the cells with higher
reporter expression levels. However, this can become a problem if so-
called cheaters come into play (Trivedi et al., 2022), giving high reporter
signals without showing high production rates of the target compound.
More methods that address this issue are needed. Finally, the most
important future milestone for the field would be to develop a toolbox
that can predict and model—Within the accuracy levels required for the
application—The behaviour of a biosensor for a given design and target
molecule, while taking process conditions and possible environmental
perturbations into account that may appear during the experiment.
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Vibrio alginolyticus LHFO1 was engineered to efficiently produce poly-3-
hydroxybutyrate (PHB) from starch in this study. Firstly, the ability of Vibrio
alginolyticus LHFO1 to directly accumulate PHB using soluble starch as the
carbon source was explored, and the highest PHB titer of 2.06 g/L was obtained
in 18 h shake flask cultivation. Then, with the analysis of genomic information of V.
alginolyticus LHFO1, the PHB synthesis operon and amylase genes were identified.
Subsequently, the effects of overexpressing PHB synthesis operon and amylase on
PHB production were studied. Especially, with the co-expression of PHB synthesis
operon and amylase, the starch consumption rate was improved and the PHB titer
was more than doubled. The addition of 20 g/L insoluble corn starch could be
exhausted in 6-7 h cultivation, and the PHB titer was 4.32 g/L. To the best of our
knowledge, V. alginolyticus was firstly engineered to produce PHB with the direct
utilization of starch, and this stain can be considered as a novel host to produce PHB
using starch as the raw material.

KEYWORDS

amylase, metabolic engineering, poly-3-hydroxybutyrate, starch, Vibrio alginolyticus

1 Introduction

With the development of modern biotechnology and synthetic biology,
microorganisms have been considered as important chassis cells for the production of
biological products. While rational metabolic engineering of microorganisms greatly
reduces the cost of production, the time required for cell growth and product synthesis
during fermentation process is likely to be a potential limitation (Hoff et al., 2020). As is all
known, Escherichia coli has been extensively studied as the host bacterium, but the range
and efficiency of the biosynthesis applications begin to be limited due to its intrinsic
capabilities. Interestingly, Vibrio strains are gaining more and more attentions due to their
rapid growth rates. For example, the doubling time of Vibrio alginolyticus and Vibrio
parahaemolyticus is reported to be 12-14 min (Hoff et al., 2020; Li et al., 2021). Another
bacterium Vibrio natriegens is reported to possess the fastest cell growth rate of known
bacteria, with a doubling time of less than 10 min (Weinstock et al., 2016). Besides, the
genomic editing tools of Vibrio have also been gradually established (Roh et al., 2012; Dalia
etal., 2017; Lee et al., 2019). Therefore, the metabolic engineering of Vibrio strains as host
bacteria for biological production would provide a new direction for the development of
synthetic biology.

Polyhydroxyalkanoate (PHA) is an environment-friendly alternative to replace
petroleum-based plastics due to its biodegradability, and the most common of which is

112 .
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poly-3-hydroxybutyrate (PHB) (Zheng et al., 2020). Generally,
PHA is accumulated as intracellular lipid inclusion bodies to
store carbon and energy in microbial cells (Choi et al., 2020;
Pagliano et al.,, 2021). Up to now, there are relatively few studies
on the PHA production using Vibrio strains. A few research
indicated that Vibrio strain are responsible for PHA production
in mixed microbial cultures (Cui et al., 2016; Zhao et al., 2021).
Recently, V. alginolyticus and V. proteolyticus were reported as
novel candidates for PHA production (Hong et al., 2019; Li et al,,
2021). Studies have shown that the biosynthesis of PHA is a
complex metabolic process, which involved a variety of enzymes
(Meng et al., 2014). The most common pathway can be called the
“three-step synthesis” pathway, in which the carbon source is
converted into acetyl-CoA by microbial decomposition, and
then two acetyl-CoA molecules are condensed into acetoacetyl-
CoA by acetyl-CoA acetyltransferase (PhaA). Subsequently, 3-
hydroxybutyryl-CoA is generated through the reduction of
acetoacetyl-CoA under the catalysis of NADPH-dependent
reductase (PhaB). Finally, PHA synthase (PhaC) polymerize the
3-hydroxybutyryl-CoA monomer to generate PHB (Sagong et al.,
2018). There are also some other enzymes that can regulate PHA
biosynthesis, such as the phasin family protein (PhaP) (Lee et al,,
2021).

High production cost is a great limitation for the application of
PHA as biodegradable materials (Liu et al., 2021). Industrial and
agricultural wastes, such as volatile fatty acids (Pu et al., 2020a; Wang
et al, 2022), waste potato starch (Haas et al., 2008), wheat straw
(Dahman and Ugwu, 2014), and waste frying oil (Tian et al., 2022)
have been proposed as inexpensive substrates to reduce the PHA cost.
Starch is a biopolymer composed of glucose molecules, and regarded
as one of the most abundant carbohydrates in nature. In terms of the
molecular structure, starch is a macromolecular compound in which
a-D-glucoside is connected by a-1,4-glycosidic linkages and a-1,6-
glycosidic linkages (Hu et al., 2020). More than 70% of starch is used
for the production of glucose, and amylase plays an important role in
the process (Kmr et al.,, 2019). Amylase is a general term for enzymes
with the ability to hydrolyze starch and glycogen, which could
hydrolyze starch into low molecular structures (Chi et al, 2001;
Zareian et al, 2010). Amylases are classified as a-amylase (EC
3.2.1.1) and P-amylase (EC 3.2.1.2) according to the type of sugar
end groups generated during starch hydrolysis. The a-amylase, also
known as a-1,4-glucose hydrolase, is more widely studied, with the
ability of hydrolyzing starch into low molecular structures such as
dextrin, maltose, and glucose (Chi et al, 2001). At present, many
microorganisms have been employed to produce a-amylase, such as
Geobacillus sp. (Mollania et al., 2010), Bacillus subtilis (Asgher et al.,
2007), B. licheniformis (Shewale and Pandit, 2007), B.
stearothermophilus (Chakraborty et al, 2000), and Aspergillus
oryzae (Henriksen et al., 1999).

Previously, V. alginolyticus LHF01 isolated from a salt field was
found to produce PHB from a variety of sugars and organic acids (Li
et al, 2021). In this study, a genetic manipulation platform was
developed for V. alginolyticus LHFOI, and based on this, the
utilization of starch by the strain and the overexpression of PHB
synthesis operon and amylase were investigated. The direct utilization
of starch by V. alginolyticus LHF01 would be helpful to reduce the cost
of PHA production, making it as a promising bacterium for PHA
production to achieve a breakthrough achievement in PHA
commercialization.
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2 Materials and methods
2.1 Strains and plasmids

Bacterial strains and plasmids used in this study are listed in
Table 1. E. coli strain JM109 was used for molecular cloning and
plasmid propagation, while E. coli strain S17-1 was used as the doner
strain for conjugation (Simon et al., 1983). V. alginolyticus LHF01 with
their engineered strains were employed for PHB production
experiments.

The primers used in this study are listed in Supplementary Table
S1. To overexpress the target genes in V. alginolyticus LHFO1,
PMCS1 was constructed by ligating the plasmid backbone fragment
amplified from pBBRIMCS-2 (Kovach et al.,, 1995) with primers P1_
F/R and the chloramphenicol fragment amplified from pSEVA341
(Tan et al., 2022) with primers cat_F/R by Gibson assembly. Plasmid
pMCS1-phaBAPC was constructed to overexpress the PHB synthesis
operon phaBAPC of V. alginolyticus LHF01. The phaBAPC and its
native promoter were amplified from the genome of V. alginolyticus
LHF01 using primers phaBAPC_F/R, and then inserted into the
EcoRI/BamHI sites of pMCSI to generate pMCS1-phaBAPC.
Similarly, pMCS1-03151, pMCS1-03416, and pMCS1-03713 were
constructed to overexpress the amylase of V. alginolyticus LHFO1.
Primers amy2_F/R, amy3_F/R, and amy4_F/R were used to amplify
the three different amylase gene and their own promoter, respectively.
Then, the DNA fragment was inserted into the multiple cloning sites
of pMCS1 by enzyme digestion and ligation. Plasmid pMCS1-03713-
phaBAPC was constructed to co-overexpress phaBAPC and amylase
gene 03713. The amylase gene fragment amplified from V.
alginolyticus LHFO1 using primers amy4_phaBAPC_F/R were
digested with EcoRI/Kpnl and then cloned into the corresponding
sites of pMCS1-phaBAPC to construct pMCS1-03713-phaBAPC.

2.2 Medium and culture conditions

During all experiments, E. coli was cultured in Luria-Bertani (LB)
medium, while V. alginolyticus was cultured in TYS50 medium. TYS50
medium contained (g/L) NaCl 50, KCI 0.7, CaCl,-2H,O 14,
MgSO,47H,0 6.8, MgCl,-6H,O 5.4, NaHCO; 0.2, yeast extract 1,
and peptone 5. When required, 1.5% (w/v) agar was added to obtain
the corresponding solid medium. In the process of culturing V.
alginolyticus LHF01 for PHB production, soluble starch was firstly
used as carbon source, and the shake flask experiments were
performed at 37°C and 200 rpm. The culture conditions were
optimized in terms of pH, soluble starch concentration, and culture
time. The pH was set at 5, 6,6.5,7,7.5, 8, 8.5, 9, and 10, while the starch
concentration gradient was 20, 30, and 40 g/L. The samples were taken
every 2 hours to determine the cell growth, PHB accumulation, and
starch consumption.

2.3 Genome sequencing

The genomic DNA of V. alginolyticus LHFO1 was extracted using a
Blood & Cell Culture DNA Midi Kit (Qiagen, United States) according
to the manufacturer’s protocol. DNA concentration and purity were
Qubit Nanodrop
2000 spectrophotometer (Thermo Fisher Scientific, United States).

determined via fluorometer and
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TABLE 1 Strains and plasmids used in this study.

Relevant characteristics

10.3389/fbice.2023.1130368

Reference

Strains

E. coli M109
E. coli S17-1
V. alginolyticus LHF01

LHFO01 (03151)
LHFO1 (03416)

LHFO01 (03713-phaBAPC)

Plasmids
pBBRIMCS-2 Broad range host plasmid, Kan®
pSEVA341 Expression vector, Cat®
pMCS1 Broad range host plasmid, Cat®

pMCS1-phaBAPC
pMCS1-03151
pMCS1-03416
pMCS1-03713
pMCS1-03713-phaBAPC

DNA integrity was assessed by 1% agarose gel electrophoresis. Whole
genome sequencing was performed on the MGISEQ-2000 platform
and PacBio Sequel II system at BGI (Shenzhen, China).

2.4 Conjugation methods

The target plasmid was transferred into V. alginolyticus LHF01 by
conjugation. In brief, the plasmid was firstly transformed into E. coli
S17-1 to prepare the donor strain. E. coli S17-1 and V. alginolyticus
strains were cultured in LB and TYS50 medium, respectively, with the
relevant antibiotics to an ODggq of 1.5-2. Afterwards, 1.5 mL of donor
and recipient cells were respectively placed in a centrifuge tube and
centrifuged at 6,000 rpm for 5 min. The supernatant was discarded,
and the cell pellets were washed once with 1 mL of the corresponding
medium, and then suspended in 50 pL of TYS50 medium at a ratio of
1:1. The suspension was cultured for 4-8 h in a 37°C incubator. Finally,
an inoculation loop was dipped into the bacterial solution, and then
streaked on the TYS50 medium plate with appropriate antibiotics. The
plate was cultured in a 37°C incubator for 36-48 h. A single clone was
picked out, and put into the TYS50 medium with antibiotics for 24-
48 h, and the bacterial solution was verified by 16S rDNA sequencing
and stored for follow-up research.

2.5 Starch consumption and PHA production
analysis

After treating with boiling water, the soluble starch can be
dissolved and its solution is transparent at room temperature. Since
starch is turned to blue when exposed with iodine, its consumption
could be indicated by adding the iodine solution. To measure PHB
accumulation, the strain culture was centrifuged at 10,000 g for
10 min, and washed twice with deionized water. Then the cell
pellet was lyophilized to determine the cell dry weight (CDW) and
PHB content. CDW was calculated based on the weight of the empty
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recAl endA1 gyrA96 thi-1 hsdR17 supE44 relA1 A(lac-proAB)/F’ [traD36 proAB* lacl® lacZAM15]
Donor strain in conjugation, harboring the tra genes of plasmid RP4 in the chromosome
Wild type, isolated from a salt field in China
LHF01 (phaBAPC) V. alginolyticus LHF01 harboring pMCS1-phaBAPC

V. alginolyticus LHF01 harboring pMCS1-03151

V. alginolyticus LHFO1 harboring pMCS1-03416
LHFO01 (03713) V. alginolyticus LHF01 harboring pMCS1-03713

V. alginolyticus LHF01 harboring pMCS1-03713-phaBAPC

pMCS1 derived, carrying phaBAPC of LHF01

pMCST1 derived, carrying amylase gene 03151 of LHF01

pMCST1 derived, carrying amylase gene 03416 of LHF01

pMCS1 derived, carrying amylase gene 03713 of LHF01

pMCS1 derived, carrying amylase gene 03713 and phaBAPC of LHF01

TaKaRa Bio Inc
Simon et al. (1983)
This study

This study

This study

This study

This study

This study

Kovach et al. (1995)
Tan et al. (2022)
This study

This study

This study

This study

This study

This study

centrifuge tube, the weight of the centrifuge tube containing the cell
pellet, and the volume of freeze-dried culture. The lyophilized cell was
placed into an esterification tube, reacted with 2 mL of chloroform and
2 mL of esterification solution at 100°C for 4 h, and then shaken with
1 mL of deionized water, and set for stratification. The chloroform
phase was taken for gas chromatography (GC) analysis as reported
previously (Li et al., 2021).

2.6 Observation of cell morphology

In order to observe the cell morphological changes of V.
alginolyticus strains when overexpressing the PHB synthesis
operon, the wild type LHFOl and engineered recombinants were
cultured in TYS50 medium with 20 g/L soluble starch for 18 h and
observed by transmission electron microscopy (TEM). The shake flask
culture was centrifuged to obtain the cell pellet, washed twice with pre-
cooled phosphate buffered solution, slowly added with pre-cooled
fixative solution, and then fixed for 12 h to obtain the cell samples.
Then, the sample was sliced and observed according to the methods
reported previously (Li et al., 2021).

3 Results and discussion

3.1 PHB production by V. alginolyticus using
soluble starch

PHA is regarded as extremely competitive alternative to replace
the petrochemical plastics, yet its high cost is always a major
impediment. There have been numerous researches working on the
exploitation of low-cost substrates and novel production hosts (Anjali
et al., 2014; Vibhavee and Chanprateep, 2018). As an industrial raw
material, starch has been applied for the production of high value-
added products such as gas or liquid fuels, proteins, and sugars (Erdei
et al, 2010; Lin et al, 2021; Li et al, 2022). However, many
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FIGURE 1

Effects of pH, substrate concentration, and culture time on PHB production. V. alginolyticus LHFO1 was cultivated in TYS50 medium in shake flasks at
37°C, 200 rpm. Data are expressed as averages and standard deviations of three parallel experiments. (A), the pH was setat 5, 6, 6.5,7,7.5, 8, 8.5, 9, and 10. (B),
the starch concentration gradient was 20, 30, and 40 g/L. (C), the samples were taken every 2 hours to determine CDW and PHB accumulation. (D), starch
consumption was indicated by adding iodine solution to the cultures.
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FIGURE 2
Genome map of V. alginolyticus LHFO1. (A), chromosome 1. (B), chromosome 2. (C), endogenous plasmid.

microorganisms are unable to utilize starch directly, and the cost of  direct utilization of starch for PHA production and metabolic
raw materials is increased due to the pretreatment of starch  engineering were explored in V. alginolyticus LHF01 in this study.

(Poomipuk et al., 2014). Interestingly, Vibrio strains have attracted V. alginolyticus LHFO1 was firstly cultured with 20 g/L soluble
increasing attentions due to their rapid growth rate and ability to  starch as carbon source for 24 h to explore the effect of pH on PHB
assimilate starch (Hoff et al., 2020). V. alginolyticus was reported to  production (Figure 1A). Although the difference in pH had a certain
accumulate PHB from a series of carbon sources (Li et al., 2021). The  effect on the CDW and PHB titers, V. alginolyticus LHFO1 can
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LHFO1 (phaBAPC).

synthesize PHB under a wide range of pH, indicating that it has strong
viability and adaptable ability. PHB production by V. alginolyticus
LHFO1 showed an upward trend with the increase of pH value. When
the pH was 8-10, CDW exceeded 8 g/L, and PHB titer was about 2 g/L,
indicating that V. alginolyticus LHF01 is more suitable for survival
under alkaline conditions. The highest titer PHB of 2.06 g/L was
obtained at pH of 8.5. Therefore, the pH of the culture medium
was maintained around 8.5 in the subsequent experiments of culturing
V. alginolyticus LHFO1.

Since the change of substrate concentration may also affect the
growth of bacteria, the concentration of initial soluble starch was
increased to 40 g/L to observe the change in PHB production. As
shown in Figure 1B, the CDW and PHB titer did not change
significantly with the increased soluble starch concentration. A
possible reason was that the strain reached the growth threshold at
20 g/L of soluble starch, thus the increase of carbon concentration
showed no assistance to further promote PHB accumulation. Then,
V. alginolyticus LHF01 was cultured with a soluble starch
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Effects of overexpressing PHB synthesis operon on PHB production.Strains were cultivated in TYS50 medium supplemented with 20 g/L soluble starchin
shake flasks at 37°C and 200 rpm for 18 h (A), CDW, PHB production, and PHB content in LHFO1 and LHFO1 (phaBAPC). (B), TEM micrographs of LHFO1 and

concentration of 20 g/L for different time points to study the
cell growth and PHB accumulation profiles. As shown in
Figure 1C, the CDW of V. alginolyticus LHFO1 reached 2.52 g/L
after cultured for 2 h, up to 8.49 g/L for 4 h, and exceeded 10 g/L
after 6 h, which confirmed the rapid cell growth of V. alginolyticus
in shake flasks. Surprisingly, the PHB titer of V. alginolyticus
LHF01 was only 0.84 g/L at 4h of cultivation, indicating that
PHB was synthesized during the late stage of cell growth. After
18 h of cultivation, PHB titer reached the highest level. It is well
known that starch or soluble starch is turned to blue when exposed
to iodine. To explore the consumption rate of soluble starch, iodine
was used to determine whether soluble starch was completely
consumed. As shown in Figure 1D, soluble starch was exhausted
by V. alginolyticus LHFO1 after 5h of cultivation, indicating that
the strain has superior ability to degrade soluble starch. The rapid
cell growth and efficient utilization of starch make V. alginolyticus a
promising candidate for microbial production of building block
chemicals or polymers using starch as the substrate.
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Effects of co-overexpressing amylase and PHB synthesis operon on PHB production.Strains were cultivated in TYS50 medium supplemented with 20 g/L
soluble starch in shake flasks at 37°C and 200 rpm. (A), CDW, PHB production, and PHB content in LHFO1, LHFO1 (03713), and LHFO1 (03713-phaBAPC). (B),

starch consumption was indicated by adding iodine solution to the cultures.

3.2 Complete genome sequencing of V.
alginolyticus LHFO1

Whole genome sequencing has the highest resolution in bacterial
genetic research, and is widely used in microbial traceability,
transmission, and population structure identification. Therefore, the
genomic characterization of V. alginolyticus LHF01 was performed. Its
complete genome was sequenced and reassembled from Celera
Assembler 8.3 (Denisov et al, 2013). The complete genome
sequence was deposited in GenBank database under the accession
numbers of CP087876.1, CP087877.1, and CP087878.1. Results
indicated that the genome of V. alginolyticus LHFO1 contains two
chromosomes and one plasmid (Figure 2). The full length of
chromosome one is 3,271,154 bp, with GC content of 44.74%, and
the full length of chromosome two is 1,874,090 bp, with GC content of
44.68%. The full length of plasmid DNA was 68,948 bp and GC
content was 42.24%. The annotation was carried out with the National
Centre for Biotechnology Information Prokaryotic Genomes
Automatic Annotation Pipeline (PGAAP) Version 4.9 (https://
the
4,882 predicted genes identified, a total of 4,639 protein-coding
sequences (CDSs) were determined, and 128 tRNA genes,
37 complete rRNA genes (13 for 5S, and 12 each for 16S and 23S),
and four ncRNAs were annotated.

www.ncbi.nlm.nih.gov/genome/annotation_prok). From

In the metabolic pathways of starch degradation and PHB
production, amylase and PHB synthesis-related enzymes are
indispensable. There are multiple genes encoding amylase, and the
gene locus tag number is 03151, 03416, and 03713, respectively. A
phylogenetic tree of the amylases of V. alginolyticus LHF01 was
constructed, and results indicated that they are all a-amylase and
belong to the glycoside hydrolase family 13 (Kuriki et al., 2006)
(Supplementary Figure S1).

Previous studies reported that there were genes encoding PHA
synthesis enzymes existed in the genome of Vibrio strains including V.
harvinii (Mohandas et al., 2016), V. natriureus (Chien et al., 2007), and
V. azureus (Sasidharan et al, 2014). Genome analysis revealed the
presence of PHB synthesis operon phaBAPC in V. alginolyticus
LHFO01. The operon comprised of four genes including phaB, phaA,
phaP, and phaC, encoding acetoacetyl-CoA reductase, acetyl-CoA
acetyltransferase, phasin, and PHA synthase, respectively. The
amino acid sequence of PHA synthase in V. alginolyticus
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LHFO1 belongs to Class I PHA synthase. The genes responsible for
PHA biosynthesis usually clustered together in the bacterial genome
(Rehm and Steinbiichel, 1999), such as the most well-known genetic
organization of phaCAB operon in Ralstonia eutropha H16 (Peoples
and Sinskey, 1989), the phaCA operon in Jeongeupia sp. USM3 (Zain
etal., 2020), the phaEC operon in Neptunomonas concharum (Pu et al.,
2020b). Interestingly, the presence of phasin gene in a PHA operon is
rarely reported. The neighborhood genetic organization of phaP and
phaA, phaB, phaC genes may play a unique role in the regulation of
PHB metabolism in V. alginolyticus, which deserves further study. The
genome sequencing of V. alginolyticus would provide a good
further in-depth metabolic engineering for
improved substrate utilization and PHB production.

foundation for

3.3 Effects of overexpressing PHB synthesis
operon on PHB production

The genetic modification of host cells is one of the most powerful
tools in engineering bacteria for microbial fermentation. To begin
with, molecular biology research requires introducing foreign
plasmids into the target hosts. Generally, developing DNA
transformation methods for non-model organism poses unknown
challenges. Fortunately, the broad host pBBR1 origin was reported to
be transformable into V. natriegens via conjugation (Tschirhart et al.,
2019).
alginolyticus (Li et al, 2021), thus plasmid pMCS1 harboring
pBBRI origin and chloramphenicol resistance gene was constructed

No chloramphenicol resistance was observed for V.

to study its possible application to transfer foreign DNA into V.
alginolyticus LHF01. We firstly tried electroporation and chemical
transformation using pMCS1 as the shuttle vector. However, it was
found that both methods failed and no transformant was observed
despite of many attempts. Recently, the deletion of gene clusters
involved in the biosynthesis of exopolysaccharides and O-antigen
was proved to improve the permeability of exogenous DNA into cells
and enabled the electrotransformation in Halomonas bluephagenesis
(Xu et al,, 2022). The electroporation method for V. alginolyticus
LHF01 was worthy of further investigation. Next, a DNA
transformation procedure through conjugation was established and
pMCS1 was successfully introduced into V. alginolyticus LHF01 by
using E. coli S17-1 as the assistant strain (Figure 3). Overexpression of
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PHB production by V. alginolyticus strains using corn starch or glucose.Strains were cultivated in TYS50 medium supplemented with 20 g/L insoluble
corn starch or glucose in shake flasks at 37°C and 200 rpm. (A), CDW, PHB production, and PHB content in LHFO1 and LHFO1 (03713-phaBAPC). (B), starch

consumption was indicated by adding iodine solution to the cultures.

TABLE 2 PHA production by microorganisms using starch as the carbon source.

10.3389/fbice.2023.1130368

LHFO1
(03713-phaBAPC)

LHFO1

EHROS (03713-phaBAPC)

LHFO1

Strain Carbon source Products CDW (g/L) PHA content (wt%) PHA (g/L) Reference
Aeromonas sp. KC007-R1 Starch PHB 1.83 32.7 0.6 Chien and Ho (2008)
Bacillus cereus CFR06 Soluble starch PHB 2.14 46 1.0 Halami (2008)
Massilia sp. UMI-21 Corn starch PHB 3.95 30.3 1.20 Han et al. (2014)
Halogeometricum borinquense Soluble starch PHBV 6.2 74.19 4.6 Salgaonkar et al. (2019)
Halorubrum chaoviator CEJ34-14 Soluble starch PHB 0.22 9.25 0.02 Karray et al. (2021)
Natrinema pallidum CEJ5-14 Soluble starch PHB 0.56 7.11 0.04 Karray et al. (2021)
Halolamina sp. NRS_35 Starch PHB - - 0.042 Hagagy et al. (2022)
Halolamina sp. NRS_38 Starch PHB - 0.037 Hagagy et al. (2022)
E. coli SKB99 Starch PHB 2.16 57.4 1.24 Bhatia et al. (2015)
Halomonas bluephagenesis TN04 Corn starch PHB 9.5 51.5 4.89 Lin et al. (2021)
V. alginolyticus Soluble starch PHB 10.80 4213 4.55 This study
V. alginolyticus Corn starch PHB - - 4.32 This study

the endogenous PHA synthesis genes is a common metabolic strategy
for directing the carbon metabolic flux towards PHA synthesis
pathway and strengthening PHA production (Khetkorn et al., 2016;
Zhao et al., 2019; Tang et al., 2022). For example, the application of
promoter engineering to enhance transcription of PHA synthase gene
increased PHA accumulation in Pseudomonas mendocina (Zhao et al.,
2019). To explore the role of native PHB synthesis genes on the
production of PHB, phaBAPC operon was cloned with the native
promoter and ligated into pMCS1 to construct the plasmid pMCS1-
phaBAPC. The constructed plasmid was transferred into V.
alginolyticus LHF01 by conjugation to obtain the recombinants
with ability to overexpress the PHB synthesis operon. The
recombinant strain LHF01 (phaBAPC) was verified by 16S rDNA
sequencing.

Soluble starch was used to cultivate the recombinant strain
harboring extra phaBAPC operon and the wild type control. As
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shown in Figure 4A, PHB titer of 4.55 g/L and PHB content was
42.13% were obtained in strain LHF01 (phaBAPC). The PHB titer was
increased by more than 100% compared with the control strain
LHFO1. Therefore, the overexpression of phaBAPC can well
promote the conversion of soluble starch to PHB, and it also
demonstrates  the in V.
alginolyticus. In addition, the cells of V. alginolyticus LHFO1 and
LHF01 (phaBAPC) grown on soluble starch were observed by TEM. It
was obvious that electron translucent inclusions can be observed in
both bacterial cells, yet LHFO1 (phaBAPC) has significantly more
intracellular particles than V. alginolyticus LHFO1 (Figure 4B). Both
PHA synthase and phasins existed on the surface of PHA granules by

success of genetic manipulation

covalent and hydrophobic interactions (Cai et al., 2011). It was
proposed that the phasins affected the activity of PHA synthase
and determined the number and size of PHA granules (Mezzina
and Pettinari, 2016). Herein, similar phenomenon was also

frontiersin.org


https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2023.1130368

Li et al.

observed in V. alginolyticus, and the overexpression of phaBAPC is
beneficial to the PHB production.

3.4 Effects of overexpressing amylase on PHB
production

Next, the three amylase genes of V. alginolyticus LHF01 were
cloned to construct plasmids pMCS1-03151, pMCS1-03416, and
pMCS1-03713, respectively. Recombinants LHF01 (03151), LHF01
(03416), and LHF01 (03713) were obtained by conjugation. Shake
flask experiments were performed to study the consumption rate of
soluble starch. As shown in Figure 5B, the samples of LHF01
(03151), LHF01 (03416), and control strain LHF01 were no
longer turned blue at about 5h, while the sample of LHFO01
(03713) was turned yellow at 3-4 h. Among the three amylases,
the overexpression of amylase 03713 significantly increased the
consumption of soluble starch. However, the overexpression of
did not PHB
(Supplementary Figure S2).

Afterwards, strain LHF01 (03713-phaBAPC) was constructed
to explore the synergistic effect of PHB synthesis operon and

amylase effectively improve accumulation

amylase on substrate consumption and PHB accumulation. The
PHB titer of V. alginolyticus LHF01, LHF01 (03713) and LHFO01
(03713-phaBAPC) all reached the maximum at 18 h, but it was
obvious that LHF01 (03713-phaBAPC) had the PHB highest titer of
420 g/L at this time, and the PHB content reached 30.66%
(Figure 5A). Furthermore, the culture of LHF01 (03713-
phaBAPC) was turned to yellow at 3-4 h, indicating that LHF01
(03713-phaBAPC) exhibited faster consumption rate of soluble
starch compared with V. alginolyticus LHFO1 (Figure 5B). It can be
said that these phenomena indicated that the co-expression of
03713 gene with phaBAPC not only increased the rate of soluble
starch consumption, but also increased the titer of PHB.

It had to be admitted that the cost of soluble starch is relatively
high due to the reliance on chemical or other means to denature
starch. Therefore, soluble starch was replaced with insoluble corn
starch to explore the direct utilization of starch by V. alginolyticus.
Strain LHFO01 and LHFO01 (03713-phaBAPC) were cultivated in
TYS50 medium supplemented with 20 g/L corn starch for 18 h, and
starch consumption and PHB titer were recorded. Glucose was also
employed as the control. Due to the insolubility of corn starch, the
accurate CDW cannot be measured. The PHB titer of wide type
strain LHFO1 was 1.70 g/L, a litter higher than that of 1.33 g/L when
glucose was used as the carbon source. In terms of corn starch
consumption, starch was not completely consumed after 8 h
cultivation by LHFO01, showing that the utilization ability of
corn starch was weaker than that of soluble starch. It is worth
mentioning that, the PHB titer of LHF01 (03713-phaBAPC)
reached 4.32 g/L with corn starch, slightly lower than that of
5.85 g/L using glucose as carbon source (Figure 6A). In addition,
the sample of LHF01 (03713-phaBAPC) was turned into yellow at
6-7 h, indicating that the starch consumption ability of LHF01
(03713-phaBAPC) was much higher than the control strain LHF01
(Figure 6B).

Several strains have been reported to utilize starch for PHA
production, including Aeromonas, Bacillus cereus, Massilia,
Halogeometricum borinquense, and Halolamina (Table 2).
Generally, the PHA titers and PHA content in the isolated wild
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type strains were not high. To improve starch utilization and PHA
accumulation, metabolic engineering strategies have been applied
in E. coli and H. bluephagenesis, which cannot assimilate starch
naturally. The recombinant E. coli carrying amylase gene from
Panibacillus sp. and PHB synthesis genes from R. eutropha
accumulated 1.24 g/L of PHB using starch (Bhatia et al., 2015).
Engineered H. bluephagenesis harboring an amylase with suitable
signal peptide was able to grow on corn starch to 9.5 g/L cell dry
weight containing 51.5% PHB (Lin et al, 2021). Compared to
previous reported studies, V. alginolyticus LHF01 indicated the
fastest starch consumption rate. For example, the engineered V.
alginolyticus could exhaust 20g/L corn starch in 7h and
accumulate 4.32 g/L PHB after 18 h cultivation, while the shake
flask experiments for PHA production by other reported strains
using starch were usually performed for 48 h or even longer. These
results demonstrated V. alginolyticus to be a superior chassis for
production of PHB from low-cost corn starch. Further
development of genetic manipulation techniques and rational
engineering will help to improve PHB production from starch

by V. alginolyticus.”

4 Conclusion

In this study, a genetic manipulation platform based on
conjugation was established for the first-time in V. alginolyticus
LHFO1, and based on this, the utilization of starch by the strain
and the overexpression of PHB synthesis operon and amylase were
investigated. V. alginolyticus LHF01 was able to consume 20 g/L
soluble starch in 5h shake flask cultivation, achieving PHB titer of
2.06 g/L. Afterwards, the genome of V. alginolyticus LHF01 was
sequenced and analyzed. With the overexpression of its phaBAPC
operon, PHB titer was improved to 4.55 g/L, and the consumption of
soluble starch was increased with the overexpression of its native
amylase. Notably, the engineered V. alginolyticus harboring extra
amylase and PHB synthesis operon was successfully used to
degrade 20 g/L corn starch in 7 h shake flask cultivation, with PHB
titer of 4.32 g/L. The use of V. alginolyticus points to the possibility of
rapid cell growth for production of chemicals and biopolymers using
starch, a sustainable resource with cost much lower than glucose.
Further engineering of V. alginolyticus may open new applications in
metabolic engineering and synthetic biology research.
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Zymomonas mobilis is a potential alternative of Saccharomyces cerevisiae to
produce cellulosic ethanol with strengths in cofactor balance, but its lower
tolerance to inhibitors in the lignocellulosic hydrolysate restricts the application.
Although biofilm can improve bacteria stress tolerance, regulating biofilm formation
in Z. mobilis is still a challenge. In this work, we constructed a pathway by
heterologous expressing pfs and [(uxS from Escherichia coli in Z. mobilis to
produce Al-2 (autoinducer 2), a universal quorum-sensing signal molecule, to
control cell morphology for enhancing stress tolerance. Unexpectedly, the results
suggested that neither endogenous Al-2 nor exogenous Al-2 promoted biofilm
formation, while heterologous expression of pfs can significantly raise biofilm.
Therefore, we proposed that the main factor in assisting biofilm formation was
the product accumulated due to heterologous expression of pfs, like methylated
DNA. Consequently, ZM4::pfs produced more biofilm, which presented an enhanced
tolerance to acetic acid. All these findings provide a novel strategy to improve the
stress tolerance of Z. mobilis by enhancing biofilm formation for efficient production
of lignocellulosic ethanol and other value-added chemical products.

KEYWORDS

Zymomonas mobilis, quorum sensing, pfs, luxS, biofilm, stress tolerance

1 Introduction

Zymomonas mobilis is a promising strain in lignocellulosic ethanol production because of
its rapid usage of glucose through the Entner-Doudoroff pathway and its superior ability to
efficiently utilize pentose by expressing four genes encoding xylose assimilation and pentose
phosphate pathway enzymes from Escherichia coli (Zhang et al., 1995; Ming et al., 2014). The
toxic byproducts from lignocellulosic hydrolysate significantly impair the growth and viability
of Z. mobilis (Franden et al., 2013), thus limits its application in industrial fermentation. Several
traits, such as adaptive laboratory evolution, error-prone PCR-based whole genome shuffling,
transposon-based random mutagenesis, omics mining, and molecular manipulation, have been
successfully exploited to strengthen the tolerance of Z. mobilis to specific inhibitors (Yang et al.,
2010a; Yang et al., 2010b; Jia et al., 2013; Shui et al., 2015; Wang et al., 2016; Huang et al., 2018).
However, the requirement for tolerance to multiple inhibitors in lignocellulosic hydrolysate is
still a challenge.

Biofilm is an ordered structure composed of microorganisms, extracellular polysaccharide
substance (EPS), protein, and extracellular DNA, which could immobilize microorganisms
within the bioreactor to improve fermentation efficiency (Todhanakasem et al., 2019; Xia et al.,
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FIGURE 1

Constructing exogenous pathway for Al-2 synthesis in Z. mobilis ZM4. The orange genes were heterologously expressed in ZM4. The green gene should

be deleted.

2019). Studies have shown that biofilm formation of Z. mobilis can
significantly enhance the tolerance to various inhibitors compared
with planktonic cells (Todhanakasem, 2016; Todhanakasem et al.,
2019). Biotic or abiotic carriers such as corn silk, DEAE-cellulose,
polystyrene, and polyvinyl chloride have been employed as platforms
for Z. mobilis to generate biofilm with improved fermentation
efficiency (Todhanakasem, 2016; Todhanakasem et al., 2019).

Quorum sensing (QS) is an intercellular communication triggered
by a high dosage of specific organic molecules, usually causes acute
morphological or physiological changes of bacteria such as
bioluminescence, virulence factor secretion, biofilm formation, and
biofilm dispersion (Whiteley et al., 2017). For decades, several sorts of
QS signal molecules have been identified, including AI-2
(autoinducer-2), AHLs (acyl-homoserine lactone), DSFs (diffusible
signal molecules), and AIP (autoinducing peptide) (Papenfort and
Bassler, 2016). Among them, AI-2 is the most widespread QS signal
molecule that exists in both Gram-positive and Gram-negative
bacteria, mediates inter-species and intra-species communication
(Pereira et al, 2013). The role of AI-2 to regulate biofilm
formation has been recognized in various species (Yang, 2011), but
its function in Z. mobilis has not been investigated.

The synthesis pathway of AI-2 is conserved among all
microorganisms: as shown in Figure 1, AI-2 is generated by
S-ribosylhomocysteinase (LuxS) from S-ribosylhomocysteine (SRH),
produced by 5'-Methylthioadenosine/
S-adenosylhomocysteine nucleosidase (Pfs) from S-Adenosyl-L-

which is

homocysteine (SAH) (Pereira et al., 2013). This two-step synthetic
pathway of AI-2 is also a part of cysteine and methionine circulation,
existing in

Gammaproteobacteria, Betaproteobacteria,

Epsilonproteobacteria, Spirochaetes, Actinobacteria, Firmicutes, and
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Deinococcus-thermus (Sun et al., 2004). Instead of the two-step way
conducted by Pfs and LuxS, Z. mobilis uses one-step hydrolysis to
break up S-Adenosyl-L-homocysteine (SAH) and to complete the
methyl cycle, making the cell unable to generate AI-2 (Yang et al,
2009; Yang et al. 2018).

In this work, we constructed the AI-2 synthetic pathway in Z.
mobilis by heterologous expressing pfs and luxS from E. coli K12
(MG1655). Although the reconstructed strain successfully synthesized
AI-2, its function in promoting the biofilm formation was not
observed. Surprisingly, expression of only pfs significantly enhanced
biofilm formation, which enhanced stress tolerance of strain to acetic
acid, a major inhibitor in the lignocellulosic hydrolysate.

2 Materials and methods
2.1 Strains, media, and cultivation

All strains used in this study are listed in Table 1. Wildtype
ZM4 was purchased from American Type Culture Collection
(ATCC) and cultivated in RMG (10 g/L yeast extract, 20 g/L
and 2g/L KH,PO,)
preparation, one colony of Z. mobilis was picked up from a
solid plate and inoculated into a 5mL RMG. After 24h
cultivation, 1 mL ODgyy = 1.5 cultures was transferred into
100 mL RMG and cultivated statically at 30°C. The medium for
transformant strain was supplied with 20 mg/L tetracycline. E. coli
DH5a and E. coli JM110 applied in this work were used for the
construction and propagation of plasmids carrying genes with and

glucose, medium. For seed culture

without methylation, respectively, which were grown in 5mL
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Strains/Plasmids Description

E. coli DH5a lacZAM15, recAl

E. coli ]M110 rpsL, dam-, dem-

Z. mobilis ZM4 ATCC31821

ZM4/pHW20a ZM4 engineered with the vector pHW20a

ZM4/20a::pfs

ZM4/20a:1luxS

ZM4 engineered with the overexpression of pfs from MG1655

ZM4 engineered with the overexpression of luxS from MG1655

ZM4/20a::pfs-luxS

ZM4 engineered with the overexpression of pfs and luxS from MG1655

E. coli K12 MG1655 ATCC 47076

Vibrio fisheri BB152 ATCC BAA-1117

Vibrio fisheri BB170 ATCC BAA-1119

pHW20a::Pgap

pHW?20a containing Pgap from ZM4

pHW20a::pfs

pHW20a containing pfsof MG1655 driven by Pgap™”

pHW20a::1uxS

pHW?20a containing luxS of MG1655 driven by Pgap™”

pHW20a::pfs-luxS

PEX18Tc

pHW?20a containing pfs and luxS of MG1655 driven by PgapZm

gene replacement vector with multi clone sites from pUC18

pEX18Tc?0182

pEX18Tc¢ containing recombinant sequences flanking ZMO0182

TABLE 2 Primers used in this work.

Primer Sequence (5'-3) Description
pfs-F aataagttaggagaataaac ATGAAAATCGGCATCATTGGTGCAA Amplify pfs for construction of 20a::pfs
pfs-R ‘ ctagaggatccecgggtaccTTAGCCATGTGCAAGTTTCTGCAC
luxS-F aataagttaggagaataaac ATGCCGTTGTTAGATAGCTTCACAG Amplify luxS for construction of 20a:luxS
luxS-R ctagaggatccecgggtaccCTAGATGTGCAGTTCCTGCAACTTC
pfs-F aataagttaggagaataaac ATGAAAATCGGCATCATTGGTGCAA Amplify pfs and luxS for construction of 20a:pfs-luxS
pfs (-luxS)-R = TTAGCCATGTGCAAGTTTCTGCAC
(pfs-)luxS-F AGAAACTTGCACATGGCTAAATGCCGTTGTTAGATAGCT
TCACAG
luxS-R ctagaggatccecgggtaccCTAGATGTGCAGTTCCTGCAACTTC
0182-HI-F ttgeatgectgeaggtegactctagaCGAAGGCAGGCTGCCCCTGC Amplify homologous fragments flank ZMO0182 for construction of pEX18Tc?
ZMO0182
0182-HI1-R AGCAAGGCTGATGTCACGGA
0182-H2-F TCCGTGACATCAGCCTTGCTGGATCATTATCGTTATTGATT
0182-H2-R aattcgagctcggtacccggggatcc TCGCTACCCGCGCTTATGTC

Luria-Bertani (5 g/L yeast extract, 10 g/L tryptone, 10 g/L sodium
chloride) of 15 mL tubes at 37°C, 200 rpm. V. fisheri BB152 and V.
fisheri BB170, donated by Prof. Xiangan Han (Shanghai Veterinary
Research Institute, Chinese Academy of Agricultural Sciences) and
Prof. Bonnie Bassler (Princeton University), were recovered in MB
(Marine Broth 2216) and cultivated in AB (Autoinducer Bioassay)
medium (2.0 g/L casamino acids, vitamin-free, 12.3 g/L magnesium
sulfate heptahydrate, 17.5g/L sodium chloride, 174 mg/L

Frontiers in Bioengineering and Biotechnology

L-arginine, 1% (v/v) glycerol and 10 mM potassium phosphate)
for AI-2 detection.

2.2 Construction of Al-2 synthetic pathway

Pfs can catalyze SAH to SRH, and LuxS splits SRH to
L-homocysteine and  S-4,5-dihydroxy-2,3-pentanedione  (auto-
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cyclizing into AI-2) (Figure 1). With the transformation of pfs and
luxS, Z. mobilis can recover methionine and produce AI-2
simultaneously. SAH hydrolase AhcY (ZMOO0182) in Z. mobilis
SAH to Al-2
production. Knock out of AhcY was conducted to redistribute

hydrolyzes L-homocysteine directly without

more carbon flux into the constructed pfs-luxS pathway.

2.3 Construction and identification of
transformants

Plasmids and primers used in this study are given in Tables 1, 2.
For heterologous gene expression, the gap”” promoter was amplified
by PCR and ligated with shuttle vector pHW20a in advance. Target
genes were then amplified by PCR and infused with linearized vectors
with Pgap” by seamless cloning (Seamless Cloning master mix,
Sangon Biotech, Shanghai, China), followed by propagating into
E. coli DH5a. Due to the Restriction-Modification systems in Z.
mobilis, the confirmed plasmids by PCR and Sanger sequencing
were further transformed into E. coli JM110 for demethylation. The
demethylated plasmids were then extracted from E. coli JM110 and
electro-transformed into ZM4 by the Gene Pulser (Gene Pulser
Xcell™, Bio-Rad). Electro-transformation was done with 1 mm gap
cuvettes operated at 1.8 kV. Colonies were selected by tetracycline and
confirmed by PCR.

Gene deletion was performed by homologous recombination
with the suicide vector pEX18Tc bearing tetracycline selection
marker and  sucrose counter-selection = marker. Briefly,
500-1,000 bp fragments flanking ZMO0182 were amplified, and
fused by seamless cloning as described above, which was
propagated in E. coli DH5a, and confirmed by PCR and
sequencing. The correct plasmid was transformed into E. coli
JM110 to demethylation. Demethylated plasmid was electro-
transformed into ZM4 as described above. The positive selection
was screened using RMG supplemented with tetracycline after the
first crossover recombination, followed by the second crossover
recombination. A mutant with the gene deleted should be
selected through the counter-selection using the rich medium
supplemented with sucrose (Xia et al., 2019).

2.4 Al-2 detection

The process to detect AI-2 was modified based on previous work
(Taga and Xavier, 2011). Briefly, the seed culture of Z. mobilis was
inoculated into RMG with starting ODggp at 0.015 and cultivated at
30°C, 150 rpm for 18 h to enter the post-exponential phase when the
most abundant AI-2 could accumulate. Triplicate samples, each with
4 mL, were centrifuged by Xiangyi H1650-W at 5,000 rpm for 5 min to
collect the supernatant and passed it through a 0.22 pm sterile syringe
filter. Vibrio harveyi BB170 was inoculated in a 15 mL flask with 5 mL
AB medium overnight at 28°C, 150 rpm, and then diluted with AB
medium at 1:5,000 as the seed culture. 0.2 mL supernatant and 1.8 mL
seed culture were mixed and cultivated at 28°C, 150 rpm for AI-2
detection. The mixture’s bioluminescence intensity was measured
after 6h by Multimode Plate Reader (PE & ENSPIRE 2300,
Perkin-Elmer, United States) to indicate AI-2 concentration. Fresh
AB medium was used to replace the sample as the negative control,
and synthetic AI-2 (D060111, Omm Scientific) or supernatant of V.
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Harveyi BB152 were applied as the positive controls. Considering the
inhibition of tetracycline on growth and bioluminescence of
BB170 during AI-2 detection and the high stability of the pHW20a
plasmid (Dong et al., 2011), all transformants were cultivated without
antibiotic for supernatant collection.

2.5 Motility ration

Bacterial motility was displayed as the motility ratio, which
reflected a height ratio of the turbid part in the whole medium in a
tube. Briefly, the seed culture of Z. mobilis was inoculated into 5 mL
RMG of 15 mL tubes and cultivated at 30°C statically. Cells with weak
motility would settle down due to the gravity, while cells with high
motility will swim through the entire tube to remain turbid. After 24 h,
the height of the whole media and the transparent portion were
measured. The motility ratio was calculated as (1- the height of the
transparent part/the height of the entire medium).

2.6 Quantitative analysis of biofilm

For biofilm establishment, plastic (Polymethyl Methacrylate,
PM) flake at 1 cm x 1 cm was chosen as the abiotic platform. 24-
wells plate with PM flakes pre-loaded was inoculated with seed
culture and incubated at 30°C statically for cell attachment. Biofilm
development was visualized and quantified by crystal violet
staining. After cultivation in wells for 3 days, plastic flakes with
biofilm formed were picked out and soaked in 1% crystal violet for
20 min, followed by rinsing with deionized water twice. The
remaining biofilm with crystal violet staining was dissolved in
1 mL 95% ethanol and measured at ODsq5 by spectrophotometer
(Multiskan GO 1510, ThermoFisher, Finland). Biomass in 24-wells
plate was collected by resuspension and then measured at ODg by
spectrophotometer.

2.7 Toxicity study

Acetic acid toxicity for biofilms was studied by LIVE/DEAD™
BacLight™ Bacterial Viability Kit (L7012, Invitrogen, Thermo
Fisher Scientific, United States). Based on previous work (Li
et al., 2006), cells grown on plastic flakes in wells for 3 days to
form mature biofilm and then incubated at 21 g/L acetic acid for
0.5 h. Then flakes with biofilm were picked out and rinsed in sterile
H,O twice for being stained with the LIVE/DEAD Bac Light™
Bacterial Viability and Counting Kit, followed by examination with
Super-resolution Multiphoton (TCS
SP8 STED 3X, Leica, Germany).

Confocal Microscope

2.8 Test of stress tolerance

10 mL ODggp = 1.5 seed culture was inoculated into 90 mL RMG.
The culture was cultivated at 30°C, 150 rpm for 12h to measure
ODggo. The strains’ tolerance to 7.5% ethanol, 2.1 g/L acetic acid
(density: 1.05 g/mL), or 1 g/L vanillin were evaluated by comparing
with ODgqq of cells cultivated without inhibitor. Transformants were
supplemented with 20 mg/L tetracycline.
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3 Results and discussion

3.1 Growth of strains with heterologous gene
expression

Transformants with heterologous expression of pfs and luxS were
selected by tetracycline screen and PCR confirmation. Figure 2A
showed the correct length of bands obtained by colony PCR of
transformants, hinting that pfs or/and luxS were successfully
transformed into ZM4. Knock out of AhcY was also conducted to
enhance the Pfs-LuxS pathway. However, no transformant with AhcY
obtained, which might because S-adenosyl-L-
homocysteine hydrolase AhcY is essential for Z. mobilis to

deletion was

complete the cysteine and methionine circulation and prevent the
accumulation of toxicant SAH in wildtype. To elucidate the effects of
Pfs and LuxS on growth, the biomass of strains was evaluated before
the investigation of other physiological performances. As visualized in
Figure 2B, ZM4:luxS and ZM4:pfs-luxS had a slower growth rate in the
log phase (6-20 h) when compared with WT and ZM4:20a, which
suggested that the expression of luxS might cause a metabolic burden
on bacteria by plasmid maintenance and heterologous gene expression
(Pasini et al., 2016). However, heterologous expression of pfs leads to
almost no metabolic burden in terms of growth rate, which may occur
due to the clearance of toxic SAH by Pfs (Parveen and Cornell, 2011).
All strains approached similar ODgy, at stationary phase 24h,
indicating that the side effect of heterologous expression of pfs
and/or luxS was negligible at the end of growth (less than 5%),
eliminates the requirement for considering the metabolic burden in
the following experiments.

3.2 Al-2 produced by expression of pfs and
luxS

In principle, ZM4 with pfs and luxS heterologous expression could
produce AI-2 even though with the failure deletion of ZMO0182. The
bioluminescent density of V. fisheri BB170 was used to semi-quantify
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Bioluminescence assay by V. fisheri BB170 for Al-2 semi-
quantification in the supernatant of cultures.

AI-2 when taking AI-2 and V. fisheri BB152 supernatant as positive
controls and AB medium as the negative control. As shown in
Figure 3, the AB medium without AI-2 allowed BB170 to present
the basal bioluminescence. The density of bioluminescence positively
correlated with the concentration of AI-2. Based on the relation, the
AI-2 in BB152 supernatant should go below 4.47 uM. Interestingly, the
supernatant of Z. mobilis strains except for ZM4:pfs-luxS pulled down
the bioluminescence of BB170, making it lower than the negative
control, which was reasonable as the metabolites of Z. mobilis, such as
major product ethanol, possibly played an inhibitory role on
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bioluminescent. Even though, the supernatant of ZM4:pfs-luxS lead to
a higher bioluminescence intensity than the negative control and other
Z. mobilis strains, which demonstrated that AI-2 was successfully
produced and the functions of Pfs and LuxS can be confirmed in Z.
mobilis.

3.3 Motility strengthened by pfs in an Al-2
independent way

Many studies regarding AI-2-mediated quorum sensing have
confirmed its role in motility, which includes swimming motility
and swarming motility (Teren et al,, 2018; Wang et al., 2018). The
test of cell motility using static cultivation in tubes reveals the
relationship between quorum sensing and the motility of ZM4. The
sedimentation of cells during static cultivation can be interfered with
by the vigorous motility of Z. mobilis, resulting in an unevenly
distributed transparent medium in the upper part and turbid
culture in the lower part (Figure 4).

Figure 4 showed that wildtype owned a low motility ratio, which
was not changed, even adding 4.47 uM AI-2, which was straight
evidence to confirm the invalidation of AI-2 on the mobility of Z.
mobilis. Comparing with wildtype, ZM4:20a showed no statistically
expression of pfs
strengthened cell motility. Interestingly, neither ZM4:luxS nor

different motility, but the heterologous

ZM4:pfs-luxS performed significantly enhanced mobility, even
though the AI-2 produced by ZM4: pfs-luxS, reflected that the
mobility of Z. mobilis depends on other specific reactions
catalyzed by Pfs, instead of QS signal molecules AI-2. Pfs
promotes SAM-dependent transmethylation by reducing SAH,
simultaneously yield methylated DNA, RNA, and protein
(Parveen and Cornell, 2011). Considering DNA methylation
could  regulate genes
(Vandenbussche et al., 2020), it is reasonable that strain with

expression  of  motility-related
heterologous expression of pfs exhibited the strongest motility.
ZM4:pfs-luxS also expressed Pfs and showed slightly enhanced
motility but with insignificance, which might arise due to the
relatively low expression of pfs as it was co-expressed with [uxS.
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3.4 Biofilm enhanced by pfs in an Al-2
independent way

Altered motility usually affects biofilm formation (Tolker-Nielsen,
2015; Jani et al, 2017). AI-2 has been verified to promote cell
aggregation and biofilm formation in various bacteria (Wang et al.,
2014; Laganenka et al., 2016; Mizan et al., 2016), but its role in Z. mobilis
remains elusive. Z. mobilis exhibited greater attachment and improved
biofilm formation on the hydrophobic surface than on hydrophilic glass
in this study. The biofilm of wildtype and AI-2 producing strain ZM4:
pfs-luxS were quantified to investigate the role of AI-2 on biofilm
formation. As shown in Figure 5A, bacteria kept growing in the first
3 days and then entered the stationary phase. Thus, the third day with
the highest ODgoy was chosen for biofilm quantification.

Figure 5 shows a comparable quantity of biofilm formed by strains
with or without AI-2, which reflects that the exogenous addition of AI-
2 was incapable of contributing to biofilm formation in Z. mobilis.
Moreover, the biofilm formation of ZM4:pfs-luxS and ZM4:20a were
at the same level, presenting that the endogenous production of AI-2
did not correlate with the biofilm formation of Z. mobilis. ZM4:pfs
produced the most abundant biofilm, which suggested that the
product of Pfs might play a critical role in biofilm formation in Z.
mobilis. The large error bar in Figure 5C indicates that the biofilm of Z.
mobilis was not as tight as other bacteria biofilms such as Pseudomonas
aeruginosa or Bacillus subtilis, which could be easily removed through
rinsing (Figure 5B) (Chua et al, 2014; Duanisassaf et al., 2016).
Researches on E. coli revealed that the cell's high motility
contributes to forming surface-adherent structures (Jani et al,
2017). Combining this issue with the previous motility evaluation,
since adherence of cells to the plastic surface is induced by physical
contact, ZM4:pfs with higher motility hold a greater probability of
contact to the plastic surface in more biofilm formation. Plus,
methylated DNA has been reported to play an essential role in
efficient biofilm formation (Aya Castafieda et al, 2015) which
could explain the increased volume of biofilm formed by ZM4:pfs.

Typically, biofilm formation consists of five steps: attachment,
aggregation, maturation, full development, and dispersion (Verderosa
etal., 2019). The first step when cells migrate and adhere to an abiotic
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surface is severely affected by motility, which is in line with the strong
positive correlation between biofilm formation and motility observed
in our work (Figure 5D), hinted this step might be the most influential
one during biofilm formation by Z. mobilis.

3.5 Stress tolerance of Zymomonas mobilis
strengthened by biofilm

Biofilm formation has been proven to enhance stress tolerance in
several Z. mobilis strains (Li et al., 2006; Todhanakasem et al., 2018).
Studies have confirmed that biofilm can help Z. mobilis be more
tolerant to various inhibitors in lignocellulosic hydrolysate (Li et al.,
2006; Todhanakasem et al., 2014). We measured the biofilm strains’
viability to test their stress tolerance to acetic acid, one of the
significant lignocellulosic hydrolysate inhibitors. Figure 6 showed
that the viability of ZM4:pfs was much higher than WT, which
indicated increased biofilm formed by ZM4:pfs was helpful to resist
the stress from inhibitor outside. The results verified the role of
accumulated biofilm in improving tolerance of bacteria to inhibitors.

As ZM4:pfs had greater tolerance to acetic acid, but it remains
uncertain whether this strengthens derived from the enzyme Pfs or the
protection by biofilm. Fermentation with inhibitors was conducted to
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acid shock. SYTO 9 stain and propidium iodide were used to stain cells.
Live cells fluoresced green and dead cells fluoresced red
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address this question. As Figure 7 showed, planktonic cells reached similar
OD at 12 h without inhibitor in the rotated flask, whose hydrophobic glass
surface would stop the biofilm formation. ZM4:pfs performed a similar
growth with ZM4:pHW20a under the stressful conditions with ethanol,
acetic acid, or vanillin supplementation. These results confirmed the
improvement of stress tolerance in ZM4:pfs was due to an increase in
the quantity of biofilm induced by Pfs instead of the product of protein Pfs.

3.6 The mechanism of pfs and LuxS on biofilm
formation and stress tolerance

Based on the results illustrated above, the mechanism underlying the
heterologous expression of pfs and [uxS is proposed. As Figure 8 shows,
the co-expression of pfs and luxS enables ZM4 to produce AI-2. However,
AI-2 does not affect the growth, motility, biofilm formation, or stress
tolerance of ZM4. Unexpectedly, expression of pfs alone enhances cell
motility and biofilm formation, thus strengthens strains’ stress tolerance,
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which might due to the accumulated methylated DNA because of the
inhibition by low concentration of SAH that was utilized by Pfs (Aya
Castafieda et al,, 2015). Whereas, co-expression of pfs and IuxS do not
show similar results as the cysteine-methionine circulation is finished so
that SAH cannot be maintained at low concentration and no extra
methylated DNA could accumulate. Besides, Pfs can hydrolyze SAH
into SRH, which might contribute to biofilm formation (Challan Belval
et al,, 2006). Finally, increased biofilm formation protects cells from
inhibitors added exogenously, thus strengthened bacterial stress tolerance.

4 Conclusion

We constructed an AI-2 producing strain by heterologous
expression of pfs and luxS with a negligible metabolic burden.
However, neither cell motility nor biofilm formation was observed to
be improved by either endogenously generated or exogenously added
AI-2. Surprisingly, expressing pfs alone enhanced cell motility and
biofilm formation, contributing to stress tolerance strengthen. This
work verifies the importance of biofilm on environmental stresses
and provides a new method to improve biofilm formation in Z. mobilis.
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Education), School of Chemical Engineering and Technology, Tianjin University, Tianjin, China, >Georgia
Tech Shenzhen Institute, Tianjin University, Shenzhen, China

Taxadiene is an important precursor in taxol biosynthesis pathway, but its
biosynthesis in eukaryotic cell factories is limited, which seriously hinders the
biosynthesis of taxol. In this study, it is found that there was the catalysis
compartmentalization between two key exogenous enzymes of geranylgeranyl
pyrophosphate synthase and taxadiene synthase (TS) for taxadiene synthesis
progress, due to their different subcellular localization. Firstly, the enzyme-
catalysis compartmentalization was overcome by means of the intracellular
relocation strategies of taxadiene synthase, including N-terminal truncation of
taxadiene synthase and enzyme fusion of GGPPS-TS. With the help of two
strategies for enzyme relocation, the taxadiene yield was increased by 21% and
54% respectively, among them the GGPPS-TS fusion enzyme is more effective.
Further, the expression of GGPPS-TS fusion enzyme was improved via the multi-
copy plasmid, resulting that the taxadiene titer was increased by 38% to 21.8 mg/L
at shake-flask level. Finally, the maximum taxadiene titer of 184.2 mg/L was
achieved by optimization of the fed-batch fermentation conditions in 3L
bioreactor, which is the highest reported titer of taxadiene biosynthesis
accomplished in eukaryotic microbes. This study provides a successful
example for improving biosynthesis of complex natural products by solving the
critical problem of multistep enzymes catalysis compartmentalization.

KEYWORDS

taxadiene, catalysis compartmentalization, enzyme fusion, relocalization,
Saccharomyces cerevisiae

1 Introduction

Taxol is one of the best natural anti-tumor drugs on the market. It is considered to be one
of the most effective anti-cancer drugs for human beings in the next 20 years (Yang et al.,
2020; Huang et al., 2021). The main source of taxol is derived from taxus plants, which is
limited by the taxol abundance and the natural resources of taxus plants. On natural
conditions, the growth speed of taxus plants is slow, and regeneration ability is poor, thus the
extracted taxol has been unable to meet the demand of clinical from taxus plants (Goldspiel,
1997; Htay and Liu, 2005; Miller et al., 2008). At present, the production of taxol mainly as
and semi-synthetic raw material using the natural precursor 10-deacetylbaccatin III
However, the acquisition of 10-deacetylbaccatin IIT has some limitations, such as low
extraction efficiency, high production cost and dependence of raw materials on taxus plants
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(Cragg, 1998; Baloglu and Kingston, 1999; Frense, 2007). With the
help of microbial metabolic engineering and synthetic biology
technology, constructing a suitable heterologous biosynthesis
system to produce taxol gradually became a research hotspot
(Choi et al, 2019; Zhang et al, 2022). In recent years, the
biosynthesis of taxadiene, an important intermediate of taxol, has
made some progress (Gallego-Jara et al., 2020; Sabzehzari et al.,
2020; Hu et al., 2021).

Taxadiene is a diterpenoid compound derived from cyclized
geranyl pyrophosphate (GGPP) substrate of taxadiene synthase
(TS) (Hefner et al., 1998; Williams et al., 2000; Walker and
Croteau, 2001). GGPP is a common precursor produced from
MEP or MVA pathway and generated by geranyl diphosphate
synthase (GGPPS) (Vranova et al, 2013; Liao et al, 2016;
Chatzivasileiou et al., 2019). To date, taxadiene biosynthesis has
been realized and modified in different microbial systems (Moser
and Pichler, 2019; Navale et al., 2021). In 2010, Ajikumar et al.
gained the yield of taxadiene of 300mg/L in shake flask
fermentation through engineering multi-module metabolic
pathway and optimizing the metabolic balance of taxadiene
synthesis. And then the yield of taxadiene was further increased
to 1,020 mg/L by modifying fed-batch fermentation (Ajikumar
et al.,, 2010). To realize the biosynthesis of taxol, taxadiene also
needs to undergo a series of complex reactions such as
hydroxylation, acetylation and epoxidation (Jennewein and
Croteau, 2001; Hu et al, 2021). But the complete intimal
system and protein post-translational modification system were
lack in the prokaryotic system, which severely limits biosynthesis
of taxol using prokaryotic system (Bheri et al., 2020; Ramazi and
Zahiri, 2021). Thus, in the past decade, there has been no major
breakthrough in the heterosynthesis of taxol in E. coli (E. coli). And
the eukaryotic system was regarded as a potential candidate for
heterosynthesis of taxol, since the eukaryotic system was suitable
for the expression of multiple heterologous P450 hydroxylases and
their reductase, which are necessary for taxol synthesis (Hauser
and Matthes, 2017; Jia et al., 2022). Therefore, in recent years,
eukaryotic systems have been increasingly favored by researchers
in taxadiene biosynthesis. Engels et al. screened the sources of
GGPPS enzyme, engineered the isoprene pathway and optimized
the TS gene, achieving the yield of taxadiene of 8.7 mg/L, which
laid a foundation for the production of taxol in Saccharomyces
cerevisiae (S. cerevisiae) (Engels et al, 2008). Behnaz et al.
enhanced the expression of TS by introducing the solubilizing
tags to improve taxadiene titre to 57 mg/L at 30°C. Meanwhile,
Behnaz et al. also found the temperature-dependant phenomenon
of TS, according to that, a maximum taxadiene titre of 129 mg/L
was obtained by manipulating the fermentation temperature at
20°C (Nowrouzi et al., 2020). In addition, Li et al. introduced
taxadiene synthase, and taxadiene-5a-hydroxylase in Nicotiana
benthamiana through chloroplastic compartmentalized metabolic
engineering to produce taxadiene (56.6 ug/g FW) and taxadiene-
5a-0l (1.3 ug/g FW). This also was an alternative eukaryotic
platform for taxol production (Li et al.,, 2019). Previous studies
have shown that the accumulation of GGPP is abundant enough to
supply downstream metabolic pathways for the production of
taxadiene and its derivatives in both prokaryotic and eukaryotic
systems (Ober, 2010; Zhou et al., 2012). However, the synthesis
efficiency of taxadiene in the eukaryotic system still needs to be
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further improved compared to that in the prokaryotic system. The
eukaryotic cells have abundant subcellular organelle structures,
which may lead to different localization of the heterologous
proteins for complex natural products (Luo et al.,, 2015; Du and
Li, 2021). Thus, we speculate that key enzymes -catalysis
compartmentalization may be an important factor to limit the
taxadiene biosynthesis in eukaryotic system.

Focusing on the problem of enzymes catalysis
compartmentalization, many researchers have done a lot of work
and made great achievements. Dawid et al. truncated the N-terminal
mitochondrial location sequences of valine biosynthesis enzymes
Ilv2, Ilv5 and Ilv3 to relocate the truncated enzymes into the
cytoplasm, resulting in the increase of isobutanol production
(Brat et al, 2012). Jiang et al employed synthetic protein
scaffolds to colocalize the sequential enzymes of Idil, GES-Erg20
and IS to eliminate enzymes catalysis compartmentalization, and the
citronellol titer was incerased to 8.30 g/L (Jiang et al., 2021). In
addition, protein fusion is also an important means to realize target
eliminate

gene  relocation  and catalysis

compartmentalization. Ma et al. introduced the peroxisome

enzymes

targeting sequence SKL to fusion proteins CrtW-CrtZ, causing
fusion proteins CrtW-CrtZ to relocate to suitable organelle of
peroxisome, and the astaxanthin titer was increased to 58.7 mg/L
(Ma et al,, 2021). In addition, Shi et al. fused protopanaxadiol
synthase (PPDS) to lipid droplet membrane protein Plnl for
closing the spatial distance to substrate dammarenediol-II (DD)
accumulated in lipid droplet, leading to the final product
ginsenoside Compound K yield of 5 g/L (Shi et al., 2021).

In our previous study, we successfully constructed a high-
yield strain of GGPP by screening the metabolic pathway gene
and regulating the promoters of critical genes, which provided
sufficient precursors for the biosynthesis of taxadiene (Song et al.,
2017). Herein, we verified the catalysis compartmentalization of
two key exogenous enzymes GGPPS and TS in taxadiene
synthesis pathway (Figure 1). Next, we reconstructed the
subcellular localization of TS in S. cerevisiae to eliminate
enzymes (enzyme) catalysis compartmentalization using the
methods of N-terminal signal peptide truncation of TS and
enzyme fusion of GGPPS-t60TS, and the taxadiene yield was
increased by 21% and 54% respectively. Especially, the GGPPS-
TS fusion enzyme is more effective. And then, we improved the
expression of GGPPS-TS fusion enzyme via the multi-copy
plasmid, leading to the higher taxadiene titer of 21.8 mg/L at
the shake-flask level. Finally, the taxadiene titer was increased to
184.2 mg/L for 144 h on the optimized fed-batch fermentation
conditions in 3 L bioreactor, which is approximately increased to
17.8-fold compared with the initial strain yZCL010. This study is
a successful example of improving the biosynthesis of complex
natural products by overcoming multistep enzyme catalysis
compartmentalization in the eukaryotic microbial cell.

2 Materiails and methods
2.1 Strains and culture media

All the yeast strains used in this study were listed in Table 1.
E. coli Topl0 (TransGen Biotech, Beijing, China) was used for
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FIGURE 1
The biosynthesis pathway and metabolic engineering transformation of taxadiene. MVA, mevalonate; IPP, isopentenyl pyrophosphate; DMAPP,

dimethylallyl pyrophosphate; GPP, geranyl diphosphate; FPP, farnesyl diphosphate; GGPPS, geranylgeranyl diphosphate synthase; GGPP, geranylgeranyl
diphosphate; TS, taxadiene synthase.

TABLE 1 Yeast strains used in this study.

Strains Description Source
BY4742 MATa his3A1 leu2A0 lys2A0 ura3A0 Invitrogen
Sc01 Delta: Prpyp;-SaGGPPS This lab
-Pgpami-BTS1-ERG20-Pppc;-tHMGR; LEU2
Sc02 Delta: Prpgy;-SaGGPPS This lab
-Pgpami-BTS1-ERG20-Pppc -tHMGR; LEU2; Ura3
yZCL004 Sc02; pZCL060; Ura3 This work
yZCL005 Sc02; pZCL055; Ura3 This work
yZCL006 Sc02; pZCLO61; Ura3 This work
yZCL007 Sc02; pZCL062; Ura3 This work
yZCL010 Sc01; pZCL053 This work
yZCLO11 Sc01; pZCLO063 This work
yZCL012 Sc01; pZCL064 This work
yZCL047 Sc02; pZCL069; Ura3 This work
yZCL059 Sc01; pZCLO081 This work
yZCL060 Sc01; pZCL082 This work
yZCL061 Sc01; pZCLO083 This work

BY4742 wused for
construction of taxadiene producing strains (listed in Table 1),
was obtained from EUROSCARF (Frankfurt, Germany) (Entian
and Kotter, 2007).

LB medium (0.5% yeast extract, 1% tryptone and 1% NaCl) was

plasmids construction and amplification.

used to culture E. coli Top 10 for the propagation of recombinant
plasmids, supplemented with 50 ug/mL kanamycin or 100 pug/mL
ampicillin at 37°C. Yeast cells were routinely cultured in YPD
medium (1% yeast extract, 2% peptone, 2% glucose) or synthetic
complete (SC) drop-out medium (2% dextrose, 0.67% yeast nitrogen
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base, 0.2% amino acid mix lacking selected amino acids) at 30°C. The
selected plasmids carrying nutritional screening tags were
introduced into S. cerevisiae cells and cultured in a synthetic
complete medium without corresponding amino acids. All the
medium formulations for yeast culture was the same as our

previous work (Zeng et al., 2020).

2.2 Plasmid construction

All the plasmids are summarized in Supplementary Table S1, and
the primers used during plasmid construction are summarized in
Supplementary Table S2. The yeast expression plasmid pRS415 and
pRS425 were purchased from ADDGENE (American) and the
ampicillin resistant gene of the plasmid was substituted by
kanamycin resistant gene to construct pRS415K and pRS425K.
SaGGPPS gene (ACCESSION P39464) and TUTS gene
(ACCESSION Q41594) were codon optimized for expression in S.
cerevisiae and synthesized by GenScript,Inc. (China) (Supplementary
Table S3). The basic gene expression cassette was assembled by
overlap extension PCR (OE-PCR) (pZCL026; pZCL027; pZCL041)
(Supplementary Figure S2). The OE-PCR products were digested by
BamH I/Not I and inserted into the corresponding sites of expression
plasmid pRS415k, obtaining a series of plasmids for the construction
of target enzymes localization strains. Then the plasmid with
N-terminal truncated TbTS or fusion protein GGPPS-TS
(including pZCL063; pZCL064; pZCL071) were constructed based
on pZCLO041(Supplementary Table S1). The plasmids were
transformed of into yeast strains by the LiAc/ssDNA carrier DNA/
PEG3350 method. The S. cerevisiae strains constructed in this study
were listed in Table 1(Gietz and Woods, 2006).

2.3 Fermentation conditions
To prepare seed vials, single isolates of each strain from agar

plates were grown for SD Agar plate at 30°C and 200 rpm. And the
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preculture was transferred to a 250 mL flask filled with 50 mL fresh
culture medium, the initial ODgg was 0.2. And then preculture was
transferred into 250 mL flasks with 50 mL the same fresh medium
with initial ODgg, of 0.2 and cultivated at 30°C, 250 rpm for 10-12 h
until the exponential phase. Finally, the third-grade seeds were
flask and fermented for 120h. The
cultured tertiary seeds were then transferred to 200 mL fresh SC
medium for 10 h until ODgy, reached about 6.0. Then the seed
culture was transferred to a bioreactor containing a 2.7L

transferred to a shake

fermentation medium. The initial fermenter medium was YPD
containing 20 g/L glucose. The 10% (v/v) n-dodecane (Sigma-
Aldrich) was added to the culture at the beginning of the
fermentation to enrich taxadiene, which could minimize the loss
of taxadiene the product and protect the cells from phase the toxicity
brought by taxadiene (Brennan et al.,, 2012).

For fed-batch fermentation, the inoculation amount in the
fermenter is 10% (v/v), and the seed preparation conditions are
the same as those in the shaking flask fermentation. The stirring
speed is 300 rpm. The temperature was controlled at 30°C. Air flow is
used to supply oxygen to the fermentation tank at 2 vvm, and the
pH value in the fermentor was controlled at 6.0 with 3 M NaOH. In
addition, the biomass in fermentation and the accumulation of
taxadiene in a later stage were increased by nitrogen supplemental.
In addition, 5 g/L nitrogen yeast extract was added three times at the
initial stage of culture every 7h during the beginning 48h of
cultivation. After 48 h of fermentation, the temperature dropped to
20°C, and 20% (v/v) dodecane was added for two-phase extractive
fermentation, and Galactose inducer was added until the final
concentration was 20 g/L. Cell growth and glucose concentration
were continuously monitored during fermentation. The cell growth
and the glucose concentration were constantly monitored during the
fermentation process. 500 g/L glucose was fed periodically into the
fermentation to keep the glucose concentration under 1.0 g/L. And the
organic layer was harvested for taxadiene analysis by centrifugation of
the fermentation broth at 12,000 rpm for 10 min. The GGOH (98%
purity) was prepared to construct a standard curve to determine the
GGOH yield.

2.4 Analytical methods

GC-TOF/MS analyzed taxadiene and GGOH in fermentation
products. The target product extracted from n-dodecane was diluted
with n-hexane, then 1 pL sample was injected into Shimazu GC-
2030 using a Shimazu GCMS-QP2020 automatic sampler. The
sample was detected using a quartz capillary column (30 m x
0.25 mm, 0.25 mm DB-5MS, J&W Scientific, Folsom). Design the
relevant parameters of the sample detection method. The injector
temperature was set at 260°C. The column effluents were introduced
into the ion source (250°C) of TOF/MS. And ions were generated by
40 mA ionization current of a 70 eV electron beam. The mass scan
range was 50-800 m/z.

For GC-TOF/MS analysis of taxadiene and GGOH, the column
chamber temperature was first kept constant at 70°C for 1 min, then
increased to 200°C at a rate of 30°C/min for 1 min. Next it increased
to 265°C at a rate of 12°C/min and kept for 3 min. The total run time
was 14.75 min. Taxadiene was identified by mass fragments 109 m/z
and 122 m/z, and the peak time was 10.32 min. GGOH was
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identified by mass fragments of 69 m/z, 93 m/z, and 119 m/z, and
the peak time was 11.35 min.

2.5 Assay of protein subcellular localization

Fluorescence microscopy was used to observe the distribution of
fluorescent signals of target proteins in the subcellular to determine
the subcellular localization of target proteins. A single colony of
inverters extracted from an SC-U-L agar plate was first cultured into
a 20 mL tube containing 5 mL SC-U-L medium and cultured at 30°C
and 220 rpm for 20-24 h to achieve the exponential phase. The pre-
cultured cells were then transferred to 20 mL test tubes and 5 mL
identical fresh medium, initially ODgq, and cultured at 30°C and
220 rpm for 48h. Fluorescence image was observed under a
and treated with fluorescence

fluorescence microscope

microscopy software FCSnap.

3 Results and Discussion

3.1 Subcellular localization of GGPPS and TS
in taxadiene biosynthesis pathway

In this study, Geranylgeranyl diphosphate synthase from
Sulfolobus acidocaldarius (SaGGPPS) and sequence-optimized TS
from Taxus brevifolia (Tb t60TS) was introduced into the high-yield
GGPP strain to construct the initial taxadiene production strain
yZCL010 (Figure 2A). And the taxadiene titer of 10.2 mg/L and the
geranylgeraniol (GGOH) titer of 214.2 mg/L were detected in the
production strain yZCL010 (Figure 2B). According to the large
accumulation of by-product GGOH in the synthesis of taxadiene, we
speculated that the synthesis process of taxadiene with key enzymes
of GGPPS and TS is limited, which should be the main reason for the
low taxadiene production.

Whereafter, the subcellular localizations of two key enzymes
Tbt60TS and SaGGPPS for the taxadiene synthesis were detected.
We firstly added red fluorescent protein (RFP) tag to the C-terminus
of each target enzyme, and co-expressed them with fluorescent
protein labeled endogenous subcellular localization protein, such
as COXIII-GFP for mitochondrial localization characterization and
sole expressed GFP for cytoplasmic localization characterization
(Rodrigues et al., 2001; Naithani et al., 2003). Fluorescent
microscopic image analysis of RFP and GFP signals showed that
SaGGPPS was located in cytoplasm, while t60TS was located in
mitochondria (Figure 2C). These results indicate that GGPPS and
t60TS localized at different subcellular, which would result in the
problem of catalytic compartmentalization between the two sequent
enzymes GGPPS and t60TS. Therefore the large amount of GGPP
generated in the cytoplasm was difficult to contact with TS to
produce taxadiene, due to GGPP hardly is transported through
the plastid membrane with significant efficiency (Bick and Lange,
2003; Vranova et al, 2012). Instead, accumulated GGPP was
converted into by-product GGOH. In our constructed the initial
taxadiene production strain yZCLO010, only less than 5% of the
precursor GGPP was converted to the target product taxadiene,
while almost all the rest was produced into by-product GGOH,
which is a great metabolic drain. According to the above key
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FIGURE 2

Construction of the initial taxadiene production strain and subcellular localization of key exogenous enzymes. (A) GC-MS results for the initial strain
for taxadiene and GGOH production. The taxadiene and GGOH eluted at about 10.3 min and 11.3 min. (B) The titers of taxadiene and GGOH in strain

yZCL010. (C) Subcellular localization of t60TS and GGPPS in S. cerevisiae

enzymes localization analysis and product detection results, the
catalytic compartmentalization of enzymes would reduce the
availability of substrates and intermediates, leading to large
accumulation of by-product and low yield of the target product.

3.2 Subcellular relocation of TS via
N-terminal signal peptide truncation

From the above study, SaGGPPS was located in the
cytoplasm, which may lead to the accumulation of GGPP in
the cytoplasm. Thus, Tbt60TS with mitochondria localization
will hardly contact with the substrate GGPP to effectively
generate taxadiene. Therefore, we attempted to relocate TS
from mitochondria into the cytoplasm to improve conversion
from GGPP to taxadiene. Here, the proper truncation position
for TbTS overexpressed in S. cerevisiae was attempted to relocate
TS. Based on the predicted results on the secondary structure by
https://bioinf.cs.ucl.ac.uk/psipred/ (Supplementary Figure S1A)
(McGuffin et al., 2000), N-terminus of TbTS was truncated at
other two different positions (R84 and N97) besides M60
(t60TS), according to a certain gradient with slightly change,
named t84TS t97TS
Figure S1B).

To determine the subcellular localization of the t84TS and t97TS
in S. cerevisiae, RFP tag was applied to N-terminal truncated TbTS

and respectively  (Supplementary

and cytoplasmic localization protein GFP were also co-expressed
(Refer to Section 3.1). Fluorescent microscopic image analysis
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showed that t84TS was located in the cytoplasm successfully
(Figure 3A). In addition, t97TS were also located in the
cytoplasm (data not shown).

Meanwhile, N-terminal truncated TbTS (t84TS and t97TS) was
introduced into the high-yield GGPP strain to construct the taxadiene
production strain of yZCLO011, and yZCLO012, respectively. As shown
in Figure 3B, notably t84TS and t97TS both led to an over 2.5-fold
increase in protein soluble expression compared with that of t60TS, in
view of the different fluorescence intensity detection. However, the
titers of taxadiene only were slightly increased by 20.5% to 12.3 mg/L
and by 14.3% to 11.7 mg/L in the production strains of yZCL011 and
yZCL012 (Figure 3C), which indicated the taxadiene yield was not
correspondingly increased with the enhanced expression of TS. In the
case, we further investigated the effect of TS truncation on unit
enzyme activity. It is finding that the enzyme activities of t84TS
and t97TS with N-terminal deep truncation were either significantly
decreased, even less than 50% (Figure 3D). Thus, the deep N-terminal
truncation is an undesired strategy for optimizing the function of TS
enzyme, even though TbTS was relocate and increased on soluble
expression.

3.3 Eliminate enzyme catalysis
compartmentalization via protein fusion of
GGPPS and TS

Since the catalysis compartmentalization between GGPPS
and TS is the limiting step for taxadiene synthesis in S.
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cerevisiae, fusion expression of GGPPS and TS would overcome
the problem of catalysis compartmentalization to improve
sequential catalysis efficiency of GGPPS and TS. Here, the
forward and reverse fusion of GGPPS and TS were adopted,
and these two proteins were fused with the short flexible linker
GSG (Ajikumar et al., 2010). Among them, in the forward fusion,
SaGGPPS pulled Tbt60TS enzyme to localize in the cytoplasm of
S. cerevisiae (Figure 4A). Conversely, Tbt60TS would traction
SaGGPPS to localize in the mitochondria of S. cerevisiae in the
reverse fusion.

Next, the forward and reverse fusion protein of GGPPS-t60TS
and t60TS-GGPPS were introduced into the high-yield GGPP
strain to construct the taxadiene production strain
yZCL059 and yZCL060, respectively. In the two taxadiene
production strains, the yields of taxadiene have been signally
improved, reaching to 15.7 mg/L and 13.8 mg/L respectively,
relying on the introduction of forward and reverse fusion
proteins of GGPPS-t60TS and t60TS-GGPPS (Supplementary
Figure S3). Moreover, applying the forward fusion protein of
GGPPS-t60TS achieved more significant effect in enhancing
taxadiene biosynthesis, and the taxadiene titer of strain
yZCL059 was increased by 54%, compared with that of the
initial strain yZCL010. To sum up, the forward and reverse
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fusion protein of GGPPS-t60TS and t60TS-GGPPS were located
in cytoplasm and mitochondria of S. cerevisiae respectively, and
the fusion protein of GGPPS-t60TS in cytoplasm had a greater
advantage. It suggested that the cytoplasmic microenvironment
seemed be more conducive to the synthesis pathway of taxadiene
than mitochondria microenvironment, due to the membrane
barrier effect of mitochondria restricting the transfer of
intermediates. Moreover, the upstream MVA and FPP synthesis
pathways are mainly distributed in the cytoplasm (Vranova E et al.,
2013), which will Provide sufficient precursors for the synthesis of
GGPP and taxadiene. This may also partly explain the reason of the
high production of taxadiene in prokaryotes at present.

In addition, the soluble expression of GGPPS-t60TS was
enhanced by about 60% than that of sole t60TS (Figure 4B),
which indicates that GGPPS also contributed to the soluble
expression of TS, similar to the soluble protein tag effect, in the
forward fusion protein. This is a desirable outcome, since the
heterologous expression of TS has not been satisfactory in the
present study. As well, enzymes fusion in sequential catalysis
progress (GGPPS and TS in this study) might minimize the
distance between them for higher catalytic activity through
enhancing GGPP accessibility for TS (Albertsen et al., 2011).
According to the above two favorable effects, the GGPPS-t60TS
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Effect of fusion protein GGPPS-t60TS on subcellular localization and performance of TSin S. cerevisiae. (A) Subcellular localization of fusion protein
GGPPS-t60TS in S. cerevisiae. (B) Effect of fusion protein GGPPS-t60TS on the expression of TS. (C) Effect of fusion protein GGPPS-t60TS on the yield of
taxadiene. (D) Effect of fusion protein GGPPS-t60TS on unit enzyme activity of TS. The error bars represent the means + SD from three biological

replicates. **p < 0.01, *p < 0.05, student’s t-test.

raised the maximum yield of taxadiene of 15.7 mg/L in strain
yZCL059 (Figure 4C). Meanwhile, there was no significant
difference in unit enzyme activity between the fusion protein of
GGPPS-t60TS and the initial t60TS (Figure 4D), which takes into
account the intrinsic low enzyme activity of TS (Soliman and Tang,
2015). Therefore, the forward fusion protein of GGPPS-t60TS
demonstrated the efficient

significant advantages in the

synthesis of taxadiene in the eukaryotic system.

3.4 Effect of increasing gene copy number
on the yield of taxadiene

The forward fusion protein GGPPS-t60TS was proved to be
more benefit for taxadiene production. According to the poor
soluble expression of TS in yeast on previous studies (Nowrouzi
et al., 2020), the expression of the fusion protein GGPPS-t60TS
module was enhanced using a multi-copy plasmid to improve
the conversion rate of substrate GGPP to taxadiene. We firstly
inserted the gene of fusion protein GGPPS-t60TS into the multi-
copy plasmid PRS425K at restriction enzymes sites of BamH 1
and Not I, and then, the constructed multi-copy plasmid
PRS425K -GGPPS-t60TS was introduced into the high-yield
GGPP strain to obtained the taxadiene production strain
yZCL061. As shown in Figure 5, the taxadiene yield of stain
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yZCLO061was increased by 38.9% than that of stain yZCL059,
benefiting from protein expression improvement by multiple-
copy plasmid, and taxadiene titer reached to 21.8 mg/L in
the shake flask. On the contrary, the by-product GGOH yield
was also increased by 4% in the stain yZCL061 compared with
that in the stain yZCL059, which did not show statistical
significance. Ultimately, the titer ratio of taxadiene to GGOH
is enhanced by over 108%, from the titer ratio of 4.7% in initial
production strain yZCL010 to 9.8% in stain yZCL061 (Figure 2B,
Figure 5). Therefore, the fusion protein of GGPPS-t60TS
significantly promoted the conversion efficiency of target
product taxadiene.

3.5 Taxadiene overproduction in fed-batch
fermentation

To evaluate the performance of the best taxadiene
biosynthesis strain (yZCL061), fed-batch fermentations were
performed in a 5L bioreactor using YPD as the batch
medium. As shown in Figure 6, a total titer of 184.2 mg/L
taxadiene with the maximal biomass at ODgo, = 110.3 was
achieved, which is the highest reported titer in eukaryotic
cells. The fermentation process was divided into two stages.
The first stage was the cell growth stage, in which the
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cultivation temperature was controlled at 30°C for 48 h until the
cell density ODggo reached 72.8 (Figure 6). The initial glucose
concentration was set as 20 g/L. The supplemental carbon source
glucose was strictly controlled below 1 g/L due to the carbon
source restriction strategy. The second stage taxadiene producing
stage was initialized after the temperature was decreased to 20°C
and 20 g/L galactose was added at 48 h (Nowrouzi et al., 2020).
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The supplemental carbon source was changed into ethanol
because the existence of glucose would inhibit the expression
of the GAL promoters. With fermentation proceeding, the
taxadiene production also increased steadily. After 144h
cultivation, the taxadiene titer reached 184.2 * 0.56 mg/L
(Figure 6), which was eight times more than the output at the
shake flask level. Even though the titer is still lower than that in
E. coli (Ajikumar et al., 2010), increasing the yeast cell tolerance
to taxadiene would be an efficient solution to minimize the
taxadiene production gap between E. coli and yeast.

4 Conclusion

In this work, it 1is found that the catalysis
compartmentalization between two key enzymes of GGPPS and
TS limited taxadiene production. Applying the intracellular
relocation  strategies  for TS  eliminated  catalysis
compartmentalization via N-terminal truncation of TS and
enzyme fusion of GGPPS-TS. With the help of forward fusion
protein of GGPPS-t60TS, the taxadiene yield was increased by 54%
to 15.7 mg/L. Subsequently, the taxadiene titer was further
enhanced to 21.8 mg/L at shake-flask level by over-expressing
enzyme of GGPPS-t60TS

Eventually, a highest reported titer of 184.2 mg/L taxadiene in

fusion in multi-copy plasmid.
eukaryotic cells was achieved in 3 L fed-batch fermentation. Our
study provides an effective strategy to eliminate multistep enzymes
catalysis compartmentalization for improving biosynthesis of
complex natural products.
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engineering of yeasts to overcome
precursor limitations and
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Yingjin Yuan?
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Education), School of Chemical Engineering and Technology, Tianjin University, Tianjin, China, ?Georgia
Tech Shenzhen Institute, Tianjin University, Shenzhen, China

Metabolic engineering strategies for terpenoid production have mainly focused
on bottlenecks in the supply of precursor molecules and cytotoxicity to
terpenoids. In recent years, the strategies involving compartmentalization in
eukaryotic cells has rapidly developed and have provided several advantages in
the supply of precursors, cofactors and a suitable physiochemical environment for
product storage. In this review, we provide a comprehensive analysis of organelle
compartmentalization for terpenoid production, which can guide the rewiring of
subcellular metabolism to make full use of precursors, reduce metabolite toxicity,
as well as provide suitable storage capacity and environment. Additionally, the
strategies that can enhance the efficiency of a relocated pathway by increasing the
number and size of organelles, expanding the cell membrane and targeting
metabolic pathways in several organelles are also discussed. Finally, the
challenges and future perspectives of this approach for the terpenoid
biosynthesis are also discussed.

KEYWORDS

compartmentalization, terpenoids, precursor limitation, cell cytotoxicity, metabolic
engineering

Introduction

Terpenoids are a large family of more than 8,000 natural compounds with a wide range
of applications, such as pharmaceuticals, agrochemicals, food additives and biofuels. All
terpenoids are derived from isopentenyl diphosphate (IPP) and dimethylallyl diphosphate
(DMAPP), via the larger prenyl diphosphate compounds farnesyl diphosphate (FPP),
geranyl diphosphate (GPP), or geranylgeranyl diphosphate (GGPP), which represent the
universal pool of precursors for terpenoid biosynthesis. According to the number of isoprene
units (Zhang and Hong, 2020), terpenoids are classified as monoterpenoids (C10),
sesquiterpenoids (C15), diterpenoids (C20), triterpenoids (C30), and tetraterpenoids
(carotenoids, C40). In recent years, the rapid development of metabolic engineering and
synthetic biology has led to the development of alternative approaches meet the increasing
demand for terpenoids (Chen et al., 2018). In eukaryotic cells, common strategies include
increasing the supply of acetyl-CoA (Chen et al,, 2013), upregulation of the mevalonate
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An overview of compartmentalization strategies for terpenoid production.

(MVA) pathway (Ro et al., 2006), and engineering that improves the
supply of cofactors (Chen R. et al, 2022), some of which are
common to all terpenoids (Zhang et al., 2022).

In spite of the common upstream pathway, the enormous
structural  diversity of terpenoids
their  biosynthesis, necessitating
strategies different types
(Figure 1). The insufficient precursor supply is an important
the

sesquiterpenes (Moser and Pichler, 2019). GPP, the precursor of

presents many unique

challenges  for specific

optimization for of terpenoids

factor restricting production of monoterpenes and
monoterpenes, is also an intermediate of the pathway leading to
FPP. Once synthesized, GPP is rapidly converted by FPP synthase
(ERG20) which limits the GPP pools and blocks the production of
monoterpenoids (Ignea et al., 2014). Likewise, FPP is channeled
toward sterol biosynthesis by ERGY, which is essential for cell
survival and cannot be completely knocked out. In addition, the
cytotoxicity of monoterpenes can have a negative effect on the
producing hosts and thereby limits further improvement of
monoterpenoid production (Zhu K. et al., 2021). Triterpenes and
tetraterpenes are large molecules that accumulate intracellularly in
specific subcellular compartments, while some terpenoids are not
suitable for intracellular accumulation due to their cytotoxicity. The
storge capacity of organelles with hydrophobic environments are
essential for the terpenoid production. To overcome these challenges
caused by terpenoids, strategies involving the optimization of the
expression of key enzymes, tolerance engineering and transporter
engineering have been proposed to reduce precursor limitations and
cytotoxicity, have resulted in significant improvements in terpenoid

production (Peng et al., 2017; Zhang et al., 2017).
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Strategies to control the subcellular arrangement of metabolic
enzymes are a promising approach for resolving the challenges of
terpenoid production mentioned above. Eukaryotic cells contain several
specific organelles, including mitochondria, peroxisomes, endoplasmic
reticulum (ER), lipid bodies (LDs) and the cell membrane (Dyall et al,,
2004). All these organelles possess a complex structure, whereby the
specific  cofactors, metabolites, and unique physicochemical
environments of these organelles offers different conditions for
different metabolic pathways (Cao et al, 2020). Some organelles,
such as mitochondria, peroxisomes and LDs, have phospholipid
membranes, which can increase the local concentration of substrates
and enzymes inside the

Compartmentalization also blocks competing reactions and reduces

smaller organelle compartments.
the toxicity of intermediates or substrates by organellar insulation (Gao
and Zhou, 2019). The production of terpenoids involves complex
metabolic compartmentalization, which partly explains the low yield
in terpenoid production achieved to date (Basiony et al, 2022),
especially using heterologous yeasts. In heterologous biosynthesis in
yeasts, enzymes re-locate to specific organelles and some terpenoids
accumulate in membrane-like structures such as LDs. The enzymes and
its substates are distributed in different organelles in yeast, which result
in the separation of enzyme and substate. (Zhu Z-T. et al, 2021).
Targeting the biosynthetic pathway to the same organelle where the
desired products are stored enhances the biosynthesis of terpenoids.
Subcellular compartmentalization for rewiring of metabolic flux can
overcome serveral tackles and enhances the productivity of terpenoids
pathways.

Many studies have harnessed subcellular compartments to
improve terpenoid biosynthesis in yeasts (Hammer and Avalos,
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FIGURE 2

An overview of metabolic regulation of monoterpenoid and sesquiterpenoid biosynthesis pathways. (A) Monoterpenoid and sesquiterpenoid
biosynthesis pathway in the cytoplasm. (B) Harnessing GPP and FPP in both cytoplasm and organelles to improve the production of monoterpenoids and
sesquiterpenoids. (C) Harnessing acetyl-CoA in organelles to improve the production of monoterpenoids and sesquiterpenoids. (D) Engineering
compartmentalization for orthogonal biosynthesis of monoterpenoids and sesquiterpenoids to reduce competing reactions.

2017; Yocum et al., 2021; Jin et al., 2022), as shown in Table 1. The
physiological properties of various organelles as well as their benefits
and drawbacks for organelle compartmentalization in terpenoid
production (Jin et al., 2022), which will not be discussed below. In
this review, we summarize the characteristics of monoterpenoids,
sesquiterpenoids and tetraterpenoids and focuse on their unique
requirements for improving terpenoid production through organelle
compartmentalization. In addition, we provide an overview of recent
progress in the modification of organellar morphology for
subcellular compartmentalization in terpenoid production.

Monoterpenoids and sesquiterpenoids

Enhancing the supply and utilization of GPP
and FPP

The difficulty in creating a sufficient precursor pool of GPP and
FPP the of all
sesquiterpenoids (Lei et al., 2021). The traditional monoterpenoid

limits biosynthesis monoterpenoids and
and sesquiterpenoid production processes utilize cytoplasmic GPP
and FPP (Figure 2A), which is generally limited. However,
additional pools of GPP and FPP are distributed in different
organelles. Inspired by the concept that organelles of eukaryotic
cells can be harnessed to reconstruct metabolic pathways and
thereby increase the availability of precursors (Hammer and
Avalos, 2017). Targeting the enzymes or the whole biosynthesis
pathway to the organelles can effectively optimize monoterpene and

sesquiterpene production (Figure 2B). Optimal utilization of GPP
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and FPP pools distributed in yeast organelles provides a method for
microbial overproduction of monoterpenes and sesquiterpenes (Jia
etal., 2020). To harness the pool of FPP in mitochondria, Farhi et al.
(2011) targeted FPP synthase and sesquiterpene synthase in
mitochondria, achieving an eight- and 20-fold improvements in
the production of valencene and amorphadiene, respectively.
Upstream of FPP and GPP, acetyl-CoA is the central precursor
of the MVA pathway for the biosynthesis of terpenoids, and an
insufficient supply of acetyl-CoA limits the metabolic flux toward
desired compounds (Krivoruchko et al., 2015). As sites of the -
oxidation of fatty acids, peroxisomes can supply ample acetyl-CoA
(van der Klei and Veenhuis, 1997). Similarly, mitochondria have
nearly 20-30 times higher acetyl-CoA content than the cytosol
(Duran et al, 2020). As shown in Figure 2C, rational organelle
compartmentalization can greatly improve the utilization efficiency
of the acetyl-CoA pools in different organelles (Son et al., 2022a; Lu
et al, 2022). Dong et al. (2021) compartmentalized the whole MVA
pathway into mitochondria, leading to a 3.7-fold improvement in
the production of a-santalene.

In addition to increasing the supply of precursors to enhance the
production of mono- and sesquiterpenes, inhibiting competing
pathways is also a major strategy to increase the production of
desired compounds (Mai et al.,, 2021). The FPP-derived squalene
and native sterol biosynthesis pathways are the main competing
pathways of monoterpenoid and sesquiterpene synthesis. However,
these pathways are essential for the fluidity of the yeast cell
membrane and host growth (Fischer et al., 2011), which limits
heterologous monoterpene and sesquiterpene production (Peng
et al, 2017). A commonly used method to reduce the competing
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reactions is to construct and screen mutants of ERG20 (Zhang
et al., 2020), degrade the rate-limiting enzymes ERG20 and ERG9
(Peng et al., 2018), or establish an orthogonal pathway that uses
neryl diphosphate (NPP) as an alternative substrate (Ignea et al.,
2019). Due to the necessity of ergosterol for cells, the heterologous
pathway affects cellular function due to ubiquitous metabolic
interactions. The regulation of metabolic fluxes is crucial to
balance growth and production of the desired molecule.
However, metabolic rewiring faces many biological challenges
that affect the growth and fitness of the hosts (Zhu Z-T. et al.,
2021). A method to overcome this obstacle would be to minimize
the interactions between heterologous pathway and native
metabolism (Pandit et al., 2017; Ignea et al., 2019). This can be
achieved by constructing orthogonal pathways through subcellular
compartmentalization (Figure 2D). For example, targeting the
MVA biosynthesis pathway and the product biosynthesis
pathway toorganelles can separate chassis
addition,

peroxisome and mitochondria can isolate the intermediates

growth from

metabolite production. In organelles such as
from competing reactions, thus increasing the GPP or FPP pool
by avoiding consumption by cytoplasmic enzymes (Yuan and
Ching, 2016; Yee et al, 2019; Yee et al, 2019; Zhang et al,
2020). By introducing the complete MVA pathway into the
peroxisome, Dusséaux et al. (2020) achieve up to a 125-fold
increases in the production of geranyl diphosphate-derived
compounds compared to the cytosolic pathway. This strategy
can be used to produce GPP- or FPP-derived compounds in
eukaryotic cells without noticeable effects on strain fitness or
viability. Metabolic rewiring has become a promising strategy

for enhancing terpenoid production in yeasts.

Reducing the cytotoxicity of
monoterpenoids and sesquiterpenoids

The high toxicity of monoterpenoids remains a challenging issue
(Erdogan and Ozkan, 2017). Notably, monoterpenoids not only
interfere with cell walls and organellar membranes by altering
fluidity,
membrane composition, but also induce oxidative stress, and

membrane structural membrane integrity, and
bring more toxic monoterpene hydroperoxides (Brennan et al,
2013; Moon et al., 2020). As shown in Table 2, traditional
strategies such as transporter engineering (Hu et al., 2020), in
situ  product extraction (Rolf et al, 2020), and tolerance
engineering can improve the tolerance of strains to
monoterpenes and reducetoxicity (Brennan et al., 2015; Jezierska
and Van Bogaert, 2017; Zhu K. et al, 2021). To address the
toxicity  of

compartmentalization  of

metabolic monoterpenoids, intracellular
their

commonly used to insolate the monoterpenoids into specific

biosynthetic ~ pathways is
organelles (Kulagina et al, 2021). The monoterpene indole
alkaloids produced in Catharanthus roseus were distributed into
several organelles to relieve cell toxicity, which provides new insight
into how subcellular compartmentalization can enhance the
metabolic flux towards the biosynthesis of target compounds
(Courdavault et al., 2014; Guirimand et al., 2020). Peroxisomes
are not essential for cell growth (Sibirny, 2016), and are also
detoxifying organelles (Breitling et al., 2002). Accordingly, the
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localization of biosynthetic enzymes or whole biosynthetic
pathways to peroxisomes may insulate the toxic components
away from the host cell cytosol. The peroxisome can be used as a
detoxifying organelle for the synthesis of monoterpenes, including
limonene, geraniol, a-pinene, sabinene and camphene (Dusséaux
et al, 2020). Dusséaux et al. (2020) constructed peroxisome
microfactorties able to accelerate recovery growth by the
reducing cytotoxicity of monoterpene products. Gerke et al.
(2020) targeted the geraniol biosynthetic enzymes to peroxisomes
and improved the geraniol tolerance of the yeast cells to reduce
product toxicity, resulting in an 80% increase in the geraniol titer. A
combination of traditional metabolic strategies and organelle
compartmentalization to alleviate product cytotoxicity may
provide new insights.

Triterpenoids and tetraterpenoids

Reducing cytotoxicity of triterpenoids and
tetraterpenoids

The long-chain triterpenoids and tetraterpenoids are highly

polyunsaturated  lipophilic =~ hydrocarbons.  Similar  to
triacylglycerols (TAGs) and sterol esters (SEs), triterpenoids and
tetraterpenoids are generally sequestered in specific subcellular areas
because of their hydrophobicity (Spanova et al.,, 2010; Wei et al,,
2018). As shown in Figure 3, different organelles such as LDs,
peroxisomes, ER and plasma membrane can be used as terpenoid
reservoirs due to their similar hydrophobicity (Cunningham and
Gantt, 1998; Lee et al., 2009). Cytotoxicity is caused by the excessive
accumulation of triterpenoids and tetraterpenoids in the host. The
plasma membrane provides storage space for the accumulation of
heterologous hydrophobic target compounds (Wu et al., 2017), such
as carotenoids (Liu et al., 2016). Targeting the key enzymes to the
plasma membrane can effectively alleviate the toxicity of
hydrophobic compounds and increase production (Bian et al,
2021; Chen M. et al, 2022). Ye et al. (2018) fused a P-carotene
ketolase (CrtW) and B-carotene hydroxylase (CrtZ) and targeted the
fusion protein to the cell membrane, which resulted in a 215.4%
increase in astaxanthin production. By regulating steady-state fluxes
and  the

compartmentalization engineering in yeasts can significantly

availability = of  intermediate  metabolites,
shorten the distance between the enzyme and the substrate and
increase local concentration of the enzyme and the substrate,

thereby improve the product yield (Valm et al., 2017).

Providing a suitable environment for the
production of triterpenoids and
tetraterpenoids

Organelles such as LDs and peroxisomes can provide a suitable
storage environment to relive the cytotoxicity of triterpenoids and
tetraterpenoids. LDs and peroxisomes are involved in cellular lipid
metabolism, among which peroxisomes play a vital role in a- and -
oxidation of fatty acids. These compartments can provide different
intracellular environments for enzyme catalysis, such as adequate
substrate supply and cofactor balance (Gao and Zhou, 2019).
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TABLE 1 Organelle compartmentalization and optimization of terpenoids production.

Products

Strategy

Organism

Compartm

10.3389/fbioe.2023.1132244

Modification of

organelle

Reference

monoterpene | Geraniol, R- ® Construct a monoterpenoids Saccharomyces Peroxisome cytoplasm 5.5 g/L — Dusséaux et al.
(+)-limonene, producing platform in peroxisome cerevisiae (geraniol) (2020)
CBGA 26 g/L
® Insulate the GPP from competing
pathway
® Used peroxisome as detoxifying
organelle
Nepetalactol ® Target geraniol biosynthetic pathway to | Saccharomyces mitochondria 227 mg/L* — Yee et al.
geraniol the mitochondria cerevisiae (2019)
® Protect the GPP pools from
consumption by the cytosolic
ergosterol pathway
Linalool ® Dual mitochondria and cytoplasm Saccharomyces mitochondria 23.45 mg/L* — Zhang et al.
engineering in linalool production cerevisiae (2020)
® Enhance the GPP pools for linalool
production
Isoprene ® Make full use of acetyl-CoA both in Saccharomyces Mitochondria cytoplasm | 2,527 mg/L — Lvet al. (2016)
cytoplasm and mitochondrial cerevisiae
Sabinene ® Utilize the mitochondria and Saccharomyces Mitochondria cytoplasm | 154.9 mg/L* AIM25, FIS1, LSB3, Jia et al. (2020)
cytoplasm GPP pools cerevisiae MBAL1
® Overexpression of mitochondria-
related genes to improved sabinene
production
Geraniol ® Target geraniol biosynthetic pathway to | Saccharomyces peroxisome 2.75 mg/L* pex30, pex31, atg36 Gerke et al.
peroxisome cerevisiae (2020)
® Reduce the cell toxicity
sesquiterpene | Valencene ® Co-locate FDPS and sesquiterpenes Saccharomyces mitochondria 1.5 mg/L* — Farhi et al.
amorphadiene synthases to the mitochondria cerevisiae (Valencene) (2011)
20 mg/L*
a-santalene ® Reconstruct the whole MVA pathway | Saccharomyces mitochondria 41 mg/L* — Dong et al.
in mitochondria to harness the cerevisiae (2021)
precursor pools
amorpha-4,11- ® Harness the mitochondria acetyl-CoA | Saccharomyces mitochondria 427 mg/L* — Yuan and
diene for amorpha-4,11-diene production cerevisiae Ching (2016)
® reduce loss of FPP to cytosolic
competing pathways
a-Humulene ® Utilize the native acetyl-CoA pools in | Yarrowia peroxisome 32 ¢g/L — Guo Q et al.
peroxisome lipolytica (2021)
Triterpene Squalene ® Dual cytoplasmic-peroxisomal Saccharomyces Peroxisome cytoplasm 11 g/L — Liu et al. (2020)
engineering for squalene production cerevisiae
® Dual MVA pathway in mitochondria Saccharomyces Mitochondria cytoplasm | 21.1 g/L — Zhu Z-T et al.
and cytoplasm to enhance squalene cerevisiae (2021)
production
ginsenoside ® Target protopanaxadiol synthase Saccharomyces lipid droplets 5g/L GPD1, PAHI, Shietal. (2021)
(PPDS) to LDs cerevisiae DGAT]I, SEI1
® Increase the volumes of lipid droplets
protopanaxadiol ® Construction of the protopanaxadiol Saccharomyces peroxisome 4.1 £0.2 mg/L* | pexll, pex34, atg36 Choi et al.
pathway in peroxisome cerevisiae (2022)
® optimization of peroxisome
proliferation
Squalene ® Overexpress ER size regulatory factor | Saccharomyces endoplasmic reticulum 634 + 11 mg/ INO2 Kim et al.
protopanaxadiol to increase the production of squalene | cerevisiae L*(squalene) (2019)
and protopanaxadiol
tetraterpene Lycopene ® Overexpressed key genes associated Saccharomyces lipid droplets 2.37 g/L PAHI, DGAL, ACC1, | Maetal. (2019)

with fatty acid synthesis and TAG
production and regulate lipid-droplet
size to increase lycopene accumulation

cerevisiae

OLEl, FLD1
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TABLE 1 (Continued) Organelle compartmentalization and optimization of terpenoids production.

Products Strategy Organism Compartment Modification of  Reference
organelle
® Target lycopene pathway to Pichia pastoris peroxisome 73.9 mg/L* — Bhataya et al.
peroxisome (2009)
canthaxanthin ® Introduce the B-carotene ketolase Saccharomyces plasma membrane 1.44 g/L — Chen M et al.
variant OBKTM29 to the plasma cerevisiae (2022)
membrane
Lutein ® For enforcing metabolic flux towards a- | Saccharomyces plasma membrane 110.4 pg/L — Bian et al.
carotene, re-locatinge-cyclase to the cerevisiae (2021)
plasma membrane
astaxanthin ® Target the astaxanthin pathway Yarrowia lipid body, endoplasmic 858 mg/L — Maetal. (2021)
simultaneously to lipid body, lipolytica reticulum and
endoplasmic reticulum and peroxisome peroxisome
“Fermentation at the shake flask level.
TABLE 2 Comparison of reducing cytotoxicity strategies of monoterpenoids production.
Strategies Advantage Shortage References

Traditional strategies Transporter engineering (Isolation of
target chemicals from cells through

membrane protein)

High transport efficiency; High substrate specificity

Challenges to obtain non-
natural transporter by protein
engineering

Langevin et al.
(2020)

Extraction of in situ products
(Transport of inhibitory products into
the organic phase)

engineering

Tolerance engineering (Modulation of
the cellular physiology to tolerate toxic

products)
Organelle (Targeting of biosynthesis pathway to
compartmentalization organelles)

hydroperoxides

Peroxisomes are enclosed by a single membrane and are speculated
to be an additional cellular storage space for lipophilic products in
eukaryotic microbial hosts, acting as an advantageous dynamic
depot for storing hydrophobic compounds like squalene (Liu
et al, 2020). Liu et al. (2020) compartmentalized the entire
squalene synthesis pathway into peroxisomes, followed by dual
modulation through cytoplasmic and peroxisomal engineering,
which improved the squalene titer to 1.7 g/L. Squalene is an
important precursor for triterpenoid biosynthesis, and re-locating
triterpene synthases to peroxisomes would be a promising solution
for triterpenoid production. Recently, the importance of LDs for the
storage of hydrophobic carotenoids was highlighted (Larroude et al.,
2018; Bu et al., 2022). LDs serve as specialized platforms for lipid
metabolism and storage, with a phospholipid monolayer in which
molecules are transported in and out of a LDs (Henne et al., 2020).
Ma et al. (2019) observed lycopene accumulated in LDs of S.
cerevisiae. 'The hydrophobic compounds are distributed in
different parts of LDs due to their different structures (Son et al.,
2022b). Adjusting organelle morphology can be a useful strategy for
increasing terpenoid production, which will be introduced in detail
below. Therefore, the selection of organelles that are naturally
lipophilic or hydrophobic may be more conducive to the
production of triterpenoids and tetraterpenoids.
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Reducing spatial separation between
enzyme and product

The triterpenoids and tetraterpenoids always accumulate
intracellularly in specific organelles, while enzymes locate in
other organelles such as the cytoplasm or ER; thus, the spatial
distance between the enzyme and its product may influence the yield
of the resulting products. Breaking the barrier between the enzyme
and the substrate can reinforce metabolic flux and improve
biosynthesis efficiency. The accumulation of sterol metabolites
(e.g., zymosterol) in LDs prevents their conversion by enzymes
located in ER. Guo et al. reconstituted the post-squalene pathway in
LDs method
compartmentalization (Guo X-J. et al, 2021). The location of
enzymes of biosynthesis pathways in membrane-enclosed LDs or
peroxisomes can significantly enhance the metabolic flux and

and revealed an effective of pathway

promote product titers. Shi et al. (2021) co-localized the pathway
enzymes in LDs to eliminate the separation between the substrate
dammarenediol-II (DD) and protopanaxadiol synthase (PPDS) of
the PPD biosynthesis pathway, which increased the conversion rate
of DD to PPD from 17.4% to 86.0%. Compartmentalized
reconstitution is an effective way of providing adequate storage
and improving the output of triterpenoids and tetraterpenoids.
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FIGURE 3

An overview of subcellular compartmentalization for the
biosynthesis of triterpenoids and tetraterpenoids. Due to their
hydrophobicity, triterpenoids and tetraterpenoids are generally
sequestered in specific organelles such as LDs, peroxisomes, ER
and plasma membrane. Product distribution in strains reduces
cytotoxicity and causes spatial separation between substates and
products. Moreover, targeting the pathway to more than one
compartment can increase the product titer compared to single
subcellular compartmentalization. Abbreviations: BKT, p-carotene
ketolase; mLCYE, lycopene e-cyclase.

Modification of organellar morphology
Lipid droplets

Subcellular compartmentalization leads to the co-accumulation and
co-localization of enzymes and products in organelles. Son et al.
reported that flexible lipids such as squalene with conjugated 7
bonds are readily dispersed among TAGs, and squalene production
can be enhanced by expanding the volume of the LD. Similarly, rigid
lipids such as zeaxanthin and p-carotene are retained between TAGs,
and the production of zeaxanthin was enhanced by increasing the LD
surface area within the cell (Son et al., 2022b). Thus, LDs are suitable
organelles for storing triterpenoids and tetraterpenoids, while strategies
that control the size and the number of organelles influence their
storage capacity (Figure 4). To achieve a high production of lipophilic
terpenoids, enhanced the TAG biosynthesis and reduced TAG
degradation have been applied to increase LD volume, thereby
promoting intracellular terpenoids accumulation (Wei et al., 2018;
Ma et al, 2019). Diacylglycerol acyltransferases (DGATs) and
phosphatidate phosphatase (PAP) are crucial enzymes that catalyze
the ultimate step of TAG synthesis (Adeyo et al., 2011). Overexpression
of DGAL increase lipid content in yeasts, expanding the intracellular
storage pool and significantly promoting the accumulation of lycopene
(Ma et al.,, 2019), squalene (Wei et al., 2021) and other terpenoids (Yu
etal,, 2020). Shi et al. (2021) targeted the limiting enzymes PPDS to LDs
and overexpressed DGAL to increase LD volume, after which the CK
titer of the resulting strain reached 5g/L in 5L of fed-batch
fermentation. Relevant genes that encoding phosphatidic acid
phosphatase (PAH1), acetyl-CoA carboxylase (ACC1), and fatty acid
desaturase (OLE1) can also regulate TAG biosynthesis (Karanasios
et al, 2013; Shi et al,, 2014). In addition to LD volume, regulating the
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number of LDs to increases the monolayer surface is another important
strategy affecting terpenoid production (Shi et al, 2021).
Overexpressing the LOAI gene and deleting ERDI can induce the
stress response of the ER and stimulate LD formation, which leads to
large numbers of LDs (Ayciriex et al., 2012; Teixeira et al., 2018).

Peroxisome

Similar to LDs, alternative methods that manipulate the number
and volume of peroxisomes can effectively enhance terpenoid
production. By regulating the specific surface area, quantity and size
of the organelles, it is possible to enhance the content of its host
localization proteins and pathway metabolites, which can further
increase the flux of the localized pathway. The morphology of
peroxisomes is regulated by peroxins (PEX) and dynamin-related
proteins (DRPs), as well as the autophagy (ATG) protein family,
which are responsible for peroxisome biogenesis, fission and
pexophagy, respectively (Islinger et al, 2018). Most PEX genes are
involved in the import of matrix proteins (Heiland and Erdmann,
2005), and the remaining PEX genes are involved in regulation of the
abundance and size of peroxisomes (Vizeacoumar et al, 2003;
Vizeacoumar et al., 2004; Tower et al., 2011; Yofe et al,, 2017). To
maximize the storage capacity of the peroxisome membrane of S.
cerevisiae, Choi et al. increased the expression of PEX34, deleted the
PEX11 and ATG36 gene, after which they introduced a heterologous
protopanaxadiol pathway (Choi et al, 2022). Deletion of PEXII
generated enlarged and clustered peroxisomes, while PEX34,
overexpression of PEX34 and deletion of ATG36 significantly
increased the number of peroxisomes. The deletion of PEX30,
PEX31, and ATG36 in a geraniol producing strains with biosynthetic
enzymes targeted to the peroxisome resulted in a larger number of
peroxisomes and increased the geraniol titer by 80% (Gerke et al., 2020).

ER and membrane engineering

The expanded membranes of the engineered strains can also be
used for additional storage of hydrophobic compounds. Expansion
of the ER can increase its capacity to promote the expression of ER-
localized proteins and boost terpene accumulation (Kim et al., 2019).
Furthermore, suppressing the dephosphorylation and activation of
PAHI can enhance membrane protein productivity and increase the
surface area of the ER membrane (Ju et al., 2022). The disruption of
PAHI resulted in a decreased number of LDs, accompanied by the
accumulation of neutral lipids in the ER (Adeyo et al, 2011).
Similarly to PAHI, overexpression of INO2 in yeast increased its
capacity to synthesize endogenous and heterologous ER-associated
proteins, leading to a significantly increased squalene titer of
634 mg/L (Kim et al, 2019).
morphology and improving the membrane synthesis pathway can

Engineering the membrane

also increase the stability of membrane-anchored biosynthetic
pathways and enhance terpenoid production. A Tsr-augmented
recombinant Escherichia coli was able to extend the membrane
network, enhance the squalene storage and improved the
2020). The native frd
operon and UncF protein also induce membrane invagination

1986;

squalene titer to 712 mg/L (Meng et al,

and increase the membrane lipid volume (Elmes et al,
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Arechaga et al., 2000). These findings suggest that membrane
engineering has achieved good progress in terpenoid production
in E. coli, and suggest a great potential for the utilization of similar
mechanisms to modify the membrane area of yeasts. Membrane
engineering is a rapidly developing field with great potential for
organelle compartmentalization and metabolic engineering.

Mitochondria

Yeast mitochondria are highly dynamic in size, activity, number,
and surface area depending on growth conditions, carbon source
and metabolic state (Okamoto and Shaw, 2005). The engineering of
mitochondria to increase their activity, morphology, number, and
localization can increase the activity of mitochondrial biosynthetic
pathways. Jia et al. (2020) overexpressed mitochondria-related
proteins including FISI for mitochondrial division, LSB3 for
mitochondrial motility, MBAI and AIM25 encoding other
functional proteins to enhance the compartmentalized pathways,
and the AIM25 gene boosted the sabinene titer to 154.9 mg/L. The
understanding of mitochondrial physiology and metabolism could
be useful to expand the applicability of mitochondrial engineering
and realizing its full potential (Ferramosca and Zara, 2021).

Anchoring enzymes simultaneously to
several organelles

Organelles such as mitochondria, ER, LDs, and peroxisomes

provide different advantages in regulating metabolic fluxes. To
further make use of precursors and promote the dynamic balance
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between different organelles, dual or triple metabolic regulation of
the terpenoid synthesis pathway in different subcellular areas could
open new possibilities for the production of terpenoids (Lv et al.,
2016; Zhu Z-T. et al,, 2021; Guo et al, 2022). Comprehensive
utilization of multiple organelles can not only enhance the
utilization of the limited hydrophobic storage environment, but
can also make full use of hydrophobic substrates such as carotene
located in different organelles. Ma et al. (2021) expressed the

astaxanthin pathway in LDs, endoplasmic reticulum and
peroxisomes, and the best strain ultimately produced 858 mg/L of
astaxanthin  in  fed-batch  fermentation. Zhu et al

compartmentalized the MVA pathway to mitochondria to
improve cell growth and synthesized squalene in the cytoplasm
to improve production (Zhu Z-T. et al,, 2021). The simultaneous
localization of terpenes in different organelles can serve as a
promising strategy for optimizing the biosynthetic pathway
module and cell growth in parallel.

Conclusion and perspectives

Anchoring the key enzymes or the MVA pathway to specific
organelles by localization tags can yield substantial improvements in
terpenoid production. In this review, we have systematically
successful

analyzed approaches

compartmentalization applied to overcome problems associated

using organelle
with the production of different terpenoids, including inadequate
supply of GPP/FPP pools and other substrates, cytotoxicity of
terpenoids, insufficient storge space, and special challenges of
tetraterpenoids. However, more work to improve terpenoid
production is still needed in the future. Diterpenoids are one of
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the most important families of bioactive compounds, and
compartmentalization is still limited in diterpenoid production in
yeasts. Li et al. (2019) compartmentalized taxadiene synthase,
taxadiene-5ahydroxylase and cytochrome P450 reductase to the
chloroplast of Nicotiana benthamiana to improve the supply of
precursor for taxadiene synthesis. The accumulation of different
diterpenoids has temporal and spatial specificity, and
compartmentalization of key enzymes and biosynthetic pathway
of diterpenoids is a promising alternative to current methods.

As the most extensively studied organelles in cellular physiology,
the engineering of mitochondria, peroxisomes, ER, LDs, and plasma
membranes has already led to great progress in terpenoid
production. However, future studies should target new organelles
like the Golgi apparatus and the vacuole whose potential to improve
terpenoid production remains unexplored. For secologanin
biosynthesis in C. roseus, geraniol from the MEP pathway is
directed toward the vacuole following a hydroxylation reaction
by GIOH (Verma et al, 2012). Some terpenoids and relevant
enzymes are naturally located in the vacuoles (Guirimand et al.,
2011), which may provide an alternative option for terpenoid
production as a detoxification compartment and proper site for
enzyme catalysis. In eukaryotic cells, cofactors are distributed in
different which

systematically engineering the supply and recycling of cofactors

subcellular ~ compartments, necessitates

to couple compartmentalized cellular metabolism (Chen R. et al.,
2022). Engineering cofactors in organelle compartmentalization
benefits the biosynthesis of terpenoids that require cofactors
(Cataldo et al, 2020; Zhang et al, 2022). A large number of
terpene synthases like P450s and key limiting enzymes such as
HMGI are NADH-dependent and FADH-dependent enzymes. For
instance, CrtI which converts phytoene to lycopene is also a FAD-
dependent enzyme (Shen et al, 2016). FAD (H2)-dependent
catalytic reactions in the cytosol may be relatively inefficient due
to the lower FAD(H) concentration (Pallotta et al., 1998), as the
FAD (H2) concentration in mitochondria is 20 times higher than in
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of the thrABC operon gene for
efficient synthesis of L-threonine
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and Quanfeng Liang*

State Key Laboratory of Microbial Technology, Shandong University, Jinan, China

L-threonine is an essential amino acid used widely in food, cosmetics, animal feed
and medicine. The thrABC operon plays an important role in regulating the
biosynthesis of L-theronine. In this work, we systematically analyzed the
effects of separating thrAB and thrC in different proportions on strain growth
and L-threonine production in Escherichia coli firstly. The results showed that
higher expression of thrC than thrAB enhanced cell growth and L-threonine
production; however, L-threonine production decreased when the thrC
proportion was too high. The highest L-threonine production was achieved
when the expression intensity ratio of thrAB to thrC was 3:5. Secondly, a
stationary phase promoter was also used to dynamically regulate the
expression of engineered thrABC. This strategy improved cell growth and
shortened the fermentation period from 36h to 24 h. Finally, the acetate
metabolic overflow was reduced by deleting the ptsG gene, leading to a
further increase in L-threonine production. With these efforts, the final strain
P, ;-2901AptsG reached 40.06 g/L at 60 h fermentation, which was 96.85% higher
than the initial control strain TH and the highest reported titer in shake flasks. The
maximum L-threonine yield and productivity was obtained in reported fed-batch
fermentation, and L-threonine production is close to the highest titer (127.30 g/L).
In this work, the expression ratio of genes in the thrABC operon in E. coli was
studied systematically, which provided a new approach to improve L-threonine
production and its downstream products.
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Introduction

As the basic unit of proteins, amino acids play an important role in the nutrition and
health maintenance of humans and animals (Lee et al., 2013). Among the 20 amino acids,
L-threonine, as one of the nine essential amino acids, is used widely in food, cosmetics,
animal feed and medicine. The market demand for L-threonine produced by microbial
fermentation is increasing because of the growing demand for this amino acid (Wendisch,
2020). Amino acid synthesis starts at the glycolytic pathway when glucose is used as the
carbon source. L-threonine biosynthesis uses the TCA cycle intermediate oxaloacetate or
fumarate as a precursor. Aspartate transaminase, encoded by aspC, initially catalyzes
oxaloacetate or aspartase, encoded by aspA, catalyzes fumarate to L-aspartate (Mu et al.,
2021). Starting from L-aspartate, the L-threonine pathway consists of five enzymes that
catalyze the reaction: aspartokinase encoded by thrA, metL or lysC; semialdehyde
dehydrogenase encoded by asd; homoserine dehydrogenase encoded by thrA;
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FIGURE 1

The metabolic pathway of L-threonine production in Escherichia coli and the modification strategy used in this study. G6P, glucose-6-phosphate;

PEP, phosphoenol pyruvate; PYR, pyruvate; AcCoA, acetyl-coenzyme A; Ac-P, phosphorylated acetyl coenzyme A; CIT, citrate; ICl, isocitrate; GLYX,
glyoxylate; a-KG, a-ketoglutarate; SUC, succinate; FUM, fumarate; MAL, malate; OAA, oxaloacetate; ASP, aspartate; ASP-P, aspartate phosphate; ASP-SA,
aspartate semialdehyde; HOM, L-homoserine; HOM-P, homoserine phosphate; THR, L-threonine.

homoserine kinase encoded by thrB; and threonine synthase
encoded by thrC (Wang et al., 2022a) (Figure 1). Many strategies
for synthesizing L-threonine have been explored, including
overexpression of key genes, elimination of competing pathways
and feedback inhibition, regulation of capacity and increased
extracellular transport of L-threonine (Lee et al, 2007; Dong
et al,, 2011; Mu et al., 2021).

In Escherichia coli, thrA, thrB and thrC are arranged adjacently
on the chromosome to form the thrABC operon. The thrABC
operon controls several key enzymes, from L-Aspartate-4-
semialdehyde to L-threonine synthesis. Research on thrABC
expression and regulation is important for L-threonine synthesis
and the downstream products, L-isoleucine and L-glycine.
Overexpression of the thrABC operon in a bacterial strain
increased L-threonine production significantly (Lee et al., 2003;
Zhao et al, 2018), and an L-isoleucine-producing strain was
constructed by overexpressing thrABC (Park et al, 2012).
Threonine synthase encoded by thrC catalyzes the production of
L-threonine from homoserine phosphate, which is the last step in
the synthesis of L-threonine. Lee et al. reported that this reaction
step is slower than reactions catalyzed upstream, and they studied
how assembling homoserine dehydrogenase (HDH), homoserine
kinase (HK) and different amounts of threonine synthase (TS) on
the DNA scaffold affected the production rate of L-threonine (Lee
et al, 2013). However, no study has examined the effect of reducing
TS expression below that of HDH and HK. Recent studies have
shown that regulating the ratio of different genes on the same
operon is crucial for the efficient synthesis of products (Zelcbuch
et al,, 2013). Therefore, systematically studying the effect of varying
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the expression ratio of the thrABC operon genes may improve
L-threonine production.

Dynamic regulation can prevent metabolic burden on cells
caused by constitutive gene expression in L-threonine
production. We previously designed a positive feedback strategy
to dynamically regulate the expression of threonine transporters,
which alleviated the adverse effects of overexpressed transporters on
cells and excreted intracellular metabolites (Wang et al., 2022a). In
addition, promoters of cysH, cys] and cysD that can be activated by
L-threonine control the expression of aspC gene, which did not
affect cell growth and increased the production of L-threonine (Zhao
et al., 2020).

In this study, we developed a new strategy for dynamic and
balanced regulation of the thrABC operon for efficient synthesis of
L-threonine (Figure 1). We first explored the optimal expression
levels of thrAB and thrC to improve L-threonine production. We
then used dynamic regulation to control the expression of thrABC.
Finally, we deleted the PTS system in an effort to reduce metabolic

overflow and further increase L-threonine production.

Materials and methods
Construction of strains and plasmids

The strains and plasmids used in this study are listed in
Supplementary Tables S1, S2. E. coli DH5a was used for

molecular cloning and manipulation of plasmids. All primers
used are listed in Supplementary Table S3. All plasmids were
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constructed using the Gibson assembly method (Gibson et al., 2009).
E. coli K-12 MG1655 was used for RBS strength characterization.
RBS (B0029, B0030, B0031, B0032, B0033, B0034, B0035, B0064 and
J61101) of different strengths were analyzed by the ratio of RFP to
ODygo. Nine plasmids were assembled. The expression of thrAB and
thrC was regulated by using the primers listed in Supplementary
Table S3, which replaced various RBS to construct L-threonine
production plasmids (PA-29thrAB-29thrC, PA-29thrAB-01thrC,
PA-29thrAB-35thrC, PA-01thrAB-29thrC, PA-01thrAB-01thrC,
PA-01thrAB-35thrC, PA-35thrAB-29thrC, PA-35thrAB-01thrC
and PA-35thrAB-35thrC). The TH strain producing L-threonine
was provided by the Fufeng Group (Qingdao, China) and derived
from E. coli K-12 MG1655. Three genes thrA, thrB and thrC increase
from one copy number to four copies in the genome. Comparison of
partial genes of strains TH and MG1655 are listed in Supplementary
Table S4. The expression level of thrAB and thrC in L-threonine
production was balanced by transforming the above plasmids into
strain TH to generate strains 2929, 2935, 2901, 0129, 0101, 0135,
3529, 3535 and 3501. Py, P;; and P,; promoter sequences were
derived from reports (Jaishankar and Srivastava, 2020; Zhang et al.,
2021). The ptsG gene deletion experiment was carried out by
homologous recombination (Datsenko and Wanner, 2000). All
fragments were amplified with Phanta HS ultra-fidelity DNA
polymerase (Vazyme Biotech, Nanjing, China).

RBS characterization

RBS characterization was achieved by monitoring the RFP
fluorescence and cell density in real-time using a multiple
detection microplate analyzer (SynergyHT, BioTek, Winooski,
VT, United States). The details are as follows. The seeds of RBS
characterization strains were prepared by transferring a single
colony to a 12-well microassay plate containing 2mL LB
medium with 34 ug/mL chloramphenicol. The cells were grown
at 37°C for 12 h. Next, 2% (v/v) of the seeds were inoculated into
0.2 mL LB medium with 34 ug/mL chloramphenicol in a 96-well
microassay plate to detect red fluorescence. The 96-well plate was
incubated at 37°C with oscillation. During RBS characterization,
strain growth was measured at 600 nm. The red fluorescence was
detected by excitation at 590 nm and emission at 645 nm.

Medium and L-threonine fermentation

LB medium was used for plasmid construction and RBS strength
characterization. L-threonine fermentation medium consists of
15g/L (NH,4),S0,4 2g/L KH,PO, 1g/L MgSO,7H,0, 2g/L
yeast extract and 0.02 g/ FeSO4 (Kruse et al, 2002). Glucose
(40 g/L) was added as the initial carbon source and 20 g/L
CaCO; was used to adjust the pH during fermentation. For
shake flask fermentation, a single colony was incubated in fresh
LB medium at 37°C for 12 h. The precultured seeds were then
transferred with 1% (v/v) inoculation to a 300 mL shake flask
that contained 20 mL fermentation medium. Fermentation was
carried out at 220 rpm and 37°C. Cultures were supplemented
with 40 g/L glucose when the glucose level was lower than
15 g/L.
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The fed-batch culture was carried out in a 5-L bioreactor
containing 4L medium (20 g/L. (NH,),SO,, 3 g/L yeast extract,
2 g/L KH,PO,, 2 g/L MgSO,-7H,0, 5 mg/L FeSO,7H,0, 5 mg/L
MnSO,4H,0, 0.5 g/L betaine). Temperature was maintained at
37°C, the aeration rate at 1.5 vvm, pH was maintained
automatically at 7.0 with NH,OH, and the dissolved oxygen
value was maintained below 30%. 20 g/L initial amount of
sterilized glucose was added in the working culture, and glucose
concentration was controlled by continuous feeding.

Analytical methods

One milliliter of the culture was mixed vigorously, and 0.1 mL
was transferred to a 1.5 mL centrifuge tube. One millimolar HCI
(0.9 mL) was added to this culture, and the sample was mixed to
remove residual CaCOs. Subsequently, the ODgy, was measured
using a spectrophotometer (Shimadzu, Kyoto, Japan). For glucose
and acetate assays, the cultures were centrifuged at 12,000 rpm for
2 min to collect the supernatant. The collected supernatant was
filtered through a 0.22 um water membrane for analysis. A refractive
index detector (RID-10A; Shimadzu, Kyoto, Japan) and an
AminexHPX-87H ion exclusion column (Bio-Rad Laboratories,
Hercules, CA, United States) were used with 5 mM H,SO, as the
mobile phase and a flow rate of 0.6 mL/min.

For the detection of L-threonine, the collected supernatant was
deproteinized with 5% trichloroacetic acid. Subsequently, the
pretreated supernatant was derivatized with triethylamine and
phenyl isothiocyanate, followed by extraction with n-hexane
(Wang et al., 2022a). Briefly, 0.2 mL of sample and standard
L-threonine were pretreated with a mixture of triethylamine-
acetonitrile (1.4mL of triethylamine mixed with 8.6mL of
acetonitrile). Next, we added phenylisothiocyanate-acetonitrile
(25 pL of phenylisothiocyanate mixed with 2 mL of acetonitrile)
to pretreat samples and the L-threonine standard for 1 h at room
temperature. n-Hexane (0.4 mL) was added, and the sample was
shaken vigorously. The lower layer (0.2 mL) was collected and
diluted with 0.8 mL deionized water. The solution was filtered
with a 0.22 pm organic membrane, and samples were detected
using an HPLC equipped with a diode array detector (SPD-
M20A; Shimadzu, Kyoto, Japan) and a VenusilAA (4.6 x
250 mm, 5 pm, AgelaTechanology) column at 40°C. The mobile
phase consisted of (A) 15.2 g sodium acetate dissolved in 1850 mL of
ultrapure water and mixed with 140 mL of acetonitrile and (B) 80%
(v/v) acetonitrile and 20% (v/v) ultrapure water. The flow rate was
1 mL/min. The L-threonine concentration was quantified using the
corresponding standard curve and peak area.

Results and discussion

Balancing the expression of thrAB and thrC
to promote cell growth and L-threonine
production

In the biosynthesis of L-threonine in E. coli, genes thrA, thrB and
thrC encoding the last three key enzymes of this biosynthesis are
located on the thrABC operon. ThrC catalyzes the final step of
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FIGURE 2

Comparison of the fermentation results of overexpressed thrC by medium copy PACYC-Duet plasmid and control TH and characterization results of
different RBS intensities. The PA-ThrC strain overexpresses thrC on the PACYC-Duet plasmid. All results were derived from three (n = 3) independent
repeats. (A) Comparison of cell growth (ODgoo) between overexpressing thrC and control strains. (B) Glucose consumption by the overexpressing thrC
and control strains. (C) Comparison of L-threonine titer between the overexpressing thrC strain and the control strain after fermentation for 48 h. (D)

The fluorescence intensity of RFP was monitored in real-time by a multi-detection microplate reader to characterize and screen RBS with different
intensities. The RBS intensity was calculated using the ratio of RFP to ODggo.

L-threonine synthesis, and this reaction is slow (Lee et al., 2013). As
the rate-limiting step of L-threonine production, it is necessary to
enhanced the expression of thrC. We used the L-threonine-
producing strain TH available from FuFeng Group as the initial
strain, which was derived from MG1655 (Supplementary Table S2).
Initially, we enhanced the expression of thrC on the low copy PCL-
1920 plasmid and transformed the plasmid into the initial strain TH
to obtain the pcl-thrC strain. However, the production of
L-threonine and cell growth of the strain was not significantly
improved compared with the original strain TH (Supplementary
Figure S1A,B). We analyzed that the reason is the weak degree of
enhanced expression. Next, we enhanced the expression of thrC on
the medium copy PACYC-Duet plasmid and transformed the
plasmid into the initial strain TH to obtain the PA-thrC strain.
Although the production of L-threonine increased, cell growth and
the glucose consumption rate were seriously impeded during early
cultivation (Figures 2A-C). In addition, thrA, thrB, thrC are located
on the thrABC operon. So the overexpressed thrC might disrupt the
balance between thrAB and thrC. Therefore, we analyzed the
influence of various ratios of thrAB and thrC on L-threonine
synthesis and cell growth. Ribosome binding sites (RBS) define
the translation efficiency of genes and are typically used in gene
regulation studies (Hur et al., 2020; Wang et al., 2022b). We
selected three RBS with different intensities by fluorescence
characterization, RBS0035 (2615), J61101 (958) and RBS0029
(585), to regulate thrAB and thrC expression levels, with an
intensity ratio between them of 13:5:3 (Figure 2D). We
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constructed nine strains containing various combinations
and levels of thrAB and thrC expression.

The results showed that different combinations of thrAB and
thrC expression levels had different effects on cell growth. High
expression of thrC promoted growth and L-threonine accumulation
simultaneously; however, there were also ratios between thrAB and
thrC when the level of L-threonine decreased because the proportion
of thrC was too high. Among the nine strains constructed, the
2901 strain (thrAB:thrC = 3:5) yielded the highest L-threonine titer.
The 2935 strain (3:13) grew slowly because of the large difference in
the expression levels of thrAB and thrC. Optimal growth was
observed for the 0135 strain (5:13) (Figure 3A; Figure 4).
Accumulation of L-threonine was poor when thrC was expressed
weakly, and different ratios had minimal effect on L-threonine
production (Figure 3B, Figure 4). Equal expression levels of
thrAB and thrC in strain 3535 yielded a relatively good
L-threonine titer, but production was lower than that of strain
2901 (Figure 3C, Figure 4). The results indicated that high
expression of thrC in an appropriate thrAB:thrC ratio yielded
optimal cell growth and L-threonine production.

In summary, the results showed that when the expression of
thrC was higher than thrAB, it was beneficial to the growth and
production of L-threonine, and the level of L-threonine decreased
when the expression of thrC was much higher than thrAB in
particular strains. Using a thrAB:thrC expression ratio of 3:
5 yielded the highest production of L-threonine. Production of
L-threonine by proportional expression of thrAB and thrC was
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The effect of different expression intensities of thrAB and thrC on strain TH growth. According to the RBS strength, the adjusted expression of thrAB
and thrC was classified into three groups: ThrAB < ThrC, ThrAB > ThrC and ThrAB = ThrC. All results were calculated from three (n = 3) independent
repeats. (A) Strains with thrAB expression weaker than thrC were constructed using different combinations of RBS, and fermentation results ODggq are
shown. (B) Strains with thrAB expression stronger than thrC were constructed by using different combinations of RBS, and fermentation results
ODgop are shown. (C) Strains with equal expression strengths of thrAB and thrC were constructed by using different combinations of RBS, and
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FIGURE 4

The effect of different expression intensities of thrAB and thrC on
L-threonine production by the TH strain. All results were derived from
three (n = 3) independent repeats.
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found to be a more effective approach to produce L-threonine than
direct overexpression of thrABC (Zhao et al., 2018).

Dynamic regulation of the engineered
thrABC to counter metabolic burden and
increase L-threonine productivity

As described above, L-threonine production was promoted by
carefully regulating the expression levels of thrAB and thrC and
optimizing the thrAB:thrC  ratio; however, constitutive
overexpression of the thrABC operon inhibited cell growth
(Figures 3A-C). We adopted a dynamic regulation strategy to
ensure that the metabolic burden caused by the premature
introduction of the thrABC operon was alleviated. Instead of
using IPTG and other chemical inducers, a growth-related
promoter was used to control thrABC expression after obtaining
a high cell density. Several stationary phase promoters with different
strengths have been obtained previously by random mutagenesis of a
wild-type stationary phase promoter (Shimada et al., 2004). The
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FIGURE 5

The effect of dynamic control of the thrABC operon with a stationary phase promoter on the growth and L-threonine production in Escherichia coli

TH. All results were calculated from three (n = 3) independent repeats. (A) The strain was constructed by replacing the tac promoter with different
promoters. (B) The ODgqo of fermenting strains is controlled by a stationary phase promoter. (C) Samples were taken at 12, 24, 30, 36 and 48 h during
fermentation to measure L-threonine production. (D) The yield of the final product was calculated by the ratio of glucose consumption to
L-threonine titer. (E) The content of the by-product acetate and other metabolites at the end of fermentation for 48 h.

strength of the P;; and P,; promoters obtained was equivalent to
E. coli promoters (Jaishankar and Srivastava, 2020). The promoters
of fliA, fliC and flgC involved in flagella construction were also
identified as stationary phase promoters. The transcriptional
intensity of these promoters is active during the lag and early
exponential phases but inhibited throughout the late exponential
and stationary phases (Zhang et al., 2019).

The effect of dynamic regulation of thrABC on strain growth and
production was verified by using three stationary phase promoters,
Pgic, P1.;and P, y, for thrABC regulation in the PA-29thrAB-01thrC
plasmid (Figure 5A). The results showed that the strains controlled
by the three stationary phase promoters displayed improved growth
in the early stage, and L-threonine production increased
significantly compared with the control group. Among these
strains, growth was strongest for strain P,;-2901, which was
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controlled by P,;, and L-threonine production was similar to
that of the strain controlled by the tac promoter (Figures 5B,C).
This observation is because the P, ; promoter is the strongest among
the three tested (Jaishankar and Srivastava, 2020). We measured
L-threonine production in each period and found that L-threonine
accumulation in the P,;-2901 strain was the fastest, with the
L-threonine titer and productivity reaching 26.02 g/L and 1.08 g/
L/h at 24 h, respectively. L-threonine production by strain P ;-
2901 was 44.56% and 65.00% higher than that of the control strain
TH and strain 2901 controlled by the tac promoter, respectively
(Figure 5C). This result arises because the replaced stationary phase
promoter is more active during the early exponential phase, which
promotes the overexpression of the thrABC operon to accelerate the
accumulation of L-threonine. This phenomenon suggests that this
strategy can enhance product titer and shorten the fermentation
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FIGURE 6

The effect of deleting ptsG on the growth and L-threonine production of strain TH. All results were determined from three (n = 3) independent
repeats. (A) Growth of strains before ptsG gene deletion. (B) Growth of strains after ptsG gene deletion. (C) The yield of the final product was calculated by
the glucose consumption and L-threonine titer. (D) During fermentation, samples taken at 12, 24, 36, 48 and 60 h were used to measure L-threonine

production.

period. The overexpression of the thrABC gene controlled by the
stationary phase promoter can improve L-threonine yield
(Figure 5D).

Although we increased L-threonine productivity by using a
stationary phase promoter, the strains with better growth in
the early stage also produced a large amount of acetate
(Figure 5E). Studies have suggested that the rapid use of
glucose during the early stage of cell growth will lead to an
acetate overflow (Eiteman and Altman, 2006). Thus, we next

tried to reduce the acetate overflow.

Decreasing glucose transport to reduce
acetate overflow and improve L-threonine
production

The phosphotransferase system (PTS) is the major glucose
transport system in E. coli. Deletion of PTS has been reported to
reduce acetate overflow and increase the production of recombinant
proteins and biochemicals (Wang et al., 2006; Kang et al., 2009). We
deleted the ptsG gene in three threonine-producing strains, TH,
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2901 and P,;-2901, to examine the effect of PTS activity on
L-threonine production.

The growth of the three strains was retarded after deleting ptsG,
which was caused by the decrease in the glucose uptake rate by the
cells. The growth of the 2901 AptsG strain was inhibited significantly
because of the combined effects of thrABC overexpression and ptsG
deletion. Optimal growth was observed for strain P, ;-2901AptsG,
reaching a stable growth state after 36 h, whereas the 2901AptsG
strain showed slower growth up to 60h (Figures 6A,B). This
observation also reflects the advantages of dynamic regulation.
Using the P,;-2901AptsG strain can shorten the fermentation
period and increase L-threonine production. L-threonine
production by the three strains was improved when compared
with the corresponding strains without the ptsG deletion, with an
increase in L-threonine yield (Figure 6C). At 60 h, L-threonine
production by strain P, ;-2901AptsG reached 40.06 g/L, which was
36.30% and 7.95% higher than that of THAptsG and 2901AptsG
strains, respectively (Figure 6D). As expected, acetate was not
generated during fermentation.

To further verify the properties of P, ;-2901AptsG for L-threonine

production, fed-batch fermentation was performed in 5-L bioreactor,
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TABLE 1 L-threonine production using different strategies.

Shake flasks fermentation

Fed-batch fermentation

Species Source
Titer (g/L) Yield Productivity Titer (g/L) Yield Productivity
(9/9) (9/L/h) (9/9) (g/L/h)
E. coli (TWF083) 29.73 116.62 0.49 2.43 Zhao et al. (2020)
E. coli (TWF044) 28.49 0.72 103.89 0.45 Yang et al. (2019)
E. coli (TSW009) 26.00 0.65 0.54 - - - Wang et al.
(2022b)
E. coli (TWF113 / pFT24rpa 1) 25.85 Fang et al. (2020)
E. coli JLTHR) 127.30 0.58 Su et al. (2018)
E. coli (WMZ016/pFW01-thrA*BC-rhtC) 17.98 0.35 Zhu et al. (2019)
Halomonas bluephagenesis (TDHR3-42- 7.50 33.00 1.40 Du et al. (2020)
p226)
Cotynebacterium glutamicum 12.80 Wei et al. (2018)
E. coli (P,1-2901AptsG) 40.06 0.84 0.67 121.05 0.60 2.52 This Study

using TH as a control. The cell density, glucose consumption levels
(Figure 7A) and L-threonine titer (Figure 7B) are depicted. Following
48h of cultivation, P,;-2901AptsG could produce 121.05g/L
L-threonine, leading to a yield of 0.60 g/g glucose and productivity
of 2.52 g/L/h. TH could produce 98.88 g/L L-threonine in 48 h, with a
yield and productivity of 0.49 g/g glucose and 2.06 g/L/h, respectively.
After 48h of incubation, unfavorable growth conditions and
irreparable cellular damage lead to a death phase and long-term
stationary phase (Finkel, 2006), resulting in the lose viability of
L-threonine production and glucose consumption. In contrast to
the results of other reports, P,;-2901AptsG achieved the highest
productivity and yield. Therefore, with respect to the three major
parameters in industrial production, P,;-2901AptsG possesses
substantial L-threonine production ability.

The reaction catalyzed by ThrC is the rate-limiting step of
L-threonine production and overexpression of thrC inhibits cell
growth. Here, we showed that balanced regulation of thrAB and thrC

Frontiers in Bioengineering and Biotechnology

expression levels promotes E. coli growth and L-threonine
production. L-threonine production was further improved by
dynamically regulating the overexpression of thrABC. Finally, the
deletion of ptsG reduced acetate production and further increased
the titer and yield of L-threonine. With the above approaches, we
obtained strain P,;-2901AptsG, with the titer of L-threonine by
fermentation in a shake flask for 60 h reaching 40.06 g/L, which is
96.85% higher than that of the control strain TH (20.35 g/L) and the
highest titer reported in a shake flask (Table 1). The yield reached
0.84 g/g, which was 44.82% higher than the control strain TH
(0.58 g/g). P,;-2901AptsG could produce 121.05 g/L L-threonine
in 48 h, with a yield and productivity of 0.60 g/g glucose and 2.52 g/
L/h by fed-batch fermentation, respectively. The maximum
L-threonine yield and productivity was obtained in reported fed-
batch fermentation, and L-threonine titer is close to the maximum
(12730 g/L) (Table 1). This study provided a new concept for
improving L-threonine production and downstream products.
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Conditional protein degradation is a powerful tool for controlled protein
knockdown. The auxin-inducible degron (AID) technology uses a plant auxin to
induce depletion of degron-tagged proteins, and it has been shown to be
functional in several non-plant eukaryotes. In this study, we demonstrated
AlD-based protein knockdown in an industrially important oleaginous yeast
Yarrowia lipolytica. Using the mini-IAA7 (mIAA7) degron derived from
Arabidopsis |AA7, coupled with an Oryza sativa TIR1 (OsTIR1) plant auxin
receptor F-box protein (expressed from the copper-inducible MT2 promoter),
C-terminal degron-tagged superfolder GFP could be degraded in Yarrowia
lipolytica upon addition of copper and the synthetic auxin 1-Naphthaleneacetic
acid (NAA). However, leaky degradation of the degron-tagged GFP in the absence
of NAA was also noted. This NAA-independent degradation was largely eliminated
by replacing the wild-type OsTIR1 and NAA with the OsTIR17#* variant and the
auxin derivative 5-Ad-1AA, respectively. Degradation of the degron-tagged GFP
was rapid and efficient. However, Western blot analysis revealed cellular
proteolytic cleavage within the mIAA7 degron sequence, leading to the
production of a GFP sub-population lacking an intact degron. The utility of the
mIAA7/OsTIR1™#A system was further explored in controlled degradation of a
metabolic enzyme, [-carotene ketolase, which converts p-carotene to
canthaxanthin via echinenone. This enzyme was tagged with the
mIAA7 degron and expressed in a p-carotene producing Y. lipolytica strain that
also expressed OsTIR17#* controlled by the MT2 promoter. By adding copper and
5-Ad-1AA at the time of culture inoculation, canthaxanthin production was found
to be reduced by about 50% on day five compared to the control culture without
adding 5-Ad-IAA. This is the first report that demonstrates the efficacy of the AID
systemin Y. lipolytica. Further improvement of AID-based protein knockdownin Y.
lipolytica may be achieved by preventing proteolytic removal of the
mIAA7 degron tag.

KEYWORDS

conditional protein degradation, degron, metabolic engineering, synthetic biology,
Yarrowia lipolytica

1 Introduction

Degron-mediated protein degradation is an important tool for rewiring metabolic
pathways, studying protein functions, and creating novel synthetic-biology systems
(Natsume and Kanemaki, 2017). Auxin-inducible degron (AID) is a degron system
originating from plants, but it has been successfully applied to various non-plant
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eukaryotic organisms including baker’s yeast Saccharomyces
cerevisiae, mammalian cells, and transgenic mice (Nishimura
et al.,, 2009; Yesbolatova et al., 2020). It has gained considerable
interests for biotechnological applications owing to its specificity,
degradation speed, and inducibility.

In plants, the Transport Inhibitor Response 1 (TIR1) auxin-
receptor F-box protein, which is a component of the SCF (Skpl,
Cullins, F-box proteins) multi-subunit E3 ubiquitin ligase complex,
recruits the auxin-responsive proteins in the presence of indole-3-acetic
acid (IAA), for ubiquitination and degradation. It was discovered by
Nishimura et al. (2009) that the auxin-dependent protein degradation
pathway could be transferred to S. cerevisiae and mammalian cells,
while the heterologous AID system consists of three main components:
an AID degron (a motif derived from the auxin-responsive proteins,
such as Arabidopsis thaliana IAA17) fused to a target protein to be
degraded, the TIR1 protein, and the auxin inducer molecule. It was
reasoned that the heterologously expressed TIR1 protein can bind the
host Skp1 adaptor protein to form a functional SCF ubiquitin ligase
complex in the heterologous host, since the Skp1 protein is conserved in
many species including yeast and humans (Zhang et al, 1995).
Therefore, the plant’s F-box protein in theory should be able to
interact with different species’ Skpl protein, which means that AID
system should be applicable to other eukaryotic species. Unfortunately,
this might not be true in all cases. For example, Kanke et al. (2011)
reported inefficient binding of A. thaliana TIR1 (AtTIRI) to
endogenous Skpl in fission yeast (Schizosaccharomyces pombe).
Fusing S. pombe Skpl to AtTIR1 was shown to increase the AID
degradation efficiency in the fission yeast. In this case, the low affinity
between AtTIRI and fission yeast Skp1 is no longer an issue. However,
when expressed from a strong promoter, the AtTIR1-Skpl fusion
protein was found to be toxic to S. pombe (Kanke et al., 2011).

The original AID degron system (AIDI1) has several other
drawbacks as well, such as auxin independent degradation and
requirement of high doses of auxin (Yamaguchi et al., 2019). More
recently, an improved AID2 system was developed, which involves
mutating Phe74 to either Ala or Gly (i.e., F74A or F74G) in Oryza sativa
TIRI (OsTIR1), and uses 5-Adamantyl-IAA (5-Ad-IAA) or 5-phenyl-
TAA (5-Ph-IAA) as the inducer (Yesbolatova et al., 2020). The F74 A/G
mutation in OsTIR1 would enlarge its auxin-binding pocket, so that the
mutant shows a high binding affinity towards 5-Ad-IAA and 5-Ph-TAA,
and a low affinity towards TAA (Nishimura et al,, 2020; Zhang et al,
2022). As a result, the AID2 system is reported to have higher
degradation efficiency, much lower leaky degradation, and require
much lower auxin doses, and it has been shown to work in S.
cerevisiae, chicken DT40 cells, and various vertebrate cell lines
(Nishimura et al, 2020; Nishimura and Fukagawa, 2021; Watson
et al, 2021; Zhang et al, 2022). However, the AID systems have
shown varying degrees of effectiveness in different host organisms,
and it has not been validated in the industrially important oleaginous
yeast, Y.lipolytica, which is the focus of this study.

Y. lipolytica is an important non-model yeast widely considered as
a promising industrial chassis for valorizing renewable carbon
feedstocks to a wide variety of high-value chemicals (Nichus et al,
2018). As an oleaginous yeast, it is very efficient in de novo lipid
biosynthesis, and can accumulate a high level of lipids in the cells using
simple sugars as the carbon source. Therefore, Y. lipolytica is widely
used for converting renewable sugar feedstocks into lipids as biofuel. It
is also capable of utilizing lipids as the sole carbon source, and hence a
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promising microbial platform for valorizing renewable waste lipid
feedstock (Li et al, 2020). Significant efforts have been made to
engineer Y. lipolytica as a chassis organism for producing useful
compounds. While some genetic tools are available for engineering
Y. lipolytica metabolism, addition of the degron technology to the
toolbox will significantly expand the possibilities of improving existing
traits or creating novel traits in this important organism.

The objective of this study was to evaluate the auxin-inducible
degron system in Y. lipolytica. Superfolder GFP (Pedelacq et al.,
2006) tagged with the mini-IAA7 degron tag (Li et al., 2019) was
used as a model protein to characterize the auxin-dependent
OsTIR1 vs. OsTIR17%A,
respectively. The degron system was further validated by studying

degradation by  co-expressing
auxin-dependent degradation of a metabolic enzyme, the p-carotene
ketolase, and its effect on carotenoid production in an engineered Y.
lipolytica strain. The present study is significant as it lays the
foundation for applying the conditional-degron technology to
create novel and improved Y. lipolytica microbial cell factories.

2 Materials and methods
2.1 Strains and chemicals

Escherichia coli strain DH5a was used for plasmid manipulation
and propagation. S. cerevisiae strain EBY100 (Boder and Wittrup,
1997) was used for assembly of DNA fragments based on yeast
recombination-based cloning. Y. lipolytica Polg (Nicaud et al., 2002)
and B-carotene producing Y. lipolytica strain ST6057 (Kildegaard
et al, 2017) were used for protein expression and carotenoid
production, respectively. Synthetic auxin derivatives 5-Ad-IAA
and 5-Ph-IAA were ordered from TCI America (Portland, OR)
and R&D Systems (Minneapolis, MN), respectively. All other
chemicals are analytical grades from Sigma Aldrich (St. Louis, MO).

2.2 Plasmid construction

Plasmid pEHT-G, which targets the intE_4 locus for insertion of the
GFP expression cassette and the hygromycin selection marker cassette, is
constructed as follows. The TEF, o, promoter (Tai and Stephanopoulos,
2013) fragment (PrTEFin), which is used to drive the GFP expression, was
amplified with the forward primer CITIF and reverse primer TINR using
the plasmid pCFB4666 (Addgene #106144) as template (Holkenbrink et al,,
2018). The GFP fragment was amplified with the forward primer TIGF and
reverse primer SGPR using the plasmid stGFP-pBAD (Addgene #54519) as
template. Then PrTEFin and GFP fragments were assembled into AsiSI-
linearized pCfB5219 plasmid (Addgene #106135) using NEBuilder HiFi
DNA assembly (New England Biolabs, Ipswich, MA).

To construct plasmid pEHT-GI for expressing the GFP-mIAA7
fusion protein, the GFP fragment was amplified with the forward
primer CI1TIF and reverse primer SFGR using the plasmid sfGFP-
pBAD as template. The mIAA7 fragment was obtained with the
forward primer IA7F and reverse primer IA7LR using the Yarrowia
codon-optimized mIAA7 fragment (synthesized by Twist
Bioscience, San Francisco, CA) as template. The two fragments
were then assembled into AsiSI-linearized pCfB5219 plasmid using
NEBuilder HiFi DNA assembly.
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TABLE 1 Major Y. lipolytica strains used in this study.
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Strain name Gene cassettes expressed? Host
GI PrTEFin-sfGFP-mIAA7-TPex20 Polg
GUWT PrTEFin-sfGFP-mIAA7-TPex20/PrMT2-OsTIR1-TXpr2 Polg
GI/F74A PrTEFin-sfGFP-mIAA7-TPex20/PrMT2-OsTIR1*-TXpr2 Polg
G PrTEFin-sfGFP-TPex20 Polg
MG PrMT2-sfGFP-TXpr2 ST6057
GIWH PrTEFin-sfGFP-mIAA7-Wps-H6-TPex20 ST6057
GIWH/F74A PrTEFin-sfGFP-mIAA7-Wps-H6-TPex20/PrMT2-Os TIR1”*-TXpr2 ST6057
WH PrTEFin-Wps-H6-TPex20 ST6057

*PrTEFin, TEF;;0n promoter; PrMT2, MT2 promoter; TPex20, Pex20 terminator; TXpr2, Xpr2 terminator; sfGFP, mIAA7, Wps, and H6, genes encoding sfGFP, mIAA7, Wps, and hexa-His tag,

respectively.

To construct pEHT-GIWH, the Wps-H6 fragment encoding the
[-carotene ketolase from Paracoccus sp. N81106 was obtained with
the forward primer A7WF and reverse primer PWH6R using the
genomic DNA of ST7403 (Kildegaard et al., 2017) as template to
introduce a hexa-His (H6) tag at the C-terminus of Wps.
Subsequently, the Wps-H6 fragment was assembled into Sall-
linearized pEHT-GI using NEBuilder HiFi DNA assembly. To
construct pEHT-WH, the Wps-H6 fragment was amplified from
the ST7403 genomic DNA using the forward primer TWPF and
reverse primer PWHG6R. The resulting product Wps-H6 was then
joined with PrTEFin and assembled into AsiSI-linearized plasmid
pCtB5219 using NEBuilder HiFi DNA assembly.

To construct plasmids for integrating the OsTIR1 or OsTIR17**
expression cassette at the int_F2 locus, plasmid pFLM-G was first
constructed by double digestion of pCU-IntF2U-LoxP-Leu2-LoxP-
hp4D-XPR2-IntF2D (Li et al, 2020) with Sall and BamHI to
remove the hp4D prompter fragment and assemble with the
MT2 promoter (Xiong and Chen, 2020) and GFP fragments using
NEBuilder HiFi DNA assembly. The MT2 promoter fragment was
amplified using the forward primer MT2F and reverse primer MT2R,
from the Polg genomic DNA. The GFP fragment was amplified with
the forward primer T2GF and reverse primer SFGN using plasmid
sfGFP-pBAD as the template. The OsTIRI fragment was amplified with
the forward primer MOSF and reverse primer MOSR, using a synthetic
codon-optimized OsTIRI sequence as template. To obtain the F74A
mutant of OsTIRI, the forward primer F74AF and reverse primer
F74AR were used. Finally, OsTIRI and OsTIRI"** were assembled into
BamHI/Nhel linearized pFLM-G with NEBuilder HiFi DNA assembly
to produce pFLM-OsTIR1 and pFLM-F74A, respectively. All primers
used in this study are listed in Supplementary Table S1. Detailed
plasmid maps and linear DNA structures of major constructs used
in this study are presented in Supplementary Figures S1, S2.

2.3 Recombinant Yarrowia strain
development
Plasmids pEHT-G and pEHT-GI were linearized with NotI and

transformed into Polg, and pFLM-G, and pEHT-GIWH were
linearized with NotI and transformed into ST6057 using the lithium
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acetate (LiAc) method (Marsafari and Xu, 2020), with hygromycin B
selection (250 pg/mL) on YPD plates. Resulting colonies were screened
based on GFP fluorescence and further confirmed by PCR. Colony GFP
fluorescence was visualized using the Dark Reader blue transilluminator
(Clare Chemical Research, Dolores, CO). Plasmids pFLM-OsTIR1 and
PFLM-F74A were linearized with NotI and Nrul and then transformed
into Polg-EHT-GI, respectively. pFLM-F74A was also transformed
into ST6057-EHT-GIWH and transformants selected using leucine
dropout media. The resulting strains were screened with PCR, using
genomic DNA as template. Major Y. lipolytica strains used in this study
are summarized in Table 1.

2.4 Culture conditions for evaluating AID
efficacy in Y. lipolytica

Polg-GI/WT and Polg-GI/F74A were grown at 28°C in 20 mL of
YPD medium in a 250-mL baffled flask for 24 h, respectively, then
CuSO, was added to a final concentration as specified. Twelve hours
later, 1-Naphthaleneacetic acid (NAA) or 5-Ad-IAA (or 5-Ph-TAA, as
specified) was added into Pol1g-GI/WT and Polg-GI/F74A cultures to a
final concentration of 0.5mM and 1pM, respectively. The GFP
fluorescence intensity and optical density of the culture were
measured every hour to monitor the degradation of the sfGFP-
mIAA?7 fusion protein based on the GFP fluorescence and Western
blot analysis. To evaluate the AID efficacy in regulating carotenoid
biosynthesis in Y. lipolytica, ST6057-GIWH/F74A was cultured in YPD
with 0.2mM CuSO, and 1uM 5-Ad-IAA added at the time of
inoculation. All culture experiments were conducted in shake flasks.

2.5 Western blot analysis and GFP culture
fluorescence measurement

All culture samples were centrifuged and cell pellets rinsed three
times with PBS buffer and stored at —80°C for subsequent Western
blot and/or culture GFP fluorescence analysis. Each cell pellet
sample was thawed, resuspended in PBS buffer, and diluted to
ODgpo = 0.3 to measure the culture GFP fluorescence with a
Hitachi F-2500 fluorescence spectrophotometer. To prepare
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protein extracts for Western blot analysis, cell pellets were
resuspended in 10% TCA buffer, followed by homogenization
using Mini-Beadbeater-16 (Biospec model 607, Bartlesville, OK)
with zirconia/silica beads (0.5mm) in 3 x 1 min bursts. The
extracted protein pellet was resuspended in a resuspension buffer
as described previously (Cox et al., 1997). The protein concentration
in the extract was measured using the Nanodrop ND-1000
spectrophotometer. The protein extract is then subject to SDS-
PAGE and Western blot analysis. SDS-PAGE was performed
using the 12% polyacrylamide gel; about 5pg of total soluble
protein for each sample was mixed with 5x loading buffer and
subjected to electrophoresis. Proteins separated in SDS-PAGE gel
were electroblotted onto a polyvinylidene difluoride (PVDF)
membrane, and probed with anti-GFP antibody or anti-His Tag
antibody (Genscript, Piscataway NJ), as described previously (Zhang
et al., 2017).

2.6 gqRT-PCR

ST6057-GI/F74A and ST6057-MG, respectively, was grown at
28°C in the YPD medium for 24 h, and CuSO, was then added into
the culture at a final concentration of 0.2 mM. Cell culture samples
were taken every 30 min for 3 h, and on the 4™ hour. During each
sampling, the cells were rinsed with sterile water, and the cell pellets
were stored at —80°C. After all samples were collected, RNA was
extracted from each sample with Quick Fungal Bacterial MiniPrep
kit (ZymoResearch). The quality and concentration of RNA were
assessed with Nanodrop ND-1000. Then RT reaction was conducted
with 600 ng of RNA for each sample, using the LunaScript” RT
SuperMix Kit (NEB). The resulting cDNA product was diluted 25-
fold and used for qPCR with SYBR green dye. Primer sets Q74F1/
Q74R1 and QSGF/QSGR were used in qPCR to detect OsTIRI™**
and GFP transcripts, respectively. Primer sets QACT1F/QACTI1R
and QTEF1F/QTEFIR were used to detect transcript levels of
ACT1 and TEFI reference genes, respectively.

2.7 MT2 promoter-GFP fluorescence time
course upon copper induction

ST6057-MG was grown at 28°C in the YPD medium for 24 h, then
CuSO, was added into the culture at a final concentration of 0.2 mM.
Cell culture samples were taken every 30 min for 3 h, and on the 4™
hour. During each sampling, the cells were rinsed and resuspended in
200 pL of sterile water. Samples were diluted 20-fold and loaded into a
96-well plate in triplicates. Cell ODgy and culture GFP fluorescence
were then measured with the Tecan Infinite M Plex plate reader. GFP
fluorescence was measured with the excitation wavelength of 470 nm,
and emission wavelength of 511 nm.

2.8 High-performance liquid
chromatography (HPLC) analysis of
carotenoids

ST6057-GIWH/F74A was grown at 28°C in the YPD medium.
Three cultures were set up for comparison. At the time of
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inoculation, one culture was supplemented with CuSO,
(0.2 mM), one with both CuSO,4 (0.2 mM) and 5-Ad-TAA (1 uM),
and the third is a control, without supplementation of CuSO, or
auxin. Samples were taken during the course of the culture to
monitor the carotenoid production. The carotenoids in the cell
samples were separated and quantified using HPLC as described
previously (Li et al., 2020). The titer of the major carotenoid product,
canthaxanthin, was estimated based on the calibration curve with a
canthaxanthin standard (Sigma Aldrich 32993).

3 Results

3.1 Protein degradation using mIAA7-degron
paired with OsTIR1/NAA vs. OsTIR177#4/5-
Ad-1AA

To examine whether the AID system is functional in Y.
GFP
mIAA7 degron tag was expressed alone, or co-expressed with
either the wild type OsTIR1 or its F74A variant (OsTIR1"7*%).
We used superfolder GFP as the reporter instead of the enhanced

lipolytica, a reporter tagged with a C-terminal

GFP (EGFP) commonly used in S. cerevisiae because the latter was
found in our prior studies to be inactive when expressed in Y.
lipolytica. The mIAA7 degron is composed of amino acids
37-104 from the A. thaliana TIAA7 protein (an auxin/TAA
response transcription repressor). OsTIRl is a plant auxin
receptor F-box protein. Both OsTIR1 and OsTIR1"** genes were
codon-optimized for Y. lipolytica expression. The expression of the
GFP-mIAA7 fusion protein was driven by the TEF;,,, promoter,
whereas OsTIR1 (or OsTIR1"**) was expressed from the copper-
inducible MT2 promoter (Xiong and Chen, 2020). NAA at 0.5 mM
and 5-Ad-IAA at 1 uM were used with OsTIR1 and OsTIR1"*4,
respectively. Three Y. lipolytica strains GI, GI/WT, and GI/F74A
were compared. The GI culture (which serves as a control) was
inoculated into the YPD medium without adding additional
chemicals. The GI/WT culture was inoculated into the YPD
medium and cultured for 24 h, followed by supplementing with
0.2 mM of copper sulfate, and 12 h later 0.5 mM of NAA was added.
The GI/F74A culture was treated similarly as the GI/WT culture,
except that 0.5 mM NAA was replaced with 1 uM of 5-Ad-TIAA. For
all three cultures, samples were taken 36 h and 60 h post inoculation
for Western blot analysis using an anti-GFP antibody. The result is
presented in Figure 1. All samples in the Western blot were loaded
based on the same total soluble protein concentration. For the GI
control culture, besides the full-length fusion protein (with a
molecular mass of 34.4 kDa), another immunoreactive band with
a molecular mass similar to GFP was also detected on the Western
blot. The proportion of this lower band grew overtime between
36 and 60 h post inoculation (cf. lanes 1 and 5 in Figure 1). This
result suggests that the C-terminal mIAA7 tag may be susceptible to
intracellular proteolytic cleavage in Y. lipolytica. For the GI/WT
culture, the GFP-mIAA7 fusion protein was found to be degraded
even with only Cu** (but without NAA) added (cf. lanes 2 and 8,
Figure 1), and a very small amount of the fusion protein was detected
24 h after adding NAA (lane 6, Figure 1). This result indicated leaky
degradation and inefficient NAA-specific protein degradation for
the wildtype OsTIRI/NAA system. This finding was further
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GFP Western blot analysis of protein degradation using the mIAA7-degron
text for further experimental detail.

corroborated by comparing the GFP fluorescence of the GI/'WT
culture samples which shows a decrease in culture GFP fluorescence
after adding copper but no further drop in GFP fluorescence was
noted after adding NAA (data not shown). Unlike wildtype OsTIR1,
the F74A variant of OsTIR1 provided highly efficient degradation of
GFP-mIAA7 when induced using the synthetic IAA derivative 5-
Ad-TAA, and showed little signs of leaky degradation. This can be
seen clearly on Figure 1 by comparing lanes 3 and 7 that shows
highly efficient 5-Ad-IAA-induced degradation of GFP-mIAA7,
while little or no leaky degradation was detected in the absence
of 5-Ad-IAA by comparing lanes 1 and 3.

er concentration on the

3.2 Effect of co
A /5-Ad-1AA AID system

mIAA7/OsTIR1F

In designing the AID systems for this study, we controlled
OsTIR1 and OsTIR1"** expression using the Cu®*-inducible
MT2 promoter. By tuning the copper induction condition to
control the level of OsTIR1 or OsTIR1”*%, it may help to
minimize leaky protein degradation in the absence of exogenous

auxin addition. In the case of OsTIR1 744

, we showed in Figure 1 that
no leaky degradation was noted upon MT2 promoter induction
using copper sulfate at 0.2 mM. However, the concentration of
OsTIR1"** relative to the concentration of the degron-tagged
protein may affect the efficiency of the AID mediated protein

degradation. We therefore investigated the effect of copper
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paired with OsTIR1/NAA and OsTIR17**/5-Ad-IAA, respectively. Refer to

induction concentration on the extent of AID-mediated GFP-
mIAA7 degradation. Three copper inducer concentrations were
tested (0.05, 0.2, and 0.3 mM). The GI/F74A culture was grown
in YPD for 24 h, then Cu** was added at 0.05, 0.2, and 0.3 mM,
respectively. At 36 h post inoculation, 1 uM of 5-Ad-IAA was added
and the cultures were monitored at 0, 3, 5, 7, and 24 h post 5-Ad-
IAA induction. The samples were analyzed using GFP Western blot
(Figure 2A), from which, protein degradation was found to occur
very rapidly (cf. 0 and 3 h samples), yet similar levels of degradation
were noted at all three Cu*" concentration tested. Given that the
culture was induced by Cu** for 12h before adding 5-Ad-TIAA,
sufficient OsTIR1"** might have already been accumulated even at
the lowest Cu®* induction concentration and thus was not limiting.
After 5-Ad-TAA induction, nearly all full-length GFP-mIAA7 was
depleted within 3 h regardless the Cu®* concentration used to induce
the MT2 promoter. Interestingly, the faint upper band detected in
the samples at 3, 5, and 7h post 5-Ad-IAA induction showed a
slightly lower molecular mass than the full-length GFP-mIAA7
detected in the 0-h sample. This faint upper band was almost
completely depleted at 24 h post IAA addition for all three Cu**
concentrations tested. All samples contain a lower band (likely GFP)
similar to that noted in Figure 1. The GI/F74A cultivation was
repeated using 0.2 mM Cu** and 1 uM 5-Ad-IAA, and GFP culture
fluorescence was monitored hourly for up to 7 h (Figure 2B). The
culture fluorescence data (per culture OD) corroborate the Western
blot result, and further inform the gradual degradation of GFP-
mIAA7 during the first 3h post 5-Ad-IAA induction, while the
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FIGURE 2

Characterization of the mIAA7/OsTIR17744/5-Ad-1AA AID system: effect of Cu®* induction concentrations (0.05, 0.2, vs. 0.3 mM) and degradation
time course of GFP-mIAA7 in Y. lipolytica. (A) GFP Western blot analysis of samples taken at 0, 3, 5, 7, and 24 h upon addition of 1 uM of 5-Ad-1AA. GI/F74A
culture was grown for 24 h, followed by Cu?* (0.2 mM) induction (to express OsTIR17#4), and then 5-Ad-1AA was added 12 h later. (B) Time courses of GFP
culture fluorescence upon adding Cu?* (0.2 mM) alone or Cu?* plus 5-Ad-1AA. (C) Changes in the GFP fluorescence spectra in response to addition

of Cu?* (0.2 mM) plus 5-Ad-IAA.
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Induction kinetics of the MT2 promoter upon Cu?* (0.2 mM) addition. (A) Transcript of OsTIRL”** expressed from the MT2 promoter (GI/F74A
culture). (B) GFP expression driven by the MT2 promoter (MG culture), indicated by the GFP fluorescence and transcript time courses.

control and Cu®'-only culture displayed essentially constant
fluorescence throughout the duration of the test. The residual
background fluorescence seen in Figure 2B resulted mainly from
culture autofluorescence and to a less extent the GFP cleaved from
GFP-mIAA7 that was not degraded by OsTIR1"7**. As indicated in
the fluorescence spectra of the culture samples (Figure 2C), the
characteristic GFP emission peak occurring at around 510 nm
subsided after 5-Ad-IAA addition, and essentially disappeared
after 3 h.

Because GFP-mIAA7 was driven by the constitutive TEF;,ron

promoter, whereas OsTIR1"** was by the copper-inducible
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MT2 promoter, we tracked the OsTIRI™** transcript over a
period of 4h from the time of copper induction to inform the
efficacy of the MT2 promoter (Figure 3A). The induction was found
to be very rapid, and about 30~40-fold increase in the OsTIRI""**
transcript was detected within 30 min after adding Cu*" (0.2 mM),
but the transcript level subsided quickly afterwards. We then
examined another Y. lipolytica strain that expresses GFP driven
by the MT2 promoter, by measuring time courses of GFP transcript
and GFP fluorescence (indicating GFP protein concentrations) upon
copper induction. As seen in Figure 3B, the GFP gene induction
kinetics resembled that of the OsTIRI™** gene (also driven by the
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FIGURE 4

Characterization of the mIAA7/OsTIR17** AID system: effect of
different auxins. GFP Western blot analysis of samples taken at 0, 3,
and 5 h upon addition of 1 uM of 5-Ad-IAA or 5-Ph-IAA, or 0.5 mM of
NAA. The GI/F74A culture was grown for 24 h, followed by Cu®*

(0.2 mM) induction (to express OsTIR17#4), and then the auxin was
added 12 h later.

MT?2 promoter) in Figure 3A. Importantly, even though the GFP
transcript quickly decreased to near the pre-induction level after it
peaked, GFP protein accumulated above the pre-induction level.
The OsTIR1"** protein level was not monitored, yet based on the
data for GFP, and the fact that auxin-dependent GFP-mIAA7
degradation was found to be effective (Figures 1, 2), it is likely
that the level of OsTIR1"** protein present in the Y. lipolytica cells
was sufficient to enable efficient protein degradation.

3.3 Effect of auxin inducers on the mIAA7/
OsTIR1¥#A AID system

Besides 5-Ad-IAA, use of 5-Ph-IAA with OsTIR1"** was also
reported in several studies. To compare the effect of different auxin
inducers on protein degradation, Polg-GI/F74A was grown at 28°C in
the YPD medium for 24 h, CuSO, added to a final concentration of
0.2 mM and further incubated for 12 more hours. NAA, 5-Ad-IAA, and
5-Ph-TAA were then supplemented at a final concentration of 0.5 mM,
1 uM, and 1 pM, respectively, and GFP-mIAA7 protein degradation
was monitored using Western blot for up to 5hours. As shown in
Figure 4, 5-Ad-IAA and 5-Ph-IAA are equally effective in degrading the
GFP-mIAA7. At 3 h post auxin induction, the full-length fusion protein
was completely depleted, noting that the faint upper band seen under
3 and 5 h has a lower molecular mass than that of the full-length GFP-
mlIAA7 (as in Figure 2A). NAA on the other hand, despite at a much
higher concentration, caused very modest protein degradation.

3.4 Conditional degradation of a
biosynthetic enzyme using the mIAA7/
OsTIR177#4/5-Ad-1AA AID system

The mIAA7/OsTIR1"7** degron system was further validated by

examining auxin-dependent degradation of B-carotene ketolase, and
its effect on carotenoid production in an engineered Y. lipolytica
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strain. The host Y. lipolytica strain ST6057 was engineered to
produce B-carotene (Kildegaard et al., 2017), and it was further
engineered in this study to create ST6057-GIWH/F74A that
overexpresses the P-carotene ketolase Wps to convert p-carotene
to canthaxanthin. Three culture treatments were set up and
compared. Cu** (0.2 mM) and 5-Ad-IAA (1 uM) or Cu®* alone
was introduced at inoculation, vs. a control culture without
supplementing Cu®" or 5-Ad-IAA. Each culture was allowed to
grow for 5days. On day 2 and day 5, cells were extracted for
HPLC, and the
chromatograms (based on the same amount of cell biomass

carotenoid  analysis  using resulting
extracted across all three culture treatments) are presented in
Figure 5. In our previous study, we identified the carotenoids
produced by the Y. lipolytica ST7403 strain (which was derived
from ST6057 by overexpressing p-carotene ketolase and p-carotene
hydroxylase) using triple quadrupole LC/MS and published mass to
charge ratio (m/z) of known carotenoid species (Li et al., 2020). In
Figure 5, major carotenoid species appeared in the HPLC
chromatograms were identified as follows: 1) canthaxanthin
(retention time: 11.5-12 min), 2) echinenone variants (retention
14-15.5min), and 3)
24-24.5min). The canthaxanthin titer in the culture received
both Cu** and 5-Ad-IAA (5.32 + 0.25 mg/L on day 2 and 6.39 *
0.43 on day 5) was about half of that seen in the control (10.62 +
0.39 on day 2, and 13.61 + 0.87 mg/L on day 5) or the culture
receiving Cu®" alone (8.12 + 0.26 mg/L on day 2 and 13.57 +
0.77mg/L on day 5). Before P-carotene was converted to

time: B-carotene (retention time:

canthaxanthin, it was first transformed into echinenone variants.
On day 5, in the culture treated with Cu®" and 5-Ad-IAA, the early
(appeared between 15 and 15.5min)
accumulated to a level that was about twice as much as those
the other
echinenone variants (between 14 and 15 min) accumulated to a

echinenone variant

seen in two cultures, whereas the later-stage
level that was about half of those seen in the other two cultures.
Furthermore, P-carotene accumulation was detected only in the
culture received Cu®* and 5-Ad-IAA due to lower Wps activity that
reduced further conversion of p-carotene. All of these data indicate
that the mIAA7/OsTIR1"** degron system rendered a lower Wps
activity by lowering its abundance in the cells via protein
degradation. Residual ketolase activities however persisted, and
led to the formation of canthaxanthin and echinenone variants.
In a related test, Cu** and 5-Ad-IAA were added 1 day after cell
inoculation, and a similar carotenoid product trend emerged,
ie, lower canthaxanthin/later-stage echinenone and higher f-
carotene/early-stage echinenone (data not shown). Addition of
Cu®" alone had almost no effect on the carotenoid production
compared to control, indicating no IAA-independent leaky
protein degradation with the mIAA7/OsTIR1"** degron system.
To further investigate the system at the protein level, Western
blot analysis was conducted (Figure 6). The theoretical molecular
mass of GFP-mIAA7-Wps-H6 and Wps-H6 are 61.8kDa and
27.8kDa, respectively. From the anti-His-tag Western blot in
Figure 6 (left panel), the control culture showed an upper band
corresponding to the full-length fusion protein and a lower band
with a size similar to that of Wps, but the culture with copper plus 5-
Ad-TAA only showed the lower band, indicating essentially complete
degradation of the degron-tagged full-length fusion protein in the
cells. However, the cleaved Wps product in the cells might contain
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Controlling carotenoid biosynthesis in Y. lipolytica using the mIAA7/OsTIR1"** AID system as shown in HPLC analysis. Cu®* (0.2 mM) and 5-Ad-I1AA
(1 pM) or Cu?* alone was introduced at inoculation to the GIWH/F74A culture, and allowed to grow for 5 days. Control culture received no Cu?* or 5-Ad-
IAA. (A) HPLC analysis of samples taken on day 2 (left panel) and day 5 (right panel). Carotenoid species are labeled as follows: @ canthaxanthin, @
echinenone variants, and ® B-carotene. (B) The corresponding growth curves (the arrow indicates the time Cu?* and 5-Ad-1AA were added to the
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FIGURE 6

Western blot analysis of conditional degradation of p-carotene
ketolase (Wps) using the mIAA7/OsTIR17#* AID system. Cu?* (0.2 mM)
and 5-Ad-IAA (1 uM) were introduced at inoculation to the GIWH/
F74A culture and allowed to grow for 5 days before the cells were
extracted for Western blot analysis using an anti-His-tag antibody (left
panel). Control and WH cultures received no Cu?* or 5-Ad-IAA. In a
separate experiment, the GIWH culture (without co-expressing
OsTIR17#4) was grown for 1 day, before the cells were extracted for
Western blot analysis using an anti-GFP antibody (right panel).
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no or only partial mIAA7 sequence which was insufficient for
binding with OsTIR1"** and hence could not be degraded. The
residual Wps was thus still able to convert B-carotene into
downstream carotenoid products, and this may account for the
in the HPLC
chromatograms. In a separate experiment, Y. lipolytica strain
ST6057-GIWH (without co-expressing OsTIR1™**) was grown
for 1 day, before the cells were extracted for Western blot
analysis using an anti-GFP antibody (Figure 6, right panel). A

canthaxanthin and echinenone variants seen

major cleaved product with size similar to GFP is clearly visible
on the blot along with the full-length fusion protein. Multiple faint
immunoreactive bands are also visible with sizes between those of
the full-length protein and the cleaved GFP protein. This result
indicates that proteolytic cleavage within the mIAA7 sequence noted
above with the GFP-mIAA7 protein also occurred in the GFP-
mIAA7-Wps-H6 protein, despite that the mIAA7 sequence is not
present at the protein termini. The mIAA7 peptide consists of the
conserved F-box protein binding motif flanked by disordered
sequences. It is known that long and unstructured peptide linkers
may be prone to proteolytic digestion (Chen et al., 2013). Therefore,
following initial intracellular proteolytic cleavage within the
mIAA7 sequence, the remnant mIAA7 peptides may be further
digested by carboxyl and/or amino-peptidases, leading to the
formation of the GFP and Wps-H6 products seen on the western
blots (Figure 6).
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4 Discussion

Since Nishimura et al. (2009) reported that the plant auxin-
dependent protein degradation pathway could be transferred to
non-plant eukaryotic cells, the AID system has been applied to
several different hosts, yet its utility in Y. lipolytica had not been
demonstrated prior to the present study. In this study, we choose to
focus on the mIAA7 degron, instead of the more commonly used
mAID or AID* (a shorter version of mAID) degrons. In
Caenorhabditis elegans, higher protein degradation efficiency was
seen with mIAA7 than with AID* (Sepers et al,, 2022). Though
derived from different A. thaliana IAA response transcription
repressor proteins (IAA7 vs. IAA17), and differ in primary
sequences, both mIAA7 (IAA7 37-104) and AID* (IAA17 71-
114) degrons contain the conserved domain II F-box protein
binding motif, yet the former has a longer amino-terminal
extension (which was reported to be important to TIR1-mediated
protein degradation in plants) and contains no putative
ubiquitination sites (and hence the degron tag itself is not
ubiquitinated) (Sepers et al., 2022). The mIAA7 degron was first
reported by Li et al. (2019) and was shown to be an optimal degron
to pair with the A. thaliana AFB2 F-box protein to enable protein
degradation. Sepers et al. (2022) used mIAA7 in combination with
AtOsTIR1%7°¢ in their AID system. In the present study, we showed
that mIAA7 worked well in combination with OsTIR1"7** and either
5-Ad-TAA or 5-Ph-IAA in inducing rapid auxin-dependent protein
degradation in Y. lipolytica. Importantly, the mIAA7/OsTIR1"7#/5-
Ad-TAA degron system was shown in this study to be able to degrade
both cytosolic (GFP) and integral membrane (Wps) proteins.

Whether it was fused internally or to the carboxyl terminus of the
target protein, the mIAA7 degron was shown in this study to direct
protein degradation in Y. lipolytica. However, Western blot analysis
revealed cellular proteolytic cleavage within the mIAA7 degron
sequence, leading to the production of target-protein subpopulations
lacking an intact degron, which prevented complete degradation of the
target protein upon auxin addition. By resolving the A. thaliana TIR1-
auxin-TAA7 complex topology, it was shown that regions in the vicinity
of the mostly conserved degron (VGWPP-[VI]-[RG]-x (2)-R) motif of
IAA proteins are intrinsically disordered and they cooperatively
position TAA protein on TIR1 (Niemeyer et al, 2020). The
mIAA7 degron tag is only a portion of the IAA7 protein, and it
consists of the conserved degron motif flanked by disordered sequences.
The mIAA7 tag when fused between two other protein moieties or to
the protein termini would likely be present as a highly disordered linker
especially in the absence of the auxin inducer. Such a long (68 residues,
7.53kDa) and disordered linker may be very prone to proteolytic
digestion (Chen et al., 2013), which may explain why a portion of the
degron-tagged proteins appeared to lose their degron tag, as shown in
the Western blot results.

To reduce leaky degradation, in this study, the TIR1 expression
was under the regulation of the copper-inducible MT2 promoter. As
shown in Figure 3, MT2 promoter induction was very rapid, yet the
transcript level subsided quickly after peaking at about 30 min after
induction. The sharp decline in transcript level could be due to the
copper (II) detoxification mechanism (Peng et al., 2015). Copper is
an essential trace element yet it becomes toxic if not properly
regulated. In the yeast S. cerevisiae, this mechanism entails
reduction of copper (II) to copper (I), which is then bound to
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metallothionein or converted to copper metal, and may result in
depletion of the cellular copper (II) inducer pool (Hassett and
Kosman, 1995). A similar copper detoxification mechanism also
exists in Y. lipolytica (Ran et al., 2023). Besides the copper-inducible
promoter systems, alternative promoters (Sun et al., 2022) inducible
by erythritol (Trassaert et al., 2017), xylose (Wei et al., 2020), and
oleic acid (Sassi et al., 2016), respectively, may be considered for
driving the TIR1 expression.

Compared with its F74A  variant, the wild-type
OsTIR1 performed poorly in Y. lipolytica, showing serious leaky
degradation of mIAA7-tagged GFP in the absence of exogenous
NAA addition. Auxin-independent leaky protein degradation with
the wild-type OsTIRI has been widely reported in several host
systems (Yesbolatova et al., 2020). This phenomenon is generally
believed (Mendoza-Ochoa et al., 2019) to result from 1) an intrinsic
low affinity between the wild-type OsTIR1 and its substrate (i.e., the
degron-tagged protein) even in the absence of auxin (Tan et al,
2007), 2) small amounts of auxin in the culture media, or 3) low
levels of endogenous auxin in plants and yeast species such as S.
cerevisiae (Rao et al., 2010) and Y. lipolytica (Gul Jan et al., 2019).
The F74A mutation in OSTIR1 would enlarge its auxin-binding
pocket to enable binding of 5-Ad-IAA or 5-Ph-IAA with a very high
affinity, while its affinity for TAA is much lower (Nishimura et al.,
2020; Zhang et al., 2022). As shown in Figure 4, when compared with
5-Ad-TAA, NAA induced much less protein degradation in
combination with OsTIR1"** in Y. lipolytica.

In this study, B-carotene ketolase (Wps, encoded by crtW) was
chosen as a target enzyme to illustrate the degron application in
regulating metabolic pathways. This enzyme catalyzes the
conversion of f-carotene to canthaxanthin (Supplementary Figure
§3). By tagging the enzyme with the mIAA7 degron, we
demonstrated that this enzyme could be degraded upon addition
of Cu** and 5-Ad-IAA, and resulted in lower canthaxanthin
production (Figure 5). The AID system enables post-translational
regulation of proteins/enzymes via conditional degradation, which is
complementary to transcriptional regulations such as use of
inducible/repressible  promoters and CRISPR  activation
(CRISPRa) or interference (CRISPRi), and post-transcriptional
regulations such as RNA interference (RNAi). The AID approach
is especially useful when the targeted genes are essential (and hence
knocked out) regulated
transcriptionally. The inducible nature of the AID system and its

cannot be and/or cannot be
rapid induction kinetics make it a powerful molecular tool for
exerting tight temporal regulation of metabolic networks. The
AID approach does have one drawback which is the need to tag
the target endogenous proteins with the degron sequence for
degradation, which modifying the host

However, with the advances in CRISPR genome editing, this

requires genome.
barrier can be readily overcome. To exemplify its applications in
metabolic engineering and synthetic biology, one may apply the AID
in metabolic perturbation to elucidate metabolic network
regulations, to redirect metabolic fluxes by cutting off byproduct
synthesis, to implement temporal control of metabolic reaction
networks, or to alter growth patterns (e.g., decoupling growth
from product formation) by triggering depletion of protein
targets essential for cell proliferation at a desired time point
during the culture cycle. To this end, utility of AIDI (wt
OsTIRI1 coupled with the AID* degron tag, and NAA as the
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auxin inducer) in metabolic engineering of S. cerevisiae was
demonstrated by the Vickers’ group who showed that AIDI-
mediated degradation of farnesyl pyrophosphate synthase
increased the geranyl pyrophosphate pool which was redirected
towards monoterpene production, whereas depleting acetyl-CoA
carboxylase enabled decoupling of growth and production (Lu et al.,
2021). As an extension of the present study to improve carotenoid
production in Y. lipolytica, one may consider attenuating ergosterol
synthesis via auxin-inducible degradation of squalene synthase as
the cells enter stationary phase, to direct more farnesyl
pyrophosphate  towards

geranylgeranyl pyrophosphate and

downstream carotenoid biosynthesis.

5 Conclusion

In this study we demonstrated that the mIAA7/OsTIR1"7*4/5-
Ad-TAA AID system is functional in the industrially important
oleaginous yeast Y. lipolytica. Conversely, the mIAA7/OsTIR1/NAA
system works poorly with considerable leaky auxin-independent
protein degradation. Meanwhile, our Western blot analyses revealed
some degrees of proteolytic cleavage within the mIAA7 degron
sequence whether it was fused internally or to the carboxyl terminus
of the target protein. Work is currently underway to resolve this
issue by creating alternative protein scaffolds to stabilize the degron
structure. Having established an effective conditional-degron system
for Y. lipolytica will greatly expand the synthetic-biology toolbox for
this important organism to develop novel and more advanced traits.
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gain-of-function mutations
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Targeted mutagenesis of a promoter or gene is essential for attaining new
functions in microbial and protein engineering efforts. In the burgeoning field
of synthetic biology, heterologous genes are expressed in new host organisms.
Similarly, natural or designed proteins are mutagenized at targeted positions and
screened for gain-of-function mutations. Here, we describe methods to attain
complete randomization or controlled mutations in promoters or genes.
Combinatorial libraries of one hundred thousands to tens of millions of
variants can be created using commercially synthesized oligonucleotides,
simply by performing two rounds of polymerase chain reactions. With a
suitably engineered reporter in a whole cell, these libraries can be screened
rapidly by performing fluorescence-activated cell sorting (FACS). Within a few
rounds of positive and negative sorting based on the response from the reporter,
the library can rapidly converge to a few optimal or extremely rare variants with
desired phenotypes. Library construction, transformation and sequence
verification takes 6-9days and requires only basic molecular biology lab
experience. Screening the library by FACS takes 3-5 days and requires training
for the specific cytometer used. Further steps after sorting, including colony
picking, sequencing, verification, and characterization of individual clones may
take longer, depending on number of clones and required experiments.

KEYWORDS

protein engineering, synthetic biology, promoter engineering, mutagenesis, polymerase
chain reaction, overlap extension PCR, fluorescence-activated cell sorting, whole-cell
biosensor

1 Introduction

In the field of synthetic biology, rational design of proteins and promoters has gained
extensive interest, especially for metabolic engineering efforts (Blazeck and Alper, 2013;
Xiong et al., 2021). For proteins, this is frequently achieved by site directed mutagenesis
of specific codons in the genes (Alberghina and Lotti, 2005). For promoter engineering,
the method is less streamlined, but commonly randomization of ribosomal binding sites
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FIGURE 1

Design-Build-Test workflow for isolating gain-of-function
mutations in a gene or promoter using library generation and high-
throughput screening.

(RBS) is a preferred method for tuning the expression of genes
(Salis et al., 2009; Zhang et al., 2015; Oesterle et al., 2017; Segall-
Shapiro et al., 2018). Targeted mutagenesis is an essential method
for achieving gain-of-function mutations in a gene or promoter.
However, introducing single mutations one at a time and
individually testing for changes in function is a tedious and
which at best
incremental changes to phenotype after each mutation. The

bottleneck of
and promoters

time-intensive process, only results in

protocol described herein eliminates the
individually

(generated by site-directed mutagenesis) by assaying the

testing variants of genes
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combinatorial effect of several mutations at once, as part of a
large multi-variant library.

The method described here uses a combination of overlap
extension Polymerase Chain Reaction (PCR) (Ho et al, 1989
1989) and saturation or partial saturation
mutagenesis with degenerate primers (Kretz et al, 2004) to

Horton et al,

produce a library of gene and promoter variants that can then be
screened for desired characteristics (outlined in Figure 1).
Oligonucleotide overlap extension with degenerate codons is a
simple yet powerful technique to introduce massive numbers of
mutations, while using only a relatively simple two-step PCR.
Economically, it takes advantage of the low
oligonucleotides (<70 bp), and the possibility of introducing

cost for

degeneracy in a desired region. These oligos can then be used in
a two-step PCR (fragment generation followed by assembly of
fragments) to rapidly generate libraries with diversity on the
order of 10%-10” variants. The resulting libraries lend themselves
to high-throughput screening via fluorescence activated cell sorting
(FACS), when coupled to a relevant fluorescent reporter, allowing
for the rapid identification and isolation of variants of interest,
which can then be individually characterized.

For the successful application of this method, a variety of factors
need to be taken into account when designing a library. The
following sections outline important considerations when aiming
to design, construct and screen a promoter or a protein library
(Sections 1.1, 1.2 respectively).

1.1 Promoter and RBS libraries

Promoters may need to be modified for a variety of reasons
including, tuning gene expression (Bakke et al., 2009; Boldrin et al.,
2017), pathway optimization (Jin et al., 2019), designing synthetic
circuits (Xie and Fussenegger, 2018), engineering biosensors (Pardo
et al,, 2020; Bentley et al., 2020) and providing new basic molecular
biology tools for non-model organisms (Mordaka and Heap, 2018).
While many of the mechanisms linking promoter sequence to
transcription rates are known and several bioinformatic tools
(Cassiano and Silva-Rocha, 2020; LaFleur et al., 2022) can help
predict promoter strength from sequence alone, it is still necessary to
test engineered promoters experimentally. The need for
combinatorial building and testing of promoter regions and
sequences in its proximity is commonly the method of choice.
Thus, many attempts to modify promoter performance rely on
semi-rational mutation libraries. In this context, semi-rational
refers to the approach of targeting specific regions of the
promoter, known to be involved with various mechanisms of
transcription or translation, rather than just randomly mutating
the entire promoter region.

For transcription, the regions approximately 35 and 10 bases
upstream of the transcriptional initiation site (referred to as —35/
—10 promoter sites) are particularly important for transcription
initiation and therefore a single nucleotide mutation here can have
dramatic effects (Einav and Phillips, 2019). Sometimes, if the goal is
to create more subtle changes in translation rate or a series of
promoters with steadily increasing or decreasing strength, it may be
beneficial to mutate nearby areas, but leave the —35 and —10 regions
unmutated (Mordaka and Heap, 2018). When importing a promoter
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from one organism into another host, however, it becomes
imperative to also change the —35/-10 sites. This strategy has
contributed to achieving gain-of-function, allowing novel
biosensors to be created in new host organisms such as
Pseudomonas putida (Bentley et al.,, 2020), Acinetobacter baylyi
ADP1 (Pardo et al, 2020) and Corynebacterium glutamicum
(Velasquez-Guzman and Huttanus et al, unpublished data).

Regions around or within the —35/-10 sites can also contain
operator regions for transcription factors. These operator regions
are usually palindromic or pseudo-palindromic sequences to which
the DNA binding domains of the transcription regulator bind. There
are usually anywhere from one to three such sequences around the
promoter region. Modification of the operator region can result in
modulated binding affinity of the transcription regulator to the
operator region and hence altered function. Randomization of only a
few nucleotides in the operator region showed a wide range of
repression levels of Lacl that included increase in amplitude of
response, very tight repression, or very weak repression resulting in
constitutive activity of the promoter (Maity et al., 2012).

In addition to adjusting transcription rates via promoter and
operator sites, further gene expression can be controlled at the
translational level. While not technically part of the promoter, the
ribosome binding site or RBS is typically located just between the
promoter and the gene to be regulated, allowing for modifications to
the RBS to be conveniently included in the promotor library.
Mutation libraries of the RBS have been used to modulate and
optimize translation rates in a variety of applications (Oesterle et al.,
2017). Similarly, cis-acting elements on the mRNA can have a
profound effect on translation rates (Gebauer et al, 2012;
Rhodius et al., 2012) and have also been diversified to generate
libraries with a wide range of expression levels of downstream genes
(White, 2015; Pandey et al., 2022).

Through these and other methods, many sets of constitutive
promoters covering a wide range of transcription rates have been
developed. Yet there is still a need to engineer promoter sets for
microbial hosts that include living therapeutics and other
microbiota (Waller et al., 2017; Charbonneau et al., 2020; Dosoky
etal,, 2020), as well as non-model host strains for biomanufacturing
purposes. A need for tuning constitutive promoters arises especially
when the gene product shows instability in function or is toxic to the
microbial host. In such cases, randomization of specific regions in
the promoter such as —35/-10 sites, can tune down the constitutive
promoter, resulting in stable expression of the downstream gene.
The approach was successfully applied in tuning down the
expression of mucK transporter gene for stable expression from a
constitutive promoter in Pseudomonas putida (Shin et al., 2022).

Inducible promoters are an important component of the
molecular biology toolkit (Chen et al., 2018), as they provide
timely or dynamic regulation, and are often included in gene
circuits (Mayo et al, 2006; Xie and Fussenegger, 2018) and
metabolic pathway optimization (Jin et al, 2019). When
engineering a synthetic inducible promoter, important aspects to
consider include the inducibility and background activity of a
promoter. Induction should be relatively straightforward for most
cases, not requiring expensive chemicals, specific growth media or
temperature shifts. In addition, an inducible promoter should show
distinct activity when the inducer is present and low background
activity when the inducer is absent. It is important to have tight

Frontiers in Bioengineering and Biotechnology

10.3389/fbioe.2023.1202388

regulation to avoid the basal expression levels interfering with the
interpretation of the results (Hartman et al., 2011). Engineering
these desirable qualities into a promoter, requires knowledge of the
induction mechanism for targeted mutagenesis and, sometimes in
addition, a semi-rational design of a library from which the desirable
response can be isolated.

The mechanism of promoter regulation can vary and is
determined by the type of transcription factor that interacts with
those promoters. The most common ones are transcriptional
repressors that bind to specific regions in the proximity of the
promoter and block transcription (Figure 2A). Repression can be
released by the repressor reacting to changes in the environment,
such as binding to a specific ligand. Certain other promoters are
regulated by transcriptional activators (Figure 2B) that recruit
transcription machinery in response to a certain change in the
environment, such as accumulation or depletion of a certain
metabolite or change in temperature. Another very common kind
of transcriptional regulator in bacteria works as a repressor as well as
an activator. The LysR-Type Transcriptional Regulator (LTTR)
(Maddocks and Oyston, 2008) forms homotetramers with two
arms each bearing a pair of DNA binding domains (Figure 2C).
Typically, one of those arms remains anchored to an operator site in
proximity to the promoter, regardless of whether the protein is in the
apo form or bound to a co-inducer. The other arm typically shifts its
position from a second to a third operator site in response to
conformational changes brought about by activation, such as
binding to a co-inducer. These conformational shifts can control
gene expression by exposing or occluding the —35/-10 regions of the
promoter, by altering DNA bending, or by direct interaction with
the RNA polymerase complex. Mutations to specific regions on the
operators that are differentially bound in the active or repressed state
can alter the dynamics of the conformational switch. This strategy
has been used to develop a biosensor for cis,cis-muconic acid in P.
putida using an LTTR CatM from A. baylyi ADPI1 (Bentley et al.,
2020).

In addition, a meaningful biosensor application relies heavily on
the dynamic range or the maximal fold change in response over the
basal levels. Even if a transcription regulator is found that is
responsive to the molecule of interest, the dynamic range may
need to be altered through further promoter engineering,
typically using the approaches described above, as well as protein
engineering of the transcriptional regulator itself (Jha et al., 2016; Jha
et al., 2018; Bentley et al., 2020) (described below).

1.2 Protein libraries

Proteins may need to be modified for a range of reasons, such as
altering ligand binding, DNA binding, stability, activity or protein-
protein interactions. When targeting which sequences to randomize,
one may take either a random, semi-rational or fully rational approach.
This is frequently determined by the amount of information available
for the protein of interest, and impacts the library size to pursue.
Typically, saturation mutagenesis is only used to fully randomize a few
positions in the protein sequence simultaneously, otherwise, the
number of possible combinations of variants quickly becomes
impractical to build individually in the laboratory or test in a given
timeline, even with state-of-the-art technologies.
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Mechanism of three common types of inducible transcriptional regulators. (A) The Lacl-type transcriptional repressor binds an operator site located
downstream from the promoter, or between the —10 and —-35 sites, and blocks transcription, unless released by environmental factors, such as ligand
binding. (B) The IclR-type transcriptional regulator induces transcription in response to environmental factors, such as ligand binding, inducing a
conformational change in the tetramer bound to an operator site in proximity to the promoter. (C) The LysR-type transcriptional regulator (LTTR)
binds operator sites 1 and 3 in its tetrameric apo form, bending the bound DNA and repressing transcription. In response to co-inducer binding, the LTTR
tetramer will shift binding from operator site 3 to site 2, releasing the DNA bend, freeing up the promoter, and recruiting RNAp to allow transcription to be

initiated. Created with BioRender.com.

Using rational targeted mutagenesis to alter the function, binding,
or stability of a protein of interest is only a feasible approach if the
structure and structure-function relationships of the protein are
known. Ideally, the crystal structure of the protein is available to
be pulled from a database such as PDB (Berman et al., 2000) or
Uniprot (The UniProt Consortium Martin et al, 2021). Tertiary
structures can also be predicted for proteins with a known
sequence using computational approaches such as Rosetta (Rohl
et al, 2004) or AlphaFold (Jumper et al, 2021). Further, the
computational models facilitate docking of ligands in the putative
binding sites, allowing for the visualization of residues to target for
mutagenesis. In silico docking consisting of protein-protein or
protein-ligand interactions (Lyskov and Gray, 2008; Lyskov et al.,
2013) permits guided selection of amino acids involved in binding.
Targeting only very relevant residues with computationally informed
mutations, or conservative mutations such as neutral drift mutations
(Lynch and Hill, 1986), can simplify library generation, reduce library
size, and decrease noise and workload. In silico ligand docking in a
comparative model to guide the design of a focused library was
successfully used to engineer several biosensors for small molecules
(Jha et al., 2015; Jha et al., 2016; Shin et al., 2022).

The ability to diversify multiple positions in a given sequence at
once provides a significantly faster route to arriving at a combination
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of mutations providing appreciable alterations in phenotype. In
addition, even imperfect predicted structures can be used to great
effect by indicating promising residues to target for mutagenesis (Jha
et al., 2016; Shin et al., 2022).

Once targeted positions in the genetic sequence have been
identified, they are then mutagenized by PCR amplification and
assembly using primers with incorporated degenerate codons, as
shown in Figure 3. These degenerate codons have variation in the
identity of the base at one or more positions such that the
oligonucleotide pool contains unique sequences covering the
range of mutations. Degenerate primers have long been used in
the amplification and detection of panels of proteins, e.g., in virology
(Lietal, 2012). When several degenerate primers targeting different
regions of a gene are used for PCR fragments and assembly, the
result is a combinatorial library consisting of all possible codon
variations and combinations thereof as seen in Figure 4.

When designing the primers, it is helpful to refer to an amino
acid substitution matrix, such as the Block Substitution Matrix 62
(BLOSUMS62) table (Supplementary Table S1) (Henikoff and
Henikoff, 1992). This 2-D matrix shows the log-odds score of
finding two given amino acids in alignment, that is, comparing
the occurrence of such an alignment to one that would be expected
by random chance. A positive score indicates that this alignment is
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Design of protein mutation library and primers. (A) A number of residues are targeted for mutagenesis around the area of interest (typically a binding

site or active site) but although those residues may be close to each other in the three dimensional structure, they may be far apart in the primary
sequence. (B) The protein sequence is then separated into several fragments with the mutation sites located at one end of each fragment. This usually
requires n + 1 fragments for n mutations unless one of the mutations is very near either end of the protein sequence. Each fragment will be generated

by PCR reactions consisting of the template to be mutated and a pair of primers. One of those primers (the mutation primer) includes degenerate bases in
the middle to effect mutation. The mutation primer must also include sufficient non-mutated bases on the 3’ end for binding and must include a 5’
overlap to the adjacent fragment. The other primer (the helper primer) does not need to contain degenerate bases and simply allows for the amplification
of that fragment. Fragments are then combined by overlap extension PCR. Terminal primers include overlaps for cloning into the intended vector.

found with a higher frequency in nature than expected by chance,
while a negative score indicates that this alignment is less frequent
than expected. Practically, a positive score represents a statistically
conservative substitution, while a negative score represents a non-
conservative one. In the case of the BLOSUMG62 matrix, the scores
shown were determined based on sequences with an identity of 62%
or less — making it useful for generating variants that are dissimilar
to the starting sequence, but not entirely divergent (Eddy, 2004).
Statistically conserved mutations form the basis of neutral drift
mutations in an evolutionary trajectory, resulting in gain of
functions (as in paralogs or orthologs).

The method described here lends itself well to generating large
protein libraries, even based on limited initial information. Due to its
capacity for screening the combinatorial effects of a broad range of
mutations at once, it is possible to target several sites in a single
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protein for mutagenesis without significantly increasing the

workload involved. This can be especially useful when
constructing a new biosensor, where one may wish to target its
capacity for ligand-binding, DNA-binding and multimerization all
at once (Figure 3). This approach to protein engineering for
biosensor development was successfully applied in the
development of a protocatechuate biosensor in P. putida using an

IcIR transcription factor PcaU (Figure 2B) (Jha et al., 2018).

1.3 Applications of the method
The methodology outlined in this paper is broadly applicable to

a range of objectives. Within the limitations outlined below
(discussed in Section 1.4), we envision that this high-throughput
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FIGURE 4
Overview of library construction method.

Diversified Construct plasmid

3) Transformation

4) Collection l

Library of variants

approach using large libraries of diverse genetic variants, can be
successfully employed in any project requiring random, or semi-
rational design of pathways, proteins, and promoter variants. We
have successfully applied this method to optimize promoter activity
(Bentley et al., 2020; Pardo et al., 2020; Shin et al 2022), alter ligand
binding (Jha et al., 2016; Shin et al 2022), reduce enzyme inhibition
(Jha et al.,, 2019), construct biosensors (Jha et al.,, 2014; Jha et al.,
2015) increase enzyme efficiency (Jha and Strauss, 2020), and
improve thermostability and expression of an
(Harrington et al,, 2017), while taking advantage of the high

throughput efficiency of flow cytometry.

enzyme

1.4 Comparisons and limitations

1.4.1 This method

The method described here introduces a variety of mutations
at each mutation site by performing PCR-based, site directed
mutagenesis, with primers containing degenerate bases at the
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desired mutation site. Multiple residues of the protein or
positions in the promoter can be targeted simultaneously, with
each targeted mutation region produced by a separate PCR
then further
assembly of those

reaction. Diversity is enhanced by the

combinatorial fragments by overlap
extension PCR (Bryksin et al., 2013). The resulting gene or
promoter library is then cloned into a vector by Gibson
assembly (Gibson et al, 2009). While none of these three
components (site directed mutation with degenerate primers,
overlap extension PCR and Gibson assembly) are novel in
isolation, their combination is rare within the mutation library
field, despite offering superior flexibility, control of mutation

bias, and ease of use when compared to the alternatives below.

1.4.2 Alternatives to rational library design

The primary function of the mutation library is to create genetic
diversity that can then be screened, tested, or even fed into some
biological selection process. Genetic diversity can also be achieved by
random mutagenesis promoted by chemical mutagens or radiation
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(Zhang et al., 2018). Given enough generations, mutations can also
be accrued naturally, especially during adaptive laboratory evolution
(ALE) (Zheng et al, 2021). The advantage of these alternative
methods is that they do not require much up-front design work
or cloning, although these techniques can be enhanced by selection
methods, such as growth coupling (Godara and Kao, 2020) or
biosensors with antibiotic resistance response (Yin et al., 2022).

The disadvantage of using these alternate methods lies in their
more random nature. Without designing a bias towards potentially
useful mutations, it is expected that a much larger percentage of the
mutations will be deleterious, which requires screening or selecting
from a larger sampling of the population. It is important to note,
however, that ALE, random mutagenesis and mutation libraries are
not mutually exclusive methods, but can complement each other.
For instance, random mutagenesis, semi-rational libraries and even
fully rational mutation libraries have been used to provide the
genetic diversity for ALE to act upon (Arora et al., 2020).

1.4.3 Alternative methods for targeted mutagenesis
and library construction

There is a plethora of methods currently available to generate
both random and targeted mutagenesis. Targeted mutagenesis
approaches, such as site directed mutagenesis (SDM) and site-
saturation mutagenesis (SSM) have proven to be extremely
useful, however, the relatively low library size that can be
achieved through these methods has restricted their application
in directed evolution approaches (Sayous et al., 2020). Most recent
technologies, such as sequence saturation mutagenesis (SeSaM),
where a universal base is inserted along the target sequence,
randomizing it at every single position (Wong et al, 2004), or
casting error-prone PCR (cepPCR), where target DNA is
fragmented and amplified using error-prone PCR (Yang et al,
2017), have increased achievable library sizes and mutational
coverage. Yet, all of these methods required labor-intensive steps
of cloning and transformation. The unprecedented drop in cost of
DNA synthesis has allowed the generation of DNA libraries by high-
throughput oligo synthesis (Kosuri and Church, 2014; Rocklin et al.,
2017), enabling a complete saturation of small proteins. Still, the
high price, compared to other techniques, makes this technique
appropriate for only some specific applications.

After mutations have been generated using one of the above
methods, a variety of cloning methods can be used for insertion into
a replicating plasmid or genome. Traditional restriction/ligation
methods have largely given way to PCR-based, recombination-based
and CRISPR-based methods. The method described here uses
Gibson assembly, which is versatile and familiar to many
synthetic biology labs, but the protocol described herein could be
easily adapted to use via megaprimer methods for insertion such as
MEGAWHOP. The MEGAWHOP method traditionally consists of
two PCR steps. The first step uses error-prone PCR for the
generation of a set of megaprimers with random mutations in
the target gene. The second step of PCR uses the megaprimers
and the original plasmid as the template, resulting in a large random
mutagenesis library (Miyazaki and Takenouchi, 2002; Miyazaki and
Voigt, 2011). Compared to Gibson assembly, megaprimer methods
have the advantage of requiring fewer enzymes and do not need a
linearized backbone for insertion. Disadvantages include a higher
incidence of mutations in the backbone as it is replicated by PCR.
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More advanced versions of the megaprimer method, such as
QuickStep cloning (Jajesniak and Wong, 2015), have several
iterations,

advantages earlier

amplification of the whole plasmid and lower chances of self-

over including  exponential
annealing of the megaprimer at the 3’ ends.

Regarding chromosomally-targeted mutagenesis, homologous
recombination (Recombineering) (Thomason et al., 2014) is the
most commonly used technique. Recombineering requires specific
single-stranded DNA annealing proteins that are highly specific and
whose efficacy varies among different bacterial species, in addition
to in vitro methods to generate sequence diversity.

CRISPR-based methods may also be used to mutate the
genome directly. These methods exploit the sequence-specific
mode of action of CRISPR, generally in combination with Cas9.
For instance, CRISPR-enabled trackable genome engineering
(CREATE) (Garst et al., 2017) is a method that makes use of
large-scale oligonucleotide synthesis to generate a pool of 10*-10
(Salis et al., 2009) barcoded oligonucleotides, and then uses
CRISPR to achieve mutagenesis within the genome.
Additionally an in vitro CRISPR/Cas9-mediated mutagenic
(ICM) system for construction of designer mutants in a PCR-
free approach has been reported (She et al., 2018). In this method,
CRISPR/Cas9 is used to cleave plasmid DNA at a target site,
followed by T5 exonuclease digestion and annealing of primers
containing the intended mutations. In both cases, CRISPR/
Cas9 is used to cut the DNA strands, while the genetic
diversity is achieved by synthetic DNA oligonucleotides
containing the desired mutations. Both CRISPR and gene
synthesis methods can eliminate bias when creating DNA
libraries, however, PCR methods, such as the one presented
here, remain the most widely applied, due to their low cost
and ease of use (Table 1). Furthermore, the method described
here allows for control of bias mutations, since the design of
degenerate primers will allow saturation or partial saturation
mutagenesis. This method can be used in non-model organisms,
helps achieve both combinatorial and targeted mutagenesis, can
be performed using relatively simple and widely used molecular
biology techniques, and can also be employed in combination
with other mutagenesis methods described in Table 1.

1.4.4 Limitations of this method

The method we present here is capable of quickly generating
large libraries of genetic variants and quickly screening them for
desired phenotypes. However, the construction of the library relies
on degenerate primers. These are produced in such a way as to
control the ratio of nucleobases at a given location, but the different
sequences may show differences in annealing during PCR resulting
in a degree of bias. Ensuring sufficient 3’ complementarity after the
mutation site mitigates this effect, but the exact ratio in the final
library is not always known. Thus, this protocol includes a
verification step of either sequencing a random selection of
clones isolated from the library (see Figure 6A), or sequencing
DNA extracted from the whole library (see Figure 6B), for
quality assurance. This provides reasonable certainty that the
desired mutations were achieved, and that the library contains a
sufficiently broad range of variants to be of interest for screening.

This method is additionally limited by availability of knowledge
about the targeted protein or promoter (see Section 1.2), as well as by

frontiersin.org


https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2023.1202388

Huttanus et al.

TABLE 1 Comparison of methods used for generation of mutation libraries.

Name (Acronym)

Description

Advantages

10.3389/fbioe.2023.1202388

Disadvantages

Site-directed mutagenesis (SDM)
(Sayous et al., 2020)

Site-saturation mutagenesis (SSM)
(Sayous et al., 2020)

Sequence saturation mutagenesis
(SeSaM) (Wong et al., 2004)

A specific mutation is introduced in a
gene by primers. One or two adjacent
amino acids can be mutated per primer

One amino acid is mutated to the other
19 amino acids by whole-plasmid PCR
with premers consisting of degenerate

codons (Kretz et al., 2004), achieving all
possible mutations for a single position

DNA fragments with a random spread
of sizes are generated and elongated at
the 3’ end using a universal base. The
universal base is then randomly
replaced with standard nucleotides
during PCR, generating a randomized
sequence

Focused and very specific. Ideal for targeting
single bases for mutation. Useful for the
creation of small libraries (8.5 h-2 days for
10-100 variants) (Bachman, 2013). High
accuracy (>80%) if using high-fidelity DNA
polymerase (Alejaldre et al., 2021)

Larger genetic diversity than SDM (Siloto
and Weselake, 2012). Reduces mutational
bias

Large diversity of mutants, can theoretically
achieve full randomization of a desired
sequence

Each target mutation requires an
individual mutagenesis reaction, thus
cost and time limit the achievable library
size. Only useful if the target protein is
already very well characterized.
Efficiency relies on the availability of
suitable cloning systems (Alejaldre et al.,
2021)

Workload similar to SDM, requires
individual mutagenesis reaction and
transformation for each target residue,
not combinatorial

Moderately labor-intensive (2-3 days to
generate a library), involved multi-step
PCRs, universal base introduces
mutation bias, interval of mutations
depends on fragmentation method used,
not combinatorial, introduces stop
codon at a frequency of 0.03

Casting error-prone PCR (cepPCR)
(Yang et al,, 2017)

Megaprimer PCR of whole plasmid
(MEGAWHOP) (Miyazaki, 2011)

Library DNA synthesis (Kosuri and
Church, 2014; Rocklin et al., 2017)

Homologous recombination
(Recombineering) (Thomason et al.,
2014)

Target DNA is amplified into 100-
200 bp fragments. Each fragment is
subjected to high-rate error-prone PCR.
Mutant fragments are then used as
megaprimers (see MEGAWHOP) to
generate a library of mutants for each
fragment

A megaprimer carrying desired
mutations is hybridized to the template
DNA for whole plasmid PCR. The
original template is then degraded by
Dpnl digestion

DNA libraries are created by high-
throughput oligo synthesis to user
specifications

A previously made DNA fragment is
inserted in the genome by homologous
recombination

Reduces redundancy of mutations, achieves
higher mutation rate than traditional error
prone PCR.

Produces variants with a combination of
mutations. Can be combined with cepPCR
or degenerate nucleotides, no need for
ligation or assembly

Eliminates mutation bias, large library size
(>10°) and custom-fit. Reduced workload
for user

Mutants can be introduced in the genomic
DNA, improving stability and eliminating
the need for reporters

Moderately labor-intensive (1-2 days to
generate libraries), mutation bias, only
achieves a subset (<40%) of potential
beneficial mutations. The multiple
resulting libraries may need to be
screened individually, limiting this
method to shorter sequences

Synthesizing megaprimers may carry
high costs, In-house generated
megaprimers have the same
shortcomings as the method used to
generate them (i.e., epPCR or cepPCR).
Higher chance of introducing mutations
in the backbone

High cost ($0.2-0.5 per bp for large
genes). Potentially longer lead times to
receive library

Needs highly specific DNA annealing
proteins, and optimization

CRISPR-enabled trackable genome
engineering (CREATE) (Garst et al,,
2017)

In vitro CRISPR/Cas9-mediated
mutagenic (ICM) (She et al,, 2018)

CRISPR/Cas9 is used to cut genomic
DNA, and barcoded oligonucleotides
are inserted in the desired position

CRISPR/Cas9 is used to cut plasmid
DNA, and then mutation carrying
oligonucleotides are inserted in the
desired position

Genome editing at multiple loci, mutations
can be tracked. Allows >50,000 genome wide
mutations (Tarasava et al.,, 2018). Used in
E. coli and S. cerevisiae. Off-target mutations
are expected to be low, no mutation bias,
relatively easy to perform

Off-target mutations are expected to be low,
no mutation bias, no need for restriction
enzyme digestion, PCR, restriction sites or
plasmid size limit

Requires potentially expensive barcoded
oligo synthesis (ex: ~$5000 for a 10°-
variant library of 50bp oligos (Garst et al.,
2017)). Low efficiency (>70%), requires
development of Cas system, has not been
demonstrated in mutagenesis of single,
specific enzyme

As with CREATE, high cost due to the
need for high-throughput oligo synthesis

This method

Combines overlap extension PCR and
saturation or partial saturation
mutagenesis with degenerate primers

Allows for rapid in-house creation of large,
combinatorial variant libraries (>10°), bias
mutations can be controlled, low cost (e.g.,
only a dozen 18-50 bp primers for 5
mutation sites spread over a gene or fewer
primers if some mutations are near enough
to each other such that they may be covered
by a single primer)

Moderately labor intensive (2-3 days for
library construction)

the expertise of prospective user regarding FACS. Additionally, if
looking to build a biosensor/binder for a molecule that is readily

intracellular concentration sufficient for screening by FACS, and
metabolic engineering to disable one or more metabolic pathways

metabolized or exported, then it may be challenging to achieve an ~ may be required.
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1.5 Expertise needed

In order to successfully apply this protocol, the prospective
user will need experience with basic molecular biology
methodologies, including: polymerase chain reaction, agarose
gel electrophoresis, gel extraction, bacterial transformation,
and bacterial culture, as well as a fundamental understanding
of molar ratios and calculations. Experience using FACS is
required. Additionally, familiarity with primer design and
gene editing software is necessary. Sequences for the targeted
gene or promoter need to be known or obtainable.

When targeting a gene for diversification, it is helpful to have
an understanding of the protein encoded therein, and its
structure-function relationship. Familiarity with Rosetta (Rohl
et al., 2004) or AlphaFold (Jumper et al., 2021) and its protein
folding and ligand docking functionality is beneficial for rational
protein diversification approaches. Similarly, for promoter
engineering, an understanding of promotor features and
transcription factor mechanisms assists with targeting specific
regions for mutagenesis (Browning and Busby, 2004; Saecker
et al., 2011).

2 Materials

2.1 Reagents

Oligonucleotides can be purchased from Eurofins or other
vendors. Oligonucleotides are dissolved in ultrapure water to a
concentration of 50 uM

o UltraPure™ DNase/RNase-Free Distilled Water (Invitrogen,
cat. no. 10977015)

Deoxynucleotide (ANTP) solution mix (New England Biolabs,
cat. no. N0447L)

High-fidelity DNA polymerase (e.g., New England Biolabs,
Phusion DNA polymerase, cat. no. M0531L, Q5 DNA
polymerase Q5" High-Fidelity 2X Master Mix, cat. no.

M0492L)

o Dimethyl sulfoxide (DMSO) Fisher BioReagents, cat. no.
BP231-100

o Agarose (e.g., Invitrogen, UltraPure™ Agarose, cat. no.
16500100)

Gel Loading Dye, Purple (6X), no SDS, cat. no. B7025S

DNA ladder (e.g., New England Biolabs, 1 kb DNA Ladder,

cat. no. N3232L, 100 bp DNA Ladder, cat. no. N3231L)

o GelRed” Nucleic Acid Stain 10,000X Water (Sigma, cat. no.
SCT123)

o« TAE Buffer (Tris-acetate-EDTA) (50X) (Thermo Fisher

Scientific, cat. no. B49)

QIAquick Gel Extraction Kit (QIAGEN, cat. no. 28706X4)

QIAquick PCR Purification Kit (QIAGEN, cat. no. 28104)

MinElute Reaction Cleanup Kit (QIAGEN, cat. no. 28204)

Restriction enzymes and 10X reaction buffer

o T4 DNA ligase (New England Biolabs, cat. no. M0202L)

Antarctic Phosphatase (New England Biolabs, cat. no. M0289S)

« High-efficiency bacterial competent cells (e.g., Thermo Fisher

Scientific, MAX EfﬁciencyTM DH5aq, cat. no. 18258012)

Assembled plasmid DNA library, user supplied.
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o SOC Outgrowth Medium (New England Biolabs, cat. no.
B9020S,

Bacterial growth and selection medium (liquid and agar) e.g.,
Luria Broth Base (Thermo Fisher Scientific, Miller’s LB Broth
Base, cat. no. 12795027

Antibiotics (e.g., kanamycin sulfate, Thermo Scientific, cat. no.
11815024)

Phosphate buffered saline (PBS) (G-Biosciences, cat. no.
786-027)

2.2 Equipment

« Incubators at appropriate temperature and agitation
Thermocycler (e.g., Applied Biosystems 2720 Thermal Cycler)

Gel electrophoresis system (e.g., Thermo Fisher Scientific,
Owl™ EasyCast™ B1A Mini Gel Electrophoresis Systems,
cat. no. B1A-BP)

o ChemiDoc Imaging System (Bio-Rad)

Cell scrapers

o Tube rotator

« Flow cytometer (FACSAria III flow cytometer) capable of cell
sorting based on fluorescence

2.3 Standard laboratory consumables

o PCR tubes

o 1.5 and 2 mL Eppendorf tubes
e 14 mL culture tubes

Petri dishes

2.4 Software

o SnapGene or similar
« Protein modeling software such as ChimeraX or PyMOL
o Rosetta or AlphaFold

3 Procedure
3.1 Overview

This protocol can be divided into three main components:
Library Design, Library Construction, and Library Screening
analogous to the Design, Build, Test framework of engineering
principles for synthetic biology (Peccoud, 2016; Opgenorth et al.,
2019). The three main components can be further divided into
individual steps as described in Figure 1. The principals associated
with Library Design were discussed in Sections 1.1, 1.2 above. The
protocols for Library Construction and Library Screening are
detailed below.

In total, this method will take approximately 3 weeks from initial
library design to isolating and characterizing individual clones, for a
reasonable library size of 10°~10°, with the workload for each day
itemized below. Depending on the library size, a smaller or larger
workload can be expected for smaller or larger libraries respectively.
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Day 1: PCR round 1 to generate fragments. Agarose Gel
electrophoresis and gel extraction.

Day 2: PCR round 2 to assemble, Agarose Gel Electrophoresis
and gel extraction,

Day 3: Transformation (include main plates and transformant
estimation plates).

Day 4: Plate scraping (and colony counting), direct use or
glycerol stock, extractions for sequencing, inoculation of liquid
culture.

Day 5: Re-inoculation and induction.

Day 6: First round of analysis by flow cytometry and sorting,
followed by outgrowth (NOTE: In order to collect rare clones, in the
first round of sorting it is recommended to collect the top 5% of the
library).

Day 6: Glycerol stocks, liquid culture of round 1 populations.

Day 7: Re-inoculation of round 1 populations, induction.

Day 8: Second round of analysis and sorting, outgrowth (NOTE:
A negative sorting is recommended to eliminate constitutive
performers, especially observed when engineering regulatory
proteins and promoters).

Day 9: Glycerol stocks and liquid culture of round 2 populations.

Day 10: Re-inoculation and induction.

Day 11: Third Round of screening and sorting, outgrowth
(NOTE: Increased stringency in sorting, i.e., collecting only the
top 1%-2% of population is recommended).

Day 12: Glycerol stocks and liquid culture of round
3 populations.

Day 13: Re-inoculation and induction.

Day 14: Fourth round of screening and sorting, plating with
appropriate antibiotic selection (NOTE: Stringently collecting only
the top 1% of performers is recommended).

Day 15: Picking 24-48 colonies of individual clones.

Day 16-19: Test individual clones at different conditions in
order to characterize properties.

3.2 Primer design and construction

The following instructions detail the production of a
hypothetical mutation library, wherein two distant regions of a
promoter or protein are diversified. Mutation sites can range in size
from a single base pair up to any stretch of the sequence reasonably
covered by a single PCR primer after factoring in the 3’ overlap
needed for the initial PCR and the 5’ overlap needed for overlap
extension PCR described below.

3.2.1 PCR based mutagenesis: (1 day)

1. Primers are designed according to standard site-directed
mutagenesis and overlap extension PCR strategies (Ho et al.,
1989; Heckman and Pease, 2007). For our example of two
mutation sites, a total of six primers are needed; one
degenerate primer at each mutation site with 20 base pair
overlaps that extend into adjacent fragments, one non-
variable primer for each mutation site to serve as the reverse
primer for that fragment and finally, two primers to flank the
entire region. This divides the promoter into three fragments
separated by mutation sites. Figure 3B shows the same concept,
but for four mutation sites. NOTE: It is sometimes necessary to
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use more degenerate primers at each mutations site. For
instance, if the library is designed to include three possible
codons at a given amino acid position; GCA, CAG, and GAA
(for alanine, glutamine and glutamic acid, respectively), then it
would not be appropriate to use a single primer containing the
degenerate bases SMR (See Supplementary Table S2), because
these could also combine to code for proline. Instead, two
different primers containing GMA or CAG could be used
and mixed 2:1 in the PCR reaction for all three amino acids
to be equally represented.

2. PCRis performed for each fragment separately. For primers with
degenerate bases, annealing temperatures should be lowered to
accommodate the mutation variant with the least stable
hybridization to the template. Follow suggested thermocycler
settings for whichever high-fidelity polymerase is used.

3. The entire PCR product is then run on an agarose gel and the
correct sized bands are excised.

4. Extract DNA from the gel excisions using commercially available
gel extraction kits (e.g., QiaQuick gel extraction kit)

3.2.2 Construct assembly (1 day)

5. PCR fragments are then combined via overlap extension PCR. In
the first stage of overlap PCR, the fragments (at equimolar ratio)
and PCR reagents/enzymes are allowed to react for 8 cycles with
an extension time sufficient to copy the largest fragment. Then,
primers flanking the entire promoter region are introduced and
25 more cycles are performed with an extension time sufficient
for the entire region. Subsequent purification of the PCR product
with commercial kits assists the next step (i.e., QiaGen PCR
Cleanup Kit).

6. The mutated variant library is then assembled into a linearized
vector using Gibson assembly (Gibson et al., 2009; Thomas et al.,
2015) or restriction digestion/ligation. Restriction sites may be
introduced into the primers used to flank the promoter in step 5.

3.2.3 Transformation (1 day)

7. The assembled plasmid library is transformed into a suitable
competent bacterial strain, Transformation may be performed by
heat shock or electroporation. Depending on the known or
expected transformation efficiency, care must be taken to
perform sufficient transformations to achieve appropriate
coverage of the library. Commonly one would aim to obtain
at least 4-fold coverage e.g., generating >1 million transformants
for a library with a theoretical diversity of 250,000. This is to
ensure that the maximum number of variants is represented in
the bacteria.

After transformation and recovery, it is advisable to plate
approximately 20 uL of the recovered bacteria on an agar plate
containing the appropriate medium and selective antibiotic. This
is to estimate transformation efficiency and therefore the final
degree of the library
(i.e., quantification plate). The remaining recovered bacteria

of coverage that was achieved
are gently spun down (4,000 rpm, 4-5 min), and the majority
of the supernatant recovery medium is removed to allow for
plating of the entire volume of transformants. Once plated, the
transformants are incubated overnight at a suitable temperature

to form colonies.
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3.2.4 Collection and stocks (1 day)

8. Using the quantification plate from step 7, the number of
transformants achieved is estimated. If the desired coverage is
achieved, the whole library can be pooled by adding a small
amount of liquid medium to the plates (typically 1 mL), and then
gently scraping the colonies to collect, using a cell scraper. Repeat
the addition of liquid media, scraping and then pool the resulting
cell suspensions in a polypropylene tube (15-50 mL, depending
on resulting volume), sealed tightly, and then rotated for at least
1h to ensure proper mixing of the collected library.

. Glycerol stocks of the collected library are prepared by adding
glycerol to aliquots of the library to a final concentration of 20%
glycerol, taking note of final OD of the resulting stock. These stocks
are suitable for long-term storage in ultracold freezers (—80°C). Note
that when reviving culture from stocks it is essential to use sufficient
inoculum to achieve full coverage of the library i.., inoculate fresh
culture with a number of cells at least 10-fold greater than the total
number of variants in the library.

3.2.5 Verification (2-5 days)

10. In order to verify the integrity and diversity of the library, plasmid
DNA is isolated from individual clones (e.g., picked from the
quantification plate in step 7 and grown up overnight) or from a
small volume of the collected library, using any desired plasmid
DNA extraction method (i.e., QiaGen Miniprep Kit). The isolated
DNA, along with an appropriate primer, is sent for sequencing by
one’s preferred provider (in-house, Twist, Eurofins, etc.).
Depending on usual shipping and processing times, it may take
several days for the sequencing data to become available. See
Figures 6A, B for an example of expected results.

3.3 Library Screening

3.3.1 Two rounds of positive selection (3-5 days)
11. The library should be screened using media and other growth
conditions mirroring the application and desired effect of the
mutations. This method assumes testing of cells at mid-log
growth phase. Prepare an overnight culture in 3 mL of selective
liquid media, using either the scraped cell suspension from step
8 (if available) or the glycerol stock of the library. Use a
sufficiently large volume of inoculum to achieve library
coverage (see Step 9).

12. Use the overnight culture to inoculate a fresh 3 mL culture to
an initial OD that is about 1/10th of the strain’s stationary
phase OD in that media. Incubate the cells with frequent OD
monitoring until they reach approximately 50% of stationary
OD (mid-log phase). If induction is required, induce at mid-
log phase and allow more time for the induced process to
proceed.

13. Dilute a small portion of the cells in 1X phosphate buffered
saline to achieve a cell density of approximately 10”cells/mL for
flow cytometry. Required dilution may vary depending on the
requirement of the instrument used, since efficient sorting
an event

requires rate well below the recommended

maximum event rate for any given flow cytometer.
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FIGURE 5

Workflow for screening an inducible promoter library. When
screening inducible promoters, it is advisable to include several rounds
of positive selection (high expression when induced) as well as at least
one round of negative selection (low background expression

when uninduced). This example includes two rounds of positive
selection, one round of negative selection, and a final round of positive
selection.

14. Select the top five percent best performing cells based on
biosensor response and sort into fresh (selective) media.
Grow the sorted cells overnight to recover.

15.

16.

Repeat steps 12-14, this time collecting the top two percent only.
If induction was used, or the library is for a new biosensor or
promoter to be optimized, it may be necessary to screen for
negative fluorescence in the uninduced state i.e., select a non-
fluorescent subset of the uninduced population. This will
eliminate constitutively active variants, facilitating isolation of
true inducible variants. If deemed necessary, repeat steps 12-
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FIGURE 6

Expected results for library validation in various applications. The library is first sequenced to ensure that each mutation site exhibits the expected

variability. This can be performed in two different ways; (A) by sequencing several isolates and aligning them for comparison or (B) by sequencing the
mixed population and observing overlapping peaks in the chromatogram. (C) Ideally the library exhibits a broader distribution of phenotype then that of
the parent strain. It is acceptable if many of the mutations are deleterious as long as the rare strains with improved performance can be selected from

the library (See inset). (D) After selection, high performing mutants can be compared to the wild type by cytometry. An example for isolating a novel
biosensor by diversifying a wild type transcription factor is shown. The wild type transcription factor CatM (right) shows no response to the added inducer,
while the variant isolated after several rounds of screening (left) displays a >40-fold increase in fluorescence in response to the inducer (Bentley et al.,

2020).
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14 without induction and collect the bottom 80% in terms of
fluorescence.

17. Alternate between induced selection and uninduced selection
until the desired phenotype is reached or no further
improvement is observed between rounds of sorting. An
example screening flowchart for an inducible process is
shown in Figure 5. Note that sorts with a wider selection
window in terms of percentage can include more cells
collected, but that sorts with narrow windows have fewer
cells collected in the interest of time.

18. Plate cells from the last sort onto selective media and pick
individual colonies for characterization.

4 Expected results

During construction of the library, there will be multiple
tests performed at intermediate phases to ensure the
components are being generated and assembled correctly.
During the initial PCR steps, amplification products are
observed on agarose gel and can be checked for the correct
size. After the gene is inserted into a vector by Gibson assembly
and transduced into a host, a subset of the transformation
culture is diluted and used for counting plates (quantification
plate) which have the additional benefit of providing isolated
colonies from which to test the diversity of the library at each
mutation site prior to employing high throughput screening or
selection. Before screening, a check may be included to test for
mutation diversity (Figure 6). One example, shown in Figure 6A
involves selecting several random isolates from a library which
are sequenced (Sanger method) at the mutation sites. Given the
degenerate bases provided, there are three possible amino acids
(including the wild type) for the inducer binding residue
M236 and four possible amino acids for the dimer interface
1242. For each mutation site, every possible amino acid
substitution was observed in the seven isolates. Alternatively,
the library may be sequenced directly, without isolating
individual strains. In this approach, degenerate bases should
produce multiple peaks of different fluorophores on the
sequencing chromatogram depending on the rate of base-pair
substitutions (Figure 6B).

Based on the goals set forth for the library design, the library is
expected to exhibit a broad distribution of phenotype in addition to
genotype. In the case of libraries whose performance can be tested
and screened by fluorescence, the phenotypic range can be measured
on a flow cytometer. In the example histogram provided (Figure 6C),
the majority of mutation combinations for a promoter library are
deleterious, causing the average fluorescence to go down. The
strength of the library lies in the rare mutations with gain of
in the high
fluorescence tail of the library population which extends slightly

function or improved performance, evident
beyond the high fluorescence region of the wild type population.
By selecting cells from those regions of the library histogram
that perform better than the wild type, it is possible to isolate
variants with markedly improved function. One example is a
cis,cis-muconanic acid biosensor isolated from a biosensor library
(Figure 6D). While the wild-type transcription factor (Figure 6D
left) showed no visible response to the inducer, the variant isolated
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from the library (Figure 6D right) responded remarkably well to
induction, with only a minor shift in background fluorescence
compared to the wild-type.

5 Conclusion

Current methods designed to identify gain-of-function
mutations for proteins or promoters in microbes are limited by
workload, time, and costs. The methodology described here
eliminates the bottleneck of testing individual variants of genes
and promoters by presenting a protocol for assaying the
combinatorial effect of several mutations at once, drastically
reducing the time and money required to obtain genetic variants
with desirable qualities. The efficacy of the method described here is
illustrated by several of our original research papers (Jha et al., 2014;
Jha et al.,, 2016; Jha et al., 2018; Shin et al., 2022), which have
successfully employed this approach. The versatility and usefulness
of this high-throughput screening method applied to large genetic
libraries is therefore evidenced in published literature. While the
individual components of this workflow (overlap extension PCR,
degenerate primers, FACS, etc.) may seem commonplace, we have
not encountered any other methodology that combines them in the
fashion outlined in this paper.

Due to the high-throughput nature of the method detailed here, the
number of genetic variants that can be screened for desired gain-of-
function behavior is not limited by the time or manpower available.
Instead, millions of variants can conveniently be screened for desirable
phenotypes in a single sample tube. Variants that perform well are
isolated by FACS and screened further in subsequent rounds, while
poor performers are easily discarded.
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