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Abstract

Microbial production of mevalonate from renewable feedstock is a promising
and sustainable approach for the production of value-added chemicals. We describe
the metabolic engineering of Escherichia coli to enhance mevalonate production from
glucose and cellobiose. First, the mevalonate-producing pathway was introduced into
E. coli and the expression of the gene atoB, which encodes the gene for acetoacetyl-
CoA synthetase, was increased. Then, the deletion of the pgi gene, which encodes
phosphoglucose isomerase, increased the NADPH/NADP ratio in the cells but did not
improve mevalonate production. Alternatively, to reduce flux toward the TCA cycle,
gltA, which encodes citrate synthetase, was disrupted. The resultant strain, MGAgItA-
MY, increased levels of intracellular acetyl-CoA up to sevenfold higher than the wild-
type strain. This strain produced 8.0 g/L of mevalonate from 20 g/L of glucose. We
also engineered the sugar supply by displaying beta-glucosidase (BGL) on the cell
surface. When cellobiose was used as carbon source, the strain lacking gnd displaying
BGL efficiently consumed cellobiose and produced mevalonate at 5.7 g/L. The yield
of mevalonate was 0.25 g/g glucose (1 g of cellobiose corresponds to 1.1 g of glucose).
These results demonstrate the feasibility of producing mevalonate from cellobiose or

cellooligosaccharides using an engineered E. coli strain.

Keywords

Escherichia coli, Mevalonate, Metabolic engineering, Beta-glucosidase
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1. Introduction

Mevalonate is an important intermediate of the mevalonate pathway (M VA pathway),

which plays a role in the production of isoprenoids (Pitera et al. 2007; Martin et al.

2003). The MVA pathway is present in various organisms including eukaryotes and

some prokaryotes (Kuzuyama and Seto 2012). Mevalonate synthesis begins with

acetyl-CoA. Acetoacetyl-CoA is synthesized from two molecules of acetyl-CoA by

acetoacetyl-CoA synthase. Next, 3-hydroxy-3-methylglutaryl-CoA (HMG-CoA)

synthase synthesizes HMG-CoA from acetoacetyl-CoA and acetyl-CoA. Finally,

HMG-CoA is converted to mevalonate by HMG-CoA reductase (Figure 1a).

Various studies focused on producing mevalonate by fermentation have been

conducted after mevalonate was discovered as a growth factor for Lactobacillus

heterohiochi in 1956 (Cresson et al. 1956; Tamura et al. 2004). Tabata and Hashimoto

introduced two genes, mvaS and mvaE from Enterococcus faecalis which expressed

HMG-CoA synthase and HMG-CoA reductase, respectively, into Escherichia coli. The

E. coli strain exhibited a high titer (47 g/L) within two days (Tabata and Hashimoto

2004). Xiong et al. tested several genes from various species using E. coli as a host for

mevalonate production, and they determined that genes from Lactobacillus casei are

most effective (Xiong et al. 2014). Wang et al. succeeded in producing mevalonate by
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integrating genes involved with mevalonate synthesis genes into the chromosome of

Escherichia coli using a constructed plasmid-free system (Wang et al. 2016). Masuda

et al. improve mevalonate production by limiting nutrients in the medium and through

cultivation at the stationary phase (Masuda et al. 2017). Nagai et al. also suggested that

the Enter-Doudorff pathway (ED pathway) is more suitable for mevalonate production

compared to the Embden-Meyerhof-Parnas Pathway (EMP pathway) according to the

results of metabolic and thermodynamic analyses (Nagai et al. 2018). Wang et al.

constructed the “EP-bifido pathway” by introducing the fxpk gene from

Bifidobacterium adolescentis into E. coli to increase the supply of acetyl-CoA and

produce a high yield (64.7 mol%) of mevalonate (Wang et al. 2018).

The biomass-derived fuels and chemicals has attracted much attention due to

the possibility of a solutions of global warming and promoting bio-economy.

Lignocellulosic biomass is abundant, cheep, and renewable feedstocks (Taha et al.

2016). However, it is difficult for most microorganisms to utilize lignocellulosic

biomass directly, and the degradation of lignocellulose takes high cost and multiple

process. A synergistic combination of the cellulolytic enzymes endoglucanase (EG),

cellobiohydrolase (CBH), and B-glucosidase (BGL) can be useful for cellulose

decomposition. EG and CBH can produce cellobiose and some cellooligosaccharides
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from cellulose. Then cellobiose can be hydrolyzed to glucose by BGL. BGL also

enhances cellulose hydrolysis by avoiding inhibition of EG and CBH activities caused

by cellobiose (Bayer et al. 2007). However, the addition of large amounts of BGL is

required for cellulose hydrolysis, due to the low levels of BGL in commercially-

available cellulases mixture (Sukumaran et al. 2010). To date, only a few studies on

the chemicals production such as isopropanol (Soma et al. 2012), cadaverine (Ikeda et

al. 2013), isobutanol (Desai et al. 2014) directly from cellobiose or cello-

oligosaccharides by using E. coli have been reported, while no reports of the

production of mevalonate from cellobiose using E. coli. The use of BGL-expressing

E. coli has the potential to reduce cellulases requirements, which will lead to

significant cost reduction of cellulosic biomass-derived chemicals production.

Most studies have considered the heterologous pathway and culture

conditions used for mevalonate synthesis. Here we focus on the engineering of E. coli

to enhance mevalonate production via targeted improvements in the pools of NADPH

and acetyl-CoA because 2 mol of NADPH and 3 mol of acetyl-CoA are consumed

whenl mol of mevalonate is produced. After establishing an initial expression system,

metabolic pathways were engineered to improve mevalonate biosynthesis. First, the

glycolysis pathway was engineered to compensate for NADPH by promoting carbon
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flux toward the ED pathway or the pentose-phosphate pathway (PP pathway) instead

of the EMP pathway. Second, the tricarboxylic acid cycle (TCA cycle) was engineered

to increase the supply of acetyl-CoA for the MVA pathway. Further, we demonstrate

the feasibility of direct mevalonate production using cellobiose as a carbon source.

2. Materials and Methods

2.1 Strains and plasmid construction, medium, culture conditions

The strains and plasmids used in this study are listed in Table 1. E. coli

NovaBlue competent cells (Novagen, Cambridge, MA, USA) were used for gene

cloning. Polymerase chain reaction (PCR) was performed using KOD FX (TOYOBO,

Osaka, Japan). Custom DNA oligonucleotide primers were obtained from Invitrogen

Custom DNA Oligos (Thermo Fisher Scientific, Tokyo, Japan). Codon-optimized

genes fragments (mvaS and mvaE, both from E. faecalis) were provided by the

Invitrogen GeneArt Gene Synthesis service (Thermo Fisher Scientific, Tokyo, Japan).

Details of plasmid and strain construction, medium, and culture conditions are

described in Supporting information. The sequences of primers and genes fragments

are shown in Table S1 and Table S2, respectively.
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2.2 Quantification of Acetyl-CoA and NADPH and analytical methods
Preparation of samples for the analysis of Acetyl-CoA and NADPH was
conducted according to the following procedures. E. coli strains were precultured in 5
mL LB medium overnight at 37 °C. The preculture medium was seeded to 5 mL M9Y
medium at an initial ODeoo of 0.05. After 4 h of cultivation, 4 mL of cultured cells were
centrifuged at 3500 g for 5 min. Extraction buffer (methanol: chloroform = 7:3) was
added to cells and incubated at 1000 rpm, 4 °C overnight. The supernatant was
centrifuged at 13000 g for 5 min and evaporated. The evaporated samples were
analyzed using the Enzychrom NADP'/NADPH Assay Kit ECNP-100 (BioAssay
Systems, Hayward, USA) and PicoProbe Acetyl-CoA Fluorometric Assay Kit

(BioVision Incorporated, Milpitas, USA), according to the manufacturers’ procedures.

2.3 Medium

M9Y medium was used for mevalonate production in 5 mL test tube-scale cultures.
MO9Y medium was comprised of M9 minimal medium supplemented with 0.5 % yeast
extract, 0.008 g/L D-(+)-biotin, 0.2 g/L citrate, 0.008 g/L nicotinic acid, 0.032 g/L,
pyridoxine and 1 mL/L trace metal solution. M9 minimal medium contains (per liter)

20 g glucose or cellobiose, 0.5 g NaCl, 6.7 g Na2HPO4, 3 g KH2PO4, 1 g NH4Cl, 246
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mg MgS04-7H20, 14.7 mg CaCI2-2H20, 2.78 mg FeSO4-7H20, and 10 mg thiamine

hydrochloride. When needed, ampicillin (100 mg/L) was added to the initial medium.

2.4 Culture Conditions

To promote mevalonate fermentation from glucose and cellobiose, metabolically-

engineered strains were precultured in 5 mL LB medium overnight at 37 °C. The

preculture medium was seeded to 5 mL M9Y medium in a 15 mL test tube at an initial

optical density at 600 nm (OD600) of 0.05. After 3 h of cultivation, isopropyl B-D-1-

thiogalactopyranoside was added to a final concentration of 0.1 mM. The tube-scale

cultures were incubated at 37 °C with shaking at 220 rpm.

2.5 Analytical Methods

HCI (50 pL) was added to 300 pL of cultured cells and incubated at 60 °C with shaking

at 1000 rpm for lactonization. After 30 min, mevalonolactone was extracted with 350

pL of ethyl acetate containing beta-caryophyllene as an internal standard. Cell growth

was determined by measuring the OD at 600 nm (OD600) on a UVmini-1240

spectrophotometer ~ (Shimadzu  Corporation,  Kyoto,  Japan).  Extracted

mevalonolactone was analyzed by gas chromatography (GC) using a GC-2025



10

11

12

13

14

15

16

17

18

chromatograph (Shimadzu Corporation, Kyoto, Japan) equipped with an SH-stabilwax

(Length 30 m, Diameter 0.25 mm, Film 0.25 pm). Glucose and cellobiose were

analyzed using a Prominence high-performance liquid chromatography (HPLC)

System (Shimadzu Corporation, Kyoto, Japan) equipped with a Shodex SUGAR KS-

801 column (6 pm, 300 mm x 8.0 mm, L x [.D., SHOWA DENKO, Tokyo, Japan).

Water was used as the mobile phase with a flow rate of 0.8 mL/min, and the column

was maintained at 50 °C. The HPLC profile was monitored using a refractive index

detector.

3. Results

3.1 Reconstruction of mevalonate biosynthetic pathway in E. coli MG1655

The pathway for mevalonate synthesis is shown in Figure 1a. We selected

mvasS and mvaE from E. faecalis, which code for HMG-CoA synthase and HMG-CoA

reductase, respectively (Hedl et al. 2002; Tabata and Hashimoto 2004). Four types of

plasmids were constructed for mevalonate production and introduced in E. coli

MG1655 strain (Figure 1b). A plasmid pMeES contains the mvaE and mvaS genes

under the control of the Trc promoter. To enhance the utility of acetyl-CoA for

mevalonate synthesis, co-expression of endogenous acetoacetyl-CoA synthase using
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the gene atoB is another option. The plasmid pMeESA contains mvaE-mvaS-atoB

while the plasmid pMeAES contains atoB-mvaE-mvaS. We also constructed the

plasmid pZA-AES, which expresses atoB, mvaE, and mvaS under the control of the

lac promoter. Figure 1c¢ shows the mevalonate titer from a concentration of 20 g/L of

glucose in the M9Y medium after 48 h of cultivation. A small amount of mevalonate

(0.25 g/L) was produced by the strain harboring pMeES. Meanwhile, the strains

harboring pMeESA or pMeAES had improved mevalonate production compared to

pMEeES, and the strain harboring pMeAES exhibited a high titer of mevalonate (5.25

g/L). The lac promoter is another candidate for the overexpression of genes involved

with mevalonate synthesis. However, the strain harboring pZA-AES produced only a

small quantity of mevalonate (0.27 g/L). Although both promoters are strong, the copy

number of pZA-AES (pl15A Ori) lower than that of pMeAES (ColEl Ori), which

caused the little amount of mevalonate production. These results show that it is

important to pull acetyl-CoA into the MVA pathway by increasing the expression of

atoB. Therefore, we used the plasmid pMeAES in subsequent experiments.

3.2 Improvements of NADPH regeneration by gene disruption

An NADPH supply is necessary for mevalonate production because the last

10
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step of mevalonate production that is catalyzed by mvaFE requires the consumption of
2 mol NADPH per mol of mevalonate. NADPH is mainly generated through the PP
pathway. To increase carbon flux into the PP pathway, we focused on three genes, pgi
(phosphoglucose isomerase), pfkA (ATP-dependent phosphofructokinase), and pfkB
(ATP-dependent phosphofructokinase isozyme 2). The pgi gene encodes the enzyme
involved with the first step of the EMP pathway, which has been used to increase
carbon flux through the PP pathway (Lin et al. 2014). The pfk gene encodes an enzyme
that catalyzes the phosphorylation of fructose-6-phosphate to fructose-1,6-biphosphate,
which is a key step of the major glycolytic pathway (Frankel et al. 1975). In addition,
E. coli has two isoenzymes for phosphofructokinases: pfk4 and pfkB. The pfkA gene
has been reported to contribute 90% of the phosphofructokinase activity while pfkB is
the minor enzyme that contributes to 5%—10% of overall phosphofructokinase activity
(Vinopal et al. 1975). In another study (Siedler et al. 2011), pfk4 mutants showed 23 %
of wild-type activity while pfkB mutants showed 78 % of wild-type activity; the double
mutant exhibited 27 % of wild-type activity.

Here, we constructed pgi, pfkA, or pfkB gene-deficient strains and evaluated
the NADPH/NADP" ratio of each strain (Figure 2a). As expected, the NADPH/NADP*

ratio of MGApgi is about sevenfold higher than that of the wild-type followed by a

11
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threefold improvement in the MGApfkA strain. In the pfkB-deficient strain, the
NADPH/NADP" ratio was slightly decreased compared to the ratio in the wild-type
strain, which corresponded to the findings in a previous report (Siedler et al. 2011).

The mevalonate production of the strains harboring pMeAES after 48 h of
cultivation is shown in Figure 2b. Although the cellular growth of these strains was
increased (Figure 2¢), the mevalonate titer of MGApgi-MV (3.49 g/L) and MGApfkA-
MYV (3.17 g/L) were decreased compared to wild-type (5.25 g/L). The mevalonate titer
of the pfkB-deficient strain MGApfkB-MV (4.64 g/L) was slightly lower than the titer
of the wild-type strain. These results demonstrated that the NADPH supply was not a
rate-limiting step in mevalonate production.

We also constructed a gnd-deficient strain (MGAgnd) to function as a branch
point between the ED pathway and the PP pathway. Enhancing the ED pathway is a
promising approach to increase mevalonate production (Nagai et al. 2018). The titer
of mevalonate using the gnd-deficient strain MGAgnd-MV was only slightly increased
(5.49 g/L) compared to wild-type production (Figure 2b), which corresponds to the
previous reports. However, the NADPH/NADP" ratio of MGAgnd was not increased
compared to the wild-type (Figure 2a). These results also showed that NADPH

regeneration was not a key priority for producing mevalonate.

12



10

11

12

13

14

15

16

17

18

3.3 Enhancement of acetyl-CoA supply by gene disruption

Acetyl-CoA is a precursor of TCA cycle, competing with mevalonate

production. Hence, we focused on the genes ppc and gltA, which encode

phosphoenolpyruvate  carboxylase  and  citrate  synthase,  respectively.

Phosphoenolpyruvate carboxylase produces oxaloacetate from phosphoenolpyruvate

as an anaplerotic reaction. The deletion of the ppc gene reduces the oxaloacetate supply

and weakens the TCA cycle flux. Citrate synthetase catalyzes the condensation

reaction of acetyl-CoA and oxaloacetate to citrate, which is important for entry into

the TCA cycle and a key pace making step for bacterial growth. The deletion of g/t4

has rarely been employed in metabolic engineering because of its negative impact on

bacterial growth (Heo et al. 2017). Glyoxylate shunt is another pathway that consumes

acetyl-CoA; genes involved with this pathway encode malate synthetase (aceB) and

isocitrate synthetase (aceAd). We constructed ppc, gltA, or aceBA gene-deficient strains

and measured the levels of acetyl-CoA among these strains (Figure 3a). The acetyl-

coA levels of MGAgItA was approximately twice that of the wild-type strain, followed

by MGAppc (1.25-fold higher). MGAaceBA showed almost the same levels of acetyl-

CoA as the wild- type strain. The double-deletion variants MGAppcAaceBA did not

13
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increase levels of acetyl-CoA. The other strain MGAppcAgltA improved the acetyl-

CoA levels by up to 150% compared to wild-type.

The mevalonate production of the strains harboring pMeAES after 48 h of

cultivation is shown in Figure 3b. Contrary to Figure 2, the cellular growth of these

strains was decreased (Fig. 3c). The strains MGAgItA-Mv (7.19 g/L) and MGAppc-

Mv (7.04 g/L) produced high quantities of mevalonate compared to wild-type cells

(5.25 g/L). MGAaceBA-Mv produced 4.58 g/L of mevalonate, which was lower than

that of MG1655-MV. The double-knockout strain MGAppcAgltA-Mv produced 5.87

g/L of mevalonate, which was slightly lower than MGAgItA-Mv. MGAppcAaceBA

produced 6.95 g/L of mevalonate, which was approximately the same as that of

MGAppc-Mv. These results showed that enhancing the supply of acetyl-CoA pool is

more effective for mevalonate production than regenerating NADPH.

We also evaluated the levels of acetyl-CoA in MGAgnd (Figure 3a), which

were approximately equivalent to levels in the wild-type strain. The deletion of gnd

did not cause the accumulation of acetyl-CoA nor NADPH (Figure 2a), which

corresponded to the previous report (Jiao et al. 2003). The double-deletion mutant,

MGAgndAgltA, did not produce higher levels of mevalonate compared to the wild-

type (Figure 3b). Furthermore, we additionally introduced pZA-AES into MGAgItA-

14
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My, but this only led to a slight increase in mevalonate production (Figure 3b). We

also introduced pZA-XPK into MGAgItA-Mv according to previous report (Wang et

al. 2018). However, pZA-XPK had no positive effect to MGAgItA-Mv after 66h

cultivation (data not shown). These results suggest that the levels of enzymes are

sufficient for mevalonate production.

3.4 Culture profiles of mevalonate-producing strains

The time-dependent mevalonate production among strains exhibiting a high

mevalonate titer in Figure 2 and Figure 3 was evaluated. MG1655-Mv, MGAgnd-My,

MGAppc-Mv, MGAppcAaceBA-Mv, MGAgItA-Mv, MGAgItAAppc-Mv  were

cultivated in M9Y medium containing 20 g/L of glucose. Mevalonate production,

cellular growth rates, and rates of sugar consumption are shown in Figure 4. The titer

of MG1655-Mv after 24 h of cultivation reached 6.15 g/L, then gradually decreased

(Figure 4a). Other strains also showed similar culture profiles. The cell growth of

MG1655-Mv and MGAgnd-Mv was higher than other strains and the ODgoo was equal

to 11 after 24 h of cultivation (Figure 4b). However, the cellular growth of ppc or gi/tA-

deficient strains were lower than that of MG1655-Mv. MG1655-Mv consumed almost

all of the glucose after 10 h in culture (Figure 4c) and MGAgnd-Mv consumed 15 g/L

15
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of glucose after 10 h. Alternatively, the other four strains consumed glucose at a slower

rate compared to MG1655-Mv and MGAgnd-Mv (Figure 4c¢). After 12 h of cultivation,

the cell growth of these strains stopped but the residual glucose was gradually

consumed, which might lead to higher mevalonate production.

3.5 Mevalonate production from cellobiose as a carbon source

To produce mevalonate from cellobiose as a carbon source, we constructed a

plasmid that co-expressed BGL with genes involved in the mevalonate-producing

pathway. We employed cell surface display for BGL expression, which is a powerful

tool for improving the activity of a displayed protein (Lee et al. 2003; Tanaka et al.

2011, 2014). The strains harboring pMeAES-BGL were cultured with 20 g/L of

cellobiose as a sole carbon source. The rate of mevalonate production after 48 h is

shown in Figure 5a. The strain MG1655-MvBGL produced 1.75 g/L of mevalonate

from cellobiose, which is lower than the rate of production from glucose (5.25 g/L;

Figure 2b). The MGAgnd-MvBGL strain showed the highest mevalonate titer from

glucose (5.49 g/L) produced 5.27 g/L of mevalonate from cellobiose. Although

MGAppc-Mv and MGAgItA-Mv showed high mevalonate titers from glucose,

MGAppc-MvBGL and MGAgItA-MvBGL produced nearly equal quantities of

16
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mevalonate from cellobiose as MG1655-MvBGL. However, MGAppcAaceBA-

MvBGL produced 5.03 g/L. of mevalonate from cellobiose, which was the same as

MGAgnd-MvBGL. A triple-deletion strain, MGAppcAaceBAAgnd-MvBGL, did not

improve the mevalonate titer (4.52 g/L). The cellular growth of these strains is shown

in Figure 5b. All strains showed reduced cellular growth compared to MG1655-

MvBGL.

The time-dependent rates of mevalonate production from cellobiose were also

evaluated. MG1655-MvBGL, MGAgnd-MvBGL, MGAgItA-MvBGL,

MGAppcAaceBA-MvBGL, MGAgItAAppc-MvBGL were cultivated in M9Y medium

containing 20 g/L of cellobiose. Rates of mevalonate production, cellular growth, and

sugar consumption are shown in Figure 6. The titer of MG1655-MvBGL after 24 h

cultivation reached 1.7 g/L (Figure 6a). MGAgnd-MvBGL produced the highest

amount of mevalonate (5.7 g/L) after 24 h of cultivation, followed by

MGAppcAaceBA-MvBGL (5.0 g/L) after 48 h of cultivation. MG1655-MvBGL

showed the highest rate of cellular growth among these strains followed by MGAgnd-

MvBGL (Figure 6b). Cellobiose was consumed after 24 h of cultivation. Glucose

levels detected in the culture medium are shown in Figure 6d. In the case of MGAgnd-

MvBGL, only a small amount of glucose was detected (0.8 g/L) after 10 h of

17
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cultivation, which suggests that the hydrolysis of cellobiose by BGL was not a rate-

limiting step. On the other hand, 3.8 g/L of glucose was detected when MG1655-

MvBGL was used, and 8.3 g/L of glucose was detected after 24 h of cultivation when

MGAppcAaceBA-MvBGL was used. MGAgItA-MvBGL produced almost the same

amount of mevalonate as MG1655-MvBGL. Rates of cellular growth and cellobiose

consumption for MGAgItA-MvBGL were poor (Figures 6b, 6¢). The acetyl-CoA level

after 8 h cultivation from cellobiose was evaluated. MGAgnd-MvBGL and MGAgItA-

MvBGL increased the acetyl-CoA level 1.35- and 1.56-fold, respectively, compared to

MG1655-MvBGL (Fig. 6e). MGAgnd-MvBGL and MGAgItA-MvBGL produced 0.67

g/L and 0.91 g/L mevalonate, respectively (Fig. 6f).

4. Discussion

One of the key elements for the efficient production of mevalonate is the

availability of intracellular NADPH as a cofactor. One approach is to replace an NAD

(+)-dependent enzyme with an NADP(+)-dependent enzyme to redirect flux through

the NADPH-generating PP pathway (Wang et al. 2013). Transhydrogenase PntAB

overexpression increased NADPH reduction and improved the production of 3-

hydroxypropionic acid, shikimic acid and Agmatine (Rathnasingh et al. 2012; Cui et

18
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al. 2014; Xu and Zhang 2019). Here, we focused on enhancing PP pathway flux by
deleting pgi, pfkA, and pfkB. The NADPH supply increased in the pgi-deficient strain
and the pfkA-deficient strain (Figure 2a), which corresponds to previous reports
(Siedler et al. 2011). However, the mevalonate titer of these strains was decreased
compared to wild-type (Figure 2b), suggesting the NADPH supply was sufficient for
mevalonate production. A pfkB-deficient strain exhibited almost the same
NADPH/NADP" ratio as the wild-type strain because more than 90% of the
phosphofructokinase activity in E. coli is carried by PfkA (Kotlarz et al. 1975). The
cellular growth of pgi- or pfkA-deficient strain s was improved (Figure 2c) due to the
accumulation of the anabolic redox cofactor NADPH (Cabulong et al. 2019).
Acetyl-CoA is involved in various biological processes and it serves as a
platform chemical for producing various high-value products, such as 1-butanol (Dong
et al. 2017; Ohtake et al. 2017), 3- hydroxypropionate (Liu et al. 2017; Cheng et al.
2016), polyhydroxyalkanoates (Zheng et al. 2017) and isoprenoids. Isoprenoids may
be used for flavorings, biofuels, pharmaceuticals, vitamins (Ward et al. 2018; Wang et
al. 2017). Acetyl-CoA is the most important precursor for mevalonate production.
Blocking pathways that catabolize acetyl-CoA is an effective approach for obtaining

acetyl-CoA derived compounds (Wu and Eiteman 2016; Dong et al. 2017). Acetate
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formation is another pathway to reduce the supply of acetyl-CoA (Parimi et al. 2017;

Saini et al. 2014; Kim et al. 2016. Acetyl-CoA is metabolized by phosphate

acetyltransferase, which is encoded by pfa, and the resultant product (acetyl-

phosphate) is converted to acetate by acetate kinase (ack4) Pyruvate dehydrogenase

(poxB) produces acetate from pyruvate, a precursor of acetyl-CoA. Only small

amounts of acetate as by-products produced less than 1 g/L after MGAgnd-Mv

cultivation (Supporting Figure S1), suggesting that deleting the acetate-producing

pathway had less of an effect on mevalonate accumulation.

Reducing the TCA cycle flux is effective for promoting acetyl-CoA

accumulation. For example, genetic toggle switches could be used to alter the

expression state between two different genes (Soma et al. 2014). Regulation of

metabolic flux allows for switching the intracellular metabolism from the bacterial

growth phase to the bio-production phase. Although switch-based metabolic controls

could be applied to synthetic metabolic pathways while minimizing the negative

effects on bacterial growth and cell maintenance, fine-tuning of the switch mechanism,

which includes optimizing the timing of the inducer, is required (Soma et al. 2014;

2017). Alternatively, the deletion of g/¢t4 caused the accumulation of acetyl-CoA and

increased citramalate production (Wu and Eiteman 2016, Parimi et al. 2017). In this
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study, we demonstrated that g/t4 or ppc deletion had positive effects on mevalonate
production (Figure 3) by reducing flux toward the TCA cycle (De Maeseneire et al.
2006; Chemler JA et al. 2010). The deletion of ppc also reduced the activity of
isocitrate dehydrogenase (Peng et al. 2004), which catalyzes the entry reaction for the
glyoxylate shunt. Glyoxylate shunt deficiency is also improved by the accumulation
of acetyl-CoA (Figure 3a), but in this case, cellular growth was increased instead of
mevalonate production (Figure 3c). The NADPH/NADP" ratios of gltd or ppc-
deficient strains did not improve (data not shown), which suggests that acetyl-CoA
accumulation is the main contributing factor toward mevalonate production (Figure 3).

When cellobiose was used as the sole carbon source, the MGAgnd-MvBGL
strain produced 5.7 g/L of mevalonate after 24 h from 20 g/L of cellobiose (Figure 6).
This rate of production corresponds to a yield of 0.25 g mevalonate/g glucose (1 g of
cellobiose corresponds to 1.1 g of glucose), which is slightly lower than the rate of
mevalonate production obtained from glucose (0.31 g mevalonate/g glucose; Figure 4).
Cellular growth using cellobiose as a carbon source was slower than that of glucose,
and cellobiose was completely hydrolyzed by 24 h. However, free glucose was
observed in the culture medium between 12 h and 48 h, thus indicating that the BGL-

based conversion of cellobiose into glucose was enough and an improvement of
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glucose uptake requires for enhancing mevalonate production. The acetyl-CoA levels

of MGAgItA-MvBGL was higher than MGAgnd-MvBGL (Figure 6¢), however,

mevalonate production was decreased due to the reduction of cell growth (Figure 6b).

While the addition of pyruvate helped recover the cell growth of MGAgItA-MvBGL

in cellobiose culture, mevalonate production did not improve (Supporting Figure S2).

These results suggest the shortage of pyruvate may be partially responsible for the cell

growth in MGAgItA-MvBGL.

In the case of MGAgnd-MvBGL, this strain produced mevalonate from

cellobiose at almost the rate as when it used glucose as a carbon source. A gene gnd

knockout generally causes a redirection of carbon flux from the PP pathway to the ED

pathway, which supplies pyruvate. The enhanced anaplerotic pathway catalyzed by

malic enzyme was accompanied by the up-regulation of phosphoenolpyruvate

carboxylase and the down-regulation of phosphoenolpyruvate carboxykinase (Jiao et

al. 2003). When cellobiose was used as a carbon source, MG1655-MvBGL produced

large amounts of acetate as by-products than MG1655-Mv from glucose (Supporting

Figure S1). On the other hand, MGAgnd-MvBGL produced no acetate from cellobiose.

It causes that MGAgnd-MvBGL produced almost same level of mevalonate from

cellobiose as that of MGAgnd-Mv from glucose.
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In conclusion, this E. coli strain was metabolically engineered for enhanced

mevalonate production from glucose and cellobiose with metabolic pathways. This

study contributes the developing an economically feasible and sustainable process for

mevalonate production.
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Figure captions

Figure 1. Metabolic pathway for producing mevalonate and the characteristics of

plasmids used in this study. (a) Metabolic design for improving mevalonate production.

(b) Plasmids used in this study. (c) Mevalonate production using the E. coli MG1655

strain harboring each plasmid after 48 h of cultivation. The experiments were

performed in triplicate and error bars indicate the standard deviation.

Figure 2. Mevalonate production using gene-deficient E. coli strains for

improvements of NADPH regeneration. The ratio of NADPH/NADP™ (a),

mevalonate titers (b), and cellular growth (c) after 48 h of cultivation using 20 g/L of

glucose as a carbon source are shown. The experiments were performed in triplicate

and error bars indicate standard deviation.

Figure 3. Mevalonate production using gene-deficient E. coli strains to improve the

supply of acetyl-CoA. The amount of intracellular acetyl-CoA (a), mevalonate titers

(b), and cellular growth rates (c) after 48 h of cultivation using 20 g/L of glucose as a
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carbon source are shown. The experiments were performed in triplicate and error

bars indicate standard deviation.

Figure 4. Culture profiles of mevalonate-producing strains using glucose as a carbon

source. Mevalonate production (a), cellular growth (b), and glucose consumption (c)

are shown. Cells were cultivated in M9Y medium containing 20 g/L glucose. The

experiments were performed in triplicate and error bars indicate standard deviation.

Figure 5. Mevalonate production using gene-deficient E. coli strains using 20 g/L

cellobiose as a carbon source. Mevalonate titers (a) and cellular growth (b) after 48 h

of cultivation. The experiments were performed in triplicate and error bars indicate

standard deviation.

Figure 6. Culture profiles of mevalonate-producing strains using cellobiose as a carbon

source. Mevalonate production (a), cellular growth (b), cellobiose (¢), and glucose

consumption (d), the amount of intracellular acetyl-CoA after 8h cultivation (e),

39



mevalonate titers after 8h cultivation (f) are shown. Cells were cultivated in the M9Y

medium containing 20 g/L cellobiose. The experiments were performed in triplicate

and error bars indicate standard deviation.

40



a From biomass

|
|
|
(

¥ tfu0937
Cellulose Glucose
s o e A 17 — X — — i A S o
' g NADPH NADPH *
I _ GeP - _‘x," b | =+ Endogenous
I Py ! PP S | *** Overexpression
: pfkA * Pathway : b 4 Disruption
pfkB
I e I
I ‘ ¥ I
% G3P = ® /
L R e R g wge— -
R T e T e MY =l =—iel] TSl el L e ~
-4 PEP Acetyl-CoA M
] A
| I
oy gfrr——
I ppc 8 FyTivate 2NADPH |
[ . I
I Acetyl- CDA'"'&H mm; m"?lﬂwnlnnntn I
I ' gita :
: Oxaloacetate Citrate I
[ 7 1
| Malate . GF}.fDx}flatF.- Isnntrate |
i
[ \ ’
\ /
Succinate /7

b Ppmmnter & RS T terminater c

P‘l'rl:
6
aF W mvas ?
mva mva 525
Py T
J4 .
AL
mvaE I mvas M sioB Q
o ]
pMeESA g3
©
>
Py. 22 -
0.91
atoB L o A vaS 1 A
0.27
pMeAES .
0 i
P, w <{ W 2
g Ll iy L L
g 4 5§ 3
= = = N
o O a

sioB A mvac ] myvas
pZA-AES




B rovon | < veosvon | N -Pu5von
u
B wvon S ovcvon | TN -euivon
<
= : I -vudvon
I vudvon ~ I v-vvevon
6 3 A-16d S -6dvon

— I 54von > I -5ivon

il scoon < [ -ssoLon I -ssoLon
o © < ™ = O MW@ W 0N~ O N9 0 © 8 N O
o o o o 008
(-) dQYN/HJAVYN (7/6) @euolRASIN () ®ao

2 o



o
—

0w W = N O

pubvon

wibyoddyon

vgeoeyaddyow

VHSIEYOW

VBT oW

oddyon

GGALOW

(°9go/owd) eoo-|A1e0y

©

7.19

5.25 I I

7.04

7.46

6.95

3.04

5.87

4.58

WO~ O WL<FTON ~—~O

(71/B) 81EUO|EAS|\

2

SIV-YZd+AN-VIIBTON

AN-YHBY puBy o

AN-YIIByaddyop

ANN-Y geoeygoddyop

M-V g8oeVON

NN-VIBTOWN

NN-oddg o

AW-GS9LOW

12 -
~10 -

g8
6 4
4 4
2 4
0

=
w0
-]
O

SIY-yZd+AN-VIBTOW

SIV-vZd+M-VHBT OW

AN-WIB7addyon

NN-Y g20eyaddyon

AN-YE20EVON

NAFVIIDT O

AN-2dd O

AW-GSALONW



Q
o

9 14
3 -
?’ -
46 -
=
o5 -
fua]
=
o4 4
o
>
s 3 -
2 4
1 .4
_D U 1 1 1 1
0 12 24 36 48
Time (h) Time (h)
25
el MG 1655-Mv
- O MG Agnd-Mv

e MGAppc-Mv
——— MGAppchaceBA-Mv
— MG AgItA-Mv
—— MGAgItAAppc-Mv

=k
on

Glucose (g/L)
o

Time (h)



198AN-pubyygeseyaddyon 198AN-puUbyygeseyaddyopy

4.52

198AN-Y8eoeyoddyon TO9AN-Yga2ey2ddyon

198MN-VIETOW 199MN-YIBTONW

19 gAN-2ddy oW 19gAN-2ddgOn

i

1.91

198gAN-PUbBTON

0.27

1OGMN-PUBTON L

198AN-GS91LON

i

1O8MN-GSOLON

0O M~ DO W = M0 NN — QO
(71/B) ajeuoieAsly

©



Q

Glucose(g/L)

mevalonate(g/L)

~J

- N W e O O

Time (h)

25

20 -

0 12 24 36 48
Time (h)
—a— MG1655-MvBGL
—O— MGAgnd-MvBGL
—— MGAgIA-MvBGL
—tr— MGAppcAaceBA-MvBGL

Acetyl-CoA (pmol/ODgqg)
N

(%]

—_—

Time (h)

X
Q
%

o0

ha
(=]

—_
N
L

-
=

Cellobiose(g/L)

Time (h)

Mevalonate (g/L)
o o = L}
= Mo =~ o) oo
%
%

G‘V
W WP
& & &
o & &
S Q&



Table

Table 1. Strains and Plasmids

Strains
Nova Blue

MG1655
MGApgi
MGApfkA
MGApfkB
MGAgnd
MGAaceBA
MGAppc
MGAppcAaceBA
MGAppcAaceBAAgnd
MGAgItA
MGAppcAgltA
MGAgItAAgnd
MG1655-Mv
MGApgi-Mv
MGAptkA-Mv
MGAptkB-Mv
MGAgnd-Mv

endAl, hsdR17,(rxmk"), supE44 thi-I, gyrA96, relAl, lac, recAl/F', [proAB", laclq

ZAM15,Tn10(Tet ®)]
Escherichia coli K-12 MG1655

MG1655Apgi

MG1655ApfkA

MG1655ApfkB

MG1655Agnd

MG1655AaceBA

MG1655Appc
MG1655AppcAaceBA
MG1655AppcAaceBAAgnd
MG1665AgltA

MG1655AppcAglitA
MG1655AgltAAgnd

MG1655 harboring pMeAES
MG1655Apgi harboring pMeAES
MG1655ApfkA harboring pMeAES
MG1655ApfkB harboring pMeAES
MG1655Agnd harboring pMeAES

Novagen

Bachmann 1972

This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study



MGAaceBA-Mv MG1655AaceBA harboring pMeAES This study

MGAppc-Mv MG1655Appc harboring pMeAES This study
MGAppcAaceBA-Mv MG1655AppcAaceBA harboring pMeAES This study
MGAppcAaceBAAgnd-Mv  MG1655AppcAaceBAAgnd harboring pMeAES This study
MGAgItA-Mv MG1665AgltA harboring pMeAES This study
MGAppcAgltA-Mv MG1655AppcAgltA harboring pMeAES This study
MGAgItAAgnd-Mv MG1655AgltAAgnd harboring pMeAES This study
MGAglItA-Mv+pZA-AES  MG1665AgltA harboring pMeAES and pZA-AES This study
MG1655-MvBGL MG1655 harboring pMeAES-BGL This study
MGApfkB-MvBGL MG1655ApfkB harboring pMeAES-BGL This study
MGAgnd-MvBGL MG1655Agnd harboring pMeAES-BGL This study
MGAppc-MvBGL MG1655Appc harboring pMeAES-BGL This study
MGAppcAaceBA-MvBGL  MG1655AppcAaceBA harboring pMeAES-BGL This study
M\C]}]ﬁgII)JCAaceBAAgnd- MG1655AppcAaceBAAgnd harboring pMeAES-BGL This study
MGAgItA-MvBGL MG1665AgltA harboring pMeAES-BGL This study
Plasmids
) . . Life

pTrcHisB P, pBR322 ori and Amp Technologies
pZA23 Pattaco-1, p15A ori and Kn" Expressys
pMeES pTrcHisB-mvaE-mvaS This study
pMeESA pTrcHisB-mvaE-mvaS-atoB This study

pMeAES pTrcHisB-atoB-mvaE-mvaS This study



pZA-ASE
pZA-XPK

pHLA-BGL

pMeAES-BGL

pTargetF
pCas

pTApgi
pTApfkA
pTApfkB
pTAgnd
pTAaceBA
pTAppc
pTAgltA

pZA23-atoB-mvaE-mvaS

PZA23-fxpk-fbp
Vector for Tfu0937 expression using Blc anchor protein; the C terminus of Blc was
fused to the N terminus of Tfu0937

pTrcHisB-atoB-mvaE-mvaS-Puce-blc-tfu0937
Constitutive expression of sgRNA

Constitutive expression of cas9 and inducible expression of A RED and sgRNA

Constitutive expression of sgRNA wirh donor editing template DNA for pgi
disruption

Constitutive expression of sgRNA wirh donor editing template DNA for pfkA
disruption

Constitutive expression of sgRNA wirh donor editing template DNA for pfkB
disruption

Constitutive expression of sgRNA wirh donor editing template DNA for gnd
disruption

Constitutive expression of sgRNA wirh donor editing template DNA for aceBA
disruption

Constitutive expression of sgRNA wirh donor editing template DNA for ppc
disruption

Constitutive expression of sgRNA wirh donor editing template DNA for g/t4
disruption

This study

This study

Tanaka et al.
2011

This study
Addgene
Addgene

This study
This study
This study
This study
This study
This study

This study



Supporting Information

Metabolic engineering of E. coli for improving mevalonate production to promote
NADPH regeneration and enhance acetyl-CoA supply

Satowa et al.,

1. Strains and plasmid construction

The strains and plasmids used in this study are listed in Table 1. E. coli NovaBlue
competent cells (Novagen, Cambridge, MA, USA) were used for gene cloning.
Polymerase chain reaction (PCR) was performed using KOD FX (TOYOBO, Osaka,
Japan). Custom DNA oligonucleotide primers were obtained from Invitrogen Custom
DNA Oligos (Thermo Fisher Scientific, Tokyo, Japan). Codon-optimized genes
fragments (mvaS and mvaE, both from E. faecalis) were provided by the Invitrogen
GeneArt Gene Synthesis service (Thermo Fisher Scientific, Tokyo, Japan). The sequences
of primers and genes fragments are shown in Table S1 and Table S2, respectively.
Plasmids for mevalonate production were constructed as follows. The linearized fragment
was amplified by inverse PCR using pTrcHisB (Thermo Fisher Scientific) as a template
with the Inv_pTrcB_Fw and Inv_pTrcB_Rv primers. This linearized fragment was ligated
using Gibson Assembly (New England BioLabs Japan, Tokyo, Japan) using the synthetic
gene mvaE. The resulting plasmid was designated pTrcHisB-mvaE. The synthetic gene
mvaS was cloned into the Kpnl site of pTrcHisB-mvaE, and the resulting plasmid was
designated pMeES. The linearized fragment was amplified by inverse PCR using pMeES
as a template with the primer pair Inv_pTrcB 569 Fw and Inv_pTrcB 568 Rv. The atoB
gene fragment was amplified by PCR using E. coli MG1655 genomic DNA as a template
with the primer pair atoB Fw and atoB Rv. Both fragments were ligated, and the
resulting plasmid was designated pMeESA. To construct the plasmid pMeAES, a similar
procedure was carried out wusing the primer pairs Inv_pTrc-mvaE Fw /
Inv pTrcB 412 Rv and atoB pT mvaES Fw / atoB pT mvaES Rv. The resulting
plasmid was designated pMeAES. The plasmid pZA-AES was constructed as follows.
The fragment atoB-mvaE-mvaS was amplified by PCR using pMeAES as a template with
the primer pair pTrcHisB_ Mev Fw and pTrcHisB Mev Re. The fragment was cloned
between the Kpnl and HindlIII sites of pZA23, and the resulting plasmid was designated
pZA-AES. The blc-tfu0937 fragment was amplified by PCR using pHLA-blc-tfu0937
(Tanaka et al. 2011) as a template with the primer pair pTrcHisB-HCEpro-Fw and
pTrcHisB-rrnbter-Rv. The linearized fragment was amplified by PCR using pMeASE as
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a template with the primer pair Inv-pMeASE-Fw and Inv-pMeASE-Rv. Both fragments
were ligated, and the resulting plasmid was designated pMeASE-BGL. The plasmid
pTApgi was constructed as follows. The linearized fragment was amplified by PCR using
pTargetF as a template with the primer pair pgi N20inv_Fw and pgi N20inv_Rv. The
amplified fragment was self-ligated, and the resulting plasmid was designated pTApgiF.
The upstream and downstream homologous DNA sequences of pgi were amplified using
PCR using E. coli MG1655 genomic DNA as a template with the primer pairs
pgi HomSeq Up Fw / pgi HomSeq Up Rv and pgi HomSeq Dw Fw /
pgi HomSeq Dw Ry, respectively. Both amplified fragments were fused using overlap
extension PCR with the primer pair pgi HomSeq Up Fw and pgi HomSeq Dw Ruv.
The amplified donor was cloned between the EcoRI and HindIII sites of pTApgiF, and
the resulting plasmid was designated as pTApgi. The other plasmids of the pTarget series
were constructed using the same procedures that were used to construct pTApgi.

Genetic deletions were carried out using the CRISPR-Cas2-plasmid system
(Jiang et al. 2015). Plasmids pTApgi, pTApfkA, pTAptkB, pTAgnd, pTAaceBA, pTAppc,
and pTAgltA were used to delete pgi, pfkA, pftkB, gnd, aceBA, ppc, and gltA, respectively.

2. Medium

M9Y medium was used for mevalonate production in 5 mL test tube-scale cultures. MY
medium was comprised of M9 minimal medium supplemented with 0.5 % yeast extract,
0.008 g/L D-(+)-biotin, 0.2 g/L citrate, 0.008 g/L nicotinic acid, 0.032 g/L, pyridoxine
and 1 mL/L trace metal solution. M9 minimal medium contains (per liter) 20 g glucose
or cellobiose, 0.5 g NaCl, 6.7 g Na2HPO4, 3 g KH2PO4, 1 g NH4Cl, 246 mg
MgS04-7H20, 14.7 mg CaClI2-2H20, 2.78 mg FeSO4-7H20, and 10 mg thiamine
hydrochloride. When needed, ampicillin (100 mg/L) was added to the initial medium.

3. Culture Conditions

To promote mevalonate fermentation from glucose and cellobiose, metabolically-
engineered strains were precultured in 5 mL LB medium overnight at 37 °C. The
preculture medium was seeded to 5 mL M9Y medium in a 15 mL test tube at an initial
optical density at 600 nm (OD600) of 0.05. After 3 h of cultivation, isopropyl B-D-1-
thiogalactopyranoside was added to a final concentration of 0.1 mM. The tube-scale

cultures were incubated at 37 °C with shaking at 220 rpm.

4. Analytical Methods
HCI1 (50 pL) was added to 300 puL of cultured cells and incubated at 60 °C with shaking
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at 1000 rpm for lactonization. After 30 min, mevalonolactone was extracted with 350 pL
of ethyl acetate containing beta-caryophyllene as an internal standard. Cell growth was
determined by measuring the OD at 600 nm (OD600) on a UVmini-1240
spectrophotometer (Shimadzu Corporation, Kyoto, Japan). Extracted mevalonolactone
was analyzed by gas chromatography (GC) using a GC-2025 chromatograph (Shimadzu
Corporation, Kyoto, Japan) equipped with an SH-stabilwax (Length 30 m, Diameter 0.25
mm, Film 0.25 pm). Glucose and cellobiose were analyzed using a Prominence high-
performance liquid chromatography (HPLC) System (Shimadzu Corporation, Kyoto,
Japan) equipped with a Shodex SUGAR KS-801 column (6 pm, 300 mm x 8.0 mm, L x
I.D., SHOWA DENKO, Tokyo, Japan).



Supplementary Table S1. Primers used in this study

plasmids

pMeES

pMeESA

pMeAES

pMeAES-BGL

pPZA-AES

pTApgi

primers

Inv_pTrcB Fw
Inv_pTrcB Rv
Inv_pTrcB 569 Fw,
Inv_pTrcB 568 Rv
atoB_Fw

atoB_Rv
Inv_pTrc-mvaE Fw
Inv_pTrcB 412 Rv
atoB_ pT mvaES Fw
atoB_pT mvaES Rv
pTrcHIsB-inv-Fw
pTrcHisB-inv-Rv
pTrcHisB-HCEpro-Fw
pTrcHisB-rrnbter-Rv
pTrcHisB Mev Fw
pTrcHisB_ Mev Re
pgi_N20inv.Fw

pgi N20inv.Rv

pgi_ HomSeq Up Fw

gene order

GATCCGAGCTCGAGATCTGCAGCT

ACCATGATGATGATGATGAGAACC

ATGAGAGAAGATTTTCAGCC

CCGCCAAAACAGCCAAGCTT

TGGCTGTTTTGGCGGaagagGTATATATT Aatgaaaaattgtgtcatcgt
AAAATCTTCTCTCATttaattcaaccgttcaatca

ATGAAAACCGTGGTGATTAT

GGTTTATTCCTCCTTATTTA

AAGGAGGAATAAACCatgaaaaattgtgtcatcgt
CACCACGGTTTTcatTAATATATAC ctcttT A Attaattcaaccgttcaatca
AGTAGGACAAATCCGCCGGGAGCGGATTTG
CAGGAGAGCGTTCACCGACAAACAACAGATAAAACG
GTGAACGCTCTCCTGgctagcttgatctctccttcacagattcccaatetettg
CGGATTTGTCCTACTttgtagaaacgcaaaaaggccatccgtcagg
TTAAAGAGGAGAAAGGTACCATGAAAAATTGTGTCATCGTCAGTGCGGTACG
ATTCGATATCAAGCTttaATTACGATAGCTACGCACGGTGTTATTAATGGCG
GTCACCATGTATGGGCCGGGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGC
GCCCATACATGGTGACCGGCTAGCATTATACCTAGGACTGAGCTAGCTGTCAAGG
TGCTTTTTTTGAATTGGCCTGCGCTAGCGCAGGTAGTAC



pTApfkA

pTApfkB

pTAgnd

pTAaceBA

pgi HomSeq Up Rv
pgi HomSeq Dw_Fw
pgi HomSeq Dw_Rv
pfkA N20inv_Fw

pfkA N20inv_Rv

pfkA HomSeq Up Fw
ptkA HomSeq Up Rv
ptkA HomSeq Dw Fw
ptkA HomSeq Dw_Rv
ptkB N20inv_Fw
ptkB_N20inv_Rv

pfkB HomSeq Up Fw
pfkB_ HomSeq Up Rv
pfkB_HomSeq Dw Fw
pfkB_ HomSeq Dw_Rv
gnd N20inv_Fw

gnd N20inv_Rv

gnd HomSeq Up Fw
gnd HomSeq Up Rv
gnd HomSeq Dw_Fw
gnd HomSeq Dw_Rv
aceBA N20inv_Fw

CTTTCAGGAACCAGTCACGTTACGCAGCGCTACGTGCAGCAC
CGTAGCGCTGCGTAACGTGACTGGTTCCTGAAAGCGGCAG
GCTTCTGCAGGTCGACGACAGCAGTTTCTGGTGATGATCAGAGAGC
GTCTGACATGATCAACCGGGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGC
GTTGATCATGTCAGACACGCTAGCATTATACCTAGGACTGAGCTAGCTGTCAAGG
TGCTTTTTTTGAATTCGTACAGTCATTACTGGATCGCGCATTGC
CATGTAGGAACCGTCACCTGTTGCCGGAAGTCTTCTTGCACATCG
GACTTCCGGCAACAGGTGACGGTTCCTACATGGGTGCAATG
GCTTCTGCAGGTCGACTACGGTCGTAAGGCACCGGAGAACCAC
ACCGGTGTTCGAACCCGGGGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGC
GGGTTCGAACACCGGTGCGCTAGCATTATACCTAGGACTGAGCTAGCTGTCAAGG
TGCTTTTTTTGAATTCGATGAAGCTGATGTGATTGCGCAAGC
GCTTCTGCAGGTCGACGATTTTCCTGCTCAAACACCTTCAACACTTC
CTGCTTCCAGGTGCTGCACGGCATAAGCGAGGATGACG
GCTTCTGCAGGTCGACGATTTTCCTGCTCAAACACCTTCAACACTTC
AATGGTGAAAGCAGGTGCGGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGC
ACCTGCTTTCACCATTAAGCTAGCATTATACCTAGGACTGAGCTAGCTGTCAAGG
TGCTTTTTTTGAATTCGGTGCGCAGGATCATTTATGCTGGTACG
GGCTTCTTTCTGGCCACACCACGGCTTTCGATGTTGAGCG
CGAAAGCCGTGGTGTGGCCAGAAAGAAGCCTATGAATTGGTAGCAC
GCTTCTGCAGGTCGACACGCAGCACGCAGCTGAGAGAAGC
TGGCATCGCAGCAATCCGGGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGC



aceBA N20inv_Rv GATTGCTGCGATGCCACTGCTAGCATTATACCTAGGACTGAGCTAGCTGTCAAGG

aceBA_HomSeq Up Fw TGCTTTTTTTGAATTGTAGAGCGCAAGATGGTGATCAACGCG
aceBA HomSeq Up Rv GAAGTAATCGACATAGCGCGGTTTATCCATCGTCACTGCCTGTCTGTC
aceBA HomSeq Dw Fw CGATGGATAAACCGCGCTATGTCGATTACTTCCTGCCGATC
aceBA_HomSeq Dw_Rv GCTTCTGCAGGTCGACCGAGGTTTTTCTGCCAGTTGAACGACG
ppc_N20inv_Fw GGCGGCAATGGAGCCTTGGGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGC
ppc_N20_inv_Rv AGGCTCCATTGCCGCCTAGCTAGCATTATACCTAGGACTGAGCTAGCTGTCAAGG
ppc_HomSeq Up Fw TGCTTTTTTTGAATTCACCCCTGAACTGCTGGCGCTGG
pTAppe ppc_HomSeq Up Rv CGCTATCCATCGAAGATGGATGTGTGTTGTTGCGGTGCTTCGGCAATCAC
ppc_HomSeq Dw _Fw GCAAGTAAAACCTCTACAAATGTGGTATTGGCGGCTCCATTGCCGCCTACGTG
ppc_HomSeq Dw_Rv GCTTCTGCAGGTCGACGTAGCGGAGCGGAAGTAAGGCAC
gltA N20inv_Fw CGATTCTGGAACGTGCTAgttttagagctagaaatagcaagttaaaataaggctagtccg
gltA N20inv_Rv CACGTTCCAGAATCGGAactCgtattatacctaggactgagctagetgtcaaggatccag
oTAgltA gltA HomSeq Up Fw tgctttttttgaattc AGTCGCGTTTTTCATATCCTGTATACAGCTG
gltA HomSeq Up Rv GGATGTTAACAAactagtCGGAATTTGTTCGTCGTGCG
gltA HomSeq Dw_Fw CGAACAAATTCCGactagtTTGTTAACATCCAGCGAGTCGTGATAGA
gltA HomSeq Dw_Rv aatagatctaagcttaTGTGCTGAAAGGCACGCTGG

Supplementary Table S2. Sequence of synthesized genes used in this study
mvas ATCTGCAGCTGGTACAAAATTAaagagGTATATATTAatgACCATTGGCATCGACAAGATCAGCTTTTTTGTTCCGCCTT
ATTACATCGATATGACCGCACTGGCCGAAGCACGTAATGTTGATCCGGGTAAATTTCATATTGGTATTGGTCAGGA



mvakE

TCAGATGGCCGTTAATCCGATTAGCCAGGATATTGTTACCTTTGCAGCAAATGCAGCAGAAGCAATTCTGACCAAA
GAAGATAAAGAAGCGATCGATATGGTTATTGTTGGCACCGAAAGCAGCATTGATGAAAGCAAAGCAGCCGCAGTTG
TTCTGCATCGTCTGATGGGTATTCAGCCGTTTGCACGTAGCTTTGAAATTAAAGAAGCATGTTACGGCGCAACCGC
AGGTCTGCAGCTGGCAAAAAATCATGTTGCACTGCATCCGGATAAAAAAGTTCTGGTTGTTGCAGCAGATATCGCC
AAATATGGTCTGAATAGCGGTGGTGAACCGACACAAGGTGCCGGTGCAGTTGCAATGCTGGTTGCAAGCGAACCG
CGTATTCTGGCACTGAAAGAGGATAATGTTATGCTGACGCAGGATATCTATGATTTTTGGCGTCCGACCGGTCATC
CGTATCCGATGGTTGATGGTCCGCTGAGCAATGAAACCTATATTCAGAGCTTTGCACAGGTGTGGGATGAACATAA
AAAACGTACCGGTCTGGATTTCGCAGATTATGATGCACTGGCCTTTCATATTCCGTATACCAAAATGGGTAAAAAAG
CACTGCTGGCCAAAATTAGCGATCAGACCGAAGCCGAACAAGAACGTATCCTGGCACGTTATGAAGAAAGCATTATC
TATAGCCGTCGTGTGGGTAATCTGTATACCGGTAGCCTGTATCTGGGTCTGATTAGCCTGCTGGAAAATGCAACCA
CACTGACCGCTGGTAATCAGATTGGTCTGTTTAGCTATGGTAGCGGTGCCGTTGCAGAATTCTTTACCGGTGAACT
GGTTGCAGGTTATCAGAATCATCTGCAGAAAGAAACCCATCTGGCCCTGCTGGATAATCGTACCGAACTGAGCATT
GCAGAATATGAAGCAATGTTTGCAGAAACCCTGGATACCGATATTGATCAGACCCTGGAAGATGAACTGAAATATAG
CATTAGCGCCATTAATAACACCGTGCGTAGCTATCGTAATtaaGTACCATATGGGAAT
catcatcatcatggtATGAAAACCGTGGTGATTATTGATGCACTGCGTACCCCGATTGGTAAATACAAAGGTAGCCTGAGCCAGGT
TAGCGCAGTTGATCTGGGCACCCATGTTACCACACAGCTGCTGAAACGTCATAGCACCATTAGCGAAGAAATTGATCAGG
TGATTTTTGGCAATGTTCTGCAGGCAGGTAATGGTCAGAATCCGGCACGTCAGATTGCAATTAATAGCGGTCTGAGCCAT
GAAATTCCGGCAATGACCGTTAATGAAGTTTGTGGTAGCGGTATGAAAGCAGTTATTCTGGCAAAACAGCTGATCCAGCT
GGGTGAAGCCGAAGTTCTGATTGCCGGTGGTATTGAAAATATGAGCCAGGCACCGAAACTGCAGCGTTTCAATTATGAAA
CCGAAAGCTATGATGCACCGTTTAGCAGCATGATGTATGATGGTCTGACCGATGCATTTAGCGGTCAGGCAATGGGTCT
GACAGCAGAAAATGTTGCAGAAAAATATCATGTGACCCGTGAAGAACAGGATCAGTTTAGCGTTCATAGCCAGCTGAAAG
CAGCACAGGCACAGGCCGAAGGTATTTTTGCAGATGAAATTGCACCGCTGGAAGTTAGCGGCACCCTGGTTGAAAAAGAT
GAAGGTATTCGTCCGAATAGCAGCGTTGAAAAACTGGGTACACTGAAAACGGTGTTTAAAGAAGATGGCACCGTTACCGC



AGGCAATGCAAGTACCATTAATGATGGTGCAAGCGCACTGATTATTGCCAGCCAAGAATATGCCGAAGCACATGGTCTGC
CGTATCTGGCAATTATTCGTGATAGCGTTGAAGTTGGTATTGATCCGGCATATATGGGTATTAGCCCGATTAAAGCAATT
CAGAAACTGCTGGCACGTAATCAGCTGACCACCGAAGAAATCGACCTGTATGAAATTAATGAAGCATTTGCCGCAACCAG
CATTGTTGTTCAGCGTGAACTGGCACTGCCGGAAGAAAAAGTTAACATTTATGGTGGTGGTATCAGCCTGGGTCATGCAA
TTGGTGCAACCGGTGCACGTCTGCTGACCAGCCTGAGCTATCAGCTGAATCAGAAAGAAAAAAAGTATGGTGTTGCCAGC
CTGTGTATTGGTGGTGGCCTGGGTTTAGCAATGCTGCTGGAACGCCCTCAGCAGAAGAAAAATAGCCGTTTTTATCAGAT
GAGTCCGGAAGAACGTCTGGCAAGCCTGCTGAATGAAGGTCAGATTAGCGCAGATACCAAAAAAGAATTTGAAAACACCG
CACTGAGCAGCCAGATTGCCAACCATATGATTGAAAATCAGATCAGCGAAACCGAAGTTCCGATGGGTGTTGGTCTGCAT
CTGACCGTGGATGAAACGGATTATCTGGTGCCGATGGCAACCGAAGAACCGAGCGTTATTGCAGCCCTGAGCAATGGTG
CAAAAATTGCACAGGGCTTTAAAACCGTGAATCAGCAGCGTCTGATGCGTGGTCAGATTGTTTTTTATGATGTTGCCGAT
GCAGAAAGCCTGATTGATGAACTGCAGGTTCGTGAAACAGAAATTTTCCAGCAGGCAGAACTGAGTTATCCGAGCATTGT
TAAACGCGGTGGTGGTCTGCGTGATCTGCAGTATCGTGCATTTGATGAAAGCTTTGTTAGCGTGGATTTTCTGGTGGAT
GTTAAAGATGCAATGGGTGCCAATATTGTTAATGCAATGCTGGAAGGTGTTGCCGAACTGTTTCGTGAATGGTTTGCAGA
ACAGAAGATTCTGTTTAGCATCCTGAGTAATTATGCCACCGAAAGTGTTGTTACCATGAAAACAGCAATTCCGGTTAGCC
GTCTGAGCAAAGGTAGTAATGGTCGTGAAATTGCCGAAAAAATTGTTCTGGCCAGCCGTTATGCAAGCCTGGATCCGTAT
CGTGCGGTTACCCATAATAAAGGTATTATGAATGGCATTGAAGCAGTTGTGCTGGCCACCGGTAATGATACCCGTGCAGT
TAGCGCAAGCTGTCATGCATTTGCAGTTAAAGAAGGTCGTTATCAGGGTCTGACCAGCTGGACCCTGGATGGTGAGCAG
CTGATTGGTGAAATTAGCGTTCCGCTGGCACTGGCAACCGTTGGTGGTGCCACCAAAGTTCTGCCGAAAAGCCAGGCAG
CAGCCGATCTGCTGGCAGTTACCGATGCAAAAGAACTGAGCCGTGTTGTTGCAGCAGTTGGTCTGGCACAGAATCTGGC
AGCACTGCGTGCACTGGTTAGCGAAGGCATTCAGAAAGGTCATATGGCACTGCAGGCACGTTCACTGGCCATGACCGTG
GGTGCGACCGGTAAAGAAGTTGAAGCCGTTGCGCAGCAGTTAAAACGTCAGAAAACAATGAATCAGGATCGTGCCCTGGC
AATTCTGAATGATCTGCGTAAACAGtaaGATCCGAGCTCGAGA
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