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Abstract

L-cysteine is a ubiquitous and unique sulfur-containing amino acid with important physiological functions. The efficient

L-cysteine production via microbial fermentation is interesting and has been paid great attention. In this study, differ-

ent Escherichia coli K-12 strains (JM109, BW25113, MG1655, W3110) were investigated on their suitability to cysteine-

producing plasmid pLH03. The enhancement of precursor synthetic pathway and thiosulfate assimilation pathway resulted in

the good performance of BW25113. The expressions of synthetic pathway genes were optimized by two constitutive pro-

moters to assess their effects on L-cysteine production. Main degradation pathway genes were also deleted coordinately

for more efficient production of cysteine. The L-cysteine production was further increased through the manipulation of

sulfur transcription regulator cysB and sulfur supplement. After the process optimization in a 1.5 L bioreactor, the fi-

nal engineered strain LH2A1M0BY TS − pLH03[BW25113Ptrc2 − serA − Ptrc1 − cysM − Ptrc − cysByhaMtnaAsdaA −
(pLH03)]accumulated8.34g/Lofcysteine, layingacertainfoundationforcysteinefermentationindustry.

1 Introduction

Cys is an important sulfur-containing amino acid for various industries, including cosmetic, pharmaceutical,
food and agricultural. Traditionally , the commercial production of Cys has depended on hydrolysis of
keratin, which has serious environmental problems (Wendisch, 2020). Recently, an eco-friendly in vitro Cys
biosynthesis has appeared, however, this method requires expensive and unstable cofactors (Hanatani et
al., 2019). Compared to these methods, microbial fermentation of Cys is a more viable production process
because it has the advantages of cost-effectiveness, scalability and eco-friendliness (Nonaka et al., 2017; Joo
et al., 2017). Although the amino acid fermentation is a success story of biotechnology, the highly efficient
Cys fermentation is still not available, which is a major challenge for amino acid industry (Nakamori, 2017;
Shinichi, 2017).

Many microorganisms, including Escherichia coli (Liu et al., 2018; Liu et al., 2020), Corynebacterium glu-
tamicum (Wei et al., 2019; Kondoh et al., 2019) and Pantoea ananatis (Takumi et al., 2017), have been
engineered for Cys production. The highest titers of Cys ever reported in C. glutamicum and P. ananatis
were about 1.0 g/L (Wei et al., 2019) and 2.2 g/L (Takumi et al., 2017), respectively. However, 7.5 g/L
of Cys has been achieved in E. coli (Liu et al., 2020). Over the past 20 years, four E. coli K-12 strains
(BW25113, JM109, W3110, MG1655) have been applied in Cys production (Table 1). The genotypes of
some key genes in these chassis cells may be slightly different, which affect bacterial metabolism seriously.
For example, the genetic differences in crp among E. coli K-12 strains affect sulfur metabolism (Naoyuki
et al., 2019). Moreover, it has been demonstrated that transcription levels of key metabolic genes are the
major cause for different glucose utilization pathways in E. colistrains (Phue et al., 2004). Therefore, the
selection of suitable chassis for Cys production is the basis for better implementing metabolic engineering
strategies.
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As shown in Table 1, the metabolic engineering strategies for increasing Cys production include enhancing
excretion (ydeD , yfiK ,tolC ) and biosynthesis (cysE , serA, serC, serB ,cysM , nrdH, glpE ), weakening
degradation / transformation (yhaM , tnaA , sdaA, yciW ), and regulating sulfur transcription regulator
(cysB ). These metabolic engineering strategies are often used in combination to significantly increase Cys
production (Wendisch, 2020; Takagi et al., 2017). However, these existing works focused on the modification
of metabolic pathways, while ignored the fitness of chassis cells and metabolic pathways. Although LH16
achieved high titer (7.5 g/L) and sulfur conversion rate (90.1%) in fed-batch fermentation, the growth
limitation of LH16 could not be well resolved (Liu et al., 2020). Simplifying the expression of metabolic
pathways to balance growth and production is the key to efficient production of Cys.

In this study, we described the development of a genetically engineeredE. coli strain for Cys overproduction.
Screening a suitable chassis cell, optimizing the expression combinations of synthetic pathway genes and the
deletion combinations of degradation pathway genes, and regulating the expression of sulfur regulator and
sulfur supplement were all conducive to establish high-level Cys fermentation. The resulting strain showed
the increased growth and production during fed-batch fermentation, resulting in the highest titer reported
so far (8.34 g/L). All of these modulations are shown in Figure 1.

2 Materials and methods

2.1 Strains and plasmids

All strains and plasmids constructed in this study are listed in Table 2. The primers for PCR are listed in
Table S1. Promoter replacement and gene deletion on the chromosome were performed by using the one-
step inactivation method as previously reported (Datsenko, 2000). The inducible trc promoter (Ptrc) was
modified by site-directed mutagenesis of 2 bases and 3 bases, yielding constitutive promoters of Ptrc1 and
Ptrc2, respectively. The sequences of these promoters are listed in Table S2. One step cloning kit (Vazyme
Viotech Co., Ltd.) was used to construct pLH02-1, pLH02-2, and pLH02-3.

2.2 Medium and cultivation

LB medium (10 g/L tryptone, 5 g/L yeast extract, 10 g/L NaCl) was used to propagate the E. coli strains.
SM1 medium contained 10 g/L glucose, 12 g/L K2HPO4, 3 g/L KH2PO4, 0.1 g/L NaCl, 5 g/L (NH4)2S2O3,
0.3 g/L MgSO4·7H2O, 0.015 g/L CaCl2·2H2O, 0.002 g/L FeSO4·7H2O, 1 g/L trisodium citrate, 5 mg/L
vitamin B1 and 1 mL/L of trace element solution (Liu et al., 2018). If necessary, 50 mg/L apramycin or
50 mg/L kanamycin was added. For the promoter-reporter assay, recombinant strains were inoculated into
96-well plates containing 100 μL SM1 medium at 30 C and 400 rpm for 24 hours.

Batch-fermentation was carried out in 250 ml flasks. The primary and secondary cultures were cultured in
LB for 20 and 12 hours, respectively. Subsequently, 1 ml of seed culture was inoculated into 50 mL of SM1
and incubated at 30 C and 220 rpm for 48 hours. For the induction of cysB expression, 0.1 mM isopropyl
β-D-1-thiogalactopyranoside (IPTG) was added when the OD600 reached 0.6-0.8.

Fed-batch culture was performed in a 1.5-L bioreactor (Baoxing Biotech Co., Shanghai, China). The primary
culture was cultured in LB for 12 hours. The secondary culture was activated in 50 mL of SM1 (containing
10 g/L tryptone and 5 g/L yeast extract). After 8 hours of cultivation, 150 ml seed cultures were combined
to inoculate 1 L of SM1 medium (containing 5 g/L glucose, 10 g/L tryptone, and 5 g/L yeast extract). 500
g/L glucose was continuously added into the bioreactor after the initial glucose was completely consumed.
For the optimization of induction concentration, 0.1, 0.2 or 0.3 mM IPTG was added when the OD600 value
reached approximately 20. For the over-production of Cys, the initial concentration of thiosulfate in the
medium was 5 g/L, and then 2, 4 or 6 g/L thiosulfate was added in 19 hours. During the fermentation, the
pH was adjusted with 25% NH3·H2O to maintain the value of 7.0. The dissolved oxygen was maintained
above 30% by adjusting agitation speed. The temperature was automatically maintained at 30C.

2.3 Analytical methods

Cell growth was monitored by measuring OD600, which converted to biomass (DCW= 0.339 × OD600) (Liu
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et al., 2018), using a UV-7504 Spectrophotometer (Xinmao Instrument, Shanghai, China). Fluorescence
intensity was monitored by microplate reader (BioTek Instruments, Winooski, VT, USA). Cys was analyzed
with precolumn derivatization by HPLC (LC-10AT, Shimadzu, Japan) using a WondalSil C18 column (GL
Sciences Inc., Japan) as described in our previous work (Liu et al., 2018; Liu et al., 2020). The sulfur
conversion rate was defined as the percentage of moles of sulfur atoms of the final amount of Cys compared
with moles of total sulfur atoms in the medium.

2.4 Quantitative Real-Time PCR (qRT-PCR)

The primers for qRT-PCR analysis are listed in Table S1. For transcriptional analysis, cells were harvested
from shake flask fermentation in the middle of the exponential phase. RNA extraction and RT-PCR assay
were performed as previously described (Huang et al., 2018) .

3 Results and Discussion

3.1 Screening chassis cells for L-cysteine production

One of the bottlenecks in synthetic biology is the unpredictable cell physiology interference when artificial
synthetic elements are transferred into the chassis cells (Choi et al., 2019). Therefore, the suitability of
synthetic elements and chassis cells determines the success of newly constructed cell factory. E. coli K-12
derivatives were widely used as the main chassis cells for cysteine production (Table 1). To obtain a more
suitable chassis cell, cysteine-producing plasmid pLH03 was transformed into four E. coli K-12 hosts, which
resulted in W3110-pLH03, MG1655-pLH03, JM109-pLH03, and BW25113-pLH03. The DCW of BW25113-
pLH03 reached 1.56+-0.02 g/L, while the DCW of JM109-pLH03, MG1655-pLH03, and W3110-pLH03 had
no significant difference (about 1.10 g/L) (Figure 2A). BW25113-pLH03 generated 345.74+-39.01 mg/L Cys,
JM109-pLH03 resulted in the production of 190.31+-13.23 mg/L Cys, W3110-pLH03 and MG1655-pLH03
only produced little Cys (less than 70 mg/L) (Figure 2A). These results showed that the best chassis for
pLH03 was BW25113, followed by JM109, neither W3110 nor MG1655 was suitable for pLH03.

Among various microbial host strains, E. coli has the advantages of mature genome editing tools, numerous
metabolic engineering and synthetic biology strategies (Yang et al., 2020). Accordingly, E. coli has been
employed as a workhorse for Cys overproduction in fermentation. As early as 1997, the complete genome
sequence of E. coli K-12 has been presented (Blattner et al., 1997). Recently, it has been demonstrated that
genetic differences in crp among E. coli K-12 strains affect H2S generation during thiosulfate assimilation
(Naoyuki et al., 2019). In addition, carbon regulator crp and sulfur regulator cysB regulated each other
(Liu et al., 2020). To elucidate the reasons for the differences in suitability between E. coli K-12 strains
and pLH03, two better performing strains (BW25113-pLH03 and JM109-pLH03) were selected for further
research. The transcriptional analysis of crp ,cysB and major synthetic genes was performed. As shown
in Figure 2B, compared to the transcription levels of crp and cysB in JM109-pLH03, their transcription
levels in BW25113-pLH03 increased by 8.2 times and 6.6 times, respectively. The transcription levels of
major sulfur metabolic operons were as follows, cysM increased by 3.8 times, nrdH was almost unchanged
(1.3 times), and thecysPUWA increased by 10-22 times (Figure 2B). Similarly, the transcription levels of
major carbon metabolic operons were showed as follows, serA increased by 6.6 times, serC increased by 2.8
times, serB was almost unchanged (1.2 times). These results indicated that genetic differences in crp among
E. coliK-12 strains also affected Cys generation during sulfur assimilation. Specifically, the enhancement
of precursor synthetic pathway and thiosulfate assimilative pathway resulted in the better performance of
BW25113-pLH03. Therefore, BW25113 was a more promising chassis for implementing metabolic engineering
strategies to produce Cys efficiently.

3.2 Optimization of expression of synthetic pathway genes by two constitutive promoters

In our previous study, the constitutive promoter Ptrc1 was used to overexpress the synthetic pathway genes at
the chromosomal level, which significantly improved L-cysteine production (Liu et al., 2020). However, single
promoter might not be optimal to obtain maximum metabolic flux towards desired product, by contrast,
modulating gene expression with multiple promoters is an option to obtain optimal expression strength

3
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(Chen et al., 2020). Therefore, each Cys synthesis pathway gene was individually overexpressed by Ptrc1
and Ptrc2, which is a stronger constitutive promoter than Ptrc1. The relative strength of Ptrc1 and Ptrc2
was shown in Figure 3A. The native promoters ofserA , serC , serB , cysM , nrdH ,glpE , cysK in BW25113
were replaced with Ptrc1 and Ptrc2 in turn at the chromosome level, yielding LH1A, LH2A, LH1C, LH2C,
LH1B, LH2B, LH1M, LH2M, LH1H, LH2H, LH1K, LH2K, LH1E, LH2E, respectively (Figure 3B). Plasmid
pLH03 was transformed into these engineered strains for batch fermentation. Overall, overexpression of most
synthetic genes by Ptrc1 and Ptrc2 had a positive effect on Cys production (Figure 3C). The overexpression
of cysK and glpE at any strength failed to increase the production. ForcysM , the Cys production decreased
as promoter strength increased. The sulfur assimilation pathway mediated by cysK andglpE demanding
high energy and reducing power was not favorable to improve Cys production (Liu et al., 2020). In addition,
cysM is not only a Cys synthetase but also a cysteine degrading enzyme (Awano et al., 2005; Awano et al.,
2003). The excessive overexpression ofcysM by Ptrc2 was not beneficial to enhance Cys production.

In order to introduce more metabolic fluxes into Cys, the synthetic pathway genes with significant differ-
ences (*p<0.05) and higher production (Figure 3C) were combinatorially expressed. Therefore, the engi-
neered strain LH2AC1BMH-pLH03 was constructed. As shown in Figure 3D, the production of Cys of
LH2AC1BMH-pLH03 was increased by 20% compared to that of BW25113-pLH03. However, the DCW of
LH2AC1BMH-pLH03 was significantly reduced by 40% to a value of 0.99 g/L compared to that of BW25113-
pLH03 (Figure 3D). The combined over-expression of multiple genes triggered cell growth burden and im-
balance in pathway fluxes, which is a major challenge when attempting to improve metabolic pathway
performance (Pfleger et al., 2015). The issue becomes more complex with the increase in the number of
genes involved (Nowroozi et al., 2014; Smanski et al., 2014).

To solve this issue, the genes with extremely significant differences (*p<0.01) and higher production (Figure
3C) were co-overexpressed. Accordingly, we obtained the engineered strain LH2A1M-pLH03. Fortunately,
the production of LH2A1M-pLH03 was remarkably improved to 1026+-74.64 mg/L, and a 200% increase was
observed compared with that of BW25113-pLH03 (Figure 3D). More importantly, the DCW of LH2A1M-
pLH03 only decreased slightly (Figure 3D). From these results, it was concluded that the regulation of
bottleneck genes (*p<0.01) by multiple regulatory elements was a more effective way to balance the pathway
fluxes and cell growth. The synthetic physiology showed that slow cell growth due to metabolic burden had
many adverse effects on the use of artificial genetic elements (Ji et al., 2017). It is advantageous in terms
of stability and metabolic burden to modulate expression of relevant genes on the chromosome rather than
relying on overexpression of genes on high-copy vectors (Yuan et al., 2006). Promoter engineering was a
powerful tool for rationally tuning the metabolic fluxes and reducing metabolic burden for overproduction
of many important bio-based chemicals (Zhao et al., 2019; Chen et al., 2015).

3.3 Investigation on the multi-deletion of degradation pathway genes

It is well known that the disruption of degradation pathway for desired amino acid is effective approach to
improve amino acid production (Wendisch, 2020; Mundhada et al., 2016). Currently, six Cys degradation
genes (tnaA , metC , malY, cysK , cysM ,yhaM ) (Nonaka et al., 2017; Awano et al., 2005) have been
identified. However, some Cys degradation genes are also involved in the synthesis of methionine (metC
and malY ) and Cys (cysK and cysM ). In addition, since the main Ser deaminase among the four Ser
degradation genes (sdaA , sdaB ,tdcG , tdcB ) was identified so far (Su et al., 1989; Zhang et al., 2008), SdaA
was often deleted alone to improve Ser formation (Wang et al., 2020; Y. Zhang et al., 2018; Gu et al., 2014).
To accumulate more Cys, the effect of deletion of yhaM , tnaA , and sdaA in LH2A1M was investigated.
Therefore, LH2A1MΔY (ΔyhaM )-pLH03, LH2A1MΔT (ΔtnaA )-pLH03, and LH2A1MΔS (ΔsdaA )-
pLH03 were constructed. After 48 hours of shake flask fermentation, LH2A1MΔY-pLH03, LH2A1MΔT-
pLH03, and LH2A1MΔS-pLH03 resulted in 1271.12±23.63 mg/L, 1329.43±39.53 mg/L, and 1215.23±88.32
mg/L of Cys, respectively (Figure 4A). The DCW of these mutant strains was similar to that of LH2A1M-
pLH03. These results indicated that the effect of single deletion of degradation genes in LH2A1M was
significant (*p<0.05). Naturally, it was reasoned that the effect of combinatorial deletion of degradation genes
in LH2A1M would be extremely significant. Accordingly, a triple mutant strain LH2A1MΔYTS (ΔyhaM

4
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ΔtnaA ΔsdaA )-pLH03 was constructed for more efficient production of Cys. As shown in Figure 4A,
LH2A1MΔYTS-pLH03 resulted in 1514.57±91.66 mg/L of Cys (Figure 4A). Similarly, the triple deletions of
degradation genes did not affect the cell growth (Figure 4A). These results illustrated that the combinatorial
deletion ofyhaM , tnaA , and sdaA was indeed extremely important (**p<0.01) for Cys production, which
increased the production by approximately 48% versus that of LH2A1M-pLH03.

To further understand the difference of LH2A1M-pLH03 and LH2A1MΔYTS-pLH03, fed-batch fermen-
tations were carried out in a 1.5 L bioreactor. As shown in Figure 4B, within the first 19 hours, the
DCW of LH2A1MΔYTS-pLH03 was similar with that of LH2A1M-pLH03. After 19 hours, the DCW of
LH2A1MΔYTS-pLH03 was higher than that of LH2A1M-pLH03 (Figure 4B). The production of Cys of
LH2A1M-pLH03 began to decline rapidly after reaching a maximum of 1.97 g/L in 19 hours. In contrast,
LH2A1MΔYTS-pLH03 could produce Cys continuously. After 24 hours of cultivation, the titer of Cys
reached 6.51 g/L Cys (Figure 4C), which was approximately fivefold higher than that obtained from the
flask culture. However, after 24 hours, the production of Cys of LH2A1MΔYTS-pLH03 decreased (Figure
4C). These results further demonstrated that the multi-deletion of degradation pathway genes was essential
to overproduce Cys, especially at the level of fed-batch fermentation.

The effect of tnaA deletion was not obvious in LH05 (JM109tnaAharboringpLH03andpTrc99a −
serACB)(Liuetal., 2018).However, itwassignificantinBW2A1MT−pLH03, whichwasalsoconsistentwithotherstudies(Awanoetal., 2005).ThemostlikelyreasonwasthatCysproductionwasstillatlowlevelinLH04(JM109harboringpLH03andpTrc99a−
serACB, 49065.0mg/L)(Liuetal., 2018).Incontrast, LH2A1M−pLH03reachedupto1026.3974.64mg/L(Figure3C).AsshowninFigureS1, theeffectof tnaAdeletioninBW25113wasalsonotsignificantatlowproductionlevel.Therefore, theeffectofdeletionthesegeneswouldbemorepronouncedathighproductionlevel, especiallyatfed−
batchlevel.AlthoughyhaMandtnaAweredeletedinLH2A1M0BDY TS−pLH03, otherknowndegradationproteins(suchasMetC,OASS−
A,OASS−B)orunknowndegradationproteinscouldparticipateinCysdegradation(Nonakaetal., 2017;Awanoetal., 2005).Theinitialsulfursourceinthemediumwasmainly5g/Lthiosulfate, thesulfurmetabolisminthefermentationanaphasemightbeinsufficientalongwithcellgrowthandCyssynthesis.Accordingly, thereductionofCysproductionafter24hoursmostlikelyoccurredbecausethecatabolismwasstrongerthananabolism.

3.4 Simultaneous manipulation of sulfur regulator cysBand sulfur supplement

The expression of genes for sulfur uptake and reduction (such ascysP , cysU , cysW , cysA , cysM ,cysK )
is under the control of the transcriptional activator CysB. Overexpression of these genes did not necessarily
improve the Cys production (Figure 3C, cysK ). It is still challenging to manipulate metabolic pathways con-
sisting of large number of genes (Zhang et al., 2008). Therefore, it was reasonable to regulate the expression
of these genes by controlling the expression of cysB . To reduce the risk of extra metabolic burdens caused
by high-copy plasmid, the native promoter of cysB in LH2A1MΔYTS was replaced with inducible promoter
Ptrc, yielding the LH2A1M0BΔYTS. The effect of cysBregulation by Ptrc on Cys production was firstly
verified in flasks. As shown in Figure 5A, the DCW of LH2A1MΔYTS-pLH03 and LH2A1M0BΔYTS-pLH03
exhibited little difference. LH2A1M0BΔYTS-pLH03 accumulated 1723.93±31.44 mg/L of Cys (Figure 5A),
an 16% increase versus that of LH2A1MΔYTS-pLH03. These results showed that the inducible expression
ofcysB by Ptrc at the chromosome level was effective for improving Cys production.

To further explore the potential of the LH2A1M0BΔYTS-pLH03, fed-batch culture was also carried out in a
1.5 L bioreactor. Previously, LH2A1MΔYTS-pLH03 produced 6.51 g/L of Cys with a sulfur conversion rate
of 80%, which suggested that the initial 5 g/L thiosulfate in the medium could not meet the requirements
for further over-production of Cys. Excessive initial thiosulfate will affect cells growth and physiological
functions (Kawano et al., 2018; Yamazaki et al., 2020). Therefore, a sulfur supplement strategy was adopted
during the fed-batch culture. Additionally, to optimize the expression of cysB to improve sulfur utilization,
different induction doses of IPTG were also compared accompanying with the sulfur supplement strategy.

First, the effects of different concentrations of IPTG (0.1˜0.3 mM) with 2 g/L thiosulfate supplement were
investigated. The DCW of LH2A1M0BΔYTS-pLH03 under these conditions were almost the same (Figure
5B). The production of Cys increased when the inducer concentration raised from 0.1 mM to 0.2 mM (Figure
5C). However, the production of Cys did not improve when the inducer concentration raised from 0.2 mM
to 0.3 mM (Figure 5C). Approximately 7.25 g/L of Cys was detected with the addition of 0.2 mM of IPTG
and 2 g/L thiosulfate. These results preliminarily illustrated that the simultaneous manipulation of sulfur
regulator cysB and sulfur addition strategy was useful for over-production of Cys.

Then, the effects of different concentrations of additional thiosulfate (2˜6 g/L) with 0.2
mM IPTG were examined. As shown in Figure 5D, the cell growth of LH2A1M0BΔYTS-
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pLH03 was also not affected under these conditions. The DCW of LH2A1M0BY TS −
pLH03reachedupto12.6g/L, approximately50%increaseversusthatofLH16(Liuetal., 2020).TheproductionofCysimprovedwhenthethiosulfatesupplementraisedfrom2g/Lto4g/L.TheproductionofCysdecreasedsignificantlywhenthethiosulfatesupplementwas6g/L.F inally, LH2A1M0BDY TS−
pLH03accumulated8.34g/LofCysundertheconditionofsupplementwith0.2mMofIPTGand4g/Lthiosulfate(Figure5E).ThesimultaneousmanipulationofsulfurregulatorcysBandsulfursupplementwasextremelyeffectiveforover−
productionofCys.

Cys production differed in the presence of different concentrations of IPTG, indicating that the ex-
pression of cysB significantly affected Cys production. As sulfur regulator cysB could regulate all
sulfur assimilation pathways to improve Cys production (Liu et al., 2020), the sulfur supplement strat-
egy would be more effective under the proper expression of CysB (such as 0.2 mM IPTG). However,
thiosulfate also acted as anti-inducer for CysB (Takagi et al., 2017), thus affecting the production of
Cys (such as 6 g/L thiosulfate). Hence, the appropriate concentration of thiosulfate (such as 4 g/L
thiosulfate) was also very important. In fact, 4 g/L thiosulfate was also added in the fed-batch fer-
mentation of LH2A1MY TS − pLH03.However, itdidnotimprovetheproductionofCysofLH2A1MDY TS −
pLH03(FigureS2), whichprovedagainthatthecoordinatemanipulationofcysBexpressionandsulfursupplementcouldachievebetterresults.

4. Conclusions

In this study, the suitability of four commonly used E. coli K-12 strains and pLH03 was firstly compared.
Based on the optimal chassis cells, the expression in synthetic pathways and the deletion of degradation path-
ways were optimized. Finally, 8.34 g/L Cys was achieved by simultaneous manipulation of sulfur regulator
cysB and sulfur supplement strategy. The DCW and Cys production of different metabolically engineered Es-
cherichia coli strains were shown in Table 3. The described fermentation-based process by LH2A1M0BY TS−
pLH03providesanimportantsteptowardsindustrialproductionofCysdirectlyfromglucose.
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Cys: L-cysteine; IPTG : Isopropyl β-D-1-thiogalactopyranoside; DCW: Dry cell weight;qRT-PCR: Quan-
titative real-time polymerase chain reaction;H2S: Hydrogen sulfide; Ser: L-serine.
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Figure captions:

Figure 1. Metabolic engineering strategies for E. coli to improve L-cysteine production. Gray
boxes and blue arrows represent the genes that were modulated with different constitutive/inducible pro-
moters in the genome. Orange boxes and purple arrows indicate the genes are modulated in the plasmid.
Red boxes and arrows show that the genes are knocked out. Genes and enzymes: serA , phosphoglycerate
dehydrogenase; serC , phosphoserine aminotransferase; serB , phosphoserine phosphatase; cysE , serine
acetyltransferase;cysM , cysteine synthase B; nrdH , glutaredoxin-like protein; cysK , cysteine synthase A;
glpE , thiosulfate sulfurtransferase; cysB , sulfur transcriptional regulator;sdaA , L-serine deaminase; tnaA
, L-cysteine desulfhydrase;yhaM , L-cysteine desulfidase; ydeD , L-cysteine exporter;cysPUWA, thiosulfate
transporter.

Figure 2. The effect of different E. coli K-12 strains as Cys producers. (A) The effect of different
E. coli K-12 strains (MG1655, W3110, JM109, BW25113) with pLH03 on DCW and Cys production. (B)
Relative transcription levels of cysB , crp ,cysP , cysU , cysW , cysA , cysM ,nrdH , serA , serC , serB in
BW25113-pLH03 and JM109-pLH03.

Figure 3. The effect of modulating synthesis pathway genes by Ptrc1 and Ptrc2. (A) The
relative strength of the constitutive promoter Ptrc1 and Ptrc2. BW25113-pLH02-1 (PcysE -mCherry) was
used as the control group, BW25113-pLH02-2 (Ptrc1-mCherry) and BW25113-pLH02-3 (Ptrc2-mCherry)
were used as the experimental group. Recombinant strains were inoculated into 96-well plates containing
100 μL SM1 medium at 30 and 400 rpm for 24 hours and monitored by microplate reader. (B) A series of
synthesis pathway genes (serA , serC ,serB , cysM , nrdH , glpE , cysK ) expression cassettes were designed
at different expression level. (C) The DCW and Cys production after modulating synthesis pathway genes
by Ptrc1 and Ptrc2 individually. Statistically significant differences between the engineered strains and the
original strain BW25113-pLH03: *p < 0.05, **p < 0.01. (D) The DCW and Cys production after modulating
synthesis pathway genes combinatorially.

Figure 4.The effect of deleting degradation pathway genes in different levels. (A) The
DCW and Cys production after deleting degradation pathway genes (yhaM , tnaA , sdaA ) individu-
ally and combinatorially in the batch fermentation. Statistically significant differences between the en-
gineered strains and the original strain LH2A1M-pLH03: *p < 0.05, **p < 0.01. (B) The DCW of
LH2A1M-pLH03 and LH2A1MY TS−pLH03infed−batchfermentation.(C)TheL−cysteineofLH2A1M−
pLH03andLH2A1MY TS − pLH03infed− batchfermentation.

Figure 5. The effect of simultaneous manipulation of sulfur regulator cysB
and sulfur addition strategy. (A) The DCW and Cys production of LH2A1M0BY TS −
pLH03inbatchfermentation.FortheinductionofcysBexpression, 0.1mMIPTGwasaddedwhentheOD600reached0.6̃0.8.(B)TheDCWofLH2A1M0BY TS − pLH03infed− batchfermentationundertheconditionofadding0.1̃0.3mMofIPTGand2g/Lthiosulfatein10hoursand19hours, respectively.(C)TheL− cysteineofLH2A1M0BY TS − pLH03infed− batchfermentationundertheconditionofadding0.1̃0.3mMofIPTGand2g/Lthiosulfatein10hoursand19hours, respectively.(D)TheDCWofLH2A1M0BY TS − pLH03infed− batchfermentationundertheconditionofadding0.2mMofIPTGand2̃6g/Lthiosulfatein10hoursand19hours, respectively.(E)TheL− cysteineofLH2A1M0BY TS − pLH03infed− batchfermentationundertheconditionofadding0.2mMofIPTGand2̃6g/Lthiosulfatein10hoursand19hours, respectively.

Tables

Table 1 L-Cysteine production of different metabolically engineered E. coli strains
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E. coli strains Genotype L-cysteine (g/L) Time (h) References

W3110 W3110
MG1655 MG1655
BW25113
BW25113
BW25113 JM109
JM109

ydeD yfiK

cysE/ydeD/serA/ tnaAcysE/ydeD/serA/tolC/
tnaA

cysE/ydeD/serAcysE/ydeD/serA/
yciW

cysE/ydeD/serA/glpEcysE/ydeD/serACB/
tnaAsdaAcysE/ydeD/serACB/cysM/nrdH/cysByhaMtnaAsdaA

0.07 0.15
0.96±0.07
1.13±0.08
1.22±0.22
1.60±0.12 1.21
5.1a 7.5b

24 22 48 48 48 72
72 32 22

(Dassler et al.,
2000) (Isabel et
al., 2003) (Wiriy-
athanawudhiwong
et al., 2009)
(Wiriy-
athanawudhiwong
et al., 2009)
(Nakatani et al.,
2012) (Kawano et
al., 2015)
(Kawano et al.,
2017) (Liu et al.,
2018) (Liu et al.,
2020)

a Fed-batch fermentation was performed in a 5 L bioreactor.

b Fed-batch fermentation was performed in a 1.5 L bioreactor.

Table 2 Strains and plasmids used in this study

Name Genotype References

Strains MG1655 W3110 JM109 BW25113 LH1A LH2A LH1C LH2C LH1B LH2B LH1M LH2M LH1H LH2H LH1K LH2K LH1E LH2E LH2AC1BMH LH2A1M LH2A1MY LH2A1MTLH2A1MSLH2A1MY TSLH2A1M0BY TSP lasmidspLH03pLH02pLV −mCherrypLH02 − 1pLH02 − 2pLH02 − 3 Wild type Wild type Wild type Wild type BW25113 Ptrc1-serAa BW25113 Ptrc2-serA BW25113 Ptrc1-serC BW25113 Ptrc2-serC BW25113 Ptrc1-serB BW25113 Ptrc2-serB BW25113 Ptrc1-cysM BW25113 Ptrc2-cysM BW25113 Ptrc1-nrdH BW25113 Ptrc2-nrdH BW25113 Ptrc1-cysK BW25113 Ptrc2-cysK BW25113 Ptrc1-glpE BW25113 Ptrc2-glpE BW25113 Ptrc2-serA Ptrc2-serC Ptrc1-serB Ptrc1-cysM Ptrc1-nrdH BW25113 Ptrc2-serA Ptrc1-cysM BW25113 Ptrc2-serA Ptrc1-cysM yhaMBW25113Ptrc2 − serAPtrc1 − cysMtnaABW25113Ptrc2 − serAPtrc1 − cysMsdaABW25113Ptrc2 − serAPtrc1 − cysMyhaMtnaAsdaABW25113Ptrc2 − serAPtrc1 − cysMPtrc− cysByhaMtnaAsdaAAprR, containingP cysE − cysEandP gapdh − ydeDAprR, containingP cysE − cysEAmpR, containingmCherrygeneAprR, containingP cysE −mCherryAprR, containingP trc1 −mCherryAprR, containingP trc2 −mCherry Lab stock Lab stock Lab stock Lab stock 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 This study This study This study This study This study (Liu et al., 2018) (Liu et al., 2018) Lab stock This study This study This study

a Without special instructions, both serA andcysE used in this study were feedback-insensitive: serA(Thr
410 to stop codon) and cysE (Thr 167 Ala) (Liu et al., 2018; Liu et al., 2020).

Table 3 The DCW and L-cysteine production of different metabolically engineered Escherichia
coli strains.

Strains Characteristic DCW (g/L) L-cysteine (mg/L)

BW25113-pLH03 LH1A-pLH03 LH2A-pLH03 LH1C-pLH03 LH2C-pLH03 LH1B-pLH03 LH2B-pLH03 LH1M-pLH03 LH2M-pLH03 LH1H-pLH03 LH2H-pLH03 LH1K-pLH03 LH2K-pLH03 LH1E-pLH03 LH2E-pLH03 LH2AC1BMH-pLH03 LH2A1M-pLH03 LH2A1MY − pLH03LH2A1MT − pLH03LH2A1MS − pLH03LH2A1MY TS − pLH03LH2A1M0BY TS − pLH03LH2A1M − pLH03aLH2A1MY TS − pLH03bLH2A1M0BY TS − pLH03c BW25113 containing pLH03 BW25113 Ptrc1-serA containing pLH03 BW25113 Ptrc2-serA containing pLH03 BW25113 Ptrc1-serC containing pLH03 BW25113 Ptrc2-serC containing pLH03 BW25113 Ptrc1-serB containing pLH03 BW25113 Ptrc2-serB containing pLH03 BW25113 Ptrc1-cysM containing pLH03 BW25113 Ptrc2-cysM containing pLH03 BW25113 Ptrc1-nrdH containing pLH03 BW25113 Ptrc2-nrdH containing pLH03 BW25113 Ptrc1-cysK containing pLH03 BW25113 Ptrc2-cysK containing pLH03 BW25113 Ptrc1-glpE containing pLH03 BW25113 Ptrc2-glpE containing pLH03 BW25113 Ptrc2-serA-serC Ptrc1-serB -cysM-nrdH containing pLH03 BW25113 Ptrc2-serA Ptrc1-cysM containing pLH03 BW25113 Ptrc2-serA Ptrc1-cysM yhaMcontainingpLH03BW25113Ptrc2 − serAPtrc1 − cysMtnaAcontainingpLH03BW25113Ptrc2 − serAPtrc1 − cysMsdaAcontainingpLH03BW25113Ptrc2 − serAPtrc1 − cysMyhaMtnaAsdaAcontainingpLH03BW25113Ptrc2 − serAPtrc1 − cysMPtrc− cysByhaMtnaAsdaAcontainingpLH03BW25113Ptrc2 − serAPtrc1 − cysMcontainingpLH03BW25113Ptrc2 − serAPtrc1 − cysMyhaMtnaAsdaAcontainingpLH03BW25113Ptrc2 − serAPtrc1 − cysMPtrc− cysByhaMtnaAsdaAcontainingpLH03 1.62±0.01 1.63±0.01 1.63±0.05 1.38±0.05 1.49±0.03 1.60±0.04 1.69±0.01 1.54±0.03 1.87±0.02 1.60±0.04 1.56±0.03 1.48±0.08 1.46±0.02 1.31±0.03 1.32±0.01 0.99±0.02 1.29±0.02 1.24±0.02 1.26±0.01 1.33±0.05 1.23±0.01 1.22±0.02 10.71 14.23 12.60 345.74±39.80 438.36±17.72 621.14±22.86 286.33±43.92 419.21±35.16 459.61±45.01 430.95±27.20 634.99±35.72 418.12±23.13 393.02±7.43 326.24±18.84 106.72±5.36 113.74±28.69 370.91±2.66 375.87±23.44 414.94±33.16 1026.39±74.64 1271.12±23.63 1329.43±39.53 1215.23±88.32 1514.57±91.66 1723.93±31.44 1.97 6.51 8.34

a,b,c: Fed-batch fermentation was performed in a 1.5 L bioreactor.

Hosted file

image1.emf available at https://authorea.com/users/360132/articles/481845-fitness-of-

chassis-cells-and-metabolic-pathways-for-l-cysteine-overproduction-in-escherichia-coli

Figure 1

Figure 2

Hosted file

image2.emf available at https://authorea.com/users/360132/articles/481845-fitness-of-

chassis-cells-and-metabolic-pathways-for-l-cysteine-overproduction-in-escherichia-coli

Hosted file

10

https://authorea.com/users/360132/articles/481845-fitness-of-chassis-cells-and-metabolic-pathways-for-l-cysteine-overproduction-in-escherichia-coli
https://authorea.com/users/360132/articles/481845-fitness-of-chassis-cells-and-metabolic-pathways-for-l-cysteine-overproduction-in-escherichia-coli
https://authorea.com/users/360132/articles/481845-fitness-of-chassis-cells-and-metabolic-pathways-for-l-cysteine-overproduction-in-escherichia-coli
https://authorea.com/users/360132/articles/481845-fitness-of-chassis-cells-and-metabolic-pathways-for-l-cysteine-overproduction-in-escherichia-coli


P
os

te
d

on
A

u
th

or
ea

21
S
ep

20
20

—
T

h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
60

07
12

21
.1

95
54

17
2

—
T

h
is

a
p
re

p
ri

n
t

an
d

h
a
s

n
o
t

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

.

image3.emf available at https://authorea.com/users/360132/articles/481845-fitness-of-

chassis-cells-and-metabolic-pathways-for-l-cysteine-overproduction-in-escherichia-coli

Figure 3

Hosted file

image4.emf available at https://authorea.com/users/360132/articles/481845-fitness-of-

chassis-cells-and-metabolic-pathways-for-l-cysteine-overproduction-in-escherichia-coli

Hosted file

image5.emf available at https://authorea.com/users/360132/articles/481845-fitness-of-

chassis-cells-and-metabolic-pathways-for-l-cysteine-overproduction-in-escherichia-coli

Hosted file

image6.emf available at https://authorea.com/users/360132/articles/481845-fitness-of-

chassis-cells-and-metabolic-pathways-for-l-cysteine-overproduction-in-escherichia-coli

Hosted file

image7.emf available at https://authorea.com/users/360132/articles/481845-fitness-of-

chassis-cells-and-metabolic-pathways-for-l-cysteine-overproduction-in-escherichia-coli

Figure 4

Hosted file

image8.emf available at https://authorea.com/users/360132/articles/481845-fitness-of-

chassis-cells-and-metabolic-pathways-for-l-cysteine-overproduction-in-escherichia-coli

Hosted file

image9.emf available at https://authorea.com/users/360132/articles/481845-fitness-of-

chassis-cells-and-metabolic-pathways-for-l-cysteine-overproduction-in-escherichia-coli

Hosted file

image10.emf available at https://authorea.com/users/360132/articles/481845-fitness-of-

chassis-cells-and-metabolic-pathways-for-l-cysteine-overproduction-in-escherichia-coli

Figure 5

Hosted file

image11.emf available at https://authorea.com/users/360132/articles/481845-fitness-of-

chassis-cells-and-metabolic-pathways-for-l-cysteine-overproduction-in-escherichia-coli

Hosted file

image12.emf available at https://authorea.com/users/360132/articles/481845-fitness-of-

chassis-cells-and-metabolic-pathways-for-l-cysteine-overproduction-in-escherichia-coli

Hosted file

image13.emf available at https://authorea.com/users/360132/articles/481845-fitness-of-

chassis-cells-and-metabolic-pathways-for-l-cysteine-overproduction-in-escherichia-coli

Hosted file

image14.emf available at https://authorea.com/users/360132/articles/481845-fitness-of-

chassis-cells-and-metabolic-pathways-for-l-cysteine-overproduction-in-escherichia-coli

11

https://authorea.com/users/360132/articles/481845-fitness-of-chassis-cells-and-metabolic-pathways-for-l-cysteine-overproduction-in-escherichia-coli
https://authorea.com/users/360132/articles/481845-fitness-of-chassis-cells-and-metabolic-pathways-for-l-cysteine-overproduction-in-escherichia-coli
https://authorea.com/users/360132/articles/481845-fitness-of-chassis-cells-and-metabolic-pathways-for-l-cysteine-overproduction-in-escherichia-coli
https://authorea.com/users/360132/articles/481845-fitness-of-chassis-cells-and-metabolic-pathways-for-l-cysteine-overproduction-in-escherichia-coli
https://authorea.com/users/360132/articles/481845-fitness-of-chassis-cells-and-metabolic-pathways-for-l-cysteine-overproduction-in-escherichia-coli
https://authorea.com/users/360132/articles/481845-fitness-of-chassis-cells-and-metabolic-pathways-for-l-cysteine-overproduction-in-escherichia-coli
https://authorea.com/users/360132/articles/481845-fitness-of-chassis-cells-and-metabolic-pathways-for-l-cysteine-overproduction-in-escherichia-coli
https://authorea.com/users/360132/articles/481845-fitness-of-chassis-cells-and-metabolic-pathways-for-l-cysteine-overproduction-in-escherichia-coli
https://authorea.com/users/360132/articles/481845-fitness-of-chassis-cells-and-metabolic-pathways-for-l-cysteine-overproduction-in-escherichia-coli
https://authorea.com/users/360132/articles/481845-fitness-of-chassis-cells-and-metabolic-pathways-for-l-cysteine-overproduction-in-escherichia-coli
https://authorea.com/users/360132/articles/481845-fitness-of-chassis-cells-and-metabolic-pathways-for-l-cysteine-overproduction-in-escherichia-coli
https://authorea.com/users/360132/articles/481845-fitness-of-chassis-cells-and-metabolic-pathways-for-l-cysteine-overproduction-in-escherichia-coli
https://authorea.com/users/360132/articles/481845-fitness-of-chassis-cells-and-metabolic-pathways-for-l-cysteine-overproduction-in-escherichia-coli
https://authorea.com/users/360132/articles/481845-fitness-of-chassis-cells-and-metabolic-pathways-for-l-cysteine-overproduction-in-escherichia-coli
https://authorea.com/users/360132/articles/481845-fitness-of-chassis-cells-and-metabolic-pathways-for-l-cysteine-overproduction-in-escherichia-coli
https://authorea.com/users/360132/articles/481845-fitness-of-chassis-cells-and-metabolic-pathways-for-l-cysteine-overproduction-in-escherichia-coli
https://authorea.com/users/360132/articles/481845-fitness-of-chassis-cells-and-metabolic-pathways-for-l-cysteine-overproduction-in-escherichia-coli
https://authorea.com/users/360132/articles/481845-fitness-of-chassis-cells-and-metabolic-pathways-for-l-cysteine-overproduction-in-escherichia-coli
https://authorea.com/users/360132/articles/481845-fitness-of-chassis-cells-and-metabolic-pathways-for-l-cysteine-overproduction-in-escherichia-coli
https://authorea.com/users/360132/articles/481845-fitness-of-chassis-cells-and-metabolic-pathways-for-l-cysteine-overproduction-in-escherichia-coli
https://authorea.com/users/360132/articles/481845-fitness-of-chassis-cells-and-metabolic-pathways-for-l-cysteine-overproduction-in-escherichia-coli
https://authorea.com/users/360132/articles/481845-fitness-of-chassis-cells-and-metabolic-pathways-for-l-cysteine-overproduction-in-escherichia-coli
https://authorea.com/users/360132/articles/481845-fitness-of-chassis-cells-and-metabolic-pathways-for-l-cysteine-overproduction-in-escherichia-coli
https://authorea.com/users/360132/articles/481845-fitness-of-chassis-cells-and-metabolic-pathways-for-l-cysteine-overproduction-in-escherichia-coli


P
os

te
d

on
A

u
th

or
ea

21
S
ep

20
20

—
T

h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
60

07
12

21
.1

95
54

17
2

—
T

h
is

a
p
re

p
ri

n
t

an
d

h
a
s

n
o
t

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

.

Hosted file

image15.emf available at https://authorea.com/users/360132/articles/481845-fitness-of-

chassis-cells-and-metabolic-pathways-for-l-cysteine-overproduction-in-escherichia-coli

12

https://authorea.com/users/360132/articles/481845-fitness-of-chassis-cells-and-metabolic-pathways-for-l-cysteine-overproduction-in-escherichia-coli
https://authorea.com/users/360132/articles/481845-fitness-of-chassis-cells-and-metabolic-pathways-for-l-cysteine-overproduction-in-escherichia-coli

