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Abstract 25 

The demand for the essential commodity chemical 1,2-propanediol (1,2-PDO) is on the 26 

rise, as its microbial production has emerged as a promising method for a sustainable 27 

chemical supply. However, the reliance of 1,2-PDO production in Escherichia coli on 28 

anaerobic conditions, as enhancing cell growth to augment precursor availability remains 29 

a substantial challenge. This study presents glucose-based aerobic production of 1,2-PDO, 30 

with xylose utilization facilitating cell growth. We constructed an engineered strain 31 

capable of exclusively producing 1,2-PDO from glucose while utilizing xylose to support 32 

cell growth. This was accomplished by deleting the gloA, eno, eda, sdaA, sdaB, and tdcG 33 

genes for 1,2-PDO production from glucose and introducing the Weimberg pathway for 34 

cell growth using xylose. Enhanced 1,2-PDO production was achieved via yagF 35 

overexpression and disruption of the ghrA gene involved in the 1,2-PDO-competing 36 

pathway. The resultant strain, PD72, produced 2.48 ± 0.15 g/L 1,2-PDO with a 0.27 ± 37 

0.02 g/g-glucose yield after 72 h cultivation. Overall, this study demonstrates aerobic 1,2-38 

PDO synthesis through the isolation of the 1,2-PDO synthetic pathway from the 39 

tricarboxylic acid cycle.  40 
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1. Introduction 45 

 The bio-based chemical industry has received increased attention as the quest for 46 

safer and more eco-friendly synthetic processes intensifies, which is attributed to 47 

escalating global warming concerns. Much research has implicated the microbial 48 

production of chemicals as a viable strategy for achieving the stated quest (Jang et al., 49 

2023). Previous research has successfully produced numerous chemicals, including 50 

alcohols, carboxylates, and aromatic compounds, through microbial synthesis. Recent 51 

advancements have further broadened the spectrum of chemicals producible in 52 

microorganisms (Yang et al., 2020; Choi et al., 2020; Yoo et al., 2022). Considering from 53 

the point of view of carbon sources, glucose is a major candidate as a substrate for 54 

microbial production (Li et al., 2022; Ding et al., 2022; Wang et al., 2022). To expand the 55 

availability of microbial production, the recent studies aimed at the production from a 56 

large variety of carbon sources such as glycerol (Lee et al., 2022; Xu et al., 2023; Zhang 57 

et al., 2023), galactose (Walls et al., 2022), xylose (Kang et al., 2022). Furthermore, 58 

Coelho’s group was demonstrated ethylene glycol utilization in oleaginous yeast for 59 

glycolic acid production (Carniel et al., 2023). Ethylene glycol was a building block of 60 

poly(ethylene terephthalate) (PET). The developments of microbial technology could 61 

contribute to the demonstration of sustainable society.  62 

Serving versatile roles, from antifreeze agents to ingredients in food and 63 

cosmetics, 1,2-propanediol (1,2-PDO) is also used in polyester resin production. The 64 

market value of 1,2-PDO, driven by increasing yearly demand, is expected to surpass 65 

$0.398 billion by 2026. The industrial supply route of 1,2-PDO is propylene oxide 66 

hydration by the chemical process (Marinas et al., 2015; Tao et al., 2021), which is marked 67 

by certain concerns attributed to high-temperature and high-pressure requirements 68 



(Marias et al., 2015). Microbial production of 1,2-PDO is emerging as a promising 69 

alternative to traditional supply methods, attracting increased interest. 70 

Bio-based 1,2-PDO production using microorganisms has been investigated in 71 

various bacteria and yeasts (Altaras and Cameron, 2000; Niimi et al., 2011; Jo et al., 2023; 72 

Islam et al., 2017). In the case of E. coli, 1,2-PDO can be synthesized through the 73 

methylglyoxal pathway (Altaras and Cameron, 2000). This strategy involves a starting 74 

material, dihydroxyacetonephosphate (DHAP), supplied through glycolysis. DHAP is 75 

then converted to methylglyoxal by methylglyoxal synthase (MgsA). Methylglyoxal is 76 

converted to 1,2-PDO in two ways. First, 1,2-PDO is synthesized from methylglyoxal 77 

through two reactions catalyzed by glycerol dehydrogenase (GldA) and L-1,2-78 

propanediol oxidoreductase (FucO) via L-lactaldehyde using 2 NADH molecules (Jain et 79 

al., 2015b). Second, methylglyoxal is converted to acetol by aldehyde reductase (YqhD) 80 

or alpha-keto reductase (YdjG) using one molecule of NADPH or NADH, respectively. 81 

1,2-PDO can also be synthesized from acetol by GldA using one NADH (Clomburg and 82 

Gonzalez, 2011; Jain and Yan, 2011).  83 

 Previous studies involving E. coli have improved the 1,2-PDO titer by 84 

eliminating competing metabolic pathways (Jain et al., 2015ab; Nonaka et al., 2021). 1,2-85 

PDO production in E. coli has mostly been conducted under anaerobic conditions to 86 

prevent NADH oxidation (Jain et al., 2015a). This condition can result in repressed ATP 87 

generation and slower cell growth. Yan’s group could overcome the low productivity of 88 

1,2-PDO by introducing an NADH regeneration system using formate dehydrogenase 89 

from Candida boidinii with 50 mM sodium formate supplementation. Furthermore, 90 

overnight anaerobic cultivation in the low phosphate media post-fermentation test 91 

improved cell growth. Although these strategies afforded up to 5.13 g/L 1,2-PDO (0.48 92 



g/g glucose) 120 h after IPTG induction, increasing cell growth remains challenging to 93 

improve DHAP supply. 94 

 A significant issue in metabolic engineering is redirecting carbon flux away from 95 

the intended pathway, which can impede the production of target compounds. 96 

Intermediates, such as phosphoenolpyruvate (PEP), pyruvate (PYR), and acetyl-CoA, 97 

favor the biosynthesis of target chemicals and serve as components of the tricarboxylic 98 

acid (TCA) cycle. As a result, the pathways responsible for chemical synthesis from these 99 

metabolites often compete with the TCA cycle for carbon flux, leading to diminished 100 

yields of the targeted products (Soma et al., 2014). To address this issue, CRISPR 101 

interference has been proposed to dynamically alternate between the byproduct synthetic 102 

pathway and the production of target chemicals. This system could regulate the 103 

expression of enzymes involved in fatty acid synthesis, fabI (enoyl-ACP reductase), to 104 

balance between cell growth and product formation (Ji et al., 2020). Application of this 105 

system markedly enhanced butenoic acid production, achieving a 5.9-fold increase 106 

compared to the uninduced control. Despite the utility of the CRISPRi system in rerouting 107 

metabolic pathways, the precise timing for activating the switches (e.g., the addition of 108 

an inducer to the culture) requires optimization for maximal efficiency. 109 

 Modular co-culture engineering is one of promising approaches for achieving 110 

high-yield biosynthesis. This technique involves the partitioning of biosynthetic pathways 111 

for target compounds across different microbial hosts, each engineered with specific 112 

pathways to facilitate the intended biosynthesis. A notable advantage of using multiple 113 

strains is the ability to easily regulate metabolic fluxes by adjusting the relative 114 

proportions of each strain within the culture (Wang et al., 2020a). By modifying the 115 

inoculation ratios of at least two different strains could improve the titer of various 116 



complex chemicals such as rosmarinic acid, acacetin, and raspberry ketone (Li et al., 117 

2019; Wang et al., 2020b; Peng et al., 2023). Furthermore, establishing mutualistic 118 

interactions between strains can precisely regulate their ratios. A multi-metabolite cross-119 

feeding (MMCF) strategy is also one of strategies for efficient utilization of substrates for 120 

microbial production (Li et al., 2022). In one application, a co-culture of a glutamate 121 

auxotrophic mutant strain and a TCA cycle deficient strain resulted in improved 122 

production of salidroside, coniferol and silybin/isosilybin. 123 

 We have previously reported parallel metabolic pathway engineering (PMPE) as 124 

a novel approach to simultaneously utilizing glucose and xylose without compromising 125 

cellular growth (Fujiwara et al., 2020). In this strategy, the glycolysis and pentose–126 

phosphate pathway (PPP) are distinctly isolated from the TCA cycle, ensuring that the 127 

carbon flux from these pathways, specifically from intermediates such as PEP, does not 128 

feed into the TCA cycle. However, in this state, cellular growth is not supported. To 129 

address this, we have engineered a xylose catabolic pathway that integrates directly with 130 

the TCA cycle, thus avoiding interference with glycolytic and PPP processes. 131 

Consequently, this metabolic design channels glucose primarily toward the synthesis of 132 

the desired chemicals, whereas xylose is exclusively utilized to sustain cell proliferation. 133 

This delineation ensures an efficient bifurcation of metabolic resources, optimizing both 134 

product yield and cellular growth. To optimize 1,2-propanediol (1,2-PDO) production, it 135 

is essential to repress carbon flux into the TCA cycle by reducing oxygen availability. 136 

Under aerobic conditions, the carbon flux toward the TCA cycle is predominant, 137 

necessitating a strategic division of metabolic pathways to favor aerobic 1,2-PDO 138 

production. PMPE approach ensures that carbon substrates are redirected from the TCA 139 

cycle toward the desired biosynthetic pathway, thereby enhancing the yield of 1,2-PDO. 140 



The PMPE strain for shikimate pathway derivative synthesis improved the 1,2-PDO 141 

production titer and its yield by 1.40-fold and 11.4-fold (Fujiwara et al., 2020). Although 142 

this strain achieved a 0.53 ± 0.16 g/g-glucose 1,2-PDO production yield, the 1,2-PDO 143 

titer was still low (0.53 ± 0.01 g/L after 96 h cultivation).  144 

 In this study, we engineered a 1,2-PDO-producing strain in alignment with the 145 

PMPE concept. This strain could produce 1,2-PDO even under aerobic conditions. The 146 

evaluation of xylose assimilation pathways (Dahms and Weimberg pathways), the 147 

promotion of xylose utilization, the deletion of byproduct pathways, and the 148 

overexpression of 1,2-PDO synthetic genes all resulted in high-yield production of 1,2-149 

PDO under aerobic conditions in engineered E. coli. Our findings are poised to markedly 150 

benefit the bioproduction of other chemicals, particularly those facing competition at the 151 

upstream stages of glycolysis. 152 

 153 

2. Materials and Methods 154 

2.1 Strains and plasmids 155 

 The strains used in this study are listed in Table 1. The plasmids and primers 156 

used in this study are listed in Table S1 and Table S2. E. coli MG1655 was used as the 157 

host strain. E. coli NovaBlue competent cells (Novagen, Cambridge, MA, USA) were 158 

used for gene cloning. For PCR, KOD FX Neo (TOYOBO, Osaka, Japan) was used. DNA 159 

primers were purchased from the Invitrogen Custom DNA Oligos service (Thermo Fisher 160 

Scientific, Tokyo, Japan) or the DNA Custom Synthesis service (FASMAC, Atsugi, 161 

Japan). 162 

 pZE12-ccxylB-ccxylC-yagEF was constructed as follows. The linearized 163 

fragment was amplified using inverse PCR using pZE12-xdh-xylC as a template with the 164 



primer pair pZ-ccxylB-ccxylC_Inv_ R and pZ-ccxylB-ccxylC_Inv_F. yagEF was 165 

amplified using PCR using E. coli MG1655 genomic DNA as a template with the primer 166 

pair yagE_F and yagF_R. These two linearized fragments were circularized using 167 

NEBuilder HiFi DNA Assembly (New England Biolabs Japan, Tokyo, Japan), resulting 168 

in pZE12-ccxylB-ccxylC-yagEF plasmid. 169 

 pZE12-W was constructed as follows. Synthetic genes corresponding to xylA and 170 

xylX from C. crescentus were obtained from a commercial source (Invitrogen). The xylA, 171 

xylX and xylB gene fragment was amplified using PCR with the xylA and xylX, xylB 172 

(Fujiwara et al., 2020) synthetic genes as templates with the primer pair KpnI_CcxylA_F 173 

and CcxylA-CcxylX_R, CcxylA-CcxylX_F and CcxylX-CcxylB_R, CcxylX-CcxylB_F 174 

and CcxylB_HindIII_R, respectively. The ccxylA-ccxylX gene fragment was amplified 175 

using the ccxylA and ccxylX gene fragments as templates with the primer pair 176 

KpnI_CcxylA_F and CcxylX-CcxylB_R. The ccxylA-ccxylX-ccxylB gene fragment was 177 

amplified using the ccxylA-ccxylX gene fragment and ccxylB gene fragment as templates 178 

with the primer pair KpnI_CcxylA_F and CcxylB_HindIII_R. The amplified fragment 179 

was cloned between the KpnI and HindIII sites of pZE12-MCS, and the resulting plasmid 180 

was designated as pZE12-W. 181 

 To construct the pSAK-D1 plasmid, we amplified the insert fragment using PCR 182 

with pZE12-ccxylB-ccxylC-yagEF as a template. We also used pZ-Cc_xylB_F and pZ-183 

yagF_R primers for the pSAK-D1 plasmids. The generated insert fragments were cloned 184 

into the KpnI and HindIII sites of pSAK, resulting in the pSAK-D1 plasmid. The other 185 

plasmids pSAK-D2, pSAK-W, and pSAK-Bs_mgsA were constructed using the same 186 

procedure. 187 



 To construct the pZE12-yagF plasmid, the DNA sequence of yagF was amplified 188 

using E. coli MG1655 and pZ-yagF_F and pZ-yagF_R primers. This amplified fragment 189 

was cloned into the KpnI and HindIII sites of pZE12-MCS, resulting in pZE12-yagF. The 190 

other plasmids pZE12-yjhG, pSAK-gldA, pSAK-fucO, pSAK-tpiA, pSAK-yqhD, and 191 

pSAK-ydjG were constructed using the same procedure. 192 

 pTΔeno was constructed as follows. A plasmid pTargetF was amplified using 193 

N20_del_eno_F and N20_del_eno_R primers. The amplified fragment was self-ligated. 194 

The upstream and downstream DNA sequences of eno were amplified using the primer 195 

pairs Up_del_eno_F and Up_del_eno_R, Down_del_eno_F and Down_del_eno_R, with 196 

E. coli MG1655 as the template. The amplified fragments were fused using overlap 197 

extension PCR with the Up_del_eno_F and Down_del_eno_R primer pairs. The fused 198 

fragment was cloned into the EcoRI / HindIII sites of the plasmid self-ligated, resulting 199 

in the pTΔeno plasmid. The other plasmids of the pTarget series pTΔsdaB, pTΔtdcG, 200 

pTΔdld, and pTΔghrA were constructed using the same pTΔeno procedures. 201 

 The pTΔdld::PA1lacO-1-ccxylAXB plasmid was constructed using pTΔdld, pSAK-202 

W plasmids and dld_PA1lacO-1_F, dld_PA1lacO-1_R primers. pSAK-W was amplified 203 

using PCR with these primers. This fragment was cloned into the SpeI sites of pTΔdld, 204 

and the resultant plasmid was pTΔdld::PA1lacO-1-ccxylAXB. 205 

 206 

2.2 Media 207 

For pre-culture, LB medium was used. The LB medium included the following 208 

(per liter): 10 g tryptone, 5 g yeast extract, and 5 g NaCl. M9Y medium was used for cell 209 

growth examination and 1,2-PDO production in 5 mL test tube scale cultures. The M9Y 210 

medium comprised carbon source (20 g/L glucose, 10 g/L glucose and 10 g/L xylose, 20 211 



g/L xylose), 5 g/L of yeast extract, 0.1 mM CaCl2･2H2O, 0.01 mM FeSO4･7H2O, 1 mM 212 

Mg SO4･7H2O, 10 mg/L of thiamine hydrochloride, 0.5 g/L of NaCl, 6.7 g/L of Na2HPO4, 213 

3 g/L of KH2PO4, 1 g/L of NH4Cl, and 0.1 mM IPTG. As needed, ampicillin and/or 214 

chloramphenicol were supplemented at the final concentrations of 100 and 30 mg/L, 215 

respectively. 216 

 217 

2.3 Culture conditions 218 

 Engineered strains were inoculated overnight in 4 mL of LB medium at 37°C 219 

while being shaken at 220 rpm in a 15 mL test tube. For 1,2-PDO production, this pre-220 

culture was transferred into a 15 mL test tube containing 5 mL of M9Y medium at an 221 

initial OD600 of 0.1. For cell growth examination, each pre-culture medium was 222 

centrifuged at 3000 rpm for 5 min and washed with M9 minimal medium without sugars 223 

and metals used for inoculation. The pellet was suspended in fresh medium and seeded 224 

into the medium at an initial OD600 of 0.1. These test tubes were incubated at 37°C and 225 

shaken at 220 rpm.  226 

 227 

2.4 Analytical methods 228 

 Cell growth was determined by measured OD600 using a UVmini-1240 229 

spectrophotometer (Shimadzu Corporation, Kyoto, Japan). Sugars (glucose and xylose) 230 

and 1,2-PDO were analyzed using a Prominence HPLC System (Shimadzu) equipped 231 

with a Shodex SUGAR KS-801 column (grain diameter, 6 μm; L × I.D., 300 × 8.0 mm; 232 

Shodex). The mobile phase was water with a flow rate of 0.8 mL/min rate at 60°C. The 233 

HPLC profile was detected using a refractive index detector. Xylonate was analyzed using 234 



a HPLC equipped with a SCR-102H column (7 μm, 8.0 mmID × 300 mmL; Shimadzu) 235 

at 50°C. The mobile phase was 5 mM p-toluenesulfonic acid with a flow rate of 1.0 236 

mL/min. A conductivity detector was used for monitoring the HPLC profile. 237 

 For the NADH/NAD+ ratio measurement, the samples 48 h after cultivations 238 

were analyzed using the EnzyChrom NAD+/NADH Assay Kit (E2ND-100, BioAssay 239 

Systems, Hayward, USA), according to the manufacture’s procedures. 240 

 241 

3. Results and Discussion 242 

3.1. Construction of the engineered strain using glucose for 1,2-PDO production and 243 

xylose for cell growth 244 

  E coli has endogenous 1,2-PDO production synthetic genes. Notably, 1 mol of 245 

1,2-PDO synthesis in the methylglyoxal pathway requires 2 mol of NADH. Anaerobic 246 

cultivation hinders NADH oxidation, thus favoring 1,2-PDO production. However, 247 

limiting the oxygen supply reduces cell growth. Under aerobic conditions, DHAP is easily 248 

converted to glyceraldehyde 3-phosphate (GAP) for cell maintenance. To solve this 249 

dilemma, we aimed to construct an engineered strain capable of producing 1,2-PDO from 250 

glucose and consuming xylose for cell growth independently. In this study, we blocked 251 

metabolic pathways from glycolytic intermediates upstream of PEP to those downstream 252 

of it to improve DHAP availability.  253 

 We used the gloA gene deficient E. coli MG1655ΔgloA strain (PD1) as the host 254 

strain for 1,2-PDO production (Nonaka et al., 2021). This gene encodes the 255 

lactoylglutathione lyase involved in the methylglyoxal assimilation pathway to lactate. 256 

gloA disruption in E. coli favored 1,2-PDO production under anaerobic or microaerobic 257 

conditions (Jain et al., 2015b; Nonaka et al., 2021). To separate metabolic pathways, we 258 



selected five genes encoding enolase eno, KHG/KDPG aldolase eda, L-serine deaminase 259 

I sdaA, L-serine deaminase II sdaB, and L-serine deaminase III tdcG. Enolase (Eno) 260 

involves in PEP generating reaction from 2-phosphoglycerate. Disrupting the eno gene 261 

can block the carbon flux to PEP through glycolysis and contribute to improving DHAP 262 

availability. Disrupting the eno gene in the PD1 strain resulted in a PD2 strain. Although 263 

the glyceraldehyde-3-phosphate dehydrogenase A encoded by gapA is also a promising 264 

target for improving DHAP availability, we could not disrupt the gapA gene. KHG/KDPG 265 

aldolase encoded by eda could convert 2-keto-3-deoxygluconate-6-phosphate to pyruvate 266 

and GAP. The expression of xylose dehydrogenase may activate this pyruvate supply 267 

route (ED pathway) (Fujiwara et al., 2020). The ED pathway is connected to PPP, and 268 

this pathway competes with glycolysis. eda disruption in the PD2 strain to eliminate the 269 

carbon leak upstream of DHAP yielded a PD3 strain. L-serine deaminases I–III are 270 

involved in the serine deamination pathway (Zhang et al., 2014). These enzymes could 271 

convert L-serine to pyruvate. L-serine can be synthesized from 3-phosphoglycerate. As 272 

this pathway also decreases DHAP availability, we deleted these three enzymes in the 273 

PD3 strain, resulting in knockout strain PD4 (Fig. 1).  274 

 To test whether the PD4 strain could grow and produce 1,2-PDO in broth 275 

containing glucose and xylose, we introduced the Weimberg pathway into the PD4 strain. 276 

The Weimberg pathway is found in some bacteria and archaea and comprises five 277 

reactions, from xylose to α-ketoglutarate. In the Weimberg pathway, D-xylose is first 278 

converted to D-xylonolactone by D-xylose dehydrogenase (XDH). D-xylonolactone turns 279 

into D-xylonate catalyzed by xylonolactonase (XLA) or spontaneously. D-xylonate is 280 

then converted to 2-Keto-3-deoxy-D-xylonate by D-xylonate dehydratase (D-XAD), and 281 

2-Keto-3-deoxy-D-xylonate is transformed into α-ketoglutarate through two reactions by 282 



2-Keto-3-deoxy-D-xylonate dehydratase (KDXD) and α-ketoglutarate semialdehyde 283 

dehydrogenase (KGSADH), respectively (Shen et al., 2020). Through this pathway, a 284 

total of 2 mol of NADH is generated from 1 mol of D-xylose with the reactions catalyzed 285 

by XDH and KGSADH (Shen et al., 2020). Using the Weimberg pathway could supply 286 

carbon from D-xylose to the TCA cycle directly by evading glycolysis. As E. coli has 287 

endogenous D-XAD (YagF or YjhG) encoded by yagF and yjhG, E. coli could grow from 288 

xylose using the Weimberg pathway just by introducing XDH, KDXD, and KGSADH. 289 

We used the pSAK-W plasmid having xylA, xylX, and xylB genes from Caulobacter 290 

crescentus, which encoded KGSADH, KDXD, and XDH, respectively. Incorporating the 291 

pSAK-W plasmid into the PD4 strain yielded a PD43 strain. In the medium containing 292 

only glucose, the PD43 strain exhibited neither growth nor glucose consumption (Fig. 2a, 293 

2b) but demonstrated initial growth and xylose utilization in the medium containing only 294 

xylose, although most xylose was just converted to D-xylonate (XA) (Fig. 2c). This result 295 

indicates that PD43 may engage in D-xylose conversion to D-xylonolactone as a strategy 296 

to regenerate NADH, albeit this process does not persistently replace the TCA cycle. In a 297 

medium containing both glucose and xylose, PD43 exhibited enhanced cell growth 298 

relative to those in the other medium and 3.80 g/L glucose and 8.37 g/L xylose were 299 

consumed, while XA accumulation was also observed. This result indicates the need to 300 

enhance metabolic pathways for XA utilization. Cultivating the PD43 strain in the M9Y 301 

medium supplemented with 10 g/L glucose and 10 g/L xylose at 220 rpm. The PD43 strain 302 

showed enough growth (Fig. 3a) and yielded 1.48 ± 0.11 g/L of 1,2-PDO, achieving a 303 

yield of 0.16 ± 0.01 g/g-glucose after 72 h (Fig. 3b). The PD43 strain also triggered a 5.91 304 

± 0.16 g/L XA accumulation (Fig. 3c). This strain produced a higher amount of 1,2-PDO 305 

than the previously engineered PMPE strain GX1xPD (0.53 ± 0.01 g/L) (Fujiwara et al., 306 



2020). Although the metabolic design of PD4 was promising, addressing the substantial 307 

XA accumulation in the PD43 strain is critical for improving its metabolic efficiency. 308 

 309 

 310 

Fig. 1. Metabolic engineering of the E. coli strain for the PD4 strain. Red X shows 311 

deletion of the gloA, eno, eda, sdaA, sdaB, and tdcG genes. Red indicates genes involved 312 

in 1,2-PDO synthesis. Blue indicates genes involved in xylose utilization. G6P, glucose 313 

6-phosphate; FBP, fructose 1,6-bisphosphate; GAP, glyceraldehyde 3-phosphate; DHAP, 314 

dihydroxyacetone phosphate; PEP, phosphoenolpyruvate; KDX, 2-Keto-3-deoxy-D-315 

xylonate; PP pathway, pentose–phosphate pathway; ED pathway, Entner–Doudoroff 316 

pathway; gloA, glyoxalase I; eno, enolase; eda, KHG/KDPG aldolase; sdaA, L-serine 317 

deaminase I; sdaB, L-serine deaminase II; tdcG, L-serine deaminase III; dld, D-lactate 318 

dehydrogenase; mgsA, methylglyoxal synthase; gldA, glycerol dehydrogenase; fucO, L-319 



1,2-propanediol oxidoreductase; tpiA, triosephosphate isomerase; yqhD, aldehyde 320 

reductase; ydjG, alpha-keto reductase; yagF, yjhG, D-xylonate dehydratase; yagE, yjhH, 321 

keto-pentonate aldolase; xylA, D-xylose isomerase; xylB, xylulokinase; Cc_xylB, D-322 

xylose dehydrogenase from C. crescentus; Cc_xylX, 2-Keto-3-deoxy-D-xylonate 323 

dehydratase from C. crescentus; Cc_xylA, α-ketoglutarate semialdehyde dehydrogenase 324 

from C. crescentus. 325 

 326 

Table 1. Strains used in this study 327 

Strains Genotype Reference 
Nova Blue endA1, hsdR17,(rK −mK +), supE44 thi-I, gyrA96, relA1, 

lac, recA1/F, [proAB+, lacIqZΔM15,Tn10(Tet R)] 
Novagen 

MG1655 Escherichia coli K-12 MG1655 ATCC 
PD1 MG1655 ΔgloA Nonaka et al., 

2021 
PD2 PD1 Δeno This study 
PD3 PD2 Δeda This study 
PD4 PD3 ΔsdaA ΔsdaB ΔtdcG This study 
PD5 PD4 dld::PA1lacO-1-cc_xylAXB This study 
PD6 PD5 ΔhchA This study 
PD7 PD5 ΔghrA This study 
PD8 PD5 ΔaldA This study 
PD9 PD6 ΔghrA This study 
PD41 PD4 harboring pSAK-D1 plasmid This study 
PD42 PD4 harboring pSAK-D2 plasmid This study 
PD43 PD4 harboring pSAK-W plasmid This study 
PD50 PD5 harboring pSAK-empty plasmid This study 
PD51 PD5 harboring pZE12 empty plasmid This study 
PD52 PD5 harboring pZE12-yagF plasmid This study 
PD53 PD5 harboring pZE12-yjhG plasmid This study 
PD521 PD5 harboring pZE12-yagF and pSAK plasmids This study 
PD522 PD5 harboring pZE12-yagF and pSAK-Bs_mgsA 

plasmids 
This study 

PD523 PD5 harboring pZE12-yagF and pSAK-gldA plasmids This study 
PD524 PD5 harboring pZE12-yagF and pSAK-fucO plasmids This study 
PD525 PD5 harboring pZE12-yagF and pSAK-tpiA plasmids This study 
PD526 PD5 harboring pZE12-yagF and pSAK-yqhD plasmids This study 
PD527 PD5 harboring pZE12-yagF and pSAK-ydjG plasmids This study 
PD528 PD5 harboring pZE12-yagF and pSAK-PD plasmids This study 
PD529 PD5 harboring pZE12-yagF and pSAK-Bs_mgsA-yqhD- This study 



gldA plasmids 
PD530 PD5 harboring pZE12-yagF and pSAK-Bs_mgsA-ydjG-

gldA plasmids 
This study 

PD62 PD6 harboring pZE12-yagF plasmid This study 
PD72 PD7 harboring pZE12-yagF plasmid This study 
PD82 PD8 harboring pZE12-yagF plasmid This study 
PD92 PD9 harboring pZE12-yagF plasmid This study 

328 

Fig. 2. Culture profiles of the PD43 strain in the M9Y medium containing 20 g/L 329 

glucose (yellow), 10g/L glucose and 10g/L xylose (Blue), and 20g/L xylose (Red) 330 

using a 15 ml test tube. (a) Cell growth, (b) glucose concentration (circle) and xylose 331 

concentration (square), and (c) XA concentration. The data shown are the mean and 332 

standard deviations of three independent experiments. 333 

 334 

3.2. Evaluation of xylose assimilation pathways for 1,2-PDO production 335 

 In metabolic engineering, three well-recognized pathways for xylose 336 

assimilation are xylose isomerase, Dahms pathway, and the Weimberg pathways. The 337 

latter two pathways intersect at the 2-keto-3-deoxy-D-xylonate juncture. Regarding the 338 

Damns pathway, 2-keto-3-deoxy-D-xylonate is converted to glycoaldehyde and pyruvate 339 

by keto-pentonate aldolase (YagE or YjhH) encoded by yagE or yjhH (Bañares et al., 340 

2019). The generated glycoaldehyde is converted to glyoxylate by several enzymes, and 341 

the supplied carbon enters the TCA cycle (Fig. 1). While E. coli endogenously possesses 342 



the xylose isomerase pathway, this pathway does not work well when the Dahms pathway 343 

is introduced into an engineered strain (Fujiwara et al., 2020). Therefore, we tested the 344 

Dahms pathway instead of the Weimberg pathway in the PD4 strain for 1,2-PDO 345 

production. 346 

 We introduced the Dahms pathway plasmids pSAK-D1 and pSAK-D2 into the 347 

PD4 strain. The resultant strains were named PD41 and PD42. pSAK-D1 had xylB and 348 

xylC from C. crescentus, yagE and yagF from E. coli. pSAK-D2 had yjhH and yjhG from 349 

E. coli instead of yagE and yagF in pSAK-D1. While YagEF and YjhHG play the same 350 

roles in xylose assimilation, those activities are varied (Cabulong et al., 2018). After 72 h 351 

of cultivation in M9Y broth containing 10g/L glucose and 10g/L xylose, PD41 and PD42 352 

showed 0.31 ± 0.09 g/L and 0.20 ± 0.00 g/L 1,2-PDO (Fig. 3b). XA was not detected in 353 

any of the cultivation broths (Fig. 3c). PD41 overexpressing yagE and yagF afforded 354 

greater 1,2-PDO production than PD42 overexpressing yjhH and yjhG. Paring YagE with 355 

YagF proved more effective than paring YjhH with YjhG in terms of decreasing XA 356 

accumulation (Cabulong et al., 2018). While our findings did not demonstrate a variance 357 

in XA accumulation between PD41 and PD42, disparities in enzyme activities related to 358 

D-xylonate and 2-keto-3-deoxy-D-xylonate could influence 1,2-PDO production. 359 

Although PD4 produced 1,2-PDO with the Dahms pathway introduced, the PD41 and 360 

PD42 strains yielded lower titers than the PD43 strain (Fig. 3b). This result indicates that 361 

the Weimberg pathway promotes 1,2-PDO production. The amount of cofactor NADH 362 

can influence 1,2-PDO production (Jain et al., 2015a). The Weimberg pathway facilitates 363 

a direct carbon supply to the TCA cycle, bypassing pyruvate and glycolate intermediates 364 

and potentially enhancing NADH generation from the TCA cycle. We measured the 365 

relative NADH/NAD+ ratio in PD41, PD42 and PD43 strain after 48 h cultivation. The 366 



ratio of NADH/NAD+ in PD43 was slightly higher than other strain (Supplementary Fig 367 

1). To express the Weimberg pathway stably, we integrated PA1lacO-1-Cc_xylAXB into the 368 

dld locus of the PD4 strain. The resultant strain was named PD5. The PD5 strain harboring 369 

the pSAK-empty vector PD50 showed 1.60 ± 0.19 g/L 1,2-PDO production and 0.19 ± 370 

0.03 g/g-glucose yield after 72 h of cultivation (Fig. 3b). This strain accumulated 0.51 ± 371 

0.36 g/L XA after cultivation (Fig. 3c). Notably, the PD50 strain exhibited reduced XA 372 

accumulation compared to the PD43 strain. Directing a greater amount of carbon into the 373 

TCA cycle and enhancing NADH production could yield improved 1,2-PDO output. This 374 

result indicates that even a single-copy expression of the Weimberg pathway is sufficient, 375 

as evidenced by the highest 1,2-PDO production and yield seen in the PD50 strain among 376 

the tested strains.  377 



Fig. 3. Cultivation profiles of PD41, PD42, and PD43 harboring pSAK-D1, pSAK-D2, 378 

and pSAK-w plasmids, respectively, and PD50 strains harboring pSAK-empty plasmid 379 

in M9Y medium containing 10g/L glucose and 10g/L xylose. (a) Cell growth, (b) 1,2-380 

PDO production, (c) XA concentration, (d) glucose concentration, and (e) xylose 381 

concentration. The data shown are the mean and standard deviations of three independent 382 

experiments. 383 

 384 

3.3. Improvement of 1,2-PDO production by modifying the xylose assimilation 385 

pathway 386 

 The PD50 strain demonstrated increased 1,2-PDO production and reduced XA 387 

accumulation. This result suggests that fine-tuning gene expression levels is pivotal for 388 

optimizing xylose utilization. Enhancing the xylose assimilation pathway could further 389 

increase 1,2-PDO production attributed to increased NADH generation via the TCA cycle. 390 

Enhancing the expression of YagF and YjhG could lead to a more effective utilization of 391 

D-xylonate. We promoted D-xylonate assimilation through the overexpression of the D-392 

XADs YagF or YjhG. The overexpression of D-XAD yagF and yjhG contributes to 393 

reduced D-xylonate accumulation (Cabulong et al., 2018). Incorporating the constructed 394 

pZE12-yagF and pZE12-yjhG plasmids into the PD5 strain afforded the PD52 and PD53 395 

strains, respectively. As a control, we also introduced a pZE12-empty vector into the PD5 396 

strain, resulting in the PD51 strain. After 72 h cultivations, PD52 showed 2.04 ± 0.10 g/L 397 

1,2-PDO production with a yield of 0.24 ± 0.01 g/g-glucose (Fig. 4b, 4c). This result 398 

indicates that yagF overexpression effectively favors 1,2-PDO production. A previous 399 

study revealed that the activity of YagF on D-xylonate was 2.56 times higher than that of 400 

YjhG, according to enzyme assays (Cabulong et al., 2018). The overexpression of D-401 



XAD YagF improved carbon utilization from xylose to the TCA cycle and contributed to 402 

the cofactor balance.  403 

Fig. 4. Culture profiles using the PD51, PD52, and PD53 in M9Y medium containing 404 

10g/L glucose and 10g/L xylose for 72 h cultivation. (a) Cell growth, (b) 1,2-PDO 405 

production, (c) 1,2-PDO yield from the consumed glucose, (d) glucose concentration, (e) 406 

xylose concentration and (f) XA concentration. The data shown are the mean and standard 407 

deviations of three independent experiments. 408 

 409 

3.4. Overexpression of genes involved in 1,2-PDO production from glucose 410 

 To enhance the 1,2-PDO synthetic pathway, we overexpressed gldA, fucO, tpiA, 411 

yqhD, ydjG, endogenous genes and mgsA from B. subtilis in PD5. These genes encode 412 

glycerol dehydrogenase, L-1,2-propanediol oxidoreductase, triosephosphate isomerase, 413 



aldehyde reductase, alpha-keto reductase and methylglyoxal synthase, respectively. The 414 

methylglyoxal synthase from B. subtilis had higher activity to DHAP than endogenous E. 415 

coli methyglyoxal synthase (Jain and Yan, 2011). To improve DHAP availability, we 416 

chose mgsA from B. subtilis instead of endogenous mgsA (Nonaka et al., 2021). 417 

We introduced pSAK-empty vector, pSAK-Bs_mgsA, pSAK-gldA, pSAK-fucO, 418 

pSAK-tpiA, pSAK-yqhD or pSAK-ydjG into a PD52 strain. The resultant strains were 419 

named PD521, PD522, PD523, PD524, PD525, PD526, and PD527. After 72 h of 420 

cultivation in the M9Y medium, these strains produced 2.03 ± 0.70 g/L, 2.27 ± 0.13 g/L, 421 

0.70 ± 0.10 g/L, 1.90 ± 0.12 g/L, 2.15 ± 0.32 g/L, 1.46 ± 0.25 g/L, and 1.68 ± 0.31 g/L 422 

1,2-PDO, respectively (Fig. 5a). The yields of 1,2-PDO in those strains were 0.25 ± 0.05, 423 

0.26 ± 0.01, 0.13 ± 0.00, 0.32 ± 0.01, 0.24 ± 0.04, 0.28 ± 0.06, and 0.29 ± 0.04 g/g-glucose 424 

(Fig. 5b). Although Bs_mgsA and tpiA overexpression slightly improved 1,2-PDO 425 

production, the yield of 1,2-PDO was similar to the control strain. The enhancement in 426 

the 1,2-PDO yield resulting from fucO overexpression suggests that the bottleneck in the 427 

1,2-PDO synthesis pathway may lie in the final reaction catalyzed by FucO. However, 428 

the PD524 strain showed lower glucose consumption than the PD521. Enhancing glucose 429 

consumption in the PD524 strain through genetic manipulation could lead to further 430 

improvements in 1,2-PDO productivity. A previous study indicated that the enzyme FucO 431 

was affected by oxidative stress and its activity weakened under aerobic conditions. Two 432 

mutations of FucO showed higher propanediol oxidoreductase activity under aerobic 433 

conditions, compared to the native enzyme (Lu et al., 1998). While, to our knowledge, 434 

this enzyme has not yet been applied to 1,2-PDO production, variants of FucO hold 435 

promise for enhancing 1,2-PDO productivity. For an alternative pathway via acetol, yqhD 436 

or ydjG overexpression had a significant effect on the 1,2-PDO titer. This result indicates 437 



that the route via lactaldehyde is important for 1,2-PDO synthesis. Although the gldA 438 

gene is involved in both pathways, gldA overexpression had a negative effect on 1,2-PDO 439 

production (Fig. 5a).  440 

We introduced pSAK-PD, pSAK-Bs_mgsA-yqhD-gldA or pSAK-Bs_mgsA-441 

ydjG-gldA, which contained a set of 1,2-PDO synthetic genes, into PD52 strain. These 442 

strain were named PD528, PD529 and PD530, respectively. The 1,2-PDO production titer 443 

in PD528-530 strain was comparable to or lower than that in PD521 (Fig. 5a). 444 

Fig. 5. Culture profiles using the PD521-530 strains in M9Y medium containing 10g/L 445 

glucose and 10g/L Xylose after 72 h cultivation. (a) 1,2-PDO production, (b) yields. The 446 

data shown are the mean and standard deviations of three independent experiments. 447 

 448 

3.5. Improvement of 1,2-PDO production by deletion of carbon leakage 449 

 Overexpressing genes within the 1,2-PDO synthesis pathway may not markedly 450 

enhance 1,2-PDO production. We speculated that carbon leakage to byproducts from 451 

intermediates in the 1,2-PDO synthesis pathway might have occurred. Methylglyoxal and 452 

L-lactaldehyde can be converted to byproducts by glyoxalase III and Hsp31 molecular 453 

chaperone (encoded by hchA), glyoxylate/hydroxypyruvate reductase (encoded by ghrA), 454 

and aldehyde dehydrogenase A (encoded by aldA) (Clomburg and Gonzalez, 2011; 455 



Nonaka et al., 2021). Glyoxalase III and glyoxylate/hydroxypyruvate reductase could 456 

convert methylglyoxal to lactate and D-lactaldehyde, respectively. An aldehyde 457 

dehydrogenase A is involved in the consumption of L-lactaldehyde, an intermediate of 458 

the 1,2-PDO pathway. This enzyme can aid pyruvate formation from methylglyoxal (Fig. 459 

6a). hchA and aldA deletions improved 1,2-PDO production in an engineered strain under 460 

microaerobic conditions (Nonaka et al., 2021). In this study, disrupting hchA, ghrA, and 461 

aldA in the PD5 strain yielded PD6, PD7, and PD8 strains, respectively. The resultant 462 

strains PD62, PD72, and PD82 harboring pZE12-yagF showed 2.33 ± 0.06, 2.48 ± 0.15, 463 

and 1.51 ± 0.10 g/L 1,2-PDO after 72-h cultivation, with yields from glucose as 0.29 ± 464 

0.05, 0.27 ± 0.02, and 0.19 ± 0.02 g/g-glucose (Fig. 6b, 6c). Disrupting hchA or ghrA 465 

genes slightly improved 1,2-PDO production and the yield from glucose. These results 466 

indicate that diminishing the diversion of methylglyoxal into byproduct pathways can 467 

improve 1,2-PDO production, while the lack of the aldA gene leads to reduced 1,2-PDO 468 

production. The enzymatic reactions facilitated by aldA are pivotal for generating NADH, 469 

a coenzyme essential for 1,2-PDO biosynthesis. Therefore, aldA disruption adversely 470 

impacts the redox balance within the engineered strain, ultimately failing to increase 1,2-471 

PDO production levels. This shows the critical role of aldA in maintaining the cellular 472 

redox state and its direct influence on 1,2-PDO production. 473 

 According to the above results, we constructed PD9 by disrupting hchA and ghrA 474 

genes in PD5 strain. PD92 strain harboring pZE12-yagF showed lower 1,2-PDO 475 

production than PD72 strain (Fig. 6b). The combination of disruptions of hchA and ghrA 476 

did not contribute to the improvement of 1,2-PDO production. 477 



Fig. 6 (a) Byproduct synthetic pathway competing with the 1,2-PDO synthetic pathway. 478 

hchA, glyoxalase III and Hsp31 molecular chaperone; ghrA, 479 

glyoxylate/hydroxypyruvate reductase; aldA, aldehyde dehydrogenase A. (b)(c) Culture 480 

profiles using PD62, PD72, PD82 and PD92 in the M9Y medium containing 10g/L 481 

glucose and 10g/L Xylose after 72 h cultivation. (b) 1,2-PDO production, and (c) 1,2-482 

PDO yield from consumed glucose. The data shown are the mean and standard 483 

deviations of three independent experiments. 484 

4. Conclusion 485 

 In this study, we demonstrated aerobic 1,2-PDO production by decoupling the 486 

metabolic pathways for target compound production from glucose and fueling cell growth 487 

by xylose utilization. The efficient use of xylose through the Weimberg pathway 488 

contributed to improving 1,2-PDO production. yagF overexpression in PD5 produced 489 

2.04 ± 0.10 g/L 1,2-PDO with a yield of 0.24 ± 0.01 g/g-glucose. By optimizing the 1,2-490 

PDO synthesis pathway and inhibiting byproduct generation via the methylglyoxal 491 

pathway, we achieved an improved 1,2-PDO titer of up to 2.48 ± 0.15 g/L. The 492 

summarized table of 1,2-PDO production in previous studies was shown in Table S3. This 493 

titer was higher than that in previous study under microaerobic cultivation. Further 494 

optimization of both glucose and xylose utilization pathways could improve aerobic 1,2-495 



PDO production. Our findings offer valuable insights for synthesizing other chemicals 496 

whose production is constrained by competition with central metabolic pathways. 497 
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