Redox-based dual-substrate fermentation enhances sustainable production of 3-hydroxypropionic acid by recombinant e. coli
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1. Glycerol as a sole carbon source for 3-HP production by engineered E. coli
Glycerol is a highly reduced carbon source, and its catabolism generates substantial amount of NADH. In the engineered E. coli EC1_KG23 (E. coli W strain overexpressing codon optimized dhaB, gdrAB, and kgsadh), conversion of glycerol to 3-HP further increases this redox burden due to additional NADH formation during the conversion of 3-HPA to 3-HP. Consequently, maintaining intracellular redox homeostasis emerges as a critical challenge for sustained 3-HP production using glycerol as the sole carbon source.
When glycerol was supplied as the sole carbon source under optimized fed-batch bioreactor conditions, the engineered E. coli EC1_KG23 strain produced a maximum of 326 mM 3-HP (Fig. S2.1a). However, this was accompanied by a significant accumulation of 1,3-PDO (136 mM) and acetate (160 mM). Higher 1,3-PDO production indicates diversion of carbon flux toward NADH-consuming pathways. Prior to 3-HP pathway induction using IPTG, the intracellular NAD⁺/NADH ratio was 2.57 (Fig. S2.1c). Following induction, the total intracellular NAD(H) pool decreased along with NADH, whereas the NAD⁺ pool remained relatively stable (Fig. S2.1c, d). This maintenance of NAD⁺ levels is likely due to the concomitant production of 1,3-PDO, which facilitates NAD⁺ regeneration. During the exponential growth phase, the initial production of 3-HP (150 mM, corresponding to ~18 mM 3-HP/gDCW) was accompanied by ~1.3 mM 1,3-PDO/gDCW. As 3-HP concentration increased beyond 150 mM (~20 mM 3-HP/gDCW), 1,3-PDO formation increased markedly to 3.5 mM/gDCW. After 21 h, 3-HP production declined sharply, leading to a reduced demand for NAD⁺ regeneration, which has resulted in a relatively constant level of 1,3-PDO during this period (~ 50 mM) (Fig. S2.1a).
Upon transition into the stationary phase, 1,3-PDO production increased further from 3.5 mM/gDCW to 6.3–8 mM/gDCW, despite only ~ 20–22 mM 3-HP/gDCW being produced. Collectively, these findings demonstrate that during the growth phase, increasing 3-HP production is associated with elevated 1,3-PDO formation, while in the stationary phase, minimal 3-HP synthesis is accompanied by disproportionate by-product accumulation. Overall, these results highlight that, even under optimized conditions, using glycerol as the sole carbon source imposes a severe redox constraint that limits prolonged 3-HP biosynthesis. 
[image: ]
Fig. S2.1 Fed-batch production profile of E. coli EC1_KG23 strain with glycerol as sole carbon source, cultivated at 5 % DO. The cells were induced at 6 h. (a) OD600 and metabolite production profile: OD600 – closed square , 3-HP – closed circle , acetate – closed triangle , 1,3-PDO – closed diamond  (b) Cumulative consumption profile of Glycerol (c) & (d) Intracellular NAD(H) profile showing NAD⁺, NAD⁺/NADH ratio, total NAD(H) and NADH levels respectively at different time-points in the fermentation. Statistical significance (p<0.05) is represented as follows. * Compared with all the time points; # compared with 6 h; $ compared with 13 h; † compared with 19 h; ‡ compared with 29 h; ¢ compared with 34 h; ¤ compared with 37 h

2. Optimization of process parameters in fed-batch shake-flask studies
The influence of process parameters such as temperature and pH on cell growth and 3-HP production by the recombinant E. coli EC2_KG23 strain was evaluated using fed-batch shake-flask cultures. To assess the impact of temperature, cultures were grown at 30 and 37 °C while intermittently adjusting the pH at 7. Although both the temperatures resulted in comparable 3-HP titres, acetate accumulation was reduced at 30 °C by approximately 35% (Table S1). The faster cellular growth at 37 °C may have resulted in increased acetate formation due to carbon overflow metabolism (Chowdhury et al. 2025). Therefore, further experiments were performed at 30 °C. We also examined the effect of pH across a range of set points (pH 6.0, 6.5, 7.0, 7.5, and 8.0). At pH 6.0 and 6.5, 3-HP production decreased sharply, indicating that acidic conditions adversely affect 3-HP production. At pH 7.5, 3-HP production was similar to that observed at pH 7.0. Cultivation at pH 8.0 resulted in a 16.8% increase in 3-HP production at 24 h (Table S2.1). However, analysis of intermediate time points revealed that 3-HP titres at 15 h were comparable for pH 7.0, 7.5, and 8.0, ranging between 80-100 mM (Table S2.2). This suggested that the observed increase at 24 h under alkaline conditions may be attributed to a broader range of effective-pH experienced during the 15–24 h interval rather than an intrinsically higher production rate at pH 8. 
These findings indicate that a pH window of 7–7.5 and a temperature of 30 ℃ is optimal for 3-HP production while minimizing acetate accumulation. 
Table S2.1 Effect of temperature and pH on 3-HP production by EC2_KG23 strain in glycerol fed-batch shake-flask cultures, with glucose as secondary substrate. Initial concentrations of glucose and glycerol were 150 C-mM and 100 mM, respectively. Only glycerol (100 mM) was pulsed intermittently at 9h and 15 h. OD₆₀₀, 3-HP and 1,3-PDO concentrations are reported at 24 h, while the maximum acetate concentration observed within 24 h is indicated. The pH was adjusted intermittently. Values represent mean ± standard deviation
	Process parameters
	OD600
	3-HP 
(mM)
	1,3-PDO (mM)
	Maximum Acetate (mM)
	Yield 
(mol3-HP/molGlycerol)

	Temperature
	pH
	
	
	
	
	

	37℃
	7
	7.12±0.54
	155.06±3.52
	37.31±1.59
	42.91±4.41
	0.84±0

	30℃
	
	7.75±0.54
	158.98±8.09
	44.79±7.18
	27.71±1.47
	0.76±0.05

	30℃

	6
	8.4±1.33
	68.02±1.46
	35.73±0.59
	17.6±2.98
	0.61±0.05

	
	6.5
	7.47±0.72
	119.09±24.01
	40.69±11.03
	27.04±0.85
	0.72±0.01

	
	7
	7.75±0.54
	158.98±8.09
	44.79±7.18
	27.71±1.47
	0.76±0.05

	
	7.5
	7.79±1.09
	166.52±3.98
	44.75±13.10
	32.38±2.83
	0.77±0.10

	
	8
	7.29±0.01
	186.68±7.25
	42.78±9.73
	31.28±5.28
	0.80±0.04



Table S2.2 Metabolite concentration at 15 h in fed-batch shake flask cultures of EC2_KG23 strain grown at 30 ℃ and various pH conditions, with intermittent pH adjustment. Values represent mean ± standard deviation
	pH
	OD600
	3-HP (mM)
	1,3-PDO (mM)

	6
	8.46±0.54
	42.32±3.56
	31.59±4.61

	6.5
	7.93±0.61
	64.72±10.32
	27.81±3.15

	7
	7.61±0.30
	97.91±12.15
	36.24±12.40

	7.5
	7.32±0.08
	106.71±10.91
	21.50±4.86

	8
	7.07±0.30
	98.26±16.15
	31.57±8.95
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