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Abstract 21 

Purple non-sulfur bacteria (PNSB) possess significant potential for bioresource 22 

recovery from wastewater. Effective operational tools are needed to boost productivity 23 

and direct the PNSB biomass towards abundant value-added substances (e.g., protein 24 

and co-enzyme Q10, CoQ10). This study aimed to investigate the impact of light, 25 

oxygen and volatile fatty acids (VFAs) on PNSB growth (i.e., Rhodobacter sphaeroides)  26 

and productivity of protein and CoQ10. Overall, the biomass yields and specific growth 27 

rates of PNSB were in the ranges of 0.57-1.08 g biomass g-1 CODremoved and 0.48-0.71 28 

d-1, respectively. VFAs did not influence the biomass yield, yet acetate and VFA 29 

mixtures enhanced the specific growth rate with a factor of 1.2-1.5 compared to 30 

propionate and butyrate. The most PNSB biomass (1.08 g biomass g-1 CODremoved and 31 

0.71 d-1) and the highest biomass quality (protein content of 609 mg g-1 dry cell weight 32 

(DCW) and CoQ10 content of 13.21 mg g-1 DCW) were obtained in the presence of 33 

VFA mixtures under natural light and microaerobic (low light alternated with darkness; 34 

dissolved oxygen (DO) between 0.5-1 mg L-1) conditions (vs. light anaerobic and dark 35 

aerobic cultivations). Further investigation on VFAs dynamics revealed that acetate was 36 

most rapidly consumed by PNSB in the individual VFA feeding (specific uptake rate of 37 

0.76 g COD g-1 DCW d-1), while acetate as a co-substrate in the mixed VFAs feeding 38 

might accelerate the consumption of propionate and butyrate through providing 39 

additional cell metabolism precursor. Enzymes activities of succinate dehydrogenase 40 

and fructose-1,6-bisphosphatase as well as the concentration of photo pigments 41 

confirmed that light, oxygen and VFAs regulated the key enzymes in the energy 42 
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metabolism and biomass synthesis to boost PNSB growth. These results provide a 43 

promising prospect for utilization of fermented waste stream for the harvest of PNSB 44 

biomass, protein and CoQ10. 45 

Keywords: purple non-sulfur bacteria; volatile fatty acids; light and oxygen; enzyme 46 

activity; protein; CoQ10  47 

1. Introduction 48 

Activated sludge process generated large amount of excess sludge, entailing 49 

disposal cost that accounted for 50% of the total operational cost (Dignac et al., 2000). 50 

Extensive studies were attempting to reduce activated sludge production, whilst a 51 

paradigm shift that recovered resource from wastewater was ongoing (Yadav et al., 52 

2021). Despite chemo- and photoheterotrophic microorganisms were able to upgrade 53 

waste streams into value-added products, there exists a technological demand to 54 

optimize the efficiency in a cost-wise mode.  55 

Purple non-sulfur bacteria (PNSB) may open a new route to simultaneously 56 

minimize waste and generate value-added substances (Alloul et al., 2021). PNSB are 57 

competent photoheterotrophs with the capabilities of photoautotrophy and dark 58 

chemotrophy (aerobic/anaerobic), which can efficiently uptake various organics as 59 

carbon sources for growth (George et al., 2020). PNSB attained a higher yield (1 g 60 

biomass g-1 CODremoved) than aerobic heterotrophic bacteria (0.44-0.55 g biomass g-1 61 

CODremoved) (Puyol et al., 2017; Saejung and Thammaratana, 2016) and grew faster 62 

with specific growth rates of 0.6-3.7 d-1 than microalgae (0.6−1.1 d-1) (Coppens et al., 63 

2016). PNSB have been used to treat a variety types of non-toxic wastewater that is rich 64 
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in chemical oxygen demand (COD), such as starch, livestock and domestic sewage 65 

(Ponsano et al., 2008;  Hülsen et al., 2016).  66 

PNSB biomass is rich in polyhydroxyalkanoate (PHA), co-enzyme Q10 (CoQ10), 67 

carotenoid, bacteriochlorophyll, 5-ALA, protein, et cetera, which can be used to 68 

produce animal feed, probiotics, plastics, esters, et cetera (Cao et al., 2019). CoQ10, a 69 

naturally occurring fat-soluble quinone compound, has the functions of improving 70 

energy, boosting the immune system, and serving as a free radical scavenger (Tian et 71 

al., 2010). In the plasma membrane of prokaryotes, CoQ10 is an vital constituent of the 72 

electron transport system, serving as an acceptor/donor for electron transfer between 73 

complexes I/II and complex III (Park et al., 2005). The CoQ10 content in PNSB (6.34-74 

12.96 mg g-1 DCW) exceeds that in Escherichia coli (1.3-3.8 mg g-1 DCW) and in 75 

animal tissues (0.02-0.08 mg g-1 DCW) (Ellis et al., 2012; Lamperti et al., 2003; Zhi et 76 

al., 2020). The microbial protein has been regarded as a dietary protein source for feed 77 

or food (Madukasi et al., 2010). Previous studies have reported that the pure or mixed 78 

cultures of PNSB yielded crude protein content of 40-80% of dry cell weight, which 79 

was higher than that in fungi (30-45%), aerobic heterotrophs (38-60%), microalgae (40-80 

70%), et cetera (Honda et al., 2006; Alloul et al., 2021b).  81 

Value-added products are unlikely produced at a consistent quality if the carbon 82 

source in wastewater is of diverse complexity. As a result, previous work proposed a 83 

three-step approach for converting COD into commodities, comprising capture of COD 84 

from sewage as sludge, generation of volatile fatty acids (VFAs) through anaerobic 85 

fermentation and production of marketable products using VFAs as the carbon source 86 
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(Alloul et al., 2018; Lee et al., 2014). VFAs consisting of directly assimilable small 87 

molecule organic acid, are more readily utilized by microorganisms and serve to be the 88 

desirable carbon source for PNSB growth to produce commodities (Chen et al., 2020).   89 

PNSB possess two energy metabolisms that are photophosphorylation and 90 

oxidative phosphorylation and thus survive under light anaerobic, dark aerobic and 91 

facultative conditions (Imhoff and Bias-lmhoff, 2006). In PNSB-based sewage 92 

treatment, oxygen and light are two key parameters influencing not only the PNSB 93 

metabolic pathway but also pollutants removal and biomass growth (Meng et al., 2017). 94 

Biomass concentration of PNSB under oxic conditions was about 1.5 times higher than 95 

that under light anaerobic conditions and the involvement of oxygen enhanced COD 96 

removal efficiency from 80% to 96% (Lu et al., 2018). Various light and oxygen 97 

conditions might also have impacts on the accumulation of value-added products from 98 

PNSB, such as protein and CoQ10. However, the relevant knowledge is still scarce and 99 

the intrinsic link among light, oxygen, VFAs and PNSB is yet to be elucidated. 100 

The purpose of this study was to clarify the effect of VFAs, light and oxygen on 101 

PNSB growth and value-added products. To achieve this, Rhodobacter sphaeroides (Rb. 102 

sphaeroides) were cultivated on various VFAs (acetate, propionate, butyrate and 103 

mixture of the first three) under different light and oxygen conditions (light anaerobic, 104 

natural light microaerobic and dark aerobic). Their combined effect on the biomass 105 

yield, the specific growth rate and the content of protein and CoQ10 was explored. The 106 

underlying mechanisms were explained through analyzing the results of the VFAs 107 

conversion, photo pigments accumulation and key enzymes activities.  108 
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2. Materials and methods 109 

2.1 Microorganism and cultivation 110 

A strain of PNSB used in this work was Rb. sphaeroides, which was isolated from 111 

a local pond in Wuhan, China (Yu et al., 2021). The purified species was pre-cultivated 112 

to maintain the microbial activity using medium adapted from Imhoff (Imhoff, 2006) 113 

in a thermostatic incubator (Tianjin Taisite Instrument Co., China) at 30 ± 1 °C with 114 

3000-3500 lux provided by white LED lamps (7W, Philips, China). The features of Rb. 115 

sphaeroides and specific methods of cultivation are detailed in our previous study (Yu 116 

et al., 2021).  117 

A VFA-based Imhoff medium was used for PNSB growth and value-added 118 

substances production (Alloul et al., 2019). Individual and combined VFAs (Sinopharm, 119 

Shanghai) containing equal amount of carbon were tested for the growth of Rb. 120 

sphaeroides in duplicate (per liter): (i) 0.93 g acetate, (ii) 0.74 g propionate, (iii) 0.66 g 121 

butyrate and (iv) combined VFAs (0.24 g acetate, 0.20 g propionate and 0.18 g butyrate, 122 

1/1/1 proportion based on carbon mass). 1 mL trace element and 1 mL vitamin solution 123 

were dosed into the modified Imhoff medium. The details of the cultivation medium 124 

are listed in Supplementary Information S1 and Table S1. The pH was adjusted at 7.0 125 

prior to the inoculation. The characteristics of the prepared culture medium for Rb. 126 

sphaeroides were as follows: The level of inorganic carbon (IC) was 0.3 g L-1. COD, 127 

total phosphorus (TP) and total nitrogen (TN) was around 4600 mg COD L-1, 230 mg 128 

P L-1 and 270 mg N L-1, respectively. 129 

2.2 Batch experimental setup 130 
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The experiments were performed in Schott bottles with working volume of 400 131 

mL. The prepared fermentation medium was pre-autoclaved at 121°C for 20 min prior 132 

to inoculation. The Rb. sphaeroides were inoculated into autoclaved modified Imhoff 133 

medium in an incubator at 30 ± 1 °C with an initial inoculation ratio of 10% (v/v). The 134 

agitation was restricted to the range of 130-150 rpm to prevent cell damage. Each test 135 

lasted for 6 days, after which PNSB tended to cease growing due to the limitation of 136 

growth substrate. 137 

Three light and oxygen conditions were shown below: 138 

Light anaerobic condition: Two 60 W incandescent lamps (Beineng Lighting Co., 139 

Ltd. China) were used to keep the illumination in the range of 3000-3500 lux. Sterile 140 

paraffin liquid (Sinopharm, Shanghai) was used to maintain a strict anaerobic 141 

environment inside the reactor and prevent miscellaneous bacteria. 142 

Natural light microaerobic condition: 12-h light (light intensity: 500-1500 lux) was 143 

alternated with 12-h darkness to mimic natural light. Microaerobic condition was 144 

achieved by controlling DO levels within the range of 0.5-1.0 mg L-1. 145 

Dark aerobic condition: The bioreactor was covered with tinfoil to prevent from 146 

light transmission. DO concentration during aerobic cultivation was kept above 2.0 mg 147 

L-1.  148 

2.3 Analytical methods 149 

The Schott bottle was sealed by a screw cap containing a silicone rubber septum. 150 

When taking samples during the experiment, the bottles were turned upside down and 151 

the inverted septum was inserted by a needle connected a syringe for collection of 8-152 
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mL mixed liquor samples every 24 hours. 3-mL samples were centrifuged at 9000 rpm 153 

for 15 min with a centrifuge (Eppendorf centrifuge 5430, Germany) to acquire 154 

supernatant for COD, TN, TP and VFA analysis. COD, TP and TN were measured in 155 

accordance with APHA standard methods (Gilcreas, 1966). VFA analysis was 156 

performed after pre-filtration of supernatant with a 0.45 µm syringe filter (Jinlong, 157 

Tianjin). A 0.4 µL pretreated sample was added to gas chromatography (Lunan Ruihong 158 

SP- 7820, Shandong) equipped with a flame ionization detector (GC/FID). The pH, DO 159 

and light intensity were monitored by a pH tester (Mettler Toledo, China), a dissolved 160 

oxygen meter (Leici JPBJ-610L, China) and a Lux light meter (TES 1330A, Taiwan), 161 

respectively.  162 

The remaining 5-mL samples were centrifuges to collected PNSB cells for analysis 163 

of protein, CoQ10 and key enzymatic activities. Protein determination were performed 164 

according to the modified Lowry methods (Hülsen et al., 2018). CoQ10 was extracted 165 

from Rb. sphaeroides using organic solvents (ethyl acetate: ethanol = 5:3 (v: v)), and 166 

the absorbance were tested by Craven method with an assay kit (Beijing Leagene 167 

Biotechnology Co.) at 620 nm. The detection limits of protein and CoQ10 are 9.5 mg 168 

g-1 DCW and 0.026 mg g-1 DCW, respectively. The key enzymatic activities in the 169 

PNSB metabolic pathways, including succinate dehydrogenase (SDH) and fructose-170 

1,6-bisphosphatase (FBP), were determined spectrophotometrically by the kits (Beijing 171 

Solarbio Science& Technology Co., Lt) at the wavelength of 600 nm and 340 nm, 172 

respectively. Carotenoids and bacteriochlorophylls were determined by a 173 

spectrophotometer at the wavelength of 473 nm and 771 nm, respectively and the 174 
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content were calculated according to the formula  (1) and (2) (Zhou et al., 2014): 175 

Carotenoid content =𝐴!"#×10000/ (250×L×W)  (1) 176 

Bacteriochlorophyll content	=𝐴""$× 10000/ (76×L×W)  (2) 177 

where A473 and A771 represent the optical density of extract at 473 nm and 771 nm, 178 

respectively; L represents the pathlength of the cuvette; and W is the sample's initial 179 

mass (g) divided by the ultimate volume (mL) of the extraction solution.  180 

Note that as enzymes were easily inactivated, fresh samples had to be kept on ice 181 

during the measurement to guarantee maximum activity. Since the pigments and CoQ10 182 

tended to decompose in light, the whole extraction process should be carried out under 183 

dark conditions. The remaining samples had to be stored at -80 °C. 184 

To minimize the interference by the decrease of liquid volume and loss of the 185 

PNSB biomass, 50-mL bacteria suspension was taken at the end of each test on day 6 186 

from the Schott bottle for determination of the biomass concentration. The bacteria 187 

suspension was diluted into different concentration gradients for measurement of the 188 

optical density at 660 nm (OD660) by a spectrophotometer (UV-5500PC, Shanghai 189 

Metash Instruments Co., Ltd. China). The DCW was measured by gravimetric method 190 

in triplicate. 4-mL samples from centrifuge tube were centrifuged at 9000 rpm for 15 191 

min. After discharging supernatant, the remaining cells were transferred to a drying 192 

oven at 75 °C. The biomass-optical density curve was obtained and the daily dry cell 193 

weight could be calculated from the linear correlation between OD660 and DCW. The 194 

attained DCW was used to calculate biomass yield (g biomass g-1 CODremoved) and 195 

specific growth rate (d-1). 196 
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2.4 Statistical analysis  197 

All analyses were performed in duplicate. The values in this work represented the 198 

mean values of two parallel tests to ensure data accuracy. The error bars corresponded 199 

to the standard deviations. The means ± standard deviation (Means ± SD) was used to 200 

express the experimental results. SPSS Statistics package (version 11.5, SPSS Inc.,) 201 

was further adopted for variance analysis (ANOVA). The significances of the values 202 

were analyzed using Tukey's test. P < 0.05 was taken as the significant level of 203 

difference.  204 

3. Results and discussion  205 

3.1 PNSB growth on individual and combined VFAs under varying light and oxygen 206 

conditions 207 

The biomass yields and specific growth rates of PNSB under different conditions 208 

were shown in Figure 1. The biomass yields were between 0.57-1.08 g biomass g-1 209 

CODremoved. The individual and combined VFAs had no noticeable effect on the biomass 210 

yield (P >0.05), as observed for all light and oxygen conditions. Previous studies 211 

reported that the yield of Rb. sphaeroides in the fermentation medium loaded with 212 

VFAs was close to 1 g biomass g-1 CODremoved (Puyol et al., 2017), which was 213 

comparable to the values of this study. The average biomass yield in natural light 214 

microaerobic cultivations was roughly 1.1 times of that in light anaerobic cultivations 215 

and 1.7 times of that in dark aerobic cultivations. The maximum biomass yield 216 

exceeding 1 g biomass g-1 CODremoved under natural light microaerobic condition was 217 

possibly due to photo-assimilation of a highly reduced electron donor (i.e., propionate 218 
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and butyrate) along with CO2 to compensate for excess reducing power (Barber and 219 

Andersson, 1992). Similarly, Yang et al. (2018) observed that the optimal PNSB 220 

biomass of 470 mg VSS L-1 were acquired under natural light aerobic condition. The 221 

light assimilation that converting CO2 to COD under light conditions and the increased 222 

COD oxidation to CO2 under aerobic conditions might explain the above-mentioned 223 

discrepancy in terms of PNSB biomass yields (Nakajima et al., 1997).  224 

Different from the observations on the biomass yield, VFAs exerted a pronounced 225 

effect on the specific growth rate of PNSB. In each light and oxygen condition, the 226 

change of the specific growth rate upon VFAs followed a similar trend. The specific 227 

growth rates in groups fed on acetate and VFA mixtures were 1.1-1.5 times higher than 228 

those fed on butyrate and propionate. Similar observation was made by Alloul et al. 229 

(2019) that the VFA mixtures increased the specific growth rate of PNSB by a factor of 230 

1.1 to 2.5 times compared to the individual VFA. The variation of light and oxygen 231 

conditions led to alteration of specific growth rates as well. The average specific growth 232 

rate under natural light microaerobic condition was comparable to that under dark 233 

aerobic condition, but 1.4 times higher than that under light anaerobic condition. Our 234 

results are in line with literatures (Alloul et al., 2021), jointly demonstrating that aerobic 235 

condition was more conducive to rapid growth of PNSB than anaerobic condition. The 236 

maximum specific growth rate of 0.71 d-1 was attained in the groups fed on VFA 237 

mixtures under natural light microaerobic condition, resulting in a doubling time of ~1 238 

d. Hence, it can be envisioned that Rb. sphaeroides could be dominant over slow-239 

growing microbes in a real wastewater environment in condition that proper light, 240 
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oxygen and VFAs were provided to shorten its doubling time. 241 

The specific growth rate is a function of substrate uptake rate, biomass yield and 242 

maintenance rate (Rombouts et al., 2018). Higher specific growth rate can be achieved 243 

by maximizing growth substrate utilization and biomass yield. Comparable yield in this 244 

study denoted that PNSB had a similar synthesis efficiency of varying VFAs. 245 

Consequently, the higher specific growth rates on acetate and mixed VFAs were 246 

attributed to a higher COD uptake rate by PNSB. To further validate this, a statistical 247 

analysis of the data was performed to investigate COD degradation kinetics (details in 248 

Supplementary Information S2). Table S2 concluded the first-order rate constants k of 249 

COD degradation with R2 above 0.94 under different VFAs, light and oxygen 250 

conditions. The higher uptake rate of PNSB growth substrate was demonstrated by the 251 

higher COD removal of 79% and greater k value of 0.289 attained in the group fed on 252 

acetate under natural light microaerobic condition (Figure S1 and Table S2). Pollutants 253 

were adequately mineralized and utilized via respiration for the production of biomass 254 

under aerobic conditions. In contrast, the  electronic acceptor was the fermentation 255 

product rather than oxygen under light anaerobic condition, resulting in incomplete 256 

mineralization of the original organics (Lu et al., 2020). Natural light microaerobic 257 

condition combined the advantages of both oxygen and light metabolisms, where partial 258 

energy derives from chemical catabolism and part from light. Hence, PNSB grow faster 259 

under natural light microaerobic condition. 260 
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 261 

Figure 1. Biomass yield (left y-axis) and specific growth rate (right y-axis) on individual VFA and 262 

combined VFAs under varying light and oxygen conditions. Error bars show standard errors. 263 

3.2 Value-added substances productivity on individual and combined VFAs under 264 

varying light and oxygen conditions 265 

Figure 2 presented an overview of protein content in a histogram and a heat map 266 

under varying VFAs, light and oxygen conditions. The protein content under each light 267 

and oxygen condition was lowest when using butyrate as carbon source, averaging 484 268 

mg g-1 DCW. Under all light and oxygen conditions, the protein content was enhanced 269 

by feeding acetate and VFA mixtures, while there was no substantial difference (P <0.05) 270 

between the protein contents fed on the two. The enhancement was most notably under 271 

natural light microaerobic conditions, reaching 605 mg g-1 DCW for acetate and 609 272 

mg g-1 DCW for VFA mixtures, both of which accounted for over 60% of the PNSB 273 

cells. Protein content in PNSB was also greatly affected by light and oxygen conditions 274 

(P <0.05). The average protein content with feedings of all four VFAs conditions under 275 

dark aerobic condition (523 mg g-1 DCW) was remarkably higher than that under light 276 
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anaerobic condition (492 mg g-1 DCW), yet lower than that under natural light 277 

microaerobic condition (568 mg g-1 DCW). From the heatmap of Figure 2b, it was 278 

evident that PNSB grown on acetate or VFA mixtures under natural light microaerobic 279 

condition were preferable for protein production. Our results were supported by 280 

previous work (Lu et al., 2011), which investigated macromolecule protein removal by 281 

Rhodopseudomonas sphaeroides under different light and oxygen conditions and 282 

concluded that an elevated protein removal was obtained under aerobic condition rather 283 

than light anaerobic condition.  284 

 The CoQ10 was also investigated as value-added product (Figure 3). The 285 

variation of light, oxygen and VFAs conditions evidently affected the CoQ10 286 

production by PNSB, with a P-value of 0.001 according to ANOVA analysis. Cells use 287 

mRNA as a template to synthesize protein, while the microbial anabolic process of 288 

CoQ10 includes the shikimate pathway and the synthesis of polyisoprene 289 

pyrophosphate and quinone ring core (Clarke, 2000). Although the synthesis 290 

mechanisms of protein and CoQ10 were distinct, a similar trend in their content 291 

changing with VFAs, light and oxygen was observed. The CoQ10 content in this study 292 

ranged from 7.59 to 13.21 mg g-1 DCW. PNSB grown on VFA mixtures achieved higher 293 

average CoQ10 content than that on individual VFA. This discrepancy is likely to be 294 

related to the cell metabolism efficiency, which would be further discussed in section 295 

3.3 and 3.4. CoQ10 production (average values) under natural light microaerobic 296 

condition were 1.4 and 1.2 times higher than that under light anaerobic condition and 297 

dark aerobic condition, respectively. The highest CoQ10 content, 13.21 mg g-1 DCW, 298 
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was achieved in the group fed on VFA mixtures under natural light microaerobic 299 

condition (Figure 3b), which exceeded the reported range of CoQ10 content in PNSB 300 

(6.34-12.96 mg g-1 DCW) (Zhi et al., 2020). The comparatively high CoQ10 content is 301 

of great benefit due to its high market value (1100 US$ kg-1) (Zhi et al., 2019). Generally, 302 

PNSB grown on acetate or VFA mixtures under natural light microaerobic condition 303 

could yield more protein and CoQ10.  304 

 305 

Figure 2. Overview of protein on individual and combined VFAs under varying light and oxygen 306 

conditions. Error bars show standard errors. (a) protein content in a histogram and (b) relative 307 

protein content in a heatmap. The value of protein content was standardized to make them in the 308 

same magnitude in the heat map. The greater Z-score represents the high level of relative protein 309 

content. 310 

 311 
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 312 

Figure 3. CoQ10 content on individual VFA and combined VFAs under varying light and oxygen 313 

conditions. Error bars show standard errors. (a) CoQ10 content in a histogram and (b) relative 314 

CoQ10 content in a heat map. 315 

3.3 VFAs uptake profile under natural light microaerobic condition 316 

The individual consumption profiles of acetate, propionate and butyrate by PNSB 317 

under natural light microaerobic condition were presented in Figure 4a. The initial 318 

concentrations (measured by GC) of acetate, propionate and butyrate were 1075, 1069 319 

and 1067 mg COD L-1, respectively, which slightly differed from theoretical values 320 

possibly attributing to measurement errors. Acetate was depleted within 3 days, while 321 

propionate and butyrate were slowly consumed with the residual concentrations of 224 322 

and 288 mg COD L-1 on the 6th day, respectively. The specific uptake rates of acetate, 323 

propionate and butyrate were 0.76, 0.27 and 0.21 g COD g-1 DCW d-1, respectively. A 324 

similar observation was reported that the acetate uptake rate by PNSB was 1.5 and 1.8 325 

times higher than that of propionate and butyrate, respectively (Lemos et al., 2006). In 326 

terms of PNSB metabolic pathways, acetate was directly converted to acetyl-CoA, a 327 

prominent precursor for cell metabolism, while the conversions of propionate and 328 
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butyrate to acetyl-CoA needed additional steps. As to propionate, it was transformed to 329 

propionyl-CoA, and portion of propionyl-CoA was decarboxylated to acetyl-CoA. 330 

Butyrate must undergo a higher number of conversions that oxidized to butyryl-CoA 331 

firstly, acetoacetyl-CoA secondly, then cleavage to acetyl-CoA (Choorit et al., 2011). 332 

This accounts for the slower consumption rate of propionate and butyrate compared to 333 

acetate. The quicker utilization of acetate also explained the higher specific growth rate 334 

of PNSB on acetate than propionate and butyrate.  335 

The dynamic profiles and specific uptake rate of co-existing acetate, propionate 336 

and butyrate under natural light microaerobic condition were shown in Figure 4b. With 337 

the feeding of  mixed VFAs, propionate was converted more quickly, followed by 338 

acetate and then butyrate. The specific uptake rates of propionate (0.75 g COD g-1 DCW 339 

d-1) and butyrate (0.25 g COD g-1 DCW d-1) with the feeding of mixed VFAs were 2.7 340 

and 1.3 times higher than those fed on individual VFAs, respectively. In contrast, the 341 

specific uptake rate of acetate here (0.48 g COD g-1 DCW d-1) was much lower than 342 

that fed on acetate individually (0.75 g COD g-1 DCW d-1). This might result from the 343 

competitive relationship between the substrates (Wang et al., 2018). With feeding of 344 

mixed VFAs, acetate as a co-substrate could provide more acetyl-CoA for conversion 345 

of propionate and butyrate, thus promoting the metabolic efficiency of PNSB cells 346 

(Fradinho et al., 2014). The existence of co-substrates also induces quicker growth and 347 

faster carbon source removal. The higher biomass growth, protein and CoQ10 content 348 

obtained in the presence of individual acetate (Figure 1-3) might be attributed to the 349 

higher individual acetate uptake (Figure 4a). Similarly, the VFA mixtures as the optimal 350 
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substrate for PNSB-based resource recovery might be associated with the promoting 351 

effect of acetate as a co-substrate (Figure 4b). It should be noted that CO2 fixation was 352 

considered as the dominant redox homeostasis mechanism in PNSB, where the more 353 

reduced VFA require more CO2 supplement as the electron sink (Segura et al., 2021). 354 

Experiments have proved that 10 mM of propionate or 15 mM of butyrate as the sole 355 

carbon source would be completely assimilated in the presence of 3 mM bicarbonate, 356 

while VFA mixtures would largely reduce the bicarbonate requirement (Segura et al., 357 

2021).  The level of bicarbonate in the Imhoff medium  (around 3.6 mM) of this study 358 

was adequate to maintain the redox balance in any investigated conditions. 359 

 360 

Figure 4. The consumption of individual VFA and a mixed VFAs under natural light microaerobic 361 

condition. (a) individual VFA consumption profile, (b) combined VFAs consumption profile. Error 362 

bars show standard errors. 363 

3.4 Determination of key enzymes in metabolic pathways of PNSB 364 

The activities of key enzymes in the energy metabolism and biomass synthesis 365 

pathways of PNSB were related to the accumulation of intracellular components in Rb. 366 

sphaeroides (Govindjee and Krogmann, 2005). To elucidate the mechanism, the impact 367 
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of light and oxygen conditions on key enzymes with acetate as the carbon source was 368 

shown in Figure 5a, c & e, while enzyme response to varying VFAs as carbon sources 369 

under natural light microaerobic condition was depicted in Figure 5b, d & f.  370 

SDH was a crucial electron transporter of tricarboxylic acid cycle (TCA cycle) in 371 

the respiratory energy metabolic pathway (Gutman et al., 1971). Compared to light 372 

anaerobic condition, SDH activity under natural light microaerobic and dark aerobic 373 

conditions increased by 62% and 54%, respectively (Figure 5a). The presence of DO 374 

facilitated SDH activity, but higher DO would potentially inhibit the expression of SDH 375 

subunits (Hancock et al., 2016). The higher SDH activity under natural light 376 

microaerobic condition might also be attributed to light-dark cycles. It was reported 377 

that exposure of Rhodopseudomonas to an appropriate light-dark cycle, as opposed to 378 

consecutive illumination, enhanced biomass production (Zhi et al., 2019). The SDH 379 

activity in groups fed on acetate and VFA mixtures were 1.2-1.4 times higher than those 380 

fed on propionate and butyrate (Figure 5b). As described in Section 3.3, higher specific 381 

uptake rate was achieved in the group fed on acetate, which accelerated electronic 382 

delivery of oxidative phosphorylation process, thus resulting in higher SDH activity. 383 

Photosynthetic electron transporter bacteriochlorophyll and carotenoid were key 384 

enzymes in the photosynthetic energy metabolic pathway (Jones et al., 1990). The total 385 

photo-pigment content under light anaerobic condition were 16.41 mg g-1 DCW 386 

composing of ~38% carotenoid and ~62 % bacteriochlorophyll, which was 1.4 times 387 

higher than that under dark aerobic condition (Figure 5c). This might be due to the fact 388 

that photo-pigment synthesis ultimately ceased in the complete darkness (Koku et al., 389 
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2002). Light was known to regulate the expression of photosynthetic genes (bchF, bchC, 390 

bchE, crtA) that controlled the synthesis of carotenoid and bacteriochlorophyll and 391 

suitable light and oxygen showed a facilitative effect on photo-pigment synthesis (Juri 392 

et al., 2013). Similar to the trend observed in PNSB growth (Figure 1) and value-added 393 

products (Figure 2&3), the groups fed on acetate and VFA mixtures achieved photo-394 

pigment content of 15.53 and 15.86 mg g-1 DCW, respectively, which were higher than 395 

those fed on butyrate and propionate (Figure 5d). Photo pigments is intracellular 396 

substances of PNSB, positively correlated to PNSB biomass (Bauer, 2006). Therefore, 397 

acetate and mixed VFAs were more conducive to PNSB growth, resulting in increased 398 

photo pigments. Acetate was utilized more quickly than butyrate by PNSB for photo-399 

pigment production, with 5% and 60% remaining on day 4, respectively (Figure 4a). 400 

Studies showed that acetate as a carbon source significantly increased the growth rate 401 

and cell yield of Spirulina and almost doubled the pigment content (Judd et al., 2015). 402 

PNSB generate more reduced electron carriers than requirement for cell synthesis 403 

under photoheterotrophic conditions. To maintain redox homeostasis PNSB mostly 404 

depend on the Calvin cycle to oxidize these excess reduced equivalents (Bayon-Vicente 405 

et al., 2021; McCully et al., 2020). FBP was a key enzyme to supply NADPH and 406 

catalysed a rate-limiting step in Calvin cycle of phototrophic bacteria (Tang et al., 407 

2011).  408 

FBP activity in light anaerobic cultivation was 49% and 18% lower than that in natural 409 

light microaerobic and dark aerobic cultivation, respectively (Figure 5e). The highest 410 

activity of FBP, 1789.81 U g-1 DCW, was achieved under natural light microaerobic 411 
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conditions. The higher FBP activity of 1789.81 and 1837.89 U g-1 DCW were attained 412 

in groups fed on acetate and VFA mixtures, respectively (Figure 5f). In line with our 413 

findings, Peng and Shimizu (2003) evaluated the FBP activity discrepancies in groups 414 

fed on glucose, acetate and glycerol and higher FBP activity was observed when acetate 415 

served as the carbon source, indicating that VFAs were desirable growth substrates. It 416 

was also found that the specific growth rate was closely associated with the 417 

heterologous expression of bacterial FBP (Xu et al., 2014). As the reduced VFAs were 418 

supplied as the carbon source for PNSB growth in this study, a more active Calvin cycle 419 

was required (Segura et al., 2021). Higher functional enzyme activity led to higher 420 

biomass growth as well as protein and CoQ10 content (Gutman et al., 1971). Our results 421 

displayed a consistency between the responses of key enzymes and the changes of 422 

PNSB biomass and value-added products upon varying VFAs, light and oxygen 423 

conditions.  424 

As shown in Figure S2 in supplementary information S3, under aerobic condition, 425 

electrons are transferred from NADH via CoQ or cytochrome C2 oxidase to the ultimate 426 

acceptor O2 for driving ATP synthesis. Under light anaerobic condition, photo-427 

phosphorylation is the main pathway for the synthesis of ATP. Catabolic pathways that 428 

generated more ATPs per unit substrate at similar anabolic efficiencies resulted in a 429 

higher yield (Rombouts et al., 2018). The highest SDH activity was obtained under 430 

natural light microaerobic condition (Figure 5a), where respiration was more active and 431 

oxidative phosphorylation occupies a leading role, producing amounts of ATPs for 432 

PNSB growth. The ATP was also required for the synthesis of intracellular protein and 433 
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CoQ10 (Zhou et al., 2014). As shown in Figure S2, energy for PNSB growth was mainly 434 

generated by the degradation of VFAs through the TCA cycle and electron transport 435 

chain. SDH connects the TCA cycle and respiratory chain. PNSB grown on acetate 436 

gained higher enzyme activity and thus resulted in more active TCA cycle, promoting 437 

the reaction of oxidized phosphorylation on the electron transfer chain to synthesize a 438 

large number of ATPs for biomass growth. The superiority of acetate over other 439 

individual VFAs was because that acetyl-CoA guided acetate directly to major 440 

metabolic pathways (Fradinho et al., 2014). Unlike SDH activity, the highest photo-441 

pigment content was achieved under light anaerobic conditions. As presented in Figure 442 

S2, PNSB were able to utilize light to synthesize ATP. The presence of oxygen could 443 

destroy photosynthetic cytochromes, resulting in damage of the inner membrane of the 444 

photosynthetic system, which in turn weakened the energy metabolic pathway of 445 

photophosphorylation (Forti et al., 2006). Light intensity and photoperiod are essential 446 

factors affecting pigment production (Zhou et al., 2014). The content of photo pigments 447 

determined the energy harvested by PNSB, which influenced biomass growth. 448 

According to previous work (Schagerl and Müller, 2006), carotenoid and 449 

bacteriochlorophyll served as photo-harvesters under low light condition and became 450 

photo-protector when exposed to intense light. Consistent with our results, it has been 451 

reported that exposure of Rhodopseudomonas to proper light/dark cycles enhanced 452 

photo-pigment production and PNSB growth (Zhi et al., 2019). Furthermore, the similar 453 

trends of FBP activities, VFA consumption and protein content upon varying VFAs, 454 

light and oxygen in this study confirmed that oxidation of excess reductant not used in 455 
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PNSB biomass synthesis was coupled to CO2 fixation in Calvin cycle (McCully et al., 456 

2020). To sum up, light, oxygen and VFAs are essential factors affecting the production 457 

of biomass, protein and CoQ10 by Rb. sphaeroides via regulation of the key enzymes 458 

in the energy metabolism and biomass synthesis. 459 

 460 

Figure 5. The effect of varying VFAs, light and oxygen conditions on the activities of succinate 461 

dehydrogenase (SDH), photo pigments and Fructose-1,6-bisphosphatase (FBP). The effect of light 462 

and oxygen on SDH activity (a), carotenoid and bacteriochlorophyll activity (c), FBP activity (e), 463 

with acetate as the carbon source and the effect of varying VFAs on SDH activity (b), carotenoid 464 

and bacteriochlorophyll activity (d), FBP activity (f) under natural light microaerobic condition. 465 

Error bars show standard errors. 466 

 467 

4. Conclusions 468 
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This study investigated the effect of VFA, light and oxygen on PNSB growth with 469 

the main conclusions listed below: 470 

l The highest biomass yield and specific growth rate was 1.08 g biomass g-1 471 

CODremoved with feeding of VFA mixtures and 0.71 d-1 with feeding of acetate, 472 

respectively under natural light microaerobic condition.  473 

l Natural light microaerobic condition and acetate/ VFA mixtures as carbon 474 

source were also more conducive to protein (up to 609 mg g-1 DCW) and 475 

CoQ10 accumulation (13.21 mg g-1 DCW).  476 

l Individual acetate was consumed by PNSB most quickly with a specific 477 

uptake rate of 0.76 g COD g-1 DCW d-1, while the co-substrate acetate 478 

enhanced uptake rates of propionate and butyrate.  479 

l The activity profiles of SDH, FBP, carotenoid and bacteriochlorophyll were 480 

in line with those of PNSB biomass, confirming that light, oxygen and VFAs 481 

altered PNSB growth via regulation of the key enzymes in the energy 482 

metabolism and biomass synthesis. 483 

 484 
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