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Biomanufacturing with broad applications in various industries is projected to reach a market value of ~30 trillion 

USD by 2030, accounting for more than one third of the global manufacturing output. Future biomanufacturing of 

industrial products will use novel synthetic biology tools and advanced bioprocesses to convert abundant biomass and 

waste resources into value-added products with comparable or superior properties to replace current petroleum-based 

products, thus enabling circular bioeconomy with affordable energy, economic growth, and innovation in renewable 

energy and chemicals production. However, biomanufacturing faces many challenges in its development that requires 

fundamental research in synthetic biology and novel bioprocesses involving multidisciplinary teams and academic-

industry partnerships. In particular, aging and lifespan of microbial cells have been largely overlooked in industrial 

fermentation. Only recently have microbiologists realized that many microorganisms including yeasts (e.g., 

Saccharomyces cerevisiae) and bacteria (e.g., Escherichia coli) have chronological and replicative life spans which 

dramatically impact cell viability and longevity. In this article, we will give our perspective on how synthetic biology 

may contribute to overcoming some challenges facing industrial biotechnology for fuels and chemicals production from 

renewable sources, highlighting the importance of understanding and regulating microorganism’s lifespan and aging. 

1. Challenges in Industrial Fermentation 

Industrial fermentation has long been used to produce various bioproducts, including ethanol, butanol, citric acid, 

lactic acid, lysine, xanthan gum, and antibiotics, etc. that cannot be economically produced by chemical synthesis. 

Recent advances in synthetic biology and metabolic engineering have enabled the biosynthesis of almost all kinds of 

chemicals and materials that are used in our daily life from renewable resources including plant biomass, agricultural 

residues, food wastes, municipal solid wastes, and industrial wastes. However, bioproduction of industrial products, 

including fuels and chemicals, generally cannot compete with products derived from petrochemical routes because 

conventional fermentation processes are limited by relatively low product titer, yield, and productivity which result in 

high capital, operating, and product costs. To overcome these limitations, extensive research and development efforts 

have focused on developing novel microbial strains and bioprocesses. 

Industrial production of chemicals and fuels in microbial fermentation is often limited by low product titer, 

productivity or rate, and yield (TRY), poor process stability, short production duration (longevity). Understanding genes 

and process factors affecting microbial lifespan and aging, which have dramatic impacts on cell viability, process 

performance (TRY), and longevity in industrial fermentation but has been largely overlooked. Few microbial strains of 

industrial interest have been evaluated under different culture and stress conditions to study their effects on 

growth/fermentation kinetics and culture stability/longevity. Through population and transcriptomics analyses, 

genes/enzymes contributing to culture heterogeneity, production variability, and limited production duration or 

longevity can be identified. Then, synthetic biology tools including gene circuits and CRISPR genome engineering can 

https://doi.org/10.1016/j.arabjc.2017.05.011


Synthetic Biology and Engineering 2023, 1, 10019 2 of 7 

 

 

be used to engineer strains with prolonged lifespan and mediated aging via reduced sensitivity to environmental stress. 

In general, microbial strains with increased lifespan or mitigated aging will be more productive for a longer duration in 

industrial fermentation. Such strains can be developed through the design-build-test-learn (DBTL) cycle and used in 

advanced continuous fermentation process with in-situ product recovery, achieving at least 50% improvements in TRY 

for a continuous production duration of >6 months. With lifespan engineered strains, integrated bioprocesses including 

feedstock pretreatment, enzymatic hydrolysis, fermentation with in-situ product separation, and product purification 

can be optimized with intelligent process control in future biomanufacturing. 

2. Microbial Lifespan and Aging 

Most bacteria typically produce two apparently (morphologically) identical cells by binary division and are 

considered to be nonsenescent. The aging process was believed to be specific to eukaryotes until 2004 when the signs 

of replicative aging in Caulobacter crescentus were demonstrated [1]. It was then reported that E. coli cells divided 

symmetrically in morphology were functionally asymmetric [2]. Usually, one daughter cell inherited most or all of the 

damaging materials such as the condensed chromosome, protein aggregates, and harmful metabolites (e.g., reactive 

oxygen species, ROS), which decelerated growth rate, decreased offspring production, and increased probability of 

death [3]. These damages to cells could be produced under external stress as well as normal cellular physiological 

conditions [3,4], and would be kept in the mother cell in asymmetric division (S. cerevisiae) or be inherited by only one 

of the progeny cells in symmetric division (E. coli), to minimize damage impacts on descendant [3,5]. 

Microbial cell aging, one of the most fundamental but largely unexplored cellular process, involves progressive 

changes in morphology and function that disturb cell homeostasis, increase death probability, and shorten lifespan, 

which can be classified into replicative lifespan (RLS), defined by “the number of daughter cells produced before aging,” 

and chronological lifespan (CLS), defined as “the length of time that cells in stationary phase remain viable” [6]. Recent 

studies have identified genes associated with CLS and RLS in S. cerevisiae and E. coli. Modulating CLS and RLS to 

regulate the physiological state of cells, including cell size, morphology, vitality, and stress tolerance, has recently been 

demonstrated as an effective strategy to increase chemicals (metabolites) production in E. coli [6] and wine making by 

yeast [7]. Since aging is associated with oxidative stress, manipulating genes associated with stress response pathways 

can effectively modulate microbial lifespan and increase cell viability and metabolite production. 

3. Controlling Microbial Lifespan Can Greatly Improve Fermentation Performance 

The microbial lifespan or aging would have major impacts on fermentation process performance metrics—product 

titer, production rate and product yield (TRY), especially for continuous fermentation with recycled or immobilized 

cells for extended operation at high cell density and productivity. As examples, we will briefly discuss the importance 

of engineering the lifespan-associated genes in several non-model microorganisms—Propionibacterium 

acidipropionici, Aureobasidium pullulans, and Clostridium acetobutylicum, for chemicals and fuels production from 

industrial wastes and lignocellulosic biomass, the most abundant renewable organic resource available on earth. Figure 

1 shows three bioprocess flowsheets for the production of propionate [8], malic acid [9], and butanol [10,11] from 

corn/wheat flour, food processing wastes (e.g., soy molasses), and lignocellulosic biomass (e.g., corn stover) by P. 

acidipropionici, A. pullulans, and Clostridium tyrobutyricum, respectively, that are currently under scale up 

development for commercial applications. 
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Figure 1. Process flowsheets for calcium propionate, malic acid, and butanol production from biobased feedstocks. 

One common feature in these bioprocesses is using cell recycling or immobilization to achieve high cell density in 

(semi-) continuous fermentation to increase volumetric productivity by 5- to 10-fold [12,13]. Such process 

intensification can greatly improve process economics by reducing both capital (CPEX) and operating expenses (OPEX) 

and make biomanufacturing economically attractive to compete with chemical synthesis currently used in the petroleum 

refinery industry. Process intensification via cell recycling or immobilization to achieve high cell density and high 

volumetric productivity in continuous or semi-continuous (sequential batch/fed-batch) fermentation requires deep 

understanding of and controlling microbial lifespan and aging effects on the bioprocess. Understanding microbial 

lifespan and mitigating aging effects on fermentation performance and culture longevity are thus of parament 

importance to future industrial fermentation for chemicals production. 

Propionic acid (PA) is a specialty chemical widely used in various industries, including uses as preservatives in 

grains and food products and in manufacturing cellulose acetate propionate [14]. PA fermentation usually suffers from 

low TRY due to strong PA inhibition and coproduction of acetate and succinate, making biobased PA difficult to 

compete with its counterpart produced in petrochemical processes. Increasing fermentation TRY by elevating viable 

cell density and removing PA in situ to alleviate product inhibition has thus been the focus of recent research [15]. To 

achieve high density of active cells in fermentation, cell recycling, retention, and/or immobilization have been proven 

to be efficient. For example, cell retention using an in-situ spin filter or cell recycling via an external ultrafiltration unit 

have been used to increase cell density and reactor productivity in continuous fermentation processes, achieving a high 

productivity of 14.3 g/L∙h [16]. However, continuous PA fermentation usually suffers from poor process stability with 

declining productivity due to cell aging and degeneration and low product concentrations, which greatly increases 

product recovery costs. The high CPEX and OPEX for continuous cell recycling or retention with membrane filtration 

limit their application. On the other hand, repeated or sequential batch (SB) with cell recycling by centrifugation is 

relatively simple to operate for high cell density (HCD) fermentation, achieving high final PA titer 25–50 g/L, yield 

0.4–0.6 g/g and productivity 0.3–1.4 g/L·h [17]. PA fermentation operated in sequential batch with cell recycling via 

centrifugation from our earlier lab-scale study showed greatly increased PA production in TRY due to increased viable 

cell density [12]. However, when we scaled up the fed-batch PA fermentation to industrial scale (120,000 L), the 

fermentation time more than doubled although PA yield and titer could be maintained (unpublished data). To reduce 

the fermentation time and increase PA productivity in the HCD fermentation process, it is necessary to understand and 

control cell viability and lifespan and aging in the process. 

Polymalic acid (PMA) is a hydrophilic biopolymer with potential applications as a drug carrier [18]. Its monomer 

malic acid (MA) is a dicarboxylic acid widely used in food and beverage industries and can be readily converted to 
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maleic anhydride, a platform chemical. Malic acid production via PMA fermentation by the black yeast A. pullulans 

offers a novel and economically attractive solution to the disposal (utilization) of currently underutilized food processing 

wastes such as soy molasses [9]. Despite extensive research and development efforts, the bioproduction of MA by MA-

overproducing microbes has not been commercialized because of the high energy cost and difficulty in separating MA 

from citric, fumaric, and succinic acids co-produced in the fermentation [19]. We have developed an economical and 

sustainable fermentation process for production of PMA and MA from low-cost lignocellulosic biomass (e.g., soybean 

hull) and food processing wastes (e.g., soy molasses) [9]. PMA produced as an extracellular polyester (Mw: 10–200 

kDa) by the black yeast can be concentrated via ultrafiltration and separated with alcohol precipitation. This process 

can avoid contamination by other acids and thus offers an advantageous alternative to MA fermentation [19]. Recently, 

we have engineered A. pullulans to overexpress heterologous pyruvate carboxylase (PYC) and malate dehydrogenase 

(MDH). The engineered A. pullulans produced PMA at a high titer of 96.7 g/L, high volumetric productivity of 0.90 

g/L∙h, and high product yield of 0.68 g/g glucose in fed-batch fermentation [20]. In SB fermentations with cell recycling, 

cell density and productivity increased with subsequent batches. Also, PMA production was decoupled from cell growth 

and continued in the stationary phase, which resulted in higher product yield since little carbon source would be used 

for cell biomass. However, further feeding glucose showed dramatically slowed PMA production probably due to aging. 

It is thus of interest to find out if and how CLS can be modulated in A. aureobasidium to extend the production duration 

for the sequential batch fermentation process. 

Butanol, a widely used industrial solvent, can be used as an advanced biofuel with superior fuel properties 

compared to ethanol [21]. Butanol can also be catalytically dehydrated to butene and upgraded to C8–C12 hydrocarbon 

for use as sustainable aviation fuel (SAF). Industrial production of N-butanol by acetone-butanol-ethanol (ABE) 

fermentation and isobutanol by genetically engineered yeasts from corn starch or dextrose is limited by their low yield, 

productivity, and high feedstock costs. Consequently, biobutanol produced at a cost of ~$4.5/gal by existing 

fermentation processes is too expensive for fuel application and not competitive with petroleum-derived butanol even 

in the higher-value chemical market. To reduce the biobutanol production cost, we must increase butanol yield to >0.3 

g/g, titer to >18 g/L, and productivity to >2 g/L·h. We developed a continuous butanol fermentation process with 

asporogenous C. acetobutylicum ATCC 55025 immobilized in a fibrous bed bioreactor (FBB), which gave a high cell 

density and productivity of ~16.8 g/L·h, which was 50-fold higher compared to conventional batchwise ABE 

fermentation [13]. However, the continuous fermentation with C. acetobutylicum showed instability and butanol 

production declined continuously after 400 h (see Figure 2) due to sporulation and degeneration or aging. Under stress, 

solventogenic clostridia sporulate and halt metabolism (thus lost solvent production). We could reprogram clostridia 

with histidine kinase (HK, Cac3319) knockout to eliminate sporulation and maintain solvent production [22]. However, 

we also observed productivity loss over time in sequential batch fermentation with the HK knockout strain of C. 

acetobutylicum and the rarely sporulating C. tyrobutyricum engineered for butanol production [23,24]. It is clear that 

sporulation is not the only cause for productivity loss in clostridia fermentation. We hypothesize that aging is a critical 

cellular process controlling clostridia lifespan under both stress and normal culture conditions. It is likely that both 

sporulation and aging are regulated by interacting genetic networks that have never been explored before. To unlock 

the full potential of Clostridium for use in industrial fermentation, it will require deep understanding of clostridia life 

cycle including growth, aging, and sporulation at the systems level [25–27]. 

In summary, engineering genes modulating lifespan/aging in microbes is important for industrial fermentation with 

high productivity, stability and longevity suitable for biomanufacturing. Currently, PA, MA, and butanol are mainly 

produced from petroleum resources via catalytic reactions. The clean energy goal, high oil prices, and consumer 

demands for biobased natural chemical products have drawn a great interest towards producing these chemicals from 

renewable biomass feedstocks. To develop novel integrated bioprocesses with engineered microbes empowered by a 

deep understanding of microbial lifespan or longevity as affected by culture conditions and its impacts on fermentation 

performance is thus of a high priority in circular bioeconomy. To achieve the goal, synthetic biology tools can and must 

be used effectively to design and construct novel microorganisms, including bacteria and yeasts, with modulated 

lifespan for desirable outcomes [28]. 
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Figure 2. Continuous ABE fermentation with C. acetobutylicum ATCC55025 immobilized in FBB fed with medium containing 60 

g/L glucose and 5 g/L butyric acid at the dilution rate of 1.88 h−1. Butanol production declined continuously after ~400 h due to 

culture degeneration or cell aging with reduced vitality (productivity). 
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