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ABSTRACT: Biobutanol is a promising candidate for replacing fossil fuels due to its superior properties compared to ethanol.
Solventogenic clostridia can naturally produce biobutanol among other valuable chemicals. Lignocellulosic material stands out as
a promising source for biobutanol production, avoiding competition with food production and making use of residues from both
agroindustry and forestry activities. However, Clostridium strains are subject to different chemical stressors, including oxygen, self-
product inhibition, inhibitors generated during biomass pretreatment and hydrolysis, and others. Recent advances in genetic
engineering tools have enabled the metabolic engineering of Clostridium strains to increase their robustness and tolerance to these
stressors. This review provides a summary of the various types of inhibitors, the genetic mechanisms related to tolerance, and recent
strain engineering efforts for tolerance enhancement. In addition, we offer a valuable perspective on the future research directions
in this area.

Keywords: Clostridium, Butanol production, Tolerance, Inhibitors, Metabolic engineering, CRISPR

© 2024 The authors. This is an open access article under the Creative Commons Attribution 4.0 International
BY License (https://creativecommons.org/licenses/by/4.0/).

1. Introduction

Although ethanol is currently blended with commercial gasoline in many countries worldwide and is produced
from various renewable resources, intrinsic physiochemical properties make n-butanol (butanol hereafter) more suitable
than ethanol for use in motor engines due to its energy content (which is comparable to gasoline), lower corrosiveness,
and safer management [1]. As a result, butanol is one of the most promising alternatives to ethanol as a fuel blendstock
for transportation. Biobutanol could be produced from renewable lignocellulosic biomass resources through the well-
known acetone-butanol-ethanol (ABE) fermentation. However, the renewable biobutanol production process still faces
various challenges. In particular, the production of butanol and other biochemicals is limited by microbe intolerance to
butanol itself and the combined effects with other endproducts. In addition, tolerance to by-products of the biomass
hydrolysis process is especially significant for biorefinery purposes when lignocellulosic biomass is used as the
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feedstock. Recent developments in genetic tools have enabled the engineering of some Clostridium species to mitigate
some of the limitations and improve butanol production.

This study provides a comprehensive perspective on strain tolerance related to general chemical stresses,
considering the oxygen stress (butanol-producing clostridia are strictly anaerobic), fermentation endproducts, as well
as the inhibitors from lignocellulosic biomass processing, with a special focus on butanol production and improvement
through metabolic engineering approaches. Unlike other studies that focus on the single inhibition effect of inhibitors
[1-5], we classify inhibition mechanisms according to specific types of cell stress, such as self-product inhibition,
oxidative stress, and other chemical stresses. We also summarize a state-of-the-art and our own perspective on recent
advances in the chemical tolerance of Clostridium strains and other microorganisms for biomanufacturing broadly.

2. Types of Inhibitors

2.1. Fatty Acids as Inhibitors

Figure 1 depicts the primary metabolic pathways for ABE production in solventogenic clostridia. During the first
stage of fermentation, namely acidogenesis, the sugars are quickly converted into acetic and butyric acids with rapid
cell growth. High concentrations of acids can lead to an early stop of a fermentation if uncontrolled fermentations reach
pH lower than ~5. This phenomenon is called “acid crash” [6]. Although fatty acids (acetate and butyrate) are
intermediates during ABE fermentation which are usually re-assimilated for solvent production in the late stage [7,8],
the high concentrations of acids are highly inhibitory and lead to cell death. If the cells can accomplish metabolic switch
from acetogenesis to solventogenesis successfully before pH reaches too low, or an appropriate pH control strategy is
implemented, “acid crash” can usually be avoided.

Acetate production and tolerance has been extensively studied in acetogenic clostridia, such as C. ljungdahlii, C.
autoethanogenum, C. ragsdalei, C. coskatii [9], C. thermoaceticum, C. thermoautotrophicum [7,10], C. drakei, C.
scatologenes, & C. carboxidivorans [11]. Acetogenic Clostridium can convert syngas (CO, CO,/Hy) into acetate (and/or
ethanol) through the Wood-L jungdahl pathway, which has attracted tremendous attention recently [9]. Although those
species are not solventogenic, they closely resemble and share some metabolic pathways with solventogenic clostridia.
For example, many molecular chaperones (or heat and chemical shock proteins) are upregulated in the acidogenic
Clostridium AWRP [12]. In solventogenic clostridial fermentation, such as with Clostridium acetobutylicum ATCC
824, chaperone-like genes such as phaP, as well as others such as pncB and cfa demonstrated elevated expression levels
in the presence of acetic and other inhibitors [13]. Endogenous acetate and butyrate are usually not significant inhibitors,
apart from their impart on pH, due to their typically low concentration. However, acetate inhibition for fermentation
could become noteworthy under certain conditions, such as when biomass is pretreated with acetic acid or when
acetylated biomass undergoes hydrolysis, resulting in substantial amounts of exogenous acetate.

Solventogenic clostridia species produce other organic acids, like formate and lactate, but in minimal quantities
and typically only during the initial phase of fermentation. Although present in small amounts, formate can add to the
cumulative stress caused by acetic and butyric acids. It is believed that many enzymes involved in managing this stress
likely use zinc as a cofactor. Wu et al. observed an increase in formic, acetic, and butyric acids tolerance after the
addition of zinc in a fermentation with C. acetobutylicum [14], which resulted in a higher butyric acid peak production
and a higher butanol titer.

2.2. Fermentation Endproducts as Inhibitors

Acetone production is almost inevitable during butanol production through the ABE pathway, because acetone is
a coproduct for the acid reassimilation (Figure 1). High acetone concentration can also inhibit cell growth and butanol
production. Recently, rewiring the pathway for converting acetone into isopropanol by inclusion of a secondary alcohol
dehydrogenase gene (sadh) in the ABE strain has been implemented by various researchers [8,15-17]. This often
resulted in slight reduction in the production of butanol and total solvents, due to the limited reducing power availability
(one additional NADH is consumed for isopropanol production) and also the toxicity of isopropanol. The metabolically
engineered C. tyrobutyricum Acatl ::adhE2 for butanol production does not produce acetone, as it does not contain the
ctfAB-based acid re-assimilation pathway [18]. Interestingly, recently, a new wild type isolate Thermoanaerobacterium
thermosaccharolyticum TG57 was reported, which is capable of converting microcrystalline cellulose directly to
produce butanol without acetone as a coproduct [19].
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Figure 1. Butanol production from lignocellulosic biomass through the acetone-butanol-ethanol (ABE) pathway and tolerance
mechanisms. In the top of the figure, the lignocellulosic material transformation including formation on inhibitory by-products is
described. ABE metabolic pathway is shown in the inner of the cell membrane, as well as the enzymatic tolerance mechanisms.
Interchange of substrate products and inhibitors is described through the cell membrane, as well as the membrane-related tolerance
mechanisms. Abbreviations: gk glycerol kinase, gpsA glycerol-3-phosphate dehydrogenase, gldA glycerol dehydrogenase,
dhaK/dhaL dihydroxyacetone kinase, ldh lactate dehydrogenase, ak acetate kinase, pta phosphotransacetylase, adhE acetyl
dehydrogenase, bdhAB butyryl dehydrogenase, thl thiolase, ctfAB acetoacetyl-CoA:acetate/butyrate CoA, adc acetoacetate
descaboxylase, hbd 3-hydroxybutyryl-CoA dehydrogenase, crt short-chain-enoyl-CoA hydratase, bcd/etfAB Electron Transferring
Flavoprotein (etf) and butyryl-CoA dehydrogenase (bcd), bk butyrate kinase, ptb phosphotransbutyrylase.
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Aliphatic alcohols, including butanol, isopropanol, and ethanol, exhibit similar interactions with microbial cells,
although butanol is the most toxic among the three. The reduced toxicity of isopropanol in comparison to butanol is not
solely attributable to its shorter aliphatic chain, but is also due to its branched and bulkier structure, which impedes its
intercalation into the cell membrane components [20]. Previous studies have reported enhanced isopropanol tolerance
through chemical mutagenesis and selection [21] or the isolation of tolerant strains [22]. In contrast to butanol, ethanol
is significantly less toxic, and its tolerance is not considered a key factor in ABE strains, although ethanol stress is
crucial in ethanologenic strains which can produce ethanol to much higher levels. A metabolomic and proteomic
analysis of ethanologenic C. thermocellum has revealed that increasing ethanol concentration leads to a reduction in
glutamic acid, accumulation of sugar phosphates, and inhibition of glycolysis [23]. Evolutionary engineering has been
used to develop tolerant strains of C. thermocellum and C. phytofermentans [24,25].

2.3. Inhibitors Derived from Biomass Processing

Cellulose is the most abundant polysaccharide found on earth and its natural function in plants is structural rather
than energetic. However, lignocellulosic wastes are considered valuable feedstock due to their availability as byproducts
of forestry and agricultural production, their low cost, and their lack of competition with food production.

Despite the abundance of cellulose, there is usually no natural butanol production pathway in cellulolytic strains,
and overall their degradation of cellulose is not very efficient. Nevertheless, some cellulolytic strains have been
genetically engineered to produce butanol and iso-butanol. For example, C. cellulovorans was engineered to produce
3.47 g/L butanol through the introduction of adhE1 for butanol production, and ctfAB and adc for acid reassimilation,
and evolutionary engineering for tolerance enhancement [26]. Additionally, C. thermocellum and C. cellulolyticum were
engineered to produce 5.4 and 0.66 g/L iso-butanol, respectively, through the introduction of the hybrid keto acid
pathway: alsS/ahaS, kari, dhaD, kivD, and adh [27,28]. Although these strains hold promise for consolidated
bioprocessing for biobutanol production, they are currently not commercially competitive. T. thermosaccharolyticum
TG57 is the only natural cellulolytic butanologenic bacterium identified thus far, however, the maximum butanol
production achieved was only 1.93 g/L [19].

Alternatively, the lignocellulosic biomass could be first converted into sugars via physical-chemical pretreatment
and enzymatic hydrolysis. Typically, the lignocellulosic material requires a pretreatment stage to remove lignin (which
may involve the utilization of acid, alkali, oxidant, solvent and/or ionic liquids) and make the cellulose accessible to
chemicals or enzymes. [29,30].

The acid-mediated process is the most extensively studied and successful pretreatment method thus far. The acid
process is optimized to create mild conditions during the preparation of material or hydrolysis of glycosidic bonds in
hydrolysate, although it generates some by-products. Even small concentrations of these compounds can have a negative
impact on the growth of solventogenic Clostridium, which reduces production efficiency [31]. Figure 2 (a) illustrates
the hydrolysis mechanism of polysaccharides into simple sugars. Figure 2 (b) explains the conversion mechanism of
glucose into hydroxymethylfurfural (HMF) and then into formic acid and levulinic acid. Pentoses can also be converted
into furfural, similar to the first step shown in Figure 2b.

Furan aldehydes, such as furfural and HMF, react with amines, including DNA bases, due to their aldehyde group.
The presence of allopurinol has been shown to increase tolerance to furan aldehydes in C. beijerinckii NCIMB 8052
[32] indicating that increased purine salvage and DNA repairing may be the key mechanism. Furan aldehyde tolerance
in C. beijerinckii BA101 and C. saccharoperbutylacetonicum N1-4 has been reported to be approximately 3 g/L [33,34].

Lignin is a complex polyphenolic polymer that is crosslinked with structural polysaccharides. It is synthesized
from sinapyl, coniferyl, and p-coumaryl alcohols. Figure 3 depicts the precursors, a fragment of the polymeric structure,
and some water-soluble byproducts of acid or alkali pretreatment of biomass. Some of the compounds generated during
pretreatment include trans-ferulic acid, acetovanillon, vanillin, syringaldehyde, 4-hydroxyacetophenone, p-coumaric
acid, sinapic acid, cinnamic acid, 4-hydroxybenzoic acid, and salicylic acid [35].

Phenolic compounds, in general, exhibit stronger inhibition of clostridial fermentations than furan aldehydes. In C.
beijerinckii, the severity of inhibition follows the order of p-coumaric acid > ferulic acid > p-hydroxybenzoic acid >
vanillic acid > syringaldehyde > vanillin [36], whereas in C. sacharoperbutylacetonicum N1-4, p-coumaric acid is
followed by syringaldehyde and then ferulic acid [34]. Additionally, the absence of the methoxy group in p-coumaric
acid, compared to ferulic acid, enhances the inhibitory effect, suggesting that electron-inducing groups on the aromatic
ring reduce inhibition. Studies on the electric charge transferred with methyl viologen and the measurement of the
concentration of NAD*/NADH cofactors suggest that the disruption of the electron transfer chain is a primary
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mechanism for phenolic inhibitors [37]. This mechanism also explains the observed decrease in activities of NADH-
dependent (or associated) enzymes, such as acetyl-CoA acetyltransferase, f-hydroxybutyryl-CoA dehydrogenase,
butyryl-CoA dehydrogenase, butyraldehyde dehydrogenase, and butanol dehydrogenase [38]. Furthermore, the reduced
electron capture ability by elements in lignin fragment structures may explain the decreased toxicity.
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Figure 2. Mechanism for the polysaccharide’s hydrolysis. (a) cellulose hydrolysis into glucose. (b) glucose transformation into
hydroxymethylfurfural (HMF) and then into levulinic acid and formic acid.
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hydroxybenzaldehyde; R; = -OCHjs, Rz = H: vanillin; Ry = R, = ~OCHas: syringaldehyde. (d) cinnamic acid. (e) 4-hydroxybenzoic
acid. (f) salicylic acid.

2.4. Oxygen Inhibition and Oxidative Stress

Clostridium strains are strict anaerobic bacteria. In the butanol production pathway, the hydrogenation of crotonyl-
CoA to butyryl-CoA, catalyzed by the butyryl-CoA dehydrogenase/electron transferring flavoprotein (bcd/etfAB)
complex, is difficult to express in recombinant systems (presumably due to oxygen sensitive) [39]. In addition, oxidative
conditions negatively affect the reducing power, which is crucial for alcohol production. The redox-responsive repressor
(rex) plays a critical role in regulating oxidative stress and the NADH/NAD™ ratio, which affects butanol production
[40]. NAD kinase (nadK), which synthesizes NADP* from NAD?, also plays an important role in the oxidative stress
[41,42]. It has been demonstrated that, both dnaK from extremophile Deinococcus wulumugiensis R12 and native dnakK
can increase oxidative tolerance (also related to furfural inhibition) and butanol production in C. acetobutylicum
ATCC824 [43].

The introduction of the trehalose pathway into C. tyrobutyricum CCTCC W428 and the overexpression of
transglutaminase mtg have been shown to reduce acid and oxidative stress, resulting in increased solvent production
[42,44]. The expression of rprA2, dsr, and rubredoxin (Rd) in a recombinant nroR operon also increased oxidative
tolerance in C. acetobutylicum [45].
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C. acetobutylicum YML1 is a natural oxygen-tolerant strain that possesses various enzymes responsible for oxygen
scavenging, including superoxide dismutase (SOD), catalase, and NADH/NADPH oxidases [46]. Other endogenous
genes related to oxygen tolerance in Clostridium strains include desulfoferrodoxin (dfx), peroxide repressor (PerR) and
its homologous, and rbr3A and rbr3B [47].

Various aldehydes in the biomass hydrolysates, such as vanillin and syringaldehyde, are also associated with
oxidative stress [48]. Aldehydes have an unclear relationship with reactive oxygen species, and also act as mild oxidant
agents [49]. The expression of the glutathione pathway (gshA or gshB genes) in C. acetobutylicum has been shown to
increase oxygen and butanol tolerance and solvent robustness, possibly related to the intermediate aldehyde compounds
during solvent production, such as acetaldehyde and butyraldehyde [50].

Co-cultures of Clostridium strains and other microorganisms have demonstrated improved oxygen tolerance and
butanol production. For instance, the co-culture of C. acetobutylicum TSH1/Bacillus cereus TSH2 [51,52], C.
beijerinckii NCIMB 8052/B. cereus CGMCC 1.895 [53], and C. acetobutylicum/Saccharomyces cerevisiae [54] have
been successful in increasing production or conferring specific features by utilizing the metabolic pathways of the
individual strains synergistically. Particularly, Mai et al. [53] reported an enhanced capability of the co-culture to utilize
starch, whereas Luo et al. [54] showed that co-cultivation can enhance nutrient provision, such as amino acids, as well
as increase intracellular NADH production through glucose competition. Moreover, a facultative anaerobic partner in
the co-culture can consume remaining levels of oxygen in the media and aid in maintaining anaerobic conditions. Co-
cultures featuring facultative anaerobic or aerobic bacteria will utilize oxygen as they interact, creating an environment
conducive to anaerobic conditions, thereby supporting the growth of Clostridium [55].

2.5. Other Inhibitors

Elevated sodium concentration has been shown to hinder both the pentose phosphate and glycolytic pathways.
However, studies have indicated that the production of solvents is not significantly affected by high sodium
concentration up to 15 g/L NaCl [56]. In contrast, when the total salinity ranges from 3%—6%, the production of butanol
and butyrate in C. acetobutylicum is altered to favor acetone production [57].

3. Techniques for Tolerance Improvement

3.1. Evolutionary Engineering and Random Mutagenesis

Evolutionary engineering is a widely used technique to increase the tolerance of strains to different compounds or
carbon sources. This technigque involves gradual adaptation of the strain to live in the toxic compound or to consume
the carbon source by adaptative subculturing in media containing increasing concentrations of the desired target [58,59].
Mutations in genes related to tolerance are generated during this process, and mutants with faster growth are selected.
Comparison of genome changes between the engineered and parental strains can provide information about genes
related to tolerance [60]. Clostridium strains have shown an increase in tolerance and production using this technique,
although results are unpredictable, and the resulting strains are harder to engineer due to their ticker and/or harder cell
envelope.

Random mutagenesis employs physical or chemical treatments to induce mutations. N-methyl-N'-nitro-N-
nitrosoguanidine (NTG) is frequently used for this purpose. Following mutation, strains are screened for enhanced
tolerance by exposing them to toxic levels of inhibitory chemicals or by assessing their tolerance improvement [21].
For example, in C. ragsdalei, ethanol production via syngas fermentation increased eightfold through chemical induced
mutagenesis [61].
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Table 1. Selected solventogenic clostridial strains improved through random mutagenesis and/or evolutionary engineering.

Parental Strain Method * Butanol TOleranceHighlights Reference
Improvement
C. beijerinckii NRRL B-598 Mutagenesis with EB 140% Produces as much butanol as wild type [62]

Mutagenesis with EMS +

C. beijerinckii NRRL B-598 . 130% Derivative strain loses ability to produce butanol [62]
butanol selection

C. beijerinckii NRRL B-598 Mutagenesis with EMS + EB  Up to 180% Derivative strain loses ability to produce butanol [62]

C. tobutyli ATCC . s L .

5502208 obutylicum Mutagenesis with EMS 175% Derivative strain with seven mutations [63]

Combined evolutionary and metabolic engineering
achieved increased butanol production by 138-fold

* EB: ethidium bromide, EMS: ethyl methanesulfonate.

C. cellulovorans DSM 743B Evolutionary engineering 120% [26]

Table 1 outlines various strains that have been enhanced through random mutagenesis and/or evolutionary
engineering. Frequently, strains engineered through these approaches lose their capability for solvent production when
selection pressures are applied solely for increased tolerance [62]. This typically results from the strains adjusting their
metabolic pathways to reduce stress from elevated butanol levels, often by rerouting metabolic flux towards alternative
end products. Despite these setbacks in butanol production, such experimental approaches remain valuable for
deciphering the roles of specific genes in tolerance. By comparing sequences of parent and modified strains or analyzing
their transcriptional activities, researchers can pinpoint genes that bolster tolerance without adversely affecting butanol
production. Then, techniques like genome shuffling [64], individual selection, or gene function-based selection [64] can
be applied to integrate these beneficial tolerance genes from the modified strains into the original solvent-producing
strains, thereby preserving or even improving their ability to produce solvents.

3.2. Gene Repression, Activation and Editing

Clostridium, a genus with gram-positive, spore-forming, and anaerobic characteristics, poses challenges for genetic
engineering despite its significant medical and biotechnological importance. Recent advances in genetic engineering
tools have enabled a better understanding and enhancement of mechanisms related to tolerance and robustness (Figure
4). The application of genetic engineering in Clostridium is relatively recent. The first plasmid was cloned into C.
acetobutylicum ATCC824 in 1992 [65], followed by the development of Campbell-like integration (single crossover
homologous recombination) mutants in the same decade [66]. In the 2000s, antisense RNA was utilized to block gene
expression, and counter-selection markers were employed for double crossover homologous recombination.
Additionally, group Il intron technologies, such as Targetron® (Sigma-Aldrich), were introduced [66]. Although these
group Il introns represent significant advances in terms of effectiveness and work time, they operate based on gene
disruption rather than deletion, which can sometimes result in residual or unexpected activity.

Recent studies have presented various alternatives for efficient, selective, markerless, and clean gene editing,
inactivation, or repression using different versions of the CRISPR system. CRISPR contains nucleases that can be
programmed to specifically target DNA sequences. There are five main alternatives: nickase-Cas9 (nCas9), spCRISPR-
Cas9, CRISPR-Cpfl, CRISPRI, and the endogenous CRISPR system. Figure 4 provides a summary of these systems.

The nCas9 was first introduced as a tool in genetic engineering of Clostridium. Given that double-stranded DNA
breaks can be lethal in many bacteria, the nickase version of the Cas9 protein creates a single-stranded break, which is
then repaired via homologous recombination [67]. In a subsequent development, CRISPR-Cas9 from Streptococcus
pyogenes (spCRISPR-Cas9), under an inducible promoter, was used to circumvent the lethality associated with double-
stranded DNA breaks. Here, DNA templates facilitate homologous recombination, and the Cas9 gene serves as a
selection tool by eliminating non-mutant strains [68]. Another innovative approach involves a fusion of cytidine
deaminase with nickase-Cas9D10A and uracil DNA glycosylase inhibitor, leading to gene inactivation through the
interconversion of “CG” to “TA” and vice versa. This method, while not achieving a clean deletion, allows for the
construction of small plasmids for strains that are challenging to transform [69].

CRISPR-Cpfl (also known as Casl2a) is a system similar to CRISPR-Cas9 but with distinct features. Cpfl
autonomously matures pre-crRNA, guided by the single-stranded mature crRNA, and cleaves target DNA with a 5-nt
staggered cut. Particularly, the CRISPR-Cpfl system from Acidaminococcus sp. possesses the protospacer-adjacent
motif (PAM) sequence, “TTTN”, which is particularly advantageous for AT-rich organisms like Clostridium [70]. This
technique has been employed to make multiplex gene editing in C. beijerinckii [71].
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CRISPRIi employs a “broken scissors’ principle, with dead Cas9 (dCas9) being a typical example. This nuclease-
deficient version of spCas9 binds to target sequences without cutting, effectively blocking gene expression [72]. Tested
in various Clostridium species [73,74], CRISPRi offers adjustable gene downregulation, making it a valuable tool for
the partial repression of essential genes [75], and the concurrent repression of multiple genes [76]. CRISPRa, on the
other hand, involves a nuclease-deficient Cas protein fused with an activation domain for gene upregulation [77]. While
not yet reported in Clostridium, it holds potential as an alternative to plasmid-based gene overexpression.

Endogenous CRISPR systems, developed in C. pasteurianum and C. tyrobutyricum, are noteworthy, especially for
strains difficult to transform [18,78]. These systems achieve high transformation efficiency due to the absence of Cas
protein in plasmids. In endogenous CRISPR, a guide sequence is placed between two repeat sequences, and the bacterial
machinery converts it into mature guide RNA. Then, the genome editing process utilizes a similar principle to the one
previously described wherein homologous DNA arms on the plasmid enable homologous recombination. Additionally,
the Cas component acts as a selective tool, targeting and eliminating strains that have not undergone mutation.

Argonautes are emerging as potential next-generation genetic tools. These proteins, present across all life domains,
are known for their roles in silencing and cleaving nucleotides. Most well-characterized nucleolytic argonautes require
high temperatures (>65 <C) for significant activity, limiting their applicability in genome engineering. Recent research,
however, has identified Clostridium butyricum Argonaute (CbAgo) with nucleolytic activity at 37 <C. Utilizing small
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interfering DNA guides (siDNA), CbAgo can be reprogrammed to break both single and double-stranded DNA [79],
thus possessing a great potential as an innovative genome editing tool. The main advantage of the argonaute based
system is the absence of a PAM sequence requirement.

Table 2 summarizes a list of genetically engineered solventogenic Clostridium strains, modified utilizing the
genetic techniques as described above. These genetic methodologies facilitate the targeted selection and manipulation
of genes aimed at simultaneously boosting tolerance and solvent production.

Table 2. Selected solventogenic clostridial strains improved by genetic engineering.

Parental Strain Genetic Method Gene Involved Highlights Reference
C. beijerinckii NCIMB 8052 Antisense RNA_based down gldA Genes |den_t|f|ed_from tolerant [80]
regulating strain derivative
C. acetobutylicum ATCC 824 Plasmid overexpression groESL Tolerance was increased [81]
C. saccharoperbutylacetonicum CRISPR-Cas9 SpO0A Endogeneous CRISPR system [82]
N1-4 was employed
C. saccharoperbutylacetonicum Plasmid-based SroB Improved tolerance to butanol and [83]
N1-4 overexpression P biomass hydrolysate inhibitors
C. saccharoptle\lrllaﬁylaceton|cum CRISPR-Cas9 Csp_135p Native plasmid was eliminated [84]
Cspa_c09880-Cspa_c10360, The prophages and bacteriocins [85]
C. saccharoperbutylacetonicum CRISPR-Cas9 Cspa_c26510-Cspa_c27350,  encoding genes were deleted

N1-4-C Cspa_c36410-Cspa_c36850,
Cspa_c56920—Cspa_c57380

C. saccharoberbutvlacetonicum Deletion of autolysins encoding [86]
' P y CRISPR-Cas9 CSPA_RS11880 genes increased butanol
AP1234 .
production

4. Genetic Mechanisms of Tolerance and Relevant Strain Engineering Efforts

4.1. Extracellular Polysaccharides

Figure 1 illustrates known cellular mechanisms for managing chemical stress. Biofilm, a natural mechanism that
imparts robustness, consists of extracellular polymeric substances (EPS) such as polysaccharides, proteins, lipids,
nucleic acids, and other macromolecules. These EPS components shield cells from environmental stressors and are
among the most effective strategies for enhancing tolerance.

Biofilm plays a crucial role in cell immobilization. Biofilm reactors use a supporting material that allows cells to
grow and produce biofilm. The EPS then forms a microenvironment with lower concentrations of inhibitors. Various
materials, including tygon rings [87], brick pieces [88], activated carbon, silk, cotton, polyester [89], and bagasse [90],
have been tested, showing a 4—7 times increase in productivity compared to planktonic cells [89]. In batch fermentations,
biofilm formation is crucial during immobilization by adsorption. Various materials, including cotton, cotton towels,
linen, bamboo fiber, silk, and surface modifications with polyethylenimide and stearic acids, have been explored [91,92].
Some of these materials reduce the mobility of the polymeric substances and cells, thereby enhancing attachment. For
example, a greater surface area (smaller particles) and cationization of the surface have been shown to promote biofilm
formation [91,92].

The composition of the biofilm also impacts tolerance. While the EPS is primarily composed of polysaccharides,
the presence of proteins in the biofilm can significantly address specific stressors. For instance, the heterologous system
of Tilapia metallothionein (OmpC-TMT) increases butanol production and oxidative tolerance in E. coli harboring a
Clostridium pathway [93]. Metallothioneins, known for their cysteine richness and heavy metal binding properties,
counteract oxidative stress [94]. Additionally, other sulfur compounds can protect against oxidative stress. Nitrogen-
containing protein residues also contribute to reducing acid stress.

4.2. Metabolic Switch

The transition from acidogenesis to solventogenesis in Clostridium species is governed by several genes. In C.
acetobutylicum ATCC 824, spo0A acts as a master regulator, influencing the expression of numerous genes, including
those for sporulation and the shift from acidogenesis to solventogenesis [95], such as adc, and the sol operon (adhE,
ctfA & ctfB) [96]. soIR has been identified as a repressor of the sol operon [97]. A positive feedback loop involving
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spo0A and its phosphorylated form (spoOA-P) is mediated by multiple sigma factors [95]. Histidine kinase genes related
to spo0A also influence butanol tolerance. For instance, CLOSTRON inactivation (group Il intron) of the cac3319 gene
from C. acetobutylicum ATCC 55025 enhances butanol production and tolerance [98], while overexpression of
SMB_(G1518-1519 reduces the tolerance [99].

4.3. Heat Shock Proteins

Proteins may misfold under various stress conditions, including thermal and chemical stress, leading to potential
inactivation and degradation. This can disrupt protein homeostasis and result in protein aggregation [100]. Heat shock
proteins act as molecular chaperones, unfolding proteins to maintain active enzymes and homeostasis.

The groESL gene, sometimes referred to as groE, is a widespread heat shock protein in bacteria. It consists of
groEL and groES subunits within the same operon. The groEL subunit is a cylinder composed of three domains: an
equatorial domain housing the nucleotide pocket, an apical domain presenting a hydrophobic surface for binding non-
native polypeptides, groES, and an intermediate domain connecting the other two domains. The groES subunit is a
single, seven-membered ring, extending a hydrophobic loop to form a molecular “lid” for the central cavity [101].
Native overexpression of C. acetobutylicum groESL has been shown to increase butanol tolerance by 45% [102], and
similar results have been obtained with exogenous analogs. For instance, groESL from Deinococcus wulumugiensis
R12 and C. acetobutylicum ATCC824 improves tolerance to butanol, furfural, oxidative, and acid stress [43].
Expression of groESL from Thermoanaerobacter tengcongensis in C. acetobutylicum enhances growth by fourfold in
media containing 25% corn cob hydrolysates and increases butanol production from 0 to 0.7 g/L [103]. Conversely,
groESL from Pseudomonas putida did not improve tolerance in C. acetobutylicum but enhanced thermal tolerance in
E. coli [103].

Overexpression of the tandem genes rbr3A and rbr3B, which encode the heat shock protein Hsp21, has been shown
to increase tolerance in C. acetobutylicum to various stressors including cold shock, sodium, acid, oxidative stress, and
butanol [104]. Similarly, grpE and htpG overexpression enhance butanol tolerance by 25% and 56%, respectively [102].
Transcriptomic analysis reveals upregulation of grpE, dnaK, dnaJ, groESL, and htpG in C. acetobutylicum under
butanol and butyrate stress [105], and similar findings were observed in C. tyrobutyricum under butyrate stress. Notably,
overexpression of groESL and htpG significantly improves tolerance of C. tyrobutyricum to butyric acid, whereas
overexpression of dnaK and dnaJ exhibited negative effects [106].

4.4, Efflux Pumps

Efflux pumps, membrane proteins that actively transport chemicals, are well-known for their role in antibiotic
resistance. Recent studies have also highlighted their ability to pump out small molecules. In the RND (Resistance-
Nodulation-Division) superfamily, particularly the hydrophobic-amphiphilic efflux (HAE-1) subfamily in Gram-
negative bacteria, efflux pumps are a focus of study [107,108]. RND pumps consist of an inner membrane protein
responsible for extrusion, an outer pore, and an accessory lipoprotein for stabilization within the peptidoglycan
[109,110]. The extrusion process is driven by a proton flux from the intermembrane space.

Various efflux pumps, including Pseudomonas putida mexEF-oprN, P. putida ttgABC, Alcanivorax borkumensis
YP_692684, E. coli acrAB-tolC, and P. putida srpABC, have shown potential activity against butanol and other small
organic chemicals [111]. The acrABC pump, in particular, has been the subject of extensive study, with engineering of
the acrB extruder element to enhance specificity for butanol through selection from a random mutagenesis library [112].

Efflux pumps are complex systems with varying levels of specificity for substrates and intricate regulation. The
overexpression of efflux pumps can lead to toxicity, likely due to limitations in the expression of other membrane
proteins or alterations in membrane composition. It is essential to find a balance where expression minimizes both the
toxicity of the inhibitor and the pump itself [113]. Notably, certain P. putida strains exhibit high tolerance to butanol,
making their efflux pumps of particular interest. Natural promoters of the srpABC system elevate expression levels in
the presence of various organic solvents, including aromatics, aliphatics, and alcohols. Exposure to 3 mM butanol, for
instance, results in a 6.6-fold increase in expression [114]. Furthermore, efflux pumps from the srpABC system and
srpB alone have been shown to enhance butanol tolerance by 20%-35% in E. coli, at butanol concentrations of 0.5%—
1% [115]. Expression of srpB in C. saccharoperbutylacetonicum not only enhances butanol tolerance but also increases
tolerance to furan aldehydes and phenolics derived from biomass hydrolysates [83].
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4.5. Cell Envelope

Clostridium species are Gram-positive bacteria. The composition and thickness of their peptidoglycan, along with
specific phospholipid elements such as phosphatidic heads and tail characteristics (e.g., saturation, trans-unsaturation
rather than cis, compact steric configuration, long carbon chains, and cyclic bonds), contribute to their tolerance (Figure
5). A more robust and thicker membrane increases resilience but can also make the strain more challenging to engineer.
Membrane composition affects its fluidity and permeability.

The cis-trans isomerase (cti) from P. aeruginosa, for example, has been found to increase tolerance in E. coli [116].
Cyclopropane fatty acid (cfa) from various strains, including C. acetobutylicum, is also related to tolerance [117].
Interestingly, C. beijerinckii eliminates unsaturated fatty acids under alcohol stress [118], while C. thermocellum
produces longer fatty acids [119], attributed to higher Van der Waals forces, which increase with surface area and with
linear, rigid structures. Cis bonds create a disruption in chain alignment, increasing free volume.
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Figure 5 Membrane compositions. Changes in phospholipid chains or tails, peptidoglycan cell walls or other components of the
cell envelope, and its influence in the thickness and permeability of toxins.

Clostridium also produce plasmalogen, lipids with a vinyl ether linkage opposite to the ester (Figure 5) [117]. In
E. coli, several genes related to fatty acid composition, such as fabA, fabB, fabD (and mutated versions), fabF, fabG,
fabH, fabl, fabz, and feoA, have been studied, with variants of fabA, fabD, and fabH showing increased alcohol tolerance
[115]. In C. acetobutylicum, changes in cardiolipin and glycerol acetals of plasmenylethanolamine and plasmenyl-N-
monomethylethanolamine were observed, along with a decrease in phosphatidylglycerol and the sum of
phosphatidylethanolamine and phosphatidyl-N-monomethylethanolamine [120]. This trend seems linked to a shift from
unsaturated to saturated fatty acids. Similarly, C. pasteurianum shows increases in cardiolipin and corresponding
plasmalogen [121].

Genes associated with peptidoglycan biosynthesis, such as gimM, murE, murF, amiB, ftsW, ddIB, and ftsQ, are
linked to butanol tolerance in some strains [117]. Furthermore, proline addition and enhancement of proline biosynthesis
(via proABC overexpression) stabilize protein structures, maintain cell membrane functions, scavenge intracellular
reactive oxygen species, and lower DNA melting points, thereby improving tolerance to lignocellulosic inhibitors [31].
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The integration of proline into cellular processes enhances the cell's resilience against environmental stressors, thus
contributing to overall robustness.

4.6. Cell Lysis

Historically, between 1974-1992, several autolysins were isolated from C. acetobutylicum P262, such as lit-1, and
strains deficient in lit-1 [122-124], as well as from C. acetobutylicum ATCC 824 [125], and C.
saccharoperbutylacetonicum [126,127]. The deletion of three genes (SMB_G2359, SMB_G3117 [128], and CA_C0554
[129]) in C. acetobutylicum ATCC 824 resulted in improved growth, stability, and production yield. Autolysis, a process
essential for sporulation, detracts from biomass at the end of fermentation, which is not desirable for production
efficiency. Recently, we systematically evaluated the role of autolysin genes within the C. saccharoperbutylacetonicum
genome related to cell autolysis and further developed more stable strains for enhanced and more stable butanol
production by deleting the significant autolysin genes, thus providing an essential reference for developing robust strains
for enhanced biofuel and biochemical production [86].

4.7. Enzymatic Detoxification of Inhibitory Compounds

Various toxic compounds can be metabolized or transformed into less harmful chemical species by Clostridium
species. For example, C. beijerinckii and C. saccharoperbutylacetonicum can convert furan aldehydes (furfural and
HMF) into their corresponding alcohols [34,130]. C. beijerinckii also degrades 4-hydroxybenzaldehyde and p-coumaric
acid through mechanisms not yet fully understood [130]. Clostridium formicoaceticum oxidizes aromatic aldehydes
like 4-hydroxybenzaldehyde to 4-hydroxybenzoate via a constitutive aldehyde oxidoreductase [131]. Other Clostridium
species reduce p-coumaric acid to p-hydroxyhydrocinnamic acid or convert it to 4-vinylphenol and subsequently to 4-
ethylphenol through decarboxylation and reduction [132].

4.8. Stress Response Mechanisms

There are numerous genes and enzymes with unclear or poorly understood functions and mechanisms.
Bioinformatic comparison of DNA and amino acid sequences suggest functions for genes or proteins based on sequence
homologies [133]. Omics technologies, aimed at the universal detection of genes (genomics), mRNA (transcriptomics),
proteins (proteomics), and metabolites (metabolomics), are also employed to identify stress response mechanisms [134].
Proteomic and transcriptomic analyses of gene regulation under various stress conditions or at different growth and
metabolic stages provide powerful strategies to identify new genes related to tolerance. In C. acetobutylicum, 29 genes
were identified as upregulated in response to butanol and butyrate stress, implicating protein folding, riboflavin
biosynthesis, histidine biosynthesis, ferredoxin hydrogenase, pentose & glucoronate interconversion, fatty acid
metabolism, and purine metabolism. Seven genes were downregulated [105]. Additionally, 9 genes are upregulated by
butanol, acetate, and butyrate: lonA, hrcA-grpE-dnakK, groESL, ctsR-yacHI-clpC, hsp90, hspl8, htrA, CAP0102, and
aad-ctfAB, most of which are chaperones [135]. CAC1915-CAC1944, a putative phage protein, upregulates butanol
and acetate production, adhE2, Idh, and amino acids biosynthesis genes. Furthermore, K and Fe uptake, Na efflux, His
biosynthesis, and thIB operon are upregulated in the presence of acetate and butyrate [135].

5. Conclusions and Prospectives

Traditional methods such as evolutionary engineering and mutagenesis for tolerance improvement have limitations,
and recent advances in genetically engineered strains have surpassed the production limits achieved with older
techniques. The enhancement of genetic tools not only applies existing knowledge about tolerance-related genes but
also broadens our understanding of these mechanisms. As more tolerant strains typically feature tougher membranes
and greater stability, the development of genetic tools is a dynamic field facing new challenges with each advancement.

The interplay between different types of chemical stress suggests that strategies targeting general robustness might
be more effective than those focusing on a single stressor. However, a sole focus on tolerance can sometimes fail to
achieve higher production, which is often the primary objective. Tolerance mechanisms typically consume cellular
resources, including reducing power, energy, and biomass, and occupy membrane space. Therefore, balancing tolerance
mechanisms with production is likely beneficial. Any strategy employed should aim to increase both productivity and
tolerance.
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Understanding tolerance is only one aspect of the complexity of cellular functions. Genes related to production and
tolerance, and their effects on other cellular functions, need careful study to develop a robust strategy that increases
butanol productivity.
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