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A B S T R A C T   

Microorganisms, particularly extremophiles, have evolved multiple adaptation mechanisms to address diverse 
stress conditions during survival in unique environments. Their responses to environmental coercion decide not 
only survival in severe conditions but are also an essential factor determining bioproduction performance. The 
design of robust cell factories should take the balance of their growing and bioproduction into account. Thus, 
mining and redesigning stress-tolerance elements to optimize the performance of cell factories under various 
extreme conditions is necessary. Here, we reviewed several stress-tolerance elements, including acid-tolerant 
elements, saline-alkali-resistant elements, thermotolerant elements, antioxidant elements, and so on, providing 
potential materials for the construction of cell factories and the development of synthetic biology. Strategies for 
mining and redesigning stress-tolerance elements were also discussed. Moreover, several applications of stress- 
tolerance elements were provided, and perspectives and discussions for potential strategies for screening 
stress-tolerance elements were made.   

1. Introduction 

Microorganisms have been employed as promising cell factories for 
bioconversion of various low-cost substrates such as lignocellulose [1], 
crude glycerol [2], and one-carbon sources including carbon dioxide 
[3], methane, and methanol [4] into high-valued bioproducts. The Or
ganization for Economic Cooperation and Development (OECD) esti
mates that the microbial manufacturing industry accounts for 
approximately 40 % of the entire bioeconomy. By 2030, it is projected 
that 35 % of the chemical products will be replaced by microbial 
manufacturing in China [5]. The integration of synthetic biology with 
microbial fermentation technology forms the cornerstone of sustainable 
development industries [6]. 

However, during industrial bioprocesses, microbs often face multiple 
stresses, such as toxic inhibitors, solvents (e.g. from raw material pre
treatment), extreme pH levels, high osmotic pressure, high-temperature 
stress, and oxidative stress [7,8]. Engineering microorganisms to with
stand these stress conditions is crucial for maintaining production 

robustness [9]. Enhancing the stress tolerance of microbial cells through 
synthetic biology emerges as a direct and effective strategy to achieve 
high titer, yield, and productivity for industrial bioprocesses. 

This review focus on the four major tpyes of stresses, including acid 
stress, saline-alkali stress (SAS), high-temperature stress, and oxidative 
stress. Acid stress, particularly concerning in the production of amino 
acids or organic acids [10,11], can cause DNA damage and enzyme 
inactivation due to undissociated weak acids present in acid-hydrolyzed 
lignocellulose liquor or as metabolic products or by-products [9,12,13]. 
Saline-alkali stress, occurring under high salt concentrations and 
elevated pH levels, significantly reduces bacterial community diversity, 
biomass and productivity [14,15]. High-temperature stress, often 
coused by increased solids, additional nitrogen, and more extensive 
ethanol production, detrimentally impacts yeast ethanol fermentation 
processes [16,17]. Oxidative stress, a universal threat during fermen
tation, usually accompanies acid, osmotic, and thermal stress [9,10,18, 
19], causing DNA damage and metabolic disorders that inhibit cell 
growth and productivity [20,21]. 
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To achieve robust tolerance to these stresses, we can learn from the 
nature and then design, engineer, and apply stress-resistant microor
ganisms. Extremophiles, which thrive in extreme environments like 
polar regions, volcanic areas, salt lakes, acidic rivers, mining sites, deep 
seas, and deserts, offer valuable insights for engineering stress-resistant 
microbial cell factories. These extremophiles, including acidophiles 
[22], alkaliphiles [23], halophiles [24], thermophiles [25], and psy
chrophiles [26] (Table 1 summarizes several stress-resistant microor
ganisms), have evolved complex mechanisms, providing potential 
sources of stress-tolerance elements [22,27–34]. 

Synthetic biology technologies offer another avenue for engineering 
microbial cells with robust production capabilities. These approaches 
involve modularizing and standardizing biological elements, modifying 
existing biological systems, designing and building new biological sys
tems to achieve efficient bioproduction in industry, agriculture, and 
medicine [51,52]. Omics approaches, including metagenomics, 
comparative genomics, transcriptomics, and proteomics, facilitate the 
identification of stress-tolerant elements [12,52,53], which are then 
subjected to functional verification to elucidate their role in stress 
resistance mechanisms [29–31]. Furthermore, directed evolution and 
rational design methods, particularly those bolstered by artificial intel
ligence (AI), further refine stress-tolerant elements, optimizing their 
effectiveness [54,55]. 

Recent advances in synthetic biology, such as golden gate, gibson 
assembly, and yeast assembly, enable the rapid assembly and building of 
stress-tolerant elements, modules, and circuits, fostering the construc
tion of robust microbial cell factories [9,56–58]. High-throughput 
screening strategies, like fluorescence-activated cell sorting (FACS), 
fluorescence-activated droplet sorting (FADS), and microplate assays 
using automated platforms, facilitate the efficient selection of 
stress-tolerant elements, modules, or circuits [59,60]. Furthermore, a 
stepwise evaluation strategy encompassing growth and fermentation 
assessments in laboratory and industrial settings ensures the suitability 
of stress-tolerance elements for real-world applications [9]. 

In this review, we summarize recent advances and developments in 
stress-tolerance elements. We also discuss strategies for mining, rede
signing, and optimizing these stress-tolerance elements, and present 
their potentil applications for improving the performance of microbial 
cell factories in biomanufacturing under multi-stresses industrial 
settings. 

2. Classification and mechanism of stress-tolerance elements 

Recently, various stress-tolerance elements have been developed for 
synthetic biology to achieve efficient bioproduction at laboratory and 
industry scales [9,18,61]. According to different mechanisms for coping 
with diverse stresses, stress-tolerance elements in cell factories, 
stress-tolerance elements are divided into acid-tolerant elements, 
saline-alkali-resistant elements, thermotolerant elements, and antioxi
dant elements, and others (Table 2). In this section, several advances in 
various stress-tolerance elements are discussed (Fig. 1). 

2.1. Acid-tolerant elements 

Acid stress is usually caused by multiple complex factors such as 
acidic products in fermentation, significantly decreases the activity of 
intracellular enzymes and cell physiological activity, leading to low 
yields, low titer, and low productivity [84]. Microorganisms have 
evolved a range of tolerance mechanisms to maintain ion homeostasis 
under acid stress (Fig. 1A), including global transcriptional 
factor-mediated regulation [85], amino acid-dependent proto
n-consuming systems [57], ATPase-driven efflux pumping [86], alter
ations in membrane composition mediated by specific genes [87], 
macromolecular protection and repaire facilitated by chaperones and 
repaire enzymes [88]. These tolerance mechanisms provide a founda
tion for the subsequent exploration of acid-resistant elements to 

Table 1 
Summary of recent research on stress-resistant microorganisms.  

Characteristics Strains Descriptions Ref. 

Acid-tolerant Rhizobium 
leguminosarum bv. viciae 
SRDI969 

an acid-tolerant, efficient 
nitrogen-fixing 
microorganism of Vicia faba 

[35] 

Pseudomonas protegens 
CLP-6 

an acid-tolerant strain (pH 
5.5) producing volatile 
organic compounds 

[36] 

Streptomyces albulus 
AAE89 

an acid-tolerant strain (pH 
3.0) producing ε-poly-l- 
lysine 

[37] 

Gluconacetobacter entanii 
AV429 

a highly acetic acid-tolerant 
bacterium from Vinegars 

[38] 

Schizosaccharomyces 
pombe RF2 

a yeast with high potential 
for acid tolerance to acetic 
acid at 400 mM, propionic 
acid at 75 mM, and lactic 
acid at 300 mM 

[39] 

Saccharomyces cerevisiae 
TAMC 

a yeast is tolerant at pH 2.3 [40] 

Zymomonas mobilis 3.5 
M and 3.6 M 

two strains exhibited 
50–130 % enhancement on 
growth rate, 4–9 h 
reduction on fermentation 
time to consume glucose, 
and 20–63 % improvement 
on ethanol productivity 
than wild-type srain. 

[41] 

Saline-alkali- 
resistant 

Bacillus sp. DYS211 a P-solubilizing bacteria 
isolated from bird 
droppings in saline-alkali 
regions with a good P- 
solubilizing effect at 1%– 
8% salinity 

[42] 

Bacillus 
amyloliquefaciens CZ-B1 

a saline-alkali resistant 
bacteria (the maximum 
NaCl tolerance 
concentration is 100–150 g/ 
L, pH 9) screened from 
saline-alkali soil 

[43] 

Halomonas TD01 a halophilic bacterium 
(NaCl concentration 200 g/ 
L, pH 11.0) isolated from a 
salt lake in Xinjiang, China, 
which grew rapidly and 
accumulated high content 
of PHA 

[44] 

Thermotolerant Bacillus subtilis TTP-06 a thermotolerant strain 
(55 ◦C) isolated from a hot 
spring of Tattapani able to 
produce lipases 

[45] 

Cupriavidus sp. strain 
CB15 

a newly thermotolerant 
polyhydroxyalkanoate 
(PHA) producing bacterium 
(45 ◦C) isolated from 
corncob compost 

[46] 

Pyrolobus fumarii a novel, irregular, coccoid- 
shaped archaeum was 
isolated from a 
hydrothermally heated 
black smoker wall can 
survive from 106 to 113 ◦C 

[47] 

Methanopyrus kandleri 
strain 116 

isolated from an in situ 
colonization system 
deployed in black smoker 
fluid of the Kairei 
hydrothermal field can 
grow up to 122 ◦C 

[48] 

Antioxidant Halococcus morrhuae, 
Halobacterium 
salinarium and Thermus 
filiformis 

extremophile 
microorganisms producing 
carotenoids, efficient 
scavengers of reactive 
oxygen species 

[49] 

Lactobacillus plantarum 
IH14L, 
Lactobacillus curvatus 
GH5L and Lactobacillus 
plantarum IH16L 

three lactic acid bacteria 
isolated from fermented 
Turkish Sucuk with 
different antioxidant 
activitiy 

[50]  
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alleviate the negative impact on microorganisms caused by acid stress. 
Acid resistance (AR) in microorganisms involvs various mechanisms 

in a well-defined hierarchical transcriptional network pattern [85]. At 
the apex of the transcriptional network are the global regulators, which 
can simultaneously perturb the expression of hundreds of genes [85]. 
They can also directly or indirectly recognize specific sets of promoters, 
acting as crucial regulators in response to environmental changes and 
basal gene expression. Moreover, by mutating endogenous or heterog
enous global regulators to fine-tune their binding affinity towards target 
promoters, it is possible to regulate the entire gene expression spectrum 
that confers stress-tolerant phenotype to microorganisms [89]. This 
approach is known as a global transcriptional machinery engineering 
(gTME)-based strategy [90]. 

Among these global regulators, RpoD, the sigma D factor, serves as 
the primary sigma factor responsible for transcribing housekeeping 
genes, while RpoS, the sigma S factor, acts as a general regulator of the 
response to different stresses [91]. These two regulators are promising 
targets for engineering acid-tolerant phenotypes [89,91]. It is worth 
noting that the engineering of RpoS usually uses a small RNA-mediated 
strategy, such as DsrA, RprA, and ArcZ, due to the tight regulation of 
RpoS at all levels [92]. Another famous regulator is irrE, derived from an 
extreme radiotolerance bacteria, D. radiodurans, which regulates mul
tiple genome repair and protection pathways [52]. Heterologous 
expression of irrE has been successfully demonstrated to improve cell 
tolerance against multi-stress involved acid-stress, thermo-stress, and 
ethanol-stress in E. coli, S. cerevisiae, and Zymomonas mobilis [93–95]. 
Moreover, overexpression of gene HAA1, coding a weak acid stress 
transcriptional activator, and PRS3, coding a phosphoribosyl pyro
phosphate synthetase, in industrial S. cerevisiae, resulted in a recombi
nant with superior growth in the presence of 4 g/L acetic acid and an 
enhanced adaptation to a non-detoxified hardwood hydrolysate with a 
high acetic acid content [82]. Furthermore, engineering TATA-binding 
protein Spt15, one of the components of the general factor RNA poly
merase II (RNA Pol II) transcription factor D (TFIID), can improve the 
ethanol tolerance and production in Kluyveromyces marxianus, as well as 
the acid resistance and 3-hydroxypropionate production [96,97]. 

Table 2 
Summary of diverse stress-tolerance elements discussed in this review.  

Classification Stress- 
tolerance 
elements 

Descriptions Ref. 

Acid-tolerant 
elements 

cfa an element coding cyclopropane fatty 
acid synthase (pH 3.5 and pH 3.2) 

[7] 

CgMed2 overexpression of CgMed2 increased 
cell growth by 12.4 % and cell 
survival by 5.9 % compared to the 
wild-type Candida glabrata 

[62] 

CpxRA a two-component system CpxRA 
directly senses acidification through 
protonation of CpxA periplasmic 
histidine residues, and upregulates 
the fabA and fabB genes, leading to 
increased production of unsaturated 
fatty acids.,and improve intracellular 
pH homeostasis. 

[63] 

mo-uvrA an element coding an ATP-dependent 
DNA repair enzyme enable 
Escherichia coli survive in an acidic 
environment (pH = 3) 

[64] 

gadE-hdeB- 
sodB-katE 

a synthetic module could improve the 
robustness and productivity of 
industrial E. coli strain 

[9] 

ter9-smo- 
idi 

a heterologous pathway producing 
(S)-2,3-oxidosqualene to enhance the 
tolerance to 3-hydroxypropionate and 
fatty acids 

[65] 

DsrA-Hfq 
(H4) 

two best mutants of dsrA-Hfq, H4 and 
E11, could enhance the growth rate 
by 41–51 % than the wild-type strain 
at pH 4.5. 

[66] 

HypB- 
HypC 

an element could enhance the acid 
tolerance and d-lactic acid 
productivity of strain. 

[67] 

Saline-alkali- 
resistant 
elements 

Salt- 
Tolerant 
Gene 1 

an element coding endoplasmic 
reticulum localized protein, 
improving plant salt tolerance by 
maintaining high photosynthetic 
activity under salt stress conditions 

[68] 

ZmGnTL an element isolated from Zoysia 
matrella coding β-1,6-N- 
acetylglucosaminyltransferase like 
enzyme, improving the salt-tolerance 
of Arabidopsis through regulating ion 
homeostasis, reactive oxygen species 
scavenging, and osmotic adjustment 

[69] 

SNAC1 an element coding transcription 
factor, improving salt tolerance in 
cotton and Bambusa emeiensis 

[70] 

GsSAMS an element isolated from soybean 
coding S-adenosyl-l-methionine 
synthetase could enhance the salt- 
alkaline tolerance of transgenic rice 

[71] 

Thermo- 
tolerant 
elements 

Dsr11 a small noncoding RNA (ncRNA), 
targets genes of tRNA modification 
GTPase and arginase to enhance heat 
stress tolerance of organism. 

[34,72] 

GroES/ 
GroEL 

two elements could rescue proteins 
from improper folding and 
aggregation through an ATP-driven 
mechanism. 

[73–75] 

CspB/CspD cold-shock proteins, playing a role in 
temperature regulation for organisms 
living in environments with 
fluctuating temperatures. 

[74] 

DnaK/DnaJ co-chaperones involved in the DnaK- 
GrpE interactions, play a crucial role 
in repairing heat-induced protein 
damage. 

[74] 

ClpG a standalone disaggregase, could 
enhance bacterial survival in extreme 
temperatures. 

[76] 

Ctt1 an enzyme exhibits antioxidant 
properties, facilitating increasements 

[77]  

Table 2 (continued ) 

Classification Stress- 
tolerance 
elements 

Descriptions Ref. 

of 30.95 % in the OD and 161 % in 
product yield of Y. lipolytica at 35 ◦C. 

HtpX a membrane-associated protease 
known to be involved in the 
degradation of misfolded proteins 
under heat stress conditions. 

[17,74] 

DR_2577 a surface-layer protein, could enhance 
ultraviolet radiation and heat stress 
resistance of D. radiodurans. 

[18,33] 

Antioxidant 
elements 

OsSRO1c an element coding a rice homologue 
of SRO (similar to RCD one) protein 
can regulate H2O2 homeostasis 

[78] 

katG an element coding catalase, 
regulating H2O2 homeostasis in 
Escherichia coli 

[79] 

SigB a general stress response sigma factor, 
contributes directly to the adaptations 
required for oxidative stress survival 

[80] 

Others LPL1 and 
IZH3 

Inactivation of LPL1 (encoding a 
putative lipase) and IZH3 (encoding a 
membrane protein related to zinc 
metabolism) increasing cell survival 
rates of yeast under methanol 
tolerance 

[81] 

HAA1 and 
PRS3 

elements to enhance acetic acid 
tolerance of Saccharomyces cerevisiae 

[82] 

HtpG an element improving the butyric acid 
tolerance of Clostridium tyrobutyricum 
ATCC 25755 

[83]  
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Under transcriptional regulators, several functional systems confer 
acid tolerance, including a proton-consuming system, physiological 
adaptation, macromolecule protection or repair (genome repair and 
protection, protein quality control system), and reactive oxygen species 
(ROS) elimination system [32,98]. The basis for acid resistance systems 
is the direct consumption of intracellular protons or alkaline compounds 
to neutralize acid and counteract acid stress [57]. The proton-consuming 
system comprises a series of amino acid-dependent acid resistance sys
tems, such as the glutamic acid-dependent acid resistance (GDAR) sys
tem, arginine-dependent acid resistance (ADAR) system, the 
lysine-dependent acid resistance (LDAR) system, ornithine-dependent 
acid resistance (ODAR) system [32]. Additionally, the GDAR and 
ADAR systems could protect cells from extreme acid stress, while the 
LDAR and ODAR predominantly operate under moderate acid condi
tions [32]. Among them, GDAR has the strongest activity in low pH 
environments, and it is more widely present in a variety of bacteria that 
can resist gastric acid shock. In GDAR, protons are consumed by 
decarboxylating glutamic acid to CO2 and γ-aminobutyric acid (GABA) 
through GadA and GadB; the substrate glutamate is imported, and 
product GABA is exported via the glutamate/GABA antiporter GadC 
[32]. GDAR is regulated by the regulators GadE, GadX, and GadW, 

which exist in the acid fitness island (AFI) and comprise 14 genes 
contributing to acid resistance in E. coli [99]. Furthermore, activation of 
AFI has been successfully demonstrated to enhance cell growth robust
ness in low-pH fermentation [9]. Reconstruction of an artificial AFI in 
other industrial strains via synthetic biology approaches might be a 
promising strategy. 

Some microorganisms also produce alkaline compounds, commonly 
in the form of ammonia, to counteract acid stress. This process is ach
ieved through the catalytic activity of enzymes like urease, glutaminase 
YbaS, arginine deiminase (Adi), or the arginine dihydrolase system 
(Ads), which convert urea, glutamine, or arginine into ammonia [57]. 
Sulfur assimilation is also crucial for the synthesis and transportation of 
sulfur-containing amino acids, like glutathione, which can enhance acid 
tolerance [41,100]. Under anaerobic conditions, protons can be 
consumed to produce hydrogen via the hydrogenase with its accessory 
protein HypB-HypC [67]. 

Physiological adaptations to acid stress include membrane modifi
cation and biofilm formation to reduce proton influx [40,87]. Although 
biofilm formation exhibits strong resistance to various harmful envi
ronments, including low pH, it may not be suitable for engineering 
strains for fermentation purposes. Microbes adjust their membrane 

Fig. 1. Mechanisms of stress tolerance in microorganisms. A. Acid-resistant mechanisms in microorganisms under the acid stress. B. Saline-alkali-resistant mech
anisms in microorganisms under the saline-alkali stress. C. Thermo-tolerant mechanisms in microorganisms under the heat stress. D. Antioxidant mechanisms in 
microorganisms under the oxidative stress. 
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composition against external acid stresses by increasing the presence of 
unsaturated fatty acids (UFA) through the upregulation of genes fadA 
and fadB [63,87]. Additionally, this leads to a decrease in membrane 
fluidity, maintaining the membrane integrity and improving intracel
lular pH homeostasis. Membrane microdomains, composed mainly of 
ergosterol, sphingomyelin, and scaffold proteins, provide a platform for 
forming H+-ATPase complexes, facilitating intracellular H+ homeostasis 
and improving cell tolerance [40]. Proton pumps situated in the cell 
membrane, such as F0F1-ATPase in Lactobacillus, C. glutamicum, and 
E. coli, as well as H+-ATPase PMA1 in S. cerevisiae, actively pump pro
tons out of the cell by hydrolyzing ATP to maintain intracellular pH 
homeostasis [12,40,63]. Furthermore, transporters like Esbp6 in 
S. cerevisiae mutants exhibited efficient export of aromatic acids, 
improving the acid tolerance of the cells [13]. 

One of the crucial reasons why D. radiodurans is able to survive 
against high-intensity radiation is its strong ability to protect or repair 
DNA and protein [52]. This suggests that genes involved in the protec
tion or repair of macromolecules should be considered valuable 
stress-tolerant elements for any stress, including acid stress. This system 
is composed of DNA binding proteins (e.g., Dps) [88], DNA repair en
zymes (e.g., RecA, DnaK, and UvrA) [52,101,102], protein chaperones 
(e.g., HdeA/HdeB) [103], and protein degradation enzymes (e.g., Clp 
protease). Importantly, some of these components, like Dps and DnaK, 
play a role in both DNA and protein protection [88,101]. Since the 
periplasmic space becomes the first line of defense and the periplasmic 
proteins become vulnerable, the protection afforded by chaperones is 
vital for acid tolerance. For example, HdeA/HdeB prevents the 
acid-induced aggregation of proteins in the periplasm by binding them 
to an acidic pH and releasing the proteins when pH returns to natural 
[103]. Moreover, other chaperones such as DnaK, GrpE and HrcA, GroEL 
and GroES, and Lo18 have been shown to protect proteins during acid 
stress. 

Various stresses, including acid stress, significantly increase the level 
of intracellular ROS, leading to membrane destruction, macromolecular 
damage, and disturbance of redox homeostasis [9]. Superoxide dis
mutase converts superoxide radical to hydrogen peroxide, which is then 
further converted by catalase into water and oxygen. Thus, it is bene
ficial for superoxide dismutase and catalase to be over-expressed 
together. For example, co-overexpressing KatA and Dps in 
C. glutamicum or KatE and SodB in E. coli could enhance the acid toler
ance of cells [9,100]. 

2.2. Saline-alkali-resistant elements 

Saline-alkali stress typically induces excessive ion accumulation and 
osmotic imbalance in microorganisms during fermentation, leading to 
cell dehydration and even death [104,105]. Microorganisms have 
developed various strataegies to maintain intracellular osmotic and pH 
balance under SAS. These strategies include discharging excess ions into 
extracellular environment through ion transporters, secreting, or accu
mulating protective metabolites, and altering native metabolism (Fig. 1 
B). Generally, microbies exchange substances with the external envi
ronment through ion transporters for normal metabolism during 
fermentation. Under SAS, ion transporters such as Na+/H+ antiporters, 
Ca2+/H+ exchangers, and high-K+ affinity transporters (HKT) maintain 
intracellular ion homeostasis by transporting excess ions out of the cell 
by consuming energy, such as ATP, thereby reducing the damage caused 
by SAS [106,107]. To cope with high alkaline environments caused by 
SAS, microbies usually increase the production of acidic metabolites to 
neutralize excess alkalinity. Additionally, microorganisms upregulate 
relevant genes to secrete or accumulate osmoprotectants such as proline, 
betaine and trehalose for osmoregulation [108–110]. Altering native 
metabolism by activating transcriptional regulators is also an effective 
strategy for coping with SAS. These strategies pave the way for the 
mining of saline-alkali-resistant elements to improve the performance of 
redesigned cell factories. 

Ion transporter engineering is one of the main approaches to main
taining intracellular environment homeostasis and can relieve the 
damage caused by SAS [111]. For instance, global transcriptome anal
ysis on an extremely halophilic archaea Halolamina sp. YKT1 demon
strated that the genes related to membrane transporters were 
up-regulated under high salt concentrations [112]. In addition to 
improving the saline-alkali tolerance of microorganisms under envi
ronmental stimulation, ion transporters are applied to implement the 
efflux of harmful products to avoid the accumulation of toxicity. For 
example, studies have shown that several ion transporters belong to the 
main categories for microbial heavy-metal resistance. The cationic 
diffusion facilitator (CDF) family of transporters (e.g., PbMTP8.1 origi
nated from Pyrusbretschneideri Rehd, and GmMTP8.1 originated from 
Stylosantheshamata) play an essential role in the transport of heavy metal 
ions, significantly mitigating the danger of high concentrations of heavy 
metal salts to microorganisms [113]. Moreover, the P-type ATPase 
transporter, encoded by zccE from Streptococcus mutans, mediated the 
transport of zinc and three other metal ions; two other P-type pumps, 
encoded by FgCrpA from Fusarium graminearum and PmtA from Strepto
coccus suis, were responsible for copper ion and ferrous/cobalt efflux 
pump, respectively [86,114,115]. Therefore, enhancing the perfor
mance of plants and cell factories under SAS by introducing 
saline-alkali-resistant elements coding ion transporters is an effective 
strategy to improve the survival rate and productivity of crops and mi
crobes. For instance, AvHKT1, a gene from Actinidia valvata encoding a 
high-K+ affinity transporter, can improve the salinity tolerance of 
kiwifruit by facilitating ion transport under salt stress conditions [106]. 
Furthermore, a total of 16 HKT genes in Spartina alterniflora were 
discovered by deep learning-based methods, which are considered 
salt-tolerant elements for redesigning high salt-tolerant crops and mi
crobes [107]. 

Fabricating protective substances directly or prompting a “neutrali
zation reaction” to cancel the negative impact on cell growth is a uni
versal tactic for the stress resistance of microorganisms. For example, 
one study indicates that alginate is an effective protectant against 
alkaline stress [116]. Considering the acid-base neutralization reaction, 
a logical idea is that the impact induced by acid or alkali can be elimi
nated by overexpressing the other [117]. Indeed, that’s the contingent of 
microbial resistance to acid/alkali. For example, some microorganisms 
upregulate amino acid metabolism and increase the production of acidic 
metabolites (e.g., acetate, glutamate, and pyruvate) to maintain cell 
growth and reproduction under alkaline stress [118]. Moreover, the 
overproduction of betaine and trehalose can improve salt stress toler
ance by regulating osmoregulation [119]. 

Although microbes can employ multiple approaches, such as efflux 
pump and production of protective matters, to diminish the impact 
caused by saline-alkali stresses, none of them can bypass the native 
metabolism [120]. As these approaches usually need substrates, extra 
energy, or both, a common occasion is altering the native metabolic 
pathways by activating transcriptional regulators. For instance, Egi
coccus halophilus EGI 80432T, a halotolerant bacterium isolated from 
saline-alkaline soil, upregulated the expression of genes involved in 
starch synthesis and the gene for the stress protector, trehalose synthase, 
under highly alkaline conditions (pH 10.0) [116]. Besides, PvLBD12, 
encoding a lateral organ boundaries domain protein as a plant-specific 
transcription factor, enhanced salt tolerance by increasing proline 
accumulation, improving K+ accumulation, and reducing Na+ absorp
tion in switchgrass (Panicum virgatum L.) [110]. Moreover, ectoine, 
originally discovered in Ectothiorhodospira halochloris (H. halochloris) 
[121], is a vital compatible solute for osmotic balance in microorgan
isms. Notably, heterologous expression of ectoine synthesis genes, 
including L-diaminobutyric acid aminotransferase (EctB), L-dia
minobutyric acid acetyltransferase (EctA), and ectoine synthase (EctC), 
can improve the hyperosmotic stress and alkali stress resistance of mi
crobes and crops [122]. Furthermore, overexpression of the MhZDS gene 
(from Malus halliana), encoding a key enzyme (ζ-Carotene desaturase) in 
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the carotenoid biosynthesis pathway, has the potential to improve 
saline-alkali resistance by participating in the carotenoid synthesis 
pathway in tobacco, Arabidopsis thaliana and apple calli. Thus providing 
an excellent saline-alkali-resistant element for transgenic plants with 
strong saline-alkali resistance [123]. 

2.3. Thermotolerant elements 

High-temperature stress can induce extensive damage, particularly 
to cell membranes and macromolecules [124]. Bacteria employ various 
mechanisms to protect cell membranes and macromolecules against 
high-temperature stress. These mechanisms broadly encompass molec
ular chaperones and protein repair systems, ROS mitigation and struc
tural adaptations (Fig. 1C) [20]. Genetically, thermophiles exhibit 
features such as high GC content in their DNA, robust DNA repair sys
tems, and frequent horizontal gene transfer, contributing to genome 
stability at high temperatures [125]. 

Molecular mechanisms involve the overexpression of specific genes 
that enhance thermal tolerance, such as those encoding molecular 
chaperones like GroEL-GroES and disaggregases like ClpB, which pre
vent protein misfolding and aggregation [75,76]. To combat the in
crease in ROS levels induced by high temperatures, bacteria upregulate 
antioxidant enzymes and molecules like glutathione and thioredoxin 
[124]. Additionally, they redirect metabolic pathways to boost NADPH 
production, essential for regenerating antioxidants and mitigating 
oxidative damage [126]. Structural adaptations include specialized 
surface layers and modifications in membrane lipid composition that 
maintain cellular integrity under heat stress [127]. Collectively, these 
mechanisms enable bacteria to survive in high-temperature environ
ments by maintaining cellular and molecular integrity, ensuring protein 
stability, and protecting against oxidative stress. 

In microorganisms, the expression of the aforementioned heat- 
tolerance modules is not consistently high at all times. Instead, their 
expression is regulated in response to the detection of environmental 
stress through various regulatory elements. A well-known example is the 
overexpression of prokaryotic regulator irrE from D. radiodurans, 
increasing thermal tolerance for yeast [93]. The noncoding RNA dsr11 
from D. radiodurans also confers thermal stress by activating trmE 
encoding tRNA modification GTPase and dr_0651 encoding arginase 
[34]. Moreover, the PDE2 gene, a cAMP phosphodiesterase gene in 
S. cerevisiae, reduces cAMP levels and subsequently decreases the ac
tivity of protein kinase A (PKA), maintaining cell wall integrity and 
enhancing the heat resistance of S. cerevisiae [18]. 

It has been discovered that unique characteristics are essential for 
maintaining a stable genome under high-temperature conditions [125]. 
These include a genome with high GC content, a strong DNA repair 
system, and high horizontal gene transfer ability. One specific DNA 
topoisomerase called reverse gyrase, which introduces positive super
coiling to increase the melting temperature of DNA, has been shown to 
play a critical role in thermophily in T. kodakarensis [128]. Moreover, 
the genome of Thermotoga maritima contains heat-shock operons 
hrcA-grpE-dnaJ, prasugrel, and dnaK-sHSP, which are DNA-binding 
proteins or molecular chaperones [129]. Intriguingly, genomic com
parison studies have suggested that thermophiles tend to have smaller 
genomes compared to non-thermophiles, some of the genes involved in 
metabolism was lossed in thermopiles [125]. Another study also found 
that yeast undergoes duplication of chromosome III during adaptation to 
heat [130]. 

Molecular chaperones, like GroEL-GroES, rescue proteins from 
improper folding and aggregation, assisting in preventing protein mis
folding, or aggregation through an ATP-driven mechanism [75]. Dis
aggregases like ClpB and ClpG also assist in extracting and reactivating 
misfolded proteins aggregated under high temperatures [76]. Addi
tionally, Hsp90 not only assists in stabilizing the proteostasis of micro
organisms but also serves as an indicator to evaluate their heat tolerance 
[131]. Consequently, misfolded or nonfunctional proteins are handed 

over to the protein degradation system. As such, they are recognized and 
ubiquitinated through the ubiquitin-proteasome system misfolded pro
teins, leading to their degradation into amino acids for reuse. Over
expressing ubiquitin ligase gene RSP5 in S. cerevisiae can significantly 
enhance the thermotolerance of yeast cells [132]. It is also noteworthy 
that the ubiquitin system plays a crucial role in DNA repair and repli
cation, particularly in responding to DNA double-strand breaks, 
inter-strand crosslinks, and bypassing lesions during the replication 
process [133]. Another study on Pyrococcus furiosus found that ribo
somal proteins, such as L10E, L12A, and L7AE, had obviously higher 
abundances at 90 ◦C than at 70 ◦C to maintain stable and efficient 
protein synthesis [134]. 

Elevated temperatures are typically accompanied by an increase in 
ROS levels, leading to damage in a variety of cellular components, 
including DNA, proteins, lipids, and other essential structures [124]. 
ROS are scavenged by nonenzymatic and enzymatic antioxidants such as 
glutathione (GSH), thioredoxin (TRX), superoxide dismutase, catalase, 
and peroxidases [124]. Therefore, thermophiles can achieve this by 
upregulating the expression of antioxidant enzymes, increasing the 
levels of molecules with antioxidant properties, and repairing oxidative 
damage, thereby mitigating the oxidative stress induced by 
high-temperature conditions [124]. Cells also activate the production of 
NADPH in the high-temperature condition that is required for the 
regeneration of GSH or a reduced form of TRX, which is mainly pro
duced by the pentose phosphate pathway [126]. Furthermore, 
K. marxianus can enhance its heat tolerance by redirecting its metabolic 
pathway from glycolysis towards the pentose phosphate pathway, 
thereby increasing the production of NADPH [124]. 

D. radiodurans has a distinct surface (S)-layer with an ordered par
acrystalline array of proteins enveloping the cell surface, exhibiting 
strong tolerance to heat stress. DR_2577, also known as SlpA, is a 
thermo-adapted protein maintaining the structural integrity and func
tional efficacy of the S-layer [127]. Additionally, the cell wall integrity 
pathway (CWIP) has demonstrated the enhancement of microbial heat 
resistance for Aspergillus fumigatus [135]. Moreover, mutations in GlpF, 
the glycerol uptake facilitator, increase osmic tolerance, and the muta
tion in fabA increases the degree of saturation in membrane lipids, 
which is a known adaptation to elevated temperatures. 

2.4. Antioxidant elements 

Oxidative stress disrupts DNA replication, transcription, and trans
lation, resulting in DNA damage and metabolic disorders, which 
significantly affects microbial growth rates [20,21,136,137]. Microbes 
have developed a set of antioxidat mechanisms that can be broadly 
categorized into scavenging ROS and repairing oxidative damage. 
Generally, oxidative stress is caused by the accumulation of ROS 
including hydrogen peroxide (H2O2), superoxide anions (O2− ), hydroxyl 
radical (OH− ), and ozone (O3). Indeed, nearly all stresses discussed 
above can result in oxidative stress after the accumulation of ROS. Thus, 
reducing ROS generation, through ROS scavengers is an effective strat
egy to cope with oxidative stress (Fig. 1 D). Moreover, in response to 
damage caused by oxidative stress such as DNA damage and metabolic 
disorders, microorganisms activate intracellular metabolic synthesis 
pathways and DNA damage repair systems to repair these damage (Fig. 1 
D). These mechanisms collectively provide microbes with resistance to 
oxidative stress and inform the mining of antioxidant elements. 

ROS scavengers including superoxide dismutase (SOD), catalase 
(CAT), glutathione peroxidase (GSH-Px) [138]. Specifically, SOD acts as 
the first defense line against oxidative stresses due to its function of 
converting O2− to H2O2 and H2O, playing an essential role in resisting 
oxidative damage. Then, CAT, such as catalase HPI from E. coli, encoded 
by the gene katG, converts H2O2 into H2O and O2. Besides, other po
tential antioxidant elements, such as six elements, namely formate de
hydrogenase, processes associated with iron ions, repair programs, 
multidrug resistance, antioxidant defense, and energy generation (mqo, 
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sdhC) might have contributed to oxidative stress tolerance in Entero
bacter strain NRS-1 [139]. Additionally, the gene (deipr_0871) isolated 
from Deinococcus proteolyticus coding a response regulator can upregu
late oxidative-stress-related genes such as ahpC and sodA, and 
acetyl-CoA-accumulation-associated genes via soxS regulon in E. coli. 
These not only enhance oxidative stress but also promote the growth of 
the recombinant E. coli and remarkably improve the productivity of PHB 
[137]. Furthermore, SigB, a general stress response sigma factor, con
tributes directly to the adaptations required for oxidative stress survival 
[136]. 

Antioxidant metabolites synthesis and DNA damage repair play sig
nificant roles in the ROS damage repair system (Fig. 1 D). Microorgan
isms usually regulate metabolic pathways to synthesize several 
antioxidants such as amino acids and glutathione for repairing the 
damage caused by the overaccumulation of ROS under oxidative stress 
[11]. Notably, DNA damage often occurs under several environmental 
stresses during high-cell-density fermentation. For example, the 
ROS-oxidized nucleotide bases (e.g., 8-oxo-deoxyguanosine) incorpo
rated into the genome appear frequently after the single-strand and 
double-strand breaks under the accumulation of ROS [140]. For some 
solvents, like ethanol, the situation is more complicated. Ethanol will 
result in replication fork stalling and recruit translesion polymerases, 
which cause a higher mutation rate and further inhibit cell cycle pro
gression [141]. In addition to sabotaging DNA and disrupting its repli
cation directly, it impacted transcription and translation processes due 
to increased ribosome stalling and Rho-dependent termination for RNA 
polymerase activity, resulting in a decrease induced by ethanol [142]. 
Thus, repairing DNA damage caused by high levels of ROS is also crucial 
to increase survival rate during high-cell-density fermentation [80]. 
Generally, microorganisms have precise and efficient DNA repair 
mechanisms to cope with DNA damage caused by oxidative stress [143]. 
As such, studies revealed what has occurred to the microbial genome 
and uncovered part of the whole picture of the repairing systems. For 
example, Promicromonospora PT9T, a strain separated from irradiated 
roots of plants, proves that genes dinG, hup, recA, recQ, and ssbA are 
responsible for repairing double-strand breaks (DSB) after exposure to 
infrared ray (IR) and are included in its genome [144]. Furhtermore, 
DNA repairing was also found in UV-exposed Nesterenkonia sp. strains, 
consistent with the observation of overexpression of proteins involved in 
the DNA-repair process [145]. UvrB proteins also play an important role 
in nucleotide excision repair in E. coli [146]. 

3. Mining and redesign of stress-tolerance elements 

While synthetic biology is rapidly developing, it is also facing many 
challenges, including undefined and incompatible parts, complexity, 
difficulty in handle, unpredictable circuitry, and variability that can 
crash the system [147]. Therefore, the excavation, modification, and 
standardization of new biological elements are the current focus in 
synthetic biology. To date, various strategies have been developed to 
mine stress-tolerance elements for effective bioproduction. Generally, 
these excavated elements are challenging to be effectively applied in 
synthetic biology without further modification. In this section, we re
view the progress of effective mining and rational redesign of 
stress-tolerance elements. 

3.1. Mining of stress-tolerance elements 

With the rapid advancements in sequencing technology, we have 
entered the era of big data, where omics data such as genome, tran
scriptome, proteome, and metabolome can be efficiently obtained. To 
identify resistance regulators or resistance genes, several typical 
methods can be employed: (1) Direct discovery through Blast or similar 
alignment tools based on research interests; (2) Direct analysis of ge
nomes and transcriptomes of extremophiles, or comparison with omics 
data from non-extremophiles; (3) Integrative multiomics analysis of 

mutants or adaptive laboratory evolution (ALE) obtained strains under 
different culture conditions or growth stages. The strains with over
expression or deletion candidate genes are subjected to phenotypic 
analysis under stress conditions in the original strains or in the model 
chassis cells such as E. coli, C. glutamicum, and S. cerevisiae. In addition to 
these approaches, we introduce several state-of-the-art techniques, 
including synthetic biology tools and powerful strategies enabled by 
deep learning and automation platforms. 

Collection and construction of a genomic library of naturally stress- 
tolerance strains and further verification performed in cell factories for 
potential candidate genes after omics analysis is an effective strategy for 
mining stress-tolerance elements (Fig. 2). Initially, samples were 
collected from several extreme environments for screening of natural 
stress-tolerance microorganisms [22]. For instance, the Special Envi
ronmental Microbial Database (DSEMR), a comprehensive database 
dedicated to unique environment microorganisms, including 5268 
strains from 620 genera, was developed for stress-tolerance elements 
excavation [148]. Subsequently, genomic libraries of naturally 
stress-tolerance strains were constructed, and candidate genes were 
excavated based on sequence or function alignment and bioinformatics 
analysis. For example, Egicoccus halophilus EGI 80432T was sequenced, 
and physiological analysis and comparative transcriptomics were per
formed to screen salt tolerance elements [149]. Finally, candidate genes 
were verified as stress-tolerance elements through metabolic engineer
ing, including knockout, overexpression, and others. Two 
stress-tolerance elements from Halomonas zhaodongensis were discov
ered and designated UmpA and UmpB (encode paired unknown ho
mologous membrane proteins belonging to DUF1538 family) by 
genomic DNA screening, and co-expression of two elements in E. coli 
KNabc achieved the tolerance to 0.4 M NaCl and 30 mM LiCl, and an 
alkaline pH resistance at 8.0 [150]. 

Another strategy is to obtain evolved strains by ALE, physical and 
chemical mutagenesis, or other approaches. Then, omics analysis, 
including transcriptomics analysis, proteomics analysis, and metab
olomics analysis, was performed for wild-type and evolved strains to 
screen potential stress-tolerance elements [108–110]. The potential 
stress-tolerance elements were further identified under different condi
tions such as acid stress, saline-alkali stress, and others (Fig. 2). For 
example, ALE was performed for S. cerevisiae to screen the dicarboxylic 
acids (glutaric acid, adipic acid, and pimelic acid) tolerance elements 
and explore its tolerance mechanism. Whole-genome sequencing of 
tolerant mutants was performed to find the critical tolerance elements, 
in which a new stress-tolerance element QDR3 (coding a multidrug 
transporter) was discovered. Notably, overexpression of QDR3 improved 
the tolerance of S. cerevisiae to all three dicarboxylic acids tested and two 
additional ones (muconic and glutaconic acid), resulting in muconic 
acid final concentration from 0.25 g/L to 0.41 g/L [98]. Moreover, ALE 
was performed for Bacillus siamensis A72 to screen saline-resistant ele
ments and improve the production of macrolactins (MLNs), a type of 
macrolide antibiotic toxic to the producer strains. From this investiga
tion, hisDD41Y was found to be a saline-resistant element via RNA 
sequencing, metabolomics analysis, and genome sequencing of a 
saline-resistant mutant strain B. siamensis IMD4001 and the parental 
strain B. siamensis A72. Furthermore, MLN production was 3.42 times 
higher than the control in the overexpression hisDD41Y strain [151]. 

In addition, the combination of the CRISPR/Cas9 gene-editing tool 
with massively parallel oligomer synthesis enabled trackable genome 
engineering (CREATE) to link each guide RNA to homologous repair 
cassettes that both edit loci and function as barcodes to track genoty
pe–phenotype relationships [152]. The CREATE strategy enables editing 
around 104 to 105 loci in a population and allows for the parallel 
mapping of each edit to a targeted trait using conventional sequencing. 
Thus, CREATE has been powerful in the identification of stress tolerance 
relative genes, not only screening the target genes from the genome but 
also introducing mutations in the target genes to be available for 
stress-tolerance. Based on this CREATE strategy, 34 thousand mutations 
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across 23 global regulators were efficiently identified against multiple 
inhibitors in E. coli [153]. The study further found that upregulation of 
ilvA and nadA-pnuC, deletion of potF, or the small RNA sgrS increased the 
tolerance to acetate. By combining ALE and CREATE, we found that the 
knockout of sRNA sgrS and the overexpression of sRNA arrS significantly 
increased furfural tolerance [154]. Moreover, Bao et al. developed 
another version, called the CRISPR/Cas9-and homology-directed-repair 
(HDR)-assisted genome-scale engineering (CHAnGE) method for 
S. cerevisiae [155]. 

More recently, based on the development of deep learning and big 
data, artificial intelligence methods have significantly contributed to the 
task of protein function prediction. For identifying stress-tolerant ele
ments from virous strains, the Contrastive learning–enabled enzyme 
annotation (CLEAN) approach to annotate enzymes with better accu
racy, reliability, and sensitivity compared with BLASTp tool [156]. 
Notably, CLEAN, using a contrastive learning framework, can be applied 
to annotate understudied enzymes, correct mislabeled enzymes, and 
identify promiscuous enzymes in silico. 

Though methods based on big data have contribution in mining 
stress-tolerant elements, the multiomics data are complex, highly 
dimensional, and heterogeneous, which poses an important challenge, 
and can generate the curse of dimensionality during data mining and 
reduce the generalization ability of the model [157]. Deep learning 
methods have also emerged to integrate multiomics data, which can be 
utilized as an efficient framework to process a large number of 

multiomics, high-dimensional, and complex data. Construction and 
training of a multiple natural language processing neural network 
model, including LSTM, Attention, and BERT, were developed to form a 
unified pipeline to autonomous learning of sequence features, and 
microbiome data resources can be used to discover specific functional 
genes [158]. As such, 83.8 % (181/126) of the predicted sequence by 
this large-scale method (4409 genomes) of human metagenomic data 
demonstrated antimicrobial activities. Additionally, an automated 
platform for the plasmid construction process and cell growth and 
production assays accelerated the identification process for the candi
date genes mined by the AI scheme [159]. 

3.2. Stress-tolerance elements redesigning for construction of cell factory 

Although several stress-tolerance elements have been excavated, 
there are still many challenges, including fitness, activity, and control
lability of the newly excavated stress-tolerance elements, that need to be 
addressed for follow-up application. For example, several stress- 
tolerance elements were discovered in prokaryotic organisms, which 
might not be applicable to eukaryotic organisms. A recombinant 
S. cerevisiae with NAD-dependent methanol dehydrogenase from Bacillus 
methanolicus MGA3 and D-6-phospho-3-hexuloisomerase and hexulose 
6-phosphate synthase in ribulose monophosphate pathway cycle, a 
methanol assimilation pathway in prokaryotic organisms, from B. subtilis 
168 were integrated into the chromosome could not growth in the 

Fig. 2. Schematic of stress-tolerance elements mining strategies. Obtaining candidate strains with desired tolerance characteristics from diverse extreme environ
ments or evolution. Then, screening and verification of stress-tolerance elements from candidate strains by omics analysis and experimentation. 
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defined medium using methanol as the sole carbon source [160]. In 
addition to the complex environments faced by microorganisms, it is 
beneficial to assemble multiple stress-tolerant elements into a powerful 
stress-tolerant module capable of handling various stressful environ
ments. Therefore, rational or semi-rational engineering of natural 
stress-tolerance elements is commonly necessary to adapt them to target 
strains and the specific stresses they encounter. There are two main 
strategies for this, which are directed evolution and computer-aided 
rational design (Fig. 3). 

Directed evolution has become a standard practice in molecular 
biology as it allows for the rapid selection of biomolecule variants with 
properties that make them more suitable for stress-tolerance applica
tions [54] (Fig. 3 A). Various techniques have been developed to address 
the two main steps of directed evolution: genetic diversification (i.e., 
library generation) and selection or screening of desired variants. There 
are several highly recommended reviews available on the development 
of these two steps [161]. Unlike general protein-directed evolution, 
stress element-directed evolution can be screened in a specific stress, 
often proving to be more efficient. Several global regulators, such as 
RpoD, H-NS, and CRP, have been engineered through directed evolution 
strategies to improve further their ability to confer acid tolerance in cells 
[89,162,163]. Recently, advancements in genome editing tools have 
allowed for the construction of mutation libraries directly on the 
genomic DNA. Notably, these strategies demonstrate a strong ability to 
identify stress elements and engineer them, as well as construct desir
able cell factories. For instance, CRISPR/Cas9-mediated directed evo
lution of the sRNA DsrA, along with its chaperone Hfq (DsrA-Hfq 
module), in the genomic context has significantly enhanced acid toler
ance [66]. The best mutants exhibited a 51–72 % increase in growth 

performance at pH 4.5 compared to the original strain. Although the 
CREATE or CREATE-based strategies do not employ directed evolution, 
they follow a similar scheme [153]. Additionally, stress-tolerant ele
ments can be rapidly assembled into multifunctional stress-tolerant 
modules. For example, by combining the acid-responsive promoter 
Pasr with different strengths with four genes, including the 
proton-consuming system regulator gadE, periplasmic chaperone hdeB, 
and ROS scavengers sodB and katE, significant improvements in growth 
and production robustness of industrial E. coli strains have been ach
ieved at low pH [9]. 

Continuous advancements in computer technology have sparked a 
keen interest in leveraging computer-aided rational design for elements 
(Fig. 3 B). When compared to directed evolution, computer-aided 
rational design exhibit significant advantages in terms of the speed 
and efficiency of synthesizing biological components [164]. Through the 
utilization of computational methods for analyzing biological data, we 
acquire fresh insights into the microbial systems, thereby propelling the 
techniques of designing elements. For instance, notable examples such 
as iEnhancer-CNN [165] and DeepSTARR [166] effectively showcase 
the application of computer techniques in designing of enhancer. 
Concurrently, algorithms rooted in minimum free energy principles, 
such as NUPACK [167], have validated the efficacy of computer-aided 
rational design in fabricating RNA regulatory elements. Furthermore, 
through thorough exploration of the characteristics of natural promoter 
sequences, we can employ computer-aided rational design to meticu
lously craft entirely novel synthetic promoters from scratch [164]. 
Meanwhile, computer-aided methods have emerged as powerful tools 
for protein mining and design. Frances Arnold introduced the concept of 
using machine learning models to delineate protein functional space and 

Fig. 3. Strategies to redesign stress-tolerance elements. A. Directed evolution for optimization of stress-tolerance elements. B. Computer-aided rational design for 
optimization of stress-tolerance elements. C. Regulatory engineering for redesign of stress-tolerance elements. D. Codon and structure optimization for redesign of 
stress-tolerance elements. 
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guide evolutionary processes [168]. Wu Bian’s team leveraged artificial 
intelligence protein design techniques to conduct molecular redesign of 
aspartase derived from Bacillus, resulting in the successful generation of 
a range of artificial β-amino acid synthetases exhibiting precise location 
selectivity and stereo selectivity [169]. Similarly, David Baker’s team 
harnessed deep neural networks to achieve de novo protein design 
tailored to specific functionalities [55]. Furthermore, machine 
learning-based approaches have demonstrated efficacy in swiftly and 
effectively identifying antimicrobial peptide candidates from meta
genomic datasets [158]. Collectively, these studies suggests the poten
tial for employing computer-aided rational design in de novo genetic 
element design. 

Some stress-tolerance elements also have risks of being unable to 
regulate following heterologous expression. Therefore, many efforts 
have been made to improve the regulatability of elements in cell fac
tories through computer-aided rational design, which also is a suitable 
strategy for stress-tolerance elements redesigning (Fig. 3 C). Notably, 
promoter engineering is an alternative approach to control the transcript 
production of elements intracellular through devise strengths of syn
thetic promoters [9,170]. For example, a porin promoter library was 
constructed and charactered in E. coli and H. bluephagenesis TD01, and 
the PHA production was improved after promoter optimization [171]. 
Subsequently, this promoter library was also used to enhance the 3HV 
content in PHBV synthesized by H. bluephagenesis TY19 [172]. Using 
acid-responsive promoters to fine-tune the expression of the ghsk 
module could enhance the final OD600 of strains of 43–51 % and 
maintain the productivity of industrial E. coli strains upon mildly acidic 
conditions [9]. Moreover, through comprehensive transcriptome anal
ysis, a series of promoters responsive to the combined stresses of 36 ◦C 
high temperature and 10 % high glucose concentration were discovered 
[173]. These stress-responsive promoters were utilized to fortify the 
glutathione biosynthesis pathway and the acetic acid degradation 
pathway, thereby enhancing yeast tolerance to reactive oxygen species 
and acetic acid stress induced by high temperatures. This enhancement 
also significantly improved the robustness and productivity of yeast in 
lignocellulosic ethanol fermentation. Besides, ribosomal binding sites 
(RBS) are also critical for elements to achieve effective performance. 
E. coli accumulated 0%–92 % poly(3-hydroxybutyrate) contents in cell 
dry weight, which was achieved by rationally designing RBS libraries 
with defined strengths to regulate three genes, respectively [174]. 

In addition, modifying the N-terminal tail of elements is another 
effective strategy to achieve better performance in bioproduction (Fig. 3 
D). A study demonstrated that redesigning the N-region of α-factor, a 
secretory signal peptide, could significantly enhance the secretion of 
human lactoferrin in Phichia pastoris [175]. Moreover, replacing the 
N-terminal tail of Hxt2 (a high-affinity glucose transporter) with the 
corresponding region of Hxt11 (a sugar transporter that is stably 
expressed at the membrane) resulted in Hxt11/2 transporters, which 
improves the growth of S. cerevisiae under high glucose concentration (8 
%) and the tolerance of acetic acid [176]. 

4. Application of stress-tolerance elements 

Numerous chemicals and materials such as biofuels, bio-rubber, and 
natural products have been produced by microbial cell factories, which 
are considered promising implements to cope with severe threats from 
the environment and resources [177]. The conventional model mi
crobes, such as E. coli and S. cerevisiae, and the non-model microbes, 
exemplified by B. subtilis, Streptomyces spp., Pseudomonas spp., Asper
gillus spp., and Y. lipolytica, have been developed and applied in the 
production of high-value biochemicals and proteins as industrially used 
chassis [178]. However, industrial cell factories usually need to address 
complex environmental stresses, including toxic inhibitors (brought by 
raw material pretreatment), temperature, acid, oxidative, osmotic 
stress, and solvents, during the process of industrial bioprocess, which 
have a significant negative impact on microbial growth and inhibit the 

production of metabolites [65,179]. Fortunately, with the advancement 
of systems and synthetic biology technologies, improving microbial 
robustness through the introduction of effective stress-tolerance ele
ments provides an alternative approach to enhance the performance of 
cell factories, such as maintaining the phenotype of stability and 
improving titer and productivity of desired bioproducts under various 
harsh industrial conditions [178]. Importantly, such stress-tolerance 
elements have potential applications in multiple fields, such as bio
manufacturing (Fig. 4). 

The poor tolerance of microorganisms to toxic substrates or products 
is a major challenge in biomanufacturing [65]. Some stress-tolerance 
elements can also enhance the tolerance of substrates or bioproducts 
to improve the productivity or titer of cell factories during the process of 
fermentation (Fig. 4 A). For instance, methanol is an ideal and renew
able feedstock for biomanufacturing. However, the toxicity of methanol 
limits the effective bioconversion of methanol toward high-valued bio
products. Inactivation of LPL1 (encoding a putative lipase) and IZH3 
(encoding a membrane protein related to zinc metabolism) not only 
improves the methanol tolerance of methylotrophic yeast Ogataea pol
ymorpha by restoring phospholipid metabolism but also results in 
high-level production of free fatty acids from sole methanol [81]. 
Overexpression of QDR3 in S. cerevisiae can improve the tolerance of the 
target product (muconic acid) and the production of muconic acid [98]. 
Moreover, the accumulation of high ethanol concentration was the main 
factor affecting cell growth and vitality, inhibiting the activity of certain 
key enzymes, interfering with various cell metabolism, and resulting in 
poor ethanol yield during bioethanol production [180]. Overexpression 
of the element murA2, an alcohol-tolerant element from the 
alcohol-tolerant organism Lactobacillus plantarum, in the ethanologenic 
E. coli KO11 significantly improved ethanol tolerance and ethanol pro
duction (52.4 g/L, control 40.2 g/L) [181]. Furthermore, the over
expression of Tryptophan biosynthesis elements (Trp2 and Trp5) and 
tryptophan permease element (TAT2) can effectively endow S. cerevisiae 
with higher ethanol tolerance [182]. 

Generally, introducing a single stress-tolerance-related element into 
a cell factory is capable of improving the performance of cell factories 
under desired environmental stress (Fig. 4 B). For instance, over
expression of CgMed2, an element encoding Mediator tail subunit, in 
Candida glabrata increased cell growth by 12.4 % and cell survival by 
5.9 % compared to the wild-type strain under pH 2, which significantly 
enhanced the performance of C. glabrata during the process of fermen
tation under acid condition [62]. Overexpression of HypB/HypC could 
also enhance the acid tolerance and D-Lactic acid production of E. coli at 
pH 5.5 in 5-L bioreactors. The atmospheric and room temperature 
plasma (ARTP) and ALE strategies were conducted in E. coli, and the 
mutant BER208 showed increased growth rate, glucose utilization rate, 
and succinic acid productivity of 3.2-fold, 3.7-fold, and 2.5-fold [183]. 
Moreover, overexpression of Esbp6 enhanced the acid tolerance of 
S. cerevisiae, with improvements in cell growth reaching up to 17 % and 
increased coumaric acid production of 38 %–47 % [13]. 

In addition, cell factories have to cope with complex environments 
during the process of bioproduction. Assembling multiple stress- 
tolerance elements into more efficient stress-tolerance modules is a 
feasible strategy to enhance the performance of microorganisms (Fig. 4 
C). For instance, ROS is usually generated by the accumulation of the 
damages caused by stress conditions such as acid stress, heat, and so on. 
Co-expression of katE (an antioxidant element coding CAT) and sodB (an 
antioxidant element coding SOD) in E. coli recombinant improved 5- 
Aminolevulinic acid (ALA), which is a value-added bioproduct with 
several applications and can cause severe cell damage and morphology 
change of E. coli through generating ROS, tolerance and its production 
levels, achieving a 117 % (11.5 g/L) increase of ALA titer in a 5 L 
bioreactor [11]. Moreover, there are also some stress-tolerance elements 
that can enhance multiple stress tolerance of cell factories. For example, 
overexpression of OLE1, encoding the sole and essential Δ-9 desaturase, 
in S. cerevisiae achieved the improvement of multiple stress tolerance, 
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including weak acids, ROS, ethanol, and so on [184]. 
In the process of enhancing the tolerance of engineered microbial 

strains, it is common practice to manipulate the strain’s endogenous 
stress-resistance genes or introduce exogenous stress-resistance genes 
[9,18]. However, this approach carries the risk of increasing the meta
bolic burden on the host cell, potentially leading to imbalances in the 
overall cellular metabolism or uncontrolled cell growth [179]. Our ul
timate goal in engineering microbial strains is to produce the desired 
products more efficiently and cost-effectively for human needs. There
fore, the judicious and timely expression of stress-resistant modules is a 
reasonable requirement (Fig. 4 D). The Intelligent Microbial 
Heat-Regulating Engine (IMHeRE) system, integrated with a quorum 
sensing mechanism and employing various heat shock proteins and RNA 
thermometers, intelligently regulates the expression of heat-resistant 
genes in E. coli [73]. Notably, this system enhances the thermal resil
ience and bioconversion efficiency of organisms by intelligently 
responding to abiotic stress through the activation of adaptive modules. 
This results in significantly improved microbial growth and productivity 
under high-temperature conditions, highlighting the importance of 
intelligent, stress-responsive gene expression strategies. 

5. Conclusions and perspectives 

The development and application of stress-tolerance elements are 
practical approaches to enhance the stress tolerance of cell factories and 
thereby enhance their performance of bioproduction and reduce their 
consumption under multiple stress fermentation conditions. Having 
long-term adaption to natural stress conditions, extremophiles have 

developed unique and efficient stress response mechanisms, providing 
numerous resources for screening stress-tolerance elements. Though 
engineered extremophiles are attractive for sustainable manufacturing, 
the tolerance engineering of model microbes, such as E. coli and 
S. cerevisiae, is still of great value for their unrivaled superiority of clear 
genetic background, well-developed genetic tools, and wide application 
[185]. Furthermore, the understanding of stress response mechanisms in 
extremophiles is not yet comprehensive. Large-scale molecular modifi
cation and synthesis technologies for their genomes and intracellular 
metabolic networks are still maturing, significantly limiting the 
screening of stress-tolerance elements in extremophiles. 

To date, the lack of efficient and stable genetic manipulation systems 
for a large number of non-model microorganisms or industrial produc
tion strains, especially molecular tools for precise and dynamic regula
tion of gene expression levels or synchronous manipulation of multiple 
genes/large fragments, is an urgent issue for achieving effective devel
opment and application of stress-tolerance elements. Therefore, 
combining numerous omics techniques, metabolic engineering opera
tions, and high-throughput screening techniques to mine stress- 
tolerance elements with significant application potential for the con
struction of robustness modal microorganisms is a promising alterna
tive. The expression of stress-tolerant elements usually needs strict 
regulation, requiring specific timing and quantity to balance cellular 
stress tolerance and product production. Notably, synthetic biology of
fers many tools to realize dynamic and precise regulation, in which gene 
circuits are one of the most important. Likewise, pulse-generators could 
realize the expression pattern of target genes from ON to OFF, which 
means just-in time and just-enough [51,186]. Integrating the sensing 

Fig. 4. Biomanufacturing applications of stress-tolerance elements. A. Stress-tolerance elements are used to increase the tolerance of chasis to toxic substrates or 
bioproducts. B. Stress-tolerance elements are used for improving the performance of cell factory under desired environmental stress. C. Stress-tolerance elements are 
combined into stress-tolerance modules for cell factory to cope with complex fermentation environments. D. Stress-tolerant elements are used to intelligent 
expression. WT: wide type; EC: engineered stress-tolerance chasis; ES: engineered stress-tolerance strain. 
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elements like stress-responsive promoters or specific 
metabolites-responsive riboswitches, along with the stress-tolerant ele
ments into logic gates, could realize the intelligent expression [9,58]. 
Moreover, it is suggested that characterizations and optimizations of 
gene circuits be conducted under variable contexts, especially the 
application seniors, to maintain robustness for further application. 

Strategies based on AI, particularly large language models (LLM), 
have been employed for biotechnologies, including protein sequence 
generation, drug discovery, and computational biology. Additionally, 
universal LLM (e.g., ChatGPT4) also shows great potential in biology 
research [187], which is also used for effective recognition, prediction, 
and design of biological elements [188]. Prediction models primarily 
focus on determining the properties and characteristics of unknown 
biological elements. This encompasses methods like contrastive learning 
[156], transfer learning [189], multi-track systems [190], and 
multi-modal techniques [191]. For example, the Promoter calculator 
[170] has been designed to predict site-specific transcription initiation 
rates across any RpoD promoter sequence. Pattern recognition models, 
utilizing tools such as message-passing neural networks [192], con
volutional neural networks [193], and recurrent neural networks [194], 
are adept at identifying patterns within extensive biological datasets. 
DeepSNR, with three convolution layers, has been developed to mine 
DNA or RNA motifs from original DNA or RNA sequences. Moreover, 
design models use complex algorithms to synthesize new biological 
structures or modify existing one biological elements, using approaches 
such as generative model [195], reinforcement learning [196], and deep 
network hallucination [55]. Deepseed [197], with expert systems, has 
also demonstrated improvements in the properties of E. coli, 
IPTG-inducible, and mammalian cell doxycycline (Dox)-inducible pro
moters. Moreover, deep-learning methods could offer significant ca
pacity for the discovery and design of biological elements, as well as the 
construction of cell factories [107]. Furthermore, it could be a possible 
approach for generalizing and standardizing stress-tolerance elements to 
promote the development of synthetic biology. However, the efficacy of 
AI techniques in biology largely hinges on the quality of the available 
data [188]. Likewise, existing databases often contain redundant and 
erroneous data, which can significantly impede the efficiency of AI 
techniques [198]. Therefore, the establishment and maintenance of 
high-quality databases are crucial for enhancing the performance and 
accuracy of AI techniques in biological research. Moreover, establishing 
automated platforms and comprehensive evaluation systems combined 
with technologies powered by synthetic biology for non-labor-intensive 
and effectively excavating stress-tolerance elements is the future trend. 

Credit author statement 

The listed authors participated in the creation of this study in the 
following ways: Zheyi Kuang and Xiaofang Yan wrote the manuscript 
and drafted the tables and figures. Xiaofeng Yang, Haitao Yue and 
Jianwen Ye proposed the idea and revised the manuscript. Yanfei Yuan, 
Ruiqi Wang, Haifan Zhu, Youyang Wang and Jianfeng Li drafted and 
revised the tables. All authors read and approved the manuscript. Zheyi 
Kuang and Xiaofang Yan contributed equally to this paper. 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgments 

This work was funded by the National Key Research and Develop
ment Program of China (2018YFA0901000, 2022YFC2104800 and 
2019YFC1606102); the Third Xinjiang Scientific Expedition Program 
(2022xjkk020603); the National Natural Science Foundation of China 

(U2003305 and 31860018). The authors thank AiMi Academic Services 
(www.aimieditor.com) for English language editing and review services. 

References 

[1] Zhou M, Tian X. Development of different pretreatments and related technologies 
for efficient biomass conversion of lignocellulose. Int J Biol Macromol 2022;202: 
256–68. https://doi.org/10.1016/j.ijbiomac.2022.01.036. 

[2] Morais Lima PJ, da Silva RM, Chaves Girao Neto CA, Gomes e Silva NC, da Silva 
Souza JE, Nunes YL, Sousa dos Santos JC. An overview on the conversion of 
glycerol to value-added industrial products via chemical and biochemical routes. 
Biotechnol Appl Biochem 2022;69(6):2794–818. https://doi.org/10.1002/ 
bab.2098. 

[3] Hepburn C, Adlen E, Beddington J, Carter EA, Fuss S, Mac Dowell N, Minx JC, 
Smith P, Williams CK. The technological and economic prospects for CO2 
utilization and removal. Nature 2019;575(7781):87–97. https://doi.org/ 
10.1038/s41586-019-1681-6. 

[4] Cotton CAR, Claassens NJ, Benito-Vaquerizo S, Bar-Even A. Renewable methanol 
and formate as microbial feedstocks. Curr Opin Biotechnol 2020;62:168–80. 
https://doi.org/10.1016/j.copbio.2019.10.002. 

[5] Bi X, Lyu X, Liu L, Chen J. Development status and prospects of microbial 
manufacturing industry in China. Strategic Study of CAE 2021;23(5):59–68. 
https://doi.org/10.15302/J-SSCAE-2021.05.008. 

[6] P.S. Begum, S. Rajagopal, M.A. Razak, Emerging trends in microbial fermentation 
technologies, in: B. Viswanath (Ed.), Recent Developments in Applied 
Microbiology and Biochemistry, Academic Press2021, pp. 113-119.https://doi. 
org/10.1016/B978-0-12-821406-0.00011-4. 

[7] Yang X, Hang X, Zhang M, Liu X, Yang H. Relationship between acid tolerance 
and cell membrane in Bifidobacterium, revealed by comparative analysis of acid- 
resistant derivatives and their parental strains grown in medium with and 
without Tween 80. Appl Microbiol Biotechnol 2015;99(12):5227–36. https://doi. 
org/10.1007/s00253-015-6447-y. 

[8] Lin Z, Zhang Y, Wang J. Engineering of transcriptional regulators enhances 
microbial stress tolerance. Biotechnol Adv 2013;31(6):986–91. https://doi.org/ 
10.1016/j.biotechadv.2013.02.010. 

[9] Yao X, Liu P, Chen B, Wang X, Tao F, Lin Z, Yang X. Synthetic acid stress- 
tolerance modules improve growth robustness and lysine productivity of 
industrial Escherichia coli in fermentation at low pH. Microb Cell Factories 2022; 
21(1). https://doi.org/10.1186/s12934-022-01795-4. 

[10] Yuan B, Wang W-B, Wang X-Q, Liu C-G, Hasunuma T, Kondo A, Zhao X-Q. The 
chromatin remodeler Ino80 regulates yeast stress tolerance and cell metabolism 
through modulating nitrogen catabolite repression. Int J Biol Macromol 2023: 
129041. https://doi.org/10.1016/j.ijbiomac.2023.129041. 

[11] Zhu C, Chen J, Wang Y, Wang L, Guo X, Chen N, Zheng P, Sun J, Ma Y. Enhancing 
5-aminolevulinic acid tolerance and production by engineering the antioxidant 
defense system of Escherichia coli. Biotechnol Bioeng 2019;116(8):2018–28. 
https://doi.org/10.1002/bit.26981. 

[12] Follmann M, Ochrombel I, Kraemer R, Troetschel C, Poetsch A, Rueckert C, 
Hueser A, Persicke M, Seiferling D, Kalinowski J, Marin K. Functional genomics of 
pH homeostasis in Corynebacterium glutamicum revealed novel links between pH 
response, oxidative stress, iron homeostasis and methionine synthesis. BMC 
Genom 2009;10. https://doi.org/10.1186/1471-2164-10-621. 

[13] Pereira R, Mohamed ET, Radi MS, Herrgard MJ, Feist AM, Nielsen J, Chen Y. 
Elucidating aromatic acid tolerance at low pH in Saccharomyces cerevisiae using 
adaptive laboratory evolution. Proc Natl Acad Sci USA 2020;117(45):27954–61. 
https://doi.org/10.1073/pnas.2013044117. 

[14] Heng T, He X-L, Yang L-L, Xu X, Feng Y. Mechanism of Saline-Alkali land 
improvement using subsurface pipe and vertical well drainage measures and its 
response to agricultural soil ecosystem. Environ Pollut 2022;293. https://doi.org/ 
10.1016/j.envpol.2021.118583. 

[15] Wang SJ, Chen Q, Li Y, Zhuo YQ, Xu LZ. Research on saline-alkali soil 
amelioration with FGD gypsum. Resour Conserv Recycl 2017;121:82–92. https:// 
doi.org/10.1016/j.resconrec.2016.04.005. 

[16] Abdel-Banat BMA, Hoshida H, Ano A, Nonklang S, Akada R. High-temperature 
fermentation: how can processes for ethanol production at high temperatures 
become superior to the traditional process using mesophilic yeast? Appl Microbiol 
Biotechnol 2009;85:861–7. https://doi.org/10.1007/s00253-009-2248-5. 

[17] Xu K, Gao L, Hassan JU, Zhao Z, Li C, Huo Y-X, Liu G. Improving the thermo- 
tolerance of yeast base on the antioxidant defense system. Chem Eng Sci 2018; 
175:335–42. https://doi.org/10.1016/J.CES.2017.10.016. 

[18] Xu K, Qin L, Bai W, Wang X, Li F, Ren S, Gao X, Chen B, Tong Y, Li J, Li B-Z, 
Yuan Y-J, Li C. Multilevel defense system (MDS) relieves multiple stresses for 
economically boosting ethanol production of industrial Saccharomyces 
cerevisiae. ACS Energy Lett 2020;5(2):572–82. https://doi.org/10.1021/ 
acsenergylett.9b02681. 

[19] Xu N, Lv H, Wei L, Liang Y, Ju J, Liu J, Ma Y. Impaired oxidative stress and sulfur 
assimilation contribute to acid tolerance of Corynebacterium glutamicum. Appl 
Microbiol Biotechnol 2019;103:1877–91. https://doi.org/10.1007/s00253-018- 
09585-y. 

[20] Lushchak VI. Adaptive response to oxidative stress: bacteria, fungi, plants and 
animals. Comp Biochem Physiol C Toxicol Pharmacol 2011;153(2):175–90. 
https://doi.org/10.1016/j.cbpc.2010.10.004. 

[21] Ahn Y-J, Im E. Heterologous expression of heat shock proteins confers stress 
tolerance in Escherichia coli, an industrial cell factory: a short review. Biocatal 

Z. Kuang et al.                                                                                                                                                                                                                                   

http://www.aimieditor.com
https://doi.org/10.1016/j.ijbiomac.2022.01.036
https://doi.org/10.1002/bab.2098
https://doi.org/10.1002/bab.2098
https://doi.org/10.1038/s41586-019-1681-6
https://doi.org/10.1038/s41586-019-1681-6
https://doi.org/10.1016/j.copbio.2019.10.002
https://doi.org/10.15302/J-SSCAE-2021.05.008
https://doi.org/10.1016/B978-0-12-821406-0.00011-4
https://doi.org/10.1016/B978-0-12-821406-0.00011-4
https://doi.org/10.1007/s00253-015-6447-y
https://doi.org/10.1007/s00253-015-6447-y
https://doi.org/10.1016/j.biotechadv.2013.02.010
https://doi.org/10.1016/j.biotechadv.2013.02.010
https://doi.org/10.1186/s12934-022-01795-4
https://doi.org/10.1016/j.ijbiomac.2023.129041
https://doi.org/10.1002/bit.26981
https://doi.org/10.1186/1471-2164-10-621
https://doi.org/10.1073/pnas.2013044117
https://doi.org/10.1016/j.envpol.2021.118583
https://doi.org/10.1016/j.envpol.2021.118583
https://doi.org/10.1016/j.resconrec.2016.04.005
https://doi.org/10.1016/j.resconrec.2016.04.005
https://doi.org/10.1007/s00253-009-2248-5
https://doi.org/10.1016/J.CES.2017.10.016
https://doi.org/10.1021/acsenergylett.9b02681
https://doi.org/10.1021/acsenergylett.9b02681
https://doi.org/10.1007/s00253-018-09585-y
https://doi.org/10.1007/s00253-018-09585-y
https://doi.org/10.1016/j.cbpc.2010.10.004


Synthetic and Systems Biotechnology 9 (2024) 793–808

805

Agric Biotechnol 2020;29:101833. https://doi.org/10.1016/j.bcab.2020.101833. 
101833. 

[22] Razia S, Hadibarata T, Lau SY. Acidophilic microorganisms in remediation of 
contaminants present in extremely acidic conditions. Bioproc Biosyst Eng 2023; 
46(3):341–58. https://doi.org/10.1007/s00449-022-02844-3. 

[23] G. Mamo, B. Mattiasson, Alkaliphiles: The Versatile Tools in Biotechnology, in: G. 
Mamo, B. Mattiasson (Eds.), Alkaliphiles in Biotechnology2020, pp. 1-51.https:// 
doi.org/10.1007/10_2020_126. 

[24] Zhang X, Lin Y, Chen G-Q. Halophiles as chassis for bioproduction. Adv. Biosyst 
2018;2(11). https://doi.org/10.1002/adbi.201800088. 

[25] Jiang Y, Jiang W, Xin F, Zhang W, Jiang M. Thermophiles: potential chassis for 
lignocellulosic biorefinery. Trends Biotechnol 2022;40(6):643–6. https://doi.org/ 
10.1016/j.tibtech.2021.12.008. 

[26] Jin S, Wang Y, Zhao X. Cold-adaptive mechanism of psychrophilic bacteria in 
food and its application. Microb Pathog 2022;169. https://doi.org/10.1016/j. 
micpath.2022.105652. 

[27] Zhu DC, Adebisi WA, Ahmad F, Sethupathy S, Danso B, Sun JZ. Recent 
development of extremophilic bacteria and their application in biorefinery. Front 
Bioeng Biotechnol 2020;8. https://doi.org/10.3389/fbioe.2020.00483. 

[28] Mallick S, Das S. Acid-tolerant bacteria and prospects in industrial and 
environmental applications. Appl Microbiol Biotechnol 2023;107:3355–74. 
https://doi.org/10.1007/s00253-023-12529-w. 

[29] Ma Y, Zhong H, He Z. Cr(VI) reductase activity locates in the cytoplasm of 
Aeribacillus pallidus BK1, a novel Cr(VI)-reducing thermophile isolated from 
Tengchong geothermal region, China. Chem Eng J 2019;371:524–34. https://doi. 
org/10.1016/j.cej.2019.04.085. 

[30] Haouas A, El Modafar C, Douira A, Ibnsouda-Koraichi S, Filali-Maltouf A, 
Moukhli A, Amir S. Alcaligenes aquatilis GTE53: phosphate solubilising and 
bioremediation bacterium isolated from new biotope "phosphate sludge enriched- 
compost". Saudi J Biol Sci 2021;28(1):371–9. https://doi.org/10.1016/j. 
sjbs.2020.10.015. 

[31] Laube E, Meier-Credo J, Langer JD, Kuehlbrandt W. Conformational changes in 
mitochondrial complex I of the thermophilic eukaryote Chaetomium thermophilum. 
Sci Adv 2022;8(47). https://doi.org/10.1126/sciadv.adc9952. 

[32] U. Kanjee, W.A. Houry, Mechanisms of Acid Resistance in Escherichia coli, in: S. 
Gottesman (Ed.), Annu Rev Microbiol, Vol 672013, pp. 65-81.https://doi.org/10. 
1146/annurev-micro-092412-155708. 

[33] Farci D, Slavov C, Piano D. Coexisting properties of thermostability and 
ultraviolet radiation resistance in the main S-layer complex of Deinococcus 
radiodurans. Photochem Photobiol Sci 2018;17(1):81–8. https://doi.org/ 
10.1039/c7pp00240h. 

[34] Xue D, Chen Y, Li J, Han J, Zhou Z, Zhang W, Chen M, Lin M, Ongena M, Wang J. 
A novel noncoding RNA dsr11 involved in heat stress tolerance in Deinococcus 
radiodurans. Biomolecules 2020;10(1). https://doi.org/10.3390/biom10010022. 

[35] Kohlmeier MG, Farquharson EA, Ballard RA, O’Hara GW, Terpolilli JJ. Complete 
genome sequence of Rhizobium leguminosarum bv. viciae SRDI969, an acid- 
tolerant, efficient N2-fixing microsymbiont of Vicia faba. Microbiol. Resour. 
Announc. 2023;12(9). https://doi.org/10.1128/mra.00489-23. 

[36] Zhao Q, Cao J, Cai X, Wang J, Kong F, Wang D, Wang J. Antagonistic Activity of 
Volatile Organic Compounds Produced by Acid-Tolerant Pseudomonas protegens 
CLP-6 as Biological Fumigants To Control Tobacco Bacterial Wilt Caused (vol 89, 
e01892-22, 2023). Appl Environ Microbiol 2023;89(7). https://doi.org/10.1128/ 
aem.00839-23. 

[37] Ren X, Chen Y, Guo Y, Li K, Wang C, Liu X. Dynamic responses of Streptomyces 
albulus QLU58 and its acid-tolerant derivatives to the autoacidification in e-Poly- 
l-Lysine production. Fermentation-Basel 2023;9(5). https://doi.org/10.3390/ 
fermentation9050459. 

[38] Jelenko K, Cepec E, Nascimento FX, Trcek J. Comparative genomics and 
phenotypic characterization of Gluconacetobacter entanii, a highly acetic acid- 
tolerant bacterium from vinegars. Foods 2023;12(1). https://doi.org/10.3390/ 
foods12010214. 

[39] Lertsriwong S, Boonvitthya N, Glinwong C. Schwanniomyces etchellsii, acid- 
thermotolerant yeasts from urban city soil. World J Microbiol Biotechnol 2023;39 
(6). https://doi.org/10.1007/s11274-023-03602-7. 

[40] Lv X, Jin K, Yi Y, Song L, Xiu X, Liu Y, Li J, Du G, Chen J, Liu L. Analysis of acid- 
tolerance mechanism based on membrane microdomains in Saccharomyces 
cerevisiae. Microb Cell Factories 2023;22(1). https://doi.org/10.1186/s12934- 
023-02195-y. 

[41] Yang Q, Yang Y, Tang Y, Wang X, Chen Y, Shen W, Zhan Y, Gao J, Wu B, He M, 
Chen S, Yang S. Development and characterization of acidic-pH-tolerant mutants 
of Zymomonas mobilis through adaptation and next-generation sequencing-based 
genome resequencing and RNA-Seq. Biotechnol Biofuels 2020;13(1). https://doi. 
org/10.1186/s13068-020-01781-1. 

[42] Wang W, Sun X, Huang W, Men X, Yi S, Zheng F, Zhang Z, Wang Z. Soil P 
solubilization and plant growth promotion by a saline-alkali-tolerant P- 
solubilizing bacterium, Bacillus sp. DYS211. J Plant Ecol 2023;16(6). https://doi. 
org/10.1093/jpe/rtad028. 

[43] Zhang C, Chen H, Dai Y, Chen Y, Tian Y, Huo Z. Isolation and screening of 
phosphorus solubilizing bacteria from saline alkali soil and their potential for Pb 
pollution remediation. Front Bioeng Biotechnol 2023;11. https://doi.org/ 
10.3389/fbioe.2023.1134310. 

[44] Tan D, Xue Y-S, Aibaidula G, Chen G-Q. Unsterile and continuous production of 
polyhydroxybutyrate by Halomonas TD01. Bioresour Technol 2011;102(17): 
8130–6. https://doi.org/10.1016/j.biortech.2011.05.068. 

[45] Kaur M, Kumar R, Katoch P, Gupta R. Purification and characterization of 
extracellular lipase from a thermotolerant strain: Bacillus subtilis TTP-06. 3 
Biotech 2023;13(10). https://doi.org/10.1007/s13205-023-03717-6. 

[46] Yootoum A, Jantanasakulwong K, Rachtanapun P, Moukamnerd C, Chaiyaso T, 
Pumas C, Tanadchangsaeng N, Watanabe M, Fukui T, Insomphun C. 
Characterization of newly isolated thermotolerant bacterium Cupriavidus sp. 
CB15 from composting and its ability to produce polyhydroxyalkanoate from 
glycerol. Microb Cell Factories 2023;22(1). https://doi.org/10.1186/s12934- 
023-02059-5. 

[47] Blochl E, Rachel R, Burggraf S, Hafenbradl D, Jannasch HW, Stetter KO. 
Pyrolobus fumarii, gen. and sp. nov., represents a novel group of archaea, 
extending the upper temperature limit for life to 113 degrees C. Extremophiles 
1997;1(1):14–21. https://doi.org/10.1007/s007920050010. 

[48] Takai K, Nakamura K, Toki T, Tsunogai U, Miyazaki M, Miyazaki J, Hirayama H, 
Nakagawa S, Nunoura T, Horikoshi K. Cell proliferation at 122◦C and isotopically 
heavy CH4 production by a hyperthermophilic methanogen under high-pressure 
cultivation. Proc Natl Acad Sci USA 2008;105(31):10949–54. https://doi.org/ 
10.1073/pnas.0712334105. 

[49] Mandelli F, Miranda VS, Rodrigues E, Mercadante AZ. Identification of 
carotenoids with high antioxidant capacity produced by extremophile 
microorganisms. World J Microbiol Biotechnol 2012;28(4):1781–90. https://doi. 
org/10.1007/s11274-011-0993-y. 

[50] Duz M, Dogan YN, Dogan I. Antioxidant activitiy of Lactobacillus plantarum, 
Lactobacillus sake and Lactobacillus curvatus strains isolated from fermented 
Turkish Sucuk. An Acad Bras Cienc 2020;92(4). https://doi.org/10.1590/0001- 
3765202020200105. 

[51] Hartline CJ, Schmitz AC, Han Y, Zhang F. Dynamic control in metabolic 
engineering: theories, tools, and applications. Metab Eng 2021;63:126–40. 
https://doi.org/10.1016/j.ymben.2020.08.015. 

[52] Earl AM, Mohundro MM, Mian IS, Battista JR. The IrrE protein of Deinococcus 
radiodurans R1 is a novel regulator of recA expression. J Bacteriol 2002;184(22): 
6216–24. https://doi.org/10.1128/jb.184.22.6216-6224.2002. 

[53] Pyne ME, Bagley JA, Narcross L, Kevvai K, Exley K, Davies M, Wang Q, 
Whiteway M, Martin VJJ. Screening non-conventional yeasts for acid tolerance 
and engineering Pichia occidentalis for production of muconic acid. Nat Commun 
2023;14(1). https://doi.org/10.1038/s41467-023-41064-5. 5294-5294. 

[54] Arnold FH. Directed evolution: bringing new chemistry to life. Angew Chem Int 
Ed 2018;57(16):4143–8. https://doi.org/10.1002/anie.201708408. 

[55] Anishchenko I, Pellock SJ, Chidyausiku TM, Ramelot TA, Ovchinnikov S, Hao J, 
Bafna K, Norn C, Kang A, Bera AK, DiMaio F, Carter L, Chow CM, Montelione GT, 
Baker D. De novo protein design by deep network hallucination. Nature 2021;600 
(7889). https://doi.org/10.1038/s41586-021-04184-w. 547-+. 

[56] J.-W. Ye, G.-Q. Chen, Halomonas as a chassis, in: D. Mattanovich, P.I. Nikel (Eds.), 
Microbial Cell Factories-Book2021, pp. 393-403.https://doi.org/10.1042/eb 
c20200159. 

[57] Li C, Gao X, Peng X, Li J, Bai W, Zhong J, He M, Xu K, Wang Y, Li C. Intelligent 
microbial cell factory with genetic pH shooting (GPS) for cell self-responsive 
base/acid regulation. Microb Cell Factories 2020;19(1). https://doi.org/10.1186/ 
s12934-020-01457-3. 

[58] Pham HL, Wong A, Chua N, Teo WS, Yew WS, Chang MW. Engineering a 
riboswitch-based genetic platform for the self-directed evolution of acid-tolerant 
phenotypes. Nat Commun 2017;8. https://doi.org/10.1038/s41467-017-00511- 
w. 

[59] Wagner JM, Liu L, Yuan S-F, Venkataraman MV, Abate AR, Alper HS. 
A comparative analysis of single cell and droplet-based FACS for improving 
production phenotypes: riboflavin overproduction in Yarrowia lipolytica. Metab 
Eng 2018;47:346–56. https://doi.org/10.1016/j.ymben.2018.04.015. 

[60] Yang J, Tu R, Yuan H, Wang Q, Zhu L. Recent advances in droplet microfluidics 
for enzyme and cell factory engineering. Crit Rev Biotechnol 2021;41(7): 
1023–45. https://doi.org/10.1080/07388551.2021.1898326. 

[61] French KE. Harnessing synthetic biology for sustainable development. Nat Sustain 
2019;2(4):250–2. https://doi.org/10.1038/s41893-019-0270-x. 

[62] Zhou P, Yuan X, Liu H, Qi Y, Chen X, Liu L. Candida glabrata Yap6 recruits Med2 
to alter glycerophospholipid composition and develop acid pH stress resistance. 
Appl Environ Microbiol 2020;86(24). https://doi.org/10.1128/aem.01915-20. 

[63] Xu Y, Zhao Z, Tong W, Ding Y, Liu B, Shi Y, Wang J, Sun S, Liu M, Wang Y, Qi Q, 
Xian M, Zhao G. An acid-tolerance response system protecting exponentially 
growing Escherichia coli. Nat Commun 2020;11(1). https://doi.org/10.1038/ 
s41467-020-15350-5. 

[64] Cheng X, He F, Sun P, Chen Q. Identification of unknown acid-resistant genes of 
oral microbiotas in patients with dental caries using metagenomics analysis. Amb 
Express 2021;11(1). https://doi.org/10.1186/s13568-021-01199-4. 

[65] Sun W, Chen Y, Li M, Shah SB, Wang T, Hou J, Bai L, Feng Y, Tan Z. Integration of 
(S)-2,3-oxidosqualene enables E. coli to become Iron Man E. coli with improved 
overall tolerance. Biotechnol Biofuels 2023;16. https://doi.org/10.1186/s13068- 
023-02444-7. 

[66] Lin Z, Li J, Yan X, Yang J, Li X, Chen P, Yang X. Engineering of the small 
noncoding RNA (sRNA) DsrA together with the sRNA chaperone Hfq enhances the 
acid tolerance of Escherichia coli. Appl Environ Microbiol 2021;87(10). https:// 
doi.org/10.1128/aem.02923-20. 

[67] Yang J, Peng Z, Zhu Q, Zhang J, Du G. [NiFe] hydrogenase accessory proteins 
HypB-HypC accelerate proton conversion to enhance the acid resistance and D- 
lactic acid production of Escherichia coli. ACS Synth Biol 2022;11(4):1521–30. 
https://doi.org/10.1021/acssynbio.1c00599. 

[68] Mei X, Zhao Z, Bai Y, Yang Q, Gan Y, Wang W, Li C, Wang J, Cai Y. Salt Tolerant 
Gene 1 contributes to salt tolerance by maintaining photosystem II activity in 

Z. Kuang et al.                                                                                                                                                                                                                                   

https://doi.org/10.1016/j.bcab.2020.101833
https://doi.org/10.1007/s00449-022-02844-3
https://doi.org/10.1007/10_2020_126
https://doi.org/10.1007/10_2020_126
https://doi.org/10.1002/adbi.201800088
https://doi.org/10.1016/j.tibtech.2021.12.008
https://doi.org/10.1016/j.tibtech.2021.12.008
https://doi.org/10.1016/j.micpath.2022.105652
https://doi.org/10.1016/j.micpath.2022.105652
https://doi.org/10.3389/fbioe.2020.00483
https://doi.org/10.1007/s00253-023-12529-w
https://doi.org/10.1016/j.cej.2019.04.085
https://doi.org/10.1016/j.cej.2019.04.085
https://doi.org/10.1016/j.sjbs.2020.10.015
https://doi.org/10.1016/j.sjbs.2020.10.015
https://doi.org/10.1126/sciadv.adc9952
https://doi.org/10.1146/annurev-micro-092412-155708
https://doi.org/10.1146/annurev-micro-092412-155708
https://doi.org/10.1039/c7pp00240h
https://doi.org/10.1039/c7pp00240h
https://doi.org/10.3390/biom10010022
https://doi.org/10.1128/mra.00489-23
https://doi.org/10.1128/aem.00839-23
https://doi.org/10.1128/aem.00839-23
https://doi.org/10.3390/fermentation9050459
https://doi.org/10.3390/fermentation9050459
https://doi.org/10.3390/foods12010214
https://doi.org/10.3390/foods12010214
https://doi.org/10.1007/s11274-023-03602-7
https://doi.org/10.1186/s12934-023-02195-y
https://doi.org/10.1186/s12934-023-02195-y
https://doi.org/10.1186/s13068-020-01781-1
https://doi.org/10.1186/s13068-020-01781-1
https://doi.org/10.1093/jpe/rtad028
https://doi.org/10.1093/jpe/rtad028
https://doi.org/10.3389/fbioe.2023.1134310
https://doi.org/10.3389/fbioe.2023.1134310
https://doi.org/10.1016/j.biortech.2011.05.068
https://doi.org/10.1007/s13205-023-03717-6
https://doi.org/10.1186/s12934-023-02059-5
https://doi.org/10.1186/s12934-023-02059-5
https://doi.org/10.1007/s007920050010
https://doi.org/10.1073/pnas.0712334105
https://doi.org/10.1073/pnas.0712334105
https://doi.org/10.1007/s11274-011-0993-y
https://doi.org/10.1007/s11274-011-0993-y
https://doi.org/10.1590/0001-3765202020200105
https://doi.org/10.1590/0001-3765202020200105
https://doi.org/10.1016/j.ymben.2020.08.015
https://doi.org/10.1128/jb.184.22.6216-6224.2002
https://doi.org/10.1038/s41467-023-41064-5
https://doi.org/10.1002/anie.201708408
https://doi.org/10.1038/s41586-021-04184-w
https://doi.org/10.1042/ebc20200159
https://doi.org/10.1042/ebc20200159
https://doi.org/10.1186/s12934-020-01457-3
https://doi.org/10.1186/s12934-020-01457-3
https://doi.org/10.1038/s41467-017-00511-w
https://doi.org/10.1038/s41467-017-00511-w
https://doi.org/10.1016/j.ymben.2018.04.015
https://doi.org/10.1080/07388551.2021.1898326
https://doi.org/10.1038/s41893-019-0270-x
https://doi.org/10.1128/aem.01915-20
https://doi.org/10.1038/s41467-020-15350-5
https://doi.org/10.1038/s41467-020-15350-5
https://doi.org/10.1186/s13568-021-01199-4
https://doi.org/10.1186/s13068-023-02444-7
https://doi.org/10.1186/s13068-023-02444-7
https://doi.org/10.1128/aem.02923-20
https://doi.org/10.1128/aem.02923-20
https://doi.org/10.1021/acssynbio.1c00599


Synthetic and Systems Biotechnology 9 (2024) 793–808

806

maize. Plant Cell Environ 2023;46(6):1833–48. https://doi.org/10.1111/ 
pce.14578. 

[69] Zheng Y, Zong J, Liu J, Wang R, Chen J, Guo H, Kong W, Liu J, Chen Y. Mining for 
salt-tolerant genes from halophyte Zoysia matrella using FOX system and 
functional analysis of ZmGnTL. Front Plant Sci 2022;13. https://doi.org/10.3389/ 
fpls.2022.1063436. 

[70] Samo N, Imran M, Hu S, Luo X, Ying C, Huang Y. Molecular characterization and 
expression pattern analysis of a novel stress-responsive gene ’BeSNAC1’ in 
Bambusa emeiensis. J Genet 2019;98(2). https://doi.org/10.1007/s12041-019- 
1098-x. 

[71] Cai X, Shen Y, Hu B, Wang Y, Chen Y, Sun M, Jia B, Sun X. Overexpression of A 
Glycine soja S-adenosylmethionine synthetase GsSAMS in rice increases salt- 
alkaline tolerance. J. Nucl. Agric. Sci. 2022;36(1):50–6. https://doi.org/ 
10.11869/j.issn.100-8551.2022.01.0050. 

[72] An M-Z, Tang Y-Q, Mitsumasu K, Liu Z-S, Shigeru M, Kenji K. Enhanced 
thermotolerance for ethanol fermentation of Saccharomyces cerevisiae strain by 
overexpression of the gene coding for trehalose-6-phosphate synthase. Biotechnol 
Lett 2011;33(7):1367–74. https://doi.org/10.1007/s10529-011-0576-x. 

[73] Jia H, Sun X, Sun H, Li C, Wang Y, Feng X, Li C. Intelligent microbial heat- 
regulating engine (IMHeRE) for improved thermo-robustness and efficiency of 
bioconversion. ACS Synth Biol 2016;5(4):312–20. https://doi.org/10.1021/ 
acssynbio.5b00158. 

[74] Schultz J, Parise MTD, Parise D, Medeiros LG, Sousa TJ, Kato RB, 
Uetanabaro APT, Araújo F, Ramos RTJ, de Castro Soares S, Brenig B, de Carvalho 
Azevedo VA, Góes-Neto A, Rosado AS. Unraveling the genomic potential of the 
thermophilic bacterium anoxybacillus flavithermus from an antarctic geothermal 
environment. Microorganisms 2022;10(8):1673. https://doi.org/10.3390/ 
microorganisms10081673. 

[75] Jaworek MW, Moebitz S, Gao M, Winter R. Stability of the chaperonin system 
GroEL-GroES under extreme environmental conditions. Phys Chem Chem Phys 
2020;22(6):3734–43. https://doi.org/10.1039/c9cp06468k. 

[76] Katikaridis P, Bohl V, Mogk A. Resisting the heat: bacterial disaggregases rescue 
cells from devastating protein aggregation. Front Mol Biosci 2021;8. https://doi. 
org/10.3389/fmolb.2021.681439. 

[77] Liang P, Li J, Wang Q, Dai Z. Enhancing the thermotolerance and erythritol 
production of Yarrowia lipolytica by introducing heat-resistant devices. Front 
Bioeng Biotechnol 2023;11. https://doi.org/10.3389/fbioe.2023.1108653. 
1108653-1108653. 

[78] You J, Zong W, Li X, Ning J, Hu H, Li X, Xiao J, Xiong L. The SNAC1-targeted gene 
OsSRO1c modulates stomatal closure and oxidative stress tolerance by regulating 
hydrogen peroxide in rice. J Exp Bot 2013;64(2):569–83. https://doi.org/ 
10.1093/jxb/ers349. 

[79] Triggs-Raine BL, Doble BW, Mulvey MR, Sorby PA, Loewen PC. Nucleotide 
sequence of katG, encoding catalase HPI of Escherichia coli. J Bacteriol 1988;170 
(9):4415–9. https://doi.org/10.1128/jb.170.9.4415-4419.1988. 

[80] Liu Y, Wang Z, Xie W, Gu Z, Xu Q, Su L. Oxidative stress regulates mitogen- 
activated protein kinases and c-Jun activation involved in heat stress and 
lipopolysaccharide-induced intestinal epithelial cell apoptosis. Mol Med Rep 
2017;16(3):2579–87. https://doi.org/10.3892/mmr.2017.6859. 

[81] Gao J, Li Y, Yu W, Zhou YJ. Rescuing yeast from cell death enables 
overproduction of fatty acids from sole methanol. Nat Metab 2022;4(7):932. 
https://doi.org/10.1038/s42255-022-00601-0. 

[82] Cunha JT, Costa CE, Ferraz L, Romani A, Johansson B, Sa-Correia I, Domingues L. 
HAA1 and PRS3 overexpression boosts yeast tolerance towards acetic acid 
improving xylose or glucose consumption: unravelling the underlying 
mechanisms. Appl Microbiol Biotechnol 2018;102(10):4589–600. https://doi. 
org/10.1007/s00253-018-8955-z. 

[83] Suo Y, Luo S, Zhang Y, Liao Z, Wang J. Enhanced butyric acid tolerance and 
production by Class I heat shock protein-overproducing Clostridium tyrobutyricum 
ATCC 25755. J Ind Microbiol Biotechnol 2017;44(8):1145–56. https://doi.org/ 
10.1007/s10295-017-1939-7. 

[84] Djoko KY, Phan M-D, Peters KM, Walker MJ, Schembri MA, McEwan AG. 
Interplay between tolerance mechanisms to copper and acid stress in Escherichia 
coli. Proc Natl Acad Sci USA 2017;114(26):6818–23. https://doi.org/10.1073/ 
pnas.1620232114. 

[85] Ma HW, Kumar B, Ditges U, Gunzer F, Buer J, Zeng AP. An extended 
transcriptional regulatory network of Escherichia coli and analysis of its 
hierarchical structure and network motifs. Nucleic Acids Res 2004;32(22): 
6643–9. https://doi.org/10.1093/nar/gkh1009. 

[86] Ganguly T, Peterson AM, Burkholder M, Kajfasz JK, Abranches J, Lemos JA. ZccE 
is a novel P-type ATPase that protects Streptococcus mutans against zinc 
intoxication. PLoS Pathog 2022;18(8). https://doi.org/10.1371/journal. 
ppat.1010477. 

[87] Lennen RM, Pfleger BF. Modulating membrane composition alters free fatty acid 
tolerance in Escherichia coli. PLoS One 2013;8(1). https://doi.org/10.1371/ 
journal.pone.0054031. 

[88] Orban K, Finkel SE. Dps is a universally conserved dual-action DNA-binding and 
ferritin protein. J Bacteriol 2022;204(5). https://doi.org/10.1128/jb.00036-22. 

[89] Gao X, Jiang L, Zhu L, Xu Q, Xu X, Huang H. Tailoring of global transcription 
sigma D factor by random mutagenesis to improve Escherichia coli tolerance 
towards low-pHs. J Biotechnol 2016;224:55–63. https://doi.org/10.1016/j. 
jbiotec.2016.03.012. 

[90] Alper HS, Stephanopoulos G. Global transcription machinery engineering: a new 
approach for improving cellular phenotype. Metab Eng 2007;9(3):258–67. 
https://doi.org/10.1016/j.ymben.2006.12.002. 

[91] A. Battesti, N. Majdalani, S. Gottesman, The RpoS-Mediated General Stress 
Response in Escherichia coli, in: S. Gottesman, C.S. Harwood (Eds.), Annu Rev 
Microbiol, Vol 652011, pp. 189-213.https://doi.org/10.1146/annurev-micro- 
090110-102946. 

[92] Gaida SM, Al-Hinai MA, Indurthi DC, Nicolaou SA, Papoutsakis ET. Synthetic 
tolerance: three noncoding small RNAs, DsrA, ArcZ and RprA, acting supra- 
additively against acid stress. Nucleic Acids Res 2013;41:8726–37. https://doi. 
org/10.1093/nar/gkt651. 

[93] Wang L, Wang X, He Z-Q, Zhou S-J, Xu L, Tan X-Y, Xu T, Li B-Z, Yuan Y-J. 
Engineering prokaryotic regulator IrrE to enhance stress tolerance in budding 
yeast. Biotechnol Biofuels 2020;13(1). https://doi.org/10.1186/s13068-020- 
01833-6. 

[94] Chen T, Wang J, Yang R, Li J, Lin M, Lin Z. Laboratory-evolved mutants of an 
exogenous global regulator, IrrE from Deinococcus radiodurans, enhance stress 
tolerances of Escherichia coli. PLoS One 2011;6(1). https://doi.org/10.1371/ 
journal.pone.0016228. 

[95] Zhang Y, Ma R, Zhao Z, Zhou Z, Lu W, Zhang W, Chen M. irrE, an exogenous gene 
from Deinococcus radiodurans, improves the growth of and ethanol production by 
a Zymomonas mobilis strain under ethanol and acid stresses. J Microbiol 
Biotechnol 2010;20(7):1156–62. https://doi.org/10.4014/jmb.0912.12036. 

[96] Alper H, Moxley J, Nevoigt E, Fink GR, Stephanopoulos G. Engineering yeast 
transcription machinery for improved ethanol tolerance and production. Science 
2006;314(5805):1565–8. https://doi.org/10.1126/science.1131969. 

[97] Steklov M, Pandolf S, Baietti MF, Batiuk A, Carai P, Najm P, Zhang M, Jang H, 
Renzi F, Cai Y, Asbagh LA, Pastor T, De Troyer M, Simicek M, Radaelli E, 
Brems H, Legius E, Tavernier J, Gevaert K, Impens F, Messiaen L, Nussinov R, 
Heymans S, Eyckerman S, Sablina AA. Mutations in LZTR1 drive human disease 
by dysregulating RAS ubiquitination. Science 2018;362(6419):1177. https://doi. 
org/10.1126/science.aap7607. 

[98] Pereira R, Wei Y, Mohamed E, Radi M, Malina C, Herrgard MJ, Feist AM, 
Nielsen J, Chen Y. Adaptive laboratory evolution of tolerance to dicarboxylic 
acids in Saccharomyces cerevisiae. Metab Eng 2019;56:130–41. https://doi.org/ 
10.1016/j.ymben.2019.09.008. 

[99] Ma Z, Richard H, Tucker DL, Conway T, Foster JW. Collaborative regulation of 
Escherichia coli glutamate-dependent acid resistance by two AraC-like regulators, 
GadX and GadW (YhiW). J Bacteriol 2002;184(24):7001–12. https://doi.org/ 
10.1128/jb.184.24.7001-7012.2002. 

[100] Xu N, Lv H, Wei L, Liang Y, Ju J, Liu J, Ma Y. Impaired oxidative stress and sulfur 
assimilation contribute to acid tolerance of Corynebacterium glutamicum. Appl 
Microbiol Biotechnol 2019;103(4):1877–91. https://doi.org/10.1007/s00253- 
018-09585-y. 

[101] Abdullah Al M, Sugimoto S, Higashi C, Matsumoto S, Sonomoto K. Improvement 
of multiple-stress tolerance and lactic acid production in Lactococcus lactis 
NZ9000 under conditions of thermal stress by heterologous expression of 
Escherichia coli dnaK. Appl Environ Microbiol 2010;76(13):4277–85. https://doi. 
org/10.1128/aem.02878-09. 

[102] Croteau DL, DellaVecchia MJ, Perera L, Van Houten B. Cooperative damage 
recognition by UvrA and UvrB: identification of UvrA residues that mediate DNA 
binding. DNA Repair 2008;7(3):392–404. https://doi.org/10.1016/j. 
dnarep.2007.11.013. 

[103] Mates AK, Sayed AK, Foster JW. Products of the Escherichia coli acid fitness island 
attenuate metabolite stress at extremely low pH and mediate a cell density- 
dependent acid resistance. J Bacteriol 2007;189(7):2759–68. https://doi.org/ 
10.1128/jb.01490-06. 

[104] Wei Y, Xu Y, Lu P, Wang X, Li Z, Cai X, Zhou Z, Wang Y, Zhang Z, Lin Z, Liu F, 
Wang K. Salt stress responsiveness of a wild cotton species (Gossypium 
klotzschianum) based on transcriptomic analysis. PLoS One 2017;12(5). https:// 
doi.org/10.1371/journal.pone.0178313. 

[105] Fernandes TA, Iyer V, Apte SK. Differential responses of nitrogen-fixing 
cyanobacteria to salinity and osmotic stresses. Appl Environ Microbiol 1993;59 
(3):899–904. https://doi.org/10.1128/aem.59.3.899-904.1993. 

[106] Gu S, Han S, Abid M, Bai D, Lin M, Sun L, Qi X, Zhong Y, Fang J. A high-K+

affinity transporter (HKT) from Actinidia valvata is involved in salt tolerance in 
kiwifruit. Int J Mol Sci 2023;24(21). https://doi.org/10.3390/ijms242115737. 

[107] Yang M, Chen S, Huang Z, Gao S, Yu T, Du T, Zhang H, Li X, Liu C-M, Chen S, Li H. 
Deep learning-enabled discovery and characterization of HKT genes in Spartina 
alterniflora. Plant J 2023;116(3):690–705. https://doi.org/10.1111/tpj.16397. 

[108] Min Y, Yu D, Yang J, Zhao W, Zhang L, Bai Y, Guo C. Bioinformatics and 
expression analysis of proline metabolism-related gene families in alfalfa under 
saline-alkali stress. Plant Physiol Biochem 2023;205. https://doi.org/10.1016/j. 
plaphy.2023.108182. 108182-108182. 

[109] Bao J, Liu Z, Ding Z, Yisilam G, Wang Q, Tian X. Metabolomic analysis reveals key 
metabolites and metabolic pathways in Suaeda salsa under salt and drought stress. 
Funct Plant Biol 2023;50(9):701–11. https://doi.org/10.1071/fp23049. 

[110] Guan C, Wu B, Ma S, Zhang J, Liu X, Wang H, Zhang J, Gao R, Jiang H, Jia C. 
Genome-wide characterization of LBD transcription factors in switchgrass 
(Panicum virgatum L.) and the involvement of PvLBD12 in salt tolerance. Plant Cell 
Rep 2023. https://doi.org/10.1007/s00299-023-02989-9. 

[111] Hauser F, Horie T. A conserved primary salt tolerance mechanism mediated by 
HKT transporters: a mechanism for sodium exclusion and maintenance of high K 
+/Na+ ratio in leaves during salinity stress. Plant Cell Environ 2010;33(4): 
552–65. https://doi.org/10.1111/j.1365-3040.2009.02056.x. 

[112] Kurt-Kizildogan A, Abanoz B, Okay S. Global transcriptome analysis of Halolamina 
sp to decipher the salt tolerance in extremely halophilic archaea. Gene 2017;601: 
56–64. https://doi.org/10.1016/j.gene.2016.11.042. 

Z. Kuang et al.                                                                                                                                                                                                                                   

https://doi.org/10.1111/pce.14578
https://doi.org/10.1111/pce.14578
https://doi.org/10.3389/fpls.2022.1063436
https://doi.org/10.3389/fpls.2022.1063436
https://doi.org/10.1007/s12041-019-1098-x
https://doi.org/10.1007/s12041-019-1098-x
https://doi.org/10.11869/j.issn.100-8551.2022.01.0050
https://doi.org/10.11869/j.issn.100-8551.2022.01.0050
https://doi.org/10.1007/s10529-011-0576-x
https://doi.org/10.1021/acssynbio.5b00158
https://doi.org/10.1021/acssynbio.5b00158
https://doi.org/10.3390/microorganisms10081673
https://doi.org/10.3390/microorganisms10081673
https://doi.org/10.1039/c9cp06468k
https://doi.org/10.3389/fmolb.2021.681439
https://doi.org/10.3389/fmolb.2021.681439
https://doi.org/10.3389/fbioe.2023.1108653
https://doi.org/10.1093/jxb/ers349
https://doi.org/10.1093/jxb/ers349
https://doi.org/10.1128/jb.170.9.4415-4419.1988
https://doi.org/10.3892/mmr.2017.6859
https://doi.org/10.1038/s42255-022-00601-0
https://doi.org/10.1007/s00253-018-8955-z
https://doi.org/10.1007/s00253-018-8955-z
https://doi.org/10.1007/s10295-017-1939-7
https://doi.org/10.1007/s10295-017-1939-7
https://doi.org/10.1073/pnas.1620232114
https://doi.org/10.1073/pnas.1620232114
https://doi.org/10.1093/nar/gkh1009
https://doi.org/10.1371/journal.ppat.1010477
https://doi.org/10.1371/journal.ppat.1010477
https://doi.org/10.1371/journal.pone.0054031
https://doi.org/10.1371/journal.pone.0054031
https://doi.org/10.1128/jb.00036-22
https://doi.org/10.1016/j.jbiotec.2016.03.012
https://doi.org/10.1016/j.jbiotec.2016.03.012
https://doi.org/10.1016/j.ymben.2006.12.002
https://doi.org/10.1146/annurev-micro-090110-102946
https://doi.org/10.1146/annurev-micro-090110-102946
https://doi.org/10.1093/nar/gkt651
https://doi.org/10.1093/nar/gkt651
https://doi.org/10.1186/s13068-020-01833-6
https://doi.org/10.1186/s13068-020-01833-6
https://doi.org/10.1371/journal.pone.0016228
https://doi.org/10.1371/journal.pone.0016228
https://doi.org/10.4014/jmb.0912.12036
https://doi.org/10.1126/science.1131969
https://doi.org/10.1126/science.aap7607
https://doi.org/10.1126/science.aap7607
https://doi.org/10.1016/j.ymben.2019.09.008
https://doi.org/10.1016/j.ymben.2019.09.008
https://doi.org/10.1128/jb.184.24.7001-7012.2002
https://doi.org/10.1128/jb.184.24.7001-7012.2002
https://doi.org/10.1007/s00253-018-09585-y
https://doi.org/10.1007/s00253-018-09585-y
https://doi.org/10.1128/aem.02878-09
https://doi.org/10.1128/aem.02878-09
https://doi.org/10.1016/j.dnarep.2007.11.013
https://doi.org/10.1016/j.dnarep.2007.11.013
https://doi.org/10.1128/jb.01490-06
https://doi.org/10.1128/jb.01490-06
https://doi.org/10.1371/journal.pone.0178313
https://doi.org/10.1371/journal.pone.0178313
https://doi.org/10.1128/aem.59.3.899-904.1993
https://doi.org/10.3390/ijms242115737
https://doi.org/10.1111/tpj.16397
https://doi.org/10.1016/j.plaphy.2023.108182
https://doi.org/10.1016/j.plaphy.2023.108182
https://doi.org/10.1071/fp23049
https://doi.org/10.1007/s00299-023-02989-9
https://doi.org/10.1111/j.1365-3040.2009.02056.x
https://doi.org/10.1016/j.gene.2016.11.042


Synthetic and Systems Biotechnology 9 (2024) 793–808

807

[113] Li J, Zheng L, Fan Y, Wang Y, Ma Y, Gu D, Lu Y, Zhang S, Chen X, Zhang W. Pear 
metal transport protein PbMTP8.1 confers manganese tolerance when expressed 
in yeast and Arabidopsis thaliana. Ecotoxicol Environ Saf 2021;208. https://doi. 
org/10.1016/j.ecoenv.2020.111687. 

[114] Liu X, Jiang Y, He D, Fang X, Xu J, Lee Y-W, Keller NP, Shi J. Copper tolerance 
mediated by FgAceA and FgCrpA in Fusarium graminearum. Front Microbiol 2020; 
11. https://doi.org/10.3389/fmicb.2020.01392. 

[115] Zheng C, Jia M, Gao M, Lu T, Li L, Zhou P. PmtA functions as a ferrous iron and 
cobalt efflux pump in Streptococcus suis. Emerg Microb Infect 2019;8(1). https:// 
doi.org/10.1080/22221751.2019.1660233. 

[116] Chen D-D, Ahmad M, Liu Y-H, Wang S, Liu B-B, Guo S-X, Jiang H-C, Shu W-S, 
Li W-J. Transcriptomic responses of haloalkalitolerant bacterium Egicoccus 
halophilus EGI 80432T to highly alkaline stress. Extremophiles 2021;25(5–6): 
459–70. https://doi.org/10.1007/s00792-021-01239-8. 

[117] Pastre IA, de Almeida Plicas LM, de Oliveira Tiera VA, Custodio JV, Leite 
Agostinho SM. Acid-base reactions: concept, representation and generalization 
from the energy involved in transformations. Quim Nova 2012;35(10):2072–5. 
https://doi.org/10.1590/s0100-40422012001000031. 

[118] Fang S, Hou X, Liang X. Response mechanisms of plants under saline-alkali stress. 
Front Plant Sci 2021;12. https://doi.org/10.3389/fpls.2021.667458. 

[119] Liu J, Wisniewski M, Droby S, Vero S, Tian S, Hershkovitz V. Glycine betaine 
improves oxidative stress tolerance and biocontrol efficacy of the antagonistic 
yeast Cystofilobasidium infirmominiatum. Int J Food Microbiol 2011;146(1):76–83. 
https://doi.org/10.1016/j.ijfoodmicro.2011.02.007. 

[120] Nielsen J, Keasling Jay D. Engineering cellular metabolism. Cell 2016;164(6): 
1185–97. https://doi.org/10.1016/j.cell.2016.02.004. 

[121] Inbar L, Lapidot A. The structure and biosynthesis of new tetrahydropyrimidine 
derivatives in actinomycin D producer Streptomyces parvulus. Use of 13C- and 
15N-labeled L-glutamate and 13C and 15N NMR spectroscopy. J Biol Chem 1988; 
263(31):16014–22. https://doi.org/10.1016/S0021-9258(18)37550-1. 

[122] Xing Q, Zhang Y, Liao Z, Zhao B. Ectoine and hydroxyectoine: biosynthesis and its 
biological function in halophilic bacteria. Acta Microbiol Sin 2021;61(6): 
1428–40. https://doi.org/10.13343/j.cnki.wsxb.20200602. 

[123] Wang X, Du L, Wang W, Zhang Z, Wu Y, Wang Y. Functional identification of ZDS 
gene in apple (Malus halliana) and demonstration of it’s role in improving saline- 
alkali stress tolerance. Physiol Mol Biol Plants 2023;29(6):799–813. https://doi. 
org/10.1007/s12298-023-01333-5. 

[124] Kosaka T, Tsuzuno T, Nishida S, Pattanakittivorakul S, Murata M, Miyakawa I, 
Lertwattanasakul N, Limtong S, Yamad M. Distinct metabolic flow in response to 
temperature in thermotolerant Kluyveromyces marxianus. Appl Environ Microbiol 
2022;88(6). https://doi.org/10.1128/aem.02006-21. 

[125] Wang Q, Cen Z, Zhao J. The survival mechanisms of thermophiles at high 
temperatures: an angle of omics. Physiology 2015;30(2):97–106. https://doi.org/ 
10.1152/physiol.00066.2013. 

[126] Lopez-Mirabal HR, Winther JR. Redox characteristics of the eukaryotic cytosol. 
Biochim Biophys Acta Mol Cell Res 2008;1783(4):629–40. https://doi.org/ 
10.1016/j.bbamcr.2007.10.013. 

[127] Farci D, Slavov C, Tramontano E, Piano D. The S-layer protein DR_2577 binds 
deinoxanthin and under desiccation conditions protects against UV-radiation in 
Deinococcus radiodurans. Front Microbiol 2016;7. https://doi.org/10.3389/ 
fmicb.2016.00155. 

[128] Vettone A, Perugino G, Rossi M, Valenti A, Ciaramella M. Genome stability: recent 
insights in the topoisomerase reverse gyrase and thermophilic DNA 
alkyltransferase. Extremophiles 2014;18(5):895–904. https://doi.org/10.1007/ 
s00792-014-0662-9. 

[129] Pysz MA, Ward DE, Shockley KR, Montero CI, Conners SB, Johnson MR, Kelly RM. 
Transcriptional analysis of dynamic heat-shock response by the 
hyperthermophilic bacterium Thermotoga maritima. Extremophiles 2004;8(3): 
209–17. https://doi.org/10.1007/s00792-004-0379-2. 

[130] Yona AH, Manor YS, Herbst RH, Romano GH, Mitchell A, Kupiec M, Pilpel Y, 
Dahan O. Chromosomal duplication is a transient evolutionary solution to stress. 
Proc Natl Acad Sci USA 2012;109(51):21010–5. https://doi.org/10.1073/ 
pnas.1211150109. 

[131] Li L, Zhang L, Zhang Z, Liu J. Comparison of heat resistance and application 
potential of two lipid-rich Isochrysis galbana strains. Algal Res 2016;20:1–6. 
https://doi.org/10.1016/j.algal.2016.09.002. 

[132] Shahsavarani H, Sugiyama M, Kaneko Y, Chuenchit B, Harashima S. Superior 
thermotolerance of Saccharomyces cerevisiae for efficient bioethanol fermentation 
can be achieved by overexpression of RSP5 ubiquitin ligase. Biotechnol Adv 2012; 
30(6):1289–300. https://doi.org/10.1016/j.biotechadv.2011.09.002. 

[133] Ulrich HD, Walden H. Ubiquitin signalling in DNA replication and repair. Nat Rev 
Mol Cell Biol 2010;11(7):479–89. https://doi.org/10.1038/nrm2921. 

[134] Trauger SA, Kalisak E, Kalisiak J, Morita H, Weinberg MV, Menon AL, Poole II FL, 
Adams MWW, Siuzdak G. Correlating the transcriptome, proteome, and 
metabolome in the environmental adaptation of a hyperthermophile. J Proteome 
Res 2008;7(3):1027–35. https://doi.org/10.1021/pr700609j. 

[135] Rocha MC, Minari K, Fabri JHTM, Kerkaert JD, Gava LM, da Cunha AF, 
Cramer RA, Borges JC, Malavazi I. Aspergillus fumigatusHsp90 interacts with the 
main components of the cell wall integrity pathway and cooperates in heat shock 
and cell wall stress adaptation. Cell Microbiol 2021;23(2). https://doi.org/ 
10.1111/cmi.13273. 

[136] Tran HT, Bonilla CY. SigB-regulated antioxidant functions in gram-positive 
bacteria. World J Microbiol Biotechnol 2021;37(3). https://doi.org/10.1007/ 
s11274-021-03004-7. 

[137] Yang S-K, Jeong S, Baek I, Choi J-i, Lim S, Jung J-H. Deionococcus proteotlycius 
genomic library exploration enhances oxidative stress resistance and poly-3- 

hydroxybutyrate production in recombinant Escherichia coli. Microorganisms 
2023;11(9). https://doi.org/10.3390/microorganisms11092135. 

[138] Sen A, Imlay JA. How microbes defend themselves from incoming hydrogen 
peroxide. Front Immunol 2021;12. https://doi.org/10.3389/ 
fimmu.2021.667343. 

[139] Fei Y-Y, Bhat JA, Gai J-Y, Zhao T-J. Global transcriptome profiling of Enterobacter 
strain NRS-1 in response to hydrogen peroxide stress treatment. Appl Biochem 
Biotechnol 2020;191(4):1638–52. https://doi.org/10.1007/s12010-020-03313-x. 

[140] Gruber CC, Walker GC. Incomplete base excision repair contributes to cell death 
from antibiotics and other stresses. DNA Repair 2018;71:108–17. https://doi.org/ 
10.1016/j.dnarep.2018.08.014. 

[141] Voordeckers K, Colding C, Grasso L, Pardo B, Hoes L, Kominek J, Gielens K, 
Dekoster K, Gordon J, Van der Zande E, Bircham P, Swings T, Michiels J, Van 
Loo P, Nuyts S, Pasero P, Lisby M, Verstrepen KJ. Ethanol exposure increases 
mutation rate through error-prone polymerases. Nat Commun 2020;11(1). 
https://doi.org/10.1038/s41467-020-17447-3. 

[142] Schalck T, Van den Bergh B, Michiels J. Increasing solvent tolerance to improve 
microbial production of alcohols, terpenoids and aromatics. Microorganisms 
2021;9(2). https://doi.org/10.3390/microorganisms9020249. 

[143] Atkinson J, McGlynn P. Replication fork reversal and the maintenance of genome 
stability. Nucleic Acids Res 2009;37(11):3475–92. https://doi.org/10.1093/nar/ 
gkp244. 

[144] Guesmi S, Nouioui I, Pujic P, Dubost A, Najjari A, Ghedira K, Igual JM, Cherif A, 
Klenk H-p, Sghaier H, Normand P. Draft genome sequence of Promicromonospora 
panici sp. nov., a novel ionizing-radiation-resistant actinobacterium isolated from 
roots of the desert plant Panicum turgidum. Extremophiles 2021;25(1):25–38. 
https://doi.org/10.1007/s00792-020-01207-8. 

[145] Zannier F, Portero LR, Douki T, Gaertner W, Farias ME, Albarracin VH. Proteomic 
signatures of microbial adaptation to the highest ultraviolet-irradiation on earth: 
lessons from a soil actinobacterium. Front Microbiol 2022;13. https://doi.org/ 
10.3389/fmicb.2022.791714. 

[146] Teodoro Castro BC, de Faria RC, Faria BF, Azevedo V, dos Santos LL, Comar 
Junior M, Machado CR, Lopes DdO. UvrB protein of Cotynebacterium 
pseudotuberculosis complements the phenotype of knockout Escherichia coil and 
recognizes DNA damage caused by UV radiation but not 8-oxoguanine in vitro. 
Gene 2018;639:34–43. https://doi.org/10.1016/j.gene.2017.09.068. 

[147] Kwok R. Five hard truths for synthetic biology. Nature 2010;463(7279):288–90. 
https://doi.org/10.1038/463288a. 

[148] Wang Y, Qian J, Yan F, Wang Y, Shi T, Zhang Z, Ye C, Huang H. DSEMR: a 
database for special environment microorganisms resource and associating them 
with synthetic biological parts. Synth. Syst. Biotechnol. 2023;8(4):647–53. 
https://doi.org/10.1016/j.synbio.2023.09.006. 

[149] Chen D-D, Fang B-Z, Manzoor A, Liu Y-H, Li L, Mohamad OAA, Shu W-S, Li W-J. 
Revealing the salinity adaptation mechanism in halotolerant bacterium Egicoccus 
halophilus EGI 80432T by physiological analysis and comparative transcriptomics. 
Appl Microbiol Biotechnol 2021;105(6):2497–511. https://doi.org/10.1007/ 
s00253-021-11190-5. 

[150] Chen X, Yin J, Ye J, Zhang H, Che X, Ma Y, Li M, Wu L-P, Chen G-Q. Engineering 
Halomonas bluephagenesis TD01 for non-sterile production of poly(3- 
hydroxybutyrate-co-4-hydroxybutyrate). Bioresour Technol 2017;244:534–41. 
https://doi.org/10.1016/j.biortech.2017.07.149. 

[151] Gan Y, Bai M, Lin X, Liu K, Huang B, Jiang X, Liu Y, Gao C. Improvement of 
macrolactins production by the genetic adaptation of Bacillus siamensis A72 to 
saline stress via adaptive laboratory evolution. Microb Cell Factories 2022;21(1). 
https://doi.org/10.1186/s12934-022-01871-9. 

[152] Garst AD, Bassalo MC, Pines G, Lynch SA, Halweg-Edwards AL, Liu R, Liang L, 
Wang Z, Zeitoun R, Alexander WG, Gill RT. Genome-wide mapping of mutations 
at single-nucleotide resolution for protein, metabolic and genome engineering. 
Nat Biotechnol 2017;35(1):48–55. https://doi.org/10.1038/nbt.3718. 

[153] Zheng Y, Kong S, Luo S, Chen C, Cui Z, Sun X, Chen T, Wang Z. Improving furfural 
tolerance of Escherichia coli by integrating adaptive laboratory evolution with 
CRISPR-enabled trackable genome engineering (CREATE). ACS Sustainable Chem 
Eng 2022;10(7):2318–30. https://doi.org/10.1021/acssuschemeng.1c05783. 

[154] Song X, Zheng Y, Li S, Choudhury A, Liu X, Chen T, Gill RTT, Wang Z. Engineering 
global regulators for enhanced tolerance to multiple inhibitors by CRISPR- 
enabled trackable genome engineering. AIChE J 2023;69(4). https://doi.org/ 
10.1002/aic.18031. 

[155] Bao Z, HamediRad M, Xue P, Xiao H, Tasan I, Chao R, Liang J, Zhao H. Genome- 
scale engineering of Saccharomyces cerevisiae with single-nucleotide precision. Nat 
Biotechnol 2018;36(6):505. https://doi.org/10.1038/nbt.4132. 

[156] Yu T, Cui H, Li JC, Luo Y, Jiang G, Zhao H. Enzyme function prediction using 
contrastive learning. Science 2023;379(6639). https://doi.org/10.1126/science. 
adf2465. 1358-+. 

[157] Wen Y, Zheng L, Leng D, Dai C, Lu J, Zhang Z, He S, Bo X. Deep learning-based 
multiomics data integration methods for biomedical application. Adv. Intell 2023; 
5(5). https://doi.org/10.1002/aisy.202200247. 

[158] Ma Y, Guo Z, Xia B, Zhang Y, Liu X, Yu Y, Tang N, Tong X, Wang M, Ye X, Feng J, 
Chen Y, Wang J. Identification of antimicrobial peptides from the human gut 
microbiome using deep learning. Nat Biotechnol 2022;40(6):921–31. https://doi. 
org/10.1038/s41587-022-01226-0. 

[159] Nava AA, Fear AL, Lee N, Mellinger P, Lan G, McCauley J, Tan S, Kaplan N, 
Goyal G, Coates RC, Roberts J, Johnson Z, Hu R, Wu B, Ahn J, Kim WE, Wan Y, 
Yin K, Hillson N, Haushalter RW, Keasling JD. Automated platform for the 
plasmid construction process. ACS Synth Biol 2023;12(12):3506–13. https://doi. 
org/10.1021/acssynbio.3c00292. 

Z. Kuang et al.                                                                                                                                                                                                                                   

https://doi.org/10.1016/j.ecoenv.2020.111687
https://doi.org/10.1016/j.ecoenv.2020.111687
https://doi.org/10.3389/fmicb.2020.01392
https://doi.org/10.1080/22221751.2019.1660233
https://doi.org/10.1080/22221751.2019.1660233
https://doi.org/10.1007/s00792-021-01239-8
https://doi.org/10.1590/s0100-40422012001000031
https://doi.org/10.3389/fpls.2021.667458
https://doi.org/10.1016/j.ijfoodmicro.2011.02.007
https://doi.org/10.1016/j.cell.2016.02.004
https://doi.org/10.1016/S0021-9258(18)37550-1
https://doi.org/10.13343/j.cnki.wsxb.20200602
https://doi.org/10.1007/s12298-023-01333-5
https://doi.org/10.1007/s12298-023-01333-5
https://doi.org/10.1128/aem.02006-21
https://doi.org/10.1152/physiol.00066.2013
https://doi.org/10.1152/physiol.00066.2013
https://doi.org/10.1016/j.bbamcr.2007.10.013
https://doi.org/10.1016/j.bbamcr.2007.10.013
https://doi.org/10.3389/fmicb.2016.00155
https://doi.org/10.3389/fmicb.2016.00155
https://doi.org/10.1007/s00792-014-0662-9
https://doi.org/10.1007/s00792-014-0662-9
https://doi.org/10.1007/s00792-004-0379-2
https://doi.org/10.1073/pnas.1211150109
https://doi.org/10.1073/pnas.1211150109
https://doi.org/10.1016/j.algal.2016.09.002
https://doi.org/10.1016/j.biotechadv.2011.09.002
https://doi.org/10.1038/nrm2921
https://doi.org/10.1021/pr700609j
https://doi.org/10.1111/cmi.13273
https://doi.org/10.1111/cmi.13273
https://doi.org/10.1007/s11274-021-03004-7
https://doi.org/10.1007/s11274-021-03004-7
https://doi.org/10.3390/microorganisms11092135
https://doi.org/10.3389/fimmu.2021.667343
https://doi.org/10.3389/fimmu.2021.667343
https://doi.org/10.1007/s12010-020-03313-x
https://doi.org/10.1016/j.dnarep.2018.08.014
https://doi.org/10.1016/j.dnarep.2018.08.014
https://doi.org/10.1038/s41467-020-17447-3
https://doi.org/10.3390/microorganisms9020249
https://doi.org/10.1093/nar/gkp244
https://doi.org/10.1093/nar/gkp244
https://doi.org/10.1007/s00792-020-01207-8
https://doi.org/10.3389/fmicb.2022.791714
https://doi.org/10.3389/fmicb.2022.791714
https://doi.org/10.1016/j.gene.2017.09.068
https://doi.org/10.1038/463288a
https://doi.org/10.1016/j.synbio.2023.09.006
https://doi.org/10.1007/s00253-021-11190-5
https://doi.org/10.1007/s00253-021-11190-5
https://doi.org/10.1016/j.biortech.2017.07.149
https://doi.org/10.1186/s12934-022-01871-9
https://doi.org/10.1038/nbt.3718
https://doi.org/10.1021/acssuschemeng.1c05783
https://doi.org/10.1002/aic.18031
https://doi.org/10.1002/aic.18031
https://doi.org/10.1038/nbt.4132
https://doi.org/10.1126/science.adf2465
https://doi.org/10.1126/science.adf2465
https://doi.org/10.1002/aisy.202200247
https://doi.org/10.1038/s41587-022-01226-0
https://doi.org/10.1038/s41587-022-01226-0
https://doi.org/10.1021/acssynbio.3c00292
https://doi.org/10.1021/acssynbio.3c00292


Synthetic and Systems Biotechnology 9 (2024) 793–808

808

[160] Dai Z, Gu H, Zhang S, Xin F, Zhang W, Dong W, Ma J, Jia H, Jiang M. Metabolic 
construction strategies for direct methanol utilization in Saccharomyces cerevisiae. 
Bioresour Technol 2017;245:1407–12. https://doi.org/10.1016/j. 
biortech.2017.05.100. 

[161] Selles Vidal L, Isalan M, Heap JT, Ledesma-Amaro R. A primer to directed 
evolution: current methodologies and future directions. RSC Chemical Biology 
2023;4(4):271–91. https://doi.org/10.1039/d2cb00231k. 

[162] Basak S, Geng H, Jiang R. Rewiring global regulator cAMP receptor protein (CRP) 
to improve E. coli tolerance towards low pH. J Biotechnol 2014;173:68–75. 
https://doi.org/10.1016/j.jbiotec.2014.01.015. 

[163] Gao X, Yang X, Li J, Zhang Y, Chen P, Lin Z. Engineered global regulator H-NS 
improves the acid tolerance of E. coli. Microb Cell Factories 2018;17. https://doi. 
org/10.1186/s12934-018-0966-z. 

[164] Wang Y, Wang H, Wei L, Li S, Liu L, Wang X. Synthetic promoter design in 
Escherichia coli based on a deep generative network. Nucleic Acids Res 2020;48 
(12):6403–12. https://doi.org/10.1093/nar/gkaa325. 

[165] Khanal JaT. Hilal and chong, kil to, identifying enhancers and their strength by 
the integration of word embedding and convolution neural network. IEEE Access 
2020;8:58369–76. https://doi.org/10.1109/ACCESS.2020.2982666. 

[166] de Almeida BP, Reiter F, Pagani M, Stark A. DeepSTARR predicts enhancer 
activity from DNA sequence and enables the de novo design of synthetic 
enhancers. Nat Genet 2022;54(5):613–24. https://doi.org/10.1038/s41588-022- 
01048-5. 

[167] Zadeh JN, Steenberg CD, Bois JS, Wolfe BR, Pierce MB, Khan AR, Dirks RM, 
Pierce NA. NUPACK: analysis and design of nucleic acid systems. J Comput Chem 
2011;32(1):170–3. https://doi.org/10.1002/jcc.21596. 

[168] Yang KK, Wu Z, Arnold FH. Machine-learning-guided directed evolution for 
protein engineering. Nat Methods 2019;16(8):687–94. https://doi.org/10.1038/ 
s41592-019-0496-6. 

[169] Li R, Wijma HJ, Song L, Cui Y, Otzen M, Tian Y, Du J, Li T, Niu D, Chen Y, Feng J, 
Han J, Chen H, Tao Y, Janssen DB, Wu B. Computational redesign of enzymes for 
regio- and enantioselective hydroamination. Nat Chem Biol 2018;14(7):664–70. 
https://doi.org/10.1038/s41589-018-0053-0. 

[170] La Fleur T, Hossain A, Salis HM. Automated model-predictive design of synthetic 
promoters to control transcriptional profiles in bacteria. Nat Commun 2022;13 
(1). https://doi.org/10.1038/s41467-022-32829-5. 

[171] Shen R, Yin J, Ye J-W, Xiang R-J, Ning Z-Y, Huang W-Z, Chen G-Q. Promoter 
engineering for enhanced P(3HB-co-4HB) production by Halomonas 
bluephagenesis. ACS Synth Biol 2018;7(8):1897–906. https://doi.org/10.1021/ 
acssynbio.8b00102. 

[172] Chen Y, Chen X-Y, Du H-T, Zhang X, Ma Y-M, Chen J-C, Ye J-W, Jiang X-R, 
Chen G-Q. Chromosome engineering of the TCA cycle in Halomonas bluephagenesis 
for production of copolymers of 3-hydroxybutyrate and 3-hydroxyvalerate 
(PHBV). Metab Eng 2019;54:69–82. https://doi.org/10.1016/j. 
ymben.2019.03.006. 

[173] Qin L, Dong S, Yu J, Ning X, Xu K, Zhang S-J, Xu L, Li B-Z, Li J, Yuan Y-J, Li C. 
Stress-driven dynamic regulation of multiple tolerance genes improves robustness 
and productive capacity of Saccharomyces cerevisiae in industrial lignocellulose 
fermentation. Metab Eng 2020;61:160–70. https://doi.org/10.1016/j. 
ymben.2020.06.003. 

[174] Li T, Ye J, Shen R, Zong Y, Zhao X, Lou C, Chen G-Q. Semirational approach for 
ultrahigh poly(3-hydroxybutyrate) accumulation in Escherichia coli by combining 
one-step library construction and high-throughput screening. ACS Synth Biol 
2016;5(11):1308–17. https://doi.org/10.1021/acssynbio.6b00083. 

[175] Lv X, Cui S, Chen J, Wang L, Liu Y, Li J, Du G, Liu X, Chen J, Ledesma-Amaro R, 
Liu L. Cascaded de novo biosynthesis of lacto-proteins from CO2 by engineered 
Pichia pastoris. Green Chem 2023;25(14):5460–9. https://doi.org/10.1039/ 
d3gc00867c. 

[176] Shin HY, Nijland JG, de Waal PP, Driessen AJM. The amino-terminal tail of Hxt11 
confers membrane stability to the Hxt2 sugar transporter and improves xylose 
fermentation in the presence of acetic acid. Biotechnol Bioeng 2017;114(9): 
1937–45. https://doi.org/10.1002/bit.26322. 

[177] Ko Y-S, Kim JW, Lee JA, Han T, Kim GB, Park JE, Lee SY. Tools and strategies of 
systems metabolic engineering for the development of microbial cell factories for 
chemical production. Chem Soc Rev 2020;49(14):4615–36. https://doi.org/ 
10.1039/d0cs00155d. 

[178] Yeom J, Park JS, Jung S-W, Lee S, Kwon H, Yoo SM. High-throughput genetic 
engineering tools for regulating gene expression in a microbial cell factory. Crit 
Rev Biotechnol 2023;43(1):82–99. https://doi.org/10.1080/ 
07388551.2021.2007351. 

[179] Xu K, Lee YS, Li J, Li C. Resistance mechanisms and reprogramming of 
microorganisms for efficient biorefinery under multiple environmental stresses. 
Synth. Syst. Biotechnol. 2019;4(2):92–8. https://doi.org/10.1016/j. 
synbio.2019.02.003. 

[180] Kasavi C, Eraslan S, Oner ET, Kirdar B. An integrative analysis of transcriptomic 
response of ethanol tolerant strains to ethanol in Saccharomyces cerevisiae. Mol 
Biosyst 2016;12(2):464–76. https://doi.org/10.1039/c5mb00622h. 

[181] Yuan Y, Bi C, Nicolaou SA, Zingaro KA, Ralston M, Papoutsakis ET. 
Overexpression of the Lactobacillus plantarum peptidoglycan biosynthesis murA2 
gene increases the tolerance of Escherichia coli to alcohols and enhances ethanol 
production. Appl Microbiol Biotechnol 2014;98(19):8399–411. https://doi.org/ 
10.1007/s00253-014-6004-0. 

[182] Hirasawa T, Yoshikawa K, Nakakura Y, Nagahisa K, Furusawa C, Katakura Y, 
Shimizu H, Shioya S. Identification of target genes conferring ethanol stress 
tolerance to Saccharomyces cerevisiae based on DNA microarray data analysis. 
J Biotechnol 2007;131(1):34–44. https://doi.org/10.1016/j.jbiotec.2007.05.010. 

[183] Ma J-f, Wu M-k, Zhang C-q, He A-y, Kong X-p, Li G-l, Wei C, Jiang M. Coupled 
ARTP and ALE strategy to improve anaerobic cell growth and succinic acid 
production by Escherichia coli. J Chem Technol Biotechnol 2016;91(3):711–7. 
https://doi.org/10.1002/jctb.4633. 

[184] Nasution O, Lee YM, Kim E, Lee Y, Kim W, Choi W. Overexpression of OLE1 
enhances stress tolerance and constitutively activates the MAPK HOG pathway in 
Saccharomyces cerevisiae. Biotechnol Bioeng 2017;114(3):620–31. https://doi. 
org/10.1002/bit.26093. 

[185] Ye J-W, Lin Y-N, Yi X-Q, Yu Z-X, Liu X, Chen G-Q. Synthetic biology of 
extremophiles: a new wave of biomanufacturing. Trends Biotechnol 2023;41(3): 
342–57. https://doi.org/10.1016/j.tibtech.2022.11.010. 

[186] Gupta A, Reizman IMB, Reisch CR, Prather KLJ. Dynamic regulation of metabolic 
flux in engineered bacteria using a pathway-independent quorum-sensing circuit. 
Nat Biotechnol 2017;35(3):273. https://doi.org/10.1038/nbt.3796. 

[187] Madani A, Ben Krause B, Greene ER, Subramanian S, Mohr BP, Holton JM, 
Olmos JL, Xiong C, Sun ZZZ, Socher R, Fraser JS, Naik N. Large language models 
generate functional protein sequences across diverse families. Nat Biotechnol 
2023;41(8):1099. https://doi.org/10.1038/s41587-022-01618-2. 

[188] Eslami M, Adler A, Caceres RS, Dunn JG, Kelley-Loughnane N, Varaljay VA, 
Martin HG. Artificial intelligence for synthetic biology. Commun ACM 2022;65 
(5):88–97. https://doi.org/10.1145/3500922. 

[189] Chen L, Zhang Z, Li Z, Li R, Huo R, Chen L, Wang D, Luo X, Chen K, Liao C, 
Zheng M. Learning protein fitness landscapes with deep mutational scanning data 
from multiple sources. Cell Syst 2023;14(8). https://doi.org/10.1016/j. 
cels.2023.07.003. 

[190] Baek M, DiMaio F, Anishchenko I, Dauparas J, Ovchinnikov S, Lee GR, Wang J, 
Cong Q, Kinch LN, Schaeffer RD, Millan C, Park H, Adams C, Glassman CR, 
DeGiovanni A, Pereira JH, Rodrigues AV, van Dijk AA, Ebrecht AC, Opperman DJ, 
Sagmeister T, Buhlheller C, Pavkov-Keller T, Rathinaswamy MK, Dalwadi U, 
Yip CK, Burke JE, Garcia KC, Grishin NV, Adams PD, Read RJ, Baker D. Accurate 
prediction of protein structures and interactions using a three-track neural 
network. Science 2021;373(6557):871. https://doi.org/10.1126/science. 
abj8754. 

[191] Cheng J, Novati G, Pan J, Bycroft C, Zemgulyte A, Applebaum T, Pritzel A, 
Wong LH, Zielinski M, Sargeant T, Schneider RG, Senior AW, Jumper J, 
Hassabis D, Kohli P, Avsec Z. Accurate proteome-wide missense variant effect 
prediction with AlphaMissense. Science 2023;381(6664):1303. https://doi.org/ 
10.1126/science.adg7492. 

[192] Dauparas J, Anishchenko I, Bennett N, Bai H, Ragotte RJ, Milles LF, Wicky BIM, 
Courbet A, de Haas RJ, Bethel N, Leung PJY, Huddy TF, Pellock S, Tischer D, 
Chan F, Koepnick B, Nguyen H, Kang A, Sankaran B, Bera AK, King NP, Baker D. 
Robust deep learning-based protein sequence design using ProteinMPNN. Science 
2022;378(6615):49–55. https://doi.org/10.1126/science.add2187. 

[193] Salekin S, Zhang JM, Huang Y. A deep learning model for predicting transcription 
factor binding location at single nucleotide resolution. In: IEEE EMBS 
international conference on biomedical & health informatics (BHI) 2017; -(-); 
2017. p. 57–60. https://doi.org/10.1109/BHI.2017.7897204. 

[194] Shen Z, Bao W, Huang D-S. Recurrent neural network for predicting transcription 
factor binding sites. Sci Rep 2018;8. https://doi.org/10.1038/s41598-018-33321- 
1. 

[195] Ingraham JB, Baranov M, Costello Z, Barber KW, Wang W, Ismail A, Frappier V, 
Lord DM, Ng-Thow-Hing C, Van Vlack ER, Tie S, Xue V, Cowles SC, Leung A, 
Rodrigues JV, Morales-Perez CL, Ayoub AM, Green R, Puentes K, Oplinger F, 
Panwar NV, Obermeyer F, Root AR, Beam AL, Poelwijk FJ, Grigoryan G. 
Illuminating protein space with a programmable generative model. Nature 2023; 
623(7989):1070–8. https://doi.org/10.1038/s41586-023-06728-8. 

[196] Lutz ID, Wang S, Norn C, Courbet A, Borst AJ, Zhao YT, Dosey A, Cao L, Xu J, 
Leaf EM, Treichel C, Litvicov P, Li Z, Goodson AD, Rivera-Sanchez P, 
Bratovianu AM, Baek M, King NP, Ruohola-Baker H, Baker D. Top-down design of 
protein architectures with reinforcement learning. Science 2023;380(6642): 
266–73. https://doi.org/10.1126/science.adf6591. 

[197] Zhang P, Wang H, Xu H, Wei L, Liu L, Hu Z, Wang X. Deep flanking sequence 
engineering for efficient promoter design using DeepSEED. Nat Commun 2023;14 
(1). https://doi.org/10.1038/s41467-023-41899-y. 

[198] Chen Q, Zobel J, Verspoor K. Duplicates, redundancies and inconsistencies in the 
primary nucleotide databases: a descriptive study. DATABASE-OXFORD; 2017. 
https://doi.org/10.1093/database/baw163. 

Z. Kuang et al.                                                                                                                                                                                                                                   

https://doi.org/10.1016/j.biortech.2017.05.100
https://doi.org/10.1016/j.biortech.2017.05.100
https://doi.org/10.1039/d2cb00231k
https://doi.org/10.1016/j.jbiotec.2014.01.015
https://doi.org/10.1186/s12934-018-0966-z
https://doi.org/10.1186/s12934-018-0966-z
https://doi.org/10.1093/nar/gkaa325
https://doi.org/10.1109/ACCESS.2020.2982666
https://doi.org/10.1038/s41588-022-01048-5
https://doi.org/10.1038/s41588-022-01048-5
https://doi.org/10.1002/jcc.21596
https://doi.org/10.1038/s41592-019-0496-6
https://doi.org/10.1038/s41592-019-0496-6
https://doi.org/10.1038/s41589-018-0053-0
https://doi.org/10.1038/s41467-022-32829-5
https://doi.org/10.1021/acssynbio.8b00102
https://doi.org/10.1021/acssynbio.8b00102
https://doi.org/10.1016/j.ymben.2019.03.006
https://doi.org/10.1016/j.ymben.2019.03.006
https://doi.org/10.1016/j.ymben.2020.06.003
https://doi.org/10.1016/j.ymben.2020.06.003
https://doi.org/10.1021/acssynbio.6b00083
https://doi.org/10.1039/d3gc00867c
https://doi.org/10.1039/d3gc00867c
https://doi.org/10.1002/bit.26322
https://doi.org/10.1039/d0cs00155d
https://doi.org/10.1039/d0cs00155d
https://doi.org/10.1080/07388551.2021.2007351
https://doi.org/10.1080/07388551.2021.2007351
https://doi.org/10.1016/j.synbio.2019.02.003
https://doi.org/10.1016/j.synbio.2019.02.003
https://doi.org/10.1039/c5mb00622h
https://doi.org/10.1007/s00253-014-6004-0
https://doi.org/10.1007/s00253-014-6004-0
https://doi.org/10.1016/j.jbiotec.2007.05.010
https://doi.org/10.1002/jctb.4633
https://doi.org/10.1002/bit.26093
https://doi.org/10.1002/bit.26093
https://doi.org/10.1016/j.tibtech.2022.11.010
https://doi.org/10.1038/nbt.3796
https://doi.org/10.1038/s41587-022-01618-2
https://doi.org/10.1145/3500922
https://doi.org/10.1016/j.cels.2023.07.003
https://doi.org/10.1016/j.cels.2023.07.003
https://doi.org/10.1126/science.abj8754
https://doi.org/10.1126/science.abj8754
https://doi.org/10.1126/science.adg7492
https://doi.org/10.1126/science.adg7492
https://doi.org/10.1126/science.add2187
https://doi.org/10.1109/BHI.2017.7897204
https://doi.org/10.1038/s41598-018-33321-1
https://doi.org/10.1038/s41598-018-33321-1
https://doi.org/10.1038/s41586-023-06728-8
https://doi.org/10.1126/science.adf6591
https://doi.org/10.1038/s41467-023-41899-y
https://doi.org/10.1093/database/baw163

	Advances in stress-tolerance elements for microbial cell factories
	1 Introduction
	2 Classification and mechanism of stress-tolerance elements
	2.1 Acid-tolerant elements
	2.2 Saline-alkali-resistant elements
	2.3 Thermotolerant elements
	2.4 Antioxidant elements

	3 Mining and redesign of stress-tolerance elements
	3.1 Mining of stress-tolerance elements
	3.2 Stress-tolerance elements redesigning for construction of cell factory

	4 Application of stress-tolerance elements
	5 Conclusions and perspectives
	Credit author statement
	Declaration of competing interest
	Acknowledgments
	References


