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Microbial fermentation has contributed to 80% of global amino acid production. The key to microbial fermen- 

tation is to obtain fermentation strains with high performance to produce target amino acids with a high yield. 

These strains are primarily derived from screening enormous mutant libraries. Therefore, a high-throughput, 

rapid, accurate, and universal screening strategy for amino acid overproducers has become a guarantee for ob- 

taining optional amino acid overproducers. In recent years, the rapid development of various novel screening 

strategies has been witnessed. However, proper analysis and discussion of these innovative technologies are lack- 

ing. Here we systematically reviewed recent advances in screening strategies: the auxotrophic-based strategy, the 

biosensor-based strategy, and the latest translation-based screening strategy. The design principle, application 

scope, working efficiency, screening accuracy, and universality of these strategies were discussed in detail. The 

potential for screening nonstandard amino acid overproducers was also analyzed. Guidance for the improvement 

of future screening strategies is provided in this review, which could expedite the reconstruction of amino acid 

overproducers and help promote the fermentation industry to reduce cost, increase yield, and improve quality. 

1

 

t  

w  

w  

i  

t  

o  

e  

o  

e  

i  

c  

m  

t  

a  

s  

a  

t  

e  

a

 

s  

t  

p  

a  

i  

i  

h  

a  

b  

i  

p  

d  

A  

c  

o  

a  

n  

c  

g  

M  

a  

s  

f  

i

 

s  

H  

h

R

A

2

(

. Introduction 

Amino acids have a multibillion-dollar market with applications in

he food, animal feed, pharmaceutical, and cosmetic industries. The

orldwide market for amino acids reached an overall 10.3 million tons,

ith gross sales of $28 billion in 2021. The global amino acid market

s expected to expand at a compound annual growth rate of 6.76% in

he next decade [1] . Amino acids can be synthesized by various meth-

ds, such as extraction from protein hydrolysate, chemical synthesis,

nzymatic synthesis, and microbial fermentation [ 2 , 3 ]. Compared with

ther amino acid-producing methods, microbial fermentation is consid-

red economical, efficient, and environmentally friendly [4] . Currently,

t has become the primary production method for most amino acids,

ontributing to 80% of the global amino acid yield [5] . The key to fer-

entation is obtaining high-performance microbial cell factories (MCF)

o produce the desired amino acids [6] . Currently, the breeding of amino

cid overproducers mainly relies on constructing a mutant library and

ubsequent screening [7] . Besides host strains, functional elements, such

s rate-limiting enzymes, transporters, or transcriptional regulators in

he amino acid synthetic pathway, also require engineering by directed

volution [8] . The screening strategy determines whether ideal amino

cid overproducers could be obtained. 

An excellent screening strategy for amino acid overproducers should

atisfy four requirements. The primary one is high throughput. Tradi-

ional MCF breeding methods rely on the direct quantitative detection of
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roducts using chromatography and other methods. Sample preparation

nd detection operations are time-consuming and labor-intensive, lead-

ng to low screening throughput. Meanwhile, the size of mutant libraries

s rising with the continuous upgrading of mutagenesis approaches. A

igh-throughput screening strategy is needed to rapidly screen amino

cid overproducers from an ever-growing and diversifying mutant li-

rary. The second requirement is high fidelity. Otherwise, the screen-

ng system will lead to a high false-positive rate. The amino acid low-

roducing strains or non-target amino acid-producing strains will acci-

entally be screened out. The third requirement is a simple operation.

n ideal screening strategy should take a few steps and not rely on spe-

ial equipment. Last but not least, previous screening strategies focused

nly on a few bulk amino acids. Recently, the demand for other amino

cids, such as tryptophan, branched-chain amino acids, and even various

onstandard amino acids, such as 5-hydroxytryptophan [9] , has been in-

reasing. A screening strategy that could respond to multiple proteino-

enic amino acids and even nonstandard amino acids is urgently needed.

eanwhile, in addition to traditional amino acid-producing strains, such

s Escherichia coli and Corynebacterium glutamicum , the screening system

hould also be applied to other microorganisms with industrial potential

or future development. Screening strategies in recent years have moved

n these directions [3] . 

Regarding breeding amino acid overproducers, methods for con-

tructing a mutant library have been intensively reviewed [10–13] .

owever, there are few discussions on the screening strategies for amino
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cid overproducers. In this review, recent advances in screening strate-

ies, including auxotrophic-based and biosensor-based strategies, were

iscussed. Special attention was given to the translation-based strategy,

ncluding amino acid analog-based, rare codon-based, aminoacyl-tRNA

ynthetase (aaRS)-based, and artificial aaRS/tRNA pair-based screen-

ng approaches. The target amino acids, compatibility with microbial

pecies, screening efficiency, and current applications of these strate-

ies were discussed. Finally, we make some forward suggestions for de-

eloping a screening strategy for amino acid overproducers. This review

ould guide the choice of a strain screening approach, inspire the devel-

pment of novel screening strategies, and finally aid in reconstructing

mino acid-overproducing strains. 

. Different strategies for screening amino acid-overproducing 

trains 

.1. Auxotrophic strain-based strategy 

Auxotrophic strains cannot synthesize essential metabolites, such as

mino acids, nucleotides, and vitamins, and must be supplemented with

uch nutrients to survive [14] . Generally, the growth of auxotrophic

trains is positively correlated with the concentration of the correspond-

ng metabolites in the environment [ 15 , 16 ]. Additionally, if a fluores-

ent protein is integrated into the chromosome of an auxotrophic strain,

he growth signal can be converted to a more intuitive fluorescent signal

17] . There are two major auxotrophic strain-based screening strategies

 Table 1 ) [18] . The first is a two-step screening. The target amino acid

verproducers could be identified by establishing an auxotrophic strain

or a specific amino acid and feeding this indicator strain with the fer-

entation broth or cell lysate of the strains from the mutant library.

uch a library could be constructed by standard physical or chemical

utagenesis methods. For example, the knockout of the hisL gene in the

 -His-synthesis pathway could establish an l -His-auxotrophic strain. By

eeding this indicator strain with cell lysates of strains in the mutant li-

rary, the growth of the indicator strain could indicate the amount of l -

is, and the corresponding amino acid overproducer could be screened

19] . 

In addition to the two-step screening, the coculture-based strategy

ould also be used to detect amino acid overproducers ( Fig. 1A ). For

xample, knocking out the l -Trp-synthesis pathway gene trpB of the in-

icator strain makes it rely on the l -Trp produced by the production

train. At the same time, knocking out the l -His-synthesis pathway gene

isD of the production strain makes it dependent on the l -His produced

y the indicator strain for survival. The dominant number of indica-

or strains determined by the initial inoculation could be maintained

y this cross-feeding strategy to achieve a stable screening effect. After

oculturing the mutant library of the production strain with the indi-

ator strain, the amino acid overproducers could be screened in two

ays. The first method is colony morphology observation. By spread-

ng a dominant number of indicator strains mixed with an individual

roduction strain on the agar plate, the coculture with the l -Trp over-

roducer would develop a large colony and could be identified. The

econd method is based on microplate or microdroplet screening. Wells

ith l -Trp overproducers would produce higher cell density than oth-

rs. Fluorescent proteins could be introduced into the indicator strain to

ncrease the screening throughput further. The coculture is encapsulated

n the microdroplets, and the droplets containing amino acid overpro-

ucers would exhibit strong fluorescence and could be identified [20] .

n theory, screening methods based on auxotrophic mutant strains could

lso be used to screen optimal enzyme variants in amino acid synthesis

athways ( Fig. 1B ). The mutant library of the enzyme could be trans-

ormed into a host strain deficient in this enzyme. The mutant with en-

anced catalytic performance could be screened out by coculturing with

he indicator strain unable to produce the catalytic product of the tar-

et enzyme. The response range of the screening signal could also be

djusted by regulating the ratio between the two strains. 
2 
Auxotrophic strain-based strategies have been used to screen over-

roducers of amino acids, such as l -His, l -Trp, and l -Met ( Table 1 ). The

rimary limiting factor is that this strategy is inconvenient for accu-

ately identifying individual overproducers. A supernatant or cell lysate

eeding-based strategy must extract amino acids produced by individual

trains. The coculture-based method should rely on expensive sorting

quipment to sort individual overproducers in the microdroplets. The

econd limiting factor is establishing auxotrophic strains separately to

creen the overproducers of 20 proteinogenic amino acids. For nonstan-

ard amino acids, this strategy is usually inapplicable. Additionally, this

trategy may be more suitable for screening mutants with higher abili-

ies to export amino acids. 

.2. Biosensor-based strategies 

A biosensor is a biological device that can sense specific chemical

ubstances in the environment and convert their concentrations into de-

ectable signals. Biosensors generally consist of a recognition module

nd a signal conversion module. The recognition module can include

arious biologically active parts, such as transcription factors, enzymes,

ntibodies, antigens, and nucleic acids. The signal conversion module

s generally comprised of antitoxic proteins, growth-related proteins,

hromogenic proteins, and fluorescent proteins. The biosensor has been

idely used to detect various small molecules, such as amino acids, al-

ohols, sugars, vitamins, and antibiotics [21] , providing an ideal tool for

creening amino acid overproducers. According to the recognition mod-

le, amino acid biosensors could be roughly divided into the following

ategories: enzymatic reaction-coupled biosensors, fusion protein-based

iosensors, transcription factor-based biosensors, and riboswitch-based

iosensors ( Fig. 2A –E ) [22] . 

.2.1. Enzymatic reaction-coupled biosensors 

Amino acids lack high-throughput chemical detection methods. The

oncentration of amino acids can be converted into detectable color and

uorescence by coupling with enzymes [ 46 , 56 ]. Enzymatic reaction-

oupled biosensors have been used to screen amino acid overproduc-

rs. For example, molecular oxygen may be used by tyrosinase to cat-

lyze the orthohydroxylation of l -Tyr to 3,4-dihydroxyphenylalanine (L-

OPA), which can be polymerized nonenzymatically to form melanin

ith a dark color. A method for screening l -Tyr overproducers was

stablished by introducing tyrosinase capable of producing melanin

rom tyrosine [46] . In addition to a single enzyme-catalyzed reaction,

 two-enzyme coupled transformation assay can also be utilized. l -

et can be converted to pyruvate by coupling adenosylmethionine syn-

hase and pyruvate orthophosphate dikinase. The produced pyruvate

an then be easily measured using ultraviolet, colorimetry, or fluores-

ence detection [35] . This offers a possible approach to screen l -Met

verproducers. 

.2.2. Fusion protein-based biosensors 

Proteins typically undergo conformational changes upon ligand

inding. This structural change could be used to build biosensors based

n fluorescence resonance energy transfer (FRET) and circularly per-

uted proteins. FRET-based biosensors consist of a donor fluorescent

rotein and an acceptor fluorescent protein, which link to the N- and

-termini of the ligand-binding protein, respectively. The wavelength

mitted by the donor fluorescent protein could excite the acceptor fluo-

escent protein. When the ligand-binding protein is in the apo state with-

ut binding to the metabolite, the long distance between the donor fluo-

escent protein and the acceptor fluorescent protein prevents light from

he donor from being transmitted to the acceptor. When the metabo-

ite binds to the ligand-binding domain, a change in the conformation

f the binding domain was induced, bringing closer the donor fluores-

ent protein and the acceptor fluorescent protein, enabling the latter

o capture the light emitted by the donor to fluoresce. For example,

he cyan fluorescent protein that works as the donor and the yellow
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Table 1 

Screening strategies for 20 proteinogenic amino acid overproducers. 

Amino acid Auxotrophic strain-based strategy Biosensor-based strategy Analogs based strategy Other translation-based 

strategies b 

L-Ala D- 𝛼-aminobutyric acid [23] 

L-Val Lrp-regulated promoter P brnF fused with eyfp 

[ 7 , 24 ] 

𝛼-aminobutyric acid, 2-thiazole 

alanine, 𝛼-amino- 𝛽-hydroxy 

valeric acid [25] 

L-Leu Lrp-regulated promoter P brnF fused with eyfp [26] , 

A FRET system consists of a fused YFP-LivK-CFP 

protein [27] 

4-azaleucine, nor-leucine, 

threon- l - 𝛽-hydroxyleucine [28] 

Rare codon-rich kan R [3] 

L-Ile Lrp-regulated promoter P brnF fused with eyfp [26] isoleucine hydroxamate [29] An isoleucine-tRNA 

synthetase mutant of E. coli , 

IleRS G94R [30] 

L-Pro 4,5-didehydroproline, 

l -azetidine-2-carboxylic acid [31] 

Rare codon-rich kan R and 

amp R [32] 

L-Met Natural l -Met-auxotrophic strain 

Lactococcus lactis [33] 

A FRET system consists of a fused YFP-MetN-CFP 

protein [34] , an enzymatic reaction-coupled 

biosensor that uses two enzymes to convert l -Met 

to pyruvate with detectable UV absorbance [35] 

ethionine, methionine sulfoxide, 

proleucine, and methyl mesylate 

[36] 

L-Cys L-Cys-responsive promoter P cys controlling the gfp 

[33] , CcdR regulated promoter P ccdA fused with gfp 

[37] 

L-Trp E. coli PJW3087 ΔtdcC was used to 

indicate the l -Trp in the supernatants 

of overproducers [19] ; 

E. coli K12 ΔtrpB as the sensor strain 

and l -His as the secondary 

cross-feeding molecule) ΔtdcC [20] 

An artificial l -Trp aptamer combined with gfp [38] p-fluorotryptophan, 5-methyl 

tryptophan, fluorotryptophan, 

5-fluoro-DL-tryptophan [39] 

L-Phe TyrR-regulated promoter P tyr or P mtr fused with yfp 

[40] 

Fluorophenylalanine, 

chlorophenyl alanine [41] , 

m-fluoro-phenylalanine [42] 

L-Ser LysR-type TF, NCgl0581 fused with eyfp [43] Rare codon-rich kan R [3] 

L-Thr 𝛼-amino-hydroxyvaleric acid, 

threonine hydroxamic acid, 

𝛼-aminolauryl lactam [44] 

L-Tyr TyrR-regulated promoters, P aroF , P aroL , or P aroP , 

fused with mCherry [45] , an enzymatic 

reaction-coupled biosensor that used tyrosinase to 

produce melanin with the dark color from l -Tyr 

[46] 

L-Asn AsnC a , Lrp a 

L-Gln A FRET system consists of a fused 

mTFP1-glnH-YFP protein [47] 

methionine sulfoxide, 

sulfaguanidine [48] 

L-Arg LysG-regulated promoter P lysE fused with 

fluorescent protein [49] 

Rare codon-rich kan R [3] 

L-Lys LysG-regulated promoter P lysE fused with 

fluorescent protein [49] , A FRET system consists 

of a fused YFP-LAO-ECFP protein [ 50 , 51 ], an 

inhibitory riboswitch lysC that coupled with the 

tetracycline/ H + antiporter) [38] 

S-2-aminoethyl- l -cysteine [52] 

L-His E. coli JW2000 ΔhisL [19] LysG-regulated promoter P lysE fused with 

fluorescent protein [ 49 , 53 ] 

D-histidine, 6-mercaptopurine, 

1,2,4-triazolealanine [54] 

L-Asp aspartate hydroxamate, 

sulfaguanidine 

L-Glu A FRET system consists of a fused YFP-YbeJ-CFP 

protein [55] 

L-Gly Currently mainly chemically synthesized, but overproducers can theoretically be screened out by using translation-based screening strategies 

a They are natural transcription factors for these amino acids, which can potentially be employed for screening overproducers. 
b This emerging strategy has the potential to be extended to all proteinogenic amino acids and even nonstandard amino acids. 
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uorescent protein that works as the acceptor were fused with the l -

ys binding periplasmic protein from Salmonella typhimurium serotype

T2. This protein device was successfully employed in E. coli and Sac-

haromyces cerevisiae to detect the production of l -Lys [51] . In another

xample, the l -Leu binding periplasmic protein from E. coli K12 was

used with cyan fluorescent protein as the donor and yellow fluorescent

rotein as the acceptor, creating a biosensor that allows the dynamic

easurement of l -Leu concentrations in bacterial and yeast cells [27] .

RET-based biosensors have been used for various amino acid detec-

ions, such as branched-chain amino acids [57] , l -Glu [58] , l -Met [59] ,

nd l -Gln [60] . 
3 
A circularly permuted protein-based biosensor was a rearranged flu-

rescent protein. It was created by first segmenting the original protein

t the chromophore region and fusing the original N- and C-termini by

 linker, then connecting the newly formed N- and C-termini, respec-

ively, to two subunits of a ligand-binding domain. Upon binding to the

arget molecule, an interaction occurs between the two ligand-binding

ubunits to induce a conformational change in the permuted fluorescent

rotein. This change could alter the electrostatic potential of the chro-

ophore to produce fluorescence. Such a strategy has been successfully

pplied to the screening of small molecules. A formaldehyde-responsive

ranscriptional regulator HxlR monomer from Bacillus subtilis was fused
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Fig. 1. Auxotrophic strain-based strategy . Screening strategy based on the coculture of the production strain and the indicator strain. In the coculture process, 

it is necessary to maintain dominance of the indicator strain by using strategies such as cross-feeding to obtain a stable screening effect. (A) To screen the l -Trp 

overproducers while knocking out the l -Trp-synthesis pathway gene trpB of the indicator strain, knocking out the l -His-synthesis pathway gene hisD of the production 

strain makes it rely on the l -His produced by the indicator strain for survival. (B) Proposed screening strategy for identifying optimal enzyme variants in amino acid 

synthesis pathways. 
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o the two ends of the circularly permutated yellow fluorescent protein,

nd a formaldehyde biosensor was successfully established [61] . These

ircularly permuted protein-based biosensors can achieve high spatial-

emporal resolution and could be developed as a screening strategy for

mino acid overproducers. However, the design of such fusion proteins

s complex. It is necessary to find a particular ligand-binding protein and

o exclude the interference of external factors, such as medium acidity

nd small ion concentrations. Fusion protein-based biosensors link the

ecognition module and the signal conversion module into a single pro-

ein device, which allows the binding of small molecules to co-occur

ith fluorescence generation, thus enabling nanosecond responses to

mino acids. 

.2.3. Transcription factor-based biosensors 

Transcription factor-based biosensors have been applied to detect

arious fermentation products, such as carbohydrates [ 62 , 63 ], alcohol

 64 , 65 ], esters [66] , organic acids [ 67 , 68 ], and amino acids [69] . Such

iosensors generally use transcription factors (TF) as the recognition

odule. TFs could act as activators or inhibitors after binding to metabo-

ites, thus initiating or inhibiting the transcription of downstream genes

70] . These TFs have similar structures, a C-terminal ligand-responding

omain, and a conserved N-terminal DNA-binding domain. When the C-

erminal binds ligands, the spatial structure and protein conformation of

he DNA-binding domain change dramatically to alter the binding of TF
4 
o the promoter. This change will block or promote the binding of RNA

olymerase with the promoter to regulate the expression of downstream

enes. The TFs that have been used in the screening of amino acid over-

roducers are mainly from the l -Leu responsive regulatory protein (Lrp)

amily, the l -Lys regulator (LysR) family, and the l -Tyr regulator (TyrR)

amily. 

The Lrp family is the most widely used recognition module, respond-

ng to various amino acids, such as l -Leu, l -Ile, l -Val, and l -Met. Closed-

oop/open-loop conformational change or octamer/hexamer transition

f the Lrp may be induced by the amino acids, consequently adjusting

he Lrp regulation on the expression of target genes [71] . For exam-

le, the enhanced yellow fluorescent protein was ligated downstream of

he Lrp-regulated promoter P brnF . Branched-chain amino acids bind to

rp and activate the P brnF -controlled fluorescent protein [26] . This Lrp

iosensor has been used to screen l -Val overproducers [24] . 

LysR-type transcriptional regulators may be the most prominent fam-

ly of TFs in prokaryotes. When bound to ligands such as amino acids,

hey often form multimers to regulate the transcription of target genes.

ysR was found to bind to three basic amino acids. Therefore, it was

sed to screen l -Lys overproducers. Enhanced yellow fluorescent protein

as cloned downstream of the promoter P lysE , which was regulated by

 LysR-type TF from C. glutamicum . Production of the basic amino acids

L-Lys, l -Arg, and l -His) would activate the P lysE -controlled fluorescent

rotein to enable screening [49] . By mutating the amino acid-binding



J. Tuo, S. Nawab, X. Ma et al. Engineering Microbiology 3 (2023) 100066 

Fig. 2. Biosensor-based strategy for amino acid overproducers . (A) l -Tyr biosensor based on a tyrosinase-coupled color reaction. (B) l -Lys biosensor based on substrate- 

binding domain-fused proteins. (C) Basic amino acid biosensor based on transcription factor LysG. (D) Circularly permuted protein-based biosensor. (E) l -Lys biosensor 

based on riboswitch. LAO, lysine-/arginine-/ornithine-binding protein; FP, fluorescent protein; cpFP, circularly permuted fluorescent protein; RBS, ribosome binding 

site. 

r  

b

 

a  

p  

p  

s  

d

 

s  

t  

A  

b  

t  

o  

n  

t  

a

2

 

f  

s  

i  

[  

l  

r  

u  

h  

t  

s

a  

t  

a  

i  

r

 

a  

i  

c  

t  

f  

a  

s  

r  

w  

a  

T  

o  

c  

t  

s  
egion and the non-conserved regions of LysR-type TFs, biosensors can

e transformed to respond solely to l -His [53] . 

TyrR-type transcriptional regulators could respond to aromatic

mino acids, and TyrR from E. coli has been used to screen l -Tyr over-

roducers [45] . This biosensor has also been used to screen l -Phe over-

roducers [40] . A TyrR-type TF coupled with P tyr or P mtr promoter could

ense elevated concentrations of l -Phe and activate the expression of the

ownstream yellow fluorescent protein. 

Additionally, TFs from other families can also be used to con-

truct amino acid biosensors. Recently, a putative feast/famine regula-

ory protein-type transcription factor, CcdR, from the Pantoea ananatis

J13355, responsive to l -Cys, was used to establish an l -Cys-specific

iosensor to screen l -Cys overproducers. Through multilevel optimiza-

ion, such as increasing CcdR dimerization and regulating the expression

f CcdR, the sensitivity and response strength of the biosensor were sig-

ificantly improved [37] . The TF-based biosensor has been used to es-

ablish a screening system for overproducing strains of at least 10 amino

cids ( Table 1 ). 

.2.4. Riboswitch-based biosensors 

Riboswitch consists of two parts: an aptamer and an expression plat-

orm. The aptamers directly bind to small molecules, and the expres-

ion platform could undergo structural changes in response to changes

n aptamers, thereby regulating the expression of downstream genes

72] . One of the most typical mechanisms is that, after binding with

igands, the disruption and formation of the stem-loop structure of the
5 
ibosome binding site region within the expression platform will reg-

late the translation of the entire mRNA. Riboswitch-based biosensors

ave been applied to screen amino acid overproducers. For example,

he inhibitory riboswitch lysC, which turns off the expression of down-

tream genes upon binding to l -Lys combined with the tetracycline/ H 

+ 

ntiporter, was used to screen l -Lys overproducers [38] . In addition to

he natural aptamer, artificial aptamers could also be used to construct

 riboswitch that responds to non-native molecules. For example, by

ntroducing an artificial l -Trp aptamer [73] , a riboswitch capable of

ecognizing the l -Trp overproducer was established [38] . 

Compared with auxotroph-based screening strategies, the operability

nd sensitivity of biosensor-based screening strategies have been greatly

mproved. However, biosensor-based screening strategies face several

hallenges. First, natural biosensors are often multifunctional, especially

he most widely used TFs that recognize multiple amino acids. There-

ore, biosensors must be engineered to respond specifically to target

mino acids. Second, some amino acids do not have a suitable biosen-

or, and there are no biosensors for nonstandard amino acids. Third, the

esponse of natural elements to amino acid concentrations is generally

ithin the physiological range. However, the concentration of amino

cids in industrial production far exceeds the physiological upper limit.

herefore, the operational range must be expanded to screen amino acid

verproducers. Fortunately, the affinity of TF to the substrate could be

hanged by modifying the substrate-binding domain of TF, thereby ob-

aining various sensors with different substrate specificities, broad re-

ponding ranges, or high sensitivity [74] . In addition to the biosensors
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Fig. 3. Mechanism of using amino acid analogs to identify overproducers. 
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Fig. 4. The rare codon-based strategy for screening amino acid overproducers. 
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escribed above, G proteins could also respond to amino acids and po-

entially be used to construct screening systems [75] . 

.3. Translation-based strategies 

.3.1. Strategy based on amino acid analogs 

The strategy for screening amino acid overproducers based on amino

cid analogs is a traditional method ( Fig. 3 ). These analogs have equiv-

lent size, structure, and charge properties to the proteinogenic amino

cids. An analog competes with its corresponding amino acid for the

nite tRNAs in protein biosynthesis [76] . Once incorporated into the

rotein, the analog interrupts translation or inactivates the protein. This

ould lead to growth retardation or even cell death [77] . However,

or amino acid overproducers, excess amino acids could outcompete

nalogs to generate correctly charged tRNA and thus produce enough

unctional proteins to survive [78] . For instance, 4-Azaleucine, with an

dditional dimethylamino group compared with l -Leu, has been suc-

essfully applied to select l -Leu overproducers [28] . Other analogs, such

s 2-thiazole alanine [25] and ethionine [36] , were also used to screen

 -Val and l -Met overproducers, respectively ( Table 1 ). 

Compared with previous methods, the analog-based strategy re-

uires only the addition of amino acid analogs into the culture medium

ithout strain modification or introducing other elements. However,

his strategy suffers from two significant flaws. First, amino acid analogs

ay interfere with cellular activities other than protein synthesis, dis-

upting the nucleus regions [78] , affecting the structure of cellular mem-

ranes, and inhibiting purine and pyrimidine biosynthesis [79] . This

ould accidentally eliminate potential amino acid overproducers. Sec-

nd, strains can escape the selection pressure of analogs through several

athways. For instance, analogs could be blocked by amino acid trans-

orters or pumped out of the cell by efflux pumps [77] . Analogs could

lso be degraded into nontoxic forms or incorporated directly into bacte-

ial proteomes [80] . This results in a high false-positive rate in which the

creened strains are not true amino acid overproducers. It should also

e noted that although corresponding analogs could be found for each

mino acid, limited by the cost, stability, and toxicity of the analogs,

ot every amino acid has an analog suitable for screening overproduc-

rs. Therefore, a safe, accurate, simple, low-cost, and universal screening

trategy remains to be developed. 

.3.2. Strategy based on rare codon 

The translation process of proteins can be divided into two steps. The

rst step is aminoacylation. That is, aaRS specifically charges amino

cids onto the corresponding tRNA. This step could be considered a

ouble-substrate reaction catalyzed by aaRS, with amino acids and tRNA

inding to aaRS, then the aaRS charges amino acids to the 2 ′ - or 3 ′‑hy-

roxyl group of the last base at the 3 ′ end of the tRNA. The second step

s to decode the mRNA. The tRNA recognizes and pairs with the cor-

esponding codons through its anticodon loop and transfers the loaded

mino acid to the extending peptide chain. The majority of amino acids
6 
ave at least two codons. The use of codons with different frequencies

ffects the translation rate of proteins. The traditional screening strat-

gy based on amino acid analogs is to create competition by introduc-

ng analogs to the substrate-binding step, and amino acid overproduc-

rs would gain growth advantage over other strains. Such a competition

rinciple could also be introduced to other translation steps, including

he binding of the tRNAs to aaRS, the aminoacylation reaction of the

aRS, and the mRNA decoding process. When artificial competition is

reated, the natural translation process weakens. Under this pressure,

nly the amino acid-overproducing strains could gain a competitive ad-

antage in translating the reporter proteins. Following this principle,

heng et al. [3] proposed a novel strategy for screening amino acid over-

roducers. By introducing competition to the aminoacylation-decoding

rocess, a rare codon-based screening system was established, which

ook advantage of the “codon preference ” law that is ubiquitous in na-

ure ( Fig. 4 ) [ 3 , 81 ]. 

During protein translation, the frequency of codon usage differed.

eanwhile, different codons corresponded to varying contents of tRNA.

he common codons widely used by organisms are usually read by the

ost abundant types of tRNAs in cells. Nucleic acid sequences com-

osed of such codons could be translated more efficiently. In contrast,

he rare codons that infrequently appear in protein-coding sequences of-

en correspond to the tRNAs with low abundance in the cell. When the

otal amount of amino acids is limited, such low-abundance tRNAs are

hallenging to charge amino acids in competition with abundant tRNAs.

hey are often in an “uncharged ” state, leading to decreased or stag-

ated translation of the rare codons. Only when the intracellular amino

cid or the environment amino acid concentration is significantly in-

reased, the rare tRNAs can charge the excessive amino acids and allow

ormal translation of rare codons [3] . 

Inspired by this theory, the amino acid concentration required for

ranslation could be intentionally increased by replacing codons in re-

orter genes with their rare alternatives. When the concentration of

mino acids produced by the strain was low, the translation of the rare

odon-rich reporter gene was hindered. On the contrary, when the con-

entration of amino acids produced by the strain is increased, expres-

ion of the reporter gene can be rescued, resulting in easily detectable

henotypes. Accordingly, a selection system of amino acid overproduc-

rs was established using rare codon-rich antibiotic-resistance genes. A

creening system was established using rare codon-rich chromogenic or

uorescent protein-encoding genes. The screening and selection systems

ased on the rare codons were successfully applied to screen E. coli over-

roducers of l -Leu, l -Arg, and l -Ser. Taking l -Leu as an example, in the

election system, the 29 L-Leu codons in the kanamycin resistance gene

 kan R ) were all replaced by the rare alternative CTA. In a diluted Luria-

ertani medium containing kanamycin, this rare codon-rich kan R gene

as introduced into the random mutant library of E. coli . The strain with

 growth advantage is the l -Leu overproducer and can be selected. In ad-

ition, by replacing the l -Leu codons in the gene encoding green fluores-

ent protein or purple protein with their rare forms, overproducers can

e picked by visual observation of color changes. This system could also
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Fig. 5. The aaRS-based strategy for screening 

amino acid overproducers. 
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e extended to screening other common amino acid-producing hosts.

or instance, the l -Arg codon in kan R was replaced with its rare form

n C. glutamicum and several C. glutamicum strains overproducing l -Arg

ere successfully identified [81] . 

This rare codon-based strategy was subsequently applied to screen

 -Pro overproducers in both E. coli and Serratia marcescens JNB5 by re-

lacing the codon of l -Pro on the resistance gene with the corresponding

are alternatives [32] . This system could also assist in screening overpro-

ucers for nonstandard amino acids, such as the l -Pro-derivative trans-

 ‑hydroxy- l -proline [82] . 

It is considered that the rare codon-based screening strategy is fea-

ible, simple to operate, and universal [83] . This strategy requires only

 single rare codon-rich marker gene. At the same time, the screening

trength could be adjusted by changing the frequency of rare codons and

he copy numbers of markers. Although this strategy cannot be directly

pplied to amino acids with only one tRNA, such as l -Lys, l -His, and

 -Phe, it provides a promising alternative to amino acid analog-based

creening strategies in breeding amino acid overproducers [84] . 

.3.3. Strategy based on aaRS 

Following the idea of translational competition, selection pressure

ould also be created by regulating the affinity of aaRS with amino acids.

minoacyl-tRNA synthetase is responsible for the specific recognition of

ts corresponding amino acid and tRNA and then generates aminoacyl-

RNA through a two-step catalytic mechanism. Since the amino acid-

inding domain of aaRS and the corresponding tRNA are two separate

omains, mutations to the amino acid-binding domain of aaRS can re-

uce the affinity to amino acids without affecting the binding to tRNA.

hen the total amount of amino acids is limited, aaRS with poor affin-

ty to amino acids is difficult to form an aaRS-amino acid complex. This

eads to decreased or even stagnated cell growth. When the intracellular

mino acid or the environmental amino acid concentration is increased,

his aaRS with poor affinity to amino acids could charge enough tRNAs,

nd cell growth can be compensated. Under amino acid starvation, using

 mutant of E. coli isoleucine-tRNA synthetase IleRS G94R , which has an

ffinity for isoleucine 10 4 times lower than the wild-type IleRS, protein

ynthesis will be hindered, thus affecting cell growth. Cells producing

ufficient l -Ile can resist this interference and show a growth advantage.

herefore, they could be screened out [30] ( Fig. 5 ). Theoretically, for

ach proteinic amino acid, constructing a mutant aaRS with low affinity

or an amino acid could extend this method to 20 natural amino acids.

owever, the wild-type aaRS on the genome should be knocked out to

pply this method, which might bring unknown interference to the over-

ll metabolic network of the cell. At the same time, the application of

his strategy is confined to strains that are difficult to perform genetic

anipulation. 

.3.4. Strategy for screening nonstandard amino acid overproducers 

Translation-based screening strategies have the potential to screen

onstandard amino acid overproducers. The genetic codon expansion
7 
echnology that emerged in recent years can realize the reassignment

f one or more specific codons to nonstandard amino acids and intro-

uce nonstandard amino acids into proteins. This technique requires

he establishment of artificial aaRS/tRNA pairs [85] . First, the amino

cid-binding domain of exogenous aaRS was engineered to recognize

pecific nonstandard amino acids [86] . Meanwhile, the anticodon loops

f the exogenous tRNAs were replaced with complementary bases of

he reassigned codons, usually the amber codon UAG. A low charging

fficiency of the aaRS/tRNA pair for nonstandard amino acids [87–89] ,

ogether with the competition from the release factor RF1 in reading

he UAG codon [90] , would contribute to the screening effects of this

ystem. Only the strains capable of producing high concentrations of

onstandard amino acids could allow sufficient charging of the tRNA

o translate the UAG-containing marker genes. This strategy has been

sed to indicate the concentration of nonstandard amino acids, such as

elenocysteine (Sec) [ 91 , 92 ]. 

Compared with the above strategies, the fidelity of the system for

creening nonstandard amino acid overproducers is low. Although ar-

ificial tRNA/aaRS pairs are generally used across taxonomic domains

nd have undergone orthogonality optimization, they still have a prob-

bility of mis-incorporating their original amino acids. Specific amino

cids can be selected to avoid this problem in selecting the substitution

ites of marker genes. First, amino acid residues structurally similar to

arget nonstandard amino acids could be selected as candidate targets.

ext, among these candidate targets, the residues on the marker pro-

ein essential for protein function could be selected as insertion sites.

or example, an antibiotic-degrading enzyme, 𝛽-lactamase (NmcA), was

elected as the indicator protein to detect Sec incorporation. Since the

minoacylation of Sec is dependent on seryl-tRNA synthetase, there will

e Ser interference in the synthesis of selenocysteine. Proteins with spe-

ific residues capable of distinguishing between Sec and Ser could be

elected as indicator proteins. NmcA requires a disulfide bond adjacent

o the active site for activity. When Cys is replaced by a highly simi-

ar Sec instead of Ser, the newly formed Cys-Sec or Sec-Sec bond can

aintain protein activity, while a Ser insertion will inactivate this en-

yme. Therefore, the codon of Cys can be replaced by the UAG codon

o identify Sec production. This may happen with the aid of an artificial

F-Tu-dependent tRNA 

Sec 
CUA [91] . When the strain produces high concen-

rations of Sec and inserts Sec into the UAG site on the nmcA , the strain

urvives in the medium containing ampicillin. Theoretically, a screen-

ng system for Sec overproducing strains based on the nmcA resistance

ene could be established. 

Alternatively, a DnaB intein that relies on selenocysteine insertion

o maintain function can be used as an indicator protein. This DnaB

ini-intein mutant of only 16 amino acids requires Cys at position 1

o splice the protein. When Cys at this site is substituted by Sec with

quivalent properties, it can retain its function. By incorporating this

ngineered intein, any marker gene, such as GFP, could be modified to

espond specifically to Sec [92] . That is, when Sec is inserted, the intein

as cleavage activity, which can splice and reactivate GFP. Otherwise,
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Table 2 

Comparison between different screening strategies. 

Screening strategies Resolution (to 

distinguish 

individual cell) 

Specificity Responding 

speed 

Potential 

compatibil- 

ity with 20 

proteino- 

genic amino 

acids 

Compatibility 

with 

nonstandard 

amino acids 

Compatibility 

with different 

microbial 

species 

Simplicity of 

system 

construction 

Toxicity 

Auxotrophic 

strain-based 

Cell lysate-feeding + ++ + +++ − ++ ++ N 

Co-culture + ++ + +++ − + + N 

Biosensor- 

based 

Coupled enzymatic 

reaction 

++ + + + − + + Y 

Fusion protein ++ + +++ + − ++ + N 

Transcription 

factor-based biosensor 

++ + ++ ++ − + ++ N 

Riboswitch ++ ++ ++ + − + + N 

Translation- 

based 

Amino acid analogs ++ + ++ ++ − ++ ++ Y 

Rare codon-rich marker ++ ++ ++ ++ − ++ ++ N 

Mutated aaRS ++ ++ ++ +++ − + + N 

Artificial aaRS/tRNA 

pair 

++ + ++ +++ + ++ + N 

− : It is difficult to achieve. 

+ : This screening strategy performs well in this aspect and more “+ ” represent better performance. 

Y/N: “Y ” for Yes and “N ” for No. 
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hen other amino acids are inserted, the intein has no cleavage activity,

nd the reporter gene cannot be expressed normally. A new solution for

he high-fidelity screening of nonstandard amino acid overprducers is

rovided by this strategy. However, obtaining target tRNA/aaRS orthog-

nal pairs and selecting high-fidelity markers for various nonstandard

mino acids still face challenges. 

. Conclusion 

Microbial fermentation has become the primary approach for pro-

ucing amino acids. The screening strategy for amino acid overproduc-

rs is one of the most crucial factors in obtaining MCF with high perfor-

ance to produce the desired amino acids. Establishing a universal, effi-

ient, and easy-to-operate strain screening strategy has become a current

ocus. The choice of screening strategies is suggested considering the

dvantages, disadvantages, and applicability of these strategies. First,

uxotrophic-based, fusion protein-based biosensors, and translation-

ased screening strategies are more applicable for uncommon host

pecies. The auxotrophic-based strategy responds to amino acids in vitro

ithout introducing sensing elements into the production strain. The fu-

ion protein-based biosensor has no particular dependence on the tran-

criptional regulatory system of the host strain. Translation-based strate-

ies apply principles of translation that are ubiquitous in species. There-

ore, these three strategies have the potential to be extended to uncom-

on host species. Second, when the diversity of the mutant library is

arge, the screening strategy needs to have high throughput and time

fficiency, and biosensor-based and translation-based screening strate-

ies are better choices. In particular, the fusion protein-based biosen-

or enables nanosecond responses to amino acids. Third, to expand the

esponse range, the auxotroph-based screening strategy is more conve-

ient for adjusting the response threshold. A simple approach to ad-

usting the response range by diluting fermentation broth is offered by

his strategy. Fourth, auxotrophic-based and translation-based strategies

ould be used for different amino acid species to screen overproducers

f 20 natural amino acids, with the latter being much easier to operate.

hen codon expansion technology is introduced, the translation-based

trategy could be particularly extended to screening nonstandard amino

cid overproducers ( Table 2 ). 

Although translation-based screening strategies have been signifi-

antly improved in universality, efficiency, and operability, there is still

uch room for improvement. First, in the aminoacylation step of the

ranslation process, tRNA is also a critical substrate. Reducing the effi-

iency of aminoacylation by reducing the affinity of tRNAs to the corre-
8 
ponding aaRS might also create a screening pressure, which could offer

 new method for developing a screening strategy based on the trans-

ational process. Secondly, coupling the screening strategy with high-

hroughput detection technologies, such as microfluidics and flow cy-

ometry, or even the combination of the automatic workstation, may

ignificantly improve the throughput and speed of strain screening. It

hould be noted that expanding the screening strategy to screen more

omplex nonproteinogenic amino acid overproducers and further en-

ancing the universality of the screening strategy still face challenges.

n addition, the response range and accuracy of the screening strategy

lso need further improvement. 

Following the design-build-test-learn cycle, analysis of the overpro-

uction mechanism of the identified overproducers could aid in recon-

tituting amino acid-overproducing strains. Combining whole-genome

equencing, systems biology techniques, and bioinformatics techniques,

mino acid overproducers could be systematically analyzed. Exploring

otential targets that are indirectly related to amino acid synthesis and

tilization could further the understanding of the mechanism of amino

cid overproduction. Integrating these new targets into the currently

sed producing strains could break through the production ceiling of the

xisting strains and further help the amino acid fermentation industry

o reduce costs, increase production capacity, and accelerate industrial

rowth. 
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